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Fluctuations are vital to biological sys-
tems. Average structures, which specify
the baseline about which fluctuations oc-
cur, are also important. We have found,
instudying biomembranes, that taking
account of fluctuations in the analysis of
data can be an important part for cor-
rectly determining average structure.
Therefore, there are two important rea-
sns to study flucuations.

Our x-ray diffraction measuements
weme carmied out on multlamellar
vesicles composed of an onion-skdn-like
packang of layers. Each layer contains a
bilayer membrane made of a single type
of lipid molecule and a water layer
which separates successive membranes,
This layer structure gives rise to “low
angle” scattering peaks corresponding to
the perindhaty, T, of typically 60-70 A
“Wide angle” peaks measure the in-
plane packing of the hpid molecules with
typical spacings of 4246 A, Vesicks
are of the order of one micron in diam-
eter.

Biomembranes are usually quite fluid.
In the biologically relevant L or fluid
phase, the hydrocarbon chains of the
lipid molecule awe disordered and there
is omly short range order in the mtermeo-
lecular packang. One observes the well
known broad, liquid-like peak in the
wide angle region. Nevertheless, in this
same phase, the low angle peaks are well
separated and quite sharp, revealing
highly anisotropic ordering characteristic
of smectic hqud-crystalline systems (see
Fig. 1L

In the lower temperature chain-or-
dered gel phase, comsiderable diffuse
scatbening coexists with a very sharp (20)
chain packing peak (see Fig. 2). At
CHESS we were able to resalve this
sharp peak and found that its width cor-
responds to a correlation length of 2900
A, or about 300 molecular spacings [1].
Fig. 2 emphasizes that despite this long
ranged order, there is substantial diffuse
scattering under the in-plane peaks. Tt =
remarkable that these membranes can =i-

multaneosly have large

correlation lengths and
still have so much diffise
scattering due to disorder
and fluctuations.

Chur current work at
CHESS fomses on those
fluctuations that affect the
lonw-angle scattering
peaks in Fig. 1. The first
kmnd of fluctuation in-
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disorder of the second kind as defined by
Guimier or paracrystaline theory as de-
veloped by Hossmann. However, our
experimental results show that the data
am inconsistent with this picture. The
missmng ingredient 15 undulations con-
sisting of wavelike motions of the mem-
branes. The statistical thermodynamic
theory that inclides both effects was
given by DeGennes, and many of the
most important scattering implications
weme worked out by Cailk, with subse
quent experimental verfication in liquid
arystal physics. This development (for
references, see [2]) reveals the key fea-
ture that the system has power law corre-
latiom functions, so the low-angle peaks,
corresponding to the different orders of
lamellar reflection, are not Bragg peaks,
but have power-law tails. This means
that the system isnota crystal with true
lomg range order.

While the preceding conclusion may
seem obwious, since these systems ae
liquid crystals rather than crystals, there
ame implications m mophysics that have
mot been recognized. One of the most
impartant uses of x-my scattering data &
to obtain the kcal, average electron den-
sity profile along the normal to the -
layer; determination of this average
structure requires the relative intensities
of the low anghk: scattering peaks. Tradi-
tiomal analyses, however, assumes that
the system i= a one-dimensional crystal
and does not account for disorder and
fluctuations. This ignores the fact that
much of the mtensity 15 pushed out of
the central scattering peaks and into the
lomg power law tails where it cannot be
measured reliably. Crucially, this effect
hecomes more pronounced for the higher
order peaks so that the measured form
factors, F{h), are errongously too small
for the higher order reflections. In turn,
recomstructed electron dersity profiles
will be incorrect.

Using data from CHESS, we have
tackled this question using the Caillé
type of theary [2] which had not previ-
ously been applied to this type of bio-
physical question. We found that the



onginal Caillé theory predicts a huge er-
ror. However, we improved an approsd-
mation employed by Caillé and found a
much more modest, but stll significant,
correction that will be important for ob-
tairing accurate lipid bilayer structure
[2]

To obtain the corrected intensities ex-
perimentally requires careful measure-
ment of the shapes of the scattering
peaks. From the shapes, one learns about
the fluctuations. In particular, the Caillé
fluctuation parameter that governs the
power law behavior of the scattering tails
involves the elastic moduli that govern
the undulational and compressional fluc-
tuations. The fluctuation parameter ob-
tained from the peak shapes also yields
the factors by which successive scatter-
ing peaks are attermated by the fluctua-
tions and we can correct the observed m-
tersities in order to extract the form fac-
tors, Fh) In the end, we gan knowl-
edpe of both the average stucture, in the
form of the local electron dersity profile,
and the amplitude of long wavelength
fluctuations allowed by this structure [2].

To measure peak shapes quantita-
tively requires the high resolution (high
intensity combination that & available at
the F3 station and that 1s not available
with rotating anode soumes, The F3 sta-
tion double bounce monachromator was
tuned to 1.2147 A x-rays, the scattering
angles were selected by a 5 analyzer
aystal, and the intensity was measured
by a santllation detector. In-plane reso-
Iution was measured to be 2% 10 &7
and this successfully resolved the intrin-
sic peak shapes by about a factor of 5.
Although out-of-plane resolution was
only 0012 A", this is easily taken into ac-
count in the analyss. Gething the back-
ground low enough to measure low in-
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several trips and considerable assistance
from CHESS Staff Saentst Randy Head-
rick, our on-site collaborator, to get it all
night. Tymcal data are shownin Fig. 1,
alomg with our theoretical fit.

O fist application was to lipid -
layers near the transition into the L
phase. As a function of temperature the
D-spacing has an anomalous change that
suggests critical fluctuations, as indi-
cated in Fig, 3. One model sugpgested
that these would be fluctuations in the
water spacng due to increased undula-
tiors in the membranes; this would re-
quire the Caillé fluctuation parameter to
change substantally with temperature
which would dramatically change the
size of the power law tails. The tempera-
ture dependence of our peak shapes do
not, however, support this model [3].
The successful model has the bilayer it-
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This model suggests that there 1s another
kind of fluctuation that plays the most
important role in structural changes near
the transition, namely, fluctuations in the
thickness of the membrane brought
about by critical freezing of the rotameric
degrees of freedom in the hy drocarban
chaine. Of course, the interlamellar fluc-
tuations shill play their usual role and we
observe that the Caillé fluctuation pa-
rameter is strongly affected by moderate
dehydmation of the water layer between
membranes.

Perhaps not surprismgly, there are
many kmds of fluctuations in complex
biological materials such as
momembranes. High resolution x-my
seattering, coupled with careful theoreti-
cal analys®, 1s an important way to ehici-
date them and, at the same time, to de-
termine avermge structure.
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