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Introduction

The structure of biological membranes is generally
liquid-crystalline in nature. The molecular compo-
nents usually exhibit thermally-driven internal mo-
tions characteristic of polyatomic molecules, trans-
lational motions in the plane of the membrane, and
rotational motions about axes perpendicular to the
plane of the membrane. The molecular components
usually exhibit only very limited (in extent) transla-
tional motions perpendicular to the membrane
plane or rotational motions about axes in the mem-
brane plane. This dynamic structural organization
of the membrane is analogous to that found within a
single lamella of multilamellar liquid-crystals, i.e.,
so-called “‘smectics’’ [26]. In special cases, some of
the molecular components of the membrane may be
segregated into domains possessing various degrees
of long-range crystalline order in two dimensions
over the membrane plane.

Of the various physical techniques currently
utilized for probing the structure of biological mem-
branes (including all forms of optical spectroscopy
and microscopy, X-ray spectroscopy, electron
paramagnetic resonance, nuclear magnetic reso-
nance, electron spectroscopy and microscopy,
etc.), only techniques involving the elastic scatter-
ing/diffraction of short wavelength radiation (A ~
1A), specifically X-ray and neutron diffraction, are
capable of providing detailed structural information
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over a wide range of length scales from 1-10*A con-
cerning the time average of the dynamic membrane
structure. As a result, these two techniques can, in
principle, provide key information concerning both
the intramolecular structure of membrane compo-
nents and the intermolecular ordering of these mo-
lecular components within the overall dynamic
structural organization of the biological membrane.

X-rays are scattered elastically by atomic elec-
trons [22]. When the energy of the incident X-ray
photon is such that it cannot induce any excitations
of the atomic electrons, potential scattering of the
incident X-ray occurs with the scattering amplitude
for the atom being proportional to the atomic num-
ber. When the energy of the incident X-ray photon
is tuned to that capable of inducing an excitation of
the atomic electrons, resonance scattering of the
incident X-ray occurs, significantly modifying the
scattering amplitude of the atom as compared with
the potential scattering case. Hence, the X-ray scat-
tering amplitude of a particular atomic site in a mol-
ecule can be altered either by changing the atom
itself (often difficult to achieve isomorphously) or
by tuning the incident X-ray photon energy to that
capable of inducing electronic excitations of the
atom (currently technically limited to atoms heavier
than Z ~ 20). Neutrons are scattered elastically by
atomic nuclei [2]. When the energy of the incident
neutron is not comparable to that of a quasi-discrete
energy level of the ‘““‘compound nucleus’ (com-
posed of the incident neutron and the scattering nu-
cleus), potential scattering of the incident neutron
occurs; the potential scattering of thermal neutrons
from most atomic nuclei is very similar in ampli-
tude. When the energy of the incident neutron is
comparable to that of a quasi-discrete energy level
of the compound nucleus, resonance scattering of
the incident neutron occurs; the resonance scatter-
ing of thermal neutrons from particular atomic nu-
clei differs dramatically from the more usual poten-



tial scattering from other nuclei. Hence, the neutron
scattering amplitude of a particular atomic site in a
molecule can, in some cases, be altered by changing
the isotope of the atom at that site. The most nota-
ble among a few such isotopic pairs of atoms which
can be readily interchanged isomorphously at a par-
ticular molecular site possessing a large difference
in the elastic scattering of thermal neutrons is that
of hydrogen (resonance) versus deuterium (poten-
tial).

The elastic scattering for short-wavelength radi-
ation from a collection of molecules composing a
single membrane in the form of a planar sheet oc-
curs primarily along two principal directions de-
noted' as Q, perpendicular to the membrane plane
and O, parallel to the membrane plane [13, 26]. The
elastic scattering along Q, arises from the time-av-
eraged scattering-density profile p(z) for the mem-
brane. The scattering-density profile p(z) is the pro-
jection of all atomic scattering centers along vectors
lying in the various membrane planes perpendicular
to the z-axis onto the z-axis [13]. The elastic scatter-
ing along @, arises from the time-averaged scatter-
ing density in the membrane plane p(x,y) where
p(x,y) is the projection of all atomic scattering cen-
ters along vectors perpendicular to the membrane
plane onto the x-y plane [13].

The elastic scattering from a planar single mem-
brane sheet may be enhanced by a factor ranging
from N to N? by stacking an ensemble of N such
sheets into an oriented multilayer in which all the
planar sheets are co-parallel [13]. The enhancement
factor depends upon the nature of long-range order
in the stacking of the sheets along the stacking di-
rection z. The elastic scattering along @, from the
oriented multilayer is that for a planar single-mem-
brane sheet modulated by interference effects aris-
ing from the classical interference of X-ray photons
or neutrons scattered from different membrane
sheets in the oriented multilayer [13]. It should be
noted that the clear distinction between such elastic
scattering along @, and Qy may be lost due to their
superposition in the elastic scattering from an en-
semble of randomly oriented single-membrane
sheets or membrane multilayers [26].

Generally, the elastic scattering along @ (and
Q) is invariant to rotation of the planar single-
membrane sheet or the oriented multilayer about

! For the incident X-ray photon or neutron described by an
incoming plane wave with momentum vector k; and the scattered
photon or neutron described by an outgoing spherical wave with
momentum vector k. the elastic scattering condition requires
that |k = [k,] = 2a/\. The momentum transfer vector Q is defined
by O =k, — k, where |Q] = (47 sin 6)/\ and 26 is the scattering-
angle [5]. Hence, @, and Q, refer to elastic scattering-induced
momentum transfers along the directions paralle] and perpendic-
ular to the membrane plane, respectively.
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the z-axis because of the liquid-crystalline nature of
the membrane structure and the lack of rotational
order about the z-axis from sheet to sheet in an
oriented multilayer [13, 26]. Only in the instances of
very large two-dimensionally crystalline domains
(e.g. > 10 wm diameter) in single-membrane sheets
and in oriented multilayers possessing a significant
degree of rotational order about the z-axis from
sheet to sheet for N small (N < 5) is this not the
case for elastic scattering along (. As a result, in
the more general case, the elastic scattering data
along Qy is usually analyzed via a radial Patterson
function P(r) which requires only the observable
scattering amplitude data as a function of Q (i.e.,
scattering-angle 26) [10, 15, 21, 23]. The resolution
(or highest spatial frequency component) in the ra-
dial Patterson function derived via an appropriate
Fourier-Bessel transformation of the Q) scattering
data depends on the largest value of 26 to which Q,
scattering is observed [13]. The radial Patterson
function P(r) can be used to directly provide (i) the
time-averaged radial scattering density of the mem-
brane’s molecular components as projected onto
the membrane plane and rotationally-averaged
about the z-axis perpendicular to the membrane
plane and (ii) the nature of the time-averaged inter-
molecular order in the membrane plane in terms of
the time-averaged intermolecular pair-correlation
functions if the number of molecular components in
the membrane is small (e.g. 2-3 components of dra-
matically different dimensions in their projection
onto the membrane plane) or if the scattering ampli-
tude of a particular molecular component can be
enhanced or suppressed in an effectively isomor-
phous manner. In the special cases mentioned, a
two-dimensional Fourier transformation of the scat-
tering amplitude data as a function of Q) can provide
p(x,y) directly [with similar spatial resolution con-
siderations as with P(r)] if the critical phase infor-
mation as a function of Q) can be obtained indepen-
dently [13].

The elastic scattering data along ¢, may be an-
alyzed via a one-dimensional Patterson function
P(z), which requires only the observable scattering
amplitude data as a function of @_ (i.e., scattering-
angle 26) [13, 34]. The resolution (or highest spatial
frequency component) in this Patterson function de-
rived via an appropriate one-dimensional Fourier
transformation of the O, scattering data depends on
the largest value of 26 to which Q, scattering is
observed. The Patterson function P(z) may be uti-
lized to directly assess the detailed nature of the
order in the stacking of the membrane sheets along
the stacking direction z in an oriented multilayer. If
the phases of the elastic scattering amplitude data
along @, can also be determined, an appropriate
one-dimensional Fourier transformation employing
both the scattering amplitude and phase informa-
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tion as a function of O, can directly provide p(z) for
the single membrane with similar spatial resolution
considerations as for the Patterson function P(z)
[11, 12,24, 25,27, 29, 34, 36]. Of the several meth-
ods currently available which are capable of provid-
ing this crucial phase information, all are based es-
sentially on experimental access to the continuous
elastic scattering along Q; arising from either a sin-
gle membrane sheet or a special pair of membrane
sheets which are stacked to form the oriented multi-
layer. The structural interpretation of the single-
membrane scattering profile is generally not
straightforward due to the nature of the projection
giving rise to p(z) which superimposes the time-av-
eraged scattering profiles of the membrane’s indi-
vidual molecular components in p(z). The only di-
rect way to determine the time-averaged scattering
profile of a particular molecular component (or sub-
molecular fragment thereof including a single
atomic site), is to significantly alter, i.e., enhance or
suppress the scattering amplitude of that molecular
component (or submolecular fragment thereof) rela-
tive to those of the other membrane components
[6]. This alteration must be effectively isomor-
phous.

Selected Examples

At the present time, the most powerful method for
enhancing the scattering amplitude of a particular
molecular component (or submolecular fragment
thereof) of a biological membrane in an essentially
isomorphous manner, is that of neutron diffraction
coupled with the perdeuteration of the molecule (or
submolecular fragment thereof). The simple arith-
metic difference between the properly scaled and
phased neutron diffraction from the otherwise fully-
protonated membrane containing the perdeuterated
molecular component (or submolecular fragment
thereof) and that from the fully protonated mem-
brane arises solely from that deuterium-labeled mo-
lecular component (or submolecular component
thereof). Hence, the relative position and substruc-
ture of a particular molecular component (or sub-
molecular fragment thereof) within the profile or in-
plane structure of a membrane can be directly
determined utilizing the appropriate pairs of phased
neutron diffraction data as a function of Q, or Q,,
respectively. It might be noted that for a membrane
containing M molecular components, only M-1
components need be perdeuterated for the relative
positions and substructures of all M components to
be determined (e.g., if the neutron-scattering pro-
files for the membrane itself and each of the M-1
components are determined, the neutron-scattering
profile of the M™ component is also determined by
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Fig. 1. A summary of the results of structural studies of the
sarcoplasmic reticulum (SR) membrane profile at ~10 A resolu-
tion utilizing a combination of X-ray and neutron diffraction
techniques as taken from reference 3 with permission of the
Rockefeller University Press. A contains the electron density
profile on an absolute scale for the unit cell of the oriented SR
membrane multilayer containing the two apposed single-mem-
brane profiles of the flattened unilamellar SR vesicle: a single-
membrane profile is contained within the interval 0A =< |¢| <
80A. B contains the separate electron density profile on an abso-
lute scale for the asymmetric phospholipid bilayer within the SR
membrane profile for 0A = |x| = 80A. C contains the separate
protein (>90% Ca>* ATPase) profile within the SR membrane
profile for 0A =< |x] = 80A expressed as the area occupied by the
protein in the membrane plane as a function of the profile coordi-
nate x. This protein area profile can also be expressed as a pro-
tein diameter profile (D) for the SR membrane protein structure
cylindrically-averaged about the perpendicular to the membrane
plane

the difference between the membrane profile itself
and the sum of the profiles of all the M-1 compo-
nents).

We have utilized such neutron diffraction meth-
ods in conjunction with X-ray diffraction methods
to determine the profile structures of the mem-
brane’s molecular components to ~10 A resolution
in three different membrane systems, namely iso-
lated sarcoplasmic reticulum membranes, reconsti-
tuted sarcoplasmic reticulum membranes, and a re-
constituted photosynthetic membrane. In the case
of the isolated sarcoplasmic reticulum membrane
[4, 5, 16-18], the time-averaged profile structures
(see Fig. 1) of the Ca?* ATPase, phospholipid
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Fig. 2. A schematic representation of a reconstituted membrane
profile consisting of cytochrome ¢ bound to photosynthetic reac-
tion centers in a phosphatidylcholine bilayer for cytochrome ¢/
reaction center mole ratios =1. The various components are
drawn to scale. The reaction center protein molecule is shown as
being symmetric about an axis perpendicular to the membrane
plane, as the information obtained from the lamellar Q. diffrac-
tion data is cylindrically averaged about this axis. Cytochrome ¢
is approximated as a prolate ellipsoid with dimensions of 25 X 25
% 35 A%; the major axis is parallel to the membrane plane. Repro-
duced from reference 32 with permission of Elsevier Biomedical
Press B.V.

(phosphatidylcholine and  phosphatidylethanol-
amine) and water were determined utilizing H,O/
D,0 exchange and the isomorphous incorporation
of the biosynthetically perdeuterated phospholipids
into the isolated membranes via phospholipid ex-
change proteins. These studies directly provided
the asymmetric phospholipid bilayer profile struc-
ture and the Ca?t ATPase molecular structure as
cylindrically-averaged about the perpendicular to
the membrane plane within the overall profile struc-
ture of the isolated membrane. In the case of a re-
constituted photosynthetic membrane [31, 32], the
time-averaged profile structures of the photosyn-
thetic reaction center, cytochrome ¢, phosphatidyl-
choline and water were determined utilizing H,O/
D,0 exchange and the isomorphous incorporation
of biosynthetically deuterated reaction centers and
chemically deuterated phosphatidylcholine into the
appropriately reconstituted membranes. These
studies directly provided the asymmetric phospholi-
pid bilayer profile structure, the reaction center mo-
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lecular structure as cylindrically averaged about the
perpendicular to the membrane plane and the pro-
file position of the cytochrome ¢ molecule electro-
statically bound to the reaction center in the 1:1
complex within the overall profile structure of this
reconstituted membrane (see Fig. 2).

Such neutron diffraction methods have also
been used to determine the relative positions of sub-
molecular fragments including individual atomic
sites within both the profile and in-plane structures
of specific membranes. In the case of the reconsti-
tuted photosynthetic membrane described above
[31, 32], only the choline moiety of the phosphati-
dylcholine was deuterated, thereby directly provid-
ing the positions of the phospholipid headgroups
and the asymmetry in the relative numbers of phos-
pholipid molecules in the two apposed monolayers
of the lipid bilayer within the profile structure of this
reconstituted membrane. In the case of reconsti-
tuted sarcoplasmic reticulum membranes [19], spe-
cific atomic sites on the fatty-acid chains of the
phospholipids were deuterated, thereby directly
providing the different time-averaged configura-
tions of the fatty-acid chains in the two apposed
monolayers of the membrane lipid bilayer within the
profile structure of this reconstituted membrane;
the significant difference in the time-averaged pro-
file structures of the two apposed phospholipid
monolayers is induced by the presence of Ca’*
ATPase protein within the membrane lipid bilayer
of this reconstituted membrane. In the case of the
purple membrane from Halo bacteria [37], specific
polar and nonpolar amino acid residues of bacte-
riorhodopsin were deuterated biosynthetically in
order to determine the positions of these residues
relative to the seven a-helices of the bacteriorho-
dopsin molecules in their projection onto the plane
of this isolated membrane; the nonpolar residues
were found to be located primarily on the surface of
the seven-helix bundle in contact with the nonpolar
lipid fatty-acid chain environment of the molecule
within the membrane profile structure, while the po-
lar residues were found primarily at helix-helix con-
tacts on the interior of the seven-helix bundle.

We have also utilized equally powerful reso-
nance X-ray diffraction methods to determine the
positions of metal atoms associated with the redox
centers of membrane proteins within the profile
structures of reconstituted membranes [7-9, 35]. In
this manner, the potential versus the resonance X-
ray scattering from the reaction center iron atom
associated with the iron-quinone primary electron
acceptor complex and the iron atom associated with
the heme group of the cytochrome c electron donor
were employed to determine the positions of these
two critically important metal atoms within the pro-
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file structure of the reconstituted photosynthetic
membrane described above with an accuracy better
than =2 A (see Fig. 3). It was thereby directly de-
termined that the light-induced electron transfer re-
actions characteristic of the reaction center: cyto-
chrome ¢ complex produce an electric charge
separation across most (approximately 2/3) of the
membrane profile including virtually all of the phos-
pholipid hydrocarbon core of this reconstituted
membrane.

We might also note that the scattering ampli-
tude of a particular molecular component in a mem-
brane can, in principle, be altered by varying its
relative concentration in the membrane of interest.
However, it may be difficult to achieve a sufficient
variation in an effectively isomorphous manner,
i.e., without significantly perturbing the structures
and/or relative positions of the membrane’s compo-
nents (see especially references [32], [19] and [20]
on this point). Nevertheless, this somewhat less
powerful method has been employed in several
cases including the reconstituted sarcoplasmic re-
ticulum [19] and photosynthetic membrane systems
[30] described above and in the case of the gap junc-
tion [28). In the first two cases, neutron diffraction
experiments employing specifically deuterated mo-
lecular components were ultimately critical to the
determination of the correct profile structures for
the membrane proteins involved.

Advantages/Disadvantages

The nature of the elastic scattering/diffraction tech-
niques coupled with the generally liquid-crystalline
nature of biological membrane structures necessar-
ily limits the structural information attainable. As
described in this review for the case of integral
membrane proteins, generally only their time-aver-
aged structure as cylindrically averaged about the
perpendicular to the membrane plane can be de-
rived usually to a spatial resolution of ~10 A; in
special cases, the positions of certain selected
atomic sites within this cylindrically averaged pro-
tein structure can be determined with a positional
accuracy of =1 A. Clearly, full three-diminsional
structural information concerning the overall shape
of the membrane protein (as afforded by three-di-
mensional image-reconstruction methods [38] ap-
plied to electron microscopic images of tilted, two-
dimensionally crystalline arrays of the protein) and
the detailed structure of the protein at atomic reso-
lution (as afforded by X-ray crystallography [1] of
three-dimensional crystals of the protein) will most
likely be necessary to fully understand the detailed
mechanism of action of these biologically important

{CHp +, core

B Fe-Q;

Cyt.c heme Fe

Fig. 3. A schematic representation to scale of our current knowl-
edge concerning the structure of the cytochrome c/reaction cen-
ter (RC) complex incorporated into the lipid (PC, phosphatidyl-
choline) bilayer of reconstituted membranes (for cytochrome
c/reaction center mole ratios =1.0). The positions of the cyto-
chrome ¢ heme iron atom electron donor and the iron atom of the
reaction center Fe-Q; primary quinone electron acceptor within
the profile structure of the complex are indicated as determined
by the resonance X-ray diffraction experiments. Reproduced

from reference 7 with permission of Elsevier Biomedical Press
B.V.

membrane proteins. However, at this time, only the
elastic scattering/diffraction techniques described
in this review are capable of providing substantial
information concerning the intramolecular structure
of a particular molecular component and its time-
averaged position relative to the other molecular
components of the membrane within its natural en-
vironment, namely the overall, dynamic structure
of the fully-functional biological membrane itself [4,
5, 17, 30, 33].

As a result of the above considerations, time-
resolved elastic scattering/diffraction techniques
utilizing intense synchrotron and laser-plasma X-
ray sources can now be employed to investigate the
detailed nature of structural changes within a partic-
ular membrane component involved in the biologi-
cal function of the membrane. Such time-resolved
techniques have recently been utilized to describe
(i) changes in the profile structure of the Ca’*
ATPase molecule of the isolated sarcoplasmic retic-
ulum membrane [3-5] associated with the phospho-
rylation of the enzyme and the ‘‘calcium occlusion’’
phenomenon occurring during the first 0.2-0.5 sec
of the ATP-initiated calcium transport cycle at 7-
8°C (see Fig. 4) and (ii) changes in the in-plane lat-
tice structure of the bacteriorhodopsin molecules of
the purple membrane occurring ~1 msec following
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Fig. 4. Schematic representations of the cylindrically-averaged
(about the perpendicular to the membrane plane) protein struc-
ture within the isolated sarcoplasmic reticulum membrane profile
at relatively low resolution (~29 A) prior to calcium transport
(A), in the phosphorylated intermediate state of the calcium
ATPase as derived from the synchrotron radiation studies with
0.2-0.5 sec time resolution (B), and in the time-averaged calcium
transport state as derived from the rotating-anode X-ray studies
with 5.0 sec time resolution (C). Five cylindrical regions were
used to represent the Ca®* ATPase at this resolution as labeled in
A. In both B and C, the dotted-line cylinders represent the
“new’’ state of the Ca™ ATPase as indicated superimposed on
the “‘resting’” state (solid fine cylinders) of A. For both B and C,
regions 2 and 3 decrease in volume, which is conservatively
gained in regions 4 and 5. Thus, the phosphorylated state and the
time-averaged Ca>*-transport state of the Ca>* ATPase are simi-
lar to each other and different from the resting state. Reproduced
from reference 3 with permission of The Rockefeller University
Press

photostimulation [14] of the bacteriorhodopsin pho-
tocycle.

Conclusion

The elastic X-ray/neutron diffraction techniques de-
scribed in this review are currently capable of pro-
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viding substantial information concerning the time-
averaged structures and intermolecular ordering of
molecular components within a dynamic membrane
structure. In addition, the time resolution of the
elastic X-ray diffraction technique, afforded by in-
tense synchrotron and laser plasma X-ray sources,
now permits this structural information to be ob-
tained over a range of time scales from nanoseconds
to milliseconds and upwards following an excitation
of the membrane system. This time-averaged and
time-resolved structural information may provide
considerable insight into structure-function rela-
tionships in biological membranes and, especially
when combined with structural information on the
membrane proteins involved at atomic resolution,
may provide this insight at the atomic level.
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