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We have developed resonance X-ray diffraction methods to locate for the first time intrinsic metal atoms
associated with redox centers within biological membrane systems. The study of membranes containing
dilute concentrations of resonant scatterers has been made possible by the development of synchrotron
radiation sources of X-rays. The technique permits altering the scattering power of a particular atom rela-
tive to others by varying the incident X-ray energy. Thus, this method may be used to locate a metal atom
within a complex integral protein without chemical modification of the membrane. We present resonance
diffraction data taken with synchroton radiation for two different membrane systems: cytochrome oxidase
incorporated into lipid vesicles and a photosynthetic reaction center-cytochrome ¢ complex also reincor-

porated into lipid vesicles.

Introduction

The illumination of structure-function relation-
ships is the focus of a large segment of biophysical
research. The success of protein crystallography has
made a major contribution to this effort. Many bio-
logical systems, however, cannot be crystallized so
that this approach is not feasible. Biological mem-
branes generally are in this category. Only in a few
special cases is the structure crystalline within the
membrane plane. However, membranes can be
stacked in regular arrays and diffraction investigations
provide structural information about the membrane.
In these membrane studies, the diffraction patterns
are of low to moderate resolution so that identifica-
tion of particular moieties, such as amino acids, is not
possible. Therefore, atomic coordinates are not
known for biological membranes.
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Reconstitution of membranes from a small num-
ber of molecular components provides simplified
structures to study. Thus, cytochrome oxidase or
photosynthetic reaction centers, both electron-trans-
port proteins, may be extracted from their native
membranes, purified, and reincorporated at relatively
high concentration into a simple well defined lipid
bilayer. Diffraction investigation then provides infor-
mation, at low to moderate resolution, about the dis-
tribution and structure of the protein in the mem-
brane. Understanding the mechanism for electron
transport in these proteins will require considerable
additional information. One key element of structural
information is the location of the redox centers in the
membrane profile.

Many redox centers contain metal atoms. If these
metals could be isomorphically replaced by atoms of
substantially different scattering power, then mea-
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surement of changes in diffracted lamellar intensities
even at low to moderate resolution combined with
prior knowledge of the number of metal atoms sites
within the membrane profile would permit accurate
location of these sites. The high resolution accuracy
in the determination of metal atom locations with
low resolution data is the direct result of prior knowl-
edge of the number of metal sites. Diffraction tech-
niques which utilize isomorphous replacement and
the method of accurate determination of the location
of particular sites using low resolution data have been
demonstrated for membrane systems by both X-ray
[1] and neutron diffraction studies [23]. Unfortu-
nately, the replacement of intrinsic metal atoms
within cytochrome oxidase or bacterial photosyn-
thetic reaction centers substantially alters the func-
tionality of the membrane so that there is no obvious
basis for assuming structural isomorphism.

The X-ray scattering power of an atom may be sig-
nificantly changed at X-ray energies near the atom’s
absorption edge. By recording diffraction patterns at
various X-ray energies about a metal atom’s absorp-
tion edge, it is possible to locate the metal atom
within a complex structure by methods similar to iso-
morphous replacement. Obviously, the metal atom is
not chemically altered so that the membrane’s functi-
onality remains unchanged and the assumption of iso-
morphism between data sets collected at different Xray
energies is strictly valid. This ideal solution to the
problem is known as resonance (or anomalous) X-ray
diffraction. Until recently, changing X-ray energies
required altering target metals in conventional X-ray
tubes. The specific X-ray energies available did not
allow one to maximize the resonant change in scatter-
ing power of a particular metal atom. The develop-
ment of synchrotron radiation as a practical research
source of X-rays permits easy and continuous altera-
tion of X-ray energies while maintaining high incident
fluxes. These advantages of synchrotron radiation for
resonance scattering studies have been previously
demonstrated for both biological [4—7] and nonbio-
logical problems [8].

This paper, and the following one [9] describe the
first application of resonance X-ray scattering to the
location of metal atoms associated with redox centers
in biological membranes. The experiment was con-
ducted at the Stanford Synchrotron Radiation Labo-
ratory and, thus, avails itself of the significant advan-

tages of synchrotron radiation. The concentration of
intrinsic metal atoms in ‘these membranes formed
with cytochrome oxidase or the photosynthetic reac-
tion center-cytochrome ¢ complex is very small
(about 1 atom in 10*). Therefore, detection of the
resonance scattering effect on diffracted intensities
is technicaly very difficult. This paper describes the
experimental methods and detection of the resonance
effect. The second paper [9] describes the application
of the method to a known membrane profile struc-
ture as a test of the technique’s validity for mem-
brane systems.

Theory

We consider an oriented multilayer formed from
stacks of collapsed unilamellar membrane vesicles.
The unit cell profile then contains a pair of opposed
single membrane profiles. Let the X-axis be ortho-
gonal to the membrane plane. The following relation-
ships hold:

F(h/D) = 2 f; cos(2nX;h/D) %)
i
I(h/D) = \F(h/D)I? )
p(X) =2 F(h/D) cos(2nXh/D) 3)
h

where F is the structure factor for the unit cell pro-
file, I is the diffracted intensity along X * parallel to X
where |X"| =2 sin 6/A =h/D, p is the unit cell pro-
file, i.e., the unit cell electron density projected on
the X-axis, D is the membrane pair periodicity along
the X-axis, # indexes a particular X-ray reflection,
fi is the atomic scattering factor for the ith atom and
X; is the X coordinate of the jth atom.

Note that the symmetry condition o(X) = p(—X)
is implicit in the above equations and is justified, in
the X-axis projection, by the formation of pairs of
opposing membranes in the creation of a multilayer.

It is well known that near an absorption edge, the
general form for the atomic scattering factor is given
by:

f(S, E)=foS)+ (S, E)+if" (S, E) @

\here S = 2sin8/A and F is the incident X-ray energy.



Here f,, is the atomic scattering factor far away from
an absorption edge. At small scattering angles, f,
approximately equals the atomic number which is a
positive real constant and is independent of the inci-
dent X-ray energy. The f' term denotes the change in
the real component of the scattering factor as a func-
tion of energy. It is reasonably well described by
Honl theory [10,11] on a broad (kilovolt) scale
entered about an absorption edge. For K-shell absorp-
tion edges, f is negative and its energy dependence
follows a roughly symmetric curve having a minimum
at the edge. Near the K absorption edge, damping
terms dominate but recent studies show that f~ is un-
expectedly large. (ref. 12 and Bienenstock, A., per-
sonal communication). The f term denotes the
absorptive component which is also energy depen-
dent. It is simply related to the atomic absorption
coefficient [10,11]. It is zero below the absorption
edge and rapidly rises at the edge in an approximate
step function manner. For iron atoms at the edge,
fo=26 electrons, f = —8 electrons, and f'=+5
electrons [5,12].

Near the absoiption edge, the structure factor for
the unit cell profile is therefore given by:

F(h/D) = Fo(h/D) + F'(h/D) +iF"' (h/D) s)

where all terms follow the form of Eqn. 1 except that

the sum for the second and third terms extends only

over the resonant atoms. Therefore, the diffracted

intensity is given by:

I(h/D) = F§(1/D) + 2Fo(h/D)F'(h[D) + F'2(h/D) + F"'2(1/D)
(6)

For our systems the relative number of resonant
scattering atoms is very small and, therefore, the mag-
nitude of the resonant effect would generally be a
small fraction of the scattering amplitude. For exam-
ple, in the cytochrome oxidase system, each cyto-
chrome oxidase molecule with the surrounding lipid
molecules has a molecular weight of approx. 200 000.
Thus, there are greater than 10° electrons in one com-
plex. Each cytochrome oxidase molecule contains
two iron atoms so that the magnitude of the f* effect
should be about 16 electrons. At zero scattering angle
all electrons contribute coherently so that Fy has a
magnitude of approx. 10° electrons. Hence, F'/F,
is about 2 - 107, At other scattering angles the effect
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is enhanced for reasons described below. In addition,
f' magnitudes are not well determined and may be
substantially larger [11]. Nevertheless, F' remains
small with respect to Fy. Therefore:

|Fo(h/D)| > | F'(h/D)|

o
1{Fo(h/D)| > IF"(h/D)|
Hence Eqn. 6 is well approximated by:
Ih/D) ~ F¥(h/D) + 2Fo(h/D)F'(h/D) (8)

This shows that the intensity changes which we
should observe as a function of X-ray energy must
follow that of f” and that the changes are enhanced
by the cross term.

A second effect which enhances the resonance
scattering effect is membrane contrast. In diffraction
experiments, [(0) is not observed but contributes a
constant to the Fourier synthesis of the unit cell elec-
tron-density profile. Relative integrated intensities for
all other reflections depend solely on the shape of the
electron-density profile about the average level deter-
mined by /(0). Absolute integrated intensities for the
other reflections change proportionately with the
magnitude of deviation about this average level (i.e.
the contrast). For planar multilayers, the integrated
intensity of a given reflection is proportional to the
number of multilayers. Therefore, by determining
absolute scattered intensity, it is possible to compare
the contrast of different membrane systems. Our
results show that both reconstituted membrane struc-
tures are of relative low contrast. This is a direct con-
sequence of the structure of the lipid bilayer and rein-
corporated protein. The effect of incorporating inte-
gral protein into a lipid bilayer is to add electrons to
less electron-dense regions and to distribute the more
dense regions over a larger region of the membrane
profile. Such electron-density distributions affect the
contrast and, therefore, in general the magnitude of
scattered intensity, |Fo(h/D)|* for h 0. However,
the distribution does not alter the magnitude of
F'(h/D) which is determined solely by the atomic
f'(E) magnitude and the position of the resonant scat-
tering atom within the profile. Thus, lowering the
contrast in general enhances |F'(i/D)I/|Fo(h/D)! for

"h+#0. As an extreme example, if the profile were flat
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(i.e., no contrast), no diffracted intensity would be
observed except that due to resonance scattering
effects.

Experimental Methods

Reconstituted membrane samples of cytochrome
oxidase and bacterial photosynthetic reaction centers
complexed with cytochrome ¢ were prepared by meth-
ods previously described (Refs. 13—15; Tavormina,
A., Erecinska, M. and Blasie, J.K., unpublished data).
Unilamellar vesicle preparations were ultracentrifuged
onto aluminium foil and then transferrred to a planar
glass support. The sedimented pellets were partially
dehydrated in an N, environment with controlled
high humidity at 5°C. The oriented multilayers were
then transferred to a temperature-controlled sample
chamber on a goniometer for diffraction studies.

For the reconstituted cytochrome oxidase mem-
branes, the iron atoms in heme 2 and a5 were investi-
gated by recording lamellar diffraction about the iron
absorption edge. For reconstituted membranes con-
taining the photosynthetic reaction center-cyto-
chrome ¢ complex the heme of cytochrome ¢ was
investigated. As a test of the resonance scattering
method (see the following paper [9]), the iron atom
of cytochrome ¢ was replaced by cobalt using meth-
ods previously described [15]. Therefore, resonance
X-ray scattering studies for this membrane were con-
ducted about the cobalt absorption edge. Absorption
edge energies were directly determined by X-ray
absorption spectroscopy of cytochrome oxidase and
cobalt-substituted cytochrome ¢ in the membrane
multilayer.

X-ray experiments were performed at the Stanford
Synchrotron Radiation Laboratory. X-rays from the
storage ring were focussed using a bent cylindrical
mirror and monochromatized using two flat germa-
nium (111) crystals. The energy resolution was esti-
mated to be about 2 eV. This is substantially better
than the typical 5—8 eV energy resolution for the sys-
tem due to the fact that only a small portion of the
beam is used. Monochromatized X-rays were defined
by a slit (0.75 X 4 mm). The incident beam intensity
was monitored by measuring the scattering from a
thin plastic film with a scintillation detector. A sec-
ond slit (0.86 X 4.28 mm) after the monitor served as

a guard slit. The two input slits were separated by
288 mm using an evacuated path with mylar win-
dows. Samples were sealed in a refrigerated specimen
holder (about 5°C) in an N, environment at con-
trolled relative humidity. Diffraction scans were per-
formed using a large Huber diffractometer with two
fixed slits and a scintillation detector on the 26 arm.
The first slit on the 20 arm was placed at 128 mm
from the sample and measured 1.55 X 6.65 mm. The

-second slit on the 20 arm was separated from the first

by an evacuated path with mylar windows. It mea-
sured 0.5X 4.0 mm and was at 505 mm from the
sample. The angular resolution, A26, was defined by
this last slit to be about 1 mrad.

Diffraction scans were performed at several ener-
gies about the iron or cobalt absorption edges. The
absolute absorption edge energies were determined
directly using cytochrome oxidase, photosynthetic
reaction center, or cobalt-substituted cytochrome ¢
samples. For these measurements, absorption edges
were recorded by the fluorescence method using an
intrinsic germanium detector. Figs. 1a and 2a show
diffraction scans obtained from reconstituted cyto-
chrome oxidase and photosynthetic reaction center-
cytochrome ¢ membrane multilayers. Each point of
the scan represents the ratio of counts scattered to
that observed by the monitor. Changes in X-ray inten-
sities due to the storage ring’s natural electron current
decay or to electron beam instabilities within the
storage ring make this procedure absolutely neces-
sary.

The large changes in the lamellar diffraction with
energy shown in Fig. 1b for a reconstituted cyto-
chrome oxidase multilayer are not due to resonance
scattering effects. There are several factors which
determine this gross energy dependence. Nonresonant
scattering depends strongly on X-ray energy for both
the incident beam monitor and specimen [11]. X-ray
absorption in the multilayer contributes a strong
energy dependence. In addition, the diffractometer’s
geometry (e.g., fixed slits) imparts an energy depen-
dence. With the exception of X-ray absorption by
resonant atoms, these factors produce only a mono-
tonic variation in diffracted intensity with no features
at a particular absorption edge. The detection of
weak (about 1—5%) diffracted intensity changes due
to resonant effects in the presence of these large
monotonic nonresonant changes (of the order of 20%
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Fig. 1. (a) An averaged lamellar X-ray diffraction pattern from an oriented multilayer of reconstjtuted cytochrome oxidase mem-
branes. Individual 629 scans, recorded with an incident X-ray energy at the iron K absorption edge, were averaged to produce
this pattern. (b) Averaged lamellar X-ray diffraction at several X-ray energies for the second-order reflection (# = 2) from an
oriented multilayer of reconstituted cytochrome oxidase membranes. (—) E =iron K absorption edge energy; (&) E = iron K
absorption edge energy +200 eV; (m) £ = iron K absorption edge energy —200 eV.

over 200 eV) is problematic. In addition, X-ray absorp-
tion by the resonant atoms will produce an abrupt
feature at the absorption edge. We note that all of
these energy-dependent factors have, at most, a very
weak coupling with the scattering vector S = 2sinf /A
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(i.e., momentum transfer) in the small angular region
of our scans. Thus X-ray absorption, which is strongly
dependent on energy, affects all diffractions peaks in
approximately the same manner. Changes in the reso-
lution of the diffraction scans at different energies,
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Fig. 2. (a) An average lamellar X-ray diffraction pattern from an oriented multilayer of reconstituted photosynthetic reaction cen-
ter-cytochrome ¢ membranes. Individual 6 —2¢ scans recorded with an incident X-ray energy at the cobalt K absorption edge were
averaged to produce this pattern. (b) Averaged lamellar X-ray diffraction at several X-ray energies for the second-order reflection
(h = 2) from an oriented multilayer of reconstituted photosynthetic reaction center-cytochrome ¢ membranes. (—) E = cobalt K
absorption edge; (2) £ = cobalt K absorption edge +200 eV; (u) £ = cobalt K absorption edge ~200 eV.
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due to the use of a fixed slit, are the same for all dif-
fraction peaks at a given energy. We therefore mea-
sure the energy dependence of the ratio of the inte-
grated diffracted intensities of the lamellar reflec-
tions. Except for small and approximately linear
deviations due to the absorption of nonresonant
atoms, the utilization of the ratio of diffracted inten-
sities eliminates the gross nonresonant energy depen-
dencies. Furthermore, features due to absorption by
resonant atoms are reduced to a magnitude far below
the detection capability of this experiment.

In Fig.2b, the intensity of the second diffraction
order for a photosynthetic reaction center-cyto-
chrome ¢ multilayer is shown for X-ray energies
about the cobalt absorption edge. Large changes of
the diffracted intensity are not observed in compari-
son with the cytochrome oxidase multilayer (Fig.
1b). In this case, the sample is thinner, the incident
X-ray energy is larger, and the sample mosaicity is
smaller. As a result, the energy dependence happens
to be more similar to that of the incident beam moni-
tor. We have found that it is possible to minimize the
gross energy-dependent variations in the integrated
intensity by altering the thickness of the film used
within the incident beam monitor. As a routine
experimental procedure, altering the beam monitor
was technically difficult and the use of ratios of inte-
grated intensities proved to be a more suitable proce-
dure.

Changes in ratios of diffracted intensities may
occur from sample or storage ring instabilities. Small
deviations of the sample’s periodicity due to varia-
tions in water content can cause large changes in‘the
ratio. For example, an about 30% change in the ratio
of the second to fourth order integrated intensities
corresponds to an approx. 1% change in the periodic-
ity of a cytochrome oxidase membrane specimen.
Movement of the electron beam in the storage ring
can also subtly alter the angle of incidence on the
sample or cause a small relative change between the
incident beam monitor and specimen. To minimize
both types of error, an averaging procedure was
devised. A series of diffraction scans about the
absorption edge performed such that linear changes
in the ratio with time would not contribute to the
energy dependence of the final averaged lamel-
lar diffraction. For example, about the iron edge the
series was 7125 eV, 7225 eV, 6925 eV, 7125 ... etc.

Each scan took about 5 min. Series were completed
within a fill of the storage ring. For a given series,
scans at the same energy were then averaged to pro-
duce the final averaged lamellar diffraction at each
energy which are centered about the same point in
time.

As a final test to improve further the experimental
accuracy, individual diffraction scans were examined
for linear behavior. In this filtering procedure, the
total integrated intensity (including background) for
a given reflection and X-ray energy was plotted versus
time. Series which contained intensities which varied
nonlinearly in time (as judged by the least-square devi-
ation from a line compared with the error expected
based on counting statistics) were not used. Thus, we
assure linearity so that the averaging procedure
described above is valid,

Series which passes these tests were used to exam-
ine the energy dependence of the ratios of the inte-
grated intensities. Scans at the same energy within a
series were averaged to produce the final averaged
lamellar diffraction at each energy. Peak-to-back-
ground ratios as well as peak and background shapes
were substantially different for the two types of
membrane samples. Therefore, slightly different ana-
lytical procedures were used for each. In general,
background scattering was removed from each reflec-
tion for the final averaged lamellar diffraction at each
energy. Errors in integrated intensities were found to
be dominated by uncertainties in the background
scattering rather than the stochastic error associated
with the number of photons detected. Error bars for
ratios of integrated intensities at each energy were
therefore assigned based on the systematic variation
of the points chosen as representative of background
scattering about each lamellar reflection.

For reconstituted cytochrome oxidase multilayers,
the following specific procedure was followed.
Straight line backgrounds were fitted tangentially to
plots of the logarithm of the averaged lamellar dif-
fraction. Background regions were chosen on either
side of a reflection such that the points within the
selected region varied randomly about the tangential
line, Straight line backgrounds were determined for
all possible pairs of background points on either side
of a reflection (i.e., if there are four possible points
on the low-angle side of a peak and six background
points on the high-angle side, 24 possible back-



grounds are determined). The straight lines were con-
verted back to exponentially decaying curves and
subtracted from the total lamellar diffraction.

Lamellar reflections were integrated after back-
ground removal over the region of the peak which
exceeds 10 % of the peak height, thus excluding the
wing regions from the integration. Peak areas were
calculated for each of the possible pairs of back-
ground points and were then averaged to give the
final area determination. The error (as percent error)
caused by background removal was estimated from
the standard deviation of the peak area values for each
possible background. Ratios of the integrated lamellar
reflections for different orders were calculated for
each energy. Error bars (as percent error) for the
ratios were determined to be the square root of the
sum of the variances of the percent error for the con-
tributing peak areas.

For reconstituted reaction center-cytochrome ¢
membranes, the following specific procedure was
used. The background scattering was determined by
fitting a straight line through two points on either
side of the logarithm of each lamellar reflection. As a
first approximation, the points at m = 1/2D, 3/2D, ...
(2n + 1)/2D were chosen as the background points
(where D is the lattice periodicity and A/D the posi-
tion of the center of lamellar reflection). The inten-
sity of the background points was calculated as a five-
point average about these (2n+ 1)/2D locations.
Next, a measure of peak symmetry was calculated for
each reflection as the ratio of the integrated intensity
on either side of the central value:

h/D h/D+20
f I(s, E) ds / f I(s, E) ds ©)
h

h/D-20 /D

The background- points were systematically varied
(2n + 1)/2D =~ %5 channels), and the peak symmetry
values was calculated for each background pair in the
same way. This was done for each lamellar reflection
of every averaged lamellar diffraction pattern (it is
possible that the background points can change with
energy). The background pairs which produced peak
symmetry values closest to unity, within the stochas-
tic error of the integrated peak value, were chosen.
In every case, more than one pair of background
points gave analytically reasonable peak symmetry
values.
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Integration of reflections and their errors were
determined in the same manner as for cytochrome
oxidase samples. For these lamellar diffraction pat-
terns, integrations were over the central region of the
peak which exceeds 25% of the peak height.

Results

Fig. 3 shows the time variation of the integrated
second-order reflection (including background) for a
reconstituted cytochrome oxidase membrane multi-
layer. Each point represents the diffracted intensity
relative to the incident beam monitor for a given dif-
fraction scan taken at the iron K absorption edge.
The line is determined by a least-squares fit through
the points. Error bars are calculated for the stochastic
error-based number of photons counted (including
the error for the monitor). Similar plots were made
for other energies in the series.

Fig. 4a shows the energy dependence of the ratios
of the averaged integrated lamellar reflections for a
reconstituted cytochrome oxidase membrane multi-
layer. These ratios have been expressed as Rg(h/h")
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Fig. 3. The total integrated intensity including background
scattering of the fourth-order reflection from a cytochrome
oxidase membrane multilayer plotted as a function of time.
All intensities were measured at the iron absorption edge.
Error bars are computed based solely on the number of pho-
tons detected. The line represents the results of a least-
squares fit to these data points. Similar plots were made for
the other diffraction orders and other incident X-ray ener-
gies.
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Fig. 4. (a) The ratios of the integrated intensities of the lameliar reflections, RE(h/h') (see text), for a reconstituted cytochrome
oxidase membrane multilayer. Rg(k/h’) is shown for k' =4, and h =2, 3, 5 and 6 at incident X-ray energies about the iron K
absorption edge. The error bars which are indicated are based on the errors in the estimated background scattering (see text).
These plots show resonance diffraction effects at the iron K absorption edge. (b) The ratios Rg(h/h') for i’ =4 and h = 2,3,5
and 6 for a reconstituted cytochrome oxidase membrane multilayer at incident X-ray energies about the cobalt K absorption
edge. These plots do not show any resonance diffraction effects, which is consistent with the absence of cobalt in this membrane

protein.
where:
[IEl(h) g h)
| Ig)Y  Iga)
Ry /i) = E1l E2

Tg2 g2 ()

and where E'l denotes the incident X-ray energy of
the absorption edge and £2 an X-ray energy far from
the absorption edge. In Fig. 3a the energies are cen-
tered about the iron K edge where a resonant effect is
observed for #'=4 and A =2, 3, 5 and 6. In this case,

the average of the two values of Rg(h/h") below and
the two values above the K edge energy does not equal
the value at the K edge energy. In Fig. 4b, the ener-
gies are centered about the cobalt K edge where no
resonant effect is observed (i.e., the average value of
Rg(h/h") below and above the K edge equals the
value at the K edge). The results are consistent with
the fact that iron rather than cobalt is present in this
membrane protein.

Fig. 5 shows the energy dependence of the ratios
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Fig. 5. The ratios RE(h/h') forh'=2andh=3,4and 6 fora
reconstituted reaction center<ytochrome ¢ membrane multi-
layer at incident X-ray energies about the cobalt K adsorp-
tion edge. The points connected by a solid line are for a sam-
ple in which the iron atom of the cytochrome ¢ heme group
has been replaced by cobalt. In this case, resonance diffrac-
tion effects are observed. The points connected by a dashed
line are for a sample in which the iron atom of the cyto-
chrome ¢ heme group was not substituted. For this case no
resonance diffraction effects were observed.

of the averaged integrated lamellar reflections,
Rg(h/h'), for a photosynthetic reaction center-cyto-
chrome ¢ membrane multilayer. The energies are cen-
tered about the cobalt K absorption edge for A’ =
2 and 4 = 3,4 and 6. For points connected by a solid
line, the heme iron atom of cytochrome ¢ has been
replaced with a cobalt atom and resonant effects are
observed (i.e., the average of values above and below
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the K edge does not equal the value at the K edge).
For points connected by a dashed line, the cyto-
chrome ¢ heme contains an iron atom and shows no
resonant effects (i.e., the average of values above
and below the K edge equals that at the K edge).

Discussion

Based on the total number of electrons within a
single unit cell of these multilayers (10%) and an /' K
edge effect of about 8 electrons for cobalt or iron
atoms, the magnitude of the resonance scattering
effects should be generally approx. 0.02% of the ob-
served intensity (Eqn.6). Our observation of an
approx. 1-20% effect demonstrates enhancement
of the resonant effect due to the natural low scatter-
ing contrast of the membranes. Independent compari-
sons of the absolute integrated intensities of the
stronger reflections with those of multilayers of dipal-
mitoylphosphatidylcholine (DPPC) (a lipid, the elec-
trondensity profile of which is relatively well known
on an absolute scale) shows that these membranes are of
very low contrast. For example, absolute intensities
corrected for the amount of material and angular dis-
orientation show that the second-order reflection for
cytochrome oxidase membranes is about 500-times
weaker than the first-order reflection for DPPC. Each
order is the most intense order in its respective lamel-
lar diffraction pattern. Furthermore, background
scattering between peaks indicates that the amount of
incoherently scattering material is small for both
cases. Therefore, absolute comparison of diffracted
intensities and the known mass densities for DPPC
and cytochrome oxidase membranes (which provides
the same information as would the unobserved origin
reflection) allows a direct comparison of electron-
density profiles for the two cases. Because the struc-
ture of DPPC is known, its electron-density profile
may be calculated on an absolute scale. For DPPC the
difference between the maximum and average elec-
tron densities, Ap, is approx. 0.07 ¢/A3. Based on the
comparison of the diffracted intensities and mass den-
sities, one finds for cytochrome oxidase membranes
Ap =~ 0.01 e/A3. Estimates based on this low contrast
show that resonant effects exceeding 5% can be pro-
duced for the ratio of the second to fourth order dif-
fracted intensities of this membrane multilayer.
Weaker reflections would, in general, produce larger
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changes (see Eqn. 6). Furthermore, generally larger
resonant effects are observed for reaction center
membranes which is consistent with intensity com-
parisons showing that these membranes have a smaller
contrast, Ap ~ 0.008 e/A3, than for the cytochrome
oxidase case. Therefore, the estimate of 0.02% for
the magnitude of the resonant effect is the worst case
and would never be realized in practice.

The observed energy dependence of Ry(//#') has
a sharp fluctuation at the iron (or cobalt) edge which
is roughly symmetric about the absorption edge. In
this sense the energy dependence obeys an f'(E)
rather than an f'(F) dependence for a K-shell elec-
tron. This is expected as described earlier. A more
detailed examination of f'(E) requires that data be
collected at smaller energy intervals. The necessity to
time average lamellar diffraction in order to remove
sample and storage ring instabilities limited the num-
ber of different energies at which data could be
recorded over a resonable amount of total time.

Finally, the resonant effect is observed at the
absorption edge only when the resonant atom is
known to be present in the multilayer. If the same
experiment is conducted over a different energy range
where no resonances exist, the effect is not observed.
On the other hand, the resonant effect over a fixed
energy range may appear or vanish by chemically
adding or removing the resonant atom.

The use of ratios of integrated intensities approxi-
mately eliminates nonresonant and absorption energy
dependencies. If /4 is the order of the reflection and E
is the energy, then in general: .

I, E) = |Fh) 2 T(E, b) 10

where T(E, h) is the experimental transfer function
containing nonresonant and absorption terms. From
Eqn. 10, it is clear that the ratio of intensities
removes nonresonant energy dependencies if £ and &
are uncoupled in 7. However, from Eqn. 8, although
the ratio now depends only on the resonant scattering
effect, the magnitude of the signal is determined by
the unit cell’s contrast as well as the location of the
resonant atom in the unit cell profile. If T(E, /) were
independently known, then the quantity:

I, E < Ey) — Ih, E ~ Ey)
I E <Ey) — I, E = Ey)

(11

would depend only on the resonant atom’s position
in the unit cell. Thus, future experiments which per-
mit independent calibration of the function T(E, k)
would significantly enhance the method’s ability to
locate resonant atoms.

Therefore, based on the magnitude and energy
dependence of the Rp(h/h') and the control experi-
ments performed, these data suggest that the reso-
nance diffraction effect has indeed been observed in
the lameliar diffraction from these reconstituted
membrane multilayers. These and further experi-
ments which measure such effects more accurately
can be used to determine the location of these reso-
nant atoms (and therefore the active sites with which
they are associated) in the membrane profile [9].
Errors in this experiment remain at the 0.5% level.
Further reduction in errors should be possible with
advanced linear or area X-ray detectors which will
better define the background scattering and shorten
the data collection time (reducing the effects of
sample and storage ring instabilities).
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