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ABSTRAcr The location of the photopigment molecules relative to the lipid hydro-
carbon core of retinal receptor disk membranes was unknown. The photopigment
molecules could occur entirely on the surface of the membrane, completely em-
bedded in its hydrocarbon core, or at some intermediate location protruding into
both the aqueous surface layer and the lipid core of the disk membrane. To re-
solve this uncertainty, we collected X-ray intensity data diffracted by the photo-
pigment molecules in wet pellets of oriented frog retinal receptor disk membranes
as a function of the electron density of the sedimentation medium. These data
were fitted to a model which predicted the integrated intensity diffracted from the
photopigment molecules as a function of the electron density of the sedimentation
medium and the extent to which the molecule protruded into the aqueous surface
layer and the lipid core of the disk membrane. This analysis showed that for the
photopigment molecular diameter of ^42 A, about 28 A protrudes into the aqueous
layer, and about 14 A into the lipid core for unbleached photopigment. Bleaching
causes the photopigment to "sink" into the lipid core some 7 A. The partial em-
bedding of the photopigment molecules in the lipid core introduces a correlation
of the photopigment molecules with lipid hydrocarbon chains in the plane of the
disk membranes.

1. INTRODUCTION

In earlier papers (1, 2) we identified the photopigment molecules and described their
planar arrangement in wet isolated frog retinal receptor disk membranes. These
studies provided no information about the location of the photopigment molecules
in the cross-section of the disk membranes except for the fact that the aqueous nega-
tive stain phosphotungstate provided contrast for the photopigment molecules,
allowing their observation by electron microscopy. Since the diameter of the photo-
pigment molecules in the plane of the disk membrane was nearly identical as de-
termined by electron microscopy vs. X-ray diffraction, it might appear that at least
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half of the photopigment molecule projects into the aqueous surface layer of the
disk membrane penetrated by the negative stain.

X-ray diffraction studies on intact frog retinal rods (3, 4) indicate that the disk
membranes contain a lipid hydrocarbon core within their cross-section. Since de-
tergents are required to extract photopigment from the disk membranes (5), the
photopigment molecules are presumably directly associated with these lipid molecules
forming the lipid core for the disk membrane.

These results suggest that the photopigment molecules occur in the cross-section
of the disk membrane at an interface between the lipid hydrocarbon core and an
aqueous surface layer. The photopigment molecules may presumably be embedded
to some unknown extent in both the surface layer and the hydrocarbon core. The
extent of this embedding has not been indicated by the cross-sectional electron
density profiles for the disk membranes by previous work (3, 4) because (a) the
location of the photopigment molecules has not been determined in these profiles,
and (b) the thickness of the lipid hydrocarbon core as suggested by these profiles
may be only an apparent thickness, depending on the extent of this embedding.
The experiments described in this paper determined the extent of the embedding

of the photopigment molecules in the aqueous surface layer and lipid hydrocarbon
core of the disk membrane as well as changes in this embedding induced by light
absorption by the photopigment molecules. These studies make use of the idea that
the electron density contrast between the sedimentation medium and that portion of
the photopigment molecules which protrude into the aqueous surface layer of the
disk membrane will affect the total diffraction arising from the photopigment mole-
cules in a predictable way, depending on this contrast and the degree to which the
molecules protrude into that aqueous phase.

This work has been reported briefly elsewhere.'

2. MATERIALS AND METHODS

Frog (Rana pipiens) retinal receptor disk membranes were isolated in dim red light in a
manner similar to that previously described (1, 2). The disk membranes were collected
from an interface separating 45% sucrose from a solution identical with the final sedimenta-
tion medium. The isolated disk membranes were then diluted 20: 1 with the final sedimenta-
tion medium and pelleted at 68,000 g for 1 hr at 4°C in a specially designed Lucite cell with
a cylindrical cavity 3 mm in diameter, sealed at the bottom with a Melinex window, giving
a pellet 2-3 mm in thickness. If the photopigment was to be bleached, the disk membranes
were bleached in white light just before this final sedimentation. The final sedimentation
medium consisted of 0.01 M phosphate buffer, pH 7.5, with varying amounts of glucose,
LiCl, or CsCl to adjust the electron density of the sedimentation medium to a desired value.
The media used for this purpose were 0.25 M, 0.50 M, and 1.00 M glucose and 0.15 M LiCl
and 0.15 M CsCl, all phosphate buffered as above.
The resulting pellet of wet disk membranes, either unbleached or bleached, was then

mounted and sealed in a specimen chamber which allowed the X-ray beam incident along

I J. K. Blasie. 1970. Biophys. Soc. Annu. Meet. Abstr. 10:51a.
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the sedimentation axis while the wet pellet was maintained with 1 mm of sedimentation
medium covering the pellet at 5 40.20C for the duration of the exposure (15 hr) in all cases,
and in darkness if the photopigment was not bleached.
The diffraction camera used was similar to that previously described (1, 2). The specimen-

to-film distance was 62.5 mm in helium in all cases. The camera with cylindrical film cassette
provided a low-angle resolution of 200 A to a high-angle resolution of 2 A. The camera
used provided a line-focus source with a 1 mm height at the specimen. This height, together
with the =3% accuracy in the intensity measurement in the low-angle region as judged by
the noise level in microdensitometer tracings of the diffraction patterns, allowed slit cor-
rections to be neglected as previously discussed (2). Background scattering for this camera
and these specimens was determined over angular range used (0.005 A-1 < 2 sin
D/X < 0.500 A-1) for Ni-filtered CuKa radiation and was subtracted from the microden-
sitometer tracings.
The diffracted intensities corrected for background were used for the calculations in sec-

tion 4. The diffraction theory for these calculations appears in section 4. All nontrivial com-
putations were performed on a PDP-6 computer (Medical School Computer Facility, Uni-
versity of Pennsylvania).

3. RESULTS

We have shown in earlier papers (1, 2) that X-ray diffraction from wet ultracen-
trifugal pellets of isolated frog retinal receptor disk membranes is cylindrically
symmetric about the sedimentation axis. With the beam incident along the sedimen-
tation axis, the beam is incident normal to the planes of the disk membranes and
we obtain diffraction arising from electron density contrast projected in the plane
of the disk membrane. X-ray diffraction obtained with the beam incident normal
to the sedimentation axis arises from electron density contrast in the direction normal
to the planes of the disk membranes providing reflections from the lamellar disk-to-
disk repeat.

Fig. 1 shows diffraction obtained with the beam incident along the sedimentation
axis from a disk membrane pellet in phosphate-buffered LiCl. For cylindrical co-
ordinates r, 4, z for the disk membrane where z is normal to the disk membrane,
the corresponding reciprocal space coordinates are r*, 4*, z* with z z*/| z z* I1.
With the disk membrane pellet in this orientation with respect to the beam, we ob-
tain the diffracted intensity I(r*, z* = 0) defined here as Iobs (r*) where
r= 2 sin O/X. We have previously shown that the intensity maxima for

r* < 1/40 A = ro

arise from the planar arrangement of the photopigment molecules, i.e., the correla-
tion of photopigment molecules with each other in the plane of the disk membrane.
The diffracted intensity in this region is denoted by i, (r*) and 4p, (am) is given by:

gpp(am)= j0 2ir*i,,(r*, am) dr*,

where am is the electron density of the sedimentation medium.
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The intensity maximum at r* = 1/4.5 A most likely arises from the correlation of
phospholipid hydrocarbon chains with each other in the lipid hydrocarbon core
(3, 4) in the plane of the disk membrane. This seems likely because (a) disk mem-
branes have a lipid hydrocarbon core, and polarized light studies (6) indicate that
the lipid hydrocarbon chains have an average orientation normal to the plane of
the disk membrane, and (b) phospholipid-water systems regularly show a maximum
at nearly identical diffraction angles which arises from the correlation of the hydro-
carbon chains with each other (7).

Since changes in the electron density of the sedimentation medium would not be
expected to alter electron density contrast for the lipid hydrocarbon chains in the
core of the disk membrane, the integrated intensity 4, (CFm) data for the photopig-
ment molecules for different values of am were scaled together, relative to the in-
tegrated intensity of the maximum at r* = 1/4.5 A. The integrated intensity data
h,,, (i,m) scaled in this manner for unbleached photopigment at five different values of
am and for bleached photopigment at three different values for CTm are shown in
Fig. 2. The error in the g., (am) values is d 10% allowing for both measurement
errors in the diffracted intensities and scaling errors.
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FIGURE 1 FIoURE 2
FIGURE 1 Diffracted X-ray intensity Iobs(r*) obtained from a wet pellet of disk mem-
branes in buffered LiCi with the beam incident along the sedimentation axis. Background
scattering for our cameras and these specimens is indicated by the dashed curve. Measure-
ment errors in the observed diffracted intensity are indicated by the error bars and were
regularly =13% for r* < ro and :1:8% for r* > ro as judged by the noise level in the micro-
densitometer tracings after correction for background.
FIGURE 2 Observed integrated X-ray intensity Jp,(m) diffracted by the photopigment
molecules in wet disk membranes as a function of the electron density of the sedimentation
medium a. and of bleaching of the photopigment. f,,, is indicated in Fig. 1 for the case of
buffered LiCl. Errors in the integrated intensities are about 4:10% allowing for both
measurement and scaling errors and are indicated by error bars.
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It is clearly seen that increasing the electron density of the sedimentation medium
decreases the integrated diffracted intensity from the photopigment molecules rela-
tive to that from the lipid hydrocarbon chains for both unbleached and bleached
photopigment. In addition, the integrated diffracted intensity from the photopig-
ment molecules increases relative to that from the lipid hydrocarbon chains when
the photopigment is bleached for all am values investigated. We utilize the integrated
intensity ,pp (a.) here since these values are to be compared with the values calcu-
lated from theory presented in the next section.
The intensity maxima in the neighborhood of r* = 1/25 A and 1/13 A will be

discussed in section 5. The maximum at r* = 1/5.4 A will not be discussed at this
time, and the maxima for r* > 1/3.5 A arise from the sedimentation medium, i.e.,
water.

4. INTERPRETATION

In order to interpret these results, we first consider the following model with reference
to Fig. 3 for the relationship of the photopigment molecules to the lipid hydro-
carbon core of the disk membranes. We consider the photopigment molecules to be
approximately spherical with uniform electron density and to occur at an interface
separating the aqueous surface layer ofthe disk membrane and the lipid hydrocarbon
core ofthe disk membrane. Justification for such a model is as follows: (a) the photo-
pigment molecule should be nearly spherical if its molecular weight is -28,000 (8)
and its radius in the plane of the disk membrane is ---'22 A (2); (b) the photopig-
ment molecule may be considered as a sphere of uniform electron density for r* <
1/40 A (2); (c) the disk membrane most likely has a lipid hydrocarbon core (3, 4),

~~~~F tz

.~~~~~~~~~~
FIGURE 3 Model placing the photopigment molecules in the cross-section of the disk
membrane at an interface separating an aqueous phase with average electron density am
and a lipid hydrocarbon phase with average electron density at. z is the direction normal
to the membrane surface, Rm is the approximately spherical photopigment molecule's ra-
dius, a. is the average electron density of the photopigment molecule, and R, determines the
embedding of the photopigment molecule in each of the two membrane phases.
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and reasons for considering the photopigment molecules to be embedded at such an
interface were given in section 1; (d) the concentration of photopigment in retinal
rods (9), its density, and that of adsorbed antirhodopsin in the plane of the disk
membrane (1, 2), together with the amount of disk membrane in the retinal rod
(3, 9), indicate that the photopigment molecules probably occur on only one side of
the disk membranes, which is the side facing the sedimentation medium in pellets of
isolated disk membranes (10); and (e) the sedimentation medium mainly provides
electron density contrast for that portion of the photopigment molecule which
protrudes into the aqueous surface layer of the disk membrane because any other
nonphotopigment protein which occurs on the surface of the disk membrane must
not be densely packed since the planar arrangement of the photopigment molecules
is easily altered by temperature (2), pH, and ionic strength of the sedimentation
medium (11), and, as will be shown in this paper, small ions and molecules as large
as sucrose penetrate this aqueous surface layer to the same apparent extent.2

In our model, (, - a) is the electron density contrast for that portion of the
photopigment molecule occurring in the lipid hydrocarbon core of the disk mem-
brane (where a, and a are the average electron densities of the photopigment
molecule and lipid hydrocarbon core, respectively, in electrons per cubic angstrom).
(ap - am) is the electron density contrast for that portion of the photopigment
molecule which protrudes into the aqueous surface layer of the disk membrane. For
the radius of the photopignent molecule Rm, the parameter Rz determines the un-
known extent to which the photopigment molecule is embedded in each of the two
phases where Rz may lie in the range -Rm Rz . +Rm . For example, if R. = - Rm,
the photopigment would occur entirely in the aqueous surface layer of the disk
membrane and, for R. = +Rm, it would occur entirely in the lipid hydrocarbon
core of the disk membrane.

In order to determine the embedding parameter R. from the integrated intensity
data pp(am) in the previous section, we must extend the diffraction theory we used
in an earlier paper (2). For a planar arrangement of hard spheres (p-particles)
occurring in vacuo, we derived (equation 8, reference 2):

[i, (r*)Iv = f2, (r*) .22(r)(

where [i, (r*)], is the diffracted intensity from the hard spheres in vacuo,
fp,,, (r*) ap (r) where I' denotes the spherically symmetrical Fourier transform
and ap (r) is the electron density distribution for the p-particles where a, (r) =
r < Rm, or 0, r > Rm , and 2 (r*) _y6(r) where ' denotes the Fourier-Bessel

2 We note that the interface in this model is operational in the sense that it is determined by the
extent of penetration of small ions and small molecules into this aqueous surface layer of the disk
membrane. However, since we will show that small monovalent cations and sucrose molecules
penetrate this surface layer to the same depth and since, under this circumstance, the small monova-
lent cations would be expected to penetrate the surface layer to the nonpolar li.id hydrocarbon
core of the disk membrane, this operational interface is most likely that described by the model.
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transform and 0p,(r) is the planar distribution function for the hard spheres. For
the same hard spheres embedded in a medium of a near-continuum of electron
density of ¢, we derived (equation 9, reference 2):

[(( - p)2f,((r*).(r*),2)

where [i,,(r*)I¢ is the diffracted intensity from the hard spheres embedded in the
medium. We note that equation 2 may be written:

[ipp(r*)I =2,af(r*)2(r*), (3)
where

fx¢(){o(r) -

Using Parseval's theorem, we derived (equation 15, reference 2):

2,rr*[ipp(r*)] dr* =N 27rr.4,(r) dr

= N O27rr*f2f,,(r*) dr*, (4)

where N is the number of coherently diffracting hard spheres. In an analogous
fashion, we see that:

0 2rr*[i,p,(r*)]a dr* = N J0 2rr*f2 a(r*) dr*. (5)

For

[ipp(r*)Ia = Ki[ipp(r* > O)]'a + [i_p(r* =

where [ip, (r*)]'a is the observed diffracted intensity from the hard spheres on a rela-
tive scale, Ka normalizes the relative intensities to the p-particle scattering factor
fSpa (r*) in the medium (in contrast to that used previously in equation 17, reference
2, which normalized the observed intensities to the scattering factor in vacuo), and
[inp (r* = 0)]a is the unobserved zero-angle diffraction where:

[ipp(r* = O)]j = N2f2_,(r* = 0).
Then we obtain from equation 5:

Ka 0 2*rr.[i,(r* > °)]e dr* = NI'O 27rr*f,2.i(r*) dr* - N2fp2,(r* = 0) (6)JoTrLl~Ar -aJA
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where A is the area in the plane available to the N hard spheres. From equation 6 we
obtain in abbreviated form:

Ka/N = (Ba- Ca/AO)/Do.

From equation 3 and the definition off, (r*), it is apparent that this Ka is inde-
pendent of a and Ao = A/N - 4900 A2 (2).
Now, for two different electron densities of the medium, ,& and 02 , we have from

equation 6:

Dj11D&2 = (B1l - Cil/Ao)/(B&2 - Ci2/Ao). (7)

To extend this result to our model for photopigment molecules in the disk mem-
brane is relatively simple. The hard spheres are embedded at the interface between
two media of average electron density em and el and the extent of the embedding in
either medium is set by Rr . f,2,am (r*) is formed by setting up the Fourier transform
of a. in cylindrical coordinates in the z* = 0 projection with the origin at the center
of the hard sphere and the z-axis normal to the plane of the interface. The integration
in the z-direction uses (e, -al) as the electron density contrast for -Rm < z < R,
and (p,- rm) as the electron density contrast for R, < z < + Rm:

fvAm(r*, R,) (e, - R) 2 (RJ - z2) Jl(27r*[R. - z21;) dzLRm (27rr*[R, -_z2]1/2)
Rm2 212

+ (a,-am)j 27r(R2 - Z2) Ji(27rr*[Rm- z2]") dz, (8)
z ~~~~(27rr*[R.,-zI2

where Jh is the first-order Bessel function arising from the integral over r and 4.
The normalization constant for the observed diffracted intensity is again independent
of em since am affects [ip (r* > 0)]am and fp ,m (r*, Rz) in exactly the same manner
and we obtain for two different values of emi and am2

Djmi/D&m2 = (B1mi - C&m1/AO)/(Blm2 - C1m2/A0)* (9)

Noting that Dam = .4pp (&m) of the previous section, we see that ratios of the experi-
mental pairs of s,p (&mn)//g,, (am2) may determine R, knowing &,ml , O2 and assuming
'&pa, by varying RZ in the range-Rm < Rz < +Rm until the right-hand side of
equation 9 matches the experimentally determined left-hand side. Thus, the data
for unbleached photopigment given in Fig. 2 provide 15 experimental pairs for de-
termining Rz.
For a molecular weight for the photopigment of -28,000 and molecular diameter

of 42 A, ,p 0.40 electrons/A3 and a, -- 0.28 electrons/A3 (3), we calculated

Kim -Dim/ N = (Bim - C^I/Ao), (10)
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for Rm = 21 A,-Rm < Rz < +Rm at 1 A intervals of Rz, and 0.32 electrons/A3 <
am < 0.50 electrons/A3 at intervals of 0.002 electrons/A3. A few of these curves are
shown in Fig. 4.
For the experimental values of am used in the previous section, we found that for

unbleached photopigment, the 15 experimental ratios of gp (ams) gp(am,) all fit
the curve for R, = -7 3 A and for bleached photopigment, the three experi-
mental ratios fit the curve Rz = 0 :1 3 A, allowing for errors in the experimental
ratios of the integrated intensities, as shown in Fig. 5. That is to say that for un-
bleached photopigment, the 15 experimental ratios fit the curves -10 A < Rz <
-4 A and not the curves for Rz > -3 A or Rz < - 11 A when experimental error
was allowed for. We note that the R, value determined from the LiCl vs. CsCl inte-

2x105 +21

*16
-21

1x104~~~~~~~+
032 036 0.40 0.44 0.48

Fm (electrons/A3)

FIGURE 4 Calculated integrated X-ray intensity 4(a. , R) calc for the photopigment mole-
cules in the model disk membrane shown in Fig. 3 as a function of the electron density
of the sedimentation medium and the embedding parameter R5 . 4(m, R.) calc was calcu-
lated according to the right-hand side of equation 10.

m~~~~~~
R a-7A 2±3 21±3A

I I'II~;I 14I±3A i.i~ R1sA t'0
21 ±3 A

t!lillllls'~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I il
-hi, h

FIGURE 5 The embedding of the photopigment molecules in each of the disk membrane
phases before and after bleaching of the photopigment as determined by a quantitative
comparison of the data shown in Fig. 3 with the calculated integrated intensities g(am, R.)
calc shown in Fig. 4.
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grated intensity data was R. = -8 A while that for the three glucose concentrations
gave R. = -7 A (all for unbleached photopigment); i.e., they were identical within
experimental error. In addition, the glucose data for unbleached and bleached photo-
pigment provide an independent check on the R, values for the two cases through the
ratios of the three pairs .pv (&mi, +hv)/1p (&,mi, -hhv). This independent check is in
good agreement with the previously determined values of R. (- hv) = -7 3 A;
R.(+hp) = 0 L3 A.

5. DISCUSSION

On the basis of these experiments, unbleached photopigment molecules with a
molecular diameter of --.42 A protrude about 28 A into the aqueous surface layer
of the disk membrane and are embedded in the lipid hydrocarbon core of the disk
membranes to an extent of about 14 A, as shown in Fig. 5. After the photopigment
is bleached, the protrusion of the photopigment molecule into the aqueous surface
layer decreases to about 21 A, while the extent of its embedding in the lipid hydro-
carbon core increases to about 21 A. Total bleaching of the photopigment molecules
results in their sinking into the lipid hydrocarbon core of the disk membrane by
about 7 A or approximately 16-17% of their molecular diameter. Unfortunately,
exposure times required for these experiments prevent us from determining at what
intermediate stage of the bleaching process this sinking occurs, but experiments
described in another paper (11), together with these experiments, shed some light
on this matter, and discussion of the problem is presented in that paper.
An alternative explanation for effect of bleaching on the integrated intensity data

from the photopigment molecules presented in section 3 might appear to be that the
average electron density of the photopigment molecule increases with bleaching.
This explanation is unacceptable for two reasons: (a) the radius of the photopig-
ment molecule is constant to within an accuracy of ± 1 A on bleaching of the photo-
pigment (11), and (b) if this were the case, the integrated intensity data for bleached
photopigment would have a greater slope as a function of am than that for the un-
bleached photopigment; the opposite is true for the data shown in Fig. 2.
We note that the "pure" lipid hydrocarbon region indicated in the derived cross-

sectional electron density distribution for disk membranes is about 20 A (3, 4). The
fact that we have shown that the photopigment molecules are embedded in lipid
hydrocarbon some 21 A after bleaching need not indicate that the photopigment
molecule spans the thickness of the hydrocarbon core. The electron density level of
this --20 A-thick low electron density region in the disk membrane's cross-section is
most likely that of nearly pure lipid hydrocarbon (3). Since the density of photo-
pigment in the plane of the disk membrane is sufficient to significantly raise the
electron density of the hydrocarbon core penetrated by the photopigment over that
of pure lipid hydrocarbon, this -'20-A-thick low electron density region is mostly
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unpenetrated by the photopigment. Thus, the total thickness occupied by lipid
hydrocarbon in the disk membrane's cross-section is roughly 40 A, the sum of the
pure hydrocarbon region and that penetrated by the photopigment.

There are two important implications from the results of this determination of the
location of the photopigment molecules relative to the lipid hydrocarbon core of the
disk membrane. The first is that one might expect that the surface of the photopig-
ment molecule which protrudes into the aqueous surface layer of the disk membrane
is composed primarily of polar residues. These polar residues might give the photo-
pigment molecules net electric charge. This electric charge would be expected to in-
fluence the planar arrangement of the photopigment molecules. A reorganization of
this electric charge distribution resulting in a change in the area occupied on the
surface of the photopigment molecule by these polar residues would affect the extent
of the embedding of the photopigment molecules in the lipid hydrocarbon core of the
disk membrane. Evidence supporting this implication is reported in another paper
(11).
The second implication arises since the embedding of the photopigment molecules

in the lipid hydrocarbon core of the disk membrane is to an extent of approximately
half of their molecular diameter. This situation suggests that diffraction may arise
from the correlation of photopigment molecules with phospholipid hydrocarbon
chains in the plane of the disk membrane. Since the molecular radius of the photo-
pigment molecule is about 21 A, and the radius of a lipid hydrocarbon chain is about
2.25 A (7), the distance of closest approach for the photopigment molecules and the
lipid hydrocarbon chains would be about 23 A, which could give rise to diffraction
in the region r* > 1/30 A. Since diffraction is observed in this region from the disk
membranes (Fig. 1), we decided to see if this observed diffraction could arise from
such an intercorrelation of photopigment molecules and lipid hydrocarbon chains in
the plane of the disk membrane.

In order to do this, we consider the following simplified model. We suppose the
photopigment molecules to be hard spheres embedded in a planar arrangement of
hard cylinders where the cylinder axis is normal to the plane and the cylinders repre-
sent the lipid hydrocarbon chains whose average orientation is normal to the plane
of the disk membrane (6). We then obtain for the electron density distribution for
this model structure:

p(r) = ¢X(r) * # (r) + az(r) * At(r), (11)

for usual cylindrical coordinates r, 0, z, where a. and o-, are the electron density
distribution for the hard sphere and hard cylinder, respectively, and Op and )P are
the planar distribution functions for the hard spheres and hard cylinders, respec-
tively. For the diffracted intensity from such a system for the usual cylindrical co-
ordinates with the beam incident normal to the plane of the arrangement of spheres
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FIGURE 6 Calculated diffracted intensity arising from a random correlation of photoPig-
ment molecules with lipid hydrocarbon chains in the plane of the disk membrane 4i (*)
compared with lobs (r*) in the region 1/30 A . r* . 1/7 A.
FIGURE 7 Thbe dependence of the observed diffracted intensity arising from the correlation
of photopigment molecules with lipid hydrocarbon chains in the plane of the disk mem-
brane, zp,~(r¶, on photopigment bleaChing. i,,, i,,l, ill are ConSidered to be the firSt, SeCOnd,
and third term-s in equation 10% respectively. Errors due to measurement and scaling are in-
dicated by the error bars.

and cylinders, i.e. the z*" = 0 projection, it is not difficult to show that?

T.b.(r* > 0) ccN,fv2(r*)[l + hvp.(r*)I + 2(N,vN,)112f,v(r*)f,(r*)h,vI(r*)
+ zf(r*([I + h11(r*)J. (12)

For our purpose here, we need consider only the second term, i1,z (r* > 0) , in
equation 12, the diffracted intensity arising from the correlation of the spheres with
the cylinders in the plane. To see the functional form of the calculated iJ, (rt > 0),
we take the radius R?, of the p-spheres as 21 A, the radius RI of the i-cylinders as

S1whr N. and N, are the relative numbers of the p-spheres and 1-cylinders,

fj,(r*) 4' o,,(r),fi(r*) = fi(r*, z* = 0) o,a(r), p,(gv,(r) h- 1) )

p,(gni(r) - 1) ~±hi(r*), (p,pi)1" g,,(r) hp,z(r*), pp = N,A, pi = NI/A,

where A is the area total available to the system of spheres and cylinders, and

*r #,,(-r) =N,85(r) + N,,(Nv - 1) g,,(r), ip',(r) * ol-)= N.N, g,,,(r),

4t,r~,1(-r) =N,8(r) + N,(N, - 1) gul(r).

*is the convolution symbol, and I(r*) -I-p(r) * p(-r), where r and r* are the general real and re-

ciprocal space vectors.
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2.25 A, and we assume that the correlation ofp-spheres with the 1-cylinders is random
in the plane, i.e., the pair correlation function

gpz(r) = 0,r (R,+ RI)
t1, r > (R, + RI), where (Rp + RI)

is the distance of closest approach of the 1-cylinders to the p-spheres. The functional
form of the resulting calculated ij (r* > 0) is compared in Fig. 6 with Jbs (r*) shown
in Fig. 1 for 1/30 A < r* < 1/7 A where both intensities have been scaled together
for 1/10 A < r* < 1/7 A.
We note that both the calculated and observed intensity in this angular range have

maxima of similar shape, relative magnitude, and position, indicating that the ob-
served diffraction could arise from such a random correlation of photopigment
molecules and lipid hydrocarbon chains in the plane of the disk membrane. In addi-
tion, bleaching the photopigment increases both of these observed maxima relative
to the r* = 1/4.5 A maxima, as shown in Fig. 7. This may be expected if the photo-
pigment molecules are correlated with lipid hydrocarbon chains in the plane of the
disk membrane, and the photopigment is embedded to a greater extent in these hydro-
carbon chains when bleached.

6. CONCLUSIONS

Analysis of integrated X-ray intensity diffracted by the photopigment molecules in
wet pellets of isolated frog retinal receptor disk membranes as a function of the elec-
tron density of the sedimentation medium indicates the following:

(a) The nearly spherical photopigment molecules '.42 A in diameter occur at an
interface separating the lipid hydrocarbon core and the aqueous surface layer of the
disk membrane protruding about 28 A into the aqueous phase and about 14 A into
the lipid core.

(b) The photopigment molecules sink about 7 A when bleached, protruding
approximately 21 A into both the aqueous surface layer and the lipid core.

(c) The portion of the photopigment molecule which is embedded in the lipid
core may introduce a random correlation of the photopigment molecules with the
lipid hydrocarbon chains in the plane of the disk membrane
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