ANGULAR SCATTERING CD OF CELL MEMBRANES

Angular Scattering Analysis of the Circular Dichroism of
Biological Cells. 1. The Red Blood Cell Membrane?

Adina Gitter-Amir,! Kurt Rosenheck,* and Allan S. Schneider®

ABSTRACT: A quantitative interpretation of the distorted
circular dichroism spectrum of red blood cell membranes is
presented including the effects of the intense small angle
scattering and light detection geometry of our spectropho-
tometers. Corrected spectra have been obtained by nonde-
structive methods which correspond to an in situ membrane
protein conformation of 45% « helix, 10% (3 sheet, and a con-
formational precision of better than +10%. Forward scattering
calculations which neglect the small angle scattering collected
by conventional phototube acceptance angles are shown to be

During the last few years much progress has been made in
extending ultraviolet optical activity and absorption spec-
troscopy to turbid suspensions of complex biological particles.
The work thus far has focused on separating turbidity effects
(scattering and absorption flattening) from the intrinsic mo-
lecular spectra, and using the latter to derive structural in-
formation for the macromolecules in situ in the biological
system. Both calculational and experimental methods have
been used; the former for suspensions of biological membranes
(Gordon and Holzwarth, 1971; Gordon, 1972; Rosenheck and
Schneider, 1973; Urry, 1972), polypeptide aggregates (Gor-
don, 1972), subcellular secretory vesicles (Rosenheck and
Schneider, 1973), and viruses (Holzwarth et al., 1974), and
the latter for membranes (Schneider et al., 1970; Glaser and
Singer, 1971; Litman, 1972; Ji and Urry, 1969), viruses
(Dorman and Maestre, 1973), and chloroplasts (Philipson and
Sauer, 1973; Gregory and Raps, 1974). In certain cases (Ro-
senheck and Schneider, 1973) excellent quantitative resolution
of the spectra has been obtained together with corresponding
protein structural information. We believe it may now be
possible to interpret the ultraviolet spectra of simple biological
cells and it is this problem which forms the subject of this and
the succeeding paper.

In the present work we perform a calculational interpreta-
tion of the ultraviolet absorption and circular dichroism (CD)?
spectra of the human red blood cell (RBC). Such spectra
contain essential information on the cell’s protein secondary
structure, composition, and morphology. We chose the red

+ From the Laboratory of Membranes and Bioregulation, The
Weizmann Institute of Science, Rehovot, Israel (A.G.A., K.R.), and the
Sloan-Kettering Institute for Cancer Research and Cornell University
Graduate School of Medical Science, New York, New York 10021 (A.S.)
Received August 19, 1975,

! This work derives in part from Adina Gitter-Amir’s Ph.D. thesis
(1974), carried out at the Feinberg Graduate School of the Weizmann
Institute of Science, Rehovot, under the supervision of Dr. Kurt Rosen-
heck.

§ Supported by National Institutes of Health Grants CA 08748 and CA
16889.

! Abbreviations used are: uv, ultraviolet; CD, circular dichroism; ORD,
optical rotatory dispersion; RCM, red cell membrane; RBC, red blood cell;
Hb, hemoglobin; Hb/M, hemoglobin to membrane protein ratio (w/
w).

unsuitable for red cell membranes. Ultraviolet refractive index
dispersion has been estimated for the membranes together with
an evaluation of the sensitivity of the calculated spectrum to
this variable. Angular scattering and circular dichroism cal-
culations are extended to two alternative models for the loca-
tion of hemoglobin in “pink ghosts”, and it is indicated that this
approach might help in resolving the question whether residual
hemoglobin is in solution inside the ghost, or is part of its
membrane.

blood cell since it is among the simplest and best-defined of
cells, contains primarily one protein of known structure (he-
moglobin), and, thus, has the built-in controls with which to
test the calculational analysis. The special problems which arise
in interpreting the spectra of the red cell are characteristic of
large (relative to wavelength), absorbing, scattering particles
and will be common to other more complex biological cells. As
such, the present analysis of red cell spectra can serve as a
prototype for interpretation of the CD and absorption spectra
of other cellular systems,

An important aspect of the present analysis, which is par-
ticularly relevant to large size particles (e.g., biological cells)
and has not been previously treated, is our calculation of the
angular dependence of circular dichroism. Most previous
calculations (Gordon and Holzwarth, 1971; Gordon, 1972;
Rosenheck and Schneider, 1973; Holzwarth et al., 1974) of
scattering contributions to optical activity spectra have con-
sidered only the forward direction, thus, counting all light
scattered at non-zero angles as an extinction. Large size par-
ticles, however, are known to have an intense small angle
scattering which for conventional spectrophotometers may not
be excluded by the acceptance angle of the phototube. Thus,
a discrepancy can exist between the forward scattering cal-
culation which excludes all non-zero angles in the transmitted
beam and spectroscopic measurements with conventional in-
strumentation that may not exclude the intense small angle
scattering. We indeed demonstrate in this and the succeeding
paper that for cell size particles in the uv region of the spectrum
it is important to calculate the angular scattering contribution
to absorption and circular dichroism spectra and, thus, take
into account the detector geometry of the spectroscopic in-
strumentation being used. These calculations will also be rel-
evant to measurements made with recently modified instru-
mentation (Dorman et al., 1973) capable of large variation of
its detector geometry. The angular scattering contribution to
the visible absorption spectra of biological cells, has been
studied before (Latimer and Eubanks, 1962; Latimer, 1972;
Latimer and Pyle, 1972; Cross and Latimer, 1972). The results
of their studies on absorption spectra were, however, not taken
into account in studies of optical activity spectra until now.

Another interesting and potentially important aspect of
angular optical activity calculations is that they may reveal
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information on supramolecular asymmetry and long range
order, as has been observed for cholesteric liquid crystals
(DeVries, 1951) and speculated on for DINA packing in viruses
(Holzwarth et al., 1974; Dorman and Maestre, 1973) and
membrane stacking in chloroplasts (Philipson and Sauer,
1973).

In the first part of this work we consider the red cell mem-
brane; in the second part, we use the obtained membrane op-
tical properties in the scattering calculation of the intact
erythrocyte spectra. We use the previously described (Ro-
senheck and Schneider, 1973) coated-sphere scattering model
for the red blood cell, with the coat representing the membrane,
and the core representing the concentrated hemoglobin solution
inside.

There have been several previous studies of the CD spectra
and protein conformation of the red cell membrane. In general,
previous efforts to reduce turbidity artifacts in the spectra have
used mechanical fragmentation methods, such as sonication
(Schneider et al., 1970) and French press (Glaser and Singer,
1971), or detergent solubilization (Gordon and Holzwarth,
1971). It is desirable, wherever possible, to use nondestructive
methods for obtaining the corrected intrinsic spectrum, in order
to avoid the possibility of small protein structural changes
accompanying fragmentation or solubilization. The present
analysis avoids this problem by using an iterative calculational
procedure (Schneider, 1973) with various protein secondary
structures and their corresponding intrinsic CD and ORD
spectra (Chen et al., 1972). A scattering calculation of the
turbid suspension spectrum is made and compared with the
experimental suspension spectrum. The trial intrinsic spectrum
which yields a good fit of calculated and experimental turbid
suspension spectra is chosen as the corrected spectrum, from
which the in situ protein conformation is determined. 1 is
noteworthy that most previous estimates of membrane protein
secondary structure were based on polypeptide reference
spectra of limited applicability to proteins. In the present work
we use the more relevant CD and ORD reference spectra de-
rived by Chen et al. (1972) from proteins having known x-ray
structures (Rosenkranz, 1974; Rosenkranz and Scholtan,
1971).

In addition to determining the secondary structure of
membrane protein for white ghosts (Hb/membrane protein
< 0.03) we also consider the question of whether the residual
hemoglobin of pink ghosts (Hb/membrane protein ~ 2) is a
part of the membrane or simply in solution within the ghost.
Specifically, we calculate both CD spectra and the angular
dependence of the scattering cross section for two models
representing the two cases above and see whether the calcu-
lated optical properties can distinguish between them.

Experimental Methods

Human outdated blood, type O, Rh positive, was obtained
from the blood bank of Kaplan Hospital, Rehovot, and used
in all experiments. Red cell membranes were prepared by a
procedure of gradual successive hemolysis in progressively
lower hypotonic buffer, as previously described (Schneider et
al., 1970). Either phosphate or Tris-HCI buffers, pH 7.4, were
used as indicated in the text. The red button at the bottom of
the pellet during the last washes was discarded and the final
ghosts appeared milky white.

Membrane protein concentration was determined by the
method of Lowry et al. (1951) with bovine serum albumin as
standard.

Absorption spectra were measured on a Cary 15 absorption
spectrophotometer. The acceptance half-angle, ¢, of the Cary
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15 light detection system is 8 £ 2° from the center of a 1-mm
path cuvette, the £2° depending on which part of the beam in
the sample space the angle is measured from.

Circular dichroism measurements were made on a Cary 60
spectropolarimeter with 6002 CD attachment in {-mm path
cells. The acceptance half-angle, ¢, for the CD measurement
is 8.5 £ 1.2° for a I-mm path cuvette.

Calculational Methods. The general calculational approach
used here for interpreting the distorted absorption and circular
dichroism spectra of a turbid biological suspension has been
previously described in detail (Schneider, 1973), including
illustrative numerical computations for subcellular secretory
vesicles (Rosenheck and Schneider, 1973), erythrocyte ghosts
(Gordon and Holzwarth, 1971), and viruses (Holzwarth et al..
1974). In brief, the approach is to calculate the turbid sus-
pension CD spectrum, including scattering and absorptive
contributions, using a set of assumed trial intrinsic CD and
ORD spectra corresponding to a set of protein conformations
(Chen et al., 1972). The extinction is first calculated for left
and right circularly polarized light separately, using the ap-
propriate scattering functions as defined by the size, shape, and
optical properties of the scattering particle. The difference in
left and right extinctions is then taken as the calculated sus-
pension CD. The overall calculation is repeated with various
trial intrinsic CD and ORD spectra until a fit of calculated and
experimental turbid suspension spectra is achieved.

The trial intrinsic optical activity spectra that yield the best
fitting calculated suspension CD spectrum are taken as the
corrected spectra (free of turbidity effects) that define the in
situ protein conformation in the intact cell membrane or cell’s
cytoplasm.

The general form of the equation used in calculating sus-
pension CD is:

w .

CDsusp =—Im X [F(mlp) - F(’nrp)] (N
where /m refers to the imaginary part of a complex function,
A is wavelength, m, and m.p are the intrinsic complex relative
refractive indices of the particle for left and right circularly
polarized light, respectively, and the function F(m,) contains
the specific particle scattering function and its relation to the
optical properties of a suspension of /V such particles. The latter
function may have a logarithmic form similar to that derived
by Duysens (1956) and Amesz et al. (1961) for cases where
the condition of single scattering (and absorption) in the for-
ward direction is not observed, i.e., cases where not all particles
see the initial incident light intensity. For cases of single
scattering (and absorption), and where the relative, refractive
index is close to one (van de Hulst, 1957) the logarithmic form
can be expanded to a linear form. The assumption of inde-
pendent scattering is implicit in our calculations. The intrinsic
optical activity characterizing the in situ protein conformation
enters the calculation via the former’s relation to the complex
relative refractive indices of the particle for left and right cir-
cular polarizations, n1p and mp.

In the present work we extend the previously used methods
outlined above to include the effects of various finite detector
acceptance angles that are known to be important for scat-
tering particles of a size comparable to and greater than the
wavelength, due to their intense small-angle scattering. We
use the method described by Gumprecht and Sliepcevich
{1953) to calculate extinction and scattering cross sections for
finite detector acceptance angles. We calculate the scattering
efficiency, Os(¢), of the particle (membrane or intact cell) as
measured by a phototube having a finite acceptance half-angle.
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¢, around the forward direction. The absorption efficiency, Qa,
is added to Qs(¢) to obtain the total extinction efficiency,
Qkc(¢), of the particle for a given light detection geometry,
defined by ¢. The scattering, absorption, and extinction ef-
ficiencies are simply the respective normalized cross sections,
and are used to calculate the CD for a suspension of particles
via eq 1. The CD calculated from the total extinction efficiency,
for a half-acceptance angle ¢, is denoted by [61],. The CD
calculated from the scattering or absorptive efficiencies is
denoted by [6s], and [84], respectively. The value of ¢ = 8°
was used in our calculations, which are compared with mea-
surements, since the extinction and CD spectra for 8.5 &+ 1.2°
and 8 & 2° are practically the same. The maximum acceptance
half-angle of the measurements will be ~10°, which is rea-
sonably close to the calculated scattered ray at 8° which after
refractive bending would exit the cuvette at 10-11°.

Scattering Model. We use an extension of the Mie equations
for the coated sphere scattering model to simulate the sphered
red cell and its membrane (Aden and Kerker, 1951). The
model is illustrated in Figure 1, where r is the inner radius, A
the membrane thickness, and m1; and m; the complex refrac-
tive indices of the core and shell material, respectively, relative
to that of the medium ;3. When the core and medium re-
fractive index are equal, i.e., m; = 1, we have the hollow shell
model that we use for the red cell ghost.

The specific parameters that define the scattering model
(hollow shell) for the sphered red cell membrane are given
below. The radius, » = 3.26 um was chosen as the most prob-
able radius for sphered ghosts (Roth and Seeman, 1972).
About 85% of ghosts have 3.0 < » < 3.5 um; about 65% have
3.18 < r € 3.33 um. The membrane thickness, 4, is taken as
the generally accepted value of 10 nm. The imaginary part of
refractive index, ny’, is linearly related to absorbance (van de
Hulst, 1957) and was determined from the measured absorp-
tion spectrum of solubilized ghosts. Our values are similar to
values obtained by Gordon and Holzwarth (1971) using so-
dium dodecyl sulfate solubilization. The real part of the re-
fractive index for the RCM was determined as follows: the
dependence of Qg(¢) on ny was calculated for a wide range of
refractive index values, for each wavelength. From these Qg(¢)
values, optical densities were calculated for an RCM suspen-
sion. These OD values were compared with the experimental
OD measured with the same ¢ value on the Cary 15 spectro-
photometer. The values of n; for which OD,yp was equal to
OD.;1.q were taken as the respective membrane refractive
index values. The resulting relative refractive indices for the
membrane in the uv were: for A = 192.5-207.5 nm, n, = 1.18;
for A = 210-220, ny = 1.16; for A = 222.5-235, n, = 1.14: for
A\ = 235.5-240, n; = 1.12, These refractive indices correspond
to a protein concentration of 0.53 g/ml in a membrane with
A = 10 nm and rinsige = 3.26 um. The trial values of the in-
trinsic membrane CD and ORD were chosen by assuming a
given protein secondary structure and determining the corre-
sponding CD and ORD from the protein reference spectra of
Chen et al. (1972).

Calculations for “pink ghosts” (Hb/membrane protein ~
2) were carried out for two alternative models aimed at sim-
ulating different locations of the residual hemoglobin in the
ghost. One model, which we refer to as the RCM model, is the
same as the hollow shell described above for the white ghosts
except that the hemoglobin is a part of the membrane forming
a thicker shell. The shell parameters are a mixture of Hb and
membrane in proportion to the Hb/M ratio. A shell thickness
of 20 nm is taken and the known optical properties of hemo-
globin are used in calculating the shell parameters. The “pink
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FIGURE 1: Concentric sphere scattering model with relevant parameters.

ghost” RCM model, thus, treats the residual Hb as though it
were a true membrane protein, irrespective of its precise
location within or on the membrane, the same way that the
model makes no distinction between the integral and peripheral
proteins of the ghost membrane. The altogether different
model in which Hb is concentrated on the inner or outer surface
of the membrane, forming a separate layer, was not investi-
gated in these calculations. The alternative model for the pink
ghosts is the coated sphere, with the residual hemoglobin in
solution forming the core, and the membrane the shell. We
refer to this as the RBC mode! and the shell parameters are as
described for the white ghost, while the core parameters are
simply those of a hemoglobin solution of the appropriate con-
centration. The Hb solution parameters are specified fully in
Part 2.

The scattering functions for the coated sphere model are an
extension of the Mie equations derived by Aden and Kerker
(1951) and previously applied to subcellular secretory vesicles
by Rosenheck and Schneider (1973). We use the computa-
tional scheme of Pilat (1967) and Fenn and Oser (1965) in
computing the extinction and scattering efficiencies in the
forward direction. This computational scheme was extended
to calculations of the scattering and extinction efficiencies
0Os(¢) and Qg(¢), for detectors with finite acceptance half-
angles, ¢, according to the method of Gumprecht and Sliep-
cevich (1953). According to the latter, the intensity of light
scattered is integrated over the angle ¢ around the forward
direction and subtracted from the total scattering over all di-
rections. The intervals used in the integration are 0.1° for
0-10°. The relatively small interval of 0.1° is used due to the
steep dependence of Qs(¢) on ¢ near the forward direction.
For ¢ > 10°, intervals of 0.2-0.4° are used. Several important
computational subtleties that arise in scattering efficiency
calculations for large absorbing spheres, such as the sphered
red blood cell, are discussed in the Appendix, of the following
paper in this issue (Gitter-Amir et al., 1976), together with the
computational checks used to test our computer programs.

Results

We present below the calculated circular dichroism spectra
for turbid suspensions of red cell membranes. The sensitivity
of the calculated spectra to detector acceptance angle and trial
protein conformation is first shown (Figures 2-4). This is
followed by a comparison of calculated and experimental
suspension spectra for the best fitting conformation, together
with a resolution of the distorted membrane spectrum into
scattering and absorptive contributions (Figure 5). In addition,
we contrast calculated suspension optical properties for two
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FIGURE 2: Dependence of the calculated relative scattering cross section,
as($)/a5(0°), for RCM particles, on detector acceptance half-angle ¢. A
225 nm; m, = 1.14 — 0.0161.
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FIGURE 3: Dependence of calculated CD spectra of RCM suspension on
detector acceptance half-angles. Intrinsic protein conformation: o = 45%;
3 = 10%:; rest unordered. (- « -~ =) (fr)oe: (—) (Br)ges (- =+ -+ ) (B1)s0°
(----- ) (Ba).

alternative models representing the location of residual he-
moglobin in pink ghosts (Figures 6, 7).

Figure 2 shows the dependence of the relative scattering
cross section on detector acceptance half-angle, ¢, at a wave-
length of 225 nm (near the CD trough). The relative scattering
cross section, as(¢)/os(0°), represents the fraction of total
scattered light, 05(0°), excluded from a detector with accep-
tance half-angle ¢. Since there is only a weak dependence on
ny and on A, it is sufficient to show one representative curve for
RCM. It can be seen that a significant portion of the total
scattering lies within relatively small angles near the forward
direction. Consequently, a conventional absorption spectro-
photometer with acceptance half-angle of about 10°, e.g. Cary
15, will only detect about 30% of the scattered light as an ex-
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FIGURE 4: Dependence of calculated CD spectra (¢ = 8°) of RCM sus-
pension on trial intrinsic protein conformation. The experimental sus-
pension CD is shown by the fitted circles. The error bars represent the
reproducibility ‘of various measurements of different RCM suspensions
prepared in phosphate buffer. Upper (-—) a = 30%, 8 = 0%: (-- - ) a =
40%, 8 =0%; (----) a = 45%, 8= 0%; (- «---- ) a = 45%. 8 = 20%: (-
- ) a = 50%, 8 = 0% lower (—) a = 60%, 5 = 0%.

tinction. By increasing the solid angle of detection to about 90°
Figure 2 would predict that now only 3% of the scattering
would be excluded from the phototube.

In Figure 3 we show the effect of acceptance angle on cal-
culated membrane CD spectra for an intrinsic conformation
of 45% « helix and 10% 3 structures. It is interesting to note
the difference between the forward scattering calculation (0°
acceptance half-angle) and 8° acceptance half-angle that
corresponds to the Cary 6002 circular dichrometer. The main
effect is seen to be at the 210-nm trough which is more dis-
torted for the forward scattering case. As will be seen in Figure
5 below, the 8° calculation gives a good shape and magnitude
fit to experimental spectra measured at similar acceptance
half-angle, ¢. For ¢ equal to 90° the membrane CD spectrum
is seen to closely resemble the absorptive part of the spectrum,
[64], which means that the differential scattering contribution
at ¢ = 90° to the overall CD is very small. At 90°, indeed, as
seen from Figure 2, most of the scattered light is collected.

In Figure 4 we present the conformational sensitivity of the
calculated membrane CD spectra. 1t is important to demon-
strate such sensitivity before drawing conclusions about protein
structure, since the calculated spectra must be able to distin-
guish between various trial protein conformations in order to
be sure that the determined protein structure is unique. Figure
4 indicates that a change of 10% helix in trial protein structure
will result in an increment of 2500 units of molar ellipticity
(deg-cm?/dmol) at the 225-nm trough. A slightly lower sen-
sitivity to 8-sheet structure is shown in Figure 4. It should thus
be possible to distinguish membrane protein secondary
structures within 10% or better.

Figure 5 compares the experimental membrane suspension
spectrum with the best fitting calculated suspension CD
spectrum. The corrected intrinsic spectrum used for the best-fit
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FIGURE 5: Experimental CD spectrum of RCM suspension and best
fitting calculated ¢ = 8° spectrum. Experimental points, same as in Figure
4, (—) Calculated suspension spectrum for intrinsic protein conformation,
o = 45%, 3 = 10%, rest unordered; (++- .- ) calculated solution CD for a
protein of a = 45%, 3 = 10%, rest unordered; (- - - -) calculated absorptive

contribution; (- - - - ) calculated differential scattering contribution for
¢ = 8°,

calculation is shown and corresponds to an in situ membrane
protein structure of 45% «a helix, and 10% 3 sheet. The fit is
seen to be quite good, and the determined average protein
structure should, thus, be as good an estimate for the red cell
membrane as can currently be made. A breakdown of the
calculated turbid membrane suspension CD into differential
scattering and absorptive contributions is also shown. The
distorting loss of CD intensity near 208 nm is seen to result
about equally from differential scatter and absorption flat-
tening, while the red shift in crossover wavelength is seen to
come from the differential scatter alone. The shape of the
differential scatter has a striking resemblance to an « helical
ORD curve as previously predicted (Schneider, 1971, 1973;
Gordon, 1972).

Figures 6 and 7 represent calculated optical properties for
different models of hemoglobin location within pink ghosts for
a hemoglobin to membrane protein ratio of 2. In one model,
which we call the RCM model, the residual hemoglobin of the
pink ghost is part of the membrane. In the second model, the
RBC model, the hemoglobin is in solution within the ghost. The
plots of relative scattering cross section, -s(¢)/os(0°) vs. ac-
ceptance half-angle, ¢, in Figure 6 are seen to be different for
the two models, with the RBC model showing a greater per-
centage of the total scattered light being concentrated near the
forward direction. For example, the RBC has about 70% of its
scattered light concentrated within an acceptance half-angle
of 1°, while the RCM model has only 40% within this
angle.

It may be possible to distinguish between the alternative
locations of the hemoglobin in pink ghosts by calculated CD
spectra for the two models. Figure 7 indicates a greater dis-
tortion (loss of 210 nm CD intensity relative to 225 nm) for the
RCM model than for the RBC model. It will be interesting to
compare future experimental scattering and CD measurements

o ($)/0,(0%)

FIGURE 6: Dependence of the calculated relative scattering cross section,
o5(¢)/55(0°), on detector acceptance half-angle ¢, for pink ghost particles
of Hb/M = 2.\ = 225 nm. (- - -} RCM model; (—) RBC model. For the
RCM model: A = 20 nm; m3 = 1.14 — 0.0163i. For the RBC model: A =
10 nm, my = 1.14 - 0.016i, m; = 1.001818 — 0.0003i,
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FIGURE 7: Calculated CD spectra for a suspension of pink ghosts of
Hb/M = 2, ¢ = 8°. The parameters are specified in the computational
model section in the text. (- - -) RCM model; (—) RBC model.

for such pink ghosts (Hb/membrane protein ~ 2) with the
above calculated properties.

Discussion

We have provided a quantitative interpretation of the dis-
torted circular dichroism spectrum of red blood cell mem-
branes, taking into account the intense small angle scattering
and the light detection geometry of our spectrophotometers.
Corrected spectra have been obtained which correspond to an
in situ membrane protein conformation of 45% « helix, 10%
B sheet, and 45% random coil, and a conformational precision
of better than £10%. In addition, an estimate of ultraviolet
refractive index dispersion was obtained for the membranes
using a procedure of fitting calculated and experimental ab-
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sorption spectra with trial refractive index values. We were able
to completely account for the difference between a turbid
membrane CD spectrum and the equivalent molecularly dis-
persed protein solution spectrum on the basis of differential
scatter and absorption flattening, without having to invoke
long-range order or speculations on supramolecular asym-
metry.

The values we obtained for membrane protein conformation
compare favorably with previous estimates of 40-50% « helix
based on CD spectra that were experimentally corrected for
turbidity by mechanical fragmentation (Schneider et al., 1970;
Glaser and Singer, 1971; Litman, 1972) and detergent solu-
bilization (Gordon and Holzwarth, 1971). In the present
analysis, however, the use of nondestructive methods and
protein reference spectra avoid uncertainties about sonication,
French press, and detergent solubilization effects on protein
structure, and questions about the limited applicability of
polypeptide reference spectra to membrane proteins. Our
values of membrane ultraviolet refractive index are also in good
agreement with the previous estimates of Urry et al. (1971),
Rosenheck and Schneider (1973), and Holzwarth et al. (1974)
for mitochondria, chromaffin granule membranes, and viral
coats, respectively.

During the course of this analysis we have shown how the
uv absorption and CD spectra of a suspension of red cell
membranes depend on the geometry of the light detection
system, on the one hand, and on the intrinsic optical properties
of the particle, on the other. This represents the first detailed
evaluation of the effect of detector acceptance angle on the
calculated CD spectrum of a turbid biological suspension. For
particles the size of red cell membranes a forward scattering
calculation that assumes a zero acceptance angle (Gordon and
Holzwarth, 1971) will be unsuitable for simulating experi-
mental spectra measured with the usual 8° acceptance half-
angle, as was seen in Figures 2 and 3. Further discussion of this
point is given in the succeeding paper, Part 2, where the frac-
tion of light collected by the conventional 8° detection geom-
etry is presented for a wide range of particle sizes for both
hollow shell and coated sphere scattering models.

Other workers have noted the importance of small angle
scattering and light detection geometry on turbid suspension
CD spectra, and most previous attempts to account for it have
been experimental. Thus, Dorman et al. (1973) have designed
a modification of the Cary 6001 CD spectropolarimeter and
also a fluorescent jacketed optical cuvette aimed at increasing
the effective light acceptance angle up to 135°. However, their
minimum acceptance half-angle ¢ is 11° which already collects
most of the scattered light of cell size particles. Using a similar
approach, Philipson and Sauer (1973) have reported dramatic
effects on the CD spectra of intact chloroplasts upon changing
the acceptance half-angle from 2.3 to 85°. Gregory and Raps
(1974) have also examined the CD spectra of chloroplasts
using a more elaborate modification of their circular dichro-
meter designed not only to measure the small angle differential
scatter but also larger angle CD effects. They confirm the large
fraction of light scattered at small angles and use a semiem-
pirical calculation to correct their spectra. Their interpretation
of the differential scatter for chloroplasts is different from that
proposed by Philipson and Sauer (1973).

Using a semiempirical approach to the CD scattering
question Urry (1972) built a special OD measuring accessory
to his CD instrument, so that OD and CD are both measured
with the same acceptance angle. The need for such an acces-
sory will depend on the particular system studied. For RCM
suspensions the normal acceptance angles of the Cary 60
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spectropolarimeter and Cary 15 spectrophotometer collect
practically the same amount of scattered light and sosuch an
accessory is unnecessary for this system. Gordon and
Holzwarth (1971) neglected the small angle scattering in their
calculational analysis of RCM CD spectra. They assumed at
the outset that “‘the solid angle of scattered light intercepted
by the detector is sufficiently small that light scattered at
non-zero angles may be neglected”. They based this assump-
tion on a lack of observable change in OD and CD spectra upon
reduction of the acceptance angle with an iris diaphragm. Our
calculations (Figure 2) indicate that most of the scattered light
is confined to a cone defined by ¢ < 3° and that it may be
possible to reduce the detector acceptance half-angle from 8°
to 3° with relatively little change in the spectra. Thus, their
observation of no change in the spectra with an undefined re-
duction in acceptance angle does not validate their assumption.
Furthermore, the use of a single diaphragm in front of the
collecting lens, no matter how small the aperture, would stil}
permit light scattered at angles of 2-4° to reach the phototube
due to the height of the beam in the sample space. Wallach et
al. (1973) have performed Mie scattering calculations similar
to Gordon and Holzwarth (1971) for turbid membrane sus-
pensions, only using polylysine optical properties rather than
those of solubilized membrane proteins to define their hollow
shell model. They were not able to simulate the turbid mem-
brane CD spectrum below 215 nm and reach the conclusion
that “light scattering does not adequately account for the op-
tical activity of membranes containing appreciable proportions
of nonhelical conformation™. These authors correctly point out
the inaccuracy of synthetic polypeptide reference spectra for
application to proteins. However, it is this very fact that in-
validates their conclusions. If synthetic polypeptide reference
spectra are invalid for application to proteins, then there is no
reason to expect Mie scattering contributions to polylysine shell
spectra to simulate experimental turbid membrane protein
spectra. Furthermore, these authors also neglect the effects
of detector acceptance angle and use a forward scattering
calculation (¢ = 0°), which we have demonstrated in Figure
3 to be inappropriate for simulating membrane CD measured
with acceptance half-angles of about 8°. Glaser and Singer
(1971) (Appendix A, with Zimm) in early calculations of
suspension CD mention the fact that for red cell membranes
the fraction of light scattered near the forward direction can
be very large and consider this in their derivation. However,
they do not present calculations of the angular dependence of
the scattering.

Our estimate of membrane refractive index dispersion,
n3(A), will have a small uncertainty that will carry over into
the determination of membrane protein conformation. For a
protein conformation of 45% « helix and 10% g sheet, the
maximal error introduced in the calculated membrane CD at
210 nm would correspond to £5% « helix and £10% § shect
for aceeptance half-angles greater than 3°. Wavelengths longer
than 210 nm are less sensitive to refractive index. It should be
noted that CD spectra calculated for the forward direction, ¢
= 0°, have a greater refractive index sensitivity and, therefore,
uncertainty due to refractive index error. For RCM suspen-
sions our calculations indicate that wavelengths greater than
225 nm have a relatively low CD sensitivity to refractive index,
n>. Therefore, at these wavelengths an exact knowledge of
membrane refractive index is not required. It is useful to note
that a change in « helix would cause CD changes in the same
direction at 210 and 235 nm, while a change in refractive index
will cause changes in opposite directions at these wavelengths
for red cell membranes.
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In previous studies of RCM structure and function different
methods of ghost preparation were used which in turn resulted
in membranes having different residual hemoglobin contents
(Bramley and Coleman, 1972; Hanahan, 1973; Schwoch and
Passow, 1973). Furthermore, it is of interest to know whether
or not hemoglobin is an integral plasma membrane protein of
the erythrocyte. Our calculated angular scattering pattern
(Figure 6) and CD spectra (Figure 7) for two alternative
models of hemoglobin within *“pink ghosts” are sufficiently
different to be experimentally distinguished. It should thus be
possible to locate hemoglobin in pink ghosts in future angular
scattering and CD measurements.

After this work was completed, Bohren (1974, 1975a,b)
reported a formal derivation of circularly polarized scattering
by optically active spheres and shells, in which a rigorous so-
lution of Maxwell’s equations was claimed, and angular CD
scattering effects were calculated (1975a). Bohren’s solution
results in a scattering amplitude matrix having different ele-
ments from that used by us and by Gordon and Holzwarth
(1971), and Gordon (1972). Both we and Gordon and
Holzwarth have approximated the forward scattering matrix
for optically active particles (in the linear basis) by assuming
(a) the diagonal elements are the same as the nonoptically
active particle, e.g., the Mie functions, and (b) the off-diagonal
elements are the difference between diagonal elements cal-
culated separately for left and right circular refractive indices
(Schneider, 1971). Since optical activity is represented by the
off-diagonal elements of the forward amplitude matrix (in the
linear basis), this approximation is equivalent to a calculation
of differential scatter by simply performing separate Mie
computations for left and right circular refractive indices and
subtracting one from the other to obtain the scattering circular
dichroism. This is exactly what we have done.

Upon comparing this approximation with Bohren’s ex-
pression for optical activity in terms of the explicit scattering
coefficients with left and right circular refractive indices, no
obvious insight into the nature of our approximation with re-
spect to electromagnetic theory results. However, there are
several important points to be made concerning the approxi-
mation that we use. First, in the limit of the nonoptically active
particle, mp = m.p, our forward scattering matrix reduces to
the correct nonoptically active matrix. Secondly, our forward
scattering matrix has the correct symmetry properties defined
by van de Hulst (1957) for the optically active particle
(Schneider, 1971; Bohren, 1975). Thirdly, and most important,
Bohren (1975a) has compared numerical computations of
optical activity for large scattering particles (polyglutamic acid
spheres) using both our approximate theory and the exact
theory. His calculations are for spheres up to 2.0 um in diam-
eter and a relative refractive index up to 1.49 in the far-ultra-
violet region (240-190 nm). Excellent agreement was achieved
between the two theories, the maximum differences being
5-10% (Bohren, 1975a). The relative refractive indices that
we use for membranes in the uv are less than 1.2, For hemo-
globin inside the sphered erythrocyte, the relative refractive
index is lower (1.05). One might expect even closer agreement
between the two theories for these more realistic lower relative
refractive indices.
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