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ABSTRACT A theoretical analysis is presented for the flattening of absorption and circular dichroic spectra of
suspensions of membrane sheets containing proteins. Equations are presented to describe the dependence of this artifact
on the size of the sheets. Values for the flattening coefficients Q, and Qy are calculated both as a function of absorptivity
and sheet size. These studies show that sonication is an inadequate procedure for eliminating flattening in these

samples.

INTRODUCTION

Spectroscopic studies of membranes are influenced by the
physical nature of such samples. It has been noted that the
absorbance and circular dichroic (CD) spectra of mem-
branes suffer from certain optical artifacts because of their
particulate nature and that if these artifacts are not
corrected for, the estimated protein secondary structures
calculated from such spectra will be grossly in error (Urry,
1972; Schneider and Harmatz, 1976; Wallace and Mao,
1984). One such artifact is absorption flattening, which
has the effect of nonlinearly attenuating intense absorption
peaks and CD bands at strong absorption peaks.
Membrane proteins exist in a phospholipid environment
that critically affects their secondary structure. Previous
experimental methods attempting to alleviate absorption
flattening have included solubilization in detergents. How-
ever, since there is considerable risk that the secondary
structure will change when the samples are solubilized in
detergent, it becomes important to measure the circular
dichroic spectra of samples that better represent the in situ
environment of the protein. Hence, alternate procedures
have been used to reduce absorption flattening effects
while retaining a membrane environment. These proce-
dures include sonication of the membrane samples to
minimize the size of the particles and incorporation of the
protein into small unilamellar vesicles to both decrease the
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size of the particles and reduce the concentration of the
protein within the lipid phase (Mao and Wallace, 1984;
Nabedryk et al., 1985). We present here a theoretical
analysis of how particle shape and size will affect the
extent of absorption flattening of membrane sheets and
predict the effect sonication will have on the CD spectra of
membranes.

The absorption spectrum of a suspension of absorbing
particles is flattened when compared with a homogeneous
solution of the same species (Duysens, 1956). This is due
solely to the colloidal nature of the material and introduces
an artifact that must be separated from the intrinsic
properties of the absorbing species. Flattening is a statisti-
cal phenomenon that occurs because the light going
through the sample has a lessened probability of actually
encountering the absorbing phase. The absorbance flatten-
ing by suspensions of solid cubes and spheres (Duysens,
1956) and of spherical shells (Gordon and Holzwarth,
1971) has been evaluated. Gordon and Holzwarth have
also examined the flattening of circular dichroic spectra for
suspensions of optically active particles of these shapes.

Here we determine the flattening caused by suspensions
of flat sheets such as are formed by purple membrane. The
analysis is first performed for sheets that have a large
diameter relative to the membrane thickness. It is then
extended to cases in which the size of the sheet is smaller,
and the effects of particle size on the flattening of absorb-
ance and CD spectra is examined.

THEORY FOR LARGE SHEETS

For suspensions of biological membranes containing pro-
teins, which are the absorbing species of interest, essen-
tially all of the absorbing material is in the lipid or particle
phase. The specific case of protein-containing membrane
sheets such as purple membranes will be modeled as disks
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of radius R and thickness A, where the radius is much
larger than the thickness. For this phase we assume an
absorptivity ¢, such that light traveling through phase p
along a length / is attenuated according to

I = Iy exp (—¢l), ey

where e includes the effect of the concentration of the
absorbing species within the particle. Consider such a
suspension in which fraction g of the volume is the
particulate phase, and (1 — g) is the solvent. The absorb-
ance of the solution along a pathlength 4 would be

A:ol =€ qh (2)

if the absorbing species was homogeneously distributed
through the volume. It is A, that is sought but not
necessarily measured since this idealized situation can not
normally be achieved under experimental conditions. Our
description of A, is slightly different from that given by
Duysens or Gordon and Holzwarth but is equivalent.

The desired quantity A, is related to the measured
quantity A,,, the absorbance of the suspension, by the
equation

ASIB

Oa= A, (3)

The particles have an area ¢, normal to the incident light
beam, and a volume z,. The transmittance of a single
particle is T}, and the suspension contains N such particles
per unit volume. For a single particle suspended in the bulk
solvent, the attenuation of the light going through a unit
area of the sample, assuming this area completely includes
the particle, is
I

== -0y +0,T, 4)

Iy
where the first term describes light that does not hit the
particle, while the second term is the fraction of light
hitting the particle that is not absorbed. The absorbance of
this sample is

A, = —In(I/I)) = =In [1 — o,(1 — T,)], (5)
where for o,(1 — T,) « 1 simplifies to:
A, =a,(1 = T,). (6)
This assumption is acceptable when the volume fraction
g < 1, which is true for most experimental samples.
If we look at a suspension with N such particles per unit

length, or total particles M = Nh, Eq. 4 is replaced by the
summation

|~

M
- Zo [(1 = 6) + 0Tl ©)

~

0

and Eq. 6 by

M
Asus = Z api(l - Tpi)- (8)

i=-0
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In the cases examined by Duysens and by Gordon and
Holzwarth, the particles were uniform and so

Aye = Nho,(1 — T,). ©

This is true if there is negligible apparent overlap between
particles as seen by the incident light, that is, for ¢ < 1.
The phase fraction g can be expressed as

q = N, (10)

for uniform particles where v, is the volume of one particle,
and so from Eq. 2

Ay = Nhev, (11)

The measure of absorption flattening for uniform isotropic
particles is then

ﬂ _ [“p(l - Tp)] .

Or= A <o (12)
For nonuniform particles
M
Z [api(] - Tpi)]
R (13)

M
€2 vy
i=0

It is immediately apparent from this form that although
the absorbance flattening results from the colloidal nature
of the suspension, there is no dependence on sample
pathlength A or fractional volume g. The value of Q4
depends only on the properties of the particles, except when
Eq. 2 and 6 break down for high values of g, when
substantial amounts of overlap of particles can occur.

Gordon and Holzwarth define Qg, which is the flatten-
ing of a CD spectrum

0sus (Asus+ - Asns_) dAsus
Op=7—= ~

Ty (A — Aw)  dAg

(14)

Here A* and A~ are the absorbance of left and right
circularly polarized light, respectively. The last -approxi-
mation is acceptable since 6 « A.

From Eq. 13 all the information we need is in the
quantities v, o, and T, The volume v, is just

v, = TRA. (15)

The values of o, and T, however, depend upon the
orientation of the particle disk relative to the light beam. If
the vector normal to the face of the disk makes an angle ¢
with the incident light beam, then

o, = TR? cos ¢. (16)

T, is the quantity exp (—e/) averaged over all paths
through the particle. The light has to travel through a
pathlength / = A/cos ¢ (assuming A « R) and so

T, = exp (—eA/cos ¢). (17)
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The particles are not identical but rather are a collection
with random orientation. We therefore apply Eq. 8, replac-
ing the sum with the integrations over the continuum value
d cos ¢ and the volume element df, giving

Aslu
R L7 a0 [ 7R cos o[1 — exp (—e/cos #)]1d cos ¢

_/o.hdo_[ldcos¢

(18)
which results in
As
_ Nh;R’{1 — [(1 — eA) exp (—ed) — eAEi(—ed)]}, (19)
where

Ei(-x) = — [“ [exp (—B)/B]dB. (20)
The quantity @, is now

Aw  NhaR?
Ay  2NherR?A

{1 = [(1 = eA) exp (—ed) — EA’Ei(—€A)]). (21)

For ease of comparison with the results of Gordon and
Holzwarth, we define an effective absorptivity o, = A/
gm, m being the average number of particles per unit
length of sample. For membrane sheets this quantity per
particle is

a,=2¢A (22)
and so 0, becomes

1

2
AL [(1 - /D) exp (~y/2) = F Ei(=ay/2)]}, (23)

which is the same as the results reported by Gordon and
Holzwarth for a spherical shell. The only difference is that
the absorptivity per particle «, is dependent upon the
geometrical shape of the particle and has a value 4¢A for a
spherical shell. The apparent thickness of a spherical shell
is just twice that of the apparent thickness of a sheet, since
the light passes through two sides of the hollow sphere.

For circular dichroism, the model for membrane sheets
gives

0 = exp (—a,/2) + % Ei(-a,/2), (24)
which is also the same as the spherical shell case except for
the form of a,,

An experimental example of membrane sheets can be
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found in purple membrane (PM) patches. These samples
are single bilayers of ~55 A thick and a dimension of
0.5-1.0 um. Circular dichroism studies have shown signifi-
cant absorption flattening of the spectrum of large PM
sheets compared with the predicted spectrum based on the
secondary structure of bacteriorhodopsin obtained from
x-ray data (Mao and Wallace, 1984; Wallace and Teeters,
1987). From these data, it was estimated that Qy for these
large sheets is 0.45 at 193 nm and 0.6 at 224 nm.

Alternatively, using decadic molar residue extinction
coefficients of 1.1 x 10*and 2.44 x 10*at 193 and 224 nm,
respectively, calculated from Wetlaufer (1962), one can
roughly estimate a, for PMs without resorting to knowl-
edge about the protein structure. Assuming that the pro-
tein density is 1.4 g/ml and that the lipids occupy ~25% of
the purple membrane, the residue molar concentration of
bacteriorhodopsin in PMs will be ~11. Therefore, o, will
equal 2 x 2.3 x 1.1 x 10* x 11 x 55 x 107" or 0.31 at 193
nm and 0.068 at 224 nm. From Fig. 2, the corresponding
values of Qg are 0.63 and 0.87, respectively. These values
are somewhat larger than those estimated above from the
experimental data. However, in nonpolar environments,
the extinction coefficients of aromatic amino acids can
increase up to twofold relative to their values in aqueous
environments. Since such amino acids may be buried in the
hydrophobic core in PMs, this would mean that this
calculation would tend to underestimate «, or overestimate
Qg. If this environmental factor were taken into account,
the values calculated in this way could approach the
experimental values for Q. In either case, it can be seen
that the flattening coefficient values for these samples
estimated either by experiment or calculation are signifi-
cant at all wavelenths in the far UV.

THEORY FOR A MODERATE-SIZED SHEET

By analogy to Eq. 8, the absorbance of a uniform suspen-
sion of particles, which can vary continuously in some
property u, is given by

Ags = hN f o(1 — T,) du, (25)

where the integral ranges over all allowed values of u. The
value T, is simply an average of exp (—e/) over the
projection of the surface area of the particle onto the plane
perpendicular to the incident light. That is

exp [—el(s)]ds
T,- f -— f exp [—el(s)] ds. (26)
[ ds e =

For the present case the membrane patch is modeled as
a square block, 2R on a side, and thickness A. Such a
particle has a volume v, = 4R?A. For simplicity, the sheet
is assumed to always have one edge perpendicular to the
incident light. The implications of the choice of shape and
the freezing of one degree of freedom are discussed later.
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Again the angle between the.vector normal to the face of
the particle and the incident light is ¢.

The two-dimensional integral over the area coordinate s
is written in terms of coordinates x and y, which are chosen
as follows: both x and y are perpendicular to the incident
light, and in addition, x is along the edge of the sheet,
which is constrained to be perpendicular to the light. So,

1 rar
T"=a_,,fo L7 exp [—el(y)] dydx

2R [
- L en 0N . @)
where y" = 2R cos ¢ + A sin ¢, and where

oy = _/O‘ZR j(;yn dydx = 2R(2Rcos ¢ + Asing). (28)

To proceed further, we note that two cases must be
separately considered: ¢ < ¢, and ¢ > ¢. where tan ¢, =
2R/A = v. For either case there is a value of y = )’ such
that for 0 < y < ' light exits a surface perpendicular to the
one it enters. For this range, the pathlength is I(y) =
y(tan ¢ + cot ¢). There is also a second value y = y" =
y"” — y'such that for y” < y < y™ the same expression for
I(y) holds. For y’ <y <y”,l(y) = y'(tan ¢ + cot ¢), and is
constant. Note that for ¢ < ¢, this constant pathlength is
A/cos ¢, while for ¢ > ¢, it is 2R/sin ¢. Using these
pathlengths, we get:

R
Ty (¢) = a_p 2 ./0. exp [—ey(tan ¢ + cot ¢)] dy

+ (V' = y) exp[—¢y'(tan ¢ + cot )] (29)
For ¢ < ¢,
O e T
@590 1} exp (—ay/2cos 9)]
%
+ (v cos ¢ — sin ¢) exp (—a,/2 cos $)}  (30)
and for ¢ > ¢,
Ty(¢) = l

(v cos ¢ + sin ¢)

(850005 d) [ _ exp (—ayy/2sin §)]

— (v cos ¢ — sin ¢) exp (—oayy/2sin¢);. (31)
This can be used to form A,
Ay = hN jo- ' o,(1 — T,) dcos ¢, (32)
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where
0, =4R?cos ¢ + 2RAsin ¢ = A’(y*cos ¢ + ysing). (33)
Also, from Eq. 11
h AZ 2
Ay = hNes, = hNeAR?A = —1% (34)
giving
o -2 2 i
A = A, agy o (ycos ¢ + sing)(1 — T,)dcos ¢. (35)

While this could be solved in closed form, it is a simple
matter to perform the integration numerically on a com-
puter.

The expression for circular dichroism is rewritten as

Cd A d(Qadw)  d(e,00)
S ddn dAy dey

Os (36)

P
Again we have performed the derivative numerically.

Eqs. 35 and 36 allow us to examine the behavior of Q,
and Qg as a function of the size of the particle. There are
only two parameters involved in determining these values.
The first is o, = 2eA. We assume that A remains fixed,
which would be true for membranes. The value of «,
therefore is proportional to e, which varies only with
wavelength. The second parameter is v = 2R/A, which
varies with R and thus would change on sonication of
membrane patches. The results of the calculations for
various a, and y are given in Figs. 1—4.

Figs. 1 and 2 show Q, and Qj, respectively, as a function

0 i 1 i Ll A i a4 2 1 aal n i A A 424
107 107 10° 10!

alphs

FIGURE 1 The dependence of Q, for membrane sheets on the absorptiv-
ity per particle a,. Individual curves, from top to bottom, represent the
different values of y = 1, 2, 5, 10, and =, where « symbolizes the limit R »>
A.
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FIGURE 2 The dependence of Q for membrane sheets on the absorptiv-
ity per particle a;,. Individual curves, from top to bottom, represent the
different values of ¥ = 1, 2, S, 10, and o, where « symbolizes the limit R >
A.

of a, for values of y = 1, 2, 5, 10, and « (that is the limiting
case R » A). The irregularities seen on the graphs for Qg
are artifacts resulting from the numerical differentiation in
its calculation. The large sheet limit corresponds to the
greatest absorbance flattening. Sonication of the mem-
brane sheets can be expected to alleviate some of this
effect, but not a great amount.

0 1. n IR W T T T | n I U S T T N

10° 10! 10?
gomma

FIGURE 3 The dependence of Q4 for membrane sheets on the quantity
v = 2R/A, which is a measure of the size of the sheet. Individual curves,
from top to bottom, represent the different values of o, = 0.06, 0.1, 0.2,
0.4,0.6,0.8,and 1.0.
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The effect of the changes that may be observed can be
seen clearly in Figs. 3 and 4, which show Q, and Qg vs. v
for selected values of «,. They are almost independent of
beyond ~10, and in fact the decrease in absorbance
flattening even at 4 = 5 is not large. This value of v = §
represents the approximate limit to which sonication can
break up membrane patches.

Purple membranes can also be used as a test case for the
effects of sonication. Sonication produces membrane
patches of the same thickness (55 A) but of a diameter of
~250 A or larger, and increases the experimentally-
measured values of Qg to 0.54 and 0.64 at 193 and 224 nm,
respectively. As can be seen from Fig. 2, if Qp is taken as
0.45 and 0.6 from the experimental values for intact sheets,
then it will be 0.54 and 0.69 for v = 5. Our results therefore
agree to within experimental error.

DISCUSSION

A few words should be said about some of the simplifying
assumptions made to obtain Egs. 35 and 36 and the
behavior of these equations in some limiting cases. In the
case of R » A Egs. 35 and 36 become identical to Egs. 23
and 24, respectively, for circular sheets. This is to be
expected since the only geometric parameter that affects
Qa and Qj in this limit is the thickness, which enters the
derivation as v,/a, = A/cos ¢. In this limit the two models
give identical results that are independent of R.

As shown in the Theory for a moderate-sized sheet
section, this independence fails as R approaches the size of
A. In the limiting case of y = 1 one would expect the results
to approach those for a cube of side A. In comparison with

0 ' 1 I WY S T i | i i I

10° 10! 10?
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FIGURE 4 The dependence of Qg for membrane sheets on the quantity
vy = 2R/A, which is a measure of the size of the sheet. Individual curves,
from top to bottom, represent the different values of o, = 0.06, 0.1, 0.2,
0.4,0.6,0.8, and 1.0.
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the values of Qo and Qg as derived by Gordon and
Holzwarth, one can not simply take equal values of A4,/
gm. A careful examination shows that their equations for
the case of a cube with sides of length d in terms of a, = 2ed
are

On = (2/a)[1 — exp (—,/2)] 37)
and
Og = exp (—a,/2). (38)

These equations generate results very similar to our expres-
sion for ¥ = 1. The choice of the form for a, reflects the
difference in effective pathlength due to the averaging over
orientation in the case of sheets.

In summary, we have extended the work of Gordon and
Holzworth (1971) on absorption flattening to include the
case of membrane sheets, and have shown the dependence
of flattening on the size of the particles. These calculations
have also shown that sonication will have a negligible effect
on the flattening properties of membranes and that it
cannot be used to eliminate the effect of an uneven
distribution of chromophores in optical measurements.

During the course of these studies, B. A. Wallace was the recipient of a
Dreyfus Teacher-Scholar Award.
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