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ABSTRACT: A study is made of the effect of differential scat-
tering of left and right circularly polarized light on the CD
spectra of intact and broken chloroplasts. Dramatic differ-
ential light-scattering effects on the spectrum of the intact
chloroplasts were observed by varying the fraction of scat-
tered light which is collected by the detector of the CD spec-
trometer. Evidence is presented which implies that the in-

’I:e technique of circular dichroism (CD) spectrometry
has achieved notable success in the study of biological mole-
cules in solution for several years. More recently, this method
has been extended to include the study of particulate bio-
logical matter in suspensions exhibiting pronounced light
scattering. For example, this approach has been used in ex-
periments on mitochondria (Urry er al., 1967; Steim and
Fieischer, 1967), virus particles (Maestre and Tinoco, 1967;
Maestre er afl., 1971), chromosomes (Cantor and Hearst,
1969), and membrane-bound proteins (Schneider er af., 1970;
Glaser and Singer, 1971). [Further references on these studies
can be found in Urry (1972) and Dorman and Maestre (1973).]
In most of the earlier studies the effect of light scattering on
the resultant CD spectrum was either neglected or considered
to be negligible (Wallach and Zahler, 1966; Lenard and
Singer, 1966 ; Hammes and Schullery, 1968).

In 1968, Urry and Ji proposed the presence of distortions in
the CD of particulate systems. One of the sources of these dis-
tortions, the differential scatter of left and right circularly
polarized light, has received recent attention in the literature
from both experimental and theoretical viewpoints (Urry and
Krivacic, 1970; Ottaway and Wetlaufer, 1970; Schneider,
1971; Gordon and Holzwarth, 1971b; Gordon, 1972;
Dorman and Maestre, 1973; Dorman ef al., 1973; Schneider,
1973). Despite this attention the effect of differential scatter on
CD spectra is still far from being completely understood or
widely recognized. We report here some striking effects of
differential scattering of circularly polarized light on the CD
spectrum of spinach chloroplasts.

Gregory et al. (1972) have reported large changes in the CD
of intact chloroplasts upon fragmentation. They interpret this
result in terms of a disaggregation and rearrangement of the
membrane-bound chlorophyll molecules accompanying frag-
mentation of the chloroplasts, without considering the possible
consequences of effects arising from a change in the light-
scattering properties of their preparations. We have found
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trinsic CD (i.e., after elimination of scattering distortions) of
intact chloroplasts is similar to that of nonscattering, son-
icated chloroplasts. It is shown that it is not scattering per se,
but rather scattering dependent upon the specific ordered
arrangement of internal membranes of chloroplasts which
produces the large differential scattering effect.

that the observed CD spectrum of whole chloroplasts is
critically dependent on the fraction of scattered light detected
by the photomultiplier of the spectrometer. This dependence
implies that different quantities of left and right circularly
polarized light are scattered from the measuring beam of the
instrument. This differential scattering alters the measurement
of differential absorption which constitutes normal CD.

The dependence of the CD on detector geometry is, in fact,
so dramatic for whole chloroplasts as to make interpretation
of this measurement (with our current understanding of differ-
ential scatter) totally unreliable. Results are presented which
suggest, however, that, if all scattering effects could be elim-
inated, the CD of intact chloroplasts would indeed resemble
that of fragmented chloroplasts. We also present data which
support the concept that is is not particulateness per se which is
responsible for the large differential scatter of chloroplasts.
Rather it is scattering from the complex, highly ordered
stacking of lamellar membranes into grana structures within
the chloroplasts which produces these large distorting effects
on the CD.

Materials and Methods

Intact chloroplasts were prepared from growth chamber
spinach (Spinacea oleracea var. early hybrid no. 7) by grinding
leaves in a Waring Blendor for 1 min in 0.35 M NaCl-0.04 M
NaH,PO; buffer at pH 7.4, followed by straining through 8
layers of cheesecloth. This suspension was centrifuged at 400g
for 2 min and the supernatant from this spin was centrifuged
at 1200g for 10 min. The intact chloroplasts were then ob-
tained by resuspending the final precipitate in the grinding
buffer. Fragmented chloroplasts were made by sonicating
these intact chloroplasts with a Sonifier cell disruptor (Ultra-
sonics, Inc., Model W185) for 90 sec at 50 W. The sonicated
chloroplasts were centrifuged for 30 min at 40,000g and the
supernatant was used in the experiments.

Fragmented samples of the blue-green alga, Aphanocapsu
sp. 6714, were obtained by passing whole cells of the algae
through the French pressure cell at an applied pressure of 3000
psi and centrifuging at 10,000g for 10 min. About 8077 of the
phycocyanin pigments remained in the supernatant. The pre-
cipitate was resuspended in 0.01 m Tris at pH 7.4 and sonicated
for 90 sec at 50 W. After centrifuging for 10 min at 10,000g,
the supernatant was taken for use in measurements.
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FIGURE 1: CD spectra of intact spinach chloroplasts taken at three
distances between cuvet and photomultiplier tube: 53 cm (—),
15cm (---), 0.2 cm (— - —). Agy = 0.54, A0 = 0.06. 40 mM
phosphate buffer (pH 7.4)-0.35 m NaCl, 1-cm path length, room
temperature.

Chromatophores were obtained from the purple bacterium,
Rhodopseudomonas spheroides, by sonicating whole cells for 2
min at 50 W and then centrifuging for 10 min at 10,000g.
Chromatophores were obtained as the supernatant fraction of
this spin.

All CD spectra were recorded using a Durrum-Jasco J-20
spectropolarimeter with sensitivity extended to 1000 nm. A
Dumont 6911 phototube with S-1 response was used to record
the spectra of R. spheroides and a Dumont 2703 phototube
with S-20 response was used for all other spectra. Both photo-
tubes have photocathode surfaces with 1.7-in. diameters. The
instrument is provided with a cell holder for normal operation
which is 53 cm from the face of the end-window photomul-
tiplier tube. There is also a cell holder which places the sample
15 cm from the phototube. For the purpose of these experi-
ments, a cell holder was constructed which would hold a
sample cuvet only 0.2 cm from the phototube. All spectra
were obtained with fixed slit widths such that spectral resolu-
tion was 2-4 nm.

Absorption measurernents were made using a Cary 14 spec-
trometer equipped with a Model 1462 scattered transmission
accessory. Absorption at the peak maximum is given in each
figure legend. Also reported is the measured absorption at a
long wavelength where the samples should have practically no
true absorption. This number can be used as a measure of the
turbidity of the suspensions.

Results

CD spectra of whole spinach chiloroplasts in the long-wave-
length region taken with the sample cuvet at a far, interme-
diate, and close distance (53-,15-, and 0.2-cm clearance between
cuvet and detector outer glass surface) from the end window
photomiultiplier are presented in Figure 1. At the far distance
(the normal cell position for the instrument) the spectrum is
dominated by a single large negative component centered at
682 nm. This spectrum varied from sample to sample (e.g., see
Figure 2, solid curve) but always retained this general feature.
When the cuvet is placed in a position close to the detector so
as to collect a large fraction of the scattered light, the CD
(Figure 1) is dominated by a large positive peak at 688 nm. In
close configuration it can also be seen that the CD at long
wavelengths (~720 nm), where the chloroplasts have little ab-
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FIGURE 2: CD spectra of intact (—) and sonicated (- - -) spinach
chloroplasts. Cuvet-to-photomultiplier distance equals 53 c¢m.
Note that the sonicated chloroplast spectrum has been multiplied
by a factor of 10. Intact chloroplasts: 4g9 = 0.34, 4750 = 0.06;
sonicated chloroplasts: Agg = 0.34, 4750 = 0.01. 40 mM phosphate
buffer (pH 7.4)-0.35 M NaCl; 1-cm path length, room temperature.

sorption (and hence should exhibit little CD), is close to the
instrument base line. With the sample cuvet at an interme-
diate distance from the detector, a spectrum (Figure 1) which
resembles a superposition of the far and close distance spectra
is obtained. This spectrum has a positive component at 691
nm and a negative one at 678 nm, and is similar to what has
been reported as the CD of intact spinach chloroplasts by
other workers (Gregory et al., 1972; Brody and Nathanson,
1972).

When chloroplasts are fragmented, either by sonication
(Dratz et al., 1966) or detergent treatment (Gregory et al.,
1972), so as to reduce scattering, the CD is dramatically al-
tered. The magnitude of the CD is reduced by an order of
magnitude and a spectrum with three components is seen. The
CD spectrum of sonicated chloroplast fragments is shown in
Figure 2 compared with that of intact chloroplasts, both in the
“normal” cuvet position (53 cm). Note that the fragmented
chloroplast CD spectrum has been multiplied by a factor of
ten although the chlorophyll absorption of the two prepara-
tions is nearly identical. The CD spectrum of the sonicated
chloroplasts was found to be independent of the position of
sample cuvet with respect to the instrument detector. The son-
icated chloroplasts exhibit components at 686 (—), 670 (+),
and 654 (—) nm, as reported previously (Dratz et al., 1966).
The 654-nm negative component has been shown (Dratz et al.,
1966) to be due to chlorophyll » and is absent in the spectrum
of sonicated mutant barley chloroplasts lacking this pigment.

These results and literature discussions of CD scattering
artifacts (e.g., Gordon, 1972; Dorman and Maestre, 1973) led
us to suspect that the large differential scattering effect seen in
intact chloroplast might be due primarily to scattering from
the ordered arrangement of internal membranes within the
chloroplast. These ordered membrane structures contain the
chlorophyll molecules responsible for the absorption and CD
in this spectral region. The distance between successive units
within these stacked membranes, called grana, is estimated to
be about 25 nm in isoosmotic medium (Steinmann and Sjo-
strand, 1955; Heath, 1969). In order to explore this possibility
we examined the effect of light scattering on the CD of other
photosynthetic materials. In Figure 3 it can be seen that
scattering causes effects on the CD of whole cells of the uni-
cellular green alga Chlorella pyrenoidosa similar to those ob-
served in spinach chloroplasts. Chlorella, which has a chloro-
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FIGURE 3: CD spectra of Chlorella pyrenoidosa, a green alga, taken
at two distances between cuvet and photomultiplier tube: 53 cm
(-——) and 0.2 cm (- - =), Aeso = 0.56, A7;0 = 0.18. 40 mm phosphate
buffer (pH 7.4)-0.35 M NaCl; 1-cm path length, room temperature.

plast structure much like that found in spinach, exhibits the
large single negative CD component with sample cuvet far
from the photomultiplier tube and develops a large positive
peak to longer wavelengths as the cuvet-to-detector distance
is decreased.

In the procaryotic blue-gree algae the disposition of the
lamellar membranes within the cell varies considerably from
species to species (Cohen-Bazire, 1971). The ordering of these
photosynthetic membranes into the grana stacks found in
chloroplasts, however, is never observed. With whole cells of
the unicellular blue-green alga, Aphanocapsa sp. 6714, we ob-
served (Figure 4, upper and lower curves) only relatively small
changes in the CD as the distance was varied between photo-
tube and cuvet. In both far and near positions from the de-
tector these algae exhibit a negative (691 and 688 nm, respec-
tively) and two positive (676, 644, and 673, 638 nm) CD com-
ponents. The peak near 640 nm is due to the phycocyanin
accessory pigments of blue-green algae. The base-line dis-
placement for these spectra is real and unexplained. When
these algae are fragmented and have most of their phyco-
cyanin removed the two long-wavelength CD components
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FIGURE 4: CD spectra of Aphanocapsa sp. 6714, a blue-green alga,
taken at two distances between cuvet and photomultiplier tube:
53 cm (—) and 0.2 cm (- - -), and in the fragmented state (— - —)
at 53 cm. The fragmented algae have had most of their phycocyanin
removed (see Results). Whole cells: Ags = 0.55, 4550 = 0.21;
fragmented cells: Agn = 0.33, A0 = 0.01. Whole cells are in
culture medium. Fragmented algae are in 10 mm Tris (pH 7.5);
1-cm path length, room temperature.

3456 BIOCHEMISTRY, VoL. 12, No. 18, 1973

PHILIPSON AND SAUER

e J

e_
3k -
< !
e i
- 0 <~ \
qz -3 -
i
il |
< e -
‘ ﬁ
H
_9', 4
1 i | i ‘
750 800 850 900

x (nm)

FIGURE 5: CD spectra of R. spheroides, a purple bacterium. Whole
cells (—) and chromatophores (- --). Cuvet-to-photomultiplier
distance equals 53 cm. Whole cells: 4s: = 0.56, Az = 0.13; chro-
matophores: As;o = 0.52, Ay, = 0.005. Both suspensions in 10 mm
Tris (pH 7.5); 1-cm path length, room temperature.

(Figure 4, middle curve) exhibited by the whole algae cells re-
main. The CD of Aphanocapsa (which does not contain chloro-
phyll b) in both the whole and fragmented state strongly re-
sembles that of sonicated chloroplasts from the barley mutant
lacking chlorophyll b (Dratz er al., 1966). We have obtained
almost identical CD spectra for the unicellular blue-green alga,
Anacystis nidulans, using both whole and fragmented cells.

The CD spectrum (Figure 5), using the ‘“‘normal” cuvet
position, for whole cells of R. spheroides, a purple photosyn-
thetic bacterium, changes only slightly upon sonication and
separation of chromatophore particles. The whole cells ex-
hibit a negative component at 867 nm and a positive one at
848 nm. The chromatophores have similar components at 865
and 845 nm. In these organisms the major photosynthetic pig-
ment is bacteriochlorophyll a, which is located in spherical
vesicles of about 50 nm diameter (Cohen-Bazire, 1971). It is
noteworthy that the CD spectra of a scattering suspension of
intact cells and of nonscattering chromatophores from R.
spheroides are quite similar.

An attempt was made to see if the large differential light-
scattering effect could be reintroduced in sonicated chloro-
plasts by forcing them to aggregate. Suspensions with in-
creased light scattering were made from sonicated chloroplasts
by addition of either cupric ions or glutaraldehyde. In both
cases little or no CD change was observed as scattering in-
creased by more than a factor of 10.

Electron microscopy studies (Izawa and Good, 1966,
Murakami and Packer, 1971) have shown that the grana
stacking of photosynthetic membranes within a chloroplast is
sensitive to the ionic strength of the medium. With this in
mind, the effect of ionic strength on the CD of chloroplasts
was examined. Two sets of experiments were carried out in
which the CD spectrum of chloroplasts, under conditions of
low-salt concentration, was compared with the CD spectrum
of intact chloroplasts in isoosmotic suspension. In one case
only a relatively small CD change was seen. In the second ex-
periment the predominantly negative CD of whole chloro-
plasts was changed into a spectrum with two components sim-
ilar to that observed for whole chloroplasts (Figure 1) when the
sample is 15 cm from the phototube. This is in contrast to the
results of Gregory et al. (1972) and L. Vickery (personal com-
munication), both of whom observed a four-banded spectrum
under conditions of low osmotic strength. These different re-
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sults may be an expression of the sensitivity of graha struc-
ture to different experimental conditions such as method of
preparation, suspending medium, and exact salt concentration.

Discussion

We consider this research to be relevant to two active areas
of research. The first of these concerns the structure of chloro-
plasts and the arrangement of chlorophyll within the chloro-
plast membranes. The other area involves the more general
problem of the origin and significance of the differential
scatter of circularly polarized light and its effect on the ap-
parent CD of suspensions of biological materials. These two
questions will be considered in order.

Chloroplast Structure. In order to help elucidate chloroplast
structure, photosynthetic membranes have, in recent years,
been subjected to a wide variety of fractionation procedures.
Methods of cell disruption (French press, sonication, deter-
gent treatment) followed by separation techniques (column
chromatography, ultracentrifugation) have been used in an
attempt to break the membranes into representative frag-
ments or their component parts. Such approaches have re-
sulted in the isolation and characterization of several chloro-
phyll-proteins. The question always remains, however, of
whether alterations in the internal molecular arrangements
have been introduced into the system by the initial fractiona-
tion procedure. That is, do the subchloroplast particles retain
their in vivo organization? Addressing this problem, Gregory
et al. (1972) observed the large change in the CD of intact
chloroplasts upon addition of the detergent, digitonin. They
proposed that the more intense spectrum indicated stronger
interactions among aggregated chlorophyll molecules in intact
chloroplasts, and that upon fragmentation some of the chloro-
phyll redistributes itself with consequent reduction in aggre-
gation and CD amplitude. Our results on the CD of intact
chloroplasts (Figure 1) show that the observed spectrum is a
strong function of the fraction of scattered light detected by
the instrument. This distorted spectrum is so sensitive to
differential light scatter as to preclude knowledge of the in-
trinsic CD of intact chloroplasts without more detailed in-
vestigation. For this reason  conclusions about relative
amounts of aggregated chlorophyll based on comparisons of
the uncorrected CD spectra (Figure 2) of whole and frag-
mented chloroplasts are, in our view, essentially meaningless.

Some indication, however, of the intrinsic CD of intact
chloroplasts may be found in the experiments done with the
blue-green algae, Aphanocapsa sp. 6714 and Anacystis ni-
dulans, which are approximately the same size as chloroplasts.
Turbid suspensions of these organisms (which, biochemically,
have a photosynthetic apparatus very much like that of higher
plants) do not exhibit the dramatic differential light scattering
seen in chloroplasts. The CD spectra (Figure 4) of whole cells
of the blue-green algae in the far and close distances to the
detector and of fragmented algae are all qualitatively alike
(after taking into account that phycocyanin has been removed
from the fragmented sample, see Results). These spectra are, in
turn, rather similar to that of sonicated chloroplasts (Figure
2) (after taking into account, in this case, that the blue-green
algae contain phycocyanin and also that the sonicated chloro-
plasts contain chlorophyll b which gives rise to the 654-nm
(—) component in Figure 2). The only known significant
difference between the arrangement of photosynthetic ap-
paratus of higher plants and blue-green algae is that in higher
plants the lamellar membranes which contain chlorophyll are
mostly located in highly ordered stacks called grana inside the

chloroplast (Jensen and Park, 1967), while in blue-green algae
the lamellae are unstacked and are distributed throughout the
cell (Cohen-Bazire, 1971). Theoretical analysis of the differ-
ential scatter of left and right circularly polarized light
(Schneider, 1971) shows it to be a function of the structure of
the scattering particles. It is likely that the ordered arrange-
ment of membranes profoundly influences the large differ-
ential light scatter from chloroplasts. This tentative conclusion
is supported by the fact that the /n vivo photosynthetic ap-
paratus of blue-green algae, which has a less ordered macro-
structure, does not exhibit the impressively large CD scat-
tering effects of chloroplasts. Furthermore, since the CD
spectrum of whole blue-green algae is similar to that of soni-
cated chloroplasts, it is entirely feasible that the intrinsic CD
of intact chloroplasts is like that of fragmented chloroplasts.

The possibility, of course, exists that in addition to inducing
a large differential scattering effect the stacking of photosyn-
thetic membranes causes some rearrangement of chlorophyll
molecules which changes the CD spectrum. There is no cur-
rent evidence that this occurs, and the authors consider it to be
unlikely. Our CD results indicate that fragmented chloroplasts
can be used as model systems for studies on the /n vico en-
vironment of chlorophyll.

The CD experiments done with other organisms are consis-
tent with the conclusions above. Chlorella pyrenoidosa, a green
alga with a spinach-like chloroplast, showed the large differ-
ential scatter effect (Figure 3) while R. spheroides, a purple
bacterium without highly ordered photosynthetic membranes
did not (Figure 5). The experiment in which the aggregated
sonicated chloroplasts did not exhibit different light scatter
(see Results) implies that it is not scattering per se but the spe-
cific internal structure of the scattering particle which is re-
sponsible for the CD effects. The varied results obtained with
chloroplasts in low salt buffers (see Results) suggest that the
effect of differential light scatter on CD is sensitive to the pre-
cise configuration of the chloroplast membranes.

Differential Light Scattering. Experimental techniques for
correcting CD spectra for distortions due to light scattering
have, until recently, been noticeably lacking. This is in con-
trast to absorption measurements where many instrumental
techniques have been developed to eliminate scattering dis-
tortions by enlarging the solid angle of detection (Shibata,
1958; Butler, 1964), The only exception to this has been the
recent work of Dorman and Maestre (1973), who detected dif-
ferentiallightscatter by observingvariations inthe CD spectrum
of T2 phage with changes in the light collection geometry of
their instrument. This technique is general and has been used
in the resedrch presented here.

Two sources of distortion of CD spectra of particulate sus-
pensions have been recognized. The first of these is a flat-
tening effect analogous to that present in absorption measure-
merits of particulate matter discussed in detail by Duysens
(1956) and Rabinowitch (1956). This effect has its origin in
“absorption statistics.” That is, the suspension will have regions
(the particles themselves) where absorption is very high and
other regions (between suspended particles)whereabsorption is
negligible. Flattening effects on optical activity have been ana-
lyzed by Gordon and Holzwarth (1971a). Since this effect is in-
herent in the particulate materials, it cannot be corrected for
instrumentally.

The second source of distortion is the differential scatter of
left and right circularly polarized light. This is the principal
effect responsible for the gross distortion of the CD of intact
chloroplasts reported here. The CD scattering effects of intact
chloroplasts are the largest and most dramatic reported to
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date. We attribute these large effects to the complex internal
structuring of membranes within the chloroplast.

The proposal of a third source of distortion, the concentra-
tion obscuring effect owing to light scattering (Urry and Ji,
1968), has resulted in considerable controversy in the litera-
ture (see Urry, 1972). Evidence for its insignificance in the case
of pigmented photosynthetic membranes is the absence of any
measurable distortion of the CD of sonicated chloroplast
fragments upon the addition of neutral scattering substances
to produce turbidities as high as 1.0 (Schultz and Sauer, 1972).

The most sophisticated calculations of differential light
scattering have been done by Gordon (1972) and Gordon and
Holzwarth (1971b), using Mie scattering theory. These cal-
culations, however, were done using symmetrical model sys-
tems such as a solid sphere or spherical shell, and their direct
application to complex structures such as the grana stacks of
chloroplasts is not valid. In addition, the large effects which
we have observed may be a manifestation of differential scat-
tering from an asymmetrically ordered membrane structure as
proposed by Dorman and Maestre (1973). This proposal,
however, needs to be placed on a firmer theoretical basis. An
interesting recent observation and theoretical analysis of CD
associated with absorption bands of oriented cholesteric liquid
crystals (Holzwarth and Holzwarth, 1973) exhibits some sim-
ilarities to the wavelength dependence and amplitude enhance-
ment observed for whole chloroplasts and Chlorellu. An ex-
tension of the theoretical analysis to randomly oriented “‘crys-
tallites” may provide information on the macroscopic
ordering of the pigmented lameliae in chloroplast grana.

1t is clear that both experimental and theoretical research
must be extended before the effect of differential light scat-
tering on CD is understood. Chloroplasts, which show an un-
usually large effect, are an excellent material for further, more
extensive experimental studies. For example, the measure-
ments made here could be extended down into the uv region of
the spectrum in order to examine effects on the CD attrib-
utable to the protein components. The ratio of the wave-
length of light to the size of the scattering structures would
then be different from that in the visible region, and different
scattering properties might be expected. A more systematic
study on the dependence of the CD of chloroplasts on ionic
strength should yield interesting results. Also, relevant infor-
mation could be obtained by direct measurement of the differ-
ential scattering; that is, measuring, at various angles, the
differential circular polarization of the scattered light.

In closing, we note that we have refrained from referring to
differential light scattering as an artifact, as most other
workers have. This is because we feel that there is much infor-
mation potentially to be gained from measurements of this
effect. Further research should find it to be a valuable tool in
the study of macrostructures.
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