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dichroism study utilizing electric and gel orientation methods
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The linear dichroism spectra of oriented membranes prepared from the red algae Porphyridium sp. Lewin, of
isolated phycobilisomes, and of fractions containing either phycoerythrin alone or phycoerythrin and
phycocyanin, oriented by pulsed electric fields and by squeezed polyacrylamide gel orientation techniques,
were studied. The intact membranes and the phycobilisomes were stabilized by glutaraldehyde fixation. The
phycoerythrin- and phycocyanin-containing fractions were derived from dissociated phycobilisomes by
osmotic shock and sucrose density gradient centrifugation. In intact membranes the 545 and 570 nm
transitions of phycoerythrin, the 620 nm phycocyanin and 655 nm allophycocyanin transitions, as well as the
Q, transition moment of chlorophyll a, appear to have an overall parallel inclination with respect to the
membrane plane. Utilizing both the electric field and gel-squeezing methods, similar linear dichroism spectra
are obtained for isolated phycobilisomes, except in the region of 570 nm. This difference is ascribed to a
partial dissociation of phycoerythrin rods from the phycobilisomes in polyacrylamide gels. A further
degradation of the rods into their component discs appears to occur in the presence of glycerol. The linear
dichroism spectra of the phycoerythrin, and phycoerythrin + phycocyanin fractions, suggest that the 545 nm
phycoerythrin transition is perpendicular to the plane of the discs, while the approx. 570 nm phycoerythrin
and the 620 nm phycocyanin transition moments tend to be oriented more parallel to the plane of the discs.
In polyacrylamide gels the linear dichroism spectra are superpositions of contributions from intact and from
smaller degradation fragments of phycobilisomes. Glutaraldehyde-fixed phycobilisomes in aqueous suspen-
sions (without glycerol or polyacrylamide) appear to be intact as verified by sensitized fluorescence
spectroscopy; the electric linear dichroism spectra of these suspensions thus accurately represent the linear
dichroism characteristics of integral phycobilisome structures.

Introduction which the absorption of light by the chlorophyll

pigments tends to be weak. The energy absorbed

Phycobilisomes are supramolecular aggregates
of phycobiliproteins which serve as energy-collect-
ing antennae in red algae and in cyanobacteria.
These pigment proteins provide additional absorp-
tion bands in the 450-650 nm spectral region in

Abbreviations: Chl a, chlorophyll a; LD, linear dichroism.

by the accessory pigments is transferred by radia-
tionless resonance energy-transfer processes
according to the pathway phycoerythrin —

phycocyanin — allophycocyanin — chlorophyll.
Structural models, based on electron microscopy,
biochemical and biophysical studies, have been
proposed for the arrangement of these chro-

0005-2728 /85 /$03.30 © 1985 Elsevier Science Pubiishers B.V. (Biomedical Division)



456

moproteins in phycobilisomes [1,2]. In this work
we have utilized pulsed electric-field techniques
[3,4] and polyacrylamide gel squeezing methods [5]
to study the linear dichroism of isolated phyco-
bilisomes, some of their dissociated fragments, in-
tact whole membranes, as well as membranes de-
void of phycobilisomes. On the basis of the linear
dichroism spectra, information on the relative
orientations of the various pigments has been ob-
tained.

Materials and Methods

Phycobilisome-containing membranes were iso-
lated from Porphyridium sp. Lewin cells (strain
No. 637, Indiana University Collection, Blooming-
ton, IN) suspended in 0.75 M phosphate buffer
(pH 6.9) by French-press treatment followed by
sucrose gradient centrifugation. Isolated phyco-
bilisomes were obtained by utilizing the method of
Gantt and Lipschultz [6]. Membranes without
phycobilisomes were obtained by subjecting whole
cells to osmotic shock (distilled water) treatment
followed by breaking the cells further in a French
press. The cellular extracts thus obtained were
centrifuged in a sucrose gradient and the green
fraction devoid of phycoerythrin and phycocyanin
pigments was isolated in the usual manner.

Different fractions derived from phycobili-
somes were obtained by osmotic shock treatment
of the above phycobilisome preparation, followed
by dialysis against distilled water for 6 h at 4°C to
a final concentration of sodium phosphate of 0.02
M. These preparations were concentrated by a
factor of 10-20 by adding Ficoll to the dialysate.
The solution thus concentrated was subjected to
sucrose gradient centrifugation (sucrose gradient,
0.3-1.2 M; 0.001 M sodium phosphate). Centrifu-
gation was carried out for 15 h at 4°C (Beckman
rotor SW31, 40000 rpm, 250000 X g at the bottom
of the tube).

The light fraction (S values of 9-11 §) con-
tains essentially phycoerythrin, while the inter-
mediate fraction (11-14 S) contains both
phycoerythrin and phycocyanin; the heaviest frac-
tion (20-24 S) contains only phycoerythrin; the S
values were calculated according to McEwen [7],
and the pigment composition of these fractions
was determined spectrophotometrically. In this

work we have studied only the intermediate and
the heavy fractions. A rough estimate of the
molecular weights of these two fractions can be
made utilizing the equations of Martin and Ames
[8] for proteins subjected to sucrose gradient
centrifugation; for the 11 § fraction a molecular
weight of 250000 is estimated, while for the 20-24
S fraction values in the range of 600 000-700 000
are obtained.

In almost all experiments the various particles
(intact membranes, phycobilisomes, subphycobili-
some fractions) were stabilized by crosslinking with
glutaraldehyde [9,10]. This was necessary in the
electric linear-dichroism experiments, because in
this technique a relatively low ionic strength must
be maintained in the suspending medium in order
to avoid possible deleterious Joule heating effects.
Thus the suspensions were treated with
glutaraldehyde (0.3% by volume), and the phos-
phate buffer was eliminated by exhaustive dialysis.
The cross-linked phycobilisomes and membranes
were then subjected to a second sucrose density
gradient centrifugation. Fluorescence measure-
ments on the isolated phycobilisomes (glutaralde-
hyde-fixed) indicate that the normal energy-trans-
fer sequence phycoerythrin — phycocyanin —
allophycocyanin is maintained; this suggests that
the structural integrity of isolated phycobilisomes
is not destroyed by the glutaraldehyde treatment.

The measurement of the electric linear dichro-
ism of suspensions of photosynthetic particles
utilizing short (5 ms) voltage pulses (approx. 2400
V-cm?) has been described in detail elsewhere
[3,4]. In the case of the electric-field strengths
utilized in this work, the mechanism of orientation
involves the induced electric polarizability of the
particles, rather than their permanent dipole mo-
ments (if any). For an understanding of the results
described here, it is necessary to recall only that
the particles tend to orient with their greatest
dimension parallel to the direction of the applied
electric field. Thus, in the case of whole mem-
branes for example, the electric-field lines due to
the applied voltage tend to be in the planes of the
oriented membranes [3].

Some of these particles were also oriented by
the polyacrylamide gel technique [5]; upon squeez-
ing the gels, the largest dimension of the particles
tend to align in a plane which is perpendicular to



the applied force. Thus, the dichroism of particles
oriented by the squeezed gel and electric field
techniques can be compared.

The linear dichroism is designated by:

Ad=A-4,, (1)

where A4, is the absorbance measured with the
electric field of the probing light beam oriented
parallel to the direction of the applied electric field
direction, or parallel to the direction of the applied
force in the gel squeezing technique. The per-
pendicular polarization is defined by 4 | in both
cases.

Results and Discussion

Electric linear dichroism of phycobilisomes, whole
membranes and membranes devoid of phycobili-
somes

We first compare the linear dichroism spectra
obtained with isolated phycobilisomes, whole
membranes (containing the phycobilisomes), and
membranes without phycobilisomes (Fig. 1). In the
latter case, it is found that the orientation of
chlorophyll a is similar to the orientation observed
in the case of a barley mutant which is devoid of
chlorophyll » {11]; in both cases the Q, transition
of chlorophyll a tends to be in the plane of the
membranes (within 20-25° [12]), thus giving rise
to a positive dichroism (AA > 0) in the 670-680
nm region of the spectrum (Fig. 1A). A positive
linear dichroism throughout the entire spectral
range investigated (500-750 nm) is also observed
for the electrically oriented phycobilisomes (Fig.
1B), and the phycobilisome-containing whole
membranes (Fig. 1C).

After taking into account variations in the
backgrounds of the LD spectra due to light
scattering, and normalizing the LD spectra in Fig.
1A and C at 680 nm (Chl ¢ band), it can be shown
that the sum of these two LD spectra in Fig. 1B
and C at 545 nm for phycoerythrin (phycobili-
somes + [membranes without phycobilisomes]) is
approximately equal to the LD spectrum of the
whole, phycobilisome-containing membranes (Fig.
1C). These results indicate that the isolated
phycobilisomes orient in an electric field in a
similar manner whether they are isolated or at-
tached to the membranes [13].
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Fig. 1. Absorption and linear dichroism spectra (LD) in aque-
ous suspensions (electric field orientation) of (A) membranes
without phycobilisomes (B) glutaraldehyde-fixed phycobili-
somes, and (C) whole membranes (with phycobilisomes). PE,
phycoerythrin; PC, phycocyanin; APC, allophycocyanin.

Linear dichroism of phycoerythrin and phycocyanin
fractions

The pigments phycoerythrin and phycocyanin
are chromoproteins arranged in disc-like shapes
which are stacked to form cylindrical rod-like
structures in the phycobilisomes. These cylindrical
structures containing both phycoerythrin and
phycocyanin are arranged radially about a core
containing APC [14,15].

The light fraction (11-14 §) obtained by sucrose
density gradient centrifugation of osmotically
shocked phycobilisomes contains phycoerythrin
and phycocyanin pigments in equal proportions
according to the absorption spectra (Fig. 3), and
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Fig. 2. Absorption and linear dichroism spectra of the S =
20-24 (PE) fraction. (A) Electric field orientation in aqueous
suspension, not glutaraldehyde-fixed; (B) squeezed poly-
acrylamide gel, no glycerol added; (C) squeezed polyacrylamide
gel containing 50% glycerol by volume. (B) and (C) glutaralde-
hyde-fixed samples. Note that the polyacrylamide gel LD spec-
tra are inverted in order to facilitate comparisons with the
electrically oriented samples.

as determined from the relative extinction coeffi-
cients of these two pigments.

The heavy fraction (20-24 S) contains mostly
phycoerythrin as is evident from the absorption
spectra (Fig. 2). These absorption spectra exhibit
structure at 545 and 570 nm, and a shoulder near
500 nm both in the aqueous suspensions and in
the polyacrylamide gels without glycerol (Fig. 2A
and B, respectively). However, the 570 nm peak
disappears when glycerol (50%) is added to the
gels (Fig. 2¢).

In Fig. 2A and B the absorption spectra of the

20-24 S fraction are similar to the absorption
spectra of the B-phycoerythrin (B-phycoerythrin)
fraction from phycobilisomes derived from
Porphyridium cruentum [9,16-18). In the latter case,
however, the long-wavelength maximum occurs at
563-565 nm, and not at 570 nm. Besides B-
phycoerythrin another phycoerythrin chro-
moprotein called b-phycoerythrin has been identi-
fied [16,18]. The polypeptide composition of these
phycoerythrin pigment forms is rather complex
{19]; native B-phycoerythrin has a molecular weight
of 240000-275 000 dalton [16,20] and is composed
of three dissimilar protein subunits a, 8 and ¥y
according to the stoichiometric ratio (af)¢y; b-
phycoerythrin is polydisperse and consists of a
and B subunits only [16]. The (aB), unit is be-
lieved to be a double-disc hexamer stabilized by
the y-subunit. In these subunits the longest wave-
length transition (563-565 nm) exhibits an exci-
ton-like circular dichroism spectrum which sug-
gests that at least some of the phycoerythrobilin
chromophores interact strongly with one another
(16]. Consistent with this hypothesis are the ob-
servations that the degradation of the phycoeryth-
rin hexamers leads to a loss of the long-wavelength
absorption band and to a decrease of the exciton-
like circular dichroism signal [9,17]. Analogous
observations have been reported for C-
phycoerythrin derived from cyanobacterial
phycobilisomes upon dissociation of the B-
phycoerythrin aggregates into smaller subunits
{21,22]. Thus, the disappearance of the structure at
570 nm in 50% glycerol (Fig. 2C) is probably due
to a dissociation of the phycoerythrin aggregates
into smaller subunits.

The 20-24 S fraction. The approximate molec-
ular weight of 600000700000 estimated for the
particles in this fraction suggests that this prepara-
tion may contain dodecamer aggregates of
phycoerythrin. The absorption and linear dichro-
ism spectra of these preparations are shown in Fig.
2. In Fig. 2A, in the electric-field case, the shoulder
at approx. 570 nm is apparent, which indicates
that the larger phycoerythrin aggregates are pre-
sent, as discussed above. The linear dichroism
spectra are characterized by a negative structure at
570 nm and a positive maximum at 545 nm.
Identical spectra are obtained either with or
without glutaraldehyde fixation of these prepara-



tions in aqueous suspensions. In order to interpret
these results we recall that the rod-like stacked
disc structures which are expected to be present in
these preparations, orient with their long axis
parallel to the electric field. Accordingly, since for
the 545 nm transition A4 > 0, the transition mo-
ments are oriented parallel to the axis of the rods,
or perpendicular to the planes of the disc. The
approx. 570 nm transition moment on the other
hand appears to be oriented within the planes of
the discs.

In the gel without glycerol (Fig. 2B) the absorp-
tion spectra are the same as in water, but the
linear dichroism signal, while qualitatively similar,
exhibits a smaller negative peak at 570 nm. This
spectrum was obtained with a glutaraldehyde-fixed
sample; without glutaraldehyde fixation, the LD
spectrum is inverted in sign: the LD signal is
positive at 570 nm, and is negative at approx. 545
nm (data not shown). In the gel in the presence of
50% glycerol the signs of the LD bands (Fig. 2C)
are also inverted relative to those observed in Fig.
2B and the 570 nm structure characteristic of
aggregated phycoerythrin subunits is no longer
apparent in the absorption spectrum. It is also
important to note that the data in Fig. 2C are the
same with and without glutaraldehyde crosslinking
(data not shown). The effects of glycerol on the
LD and on the absorption spectra can be under-
stood if it is assumed that the rods dissociate into
smaller disc-like components in the presence of
glycerol. The smaller negative LD peak at 570 nm
in Fig. 2B suggests that such a partial dissociation
with glutaraldehyde-fixed preparations may also
take place in the presence of acrylamide alone. In
the absence of crosslinking, such a degradation is
complete, since the LD spectra in the gels without
glycerol are similar to those obtained in the pres-
ence of glycerol.

The S = 11-14 fraction. In the gels containing
glycerol, the approx. 570 nm phycoerythrin and
620 nm phycocyanin transition moments exhibit a
negative LD, while the 545 nm transition is char-
acterized by a positive LD (Fig. 3). This is qualita-
tively similar to the behavior exhibited by the 570
and 545 nm transitions in the heavy (20-24 §)
fraction under similar conditions (Fig. 2C). On the
basis of these results, it is reasonable to assume
that the 620 nm transition moments tend to be
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Fig. 3. Absorption and linear dichroism spectra of the S =11-14
(phycoerythrin + phycocyanin) fraction in a squeezed poly-
acrylamide gel containing 50% glycerol by volume.
Glutaraldehyde-fixed sample.

oriented like the 570 nm transitions, namely within
the planes of the discs, and that this light (11-14
S') fraction consists mainly of dissociated discs
rather than of rod-like aggregates of discs.

In electrically oriented samples both the 570
and 620 nm bands are characterized by positive
LD signals [13] thus confirming the results shown
for gels in Fig. 3.

Phycobilisomes in polyacrylamide gels

Squeezed polyacrylamide gels containing 50%
glycerol are suitable for measuring linear dichro-
ism spectra of photosynthetic particles at low tem-
peratures; a better spectral resolution of the differ-
ent absorption and linear dichroism bands is ob-
tained at the lower temperatures than at room
temperature [11]. Since pulsed electric field orien-
tation methods are not suitable for low-temper-
ature LD studies, we have investigated the feasibil-
ity of utilizing the squeezed polyacrylamide gel
method for orienting phycobilisomes and studying
their linear dichroism spectra. However, we have
noted dramatic changes in the fluorescence emis-
sion properties of isolated cross-linked phycobili-
somes upon treatment with acrylamide and/or
glycerol. Notably, upon excitation at 540 nm the
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ratio of fluorescence intensities Figy/Fy,, Which is
equal to 0.17 in the original material, increases to
4-5 after inclusion in the gel. This clearly indicates
a substantial degradation of the phycobilisome,
since the normal energy transfer sequence
phycoerythrin — allophycocyanin is interrupted.

The isolated phycobilisome LD spectra are also
different in the electric field and the polyacryla-
mide gel (with and without glycerol) cases. First of
all, while the absorption spectra are similar in the
aqueous solution (Fig. 1B) and in the gels (Fig.
4A, no glycerol), the linear dichroism signal ap-
pears to be reduced in the region of 570 nm. This
is evident from the relative dichroism signals at
545 and 655 nm. In both the aqueous solutions
and the gels, the ratio AAs,s/AAss = 1.45, while
the AAs,,/AAgss ratio is 2.5 and 0.9 in aqueous
solution (Fig. 1B) and in the gels without glycerol
(Fig. 4A), respectively. This suggests again a par-
tial dissociation of larger aggregates of
phycoerythrin from the phycobilisome, since only
the 570 nm shoulder in the linear dichroism spec-
trum is reduced, whereas this feature in the ab-
sorption spectrum remains intact (Fig. 4A). In the
presence of glycerol in the gels (Fig. 4B), the
structure at approx. 570 nm is lost both in the
absorption and in the linear dichroism spectra,
suggesting an even greater extent of dissociation of
the phycobilisomes in the presence of glycerol.

Comparison between electric field and gel orienta-
tion techniques

Untreated phycobilisomes are stable in 0.75 M
phosphate buffer, but readily dissociate at lower
salt concentration. Upon crosslinking with
glutaraldehyde it becomes possible to stabilize the
structures so that they can be resuspended in
distilled water. Accordingly, this procedure has
enabled us to measure the electric dichroism of
phycobilisomes either in the isolated state or still
bound to the membrane. We have also investi-
gated the possibility of studying the properties of
oriented phycobilisomes in polyacrylamide gels
with the goal of measuring low temperature LD
spectra. Previous investigations on a variety of
hydrophobic chlorophyll protein complexes have
demonstrated an absence of structural degradation
when these complexes were dispersed in gels
[5,11,23]. In the present study however, the high
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Fig. 4. Absorption and linear dichroism spectra of glutaralde-
hyde-fixed phycobilisomes in squeezed polyacrylamide gel, (A)
without glycerol, and (B) with glycerol added.

concentrations of extraneous molecules (acryla-
mide, glycerol) required to prepare these gels leads
to extensive disruption of the supramolecular
organization of the discs constituting the rods in
the phycobilisomes (even after glutaraldehyde
fixation). This can be related to the observation
that untreated phycobilisomes readily dissociate
when the molarity of the phosphate buffer is de-
creased below 0.75 M. We have noticed that
10-20% glycerol added to crosslinked phycobili-
somes or the S =20-24 PE fraction leads to dras-
tic changes in the electric dichroism spectra (data
not shown). These effects are sufficient to explain
the differences observed between the linear dichro-
ism spectra of phycobilisomes shown in Fig. 1B
and 4. Furthermore, in the electric-field experi-
ments, the mechanisms of interaction of the par-
ticle with the applied field favors the orientation



of the large particles [4], while in the polyacryla-
mide gel all the particles tend to orient according
to their anisotropy of shape. Although these dif-
ferences can be used to select an orientation tech-
nique best adapted for a given type of particle, we
note also that they will further complicate the
comparison between the results of the two tech-
niques in the case of a suspension where the size
distribution of the particles is heterogenous.

Although the results on the inclusion of
phycobilisomes in gels presented here indicate a
significant degree of dissociation, we have also
observed that the extent of dissociation of
glutaraldehyde-treated phycobilisomes was di-
minished when higher concentrations of the cross-
linking agent, as well as repeated treatments, were
used. This indicates that it might be possible to
develop conditions which are suitable for record-
ing lineare dichroism spectra of intact phycobili-
somes in gels.

Relative orientations of the chromophores

With the exception of a few linear-dichroism
spectra of rather poor quality (high light-scattering
level) obtained with whole algae [24,25], there is,
to our knowledge, no other report on the orienta-
tion of chromophores in phycobilisomes. This is
rather surprising in view of (i) the large body of
spectroscopic data on the isolated chromophores
[26,27], and (ii) the existence of specific models for
the supramolecular organization of the building
block of phycoerythrin, phycocyanin and al-
lophycocyanin in the phycobilisome [28,29]. In this
respect linear dichroism techniques seem ideally
suited to check these models especially in view of
our finding that in isolated phycoerythrin aggre-
gates the 570 and 545 nm transitions exhibit di-
chroism of opposite signs.

The orientation of the different transition mo-
ments can, in principle, be estimated from the
reduced linear dichroism AA4/A which is related
to the tilt angle § between the transition moment
and the symmetry axis of the oriented object. In
thylakoid membranes this axis corresponds to the
normal to the membrane plane; in the hemi-
spherically shaped phycobilisomes this symmetry
axis is coincident with the normal to the mem-
brane plane in the intact phycobilisome-membrane
structures. The reduced linear dichroism is defined
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as follows:

AA/A=3(1-3cos® 8)f )

where f is an orientational factor which describes
the distribution of orientations of the symmetry
axes of the oriented particles. This function f has
opposite signs in the cases of orientation by the gel
and the electric-field methods, thus accounting for
the inversion of the LD spectra obtained by these
two different methods of orientation.

In the presence of an applied electric field .the
membrane planes are oriented along the electrical
field lines thus rendering 4, > A, for any transi-
tion which is tiled close to the plane [3]. In the case
of the gels, the planes of the membranes tend to be
oriented perpendicular to the direction of the ap-
plied force, and thus the linear dichroism is nega-
tive for any transition moments which tend to be
oriented within the membrane planes (in order to
facilitate comparisons between the electrically ori-
ented samples and the oriented gel samples, we
have inverted the gel linear dichroism spectra in
the figures).

Utilizing typical electric linear dichroism data
such as shown in Fig. 1, relative values of A4 /4
for the different pigment bands were estimated for
isolated phycobilisomes and for whole membranes
and the results are summarized in Table I. The
positive values of AA/A indicate that the transi-
tion moments of all of the different pigments are
oriented at an angle 8 greater than 55°, i.e., they
are all oriented within approx. 35° of the planes of
the membranes, or of the planes of the largest
cross section of the hemispherically shaped
phycobilisomes. the reduced dichroism increases
with increasing wavelength for the transitions of
phycoerythrin (545 and 570 nm), of phycocyanin
(620 nm) and of allophycocyanin (644 nm) in
isolated phycobilisomes. Similar behavior is also
noted in the case of the whole membranes (al-
though the contributions of the phycocyanin and
allophycocyanin bands are too weak to be quanti-
fied), with the Chl a 680 nm band exhibiting the
strongest reduced linear dichroism. These observa-
tions parallel a similar trend in green algae and in
spinach chloroplasts in which the reduced dichro-
ism, and thus the tilt angle of the Q, transition
moment of chlorophyll a with respect to the plane
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TABLE I

REDUCED ELECTRIC LINEAR DICHROISM (A4 /4) IN
ARBITRARY UNITS FOR THE DIFFERENT PIGMENT
FORMS IN WHOLE MEMBRANES CONTAINING
PHYCOBILISOMES (MEMB + PBS), IN MEMBRANES
WITHOUT PHYCOBILISOMES (MEMB), AND IN ISO-
LATED PHYCOBILISOMES (PBS)

All of the data were taken from Fig. 1 (electrically oriented
samples). The A4 /A values were normalized to one another at
545 and at 680 nm for ease of comparison.

Pigment MEMB+PBS MEMB PBS
phycoerythrin (545 nm) 0.36 - 0.36
phycoerythrin (570 nm) 0.48 - 0.59
phycocyanin (620 nm) 0.66 - 0.82
Allophycocyanin (655 nm)  0.71 0.37 3.0
Chl a(680 nm) 1.0 1.0 -

of the membrane decreases as the wavelength in-
creases [30-33].

The values of A4 /A in Table I were arbitrarily
normalized to one another at 545 nm
(phycoerythrin band) to facilitate comparisons of
the dichroism in the case of the isolated phyco-
bilisomes and the membranes to which the
phycobilisomes are still attached. In order to
facilitate comparisons between the latter and the
membranes devoid of phycobilisomes, the A4 /4
values were set equal to one another at 680 nm,
the Chl ¢ maximum.

It is noteworthy that the dichroism at 655 nm
due to the allophycocyanin band in phycobili-
somes is much higher than at the other wave-
lengths. The dichroism at 655 nm in the membrane
+ phycobilisomes case is nearly twice as large
(0.71) as in the case of the membranes devoid of
phycobilisomes (0.37). These relative A4 /A values
are compatible with an orientation of the al-
lophycocyanin transition moments which are closer
to the membrane planes than the Chl a4 680 nm
transition moment vectors.

Finally, according to our results on the isolated

phycoerythrin fractions (Fig. 2), we can conclude .

from the sign of the reduced linear dichroism that
the 545 and 570 nm transitions are oriented at less
than, and more than 55° respectively from the axis
of the rods. In intact phycobilisomes both of these
transitions appear to be oriented at less than 35°
away from the membrane plane. This observation
thus implies that the distribution of the

phycoerythrin chromophores around the axis of
the rods cannot be random, but that these orienta-
tions are fixed with respect to the plane of the
membrane, since a definite positive dichroism is
observable when the phycobilisomes are fixed to
the membranes.
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