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Nostoc sp. strain MAC cyanobacteria were green in color when grown in white
light at 30°C and contained physobilisomes that had phycoerythrin and phycocya-
nin in a molar ratio of 1:1. Cells grown for 4 to 5 days in green light at 30°C or
white light at 39°C turned brown and contained phycoerythrin and phycocyanin in
a molar ratio of greater than 2:1. In addition to the change in pigment composition,
phycobilisomes from brown cells were missing a 34.5-kilodalton, rod-associated
peptide that was present in green cells. The green light-induced changes were
typical of the chromatic adaptation response in cyanobacteria, but the induction
of a similar response by growth at 39°C was a new observation. Phycobilisomes
isolated in 0.65 M phosphate buffer (pH 7) dissociate when the ionic strength or

pH is decreased. Analysis of the dissociation products from Nostoc sp. phycobili-
somes suggested that the cells contained two types of rod structures: a phycocya-
nin-rich structure that contained the 34.5-kilodalton peptide and a larger phycoer-
ythrin-rich complex. Brown Nostoc sp. cells that lacked the 34.5-kilodalton
peptide also lacked the phycocyanin-rich rod structures in their phycobilisomes.
These changes in phycobilisome structure were indistinguishable between cells
cultured at 39°C in white light and those cultured at 30°C in green light. A potential
role is discussed for rod heterogeneity in the chromatic adaptation response.

Phycobilisomes are light-harvesting protein
complexes found in cyanobacteria (10) and the
chloroplasts of red algae (7, 22). These complex
structures contain 10 to 15 chromophoric phyco-
biliproteins and nonchromophoric assembly
peptides. They reside on the surface of the
thylakoid membrane in direct contact with mem-
brane-bound chlorophyll-protein complexes.
The phycobiliproteins establish a chromophore
network that transmits excitation energy to chlo-
rophyll at a very high efficiency (6). The three
major classes of phycobiliproteins found in Nos-
toc sp. strain MAC cyanobacteria are phycoery-
thrin (PE; Xmax = 565 nm), phycocyanin (PC;
Xmax = 620 nm), and allophycocyanin (AP; Xmax
= 650 nm and higher). The excitation transfer
pathway for these phycobilisomes is from PE to
PC to AP to chlorophyll.
Rod and core substructures have been defined

for phycobilisomes from various cyanobacteria
and red algae (6, 10, 17). The periphery of the
phycobilisome contains five or six rodlike struc-
tures that appear to be stacks of disks. Each disk
is a hexamer of phycobiliprotein protomers (a,

tPresent address: Brookhaven National Laboratories, Up-
ton, NY 11973.

,B) in complex with a single copy of a nonchro-
mophoric peptide (10, 11, 19). Nostoc sp. rods
contain PE and PC and four peptides in the 29-
to 35-kilodalton (kd) range that are analogous to
the group 11 (26), linker (19), and accessory (21)
peptides described for other phycobilisomes.
We call these four peptides rod-associated pep-
tides (RAPs). The Nostoc sp. phycobilisome
core appears as a triangular packet of disks
viewed face-on (13). It contains all of the AP-
type biliproteins and other core-associated pep-
tides. These include a 95-kd polypeptide that
anchors the structure to the membrane (32) and
may be a terminal energy acceptor (20) and some
45- to 50-kd AP-associated peptides (32). The
spatial arrangement of the phycobiliproteins re-
flects the excitation transfer pathway within the
phycobilisome. The outer portion of the rods
contains PE, whereas the inner region contains
PC that is connected to the AP-containing core
(5, 17, 27).
Phycobilisomes can be isolated in concentrat-

ed phosphate salt solutions and separated from
cell debris by sedimentation (7, 28). Hydropho-
bic interactions that stabilize phycobilisome
structure (33) are disrupted when the salt con-
centration is decreased from 0.65 M NaK-PO4
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(see Materials and Methods). Phycobilisome dis-
sociation causes loss of the characteristic 680-
nm fluorescence emission and can produce sta-
ble substructures the size of which is directly
related to the ionic strength and the pH of the
solution. We dissociated Nostoc sp. phycobili-
somes at pH 7 or 5 in 0.3 M NaK-PO4 to
generate rod substructures and to provide a

means of analyzing changes in phycobilisome
rod structure that are induced by different
growth conditions.

MATERIALS AND METHODS
Cyanobacteria and culture conditions. Nostoc sp.

strain MAC was obtained from E. Gantt (Smithsonian
Radiation Biology Laboratory, Rockville, Md.) and is
the same strain used in previous studies (13, 16). Cells
were grown in medium BG-11 (23), with continuous
agitation and bubbling of 1% CO2 in air, in three
environments: warm white fluorescent light at 30°C
(30W cells), warm white fluorescent light at 39°C (39W
cells), and green light (Westinghouse F1ST8/G) at 30°C
(30G cells). The light intensity for the 30W and 39W
cultures was 10-2 ,uE/cm2 per s. The light intensity for
the 30G cells was 1.2 x 10-2 jtE/cm2 per s.

Phycobilisome isolation. Nostoc sp. cells were grown
to 0.8 to 1 g (wet weight) per liter and harvested by
filtration through Miracloth. Filaments were resus-
pended to 0.1 g/ml in 0.65 M NaK-PO4 (pH 7). All
NaK-PO4 buffers were made by titration of equimolar
solutions of NaH2PO4 and K2HPO4 to the desired pH.
The cells were broken by two passages through a

French pressure cell at 14,000 lb/in2. Triton X-100 was
added at 2% (vol/vol), and the mixture was incubated
at 22°C with occasional agitation for 30 min. Cell
debris was removed by centrifugation at 27,000 x g for
30 min at 20°C, and 4 to 5 ml of the supernatant was
loaded onto sucrose step gradients of 0.25 M (5 ml),
0.5 M (5 ml), 0.75 M (6 ml), 1.0 M (6 ml), 1.5 M (8 ml),
and 2.0 M (5 ml) sucrose in 0.65 M NaK-PO4 (pH 7).
Gradients were centrifuged in a Beckman VTi 50 rotor
at 50,000 rpm and 20°C for 90 min. The phycobilisomes
were recovered from the 1.5 M sucrose region of the
gradient and dialyzed against 0.65 M NaK-Po4 (pH 7)
at 20°C for 2 h. Ammonium sulfate (750 g in 1 liter of
water) was added dropwise (1.3 volume to 2.3 volumes
of phycobilisomes) at room temperature with gentle
stirring, and the precipitated phycobilisomes were
collected by sedimentation at 12,000 x g for 30 min at
20°C. The pellet was resuspended in 0.65 M NaK-PO4-
1.0 M sucrose (pH 7) to a total phycobiliprotein
concentration of approximately 10 mg/ml and stored at
-20°C until needed.
Absorption and fluorescence measurements. Absor-

bances were measured in a Beckman model 25 spec-
trophotometer at 565 nm (PE), 620 nm (PC), and 650
nm (AP). Fluorescence emission spectra were mea-

sured with an Aminco SPF-500 spectrofluorimeter
interfaced to a Hewlett-Packard 9815A/S computer
which corrected the signal for the decrease in photo-
multiplier tube response at long wavelengths. Samples
were diluted to an absorbance of 0.04 for the most
abundant phycobiliprotein. Emission spectra were ob-
tained for excitation at 500 or 600 nm with slit widths
of 5 nm for excitation and 2 nm for emission.
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Estimation of phycobiliprotein concentrations. Phy-
cobiliprotein concentrations were estimated from ab-
sorbances by the equations of Bryant et al. (5) and
assuming a + P protomeric masses for PE, PC, and
AP of 39.8, 36.9, and 33.8 kd, respectively (based on
relative mobility in 4 to 20% acrylamide gradient
sodium dodecyl sulfate [SDS] acrylamide gel). Ab-
sorbances of dissociated phycobilisomes (see Fig. 2)
were read directly from the gradient fractions. Absorb-
ances for molar ratio determinations (see Tables 1 and
2) were obtained after dilution with water to 50 mM
P04.
SDS-acrylamide gel electrophoresis. Improved reso-

lution of biliproteins and RAPs occurred with a 4 to
20% polyacrylamide linear gradient made from a stock
solution of 30% acrylamide-1.6% bisacrylamide and a
stacking gel made from the same stock solution. The
discontinuous buffer system of Laemmli (18) was
used, except the amount of Tris in the running gel was
doubled. Although this gel system clearly separates
the 34.5- and 34-kd RAPs, they are transposed relative
to mobilities seen in other gel systems (13, 16). A
similar situation has been observed for the gene 48
product of bacteriophage T5, where gel composition
causes anomalous migration of this protein (1, 15). The
RAPs from Nostoc sp. phycobilisomes will be referred
to by the published masses (13) to avoid confusion (see
Fig. 1). Samples were prepared for electrophoresis by
precipitation with 4 volumes of cold 10% trichloroace-
tic acid, centrifugation at 12,000 x g for 15 min, and
resuspension in the desired volume of 1 x Laemmli
sample buffer (18). Samples were heated at 100°C for 2
min before application. Electrophoresis was per-
formed at 100 V for 14 h, after which the gels were
fixed in 25% isopropanol-10% acetic acid for at least 4
h. Gels were stained in 25% isopropanol-10% acetic
acid-0.04% Coomassie blue R-250 and destained in
10% acetic acid.

Dissociation analysis on 0.3 M P04 sucrose sedimen-
tation gradients. Frozen solutions of phycobilisomes at
a total phycobiliprotein concentration of ca. 10 mg/ml
were thawed, diluted to 5 mg/ml with 0.3 M NaK-PO4
at the desired pH (7 or 5), and dialyzed for 2 h at 20°C
against 1 liter of 0.3 M NaK-PO4 (pH 7 or 5). A 0.5-ml
volume of the dialyzed material was loaded onto a 39-
ml 0.25 to 1.5 M sucrose linear gradient in 0.3 M NaK-
P04 (pH 7 or 5). A 0.5-ml solution of sedimentation
marker proteins was loaded on identical salt gradients
at pH 7 or 5. The marker protein solution contained
the following in sufficient quantities to produce an
independent absorbance of 2.5 at the indicated wave-
length: Anabaena variabilis AP trimers at 650 nm (6S
and 103 kd); Porphyridium cruentum B-PE hexamers
(B-PE) at 550 nm (12.5S and 263 kd); and Salmonella
typhimurium glutamine synthetase (GS) at 280 nm
(20.3S and 592 kd). This protein mixture was dialyzed
for 2 h against the same buffer as that used for
phycobilisome dissociation. Gradients were centri-
fuged at 50,000 rpm in a Beckman VTi 50 rotor for 5 h
at 20°C. Fractions of 1.1 ml were collected through a
needle introduced into the bottom of the tube. Absorb-
ance was measured at specific wavelengths for each
fraction to generate the phycobiliprotein concentration
proffles from the gradients. The dissociation patterns
for 0.3 M NaK-PO4 (pH 7) did not change over the
phycobiliprotein concentration range of 2 to 8 mg/ml.
Selected fractions were used immediately after frac-
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TABLE 1. Molar ratios of phycobiliproteins in
phycobilisome preparations

Molar ratio
Phycobilisome type PE/PC PC/AP PE/AP

30W 1:1 0.6:1 0.6:1
39W 2.3:1 0.4:1 0.9:1
30G 2.4:1 0.4:1 0.9:1
30G (3 days posttransfer) 1.6:1 0.5:1 0.8:1

tionation for fluorescence measurements, molar ratio
calculations, electron microscopy, and SDS-acrylam-
ide gel electrophoresis.

Electron microscopy. Material for microscopy was
freshly diluted to a total phycobiliprotein concentra-
tion of 0.05 to 0.2 mg/ml with 0.65 M NaK-PO4-0.5 M
sucrose (pH 7 or 5). Carbon was evaporated onto
freshly cleaved mica, and with the aid of a microscope
slide translation stage, the carbon film was floated
onto the sample surface without completely detaching
the film from the mica. The carbon-bearing mica was
then transferred to freshly made 1% glutaraldehyde in
0.65 M NaK-PO4-0.5 M sucrose (pH 7 or 5). After 5
min, the carbon film was transferred to distilled water
for 8 min. After the wash, 400-mesh copper grids were
placed upon the carbon film, and if the film was intact,
it was detached from the mica with forceps. The grid
was then transferred briefly to 0.5% uranyl acetate and
removed, and excess stain was absorbed with filter
paper. All electron microscopy was performed with a
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JEOL 1OOB transmission electron microscope.
Reagents and chemicals. Ultra-pure ammonium sul-

fate and enzyme grade sucrose were from Schwarz/
Mann, Orangeburg, N.Y. The acrylamide and bisac-
rylamide were from Eastman Kodak Co., Rochester,
N.Y. All other chemicals were reagent grade.

RESULTS
When Nostoc sp. cultures were transferred

from 30°C, white light, to 39°C, white light, or
30°C, green light, an adaptation process was
initiated, and the cells changed from green to
brown in color. Although a color difference
between cultures was visually evident after day
1, the complete transition required 4 to 5 days.
Isolated phycobilisomes from all three growth
conditions showed that the cellular color transi-
tion from green to brown was accompanied by
an increase in the PE/PC molar ratio from 1:1 to
greater than 2:1 (Table 1).

Electropherograms of phycobilisomes from
30W, 39W, and 30G cells are shown in Fig. 1.
When Nostoc sp. cells were cultured in white
light at 30°C, phycobilisomes had a PE/PC molar
ratio of 1:1 and contained four RAPs that were
identified by their apparent masses (34.5, 34, 32,
and 29 kd) (13). The absence of the 34.5-kd RAP
in 39W and 30G cells was accompanied by an

A D.....-
X ........ r

FIG. 1. SDS-acrylamide gels of phycobilisomes from Nostoc sp. cells grown under different conditions. Lane
A, white light, 30°C; lane B, white light, 39°C; lane C, green light, 30°C, partially adapted (see text); lane D, green
light, 30°C, fully adapted. S, Molecular weight standards: phosphorylase b, bovine serum albumin, ovalbumin,
carbonic anhydrase, soybean trypsin inhibitor, alpha-lactalbumin. Lanes A and D to the right of the standards
were run on a 4 to 25% linear gradient SDS-acrylamide gel made from stock with 30% acrylamide-2%
bisacrylamide. A total of 15 to 20 ,ug of total phycobiliproteins was loaded on the gels. The arrow indicates the
position of the 34.5-kd RAP.

VOL. 155, 1983



1410 ANDERSON ET AL.

0.12

0.12L

29 25 21 17 13 9

Fraction Num
29 25 21 17 13 9

FIG. 2. Concentration of individual phycobiliproteins in 1.1-ml fractions of dissociation gradients. (a) 30W
phycobilisomes at 0.3 M NaK-PO4 (pH 7); (b) 30W phycobilisomes at 0.3 M P04 (pH 5); (c) 39W phycobilisomes
at 0.3 M NaK-PO4 (pH 7); (d) 39W phycobilisomes at 0.3 M NaK-PO4 (pH 5). The top of the gradients is at the
left of figure. , PE; ---------, PC , AP. Fractions which contained the maximum absorbance of the
sedimentation marker proteins are indicated at the top of the figure. The letters A through D are labels for species
described in the text.

increase in the amount of PE relative to phyco-
bilisomes from 30W cells. The disappearance of
the 34.5 kd RAP from Nostoc sp. cells grown in
green light has been previously observed (16).
The decrease or loss of RAPs upon chromatic
adaptation has been demonstrated in other cy-

anobacteria and has helped establish relation-
ships between phycobiliproteins and RAPs (8,
10, 26). Our analysis of dissociated phycobili-
somes that contained the 34.5-kd RAP (from
30W cells) was augmented by a comparison with
dissociation patterns of phycobilisomes that
lacked the 34.5-kd RAP (from 39W or 30G cells).

Dissociation patterns of phycobilisomes. The

distribution of dissociation products throughout
a sedimentation gradient can be shown as a

graph of phycobiliprotein concentrations plotted
against the distance migrated through the gradi-
ent. Such a dissociation pattern for 30W phyco-
bilisomes at pH 7 is shown in Fig. 2a. Approxi-
mately half of the AP appeared in the region of
the gradient defined by the trimeric AP marker
protein. The remainder of the AP was distribut-
ed in two peaks in the lower part of the gradient
with the rod phycobiliproteins PC and PE. The
rod proteins were separated into two peaks.
Species A sedimented ahead of the GS marker
and species B ran behind the peak GS fraction,
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but in front of the B-PE marker. Species A (PE
rich) contained more than 70% of the PE, 30 to
40% of the PC, and 30% of the AP. Species B
(PC rich) was composed of 50% of the PC and
also contained 10 to 20% of the PE and 20% of
the total AP.
The pH 5 dissociation pattern of phycobili-

somes from 30W cells is shown in Fig. 2b.
Comparison of the gradient position of the heav-
iest PC material to the sedimentation markers B-
PE and GS indicated a sedimentation rate simi-
lar to that observed for species B in the pH 7
gradient. This material was also labeled B. A PC
species that sedimented slightly ahead of the B-
PE marker was labeled C, and all of the PE was
found in the region of the gradient marked by AP
trimers, labeled D. The dissociation pattern of
core material (AP) at pH 5 revealed two separate
components which appeared to sediment inde-
pendently of the rod proteins.

After dialysis to 0.3 M P04 (pH 7 and 5), 39W
and 30G phycobilisomes yielded the dissociation
patterns shown in Fig. 2c and d. Although only
data from 39W phycobilisomes are shown, the
dissociation patterns for the 39W and 30G phy-
cobilisomes were indistinguishable. Comparison
of these gradient profiles with the profiles from
30W cells showed that 39W or 30G phycobili-
somes did not yield species B material after
dissociation at either pH. All other aspects of
the 39W or 30G dissociation patterns were simi-
lar to the 30W results.

Electron microscopy of dissociation products.
Electron micrographs in Fig. 3a and b show the
structures in species A and B from the pH 7
gradient of 30W phycobilisomes. Species A (see
arrows) shows a stack of three disks that resem-
ble the rod substructures observed on intact
Nostoc sp. phycobilisomes (13). Species B con-
tained stacks of double disks seen edge-on (Fig.
3b; see arrows) or face-on. Electron micrographs
(Fig. 3c and d) of PC species from the pH 5
gradient of 30W phycobilisomes showed double-
and single-disk structures for species B and C,
respectively. The pH 5 B sample contained
fewer edge-on views of the stacked double-disk
structures seen in the pH 7 species B and often
showed a face-on view of two disks attached
side by side (see arrows). Material from zone C
appeared as single disks, often with stain pene-
tration in the middle. Micrographs of species A
(pH 7) and species C (pH 5) from 39W or 30G
phycobilisomes were similar to the analogous
micrographs shown in Fig. 3. Trimers from
cyanobacteria are difficult to visualize in the
electron microscope (4), and no data for species
D were obtained.

Polypeptide composition of dissociation prod-
ucts. Figures 4a and b show SDS-acrylamide gel
analyses of the dissociation gradients from Fig.

XI-,7' {-

FIG. 3. Electron micrographs of dissociation prod-
ucts. (a) Species A from Fig. 2a; (b) species B from
Fig. 2a; (c) species B from Fig. 2b; (d) species C from
Fig. 2b (bar, 20 nm). Magnification, x337,000.
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FIG. 4. SDS-acrylamide gels of fractions from 30W phycobilisome dissociation gradients. (a) Fractions from

0.3 M NaK-PO4 (pH 7) gradient (Fig. 2a); (b) fractions from 0.3 M NaK-PO4 (pH 5) gradient (Fig. 2b). Molecular
weight standards (S) are the same as those listed in the legend to Fig. 1. PBS, Whole phycobilisomes from 30W
cells. Identical volumes of prepared gradient fractions were loaded on the gels to give a maximum of 20 to 25 ,ug
of phycobiliproteins.

2a and b. Maximum Coomassie staining for the
RAPs or core-associated peptides was consis-
tently observed in fractions of maximal phyco-
biliprotein concentration. Such data imply a
direct structural affiliation between phycobili-
proteins and the RAPs or core-associated pep-
tides for the following reasons: the RAPs from
Synechococcus sp. 6301 are required to assem-
ble PC into stacked-disk rod structures (10, 19);
RAP-induced changes in spectral properties of
Synechococcus sp. 6301 PC are important for
the establishment of the highly efficient excita-
tion transfer system of the phycobilisome (10);

isolated RAPs are insoluble in the absence of
high concentrations of urea or other denaturing
agents (19); and RAP- and core-associated pep-
tide-biliprotein complexes from Nostoc sp.
were isolated with harsher treatments than those
employed in these experiments (13, 32).

In the pH 7 dissociation gradient, three of the
RAPs-the 34-, 32-, and 29-kd polypeptides-
cosedimented with the PE-rich A species (frac-
tion 12). In the PC-rich B zone of the pH 7
gradient, the 34- and 32-kd peptides decreased in
staining intensity, whereas the 29-kd peptide
remained constant and the 34.5-kd peptide ap-

a

A

12 11 10

b
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TABLE 2. Data for dissociation products of Nostoc sp. phycobilisomes

Species Growth PE/PC RAP with Structural
conditions' molar ratio species appearance

pH 7
A 30W 1.8:1 34, 32, 29 3-disk rods
B 30W 0.2:1 34.5, 29 2-disk rods
A 39W 1.9:1 34, 32, 29 3-disk rods
A 30G 1.8:1 34, 32, 29 3-disk rods

pH 5
B 30W 0.06:1 34.5, 29 2 disksb
C 30W, 39W 0.1:1 34, 29 Single disks
D 30W, 39W 21:1 34, 32 Not observed

aData are for phycobilisomes from cells grown in the conditions indicated and defined in the text.
b Appear as face-on view of two disks attached side by side.

peared in this region (fraction 15). The 95- and
45- to 50-kd peptides and AP were also present
in A and B regions of the pH 7 gradient. Electro-
pherograms of pH 5 dissociated 30W phycobili-
somes (Fig. 4b) showed that the B region (frac-
tion 13) contained only 34.5- and 29-kd RAPs,
the two RAPs found with the B sample from the
pH 7 gradient. Species C contained the 34- and
29-kd peptides as well as PC (fraction 18). The
PE component, D, had the 32-kd peptide and
some traces of the 34-kd peptide (fraction 24).
SDS-acrylamide gel analysis of the pH 7 and 5
gradients for 39W or 30G phycobilisomes dif-
fered from that of the 30W phycobilisomes only
in the absence of those polypeptides associated
with species B in pH 7 and 5 gradients.
The disposition of the RAPs throughout the

pH 5 gradient implied structural associations
between the 32-kd peptide and PE and between
the 34.5-, 34-, and 29-kd peptides and PC. The
material from peak B had the same major com-
ponents (PC subunits, 34.5- and 29-kd RAPs) in
both pH 5 and 7 gradients, suggesting that the
decrease in pH destabilized the rods of species
A, which dissociated into PC and PE species C
and D (Fig. 2b). The peptides that cosedimented
with AP in both gradients (95- and 45- to 50-kd
polypeptides) were probably associated with the
AP, since they have been isolated from Nostoc
sp. in complex with AP (32).
The compositional and structural data for the

rod-related dissociation products are summa-
rized in Table 2.

Fluorescence energy transfer of dissociation
products. Maximal fluorescence of species A
was at 652 nm, with a smaller maximum at 580
nm (Fig. Sa), indicating that the majority of the
PE in this material is energetically coupled to
PC. The 652-nm emission was interpreted as
red-shifted PC fluorescence characteristic of PC
in complex with RAPs (10, 19) and has been
observed in Nostoc sp. rod preparations in an-
other laboratory (13). The maximum fluores-
cence for species B (pH 7) occurred at 652 nm,

although substantial fluorescence was also ob-
served at 580 nm (Fig. Sa). Excitation of peak B
materials with 600-nm light yielded a 652-nm
emission, but at a ca. 10-fold-higher relative

.
100 ~~~a

50 -

100

C.
0

50

560 600 650 680
Wavelength (nm)

FIG. 5. Fluorescence energy transfer of dissocia-
tion products. (a) Samples from 0.3 M NaK-PO4 (pH
7) gradient: , species A; ...... species B. (b)
Samples from 0.3 M NaK-PO4 (pH 5) gradient: 9

species B; ...... species C. The long-wavelength maxi-
ma are at 652 nm.
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FIG. 6. Rod heterogeneity in Nostoc sp. phycobili-
somes. Disk boundaries are indicated by solid lines,
and each represents a hexamer of the specified phyco-
biliprotein with a single copy of a rod-associated
protein. The dotted lines indicate the trimer divisions.
The core binding sites are at the bottom of these
structures.

fluorescence intensity (data not shown), indicat-
ing that very little, if any, PE is coupled to PC in
this sample. The AP in both of these samples
was not functionally associated with rod compo-
nents in either species, as indicated by the
absence of a 680-nm fluorescence.
When excited at 500 nm, both B and C materi-

al from the pH 5 gradient had large emission
signals at 652 nm (Fig. Sb). Regardless of differ-
ences in dissociation states between pH 5 and 7,
a major portion of the fluorescence in B and C
samples (pH 5) was the result of a PC compo-
nent with a maximum of 652 nm. Both samples
demonstrated significant 580-nm emission sig-
nals, indicating the presence of PE that is not
coupled to PC.

DISCUSSION
Our characterization of the PE- and PC-rich

dissociation products from 30W phycobilisomes
suggested the existence of two classes of rod
structure in Nostoc sp. Partially dissociated
39W and 30G phycobilisomes lacked the PC-rich
rod component. The PC-rich material thus rep-
resents a second class of rod structure if the PE-
rich rods are identical and are attached directly
to the core in 39W, 30G, and 30W phycobili-
somes.
We propose that the PE-rich rods consist of

two PE hexamers and one PC hexamer. The 29-
kd RAP is needed to join PE-rich rods to cores
(13) and is placed at the PC terminus, where the
core binding site is located. Since the 32-kd
peptide is always associated with a PE complex,
it must be localized at the PE terminus of the
three-disk stack. The 34-kd peptide is found with
both PE and PC at pH 5 and is probably a
connector between PE and PC (Fig. 6). The PC-
rich rods have virtually no naturally bound PE,

TABLE 3. Mass estimations of 30W phycobilisome
dissociation products in pH 7 and 5 gradients

Protein or Wobs) XI M(calc) MY
dassociationM (kd)a
product (kY pH 7 pH 5 pH 7 pH 5

GS 592 0.6486 0.6944 591 616
B-PE 263 0.4864 0.5000 264 241
AvaAP 103 0.2973 0.3333 103 108
Species A 790 0.6757 680
Species B 510 0.5946 0.6389 450 470

a Marker protein observed mass values [M(obs)]
were determined as described in the text. The ob-
served mass values for species A and B were calculat-
ed assuming the rod compositions shown in Fig. 6.

b X = (N - n)/N, where N = total number of
fractions in the gradient and n = peak fraction number
for the species. The data were fit by least squares to
the equation In M = aX + b. For pH 7 gradients: a =
5.414, b = 9.780; pH 5 gradients: a = 5.256, b = 9.688.

c Calculated mass values [M(calc)] were determined
by use of these parameters and the X values listed in
the equation in footnote b.

based on SDS-acrylamide gels and fluorescence
data. Because these particles contain two hexa-
meric disks and the 29- and 34.5-kd RAPs and
because the 29-kd RAP is the connection to the
core, we conclude the structure has two PC
hexamers, the outer one complexed with the
34.5-kd RAP and the inner one associated with
the 29-kd RAP (Fig. 6).

Table 3 shows further data supporting this
model. The approximate masses of the dissocia-
tion products were estimated from their posi-
tions in sucrose gradients relative to the marker
proteins. AP, B-PE, and GS are stable as tri-
mers, hexamers, and dodecamers, respectively,
at both pH 7 and 5 (4, 9, 12, 14). Three Mr values
of 240, 265, and 280 kd have been obtained for
B-PE by different methods (7, 12). We assumed
a minimal mass of 263 kd for B-PE hexamers
because the I subunit of B-PE, with three chro-
mophores, is at least as large as the sequenced
PC ,B subunit of Mastigocladus laminosus, with
two chromophores (24). Since the a and f3
subunits of B-PE are equivalent in mass (7, 12),
a subunit mass of 19.4 kd (the PC j3 mass) was
assumed. A mass of 30 kd for the y subunit of B-
PE results in the 263-kd value for (a, P)67y used
in Table 3. The sum of the masses ofthe proteins
in the PE-rich rod model yields an approximate
mass of 790 kd, whereas the value calculated
from the sedimentation data is 680 kd. The
difference between the expected and the ob-
served masses is the equivalent of a phycobili-
protein trimer. Given the uncertainty in making
the mass estimates, a difference of one trimer for
a 3-hexamer structure does not contradict the
model. The expected mass of the PC-rich rods is
510 kd versus the calculated values of 450 kd
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(pH 7) or 470 kd (pH 5), supporting the model for
the PC-rich rods.
The independent structural roles for the two

types of rods is supported by the fluorescence
emission spectra. The 652-nm emission for both
rod species suggests similar functions in the
excitation transfer process. In Synechococcus
6301, the longer wavelength PC fluorescence
(652 versus 646 nm) is the result of interaction
between PC and the 27-kd RAP at the rod-core
interface. The smallest RAP is located at the
interface for rod and core in Synechococcus sp.
6301 (19), Synechocystis sp. 6701 (8), A. variabi-
lis (29, 30), and Nostoc sp. (13). After dissocia-
tion at pH 5, we found the 652-nm emission in
the stable PC-rich structure (species B) and the
PC dissociation product (species C) of the PE-
rich rods. The presence of the 29-kd RAP and
the 652-nm fluorescence at pH 7 indicates that
each structure contains PC-RAP complexes ca-
pable of transferring excitation directly to the
phycobilisome core.
The PE- and PC-rich rods described here are

remarkably similar in structure, composition,
and function to two complexes isolated from
Nostoc sp. by Glick and Zilinskas (13) and
Zilinskas (31), using different methods. These
authors performed reconstitution experiments
that suggested rod heterogeneity. Our physical
and biochemical data support this suggestion.

This paper documents the independent transi-
tions that temperature and light quality induce in
the phycobilisome population between a PC-
enriched, rod-heterogenous state and a PE-en-
riched, rod-uniform state. The PE enrichment
that occurs in green light is characteristic of
chromatic adaptation in cyanobacteria (3, 5, 25).
Chromatic adaptation optimizes cellular pigment
content for the quality of light in which the
organism grows. Three categories of adaptation
have been described (25). Group I cyanobacteria
do not adapt. Group II organisms control PE
levels by adjusting the amount of PE-RAP com-
plexes at the free ends of the rod structures, but
do not adjust the amount of PC (5, 8, 19). Group
III cyanobacteria control both PE and PC in a
complementary process, increasing PE and de-
creasing PC in green light and reversing this
response in red light. A second pair of inducible
PC subunits is the probable means of regulating
PC levels in most but not all group III organisms
(2, 3). How these extra PC subunits are accom-
modated within the phycobilisome structure is
not yet known.
Nostoc sp. strain MAC lacks the inducible PC

subunits and has been classified as a group II
adapter (16). Our data on isolated phycobili-
somes suggest that Nostoc sp. cells can vary the
amount of PC relative to PE and AP (Table 1)
and might be considered a group III organism on

the basis of changes in the overall levels of PE
and PC in response to light quality. The adapta-
tion response in Nostoc sp. is effected by con-
trolling the relative levels of the two types of rod
structures in the phycobilisome population.
Cells at an intermediate stage of green light
adaptation had decreased levels of the 34.5-kd
peptide (Fig. 1, track C), an intermediate PE/PC
molar ratio (Table 1), and an intermediate
amount of the PC-rich rods (data not shown).
The proposed regulation ofPE and PC in Nostoc
sp. by varying the levels of the PE- and PC-rich
rods could only result in an apparent comple-
mentary adaptation response, supporting a
group III designation.
The absence of the 34.5-kd RAP from whole-

cell extracts of 39W and 30G cells (unpublished
observation) implies that expression of the gene
for the 34.5-kd peptide is regulated independent-
ly by light and temperature. Control of PC and
PE production may be coordinated with that of
RAPs to achieve proper stoichiometery. Regula-
tion of gene expression by light quality is an
important adaptive response in many cyanobac-
teria (3, 16, 25). Our new observation that a
similar response can be elicited by changes in
temperature may provide a new approach to
investigating the adaptation phenomenon.
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ADDENDUM

After this paper was submitted, a report by Zilinskas
and Howell (Plant Physiol. 71:379-387, 1983) de-
scribed the affect of pink light on phycobilisome
structure in Nostoc sp. strain MAC. Their results,
obtained by using 37°C cultures in white light, were
idenstical to ours for 39W phycobilisomes. They in-
duced adaptation with pink light at 37°C and obtained
phycobilisomes similar to our 30W phycobilisomes,
thus confirming the idea that phycobilisome structure
in Nostoc sp. is regulated by light and temperature
conditions during growth.
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