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Kinetics of Energy Flow in the Phycobilisome Core

Abstract. Light energy absorbed by the 576 bilin chromophores in the six rods of
the phycobilisome of the cyanobacterium Synechocystis 6701 is funneled into a 1.5 X
10° dalton core. The 72 bilins of the core function as a single unit with respect to the
rate-limiting processes for energy flow within these particles.
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In cyanobacteria and red algae, light
spanning nearly the entire visible spec-
trum (450 to 650 nm) is used efficiently in
photosynthesis. This light harvesting is
performed by a family of intensely col-
ored proteins, biliproteins, organized
within macromolecular complexes called
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phycobilisomes (/). Detailed information
is available on the structure of two cyano-
bacterial phycobilisomes (2-5). A sche-
matic representation of the phycobili-
some of Synechocystis 6701 is shown in
Fig. 1. These phycobilisomes have mo-
lecular weights of ~7 X 10° daltons and
contain ~625 bilin chromophores. Ener-
gy absorbed by any one of these chromo-
phores is transferred to the terminal ac-
ceptors within the phycobilisome (Fig. 1)
with an efficiency >97 percent with re-
spect to the fluorescence of isolated phy-
cobiliproteins (6).

In an earlier study (6), we examined
the kinetics of energy flow within the
Synechocystis 6701 phycobilisome and
showed that disk-to-disk transfer was the
rate-limiting step for energy flow. Under
the assumption that the phycoerythrin-
to-phycoerythrin and phycoerythrin-to-
phycocyanin transfer times are equal,
the average disk-to-disk transfer time in

wild-type phycobilisomes (Fig. 1A) was
calculated to be 24 = 4 psec (mean
+ standard error of the mean). For 620-
nm excitation of phycocyanin in mutant
strain CM25 phycobilisomes (Fig. 1B),
the rise time of terminal acceptor emis-
sion at 680 nm was 25 * 4 psec (6). This
rise time includes delays arising from
disk-to-disk transfer from phycocyanin
to phycocyanin and from phycocyanin to
allophycocyanin, as well as from any
energy transfer within the core. We pre-
dict on the basis of our previous results
(6) that, if the phycocyanin-to-phycocy-
anin energy transfer time in the rods
and the phycocyanin-to-allophycocyanin
transfer time between the rods and the
core are similar to the average phycoery-
thrin-to-phycoerythrin and phycoery-
thrin-to-phycocyanin disk-to-disk trans-
fer time calculated in our previous study,
then the transfer of energy from allophy-
cocyanin to the terminal acceptors with-
in the core must take place in <10 psec
(7). This is a remarkably rapid transfer
rate since the core contains 68 allophy-
cocyanin chromophores and only four
terminal acceptor chromophores, two on
aFB polypeptides and two on L&y poly-
peptides (3).

We describe here experiments that
test our prediction. This test was made
possible by the isolation of highly puri-
fied phycobilisome cores (8) from a re-
cently described mutant of Synechocys-
tis 6701, strain UV16 (5). The purified
cores were examined by electron micros-
copy and sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-
PAGE), as well as by steady-state ab-
sorption and emission spectroscopy.
Electron microscopy of the purified core
preparation (Fig. 2) showed only parti-
cles virtually devoid of rod components
with the morphology of typical Synecho-
cystis 6701 wild-type phycobilisome
cores (4, 5, 9).

A comparison of the polypeptide pat-
terns of wild-type and strain CM25 phy-
cobilisomes, and of purified cores of
strain UV16, was obtained by means of
SDS-PAGE. Densitometric quantitation
of such gels showed that the purified
cores contained all of the core polypep-
tides present in wild-type phycobili-
somes, except that the level of L (see
Fig. 1A) was ~20 percent lower in the
purified cores than in the wild-type or
CM25 particles. Since a considerable
portion of this polypeptide lies outside
the core and is normally protected by the
proximal phycocyanin, it is possible that
the decrease in the amount of this poly-
peptide is due to proteolytic cleavage in
strain UV16, either within the cells or
during preparation.

1051



The absorption spectrum of the puri-
fied cores has a ratio of the absorbance
at 650 nm to the absorbance at 620 nm of
2.16 (8). This value is consistent with the
presence of no more than the equivalent
of one trimer of phycocyanin in these
particles (10). The maxima of the steady-
state emission spectra of purified cores
and of CM25 phycobilisomes, obtained
with 580-nm excitation, were coincident.

As in our earlier study (6), we used a
tunable picosecond, optical parametric
source (/1) to excite the samples. The
resulting emission was time-resolved
with an ultrafast streak camera (6). We
isolated the emission from the terminal

acceptors by detecting only the emission
that was passed by a 10-nm (full-width at
half-maximum) interference filter cen-
tered at 680 nm. This wavelength region
corresponds to the peak of the emission
from the terminal acceptors.

Figure 3A (thin trace) shows the time-
resolved emission at 680 nm from puri-
fied UV16 cores after excitation with
620-nm pulses. On the basis of the
known chromophore counts and the mo-
lar absorption spectra of the complexes
that make up the purified cores (10), >95
percent of the absorbance at 620 nm is
due to allophycocyanin. Direct absorp-
tion by the terminal acceptor complexes
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accounts for the balance. The time-re-
solved emission shown in Fig. 3A (thin
trace) represents the sum of the signal
from 3005 individual laser shots. The
smooth curve through the data is a com-
puter-generated curve obtained through
an iterative, convolute-and-compare fit-
ting technique (/2). For the purified
UV16 cores, an average, best-fit, single-
exponential rise time of 6.6 = 3.6 psec is
obtained. For the excitation pulse widths
(9.7 = 0.5 psec) used in this study, the
picosecond apparatus had an instrument-
limited rise time of ~6 psec; thus energy
transfer within the cores occurs on a
time scale faster than can be resolved
with the present instrumentation. This
assertion is confirmed by the time-re-
solved emission profile of 680-nm emis-
sion from a solution of nile blue laser dye
in methanol (Fig. 3B). The rise time of
the emission from such a solution is
expected to be <<1 psec (13). The non-
zero rise time of the emission from the
nile blue solution measured here (aver-
age, best-fit, single-exponential rise time
of 6.1 = 3.2 psec) is thus indicative of
the maximum temporal resolution avail-
able with the present apparatus.

Also shown in Fig. 3A (thick trace) is
the time-resolved, 680-nm emission pro-
file obtained from mutant strain CM25
phycobilisomes upon 620-nm excitation.
On the basis of the known chromophore
distribution and molar absorbance spec-
tra (3), we calculated that irradiation of
CM25 phycobilisomes with 620-nm light
would result in an initial distribution of
excitations that is localized predomi-
nantly in the rod substructures, with 83
percent of the light absorbed by phyco-
cyanin complexes in the rods and 17
percent absorbed by allophycocyanin
complexes in the core. The average,
best-fit, single-exponential rise time for
the CM25 emission profile is 25 + 4
psec, markedly slower than the rise time
of the UV 16 emission profile (Fig. 3A).

Fig. 1. Schematic representation of the struc-
ture of the wild-type phycobilisome from the
cyanobacterium Synechocystis 6701 (A) and
of incomplete phycobilisomes from the mu-
tant strains CM25 (B) and UV16 (C). Abbrevi-
ations: PEB, phycoerythrobilin; PCB, phyco-
cyanobilin (the number of bilins present in
each domain of the structure is shown in
parentheses); ofF and BFE, o and B subunits
of phycoerythrin; o?C and B¢, a and B sub-
units of phycocyanin; AP, allophycocyanin;
oa®PB o subunit of allophycocyanin B; L
denotes a linker polypeptide, and the sub-
script indicates its location (R, rod; RC, rod-
core junction; C, core; CM, core-membrane
junction); the superscript is its molecular
weight X 1073 (1, 3); AL.x, wavelength of the
emission maximum.
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These results provide new insights
into the details of energy transfer in
phycobilisomes. The cores can be
viewed as consisting of two distinct ener-
gy transfer domains; the upper core cyl-
inder in Fig. 1 consists solely of allophy-
cocyanin complexes, whereas each of
the two lower, identical core cylinders
contains one terminal acceptor chromo-
phore per set of five allophycocyanin-
type chromophores [that is, each pair of
trimeric disks in these cylinders contains
either an oA™® or an L&, polypeptide
terminal acceptor (3)]. Given the nearly
equal allophycocyanin chromophore
counts in each of the three core cylin-
ders, approximately one-third of the 620-
nm excitation will be absorbed in each
cylinder. Since all this excitation eventu-
ally arrives at the terminal acceptor,
there must be at least two intracore
transfer steps for energy that flows
through the upper core cylinder.

It is clear that energy transfer from
both the upper cylinder and the basal
cylinders must be very rapid to account
for the experimentally measured rise
time of the 680-nm terminal acceptor
emission from the UV16 cores. At pre-
sent, only the combination of these two
processes can be experimentally ob-
served. However, a kinetic model (7) can
be used to set limits on the possible
values for the rates of the individual
energy transfer steps. In particular, if the
rate of energy transfer between the up-
per cylinder and a basal cylinder is as-
sumed to be instantaneous, then the
longest possible transfer time within the
basal cylinder is <6 psec. Similarly, if
the transfer time within the basal cylin-
ders is assumed to be instantaneous, the
longest possible transfer time out of the
upper core cylinder is <11 psec. Earlier
measurements suggest that the latter
case is the most likely. The steady-state
emission spectra of core complexes con-
taining terminal acceptors are dominated
by the 680-nm emission of the terminal
acceptors, indicating very rapid energy
transfer (2). Perhaps more important,
transfer from the upper cylinder to the
basal cylinder is similar to an interdisk
transfer, whereas transfer within each
basal cylinder is an intradisk transfer.
We have demonstrated that intradisk
transfers in R-phycoerythrin and allo-
phycocyanin occur i <8 psec (6). It is
therefore likely that energy transfer from
the upper core cylinder to a basal cylin-
der is the rate-limiting step for energy
flow within the phycobilisome core, and
that the transfer time for this process is
<11 psec.

There is a major difference between
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Fig. 2. Electron micrograph of purified cores
from Synechocystis 6701 mutant strain UV 16.
The core particles are seen both in face view
and edge view. In face view, all three core
elements are clearly discernible. The arrow
points to two core particles in end-to-end
contact with each other seen in edge view;
uranyl formate negative stain; bar length, 100
nm.

the organization of the core and rod
substructures. In the core, the disk ele-
ments of the three contiguous cylinders
are in edge-to-edge contact; in the rods,
the disks are in face-to-face contact. The
finding that interdisk transfer in the core
is more rapid than in the rods leads to the
conclusion that the arrangement of do-
nor and acceptor chromophores in the
core is more favorable for energy trans-
fer than that in the rods. Indeed, these
results show that the 72 bilin chromo-
phores of the 1.5 X 10%-dalton core func-

Intensity

o 50 100 150

Time (psec)

200 250

Fig. 3. Time-resolved emission profiles. (A)
Temporal profiles of 680-nm emission from
UV16 cores (thin trace) and CM25 phycobili-
somes (thick trace). The smooth curves are
computer-generated fits to the data. (B) Tem-
poral profile of 680-nm emission from nile
blue in methanol. The excitation wavelength
in all cases was 620 nm.

tion as a single unit with respect to the
rate-limiting processes for energy flow in
phycobilisomes.
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