membrane (3). For hernandulcin, two
possible binding sites are the C-1 carbon-
yl and C-1' hydroxyl groups because the
sweet taste of the compound is lost when
these groups are modified (27). Since
these two functional groups are located
about 2.6 A apart in the preferred confor-
mation, this molecule closely fits the
Shallenberger model (22) for sweet-tast-
ing compounds. Thus, the structural sim-
plicity of hernandulcin, the availability
of a facile synthesis for it, and the in-
tense sweetness it exhibits make it a
target molecule for the further investiga-
tion of the relation between structure
and sweetness.
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Disk-to-Disk Transfer as the Rate-Limiting Step for

Energy Flow in Phycobilisomes

Abstract. A broadly tunable picosecond laser source and an ultrafast streak
camera were used to measure temporally and spectrally resolved emission from
intact phycobilisomes and from individual phycobiliproteins as a function of excita-
tion wavelength. Both wild-type and mutant phycobilisomes of the unicellular
cyanobacterium Synechocystis 6701 were examined, as well as two biliproteins, R-
phycoerythrin (240 kilodaltons, 34 bilins) and allophycocyanin (100 kilodaltons, 6
bilins). Measurements of intact phycobilisomes with known structural differences
showed that the addition of an average of 1.6 phycoerythrin disks in the phycobili-
some rod increased the overall energy transfer time by 30 = 5 picoseconds. In the
isolated phycobiliproteins the onset of emission was as prompt as that of a solution
of rhodamine B laser dye and was independent of excitation wavelength. This
imposes an upper limit of 8 picoseconds (instrument-limited) on the transfer time
from “‘sensitizing’’ to ‘‘fluorescing’’ chromophores in these biliproteins. These
results indicate that disk-to-disk transfer is the slowest energy transfer process in
phycobilisomes and, in combination with previous structural analyses, show that
with respect to energy transfer the lattice of approximately 625 light-harvesting
chromophores in the Synechocystis 6701 wild-type phycobilisome functions as a

linear five-point array.

Conversion of light energy to chemical
potential in biological photosynthetic
systems is accomplished in macromo-
lecular complexes composed of polypep-
tides and pigment molecules. A general
feature of these complexes is the pres-
ence of numerous chromophores (‘‘an-
tenna pigments’’), which absorb light
and transfer the excitation quantum to a
special chlorophyll or bacteriochloro-
phyll molecule in the ‘‘reaction center”’
for subsequent conversion to electron
flow (). Such complexes often contain
several hundred antenna chromophores
per reaction center. Since the overall
quantum efficiency for the transfer of
energy from the antenna to the reaction
center is typically ~90 percent (/), ener-
gy transfer to the reaction center must
compete successfully with pathways of
energy dissipation in the antenna, such
as fluorescence and nonradiative decay.
Because most light-harvesting complex-

es are integral membrane components,
information on the details of their molec--
ular architecture is limited (2). Conse-
quently, the structural basis for the high-
ly efficient transfer of energy in these
systems is not understood. However, an
opportunity to correlate the structure
and function of one light-harvesting sys-
tem is provided by the phycobilisome, an
antenna complex that efficiently funnels
light energy collected over a broad spec-
tral region and a large spatial area to the
reaction center of photosystem II in
cyanobacteria and red algae (3).
Phycobilisomes are peripheral mem-
brane complexes that can be readily iso-
lated without perturbing their structural
and functional properties (3). Phycobili-
some morphology depends on organis-
mal origin. These particles have molecu-
lar weights from 7 x 10° to 15 x 10°,
contain between 300 and 800 tetrapyrrole
(bilin) chromophores, and absorb light
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over much of the visible spectrum. Ener-
gy absorbed by any of these chromo-
phores is efficiently transferred to termi-
nal energy acceptors in the particle via
energetically favorable radiationless
pathways (3). Phycobilisomes consist of
rods made of stacked disks that radiate
from a central core. They are construct-
ed of phycobiliproteins, a family of bril-
liantly colored, water-soluble, oligomer-
ic proteins that carry various covalently
attached bilin prosthetic groups (4, 5).
The structures of phycobilisomes from
Synechocystis 6701 and from the mutant
strain CM25 (6) are diagramed in Fig. 1.
The structures of the two particles are
identical except that the phycoerythrin

Synechocystis 6701 wild type
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complexes that form the outer portions
of the rod subassemblies are absent in
the mutant phycobilisome. Also shown
in Fig. 1 are the major species involved
in the energy transfer pathway in Syne-
chocystis 6701 phycobilisomes. Previous
studies of Synechocystis 6701 wild-type
phycobilisomes (4—6) have indicated that
if each disk is considered as a single
chromophoric unit, a maximum of five
disk-to-disk transfers is required to
convey the excitation energy to the ter-
minal emitters: PE(30.5K) — PE(31.5K)
— PC(33.5K) — PC(27K) ~> allophyco-
cyanin complexes — terminal acceptors,
where PE(30.5K), PE(31.5K), and so
forth refer to disk complexes that make
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up the rod substructures of the phyco-
bilisome (Fig. 1).

The phycobiliprotein complexes that
make up the individual disks have fluo-
rescence lifetimes of ~2 nsec (7-9). For
making a rough calculation, we assume
that all the transfers are equally efficient.
For a five-step process, the 90 percent
overall energy transfer efficiency ob-
served (10) would require a 98 percent
quantum transfer efficiency at each step.
Given that each transfer competes with a
fluorescence lifetime of ~2 nsec, a trans-
fer efficiency of 98 percent implies that
the overall time constant for the disk-to-
disk transfer process must be ~40 psec.

To test the validity of this estimate, we

Synechocystis 6701
strain cm25
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Major steps in the energy transfer pathway
in Synechocystis 6701 phycobilisomes
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Fig. 1. Diagrammatic representation of the structure of Synechocystis 6701 and mutant strain CM25 phycobilisomes. Each disk is a hexameric
biliprotein aggregate held together and joined to its nearest neighbor proximal to the core by a linker polypeptide, X, where X = 30.5K, 31.5K,
and so forth. Thus the composition of each disk is (aB)sX. The number of bilins associated with each biliprotein in these phycobilisomes and the
direction of energy transfer are also shown. The asterisk indicates that the bilin content given for allophycocyanin includes two bilins, which are
each attached to a separate copy of an 18.5K polypeptide that forms a part of the core of this phycobilisome (5, 6).
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examined the Kinetics of emission from
intact phycobilisomes with picosecond
resolution. For these studies and for the
measurements of individual phycobili-
proteins the excitation source was the
output of a tunable, picosecond, optical
parametric source (OPS) (/1) pumped by
the third harmonic of a single amplified
pulse from a passively mode-locked
Nd:YAG laser system (YG400, Quan-
tel). The OPS output typically consisted
of 50- to 100-pJ, 10- to 15-psec pulses at
a repetition rate of 10 Hz. The OPS
wavelength could be continuously tuned
from 450 to 630 nm. An ultrafast streak
camera (IMACON 500, Hadland Photon-
ics) with diode array readout (IDARSS,
Tracor-Northern) was used to time-re-
solve the emission (/2). The sample was
excited with vertically polarized light.
The emission was observed through a
Glan-Taylor prism at 54.7° to minimize
polarization effects. Data presented here
typically represent the sum of the signal
produced by 500 laser pulses. Such ex-
tensive averaging is necessary to achieve
high signal-to-noise ratios at the low ex-
citation energies required for these ex-
periments. One measure of the overall
efficiency and sensitivity of the detection
system is that Raman scattering from the
solvent can be routinely observed. Spec-
tral filtering of the emission through 10-
nm bandpass (full-width at half-maxi-
mum) interference filters allowed dis-
crimination between the various com-
ponents of the phycobilisome or phyco-
biliprotein emission. The broad tunabili-
ty of the OPS was exploited to provide
selective excitation at any point in any of
the absorption bands of the chromo-
phores of the samples examined, except
the peak of the 650-nm band of allophy-
cocyanin. Power densities used ranged
from <10'%2 to 10'* photons per square
centimeter. For phycoerythrin, the bili-
protein with the largest number of chro-
mophores, the corresponding probabili-
ties of exciting more than one chromo-
phore per disk at these power density
limits are <0.002 and 16.3 percent, re-
spectively, for excitation at the peak
absorption wavelength, 563 nm.

Synechocystis 6701 wild-type and
CM2S5 mutant phycobilisomes were pre-
pared from exponentially growing cya-
nobacterial cultures (6). Samples were
stored in 0.75M sodium-potassium-phos-
phate buffer (pH 8.0)-0.75M sucrose at
4°C. Both steady-state emission spectra
and time-resolved measurements indi-
cated that the preparations were essen-
tially free of dissociated material.

The wild-type and CM25 phycobili-
somes differ (Fig. 1) in that the mutant
lacks phycoerythrin disks at the ends of
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Fig. 2. Time-resolved 680-nm emission from
terminal acceptors of Synechocystis 6701
(heavy trace) and CM25 (light trace) phyco-
bilisomes. Excitation wavelengths were 570
nm (A) and 620 nm (B). The smooth curves
are computer-generated fits to the data with
rise times of 47 psec [Synechocystis 6701 (A)],
21 psec [CM25 (A)], and 25 psec (B).

the rods whereas the wild-type particles
contain an average of 1.6 disks per rod
(6). The polypeptide compositions of the
two phycobilisomes are identical with
respect to all other components, as are
their absorption and circular dichroism
spectra above 600 nm. Electron micro-
graphs of CM25 phycobilisomes show
that they have shorter rods than wild-
type particles, but otherwise their mor-
phology is equivalent (6). Excitation of
either phycobilisome at 570 nm results in
virtually identical steady-state emission
spectra with maxima at 676 nm. In wild-
type phycobilisomes 570-nm light is ab-
sorbed by phycoerythrin (75 percent),
phycocyanin (21 percent), and allophy-
cocyanin (4 percent), whereas in CM25
phycobilisomes 83 percent of 570-nm
light is absorbed by phycocyanin and
virtually all of the remainder by allophy-
cocyanin. The availability of both wild-
type and mutant phycobilisomes offers a
unique opportunity for comparative
studies to determine the time required
for energy absorbed by the phycoery-
thrin disks to be transferred to the phy-
cocyanin disks.

The results of picosecond kinetics
studies of these phycobilisomes are
shown in Fig. 2. The data shown repre-
sent the accumulation of signal from 500
laser shots. The smooth curves are com-
puter-generated fits to the data. Parame-
ters for the fits were obtained through
an iterative ‘‘convolute-and-compare’’
technique (12). Fig. 2A shows the time-
resolved emission from the terminal en-
ergy acceptors of the phycobilisome at

680 nm after excitation at 570 nm. The
best fits to the wild-type phycobilisome
data give an average exponential rise
time of 56 + 8 psec. The CM25 data give
an average best-fit exponential rise time
of 25 + 4 psec (/3). The important result
is that the difference in emission delay
time between the two structures is
30 £ S psec (I4). We take this time to be
a direct measure of the average transit
time for the energy from the outermost
phycoerythrin disks to the closest phy-
cocyanin disk in the phycobilisomes.
Within experimental error, a decrease in
the excitation power density by a factor
of 10 did not change the observed time
(15).

To ensure that the results for these
two phycobilisomes can be compared,
we performed an experiment for which
the results should be independent of the
structural differences between the two
phycobilisomes. We tuned the excitation
wavelength to the 620-nm absorption
maximum of phycocyanin so that the
phycocyanin complexes of the mutant
and wild-type phycobilisomes were di-
rectly excited. The temporal profiles of
680-nm emission from the terminal ac-
ceptors on excitation at 620 nm are
shown in Fig. 2B. As is readily apparent
from the similarity of the profiles, there
is no difference between the rates at
which phycocyanin disks in the struc-
tures funnel quanta to the terminal ac-
ceptors. The average best-fit exponential
rise time for wild-type phycobilisomes is
28 * 4 psec and that for CM25 phyco-
bilisomes is 25 * 4 psec.

As a further independent measure of
the transfer time between phycoerythrin
and phycocyanin disks, emission from
phycoerythrin in wild-type phycobili-
somes was selectively excited at 530 nm
and selectively detected at 570 nm. A
typical time-resolved emission trace
(Fig. 3) gives a best-fit decay constant of
27 psec. An important aspect of the
curve in Fig. 3 relates to sample purity
and reproducibility. The data in Fig. 3
were obtained from a 10-month-old sam-
ple. This sample showed a 2.5 percent
contribution of long-lived emission aris-
ing from phycoerythrin that cannot un-
dergo rapid energy transfer because it is
no longer associated into a phycobili-
some. In fresh (less than 1-week-old)
samples, this long-lived emission was
below the detection limit (<0.1 percent).
The presence of small amounts (=2.5
percent) of dissociated phycobilisomes
had no detectable effect on the rapidly
decaying component of the phycoery-
thrin emission from intact particles. The
average time constant for this decay,
obtained from data taken on five differ-
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ent preparations at two different power
levels (~10'2 and ~10'> photons per
square centimeter) over a period of 7
months, was 28 * 4 psec.

All the independent measurements re-
ported here are internally consistent. For
example, if the observed times for trans-
fer from phycocyanin to the terminal
acceptor are considered, the measured
phycoerythrin fall time predicts that
overall transfer time from an intact wild-
type phycobilisome should be 55 + 10
psec, compared to the observed 56 = 8
psec. Furthermore, if it is assumed that
C-phycoerythrin in situ in Synechocystis
6701 phycobilisomes has a lifetime of
~1.5 nsec [the value found for the isolat-
ed biliprotein (8)] in the absence of ener-
gy transfer, the observed time constant
indicates a 98.2 percent efficiency for
transfer to phycocyanin. A similar esti-
mate has been made (/0) for the efficien-
cy of transfer from the phycoerythrin of
Porphyridium cruentum phycobilisomes.

From the comparative studies de-
scribed above, we have determined the
average time delay for energy transfer
associated with the addition of an aver-
age of 1.6 phycoerythrin disks to other-
wise unchanged rods. It is important to
emphasize that the measured time delay
is the sum of all time delays between the
initial excitation of a phycoerythrin chro-
mophore and the arrival of the excitation
quantum at an adjacent phycocyanin
disk, and to point out that the phycoery-
thrin disks themselves are complicated
structures. For example, R-phycoery-
thrin carries 34-bilin chromophores in a
(aB)¢y disk-shaped assembly of 110 by
60 A (4). This phycoerythrin hexamer
represents an individual disk in the rod
substructure. The bilin chromophores in
a given biliprotein fall into two classes,
sensitizing (s) and fluorescing (f) on the
basis of the absorption and emission
spectra of the disks (7). For example,
there are several maxima in the absorp-
tion spectrum, as seen in Fig. 4 for R-
phycoerythrin. The emission spectrum
of R-phycoerythrin shows only a single
peak at 578 nm. The two higher energy
peaks in the absorption spectrum are
assigned to s chromophores, while the
lowest energy absorption peak corre-
sponds to f chromophores. These assign-
ments are supported by steady-state po-
larization measurements (7), which show
that randomly polarized emission results
from blue excitation, while substantial
polarization is observed with red excita-
tion. These observations provide evi-
dence for energy flow between the s and
f chromophores in the disks. As noted
above for the overall energy transfer
process, since this intradisk energy
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Fig. 3. Time-resolved emission from C-phyco-
erythrin in intact Synechocystis 6701 phyco-
bilisomes for excitation at 530 nm and detec-
tion at 570 nm. The smooth curve is the best
double-exponential fit to the data with fall
times of 27 psec (97.5 percent amplitude) and
1.5 nsec (2.5 percent amplitude).

transfer competes efficiently with the
fluorescence lifetime of the s chromo-
phores, the internal s to f transfer time
must be very short.

There are thus two distinct types of
energy transfer events that can influence
the time required for a quantum initially
absorbed in a phycoerythrin disk to ap-
pear in a phycocyanin disk: intradisk s to
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Fig. 4. Effect of excitation wavelength on
emission rise time for isolated R-phycoery-
thrin. (Top) Excitation wavelengths shown in
comparison to the R-phycoerythrin absorp-
tion spectrum. (Bottom) Rising portion of
time-resolved, 600-nm emission from R-phy-
coerythrin for excitation at 470 nm (a), 496 nm
(b), 540 nm (c), and 565 nm (d), and of 600-nm
emission from rhodamine B in ethanol for
excitation at 470 nm (e). Smooth curves show
computer-generated fits to the data with rise

‘times of 6.6 psec (a), 2.2 psec (b), 6.5 psec (c),

4.6 psec (d), and 7.0 psec (e).

f transfer and interdisk phycoerythrin to
phycocyanin transfer. For phycobili-
somes with more than one phycoerythrin
disk per rod, interdisk phycoerythrin to
phycoerythrin transfer must also be con-
sidered. To provide a foundation for
understanding energy transfer in phyco-
bilisomes, we examined the s to f energy
transfer process in the individual phyco-
biliproteins Gastroclonium coulteri R-
phycoerythrin and Arabaena variabilis
allophycocyanin. The properties of R-
phycoerythrin were noted above. Allo-
phycocyanin carries 6 bilins per (af);
trimer and is a component of the core.

Exposure of phycobilisomes to solu-
tions of near neutral pH and moderate
ionic strength (0.05 to 0.2M) leads to
dissociation of the particles (3, 4). De-
pending on the phycobilisome and the
particular biliprotein, certain dissocia-
tion products of the phycobilisome retain
the aggregation state and, either wholly
or in large measure, the spectroscopic
properties that they possessed in the
native structure (4). R-phycoerythrin
and allophycocyanin satisfy two impor-
tant criteria. First, of the biliproteins
studied to date, their aggregation state
and spectroscopic properties are least
altered by the isolation procedures. Sec-
ond, they represent biliproteins that are
at the two extremes of bilin content (4).
R-phycoerythrin appears to fully retain
the spectroscopic characteristics it ex-
hibits in phycobilisomes. Allophyco-
cyanin has a 650-nm absorbance ~20
percent lower and a 620-nm absorbance
~5 percent higher than that calculated
for this trimer in the intact phycobili-
some (/6). All biliprotein preparations
were obtained by established procedures
(17) and were purified to homogeneity.
All solutions used for spectroscopic
measurements were monodisperse, as
judged from absorption and emission
characteristics.

By monitoring the effect of excitation
wavelength on the temporal profile of
emission from the f chromophores, the
rate of energy transfer in a phycobilipro-
tein can be directly determined. Such
data are shown in Fig. 4. For compari-
son, the emission profile of rhodamine
B, known to have an essentially instanta-
neous rise time on this time scale (18), is
also shown. Typical fits are superim-
posed on the data. Pertinent results are
compiled in Table 1. Examination of
these temporal profiles reveals that for
R-phycoerythrin there is no delay in the
rise of emission with blue excitation
compared to the rise with red excitation.
Similar results were found for allophyco-
cyanin (Table 1). Our measurements put
an upper limit of 8 psec (instrument-
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limited) on the transfer from s to f chro-
mophores. This finding is consistent with
that of previous studies of isolated phy-
cobiliproteins (8) and with the observa-
tion of a spectrally sharp onset of fluo-
rescence at 565 nm in the steady-state
spectrum and a lack of detectable emis-
sion at 550 nm that could be attributed to
s chromophores.

This result has an important bearing
on the interpretation of energy transfer
dynamics in intact phycobilisomes. We
have shown that communication of ener-
gy between s and f chromophores in
individual disks is essentially instanta-
neous on the time scale of these experi-
ments. Given the results for intact phy-
cobilisomes, this indicates that disk-to-
disk transfer must be the rate-limiting
energy transfer process in these phyco-
bilisomes. Together with the findings of
previous structural analyses (4-6), these
results show that, with respect to energy
transfer, the lattice of ~625 light-har-
vesting chromophores in the Synecho-
cystis 6701 wild-type phycobilisome
(Fig. 1) functions as a linear five-point
array.

If disk-to-disk transfer is the rate-limit-
ing step, the Kinetics of energy transfer
in phycobilisomes can be modeled in a
straightforward manner. In this model it
is assumed that all disk-to-disk transfer
times in rods are equivalent. Seemingly
disparate results obtained by others on
various intact phycobilisomes can be
predicted solely on the basis of known
phycobilisome structures. Gillbro et al.
(19) recently compared the kinetics of
energy transfer in the phycobilisomes of
Synechococcus 6301 and a mutant,
AN112, obtained from the laboratory of
one of us (A.N.G.). The difference be-
tween the wild-type and mutant particles
is limited to the rod substructures, which
have an average of three phycocyanin
disks for the wild type and one for the
mutant (20). On excitation of these struc-
tures at 620 nm, recovery of absorption
at 620 nm was 84 * 8 psec for the wild
type and 43 = 8 psec for the mutant (/9).
The kinetic model predicts that the
41 = 16 psec difference with a change in
rod length of two disks arises from a
disk-to-disk transfer time of 26 + 8 psec,
whereas a disk-to-disk transfer time of
24 * 4 psec is predicted on the basis of
the results presented here for Synecho-
cystis 6701.

As reported above for wild-type Syne-
chocystis 6701 phycobilisomes with an
average of 1.6 phycoerythrin and 2 phy-
cocyanin disks per rod, we find a rise
time of 56 + 8 psec for terminal acceptor
emission at 680 nm on 570-nm excitation
and a C-phycoerythrin fall time of 28 + 4
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Table 1. Best-fit emission rise times for isolat-
ed phycobiliproteins and the rhodamine B
control.

Excitation Detection ﬁ]%e}si;-e
wavelength wavelength time
(nm) (nm) (psec)
R-phycoerythrin
470 600 6.6*
496 600 2.27
540 600 6.5%
565 600 4.68
Allophycocyanin
532 670 0.2
575 670 - 6.9
619 670 5.5
Rhodamine B
470 600 7.0l
470 600 0.8
530 600 7.4
530 600 8.7
530 600 7.7
*Curve a in Fig. 4. tCurve b. tCurve c.
§Curve d. ||Curve e.

psec. In a study of the hemidiscoidal
phycobilisome Rhodella violacea, which
is morphologically similar to Synecho-
cystis 6701 but which has a different rod
biliprotein composition, Holzwarth et al.
(21) reported a rise time of 55 psec for
672-nm fluorescence on excitation at 571
nm, a B-phycoerythrin recovery time in
a photobleaching experiment of 28 psec,
and a B-phycoerythrin emission fall time
of 34 psec. In studies of phycobilisomes
from Nostoc species, which have a rod
morphology nearly identical to that of
Synechocystis 6701, Wong et al. (8)
found a B-phycoerythrin fall time of
34 + 13 psec. From these comparisons
we feel that the qualitative features of
the model proposed here are likely to
hold for phycobilisomes of various mor-
phologies and biliprotein compositions.
A. N. GLAZER
Department of Microbiology and
Immunology, University of
California, Berkeley 94720
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