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Abstract—A detailed experimental study of the effect of intensity of a 6 ps excitation pulse on the decay
kinetics and yicld from phycobilisomes (PBsomes) is presented. The fluorescence from the e-phycoeryth-
rin {PE) emission [rom PBsomes was found to decay as a single exponential with a time of 31 + 4 ps for
. #n excitation intensity <10'* photonsfcm? per pulse. The risetime of the c-phycocyanin (PC) and
allophycocyanin (APC) cmission from PBsomes was found to be 34 + 13 ps. Therefore, at low excitation
inlensities, the enerpy transfer time between the constituent phycobiliproteins, PE and PC, is messured
10 be 34 + 13 ps from the Avorescence decay time of PE and the fluorescence risetime of the PC and
. APC emission. The fluorescence yield from the PE emission component in PBsomes was found to be
’ intensity dependent for excitalion intensities > 10'# photonsjem®. The decrease in yield with increased
ntensity in this case occurred at a higher intensity than in the isolated phycobiliprotein PE. The
fluorescence yield of the PC and APC emission component was also found to decrease markedly with
increasing excitation intensity. This is in conirast to the case of the isolated phycobiliprotein APC which
showed only a slight quenching of the fluorescence. The higher grenching observed for the APC

i

emission in the PBsome evidences the higher effective absorption of APC via energy transfer from PE 10

PC and APC,

INTROBUCTION

The pathway of energy transfer in the light-harvesting
pigment complexes of oxygen evolving photosynthetic
organisms, is most easily followed in the phycobili-
somes (PBsomes)} (Gantt,' 1975) which occur natur-
ally in red and blue-green algae. Energy transfer in
PBsomes is genecrafly considered to occur by the
Forster inductive resonance mechanism from the
shorter to the longer wavelength absotbing pigments:
phycoerythrin  (PE}y— phycocyanin (PC)-— allophy-

“cocyanin (APC) (Duysens, 1952; Dale and Tealc,

1970: Gantt and Lipshultz, 1973; Grabowski and
Gantt. 1978; Searle et al., 1978), followed by transfer
to chlorophyll a in the thylakoid membrane. Tomita
and Rabinowitch (1962} reported energy transfer
times from b-phycoerythrin to r-phycocyanin of
300 & 200ps and from APC to chlorophiyll a of
500 + 200 ps. Estimates of the Forster critical dis-
tances and the interchromophore distances by Dale
and Teale (1970) when combined with the intrinsic
fluorescence lifetime of the bilin prosthetic group,
yield a Forster pair-wise transfer time of <10ps.
More recently, by using a model of hemispherical,
concentric iayers for the PBsomes, Grabowski and

*Part 11l in the series. )
$Abbreviations used: APC, allophycocyanin: PBsome,
phycabilisome: PC, c-phycocyanin: PE. ¢-phycoerythrin.

" Gantt {1978} estimaied the mean energy transfer ume

from the PE layer to the PC layer to be 280 + 40ps
in the red algae. The only measurement by pico-
second lime-resolved fluorescence techniques so far
has been made on PBsomes of Porphyridinm cruentum
by Searle et al, {1978), wherz it was found that energy
transfer from b-PE to APC produced a rise-time for
APC fluorescence of 120 ps.

The structure of the PBsomes of the blue-green alga

- Nostec sp. (Bryant et af,, 1979) consists of 6 rod-like

projections attached to a central hemisphericai core.
Each rod consists of 6 PE monomer disks stacked on
top of 2 PC monomer disks. The central core consists
of 12APC monomer disks. Preliminary studies by
Grabowski and Gantt (1978) have suggested that the
efficiency of energy transfer is greater in PBsomes iso-
lated from biuergreen algae than from red algae. In
addition, there presently exists an apparent anomaly
in the fluorescence properties of APC. Measurements
on isolated APC have given lifetimes of <3 s (Gra-
bowski-and Gant, 1978; Wong er ol., 1981), while it
has been suggested by Scarle et al. (1978) that the
lifetime is 4 ns in isolated PBsomes of P. cruentuin.
One would expect however that the PBsomes, being
an aggregate of biliproteins, should be more suscep-
tible to exciton annihilation effects and presumably
show a shorter lifetime for the APC fluorescence com-
ponent than can be observed in solution. Thus, it is
evident that new experimental results are necessary to
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answer some ‘of the above questions and to gain
further understanding of energy transfer in PBsomes. -

The present work reports on the first application of

direct picosecond fuorescence techniques to the study -

of PBsomes isolated from a blue-green alga, Nostoc
sp. Fluorescence rise and decay kinetics and yields of
the emission from the cyanophycean PE and com-
bined cyanophycean PC and APC in the PBsomes
were studied as a function of the intensity of a single
530nm. 6ps excitation pulse over - the. Tange
1012103 photons/cm?®.

MATERIALS AND. METHODS

Nostoe sp, was grown in a lermentor on medium CG-10°
. (Ingram and Van Baalen, 1970} according to the method

described by Rusckowski and Zilinskas (1980}, Phycobili-

*.: somes were isolated as described by Zilinskas et al. (1978),

by & modification of the procedure of Gray and Gantt
{1975). and stored in pellet form at 4-C until used. Experi-

. mental samples were prepared from pellets within a week -
of isolation by resuspension in 0.75 M phosphate buffer.”

. pH 7.a1 23°C. The OD of the suspension was 0.5 at 530 am
-in a 2mm-cuveile, Precautions were taken to ensure
sample homogeneity and-lo minimize settling eflects by
mixing the suspension every 10min." Absorption spectra
were recorded at room temperature in a Cary 17D record-
ing spectrophotometer. The {fluorescence specira were

measured in a Aminco-Bowman spectrofiuorometer

equipped with R446S (Hamamatsu TV photomultiplier
tube),

The fAuorescence kinelics were detected using a streak
camera Optical Multichannel Analyzer system previously
described by Wong er al. (1981) and’ Yu et al. {1977). A
trin of ~ 100 pulses at 1.06 ym was obtained from a made-
locked. MNd:glass ldser. A single. pulse was selected by acti-

vation.of a 5 ns Pockels cell shutier from a laser triggered |

nitrogen spark gap cell, The selected pulse was amplified
and frequency doubled to provide a single excitation pulse
of ~6ps duration at 530nm. The beam was collimated
and imaged to an eiliptical spot size 6f 2 x 1 mm of uni-
form intensity onto the sample. The sample was frontally
excited and the Auorescence collected with f = 1.25 optics
and imaged onto the entrance stit of a Hamamatsu streak
camera. The streak camera maps the temporal intensity
profile of the fluorescence ‘onic a spatial axis, The output
streak trace is digitized by an Optical Multichannel Ana-
lyzer (OMA) from Princeton Applied Research and subse-
quently stored and processed in a [Digital Equipment Cor-

poration Declab PDP 11,03 minicomputer. The data is -

normalized in time and intensity for non-linearities in the

streak rate and is analyzed through appropriate use of sigs’

nal averaging and curve fitting techniques. The time resolu-
.tion of the faser-streak camera system is <12 ps.
Phycoerythrin fluarescence was spectrally isolated by
_using a combination 'of & Corning 3-67 glass filter and an
Optical Coating Laboratories - Cyan - Dichroic  filter
{600-800nm cut-offf, Alophycocyanin fluorescerice was
observed by ‘replacing the Cyan Dichroic filter with 4

Magenta Dichroic filter {50600 nm cut-off region). ;

RESULTS .

_ The steady state absorption. fluorescence and exci-
tation emission spectra of PBsomes are dispiayed in

Fig. 1. The éxperimental results obtained for the tran-

sient fluorescence and quantum yield of the phycobili-
protein components in PBsomes will be presented in
this section.
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~ Figure 1, The aBsorpii-qn s[ﬁcc(ru;jﬂ-(a) an.d the fluorescence

emission and excitation spectra (b) for Nostor sp. PBsomes.
The PBsomes were suspended m 075 M potassium phos-
phate buffer, pH 7, to an absorbance of 0.1 at 620 nm in a

. I cm pathlength civette for the fluorescence measurements.

The fAuorescence was analyzed at 690 nm for the excitation
spectrum, - The PBsomes were excited at 530nm for the
emission specttum. The individual absorplion maximum
for biliproteins decurs at 580 nm for PE, 650 nm for PC.
660 nm for APC 11 and 111, and 670 nm for APC I and B.

Phycoerythrin fluorestence in phycobilisomes

We isolated the spectral region 560-600nm for
measurements on PE fluorescence (emission peak at
575 nm). Excitation of a suspension of PBsomes iso-

lated from Nostoc sp. with a single 6ps pulse of
- 530 nm showed that the rise of the PE fluorescence

was within the resolution time of .our instrument

. £12ps. A typical-fluorescence decay curve for the PE

emission component in PBsomes is shown in Fig. 2.
The fuorescence relaxation kinetics for PE in the

_ PBsomes were found to be exponential and intensity

independent over the excitation intensily range

©1013210'% photonsjom?® (Fig. 3). The relaxation life-

time of PE fluorescence for intensities <10'* pho-
tons/cm? was 31 4 4 ps, which is shorter than that
reported by Searle er al. (1978) for PBsomes isolated

- am
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PE in PBS!

INTENSITY {arbitrary units)

TIME (50 ps per division)

Figure 2. Emission decay profile of PE fluorescence in
PBsome excited by 6ps, 530nm laser pulse. The dots
denote the experimental trace while the solid line shows
the calculated fit to the data. At an excitation intensity of
1.8 x 10'* photons/em?, the decay was fitted to a single
exponential curve with a lifetime of 31 ps. The first pulse is
a 530 nm prepulse used to provide a reference mark on the

T o time, axis. dr i

from P. cruentum. At higher intensity the PE emission
was found to decay exponentially with a lifetime of
~23 ps. This is consistent with the studies of Gra-
bowski and Gantt {1978) who predicted a more effi-
cient energy transfer in the PBsomes of blue-green
algae than from those of the red algae. This decay
time is much faster than that observed in isolated PE
(Wong et al, 1981) due to the presence of energy
transfer to PC and APC within the PBsome.

The equation describing exciton anaihilation pro-
posed by Swenberg et al. (1976) was fit to the experi-
mental data. The relative intensity scale was then nor-
malized in order to obtain unity quantum yield at low
intensity. Because of the fast relaxation decay and low
gquantum yield of PE due to efficient energy transfer
to PC, it was not possibile te extend our measure-
ments below 5 x 103 photons/em? with our present
apparatus. However, from similar measurements per-
formed on other photosynthetic organisms (Wong et
al., 1981 Swenberg et al.. 1978) an excitation intensity
of 5 x 103 photons/cm? is considered low, This nor-
malization is not completely arbitrary, since the fiuor-
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Figure 3. Plot of PE relaxation times in PBsome as a func-
tion of excitation pulse intensity.
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Figure 4. Relative fluorescence yield of PE in PBsome vs.
excitation pulse intensity. The relative fluorescence yield

‘was calculated as the total integrated area under the best-

fit curve, Error bars denote one standard deviation.

escence quantum yield is observed to be approxi-
mately constant over the inlensity region from
6 % 10! to 3 x 10'* photonsfcm?® per pulse for PE,
The normalized fluorescence yield is shown in Fig. 4.
The fluorescence yvield can be seen to decrease at an_
intensity of ~3 x 10'* photons/cm? per pulse. The
decline of the fluorescence quantum yield from the PE
emission from PBsomes occurs at a higher intensity
than in the isolated phycobiliprotein PE.

Phycocyanin and allophycocyanin fluorescence

Fluorescence from PC and APC was studied by
observing emission beyond 600 nm. A typical fluor-
escence rise curve for PC and APC emission is shown
in Fig, 5 and is compared with the resolution limited
risetime for a 0.2 mM solution of erythrosin in water.
At low pulse intensities (I ~ 6 x 10'? photons/cm?),
the time for the PC and APC fluorescence to rise
from 10 to 90%, of the maximum level was 34 + 13 ps
(14 measurements). The fluorescence decay showed a
pronounced dependence on the excitation intensity
(Fig. 6). Over the iniensity range studied, the decay
kinetics were non-exponential, but could be ad-
equately fitted with a sum of two exponentials. The

ey
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Figure 5. Fluorescence riss of APC fluorescence in

PBsomes at 7 x 10" photons/em® per pulse, superim-

posed on the fuorescence rise of 0.2mAf erythrosin in

water. The first pulse is a 530 nm prepulse used for time
reference,
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Figure 6. Decay profile of APC Auorescence in PBsomes
at different single pulse excitation intensities, I. Figure A
displays the fluorescence decay obtained at 2 x 10" pho-
tons.cm? per pulse. The curve through the data is a plot of
I'=e™'22 4 21e7' 13" Figure B displays the fuor-
escence decay obtained at 2.6 x 10'® photons/em? per
pulse. The curve drawn through the data is a plot of
I'=82e "™ +e7'°" The first pulse in 6B is a 530 nm
prepulse used for time reference.

fluorescence decay profile has been presented in terms
of the equivalent decay of a single exponential in
order (o obtain a better understanding of the overall
intensity dependence. The 1/e time was obiained by
defining an equivalent single exponential as:
Aexp{—1if7) = A, exp{~rfrl;) + Azexp(—t/ty)

where

T=(4, + A2171T2/(A1Tz:'+ :AzTﬁA o
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- Figure 7. Plot of APC 1/¢ relaxation lifetime, vs. the exci-
tation pulse intensity. Error bars denote one standard
deviation.
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Figure 8. Relative fluorescence yield of APC vs. excitation

pulse intensity, The relative flucrescence yield was based

on the total integrated area under the best-fit exponential.
Error bars denote one standard deviation.

In Fig. 7 a plot of the l/e decay times as a function
of the intensity of the excitation pulse is displayed.
The relative amplitudes and lifetimes for a typical flu-
orescence intensity profile at both the low and high
intensity regions can be described as follows; at a
pulse intensity of 2.7 x 10°* photons/cm? the decay
was F = 12exp(—t/212) -+ exp(—t/1174) and at
2.7 x 10'* photonsfem? the decay could be fitted to
F == 6.2 exp(—t/83) + exp(~1/716), where ¢ is in pico-
seconds. The calculated fluorescence yield dropped by
a factor of ~8 over the intensity range investigated
(Fig. 8). This large decrease in the fluorescence quan-
tum yield for APC in PBsomes does not [ollow the
yield dependence observed in the isolated phycobili-
protein APC, where the fluorescence quantum yield
varicd by less than 20%, over the intensity range
10'*~10" photons/cm?® per pulse. This is expecied
due to the presence of efficient energy transfer from
PE to PC and APC, '

DISCUSSION

The results of this investigation have shown that
the fluorescence characteristics of PE in PBsomes
(Fig. 2) are different from those of PE in solution
(Wong et al, 1981}, We have lound that the fluor-
escence decay of iso\lgled PE in solution is exponen-
tial (1/e time, 1552 ps) at pulse intensities <104 phe-
tons/cm? and non-exponential (2 components— /e
times, 130 and 1417 ps) at higher intensities (Wong et
al, 1981). In the PBsomes, however, the PE fluor-
escence relaxation lifetime at  pulse iniensities
<10'® photons/cm? was 31 & 4ps (Fig. 3), and was
only slightly dependent on the intensity of the exci-
tation pulse. The decay time of PE for intensisies
> 10" photonsforn® was ~23 + 5 ps, The measured
short-lifetime, single-component process for the relax-
ation of the lowest excited singlet state of PE reflecis

" the transfer of excitation energy from PE o PC in the

PBsome complex. This is supported by the measured
risetime of PC and APC of 34 ps. A comparison of
these findings with those of Searle er al. {1978) for
PBsomes isolated from P, crientum, indicates that the

Swe
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fluorescence lifetime of PE in PBsomes is indeey short
and excitation intensity independent, The near v four-
fold difference between our measurements anii those
of Searle et al. {1978) is consistent with the id-a of a
greater efficiency of energy transfer in PBsomes of the
blue-green algae.

The decrease in the fluorescence quantum yield for
the PE emission from PBsoines is comparable o that
observed in the isolated phycobiliprotein PE. Since
the relaxation rate k for PE in PBsomes at low inien-
sity is ~30 times larger than in the isolated PE case,
for the same value of the annihilation parameter, I,
one would expect the yield to decrease at a higher
intensity corresponding to a higher value of k/f". Qur
resuft might be explained by a more pronounced I
due to greater singlet-singlet annihilation which can
now occur not only within a single PE molecule, but
among the several stacked PE molecules in - the
PBsome rods.

We may estimate the singlet-singlet annihilation
coefficient for the case of PE in PBsomes by use of the
relation for the fluorescence yield at intensity 7 to the
fluorescence yield at low intensities:

k (1 4 !‘I) A
@(I}/d?(()) =7 X

where k is the inverse of the lifetime of fluorescence
at low intensities and [ is an experimentally accessible
parameter related to the bimolecular rate constant for
singlet-singlet annihilation, y {I" = y,¢/2). From the
fluorescence yield curve for PE we obtain a value of

k

= 50 x 10'* photonsfcm®.
rPEfPBsomc

Using the experimentally measured value for k of
32 % 10°%s7!, allows us to calculate the singlet—
singlet annihilation parameter

rPEIPBmme =64 x 10—5 szs"l.

This value is ~ 30 times larger than in the isolated PE
molecile. The arger value for Fpg in the PBsome as
opposed to that of the isolated protein can be attri-
buted to increased contributions from both the effec-
tive local absorption coefficient and the singlet-singlet
annihilation coefficient. Since PE in PBsomes occurs
in unit clusters consisting of 6 phycoerythrin
monomers, the local absorption coefficient is

ApE/PBsome = 6aPF.

The singlet-singlet annihilation coefficient, y,,, may be
higher since the closer distances for the phycoerythro-
bilin units in the PBsomes allow for a faster transfer
of the excitation energy between the units as opposed
to the case of isolated biliproteins in solutien,

It is clear that the APC fluorescence risetime of
34 ps, which we have taken as the time for the fluor-
escence to rise from 10 to 90°% of its maximum value,
is in good agreement with the PE fluorescence relax-
ation time.

The decay of APC fluorescenice from PBsomes is
intensity dependent (Figs. 7 and 8), and therefore sup-
portive of the previous interpretation (Wong et al,
1981) that exciton annihilation in the PBsomes occurs
at the level of the allophycocyanins. The PC and APC
fluorescence emission from PBsomes can be described
by a dual exponential decay. Since it is difficult to
isolate the PC emission component from that of APC
in PBsomes, we speculate that at low intensity
(< 10** photonsfem?) the fast component -of
189 £ 20 ps could be due to the PC emission which is
indicative of energy transfer from PC to APC,

As in the case of the PE emission, we may obtain
an estimate of the singlet-singlet annihilation par-
ametet [ppe. We thus obtain from Fig, 8.

k

. ———— = 8§ x 10*? photons/cm?.
rAPCfP]]some .

Using the measured k™! = 1200 ps gives

T apcipgsome = 104 x 107% cm? s~ 1,

The dramatic decrease in both the lifetime and
quantum yield with intensity for the PC and APC
emission component from PBsomes, as compared to
the case of the isolated pigments, is the result of the
efficient transfer from PE which results in a higher
effective absorption coeflicient for APC in PBS at
530nm than in the isclated APC case. In PBsomes,
the stacked configuration of the PE and PC units
gives rise to a higher local absorption and quenching
relative to the unstacked units of the pigment proteins
free in solution. The radial arrangement of the phyco-
bilin rod units in the PBsome enhances singlet-singlet
annihilation processes as well as energy transfers
through the natural funneling, or directed migration
of excitations from PE to PC 1o APC. At low inten-
sity (< i0'" photons/cm?) both the isolated com-
ponents and the PE emission from PBsomes show

Alittle quenching, (/M apcpiome: ~8 % 10'? photons/

em?, which is ~100 times less than the estimated
value for &/T" for the isolated APC. This can be
partly attributed to a higher effective absorption coef-
ficient in APC since in PBsomes the relevant local
absorption is that of PE. The relative local absorption
of a single PE monomer is approximately 35 times
farger than that of atr APC monomer (Wong et al.,
1981). Thus, there will be a higher singlet state popu-
lation for APC in PBsomes as compared to isolated
APC at a given excitation intensity at 530 nm due to

“energy transfer. The difference between this estimated

drop of ~35 due to the coniribution from the higher
effective absorption, coupled with the presence of
three times more PE monomers than APC monomers
in the PBsomes, can account for the observed de-
crease of ~ 100 in (/1) apcppsomes [N addition, annihi-
lation within and among the PE and PC usits in
PBsomes, as well as the cusnulative transfer from the
different rods to the APC core can lead 10 a reduction
of the value of /I
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CONCLUSION

Energy transfer in phycobilisomes can be directly
followed through measurement of the Auorescence
rise and decay kinetics of the constitutent accessory
pigments, The fluorescence from the PE emission
from PBsomes was found to decay as a single expo-
nential throughout the intensity region investigated
with a lifetime of ~ 31 + 4 ps. The risetime of the PC
and APC emission from PBsomes was found to be
34 + 13 ps. The component fluorescence vields were
found to decrease with increasing excitation intensity.
This fluorescence quenching is indicative of exciton—

F. PELLEGRINO et gl, -

exciton annihilation. In particular, the dramatic fluor-
escence quenching observed for the APC emission in
PBsomes in contrast to the lack of quenching for the
isclated APC is attributed to the higher effective
absorption resulting from the efficient energy transfer
in the phycobilisomes.
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