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Picosecond Time-Resolved, Polarized Fluorescence
Decay of Phycobilisomes and Constituent Biliproteins
Isolated from Mastigocladus laminosus

S. Schneider, P. Geiselhart, T. Mindl, and F. Dérr
Institut fiir Physikalische und Theoretische Chemie,
Technische Universitat, D-8046 Garching, F.R. G.

W. John, R. Fischer, and H. Scheer
Botanisches Institut der Universitat, D-8000 Miinchen 19, F.R. G.

1. Introduction

Phycobiliproteins are photosynthetic light-harvesting pigments
in blue-green and red algae. They consist of 2-3 polypeptide
subunits, each bearing up to 4 covalently bound linear tetra-
pyrrolic chromophores [1]. In vivo, the biliproteins are organi-
zed into complex structures [2], the phycobilisomes, which are
attached to the outer thylakoid surface [3,4]. Energy deposited
in the phycobilisomes by light absorption is transferred mainly
to photosystem II, which is located in the thylakoid membrane.
To achieve efficient energy-transfer, the average excitation
energy of the different chromoproteins in the phycobilisomes
decreases with decreasing distance to the reaction center. It
is generally assumed that the energy-transfer is based upon
dipole~dipole-interaction (F3rster mechanism). In order to elu-
cidate the importance of the special arrangement of the bili-
proteins in the phycobilisomes, i.e. the fact that the building
blocs of the antenna rods are hexamers, numerous fluorescence
studies have been performed on functionally intact phycobili-
somes,as well as on their constituent aggregates [4-12]. Appa-
rent differences in the results were blamed on different origin
(organism) or preparation procedures, different measuring con-
ditions (low or high light flux with the possibility of non-
linear processes), different excitation and observation wave-
lengths, etc. In this contribution, we summarize our measure-
ments of the fluorescence decay of phycobilisomes from Mastigo-
cladus laminosus and their isolated constituent biliproteins.
Special emphasis is thereby given on the additional information,
which can be derived from the time-resolved fluorescence polar-
ization. In contrast to earlier measurements [9-12], the exci-
tation wavelength could be chosen down to 545 nm; furthermore,
the phycobilisomes of the present mutant were free of phyco-
erythrocyanin; therefore a possible interference with the de-
cay of this pigment was excluded.

2. Measurements and data analysis

The fluorescence decay curves were measured using a synchro-
nously pumped mode-locked dye laser in conjunction with a re-
petitively working streak camera (for details see e.g. [11]).
The apparent time resolution of this system is approx. 25 ps
without deconvolution procedur?g it allows measurements with
low excitation intensities (10 photons per pulse and cm®).
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From the fluorescence decay curves measured with the analy-
zer parallel, (I _(t)), and orthogonal, (I_(t)), to the polari-
zation of the ex€iting beam the expressioﬁs I(t)=I_(t)+2*I_(t)
and D(t)=I (t)-I_(t) are calculated. I(t) measures®the decdy
of the excPted state population (electronic lifetime) as does
a measurement, where the analyzer is set under the magic angle
to the excitation polarization. In case of several emitters,
their contributions are additive. The difference function D(t)
corresponds, in the case of only one kind of emitter, to the
product of the excited state population I(t) and the correla-
tion function C(t) of the absorption and emission dipoles (see
e.g. [13]). In contrast to the generally discussed anisotropy
function R(t)=D(t)/I(t), which for only one emitter represents
the correlation function C(t), the difference function D(t)
is additive and can therefore be evaluated even if more than
one emitting species is present. Furthermore, there are no re-
strictions with respect to the time resolution of the detection
system; quotient formation of convoluted functions D(t) and
I(t), resp., would yield erroneous "time-resolved" anisotropy
functions R(t) (for more details see e.g. [11] and [14]).

The best fits for both functions (I and D) are determined
under the assumption of a bi- or tri-exponential response func-
tion by means of a Marquardt algorithm. Depending on the S/N
ratio of the recorded fluorescence decay curves and their rela-
tive magnitude, the fit parameters derived may be subject to
considerable error. Deduction of information on photophysical
parameters (lifetimes, fluorescence quantum yields) of phyco-
bilisomes or even monomers of biliproteins is impeded by the
fact that the total fluorescence is composed of several contri-
butions, namely:

(i) "leakage" fluorescence from directly excited, energy-
transferring chromophors

(ii) fluorescence from directly excited, terminal chromophors

(iii) fluorescence from chromophors excited indirectly by
energy-transfer, which may or may not transfer their
excitation energy to other pigments.

Fluorescence of type (i) and (ii) will rise instantaneously
and carry information on the polarization of the exciting light.
Fluorescence of the third kind (iii) shows a risetime (nega-
tive amplitude in the analysis) and will in general be fairly
depolarized,due to the randomizing energy-transfer process.

In the simple case of a two-component system, the three fluo-
rescence contributions must be superimposed with weighting fac-
tors .,depending both on the ratio of extinction coefficients

at the exciting wavelength and the spectral window of the de-
tection system (fluorescence collection efficiency). One im-
portant consequence of this fact is that amplitudes gained from
a multi-exponential analysis are without significance unless
the weighting factors can be determined sufficiently precisely.
E.g., it may happen that in the isotropic fluorescence the ris-
ing part of contribution (ii) cancels exactly the fast decaying
contribution (i) with the effect that the decay appears essen-
tially as single exponential with the long lifetime of the ac-
ceptor chromophor. In the difference function, on the other
hand, the decay of the short-lived donor species is easily seen;
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its amplitude should be about 0.4 of that of the isotropic con-
tribution of the short-lived donor species, if a random orien-
tational distribution of donor molecules can be assumed. With
respect to the amplitude of the short-lived component in a mul-
ti-exponential fit, the fraction can be much smaller or larger
depending on the extent of compensation discussed above.

In case of rotational relaxation the correlation function
C(t) represents a multi-exponential; if the molecule is sphe-
rical, C(t) corresponds to a single exponential. Since no better
approximations are known, we assume that the correlation func-
tion describing the energy-transfer can be approximated by a
single exponentially decaying function. Under this circumstan-
ces the differences in decay time of the corresponding compo-
nents of the functions I(t) and D(t), resp. can be associated
to depolarizing effects like energy-transfer and orientational
relaxation. The latter effect should,however, be without impor-
tance in case of protein-bound chromophors (a more detailed
discussion will be given elsewhere).

3. Sample Preparation

Mastigocladus laminosus was grown at 52°C in slowly stirred

12 1 fermentation flasks in Castenholz medium. Phycobilisomes
were isolated by standard procedures [9,10]. The French-pres-
sed cells were first centrifuged at 10,000 g, and the super-
natant layered on a sucrose density gradient and spun over
night at 140,000 g. Intact phycobilisomes banded in the lower
third of the gradient. They had an absorption maximum at 635
nm with a strong shoulder around 620 nm and an emission maximum
at 670 nm. Phycoerythrocyanin was isolated from green-light-
grown cells following the protocol described for the isolation
of phycocyanin [12]. It elutes from DEAE-cellulose column as
the first band. The aggregation state was determined by ultra-
centrifugation from the sedimentation coefficients. The data
were analyzed as described earlier [12].

4. Results and Discussion

The isotropic fluorescence decay curves displayed in figure

la are recorded with 600 nm excitation but different spectral
observation windows (cut-off filters). They clearly demonstrate
the effect of partial compensation mentioned in chapter 2 onto
the amplitude of the short-lived component (see table 1). With
a S/N ratio typical for synchroscan streak camera measurements,
a tri-exponential fit seems adequate from the point of view

of residuals only for trace A; the other two curves (B,C) seem
to fit equally well to a biexponential. It should be pointed
out that, despite the fact of a rising component in curve C,
the onset of the fluorescence in its major part is essentially
instantaneous. The difference function D(t) (fig. 1b) can be
fit by bi-exponentials with lifetimes of 20 and 1300 ps, resp.
The latter value corresponds to the slowest isotropic compo-
nent ,and can be explained by the electronic relaxation of "ter-
minal", immobile chromophors, i.e. the allophycocyanins. Since
the amplitude of the "100 ps"- component turns negative for
long-wavelength monitoring, it can be assigned to the average
energy-transfer time between phycocyanin and allophycocyanin.
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Table 1 : Fit parameters derived from the fluorescence decay
curves I(t) and D(t) of functionally intact phycobilisomes,
isolated from Mastigocladus laminosus, by means of a least
square fit procedure.

Exc.(nm)/Obs.(nm) Tl(ps)/A Tz(ps)/A T3(ps)/A
600 >620 63 27 137 30 1342 65

2630 98 58 1346 81
I(t)

2645 158 13 1700 54

>665 100 -7 1622 33

>620 20 22 1284 4
D(t)

2630 23 15 1539 5
580 >590 25 29 129 16 1340 26
I(t) >600 52 20 104 31 1414 38

>610 42 18 114 11 1351 28

2590 23 10 462 30
D(t)

2600 22 2 609 7

Because the transferring phycocyanin chromophors are mainly in-
directly excited by energy-transfer from the primary absorbers,
no additional depolarization is connected with this step.

With 580 nm light, relatively more of the B2-chromophors
of phycocyanin are excited (in accordance with [15] the phyco-
cyanobilin bound to cystein 84 of the B8-chain is referred to
as R1-chromophor, the second, bound to cystein 155 is called
R2-chromophor). The isotropic decay curves (fig. 2a) show only
decaying components (table 1): the long-lived allophycocyanin
emission ( ~1350 ps), an intermediate component ( ~110 ps) and
finally a fast component, whose apparent lifetime seems to de-
pend on the observation window. Taking into consideration the
parameters derived from the difference function D(t), one may
suspect that the shortest component actually represents a mix-
ture with two slightly different lifetimes, one of which is
equal to 20 - 25 ps. This lifetime must characterize a very
fast decay of directly excited chromophors, i.e. represent the
transfer time from o -chromophors, which absorb also at wave-
lengths around 600 nm. The 50 - 60 ps component would then be
related to the deactivation of the B82-chromophors, which, at
least in the PC-crystals [15], are located at the perimeter
of the trimeric unit. The arrangement of the chromophors in
the trimeric units is such that the preferential «-81 energy-
transfer is one between neighbouring monomeric units. This fast
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Figure 1: Dependence of fluorescence decay of functionally
intact phycobilisomes isolated from Mastigocladus laminosus
on observation window. Cut-off filters used are: 620 nm (A),
630 nm (B), 645 nm (C) and 665 nm (D). Excitation wavelength
in all cases: 600 nm. The parameters of the fit curves are
listed in table 1.

transfer route is absent in the monomeric unit and should, ac-
cording to energetic criteria, be slowed down in phycoerythro-
cyanin (PEC). In the latter chromoprotein, the «-phycocyano-
bilin is replaced by a phycoerythrocyanobilin, which absorbs
around 568 nm. The deactivation of the B2-phycocyanobilin must
necessarily occur by energy-transfer to the 81- rather than

to the «-chromophor.

In figures 3a and 3b, the functions I(t) amd D(t) of PEC-
trimers are displayed for various combinations of excitation
wavelength and observation window. For long-wavelength excita-
tion (600 nm) the decay is governed by a ~350 ps and a ~1450
ps component. These values should correspond to the lifetimes
of the B81- (1450 ps) and the 82- phycocyanobilin (350 ps),resp..
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Figure 2: Dependence of fluorescence decay of isolated phyco-
bilisomes on observation window. Cut-off filters used are:

590 nm (A), 600 nm (B), 610 nm (C); excitation wavelength is
580 nm. Fit parameters are listed in table 1.

Decay times of the same magnitude are found in D(t). For 545

nm excitation, a third component is detected both in I(t) and
D(t). Its decay time of ~110 ps is assigned to the phycoerythro-
cyanobilin --> 82- phycocyanobilin transfer time. It should be
noted here again that going from 2 to 3-exponential fits, a
splitting of one of the components in a faster and a slower

one occurs. Therefore, the existence of a certain component

must be established by measurements under conditions where

that component dominates the decay.

The energetic degeneracy and the therefore possible energy-

transfer between like species is, in our opinion, relevant for
the interpretation of the decay curves of the trimeric unit
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Figure 3: Dependence of fluorescence decay of isolated phyco-
erythrocyanin on excitation wavelength and observation window,
characterized by the cut-off filter. Parameters are ) / A b
Zi in ps and A; in paranthesis. ex obs

I(t) D(t)
(A) 545nm/ 570nm: 109(112)/ 470( 58)/1500(32) 106(38)/ 580(13)
(B) 545nm/ 590nm: 270( 32)/1400( 28) 144( 9)/ 520( 3)
(C) 600nm/ 610nm 370(101)/1500(109) 260(12)/1530(13)

shown in figure 4. Under all experimental conditions, the major
component is the longest-lived with a decay time of ~1400 ps.
This value should characterize the "free" decay of the final
energy accepting species, the 81-chromophors. The 950 ps-compo-
nent, which has a counterpart in the D(t) curve, must represent
the decay of a rigidly held, but modified species, which is
isolated in a sense that energy-transfer to 81-chromophors is
prohibited (a similar result and interpretation is given by

32



f\\f .
_
=
<
- B
e A
.

0 400 800 1200 1600 2000
=
<
-
[=]

A
; -
] :
Lé‘y S

0 400 800 1200 1800 2000
TIME (ps)

Figure 4: Dependence of fluorescence decay of phycocyanin tri-
mers on excitation wavelength and observation window characte-
rized by the cut-off filter. Parameters are P / 2 ,

. . : ex obs
Y in ps and A, in paranthesis.
A) 600nm/ 628nm: I(t):45(47)/1200(190) D(t):57(41)/ 850(40)
(B) 575nm/ 590nm: I(t):61(77)/1130(150) D(t):49(43)/ 800(25)
(C) 575nm/ 630nm: I(t):35( 1)/1640( 80) D(t):36(18)/1150( 8)

Wendler et al. [16]). Upon short-wavelength excitation and ob-
servation the amplitude of the very fast component (40-60 ps)

increases. This signals that this component is related to the

82-981 energy-transfer; its value is close to that assigned

to this type of transfer in the intact phycobilisomes. In con-
trast to the latter, the fast 20 ps component, seen mainly in

the difference function D(t) is missing in the trimer. The ex-
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planation is probably connected to the fact that «-281 trans-
fer is no longer irreversible in the trimer, since the energy-
difference is of the order of kT only. Lacking the energy drain
down the rod by very fast homo-transfer, the enerqgy can circu-
late among the isoenergetic R1-chromophors and eventually be
back-transferred to «-chromophors. One may suspect that fluc-
tuations in geometry result in variations of the excitation
energy, which are sufficiently large to increase the back- and
homo-transfer rates, resp.. For this reason, only energy-trans-
fer from excited 82- chromophors would be connected with a sig-
nificant change of fluorescence polarization.

The above given interpretation could be in contrast to the in-
teraction energies and transfer times derived from crystallo-
graphic data [17]. From those it is expected that deactivat-
ion of B82-chromophors should be dominated by transfer to B81-
chromophors. The refinement of these data, however, is not yet
good enough to give precise information on the complete chro-
mophor structure, and therefore it is not possible to calcu-
late the orientation factors of transition dipole moments and
the overlap of donor emission and acceptor absorption spectra.
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