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ABSTRACT A kinetic model for the energy transfer in phycobilisome (PBS) rods of Synechococcus 6301 is presented,
based on a set of experimental parameters from picosecond studies. It is shown that the enormous complexity of the
kinetic system formed by 400—500 chromophores can be greatly simplified by using symmetry arguments. Acoording to
the model the transfer along the phycocyanin rods has to be taken into account in both directions, i.e., back and forth
along the rods. The corresponding forward rate constants for single step energy transfer between trimeric disks are
predicted to be 100-300 ns—'. The model that best fits the experimental data is an asymmetric random walk along the
rods with overall exciton kinetics that is essentially trap-limited. The transfer process from the sensitizing to the
fluorescing C-PC phycocyanin chromophores (7 =~ 10 ps) is localized in the hexamers. The transfer from the innermost
phycocyanin trimer to the core is calculated to be in the range 36—44 ns—'. These parameters lead to calculated overall
rod—core transfer times of 102 and 124 ps for rods containing three and four hexamers, respectively. The model
calculations confirm the previously suggested hypothesis that the energy transfer from the rods to the core is essentially
described by one dominant exponential function. Extension of the model to heterogeneous PBS rods, i.e., PBS
containing also phycoerythrin, is straightforward.

1. INTRODUCTION

Phycobilisomes (PBS)' are supramolecular light-harvest-
ing antennae of cyanobacteria (blue-green algae) and red
algae (1-9). They are attached to the outer surface of the
thylakoid membrane of these organisms (10) and consist of
aggregates of phycobiliproteins containing covalently
bound tetrapyrrolic chromophores (11). All PBS contain a
core of a pigment called allophycocyanin (APC) and,
attached to it in a radial structure, rods consisting of
stacked trimers or hexamers of either the same or different
types of phycobiliproteins (3, 12). Perhaps the simplest
type of PBS is that of the cyanobacterium Synechococcus
6301 (S 6301, Anacystis nidulans) whose structure has
been studied in much detail. The APC core consists of two
disk-like structures from which radiate six cylinders, each
composed of several hexameric disks (9, 13). Even simpler
than the wild-type PBS are those of a mutant (AN 112)
derived from S 6301. They contain only one hexameric
disk of C-PC in each rod (13).

PBS are optimized for efficient energy transfer, which
proceeds energetically “downhill” from the periphery to
the core. In vivo, the PBS feed primarily the photosystem
Il reaction centers (14, 15). The energy transfer kinetics in
PBS and their constituent phycobiliproteins have been

' Abbreviations used in this paper: APC, allophycocyanin; C-PC, C-
phycocyanin; F, fluorescing chromophore; M, intermediate chromophore;
PBS, phycobilisome(s); PE, phycoerythrin; S, sensitizing chromophore.
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studied extensively recently (for reviews see references
16-18). It has been found that the transfer proceeds on a
picosecond time scale, generally requiring between 50 and
150 ps only to pass the energy from the periphery of the
PBS to the final emitter APC B. The picosecond studies
revealed many details of the energy transfer processes in
PBS. In particular the transfer kinetics between the pig-
ment beds of the different types of phycobiliproteins could
be studied, as well as the transfer from the sensitizing “S”-
to the fluorescing “F”-chromophores, either within an
individual phycobiliprotein in the isolated form, or as part
of a PBS (19-25). However, other important aspects like,
e.g., the transfer processes between identical or nearly
identical pigments (homotransfer) and the related single
step transfer times in PBS, cannot be studied directly.
Unless we obtain information on these “hidden parame-
ters” a full understanding of the energy transfer processes
in PBS rods cannot be attained.

Attempts have been made to gain more insight into these
processes by looking at the anisotropy decay in PBS by
either fluorescence or transient absorption (21, 23, 26, 27).
It has been found that upon excitation with polarized light
the anisotropy decays rapidly on the time scale of a few
tens of picoseconds (21, 23, 27-30). However, these stud-
ies, besides proving the occurrence of very fast homo- and
heterotransfers, did not yield very detailed information on
the single step transfer processes and the flow of the
energy. This was partly due to a deficiency in information
on the relative orientation of the chromophores and to the
lack of an adequate theory to describe the anisotropy decay
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function in the case of energy transfer. The detailed
structure information that became recently available for
C-phycocyanin (C-PC) (31) is expected to change this
situation profoundly (32-34). It should be kept in mind,
however, that the exact orientation of the transition dipole
moments that is required for theoretical calculations of
energy transfer kinetics cannot be obtained exclusively
from the x-ray analysis. In view of this situation, a kinetic
model of the energy transfer that uses the experimental
data known so far would, even if it had to make simplifying
assumptions, reveal some of the “hidden parameters and
thus give more insight into the details of the transfer
processes involved. In particular, such a model should be
suitable for clarifying whether, and under which condi-
tions, a relatively simple description of the transfer kinetics
by only a small number of exponentials may be valid. It
could also provide a basis for distinguishing between
exp (—#'/?) kinetics and a sum of exponentials model
(35, 36). The latter kinetics is strongly suggested by our
experimental data (37).

We have recently studied the energy transfer kinetics in
a “simple” PBS and some of its constituent phycobilipro-
teins using various technique (20, 23, 24, 30, 37). These
data provide the basis for the quantitative kinetic models
presented in this work. Starting from a fairly simple model,
more complexity will be added to arrive finally at a model
sophisticated enough to allow an adequate description of
the energy transfer processes in the simple PBS from
Synechococcus 6301. There is very little quantitative infor-
mation available so far on the energy transfer processes
within the PBS cores (23, 38). For this reason we do not
describe these processes in detail in this work. Instead we
concentrate on the homogeneous PBS rods. For compari-
son, and without going into details, these results will finally
be extended to heterogeneous PBS rods, i.e., to PBS rods
containing also phycoerythrin.

2. THE PBS MODELS

a. Experimental Basis of the PBS Models

The experimental data obtained from picosecond measure-
ments on isolated PBS from Synechococcus 6301 (20, 30),

the mutant AN 112 (23), and isolated C-PC in various
aggregation states (24, 25, 37) are described in detail in
these references. The most pertinent data are collected in
Table I. The experimental overall rod — core transfer
times (corresponding to the main decay component of
C-PC emission and the rise of APC emission) found in
PBS of different rod lengths as well as the S — F transfer
times provide the calibration points for our model. These
data are complemented by results obtained from measure-
ments on red algal PBS which, in addition to one hexa-
meric unit of phycocyanin, contain also phycoerythrin in
their rods (21, 22, 39).

b. Different PBS Models

All PBS models used in this work consist of an APC core
whose fine structure is not further specified. It is assumed
that it contains near the rod attachment site identical APC
chromophores (identical in the sense of equal spectra and
kinetic behavior), which act as a trap for the energy
transferred from the rods. Attached to this core are six
identical PBS rods composed of two to eight trimers (or one
to four hexamers) of C-PC. The transfer kinetics, in
particular the transfer from the rods to the core, is assumed
to be identical for each of the six rods.

Forster transfer (40, 41) is generally assumed to be the
mechanism by which energy is transferred between chro-
mophores in PBS. This assumption is strongly supported
by recent calculations of Forster energy transfer rates in
C-PC by Sauer and Scheer (32) based on the x-ray
structure (42). The results of this study are in fairly good
agreement with our experimental data (24). We should
like to point out, however, that the conclusions drawn in
this work are of a general nature and do not necessarily
require a Forster mechanism for energy transfer although
this mechanism is the most likely one.

The following general assumptions are made in our
model: (@) The energy transfer between trimers that are
not neighbors can be neglected due to the R~¢ (in the case
of a Forster mechanism) or some other distance depen-
dence of the transfer rates. (b) Back-transfer from the core
to the rods is excluded partly due to the small spectral
overlap factor for such steps and partly because the initial

TABLE I
ENERGY TRANSFER PARAMETERS OBSERVED IN C-PHYCOCYANIN AGGREGATES (A) AND
IN PBS OF SYNECHOCOCCUS 6301 OR THE MUTANT AN 112 (B)

A C-PC aggregates* Monomeric
S — F transfer 46 ps
Reference (24)

B PBS
Hexameric units per rod
Overall rod — core transfer
Reference

Trimeric Hexameric PBS rods
224 ps 10 ps 10-15ps
(24, 25) (23) 30)
1 3 4
45 pst 83 ps 120-130 ps?
(23) (23, 30) (20)

*See also reference 24.
435 ps for trimers without linker protein (25).
$Equivalent to the experimental APC emission rise time.
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transfer to APC is followed by additional fast transfer
steps to APC-B and/or the colored linker peptide, which
both quickly depopulate the APC chromophores (38, 43).
(c) There is a threefold symmetry axis along the C-PC rods
(31, 42). This symmetry is assumed to hold also for the
direct rod—core transfer, i.e., the symmetrically equivalent
C-PC chromophores of the innermost trimer are assumed
to have identical transfer rates to the core. (d) The spectral
properties of the C-PC trimers/hexamers are considered to
be independent of their distance to the core. Nevertheless,
different rate constants for transfer back and forth along
the rods are taken into account by choosing an appropriate
Sfactor (for further discussion see below). (¢) The radia-
tive lifetime of C-PC and APC is assumed to be 6 ns (44).
(/) The observed fluorescence lifetime in the absence of
energy transfer is ~1.8 ns for C-PC and APC (20, 23,
24).

In the simple basic model A all C-PC chromophores
within a trimer are treated as being identical, i.e., no
distinction (neither spectral nor with respect to kinetic
parameters) is made between the three types of C-PC
chromophores: S (sensitizing), M (intermediate), and F
(fluorescing) (24, 45, 46). Furthermore, the energy trans-
fer rate constant from one trimer to its neighbor is assumed
to depend only on the direction of transfer (i.e., towards the
core or away from it) but not on the distance of the trimers
from the core.

Model B is basically identical to A but now hexamers
are taken as the basic units building the C-PC rods instead
of trimers.

Model C describes both the transfers along the rods as
studied in models A and B as well as the transfers between
the different C-PC chromophores (S, M, and F). Their
spectral differences are now taken into account explicitly.
According to the results obtained from studying model B
(cf. Section 4.3) the basic units of this model are trimers.
The spectra of the individual chromophores used for the
model calculations have been taken from reference 46 and
are shown in Fig. 1 (see also reference 24). The APC
spectra have been taken from reference 13.

3. RESULTS AND DISCUSSION

3.1 Model A

This model was used as a starting point. It serves merely to
elucidate the general conditions that have to be fullfilled
for the rate constants of the transfer along the C-PC rods
and the rod — core transfer to match the experimental
data qualitatively. The spectral differences between sensi-
tizing and fluorescing chromophores were not taken into
account, and all C-PC chromophores in a trimer were
assumed to be symmetrically equivalent. The long-lived
contribution of the APC emission was neglected.

The following parameters are introduced to describe the
energy transfer kinetics in this model (Fig. 2 a): (@) kgrc,
the rate constant for the energy transfer from the C-PC
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FIGURE 1 The model fluorescence and absorption spectra of the phyco-

biliproteins C-PC and APC used in the model calculations shown in Fig. 6
(taken from references 46 and 13).

chromophores of the trimer closest to the core to the APC
chromophores in the core. (b) kgg, the rate constant for the
energy transfer from C-PC chromophores in one trimer to
the nearest neighbor trimer in a direction towards the
core.

Note that these k values are actually the sums of the rate
constants of transfer processes starting on a particular
chromophore and leading to the group of symmetrically
equivalent acceptor chromophores (see Appendix). (¢) f,
the ratio between corresponding rate constants inside the
rods valid for transfers away from (Kkgy,) and toward
(Kpeoximat) the core, respectively (see Fig. 2 a):

f= kdinul/kpmximnl'

It is important to note that the relative contribution of the
different transfer paths starting from a particular chromo-
phore in one trimer and leading to the chromophores in a

" I=0=0= 0=0=0
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FiGURE 2 Kinetic schemes for model A and some limiting cases. (a)
Standard model. kpc, rod—core transfer rate; kpg, transfer rate from one
trimer to its neighbor towards the core; f, factor for back-transfer along
the rod. (b) f = 1, kg » kpc. (¢} f = 0, kpa = kpc = k. (d) [ = 0, kpp
slightly dependent on the distance from the core, kgc = An.
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neighboring trimer is not relevant in this model, as long as
the respective acceptor chromophores are symmetrically
equivalent in that trimer and as long as the sum of all these
transfer rate constants is conserved (see Appendix). For
simplicity of calculation we have assumed identical spectra
for the trimers, independent of their position in the rod.
However, this simplification could be removed in the
calculation if it would seem to be appropriate. The f~factor
allows us nevertheless to take into account the known
position dependence of the trimer spectra (13). This posi-
tion dependence of the spectra gives rise to different
overlap factors for Forster transfer and thus leads to an
asymmetry, i.e., a direction dependence, of energy transfer
rate constants for transfer along the rods. Taking into
account this asymmetry is of fundamental importance in
modeling the PBS transfer kinetics.

It was assumed that the experimentally observed rise
time of the APC fluorescence, which in our experiments
was always identical with the observed main decay time of
C-PC fluorescence (20, 23, 30), must be correlated with
the longest-lived rod — core energy transfer component
(designated 7*) predicted by the model. This correlation is
appropriate because the amplitude of this longest-lived
transfer component is always predicted to be the largest
one in the model kinetics. Moreover, still longer transfer
times would have been easily detected as rising terms of the
APC emission in the experiment, whereas the very short-
lived (<5 ps) components, also predicted by the model
under certain conditions, are difficult to observe experi-
mentally so far.

The calculated decay function generally is simpler for f
factors close to 1. In this case the longest-lived decay
component clearly dominates the decay, whereas for small
f factors the decay becomes essentially multiexponential
for long rods (three to four hexamers per rod). With
increasing rod length the predicted longest-lived rod —
core transfer component 7* increases more steeply for large
f factors than for small ones (cf. Fig. 4). These features
may be understood by looking at two limiting cases, which
still allow an analytical treatment: (i) (f = 1; kgrg > kgc;
this is the case of symmetrical back transfer within the rods
(deactivation processes other than energy transfer are
assumed negligible) (Fig. 2 b). In this case, which corre-
sponds to a trap-limited symmetric random walk along a
one-dimensional array (47), the decay function of all
trimers is identical due to the fast and symmetric transfer
within the rod. Thus the decay of excited states in the rod is
monoexponential with an overall decay time of

Tow = NV« (1/kge),

1.e., 7 = 74, increases linearly with N, the number of
trimers per rod. Decreasing kg increases the r* values for
N > 1. Thus, in all models with f values close to 1, the main
component 7* will increase too steeply with NV as compared
with the experimental data (Table I B).

On the other hand, with kpc > kgg one obtains a diffu-
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sion-limited transfer. In this case the average number of
transfer steps within a rod before final trapping in the core
occurs is {n) = N (n + 1)/6 for a symmetric random walk
along a one-dimensional array (48, 49). The resulting
decay function is very complex (47), but the overall rod —
core transfer time will increase proportionally to
N(N + 1). Comparison with the experimental data (Table
I B) reveals that a functional dependence of the type
7* ~ N*is required, with o < 1. Thus, neither the extreme
trap-limited nor the diffusion-limited random walk model
with symmetrical transfer along the rods provides an
adequate description of the observed PBS kinetics. (i) f =
0; kgr = krc = k; this is the limiting case of unidirectional
transfer, i.e., no back transfer within the rods is allowed
(deactivation processes other than energy transfer are
assumed to be negligible).

These conditions (Fig. 2 ¢) lead to degenerate eigen-
values of the corresponding kinetic matrix. This model was
implicit in the analysis of the PBS kinetics by Glazer et al.
(50). The decay function d(JV, ?) of the excitons in the rods
can be solved analytically. It is given by

N-IN_
dN, ) = Y v"’.

v=0

k-t .exp — kt,

which is not longer simply a sum of exponentials. The first
moment of this decay (mean lifetime 7,,) increases linearly
with &V, the number of trimers in the rod:

. fz.d(zv,z)d:_lk (N +2)
" [dN,nde 3

However, it is important to note that 7, is not an exponen-
tial lifetime.

Purely exponential decay times may be obtained by
considering a similar model with no back transfer ( f = 0)
but with slightly different rate constants for the transfer
steps between the individual trimers (Fig. 2 d). In this
model the degeneracy met above will be removed and the
decay function for rods with N trimers may be described as
follows:

N
d(N, 0) = 3_ x,(0),
=
where x;(¢) is the concentration of PBS carrying an excited
chromophore in trimer i (i = 1 for the outermost trimer)

t 2
x(1) =e™ + k_, l‘_oxi_,(t’)e""("‘)dt’.

The first term represents the decay initiated by direct
excitation of the trimer i. The second term results from the
excitation of the trimer i from the trimer (i — 1) by energy
transfer. Since x,(t) = e~*", it follows that x;(r) may be
written as

5(0) =3 amet
m=1
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The coefficients a,,, may be expressed recursively by
calculating the convolution integral and comparing the
coefficients on both sides of the equation:

k..
aim=a(i—|)m'2__” m=1...(i-1)

im

ay

i-1
1 - Z app,
m=1i
a; =1,

where k; is the transfer rate from the trimer j to the trimer
(J + 1), ky is the rod—core transfer rate constant, and A,,
is k; — k,,.

It appears that such a model leads to a very complex
multiexponential decay. The decay constants k; of the
various components are those of the individual transfer
steps between trimers. Therefore in this model only the
number of exponentials, and thus the complexity of the
decay function but not the decay times themselves,
increases with the number of trimers per rod. Such a
kinetic behavior would not be in agreement with the
experimental results, which indicate a significant increase
in the lifetime of the main component of energy transfer
with rod length. Also a large number of significant terms
with negative amplitudes are predicted by this model, but
have not been found in the measurements. Thus, based on
these considerations, both limiting cases, i.e., f — 0, and
f— 1, may be ruled out. Having investigated these limit-
ing cases, we are now ready to carry out more detailed
numerical simulations.

3.2 Numerical Calculations

The decay function of the rod emission was calculated
numerically using the formalism developed in the Appen-
dix, for different sets of fixed values for fand kgc (see Fig.
2 a). The results of these fits are shown in Figs. 3 and 4.
kgr Was optimized for each pair of the fixed parameters
such that the lifetime of the predicted longest-lived trans-
fer component fitted best the experimental values for the
observed rod — core transfer listed in Table I B. The mean
relative deviation (MRD) was taken as the measure for the
goodness of fit, which is equivalent to the assumption that
all experimental values have the same relative error.

Calculated — Experimental \?

MRD = (1/3) - 3_

Experimental

The diagrams in Fig. 4 show the calculated amplitudes and
decay times obtained for emission from the rods for various
fixed f factors and the corresponding best fit values of kgg
and kg¢. For fvalues lower than 0.9, the best MRD value
does not change significantly. For f = 1 this value increases
drastically, indicating poor agreement of the calculated 7*
values with the experimental data. This was already
expected from the analytical considerations discussed
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FIGURE 3 Rate constants kgg for transfer along the rods (a) and
deviations MRD (b) obtained from fitting the calculated main compo-
nent for rod — core transfer 7* (see text) to the experimental data given
in Table I with model A. The values of kge and f were fixed for the
individual fits. The best-fit kgg values increase with increasing f values.
The minimum MRD value does not change significantly for f values
=<0.8. The MRD curves for f = 0.3, 0.4, and 0.5 lie within the black band.
The optimum kg value is 40 + 4 ns~* for all f values <0.7 and increases
for larger f values.

above. Even more conclusive are the unrealistically high
kgg values required for an optimum fit in cases where f'is
larger than ~0.75 (cf. Fig. 3).

The Forster radius R, (for randomly oriented chromo-
phores) for C-PC — C-PC transfer is between 47 (51) and
56 A (30). Assuming an average distance of 30 A (i.e.,
approximately the thickness of a C-PC trimer) between
two chromophores in different trimers involved in the
transfer along the rod(s), the corresponding pairwise single
step transfer rates should, even in the case of optimum
relative orientation, not exceed values of ~300 ns~".

In our model A there are nine potential acceptors in the
neighboring trimer for a given excited chromophore. From
the crystal data (31) and the approximate Forster radii
given above, it may be estimated that not all of them are
efficient acceptors but only perhaps between three and six
of them. We thus estimate an upper limit for the total Kgg
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FIGURE 4 The optimized decay components of the rod emission in
model A for different f values. The length of the bars (positive up and
negative down) indicates amplitudes, while the associated lifetimes are
given by the position on the abscissa. The experimental calibration points
(cf. Table I) are marked with triangles. Note that the lifetime of the main
component increases more steeply with increasing rod length for large as
compared with small values of f. Moreover the decay is more complex for
small f values.

of ~1,000 ns~' (note that this is the sum of the pairwise
single step rate constants).

The decay functions for f < 0.5 do not show a single
dominating component. They are rather composed of a
multitude of exponential functions with comparable ampli-
tudes. Moreover there are significant components with
negative amplitudes (rising terms), which are not found in
the experimental data. Simulations have shown that such
rising terms would have been revealed by the data fitting
procedures used in investigations of the PBS kinetics (20,
23). For these reasons f < 0.5 can be excluded.

In summary, a model of type A is consistent with the
experimental data if fis ~ 0.6-0.7 and kgc and kgg are in
the range of 40 + 4 ns~' and 100-300 ns~' (note that the
latter are single step rate constants), respectively (see Fig.
4, middle). Such an intermediate value for f appears to be
in agreement with the known rod asymmetry, i.e., the red
shifts in the spectra of the C-PC units, which are closer to
the core (13). This red-shift is responsible for a smaller
overlap factor for Forster transfer in the direction away
from the core as compared with the direction towards the
core.

The model A can also be easily extended to fluorescence
kinetics of heterogeneous rods, i.e., to PBS containing also
phycoerythrin (PE) (21). For a rod length of six trimers
(the four outer representing PE, the two inner ones C-PC)
and using the same kinetic parameters as above, except
that the transfer between the adjacent PE- and the C-PC
trimer is assumed to be irreversible, the model yields the
following decay functions upon selective excitation of the
PE-chromophores:

d(PE, 1) ~ 0.95 - exp (—¢/36 ps) + terms with
amplitudes <0.05
(phycoerythrin decay)
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d(PC, ) ~ 1.00 - exp (—t/41 ps)
—0.99 - exp (—1/36 ps) — terms with
amplitudes <0.01
(phycocyanin rise and decay).

These values are in good agreement with the transfer
kinetics that have been observed, e.g., in PBS of Porphy-
ridium cruentum (21, 22).

4.3 Model B

Both the protein structure determined by x-ray analysis
(42) and the fine structure appearing in electron micro-
graphs (13) of PBS indicate that the basic unit of the PBS
rods is the hexamer of C-PC. This is also supported by
spectroscopic data: The S — F transfer rate observed in
C-PC hexamers (24) is identical to that in intact PBS (37).
One should notice that the hexamers consist of two trimers
in a head-to-head configuration (42). Such hexamers
should be fully symmetric with respect to transfers
between the constituent trimers. However, to fit the
observed C-PC depletion kinetics of PBS with rods built up
of such symmetrical hexamers, the asymmetry factor f
for the transfer between the hexamers has to be reduced
below 0.5, which again leads to complicated decays with
many positive and negative components (see above).
Higher f values would lead to better agreement but would
require exceedingly high transfer rates within the hexa-
mers, which are unlikely in view of the estimated maxi-
mum rate of 1,000 ns™' (see above). Another consequence
of such a model would be that the intrahexamer transfer
rates between trimers would be drastically different from
the interhexamer transfer rates. It cannot be ruled out of
course that isolated hexamers are to a good approximation
symmetric with respect to transfers between the trimers
(see next section), but become asymmetric upon rod
formation. In view of these difficulties we presently feel
that a PBS kinetic model assuming large differences
between interhexamer and intrahexamer transfer rates
between trimers (model B) to be less appropriate than a
model where these rates are more equal (model C). Setting
these rates equal actually is equivalent to a model where
the basic units for energy transfer along the rods are the
trimers.

4.4 Model C

For the reasons discussed above we have chosen to calcu-
late this model in the most detail. In this model the
different spectral properties of the three types of C-PC
chromophores are taken into account explicitly. The exper-
imental results along with a detailed kinetic model for the
energy transfer processes within isolated C-PC aggregates
have been presented in reference 24.

We now build up rods from trimers. The kinetic parame-
ters for the S — F transfers between two neighboring
trimers will be chosen such that the resulting kinetics of
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transfer between chromophores of a hexamer in the rod is
the same as that observed in the isolated hexamers (24).
This is consistent with the equal rate constant of S — F
transfer kinetics for isolated hexameric C-PC units and
intact PBS (see Table I) (23,24, 37). For conceptual
simplicity we assume that the transfer along the rod occurs
essentially between chromophores of the same type only,
i.e.,, S— S, M — M, and particularly F — F. This seems
justified in view of the x-ray data of C-PC, which indicate
that in particular the 8-84 chromophores but also the a-84
chromophores are closely parallel with their transition
dipole moments in the two trimers forming a hexamer and
probably also for interhexamer transfer (42). It is impor-
tant also that under this assumption the S — F transfer
kinetics established experimentally in the isolated hexamer
are not affected in the PBS (see above). The relevant
transfer processes for this model are depicted schemati-
cally in Fig. 5.

Details of the mathematical procedures used to numeri-
cally solve the kinetic equations for energy transfer kinetics
in the PBS rods are discussed in Appendix A. Using this
formalism we have calculated the time-resolved spectra for
PBS rods of four hexamers (eight trimers) corresponding
to the model shown in Fig. 5. The model kinetic parameters
were taken from the optimization of model A on the one
hand and the hexamer model presented in reference 24 on
the other hand (see also Table I). The diagram in Fig. 6
shows the results, which are in good qualitative and
reasonably quantitative agreement with the experimental
findings (20, 23). The total number of relevant kinetic
components is surprisingly low. Only one kinetic compo-
nent dominates the overall rod — core transfer. (Three
very fast exponential components with lifetime 7 < 8 ps
and relative amplitudes <5% over the whole spectrum were
omitted.) The calculated decay components may be easily

R

PC Hexamer 2 PC Hexamer 1

FIGURE 5 The PBS model C used in the calculation of the time-resolved
spectra shown in Fig. 6. Only two hexamers are shown. The following
parameters are applied: kgc, 44 ns™' (—); kg, 150 ns™ (- --); f - kg,
105 ns~' (back-transfer along the rod) (-.-.-); ksu, 22 (28) ns~! (—); ksf,
22 (28) ns~' {(—); kmr, 3 (12) ns7' (....); kpns 2 (3) ns™* (....). The values
in parentheses refer to transfers between chromophores of the same
trimer. Note that only the sums kg + ksp and kyg + kpy are observable
in the experiment, i.e., any combination of individual parameters that
leaves these sums constant is, within the model, consistent with the
experiment. However, to observe the longer ps component, kyy and kpy
must be different. The parameters are chosen based on the calculations
for model A and according to the data from the hexamer model presented
in reference 24.
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FIGURE 6 Calculated fluorescence decay components (amplitudes) as a
function of emission wavelength resulting from the PBS model C (Fig. 5)
for rods of four hexamers and an assumed excitation wavelength A, = 590
nm. Three components having relative amplitudes of <5% at their
maximum have been omitted. Two components with similar lifetimes (30
and 38 ps) are combined to the 35-ps component. These data should be
compared with the experimental results given in references 20, 23, and 37
and Table 1.

understood in terms of transfer processes met already in
the simpler models:

1.8 ns, APC emission

124 ps, overall rod-core transfer (C-PC depletion) for four hex-
amers; (largest amplitude in the C-PC emission region,
equivalent to the rise time for the APC emission; this com-
ponent corresponds to the 7* component referred to in the
text)

38 ps*, M « F transfer
30 ps*, negative term of the rod-core transfer (cf. Section 4.1)
10 ps, fast depletion of S-chromophore(s).

The two components with a superscript asterisk have been
combined to the “35-ps component” in Fig. 6. All decay
components predicted by this model have been found
experimentally in PBS fluorescence, except for the ~35-ps
components, which have a small amplitude. Also the rising
(negative amplitude) part of the 10-ps component has not
been found so far. These components will be difficult to
detect experimentally. However, a complete time-resolved
spectrum analyzed with the global analysis procedure,
analogous to the time-resolved spectra of C-PC (24), might
allow to reveal these components. This would provide an
even more stringent check of the proposed kinetic model
than has been possible so far. Experimental work along this
line is in progress.

It has been claimed that the fluorescence decay kinetics
of PBS can be described by a nonexponential (exp — k +7)
decay law (35, 36, 52, 53). In some cases in fact parts of
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the experimental decay may be described equally well with
a double exponential or with a exp (—k V) decay function
(39), in particular when the signal-to-noise ratio is low. If,
however, the time-resolved spectra are considered, a hid-
den exp (—k+i) component should appear as two (or
more) exponential components with amplitudes that show
the same dependence on wavelength. This has never been
observed so far (20-24, 37) and is also not supported by the
model calculations presented here. One should, on the
other hand, be aware of the fact that in cases where the
energy transfer involves many nearly irreversible steps in
the light harvesting system (i.e., f— 0), such “pairs” of
exponentials, with identical spectral distribution, may
occur even if no exp (— k V¥) kinetics is present.

CONCLUSIONS

We have developed a detailed kinetic model for the energy
transfer in the PBS rods of the homogeneous, i.e., phyco-
cyanin-containing PBS of Synechococcus and its mutant
AN 112. The kinetics for rod-to-core transfer is described
by the sum of a small number of exponential terms. This
finding and the predicted wavelength dependence of the
amplitudes of these components are in agreement with our
previous experimental findings. The kinetic model predicts
that the rate constant for transfer from the innermost
trimer to the core with a rate constant of 40 ns™! is
rate-limiting for the overall transfer.

The model also predicts that the transfer rates along the
rod between trimers and/or hexamers are extremely fast,
occurring with pairwise single step rate constants of 100
300 ns~'. They are thus much faster than the transfer steps
within a single trimer or hexamer. The transfer along the
rod between the C-PC aggregates is largely reversible. We
get best agreement with the experimental data with an
asymmetry factor f ~ 0.7. This is the ratio of the backward
to forward transfer constants along the rods. We have also
estimated this asymmetry factor from the overlap integral
of the spectra of C-PC with different linker peptides given
in reference 13. The calculated asymmetry factors are in
the range of 0.6-0.7, depending on the specific pair of
phycocyanins. The agreement with our optimum fit value
in the kinetic model of f ~ 0.7 is therefore satisfactory.

We conclude that the kinetic model presented allows a
fairly detailed determination of those hidden kinetic
parameters in the PBS kinetics, which cannot be deter-
mined directly by kinetic measurements. The transfer steps
between trimeric and/or hexameric disks within a rod are
predicted to be the fastest transfer steps in the whole PBS.
This trap-limited transfer predicted by our model is there-
fore in contrast to recent suggestions that the transfer
along the rods should be limited by disk-to-disk transfer
(50). The latter would be a diffusion-limited kinetics. Our
results show that such a model would result in a much more
complex transfer kinetics than is found experimentally.

The extremely fast transfer along the rods predicted by
our calculations requires a highly favorable orientation of
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the chromophores involved. From the structural point of
view the best candidates for the transfer along the rods
seem to be the 8 = 84 and also the a = 84 chromophores
(31, 42). The partial conservation of the polarization aniso-
tropy during transfer along the rods provides good experi-
mental evidence for this predominant transfer path along
the rods between nearly parallel oriented chromophores
(21, 23, 30).

APPENDIX A

The Mathematical Basis

The kinetic problem is described by a series of first order differential
equations. These equations are solved using appropriate boundary condi-
tions, i.e., initial excitations described by weighting factors that are
determined by the spectral shape of the absorption and emission of the
individual pigments. Symmetry arguments are used to simplify the
complexity of the problem.

Consider X,,, as the concentration vector of PBS carrying an excited
X-chromophore in the nth trimer (the first trimer being the outermost) at
position m (n=1,...,N; m=1,2,3; X=S,M,F, and APC) one
obtains 3 x 3 x N + 1 differently excited PBS. (Remember that the six
rods are treated as identical and that the APC core is considered as one
single terminal “superchromophore” acting as a trap.)

Collecting the X,,, in the vector X, the system of differential equations
describing the kinetics is

aX/ot = K - X,

where K is a matrix of all rate constants. The groups of symmetrically
equivalent chromophores lead to the rather simple structure of K, which is
dominated by the 9 x 9 blocks related to the nine chromophores in a
trimer. The 3 x 3 sub-blocks of the symmetrically equivalent chromo-
phores contain only three different matrix elements each. The zero blocks
are due to the neglect of transfer between non-neighboring trimers. The
zeros in the last row and column indicate that back-transfer from the core
to the rod and rod — core transfer from trimers not directly attached to
the core are all neglected. The structure of the kinetic matrix is visualized
in the scheme given on page 681 for a rod made up of three timers: The
structure of the 3 x 3 sub-blocks is very simple. Two cases have to be
considered: diagonal and off-diagonal sub-blocks.
The elements of the diagonal sub-blocks are

s k k
k s k
k k s,

where k is the rate constant for transfers between the symmetrically
equivalent chromophores, and s is the negative sum of all processes
depleting the corresponding chromophore. (Note that according to this
definition s + 2k is independent of k [see below].)

The off-diagnonal sub-blocks also reflect the threefold symmetry of the
rods.

K ok okt
k* K° k-
k= k* k.

The superscripts °, -, and * denote transfer to the three symmetricalty
equivalent accepting chromophores. Note that k, s, k% k-, and k* values
in different sub-blocks are different.

Making use of the assumed C, symmetry of the rods, the kinetic matrix
may be split into several non-interacting blocks, i.c., blocks with no
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non-zero off-diagonal elements in common. This is done using a symme-
try adapted concentration vector X', which is related to X by

X' =CX.
K then transforms according to
K’ = CKC™\.

The transformation matrix may be obtained directly from the character
table of the rotation group formed by the symmetrically equivalent
chromophores.

Energy transfer among symmetrically equivalent chromophores can be
observed only by polarization experiments. As long as one deals with
unpolarized (isotropic) measurements, the symmetrically equivalent
chromophores are indistinguishable. In this case only the temporal
evolution of £ X,, (where the summation is over all symmetrically
equivalent chromophores) is of interest, rather than the kinetics of
individual chromophores. This sum actually corresponds to the totally
symmetric combination of X,,,, since it is invariant under any permuta-
tion between the variables X,,,. (For a detailed discussion of group
theoretical methods to simplify the structure of matrices see, e.g.,
reference 54.) Therefore only these parts of X’ and K’ (denoted as X;, and
K, respectively) have to be considered in the calculation.

As an example, the transformation taking into account only the
threefold symmetry axis of the rods is carried out below. In this case the
elements of the transformation matrix C are zero except for the one in the
lower left corner, which is 1, and for those in the 3 x 3 sub-blocks along
the diagonal, which are obtained from the character table of the
symmetry group C3. (Note that linear combinations within the two-
dimensional E-representation have been formed):

1 1 1
2 -1 -1
0 1 -1
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The diagonal sub-blocks in K’ then become

s+ 2k 0 0
0 s—k 0
0 0 s — k,

and the off-diagonal sub-blocks

K+k +k* 0 0
0 K- (k72— (k2 (k72— (3k*/2)
0 KD = (k72 k= (k72— (k).

The first rows and columns of these sub-blocks belong to the totally
symmetric part of K'. In the last row of K’ the elements in the nontotally
symmetric part vanish, whereas those in the totally symmetric part are
the same asin K. The (3N + 1, 3N + 1) element in the lower right corner
also remains unchanged. Thus the dimension of the relevant kinetic
matrix Ky isonly3 x N + 1.

In the case of N = 3, K}, has the following structure:

COOO # # # % 8 #
QOO # % % & 4 &
OO # # % & & »
O AR NN R RN
-~ EEEREEEEEREERER]
S H RN RN RN NN
* N R RERERNEOCO
®HREwERrRNEOOCO
% H N EREREOOO
OO0 OCO0O0O000
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An asterisk denotes a non-zero element. In model A, where all C-PC 8.
chromophores in a trimer are considered to be symmetrically equivalent,
the dimension of K, may be reduced to NV + 1.
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