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ABSTRACT: Spirulina platensisis a cyanobacterium which usually lives under high-light conditions.
Nonetheless, it is thought to contain the most red-shifted antenna pigment of all known Chla-containing
phototrophic organisms, as shown by its 77 K fluorescence peaking at 760 nm. To exclude preparation
artifacts and to exclude the possibility that long wavelength-absorbing pigments form only when the
temperature is lowered to 77 K, we carried out experiments with whole cells at room temperature. The
combined analysis of stationary absorption and fluorescence spectra as well as fluorescence induction
and time-resolved fluorescence decays shows that the pigment responsible for the 77 K fluorescence at
760 nm (i) has the oscillator strength of approximately one Chlamolecule, (ii) absorbs maximally at 738
nm (C738

293K), (iii) is present only in the antenna system of PS I, (iv) participates in light collection, and (v)
does not entail a low photochemical quantum yield. Other, more abundant but less red-shifted Chla
antenna pigments lead to a significantly larger absorption cross section of the photosynthetic unit of PS
I above 700 nm compared to units that would not possess these long wavelength-absorbing pigments.
These results support the hypothesis that the physiological role of long wavelength-absorbing pigments
is to increase the absorption cross section at wavelengths of>700 nm when in densely populated mats
the spectrally filtered light is relatively more intense at these wavelengths [Trissl, H.-W. (1993)Photosynth.
Res. 35, 247-263].

The absorption maximum of theQy band of the bulk
chlorophylla (Chl a1), which is used for light collection in
all oxygen-evolving organisms, is located at around 680 nm.
As a consequence, the excited state in the light-harvesting
complexes (LHC) is nearly isoenergetic with the primary
donor, P680, of photosystem II (PS II) and any funnel effect
is negligible. Nevertheless, rapid equilibration of the excited
state and the high speed of the primary charge separation in
the reaction center (RC) on the order of a few picoseconds
establish a quantum yield of primary photochemistry of
>80% (1). The presence of any antenna pigments absorbing
at longer wavelengths than the bulk would diminish signifi-
cantly the quantum yield.

The situation is different for photosystem I (PS I), where
the red absorption maximum of the primary donor (P700) is
located at 700 nm and funneling of the excitation energy
toward the reaction center would be essential. However, in
most systems studied, the main absorption band of the bulk
Chl a in PS I is slightly red-shifted compared to that in PS
II (2, 3), which is due to so-called long wavelength-absorbing
pigments in this antenna system. Some of them may have
theirQy band at much longer wavelengths than P700. These

latter pigments necessarily reduce the maximal achievable
quantum yield. The loss of quantum yield due to the
presence of long wavelength-absorbing pigments depends
critically on their number and the precise location of their
absorption maxima (4). Of particular importance in this
respect is the assessment of the red-most pigment since this
determines the zero energy level in an antenna system, which
in turn is needed to understand the physics of the trapping
process.
The assay used most often to reveal the red-most pigments

is fluorescence emission spectroscopy at low temperature (77
K), where the thermalization energy is no longer sufficient
for repopulating higher states from the red-most form (5).
At this temperature, excitons gather on the red-most pigments
(instead of being trapped by the reaction center) and since
they are normally not quenched the red-most pigments
manifest themselves by their red-shifted fluorescence maxima.
Fluorescence maxima at 77 K from different plants, algae,
and cyanobacteria range from 690 to 760 nm, which shows
that some PS I from the different species do not possess long
wavelength-absorbing pigments. The largest red shift,F77K

) 760 nm, is found in the cyanobacteriumSpirulina platensis
(6). There is uncertainty about the absorption spectra of the
pigments pertinent to the fluorescence at low temperatures.
A pigment with an absorption maximum at 738 nm has been
suggested to be present in PS I of maize (7).
The physiological relevance of these pigments is not clear.

Different possibilities are under discussion. It has been
suggested that they serve in focusing excitons close to the
reaction center (8-10). Other authors think that they may
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have a protecting function (11) or are not involved in the
light collection process (12). Further, it has been argued
that they increase the absorption cross section of the
photosynthetic unit (PSU) in the red (4).
There are two problems associated with elucidating the

physiological and concomitantly the photophysical role of
long wavelength-absorbing pigments in PS I. First, it is
difficult to assess the absorption band of corresponding
emitting pigments,C77K, because of the unknown Stokes
shift. Second, it is conceivable that these pigments may not
be present at room temperature but may form only at low
temperatures (13, 14). To solve these problems, the analysis
of room-temperature data is obligatory.
We have selectedS. platensisin our attempt to clarify the

role of long wavelength-absorbing pigments because it
contains the most red-shifted pigment of all known species.
This should make it easier to arrive at definite conclusions.
To exclude any preparation artifact, we performed most
experiments with whole cells freshly harvested from the
culture. The analysis of stationary fluorescence spectra at
room temperature, fluorescence induction curves, spectral
decomposition, and time-resolved fluorescence decay allowed
us to separate the absorption and fluorescence spectra of PS
II and PS I. These spectra obey the Stepanov relation derived
for thermally equilibrated systems (15, 16). From this
analysis, it can be concluded that under physiological
conditions PS I ofS. platensiscontains a long wavelength-
absorbing pigment absorbing at approximately 738 nm,
which participates in the general light collection process.

MATERIALS AND METHODS

S. platensis[strain B 257.8 (17)] was obtained from the
“Sammlung von Algenkulturen” at the University of Go¨t-
tingen. The cells were grown photoautotrophically at 33°C
in the medium described by Schlo¨sser et al. (17) under
continuous light at an intensity of≈0.7 mW cm-2 and aerated
by sterile air. The cells were harvested after 12-14 days
by centrifugation. Membrane fragments ofS. platensiscells
were prepared according to Kirilovsky et al. (18) with minor
modifications. The Chla concentration of membranes and
whole cells was measured after extraction with 80% acetone/
water (v/v) using the extinction coefficient given by Porra
(19). Low-temperature fluorescence at 77 K of whole cells
and membranes displayed a large peak at 760 nm, in
agreement with published data (6).
Absorption spectra at room temperature were recorded

with an Aminco DW-2000 spectrophotometer. Quantum-
corrected fluorescence emission spectra were measured with
a custom-built high-sensitivity flash fluorimeter. The excita-
tion light was filtered through 441 or 620 nm narrow band
interference filters (Schott), and the fluorescence was detected
at 90° with respect to the exciting light in the wavelength
range of 600-850 nm. The exciting flashes were sufficiently
weak to allow for fluorescence spectra under conditions
where all RCs were open (Fo, QA oxidized). Emission
spectra with closed RCs (Fm, QA reduced) were measured
after the addition of 20µM DCMU [3-(3,4-dichlorophenyl)-
1,1-dimethylurea] and with a preflash 100µs before the
exciting flash. For measurements with whole cells, the
medium additionally contained 15% Ficoll to prevent
sedimentation of the cells. For all measurements, the Chla

concentration of membranes was adjusted to 2µM and that
of whole cells to 5-7 µM.
Measurements of the fluorescence decay kinetics in the

picosecond time range were performed with a setup described
before (20), and the data were analyzed as described by Wulf
and Trissl (21). The excitation was performed at a repetition
rate of 0.25 Hz with 30 ps laser flashes at 435.6 nm generated
by a frequency-doubled Nd:YAG laser that produced an anti-
Stokes Raman line of H2.

RESULTS

An essential feature in this study was the study of the most
intact system, namely, living cells. This, however, causes
several experimental difficulties. A spectral decomposition
of the absorption spectrum is hampered by light scattering
and spectral flattening, and therefore, the fluorescence
spectrum may be distorted by reabsorption due to the high
pigment content of the cells. Furthermore, the overall
fluorescence spectrum is a composite of the emission from
phycobiliproteins and Chla belonging to PS II and PS I. To
a great extent, the following analysis is concerned with the
separation of the corresponding spectral bands.
Stationary Spectra at Room Temperature. Figure 1

(dashed line) shows the absorption spectrum of whole cells
of S. platensiscorrected for light scattering by subtraction
of a straight baseline that was adjusted to the original data
at 800 nm. There are two peaks at>600 nm which can be
assigned to phycobilisomes (620 nm) and Chla (680 nm).
The absorption spectrum of isolated membranes which was
also corrected by a baseline subtraction (Figure 1, solid line)
had only one dominating peak at 680 nm, indicating the loss
of phycobilins. Both spectra were scaled to each other at
the red absorption wing (720-760 nm), where the sieve
effect is negligible. The higher peak height of the mem-
branes at 680 nm compared to that of the cells indicates a
significant sieve effect (22), which might scale down the
fluorescence amplitudes at<720 nm due to reabsorption.
However, in the region above 700 nm (which is the relevant
wavelength range for our analysis), the spectra match very
well.

FIGURE 1: Absorption and fluorescence spectra ofS. platensis.
Absorption spectra of whole cells (dashed line) and membranes
(solid line). Quantum-corrected fluorescence spectra of whole cells
upon 620 nm excitation underFo andFm conditions (O and0)
and upon 441 nm excitation underFo andFm conditions (b and
9). The Fo spectra were obtained without addition of chemicals
and theFm spectra by addition of 20µM DCMU and preillumi-
nation.
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The fluorescence spectra of whole cells ofS. platensis
upon excitation in the phycobilisomes (λex ) 620 nm) are
shown in Figure 1 underFo (open circles) andFm conditions
(open squares). The noisiness of our fluorescence spectra
is due to the very low Chl concentration used to minimize
reabsorption and to the very low excitation intensity to allow
for Fo conditions. TheFo spectrum is very similar to that
from isolated phycobilisomes (data not shown).

The fluorescence emission spectra obtained at aλex of 620
nm are much higher than those at an excitation wavelength
of 441 nm which excites predominantly Chla. The two sets
of fluorescence spectra were normalized to the photon
fluences of the excitation source and the absorption of the
sample at the respective excitation wavelengths. The much
higher fluorescence yield upon phycobilisome excitation
compared to Chla excitation indicates that our cells contain
a significant fraction of poorly connected phycobilisomes.
This interpretation was confirmed by time-resolved fluores-
cence decay measurements (λex ) 532 nm) which showed
major phases with time constants in the range of 400-800
ps (data not shown). The excitation wavelength of 620 nm
is inappropriate for our investigation because it excites
preferentially phycobilins which fluoresce with higher am-
plitudes than Chla up to 800 nm. For this reason, we focus
on 441 nm excitation, since we are interested in PS I
fluorescence which is emitted by Chla in the 700-800 nm
region.

Spectral Separation of the Fluorescence Spectrum with
Respect to PS I and PS II. To obtain pure fluorescence
spectra from Chla, we subtracted from the 441 nm excited
fluorescence spectra (Figure 1,Fo, filled circles; andFm, filled
squares) the fluorescence spectrum of phycobilisomes so that
the resulting fluorescence at 650 nm became zero. The
correspondingFo and Fm spectra are shown in Figure 2a
(circles and squares). The spectral separation of the Chla
fluorescence with respect to PS II and PS I can be achieved
through identifying the PS II fluorescence by its variable
fluorescence (Fv ) Fm - Fo). The variable fluorescence
obtained by subtracting theFo andFm spectra excited at 441
nm (Figure 2a) and excited at 620 nm is shown in Figure 2b
(filled circles and filled squares, respectively). Before their
subtraction, the 620 nm data in Figure 1 were scaled to each
other to yield the same amplitude at 650 nm and then
adjusted to the 441 nm data.

The variable fluorescence spectrum is solely due to PS II.
It displays a dominant peak at 683 nm with a smaller broad
satellite band at 720-760 nm, which corresponds to the usual
vibrational bands of chlorophyll emission. The spectrum
resembles closely those reported for PS II (23). The absence
of large peaks at>700 nm clearly indicates that this
photosystem does not possess long wavelength-absorbing
pigments.

StepanoV Relation. To test if the fluorescence originates
from thermally equilibrated antenna systems, we applied to

FIGURE 2: (a) Fluorescence spectra from Chla underFo andFm conditions (b and9) obtained from Figure 1 (whole cells, 441 nm
excitation) by subtraction of the emission from phycobilisomes and their fits (solid lines) as described in the text. The contribution of PS
I is shown as a dashed line. The dashed line represents the Stepanov transformation of the absorption spectrum of membranes as well as
the Stepanov transformation of the PS I absorption spectrum (Figure 3). The latter two fluorescence spectra are indistinguishable in the
presentation. (b) Variable fluorescence obtained as the difference of the fluorescence spectra underFo andFm conditions upon excitation
at 620 nm (9) and 441 nm (b). Variable fluorescence (0) calculated from the induction measurement (Figure 2c) by means of eqs 2 and
3. Theoretical fit of the variable fluorescence by a Stepanov transformation of an assumed absorption spectrum (solid line). (c) Wavelength
dependence ofF′m/F′o from whole cells measured by fluorescence induction in the millisecond range upon excitation at 441 nm. The cells
were dark-adapted for 10 min, and DCMU was added to 20µM 3-5 min before the induction measurement. The excitation and emission
wavelengths were selected by interference filters. (d) Fluorescence spectra from Chla underFo andFm conditions (b and9). Theoretical
fluorescence spectra calculated from the PS I and PS II absorption spectra (Figure 3) by omitting the red-most pigment in PS I (solid lines).
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our data the Stepanov relation (15, 16), which correlates the
absorption,A(ν), and the spectral density of the fluorescence
quantum yield,F(ν), for thermalized systems. On a fre-
quency scale,ν, the two spectra are related by

whereh is Planck’s constant,kB the Boltzmann constant,
andT the temperature. The equation allows one to calculate
absorption spectra from fluorescence spectra and vice versa.
For the practical application of this formula for fluorescence
spectra, see Dau and Sauer (24).
First, we took the absorption spectrum of membranes

(Figure 1, solid curve), fitted the red part (660-800 nm)
with Gaussian bands (not shown), and calculated a Stepanov-
transformed fluorescence spectrum (Figure 2a, dashed line).
We also transformed the original absorption data and found
a similar fluorescence spectrum for wavelengths of<740
nm (not shown). For wavelengths of>740 nm, the
calculated fluorescence spectrum becomes undefined due to
small noise in the absorption spectrum. The spectrum shows
a dominant maximum in the red at 735 nm and a shoulder
at 685 nm. The large deviations from the measured
fluorescence around 690 nm (Figure 2a) demonstrate that
the system is not thermally equilibrated. The most simple
explanation then is to assume that the sample contains two
thermalized systems. These may be PS I and PS II, since
for both photosystems the validity of eq 1 has been shown
(7, 24, 25). If the red part of the absorption is ascribed to
PS I only, then the peak at 735 nm and the shoulder at 685
nm should belong to the same thermally equilibrated system,
i.e., PS I.
Second, we constructed a hypothetical PS II absorption

spectrum with Gaussian bands (using their widths and
relative heights as fit parameters; Table 1) which were
subsequently Stepanov-transformed yielding noise-free cal-
culated fluorescence spectra. The best fit of the variable
fluorescence is shown in Figure 2b (solid line). The PS II
absorption spectrum displays a high precision for wave-
lengths of>680 nm (relevant for the conclusions of our
paper) and low precision for wavelengths of<680 nm (this
wavelength range does not contain relevant information on
the long wavelength-absorbing pigments).
To begin with the further analysis, we neglect distortions

by fluorescence reabsorption. The above procedure yielded
the shape of the PS II absorption spectrum but not its
amplitude. In any case, the PS I absorption spectrum should

be the difference between the measured spectrum and the
PS II absorption spectrum. Alternatively, it could be
conceivable that a third pigment group containing long
wavelength-absorbing pigments exists. To obtain the relative
amplitudes of PS II absorption and the remaining absorption,
which is essentially PS I, we set the integrated areas of the
PS II and non-PS II absorption spectra in proportion to their
Chl a antenna sizes and their stoichiometric ratio. Taking
the antenna sizesNPS I and NPS II to be 100 and 45,
respectively, and assuming the stoichiometric ratio PS I/PS
II ) 4 (26) yield the spectral decompositon of the absorption
spectrum with respect to PS I and PS II shown in Figure 3
(dashed and dash-dot curves, respectively). From these
decomposed PS II and PS I absorption spectra, one can
calculate in principle the Stepanov-transformed fluorescence
spectra of PS II and PS I and test whether the sum of both
agrees with the experimental one (see below).

We also inspected the influence of fluorescence reabsorp-
tion artifacts in whole cells. The fluorescence spectra of
whole cells and membranes at equal chlorophyll concentra-
tions showed an approximately 2-fold higher fluorescence
intensity at 685 nm (relative to the 735 nm peak) in
membranes compared to whole cells. The analysis with this
higher 685 nm fluorescence resulted in an approximately
2-fold lower PS I/PS II stoichiometric ratio, but left the
shapes of the decomposed PS I and PS II spectra nearly
unchanged. It is worth mentioning that lower PS I/PS II
stoichiometries are also consistent with the current literature
(27-29) and our final conclusions are not dependent on the
exact numerical value.

Third, we attempted to describe quantitatively the Chla
fluorescence spectra underFo andFm conditions by summing
up fluorescence spectra calculated from the decomposed
absorption spectrum (see above) by means of the Stepanov
relation. For this operation, the fluorescence quantum yields
are needed. These were obtained from the experimentally
determined time constant of 70( 8 ps for the main phase
in the time-resolved fluorescence decay, yielding for PS I a

Table 1: Spectral Decomposition of PS II with Gaussian Functions
and the Exciton Distribution According to a Boltzmann
Equilibriuma

λmax (nm) Ni
PS II exciton occupancy

655 9.42 0.018
676 33.10 0.632
683 2.2 0.083

709 0.17 0.099
725 0.023 0.167
745 0.002 0.000

a The total number of Chla pigment molecules in a photosynthetic
unit (NPS II) was assumed to be 45. The space separates intense bands
that can be associated with real existing chromophores (N > 1) from
bands that represent minor electronic transitions belonging to the
chromophores.

F(ν) ∼ ν3e(-hν/kBT)A(ν) (1)

FIGURE 3: Absorption spectrum of membranes (dots) and its
description by a sum of Gaussian bands (solid line). Parameters
are listed in Table 1. Decomposition of this spectrum with respect
to PS I (dash) and PS II (dash-dot). To illustrate the quality of the
theoretical description of the measured absorption spectrum in the
very red, the same data were amplified 20 times as indicated.
Theoretical absorption spectrum in which the red-most pigment is
ommited (dash-dot-dot line).

Long Wavelength-Absorbing Pigments in Photosystem I Biochemistry, Vol. 37, No. 16, 19985497



ΦPS I of 0.005 (see below) and taking the fluorescence yield
of PS II in the open stateΦf

PS II(o) to be 0.012 (30) and in the
closed stateΦf

PS II(c) to be 0.044 to fulfill Fm/Fo ) 3.7.
Summing up the PS I and PS II fluorescence spectra
calculated from the decomposed absorption spectrum by
means of the Stepanov relation (each normalized to the
integrated area of 1) according to their yields and their
stoichiometric ratio gives the solid lines through the data
points (Figure 2a). The good fit of the calculated and
measured fluorescence spectra demonstrates that a two-
compartment system is sufficient to describe the data. There
is no need to assume a further pigment pool.
To exclude the possibility that the stationary fluorescence

spectra underFo andFm conditions and the resulting spectrum
of the variable fluorescence were distorted by state transi-
tions, which may occur on the time scale of seconds to
minutes (31), we performed fluorescence induction measure-
ments of dark-adapted cells in the millisecond time range,
using a xenon flash technique (32). S. platensiscells were
excited at 441 nm, and the induction was measured at
different emission wavelengths. The correspondingFm/Fo
as a function of the wavelength is shown in Figure 2c.
To extract the mere PS II contribution,Fo

PS II(λ) and
Fm
PS II(λ), to the fluorescence yields in the fluorescence

induction measurements, one can utilize the fact that the PS
I fluorescence yield,∫FPS I(λ) dλ, is constant. Then the
measured fluorescence intensities,F′o(λ) andF′m(λ), under
Fo andFm conditions are

The variable fluorescenceFv
PS II ) Fm

PS II - Fo
PS II is inde-

pendent ofFPS I. For the relation between the wavelength-
dependent measuredF′m(λ)/F′o(λ) and the wavelength-inde-
pendentFm

PS II/Fo
PS II, one obtains for the PS I contribution

in which Fm
PS II/Fo

PS II is an a priori unknown number.
However, the range of possible values is rather confined by
the given experimental data. The ratio being sought must
not be smaller than the maximal measured value (3.2), and
it cannot be larger than a maximal value which is given when
the theoretical PS I fluorescence spectra adopt negative
amplitudes at any wavelength. From these conditions, we
obtain 3.2e Fm

PS II/Fo
PS II e 4. TakingFm

PS II/Fo
PS II ) 3.7 and

the fluorescence spectrum of PS I (Figure 2a, dashed curve),
we calculate from the data in Figure 2c the variable
fluorescence due to millisecond induction measurements
shown in Figure 2b (0). Within the experimental error, all
spectra are the same and agree with typical PS II fluorescence
spectra from higher plants (23).
Pigment Composition. The above spectral decomposition

of the absorption spectrum with respect to PS I and PS II by
Gaussian bands allows us to estimate the approximate
number of pigments contained in the spectral sub-bands of
a PSU. These are obtained by setting the area under the PS
I and PS II bands in relation to the antenna sizes (Table 1).

It is obvious that PS II lacks pigments absorbing at>683
nm. In PS I, however, there is a significant number of
pigments absorbing at>700 nm (Table 2). The red-most
one is located at approximately 738( 1 nm (C738

293K). To
substantiate its relevance for the analysis, we omitted
tentatively this red-most pigment. This leads to a significant
deviation from the absorption spectrum (Figure 3, dash-
dot-dot line) and a drastic deviation at 755 nm of the
calculated fluorescence spectrum from the measured ones
(Figure 2d, solid lines). Alternatively, when theC738

293K is
not omitted, the absorption spectrum is well described,
irrespective of whether it is excitonically connected to other
antenna pigments. One can then calculate the cases where
it is decoupled from the general antenna system assuming
that it is either perfectly quenched or nonquenched (3 ns
losses). The fluorescence spectrum in the perfectly quenched
case agrees with Figure 2d (solid lines), and in the non-
quenched case, strong deviations to the opposite side of the
measured fluorescence spectrum occur. This shows that the
fluorescence yield ofC738

293K is the same as the average
fluorescence yield of PS I. Further model calculations which
assume two pigments at 738 nm instead of one show strong
deviations from the measured absorption and fluorescence
spectra. These calculations establish the existence of one
pigment absorbing at 738 nm (C738

293K) that participates at
room temperature in the collective antenna system of PS I
in S. platensis.
Fluorescence Decay Kinetics. To obtain information on

the trapping time of PS I, whole cells and membranes were
excited with 30 ps flashes at 435.6 nm. UnderFo andFm
conditions in the wavelength region between 720 and 750
nm, there was a dominant phase (>90%) of 70( 8 ps, which
did not depend on the redox conditions (data not shown).
This phase is therefore ascribed to trapping in PS I. A similar
phase has been reported for PS I trimers in membranes from
S. platensis(14).
Growth Conditions. To inspect whether the presence of

long wavelength pigments is an inherent property of the
cyanobacteriumS. platensis, the light intensitiy was reduced
5-fold and in another batch the nitrate content in the medium
was reduced 10-fold. In both cases, the 77 K fluorescence
spectra displayed the strong 760 nm peak. We also converted
the cells into state 1 by illumination with light of>715 nm
(RG 715) for 15 min before and during the recording of a

F′o(λ) ) FPS I(λ) + Fo
PS II(λ) (2a)

F′m(λ) ) FPS I(λ) + Fm
PS II(λ) (2b)

FPS I(λ) )
(Fm

PS II/Fo
PS II)F′o(λ) - F′m(λ)

(Fm
PS II/Fo

PS II) - 1
(3)

Table 2: Spectral Decomposition of PS I with Gaussian Functions
and the Exciton Distribution According to a Boltzmann
Equilibriuma

λmax (nm) Ni
PS I exciton occupancy

667 40.75 0.011
683 76.71 0.098
701 12.07 0.015
713 7.91 0.212
726 2.24 0.206
737.6 1.04 0.275

760 0.04 0.076
780 0.002 0.024

a The total number of Chla pigment molecules in a photosynthetic
unit (NPS I) was assumed to be 100. The space separates intense bands
that can be associated with real existing chromophores (N > 1) from
bands that represent minor electronic transitions belonging to the
chromophores.
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fluorescence spectrum and observed the same room-temper-
ature spectra as from cells in state 2 (the usual dark-adapted
conditions). Obviously, the presence of far-red pigments in
S. platensisis an intrinsic feature of this organism, invariant
of growth conditions, light quality, and state transitions.

DISCUSSION

Energy transfer from PS II to PS I in cyanobacteria
(spillover) is often thought to be an important process. The
characteristic long wavelength emission of PS I inS. platensis
at room temperature brings about the possibility of judging
the significance of this effect. If spillover would occur, the
PS II fluorescence emission spectrum (Figure 2b) should
show an intense band at 735 nm similar to that of PS I.
However, this is not the case. The relative peak heights of
the PS II emission at 683 and 735 nm (Figure 2b) are very
similar to those of Chla in solvents (33) or PS II of higher
plants (23), and therefore, a significant spillover in this
cyanobacterium can be excluded. Both photosystems appear
to be excitonically well separated as suggested previously
(34).
In this study, we applied a new spectroscopic concept to

separate the two photosystems. It is based on the experi-
mentally accessible total absorption spectrum (PS I and PS
II), the total fluorescence spectra (PS I and PS II), the
spectrum of variable fluorescence (PS II only), and the
assumption of thermal equilibration in each of the two
photosystems. The pure PS II fluorescence spectrum is then
utilized to separate the total absorption spectrum and total
fluorescence spectrum with respect to PS I and PS II. The
procedure is to obtain the PS II absorption spectrum from
its fluorescence spectrum. The PS I absorption spectrum is
then obtained as the difference to the total absorption
spectrum (assuming a PS I/PS II stoichiometric ratio). If
these two absorption spectra belong to equilibrated pigment
pools, then their fluorescence spectra are predictable. With
the knowledge of the fluorescence yields, the total fluores-
cence spectrum can be calculated in succession. The
agreement or disagreement of this calculated fluorescence
spectrum with the measured one indicates that either (i) only
the two pigment pools of PS I and PS II are involved or (ii)
additional unconnected pigment pools exist.
A comparison of the PS II and PS I absorption spectra

(Figure 3) illustrates the much larger Chla absorption cross
section of PS I compared to that of PS II. Yet a balanced
linear electron flow can be realized owing to the additional
energy supply of PS II by the phycobilisomes.
The decomposition of the absorption spectrum ofS.

platensismembranes with Gaussians and the weighting of
their area with the antenna sizes of PS II and PS I and with
the PS I/PS II stoichiometric ratio (Figure 3) allowed us to
determine that the red-most band is equivalent to one
chromophore,C738

293K (Table 1). This suggests that the
extreme bathochromic shift ofC738

293K may originate from
protein-chromophore interactions. Alternatively, the spec-
tral shift may also be caused by chromophore-chromophore
interaction as suggested by Karapetyan et al. (14) or dimer
formation (35) if part of the oscillator strength would occur
at shorter wavelengths.
Although the red-most antenna pigmentC738

293K lies ener-
getically very low (3.6kBT below P700 at room temperature),

it does not act as a trap but is part of a thermally equilibrated
antenna system as shown by the validity of the Stepanov
relation and a relative exciton occupancy of 0.3 as calculated
from the Boltzmann distribution (Table 2). The more
abundant, less red-shifted pigments at 713 nm carry a
comparable high exciton concentration.
Given our spectral decomposition of PS I (Table 2), a

fluorescence decay kinetics of 70 ps, and thermal equilibra-
tion, a lower limit for the rate constant of the primary charge
separation in the naked PS I reaction centerkp of g(0.64
ps)-1 can be estimated, in agreement with Jennings et al.
(36). Hence, the primary photochemistry seems to be even
faster than estimates from other studies (7, 37, 38).
The astonishingly far red-shifted red-most antenna pigment

in S. platensishas obviously no dramatic effect on the yield
of the primary photochemistry. The overall trapping time
of approximately 70 ps is comparable to that of higher plants
and allows for yields still higher than 95%. From the
analysis of time-resolved fluorescence on PS I trimeric
particles, Karapetyan et al. (14) suggest a 30 ps trapping
time as found in other cyanobacteria. If this should be true,
the primary charge separation should be 3 times faster; i.e.,
kp g (275 fs)-1.
In conclusion, long wavelength-absorbing pigments in PS

I, even when they lie 38 nm more to the red than the primary
donor P700 as inS. platensisor in maize (7), do not represent
any enigma from the photophysical point of view. Therefore,
one only has to deal with its physiological role to understand
their presence. One of the authors has suggested that their
purpose is to increase the absorption cross section of the
PSU under living conditions where 680 nm light is filtered
out by other Chla-containing cells, thus producing light
intensities that are relatively more intense at>700 nm than
at 680 nm (4). Exactly this happens in the case ofS.
platensissince, although it is a typical high-light organism
living in well-illuminated alkaline lakes (39), it grows to high
cell densities which bring about the above-mentioned light
conditions for cells living in greater depths. It is worth
mentioning that, due to turbulence in the water layers, cells
from the surface may be circulated to these red-enhanced
light conditions. All cells of a living community are prepared
for this situation because the amount and composition of the
long wavelength-absorbing pigments inS. platensisdoes not
depend on the growth conditions as shown in this study.
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