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ABSTRACT Decay-associated fluorescence spectra of the green alga Scenedesmus obliquus have been measured by
single-photon timing with picosecond resolution in various states of light adaptation. The data have been analyzed by
applying a global data analysis procedure. The amplitudes of the decay-associated spectra allow a determination of the
relative antenna sizes of the photosystems. We arrive at the following conclusions: (@) The fluorescence kinetics of algal
cells with open PS II centers (F, level) have to be described by a sum of three exponential components. These decay
components are attributed to photosystem (PS) I (r ~ 85 ps, AS% ~ 695-700 nm), open PS II a-centers (7 ~ 300 ps,
A = 685 nm), and open PS II B-centers (7 ~ 600 ps, A, = 685 nm). A fourth component of very low amplitude
(7 = 2.2-2.3 ns, A\ = 685 nm) derives from dead chlorophyll. (b) At the Fy,, level of fluorescence there are also three
decay components. They originate from PS I with properties identical to those at the F, level, from closed PS II
a-centers (7 ~ 2.2 ns, \™ = 685 nm) and from closed PS S-centers (7 ~ 1.2 ns, AJ5 = 685 nm). (¢) The major effect of
light-induced state transitions on the fluorescence kinetics involves a change in the relative antenna size of a- and
B-units brought about by the reversible migration of light-harvesting complexes between a-centers and §-centers. (d) A
transition to state II does not measurably increase the direct absorption cross-section (antenna size) of PS 1. Our data
can be rationalized in terms of a model of the antenna organization that relates the effects of state transitions and
light-harvesting complex phosphorylation with the concepts of PS II a,8-heterogeneity. We discuss why our results are
in disagreement with those of a recent lifetime study of Chlorella by M. Hodges and 1. Moya (1986, Biochim. Biophys.

Acta., 849:193-202).

INTRODUCTION

Time-resolved fluorescence spectroscopy on the picosecond
time scale on photosynthetic membranes can provide
detailed information on such parameters as energy transfer
kinetics and pathways, the spectra of the connected anten-
na, relative absorption cross-sections of the different photo-
systems, variations in communication between photosyn-
thetic units, spill-over, and redox state of the reaction
centers (for recent reviews see references 1 and 2). This
technique thus could provide a powerful tool for the study
of the functional organization of photosynthetic mem-
branes, e.g., photosystem (PS) II heterogeneity (3, 4), or
the processes related to state transitions and thylakoid
phosphorylation (5, 6). Previous picosecond studies
resolved the fluorescence decay into three exponentials
(7-13). Analysis in terms of three or more decay compo-
nents is highly demanding both on the quality of the data
themselves and the data analysis procedures. To solve this
basic problem of the analysis of fluorescence decay curves
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we improved data analysis by making use of a newly
developed global data analysis technique that greatly
enhances the capability for multicomponent resolution and
enables a much clearer differentiation between different
kinetic models (14, 15).

State transitions in oxygenic photosynthesis provide a
regulatory mechanism to maintain optimum quantum
efficiency of noncyclic electron transport in response to
changes in external light conditions. They have first been
reported by Bonaventura and Myers (16) and Murata (17)
(for a recent review see reference 18). State transitions
have recently been studied in green algae (19-23) and in
leaves and chloroplasts of higher plants (24-27). The
characteristics of these transitions are changes in oxygen
evolution efficiency (16, 28, 29), in chlorophyll (Chl)
fluorescence induction curves (20-22, 30, 31), and in the
far-red/red ratio in low temperature Chl fluorescence (17,
19, 21, 32). The current explanation of these processes in
higher plants and green algae involves a redistribution of
light energy between PS II and PS I brought about by
reversible phosphorylation of the light-harvesting complex
(LHCP) (18, 22, 32-35). Upon overexcitation of PS II, a
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situation, termed state II, develops that is characterized by
a phosphorylated LHCP, a decreased PS II activity, a
lowered variable fluorescence (F,,), and an increased
energy transfer to PS I (for reviews see references 36-38).

The latter could be caused by one or both of the
following phenomena: Increase in spill-over (energy trans-
fer) from PS II-attached pigments to PS I (39, 40) and/or
a direct increase in PS I absorption cross-section due to
attachment of the phosphorylated LHCP to the PS I
antenna (35, 36, 40-42). In view of the long-standing
controversies in the literature on the mechanism underly-
ing state transitions there is a need for experiments suitable
to separate the effects of changes in direct PS I absorption
cross-section on the one hand and spill-over effects on the
other hand.

There exists much experimental data indicating that PS
II is heterogeneous, consisting of two types of reaction
center/antenna complexes called a-units and S-units (43—
47). Evidence for this type of heterogeneity comes mainly
from the biphasic Q reduction kinetics (44, 48-51) and
from PS II Chl fluorescence induction (43, 52). According
to current understanding PS II a-units should be located in
the stacked regions of the thylakoids, forming a matrix
system that involves a large part of LHCP. The PS II
B-units are believed to be located in the stroma-exposed
regions of the thylakoids (53, 54), to carry a smaller
equivalent of LHCP, and behave as isolated units. Some of
the interpretations referring to a- and $-heterogeneity have
been criticized also recently (55). In particular a recent
time-resolved fluorescence study questioned the assign-
ment of the two PS II lifetime components to - and
B-units (56). For this reason further studies on this subject
were also desirable.

The purpose of the present paper is severalfold: (a) to
demonstrate the influence of state transitions in green
algae on the fluorescence decay parameters and decay-
associated fluorescence spectra, (b) to further investigate
the PS I contribution to the fluorescence kinetics (3, 4),
and (c) to gain closer insight into the suggested PS II
a,3-heterogeneity. By choosing favorable experimental
conditions, particular emphasis has been given to a strict
control of the light state of the cells during the measure-
ments. We have carried out these studies on the green alga
Scenedesmus obliquus in view of the large body of data on
photosynthetic parameters that is available for this alga in
the literature. These studies also involve synchronous cul-
tures of Scenedesmus, which we have begun to study by
time-resolved spectroscopy.

MATERIALS AND METHODS

Wild-type Scenedesmus obliquus have been grown under continuous
white light illumination in Kesslers medium modified according to Bishop
and Senger (57) supplied with ~3% CO,-enriched air. The cells were
harvested during the logarithmic growth phase and used for fluorescence
measurements after dilution to ~15 ug/ml Chl with growth medium. For
chlorophyll determination the cells were extracted in hot methanol. The
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Chl concentration was calculated using the equations of Holden (58) and
the absorption coefficients of MacKinney (59).

Picosecond fluorescence measurements were performed using a syn-
chronously pumped, cavity-dumped dye laser system with a mode-locked
argon ion laser (Spectra-Physics Inc., Mountain View, CA) as the
pumping source. This system emits light pulses of typically 10-ps duration
at variable repetition rates. The dye laser was operated using 4-dicyano-
methylene-2-methylene-6( p-dimethylaminostyrene)-4H-pyrane (DCM)
dye with a tuning range of 610-730 nm. The detection system was a
single-photon timing apparatus with a time resolution of 10-20 ps (4).
Fluorescence was selected by a double-monochromator with slits set to
give a 4-nm bandwidth. A red-sensitive photomultiplier (R955; Hama-
matsu Photonics K.K., Hamamatsu City, Japan) with a multialkali
photocathode was used for detection. The excitation function had
~120-ps full width at half maximum and 240-ps full width at tenth
maximum as measured by single-photon timing with a resolution of ~10
ps/channel. The high sensitivity of the single-photon timing technique
enabled us to use laser pulse intensities for excitation of <10'° photons/
cm? at repetition rates of either 400 or 800 KHz. In general a total fitting
range of ~8 and ~11 ns has been used in the data evaluation for
measurements at the F and F,, levels, respectively.

For measurement at the F, level the alga suspension was kept in a
reservoir with a total volume of 812 liters. This large volume was chosen
to reduce the influence of the measuring light on the light state of the
algae. For the measurements at the F, level the algae cells were pumped
from the reservoir at a rate of ~700 ml/min through a flow measuring
cuvette of 1.5 x 1.5-mm cross-section with a peristaltic pump to prevent
closing of the PS II reaction centers by the measuring light. By using an
appropriate length of black tubing we ensured that after leaving the
reservoir the algae spent a few seconds in the dark before entering the
measuring cuvette. For measurements with closed PS II centers 20 uM
3-(3',4'-dichlorophenyl)-1,1-dimethylurea (DCMU) + 10 mM hydroxyl-
amine were added and the algae were continuously irradiated in the
reservoir and in the tubing (for these experiments a transparent tubing
was used) with white light of low intensity before being pumped through
the measuring cuvette at a low pump rate (~10 ml/min). For state
transitions the whole reservoir was subjected for 30 min to the specific
irradiation conditions before the measurement started. During the mea-
surement of a decay-associated spectrum the irradiation conditions in the
reservoir were maintained.

All measurements were carried out at ambient temperature (22°-
25°C). For inducing a transition to state II the reservoir was irradiated
with red fluorescent tubes (Philips TL 20W/15), which have a dominant
emission band at 654 nm (light IT) (~0.5 W/m?). Light I was provided
from three slide projectors equipped with either 696-nm interference
filters (bandwidth 10 nm; Deutsche Balzers GmbH, Geisenheim, FRG)
or, alternatively, with long-pass filters with 50% transmission at 715 nm
(RG 9; Schott Optik, Mainz, FRG) with an intensity of 3 W/m? to
compensate for the reduced absorption at the long wavelengths. For
controls the algae were dark-adapted for at least 30 min or the reservoir
was subjected to the same white light conditions as were applied in the
growth chamber.

Global Data Analysis

For analysis of the decay curves recorded at various emission wavelengths
we applied a newly developed deconvolution procedure based on a global
optimization algorithm (15, 60). Instead of analyzing individual decay
curves recorded at one wavelength all decay curves recorded at different
wavelengths are analyzed simultaneously in a single run. The algorithm is
based on the assumption that the decay constant (lifetime) of a particular
decay component should be independent of wavelength while the preex-
ponential factors (amplitudes) vary. The fluorescence decay I(z, ) is
described by a sum of exponential functions

) - Z. A Q) exp (—t/7) . )
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If the lifetimes are independent of emission wavelength the dimen-
sionality of the fitting problem can be reduced from2 x N x ntoN x n +
n by applying the global analysis. Here, N denotes the number of
independent measurements at different wavelengths and n, the number of
decay components. The reduction in the number of the free parameters
leads to a dramatic improvement both in the accuracy of the extracted
parameters as well as in the capability for multicomponent resolution.
This latter advantage is important in view of the complexity of the
fluorescence decay from photosynthetic tissue (3, 4). The quality of the
fits was judged by a global x” value, individual x” values, and plots of the
weighted residuals. The iteration procedure applied in our program is a
semilinear Marquardt algorithm (61). The feasibility and reliability of
the four-exponential analysis has been tested on a number of simulated
data sets with three and four decay components, which mimicked the
experimental decay-associated spectra. Poissonian noise had been added
to these simulated decay data. These tests confirmed the expected drastic
improvement of the global data analysis as compared with the conven-
tional single-decay analysis. In all these simulations the theoretical
parameters (amplitudes and lifetimes) were recovered very closely, which
makes us confident that the present analysis is reliable.

The amplitudes of the decay components obtained from the global
analysis procedure were plotted as decay-associated spectra after correc-
tion for the wavelength-dependent sensitivity factor of the dectector. The
correction factor has been determined as reported previously (4). We like
to note that decay-associated spectra obtained in the way described here
represent true spectra of individual decay components. Such a decay-
associated spectrum should be identical to the spectrum that would be
obtained if this component was isolated and then measured individually.
This is not to be confused with procedures in which time-resolved spectra
are recorded at different delay times after the exciting light pulse (62). In
contrast to the former, the latter will in general still represent weighted
mixtures of the spectra of all decay components. Again we have preferred
to plot the amplitudes of the decay-associated components rather than
their yields. Such a plot provides more information since amplitudes are
proportional to absorption cross-sections and thus, in turn, to the antenna
sizes of the decay components (4). For an individual lifetime component
with an exponential decay the relationship between the amplitudes A(A.,)
at excitation wavelength A, and emission wavelength A, and the sample
parameters is given by the relationship

A(Aem) = kmd * e(AeJu:) N F(Aem)’ (2)

where k4 is the radiative rate constant, e(A.,) the extinction or absorp-
tion cross-section at the excitation wavelength, F(\,) the shape of the
(normalized) fluorescence spectrum, and N the number of Chls contrib-
uting to the lifetime component.

Fluorescence Induction Measurements

The fluorescence induction measurements have been carried out on algae
cells poisoned with 20 M DCMU. After adaptation to the desired light
state in the way as described above, DCMU was added in the dark and
the induction measurement was carried out after a dark time of 2 min. An
excitation wavelength of 630 nm (4-nm bandwidth) was used, i.e., the
same as in the lifetime measurements, and fluorescence was detected at
682 nm through an interference filter (10-nm bandwidth). The induction
kinetics was recorded on a home-built apparatus with a split-time base
and analyzed by computer fitting to a function consisting of a sum of a
sigmoidal and an exponential component.

RESULTS

Measurement with Open PS II Centers

The decay-associated fluorescence spectra of wild-type
Scenedesmus have been measured using excitation light of
Aexe = 630 nm under four different conditions: (a) after
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FIGURE 1 Weighted residual plots and x* values of fluorescence decays
from a light II-adapted sample of Scenedesmus at the F, level of
fluorescence. The global data analysis procedure has been applied. (a)
Three-exponential model function; (b) four-exponential model function.
Note the systematic deviations in the residuals for the three-exponential
analysis. The data have been analyzed over a time range of ~9 ns. (cf. Fig.
2).
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irradiation with light I, (b) after irradiation using light II,
and two controls (c) in the dark-adapted state and under
(d) white light irradiation. Our experimental set-up (see
Materials and Methods) enables us to adapt the algae to
the above-mentioned light conditions (states) in the reser-
voir and, independently of these conditions, probe the Chl
fluorescence at or very close to the Fj, level. This is possible
since the algae are pumped from the reservoir through a
flow measuring cuvette and spend <1 ms only in the laser
beam (=~1-mm diam) under the pumping conditions used.
To obtain data with high signal/noise ratio in reasonable
measuring times we concentrated on the wavelength
regions where the spectra of the individual decay compo-
nents show the most pronounced differences. This is the
range from ~680 to 705-nm emission wavelength. Mea-
surements over a wider wavelength range were carried out
as well for the purpose of completing the spectra. However,
only the data in the middle interval are essential for our
conclusions. Fluorescence decays were recorded at 5-nm
intervals. In general we could measure three spectra under
different irradiation conditions in 1 d from the same
sample. We verified that the results were not dependent on
the irradiation history of the sample by varying the
sequence of irradiations. No influences were found beyond
the error limits. Fig. 1, a and b shows the residual plots and
x* values for evaluations of the decay-associated spectra
from a light IT (A4 mostly 654 nm) adapted sample. The
deviations in the global three-exponential fit (Fig. 1 a)
clearly indicate that at least a sum of four exponentials
(Fig. 1 b) is required for a good fit. For comparison Fig. 2
shows a conventional fit to an individual decay (A.,, = 685
nm) taken from the same series. Four-exponential and
three-exponential fits are hardly distinguishable in the
single decay analysis. This demonstrates the advantages of
global data analysis. The differences found in the residuals
for this data set in the global analysis is typical of all the
other conditions as well.

Figs. 3-5 show the decay-associated spectra obtained
under the various irradiation conditions using a four-
exponential global analysis in all cases. The same scale
applies to Figs. 3-5 since these data have been obtained
from the same sample in the sequence presented. All
parameters except the irradiation conditions in the reser-
voir were kept constant. The most pronounced change upon
variation of the irradiation conditions occurs in the ampli-
tudes of the components with lifetimes of ~300 and ~600
ps (Figs. 3-5). They both have a spectral peak ~685 nm at
all conditions. The shorter-lived of these decay components
(7 =~ 300 ps) is highest in amplitude in the dark-adapted
state and lowest in the light II-adapted state. In contrast
the amplitude changes of the other component (7 ~ 600 ps)
are in the opposite direction, i.e., maximal amplitude in the
light II state and minimal amplitude after dark adaptation.
Table I summarizes the lifetimes of the decay components
obtained under the different conditions. Both the ampli-
tude and the maximum of the shortest-lived component
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FIGURE 2 Conventional decay analysis at a single wavelength
(Aem = 685 nm) for a light II-adapted sample (same data as in Figs. 1 and
4). The residual plots and x* value are given for a three- and a
four-exponential model function (top). The lower part of the Fig. shows
the semilogarithmic presentation of the fluorescence decay (solid line)
and the excitation function (dashed line).
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FIGURE 3 Decay-associated fluorescence spectra for dark-adapted cells
of Scendesmus at the F level of fluorescence (cf. Materials and Methods
and first footnote in Table I); A, = 630 nm. The spectra have been
calculated using the global data analysis procedure. The same scale
applies to Figs. 3-5.
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FIGURE 4 Decay-associated fluorescence spectra for light 1I-adapted
cells of Scendesmus at the F, level of fluorescence (cf. Materials and
Methods and first footnote in Table I); A, = 630 nm. The spectra have
been calculated using the global data analysis procedure. The same scale
applies to Figs. 3-5.
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FIGURE 5 Decay-associated fluorescence spectra for light I-adapted
cells of Scenedesmus at the F, level of fluorescence (cf. Materials and
Methods and first footnote in Table I); A, = 630 nm. The spectra have
been calculated using the global data analysis procedure. The same scale
applies to Figs. 3-5.
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TABLE 1
LIFETIMES r OF THE FLUORESCENCE DECAY
COMPONENTS OF SCENEDESMUS UNDER
VARIOUS CONDITIONS*

a-Units  B-Units PSI 74,05 Ouad
7,P8 7,p8 7,PS

Dark-adapted (Fp) 280-350 570-650  75-95 370 1.0
State I (Fy) 280-350 570-650  75-95 370 1.0
State I1 (Fy) 270-300 590650 75-95 440 1.19
White light (Fp) 280-350 580-650 75-95 390 1.05
State I (Fay) 2200  1,100-1,200 75-95 1450 3.92
State II (Fp,,) 2,200 1,100-1,200 75-95 1300 3.51

*The numbers given represent the range of lifetimes found for different
samples and independent measurements. Within one sample the lifetimes
of the decay components are nearly invariant with respect to state
transitions. Only the lifetime for open a-units was generally slightly
shorter in state II as compared with the other conditions. The measure-
ment uncertainties are much smaller than the ranges of each lifetime
given in the table. The average lifetime 7,, and the fluorescence yield @
calculated from the decay-associated spectra are also given.

*Average lifetime at A, = 685 nm calculated according to Eq. 3 (data
taken from the series presented in Figs. 3-5); the average lifetime is
directly proportional to the steady-state fluorescence intensity and yield
(see text and Eq. 3).

$Fluorescence yield calculated from the fluorescence decay measurements
at A, = 685 nm. All data are normalized to the yield of dark-adapted
algae under F, conditions.

(Amax = 690—695 nm, 7 = 85 ps) do not depend on the
irradiation conditions. Under all conditions a very small
amount of a long-lived decay (7 =~ 2.3 ns, A, ~ 685 nm) is
found as well (amplitude < 0.5%). The amplitude of this
latter component is neither decreased considerably when
the measuring light intensity is reduced nor is it in the
dark-adapted state. This behavior excludes closing of PS 11
reaction centers by the measuring light and points to a very
small amount of dead Chl as a cause of this fluorescence
component.

Measurements with Closed PS II Centers

The PS II reaction centers have been closed by addition of
DCMU and hydroxylamine to a dark-adapted sample and
subsequent irradiation with low intensity white light.
Under these conditions all PS II reaction centers are closed
(FL) and a three-exponential model was sufficient to
describe the data in the global analysis procedure (cf. Fig.
6). Fig. 7 shows the decay-associated spectra for the F,,,
condition. The absence of any short-lived decay component
other than the one peaking at ~695 nm at the F,, level is
particularly noteworthy. We observe two long-lived com-
ponents with lifetimes of 2.2 and 1.15 ns, which both peak
at 685 nm. Their amplitudes are very similar to those
found for the 300- and 600-ps components, respectively, at
the F, level in the dark-adapted state (Fig. 3). All data
obtained from the lifetime measurements are compiled in
Table I. A full quantitative comparison of the amplitudes
with Fig. 3 is not possible, however, since the two measure-
ments have not been carried out on the same sample, and
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FIGURE 6 Weighted residuals plots and x* values of fluorescence
decays from a dark-adapted sample of Scenedesmus measured at the Fy,,
level of fluorescence (20 uM DCMU + 10 mM hydroxylamine). The
global data analysis procedure has been applied. In contrast to the F, level
a three-exponential model function is sufficient to describe the data at the
F. level. The fitting range was ~11 ns.

slight variations in the relative amplitudes of these compo-
nents have generally been observed between different
samples.

Fluorescence Induction Data

The parameters obtained from the analysis of the fluores-
cence induction curves of cells adapted to state I or state II
are summarized in Table II. The decrease in the ratio of
maximum to initial fluorescence (F,,/F,) in state II as
compared with state I is typical for state transitions. This
decrease is brought about mainly by a decrease in F,, but
also includes a small increase in the F, level. These changes
are in good agreement with the corresponding yield calcu-
lated from the lifetime measurements at ., = 685 nm.
The rate constant K, of the slow induction phase is
increased by ~20% in state II as compared with its value in
state I (3.6 s™!). At the same time the rate constant K, of
the fast phase remained roughly constant (~18 + 1s7!).

DISCUSSION

During recent years a number of low intensity picosecond
fluorescence studies have been carried out on a large
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FIGURE 7 Decay-associated fluorescence spectra of dark-adapted cells
(Aexc = 630 nm) of Scendesmus at the F,,, level of fluorescence (20 umol
DCMU and 10 mmol hydroxylamine added); same data as in Fig. 6. The
spectra have been calculated using the global data analysis procedure.

variety of photosynthetic tissue involving both higher plant
chloroplasts and green algae. It has been found in all of
these studies that three exponential functions were neces-
sary to describe the Chl fluorescence decay (7-13, 63-67).
Based on an extended study of decay-associated excitation
and emission spectra, we have argued very recently that
four exponentials were necessary to describe the fluores-
cence decay of Chlorella vulgaris in general (3, 4). This
result is supported by the global data analysis technique.
The data presented in Figs. 1-7 both demonstrate the
potential of the global data analysis procedure and rein-
force the evidence for the need of generally four exponen-
tials to describe the decay curves of cells with open PS II

TABLE II
COMPARISON OF FLUORESCENCE INDUCTION DATA OF
DCMU-INHIBITED SCENEDESMUS CELLS IN STATE I
AND STATE II WITH CORRESPONDING DATA
CALCULATED FROM DECAY-ASSOCIATED SPECTRA

Fo*  Fau/F¢ K Guu/dd P
S_l
State I 49 34 3.6 39 0.50
State II 5.3 29 4.3 3.0 0.45

*Initial (F,) value from fluorescence induction experiments.

*Ratio of maximum to initial fluorescence yield in fluorescence induction
experiment with DCMU-treated cells (20 umol DCMU).

$Rate constant of the slow induction phase.

IRatio of maximum to minimum fluorescence yield from fluorescence
lifetime experiments calculated from ¢, data in Table I. The cells were
treated with both DCMU and hydroxylamine (for conditions see Fig. 7).
Connectivity parameter determined from fluorescence induction accord-
ing to reference 78.
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centers. However, since the long-lived fourth component of
low amplitude arises from a small amount of dead Chl we
shall omit it in further discussions. Nevertheless it has to be
taken into account in the data analysis since there an
omission would give rise to erroneous results for the
lifetimes of the other components. As compared with single
decay analysis used in previous work the spectra (ampli-
tudes) and lifetimes are determined with better precision
using the global analysis approach.

At the F, level we find a very fast component
(1, =85+ 10 ps) with an emission maximum slightly
below 700 nm, which is red-shifted as compared with the
other three spectra. In addition we find a fast (7, ~ 300 ps)
and an intermediate (7; ~ 600 ps) component with appre-
ciable amplitudes at the F, level. Both of these lifetimes are
somewhat longer than the corresponding components in
Chlorella (3, 4). Their spectra with maxima at ~685 nm
are very similar to those of Chlorella. The almost invariant
lifetimes of all components found under the various condi-
tions within a series are indicative of the fact that under
our conditions we indeed probe the F level. This is of
particular importance for the light-adapted conditions.

The lifetimes and amplitudes of both the 7, and 7,
components at F seem to depend somewhat on the growth
conditions. We also found that generally the 7, component
at the F, level was ~10% shorter-lived in state II as
compared with the other conditions. This slight variation is
probably related to the variation in the antenna size of that
component. In contrast the lifetimes r, and 7, are largely
invariant under the different adaptations. Under all the
conditions studied (different samples, different irradia-
tion) the lifetime 7, did not vary by more than +10 ps,
which is the experimental uncertainty.

PS I Fluorescence

Previously (3, 4) a short-lived component with lifetime 7, ~
80 ps was assigned to arise from PS I on the basis of its
red-shifted emission spectrum as compared with the other
components, its insensitivity to the state of PS II reaction
centers, and its preferential excitation at long wavelength.
The shortest-lived component found here in Scenedesmus
has very similar properties. The measurements at the F,,
level show that its lifetime and spectral shape do not
depend on the state of the PS II centers. In analogy to
previous studies (3, 4, 62), we therefore assign the fast
(7, = 85 ps) component again to PS L.

It is important to note that under the various irradiation
conditions, i.e., light I, light II, white light, and dark-
adapted state, we do not observe a significant change in
either the maximum amplitude, the spectral shape, or the
lifetime of the 7, = 85 ps component. Provided there should
be any changes in cross-section (amplitude) at all, we are
confident that they are about an order of magnitude
smaller than those observed in the other decay components.
In fact our data indicate that the amplitude of the PS I
component changes by <5% under the various irradiation
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conditions used for state transitions. This is an important
result since the amplitude of a kinetic component in the
decay-associated spectra is a measure of the antenna size
and/or absorption cross-section of those units giving rise to
that kinetic component (see Eq. 2). We can thus exclude a
significant variation of the PS I absorption cross-section or
antenna size by direct attachment or detachment of LHCP
to/from PS I in response to state transitions. A mechanism
involving the attachment of LHCP to PS I has been
proposed by several groups to explain the results of both
state transitions as well as in vitro thylakoid phosphoryla-
tion (36, 37, 40, 41, 68-70).

PS 11 Fluorescence

The experiments with inhibitors of PS II show that the 7,
and 7; components at Fy and F,,, both originate from PS II
in agreement with earlier work (4, 7, 11). We assume that
the antenna size of PS II remains unchanged when the PS
II reaction centers are closed. Since the amplitude in the
decay-associated spectrum is a measure of the antenna size
(see above), a comparison of the amplitudes of the various
kinetic components in completely closed PS II reaction
centers (DCMU + hydroxylamine) on the one hand with
the F, data on the other hand should reveal those compo-
nents arising from the same pigment bed(s) at the two
extreme fluorescence levels. On this basis it is easily seen
from our decay-associated spectra that the 300- and 600-ps
decay components at the F, level turn into fluorescence
decays with lifetimes of 2.2 and 1.2 ns, respectively, at the
F,,, level.

Our data prove that at fully closed PS II centers the 300-
and 600-ps components, which are characteristic of open
PS 1I centers, both disappear. We have suggested such a
behavior already from our earlier data (4, 11, 12). The use
of the global data analysis technique makes this result now
even more evident. This finding is of considerable impor-
tance for an understanding of the exciton trapping and
charge separation kinetics in PS II (71). We can now
conclude also more reliably that each of the three different
units, i.e., PS I, PS Ila, and PS IIB, gives rise to a
fluorescence decay that is each close to a single exponen-
tial. No separate fluorescence emission from LHCP II is
observed under any of the conditions examined. The latter
finding is indicative of a tight coupling of LHCP II to the
PS 1II core antennae. This conclusion has also been drawn
by Berens et al. (72).

Comparison with Other Data and
Interpretations

Hodges and Moya (56) have recently criticized the assign-
ment of the two PS II fluorescence decay components to
PS II a- and B-units. In contrast to our interpretation (4)
they claim that the long-lived PS II component at F
(7 = 450-600 ps) turns into the long-lived PS II compo-
nent (7 = 2.2 ns) at F,,,. Correspondingly the short-lived
PS II component at F; (7 ~ 200 ps) should turn into the
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middle component (7 ~ 1.4 ns) at F,,. They also claim a
proportionality between the yield and the lifetime for each
of the two variable lifetime components upon closing PS 11
centers. Such a proportionality would require a constant
amplitude for each of the variable components due to the
basic relationship given in Eq. 3. However, this constancy
of the amplitudes is not present in their data (56). For
example for Chlorella pyrenoidosa the amplitude of the
450-ps component at F; and the claimed corresponding
component of 2.6 ns at F,,, have amplitudes of 44 and
20%, respectively. A similarly drastic variation from 44 to
74% was found for the 220-ps (F,) and the claimed
corresponding 1.44-ns component (F,,). Large changes in
the amplitude, albeit in the opposite direction, were
observed for spinach chloroplasts upon closing PS II
centers (56). Furthermore they report a drastic decrease
from ~10 to =2% in the relative amplitudes of the shortest-
lived (PS I) component in all cases when going from F, to
F,.x. All of these amplitude changes are in clear contra-
diction to their claimed proportionality between lifetime
and yield of the individual components.

The interpretation and assignments proposed in refer-
ence 56 additionally create a number of contradictions
with data and kinetic models in the literature
(4, 65, 72, 73). The proposed correspondence between the
600-ps component (F;) and the =2.2-ns component (F,,,)
and their assignment to reexcited LHCP would imply a
rather inefficient coupling of LHCP to the PS II core
antenna, which would be inconsistent with an efficient
functioning of the LHCP complex (2, 4, 65, 72).

The interpretation of Hodges and Moya represents a
slightly modified version of the well-known tripartite
model originally proposed by Butler (74) but later recog-
nized as inadequate for the interpretation of the lifetime
data (4, 72, 73). While the kinetic equations describing the
tripartite model predicts indeed a biexponential decay
kinetics for PS II, at least at the extreme stages F,, and
Fas they also predict that any change in lifetime due to
closing of reaction centers will result also in changes of the
relative amplitudes of these components (72), in contrast to
the interpretation of reference 56. Likewise changes in the
relative amplitudes of the kinetic components in response
to, e.g., state transitions, as presented in this work, without
concomitant changes in the lifetimes would also be incon-
sistent with the kinetic equations describing the tripartite
model. The assignment of kinetic components in reference
(56) ignores this fundamental coupling between ampli-
tudes and lifetimes of kinetic components, which is charac-
teristic for the tripartite model.

In contrast, an assignment of the kinetic components in
terms of two different types of PS II units results in an
agreement between the experimental data and the corre-
sponding kinetic equations (4, 65, 72). Such a heteroge-
neous model can explain a wide range of lifetime data,
including the effects of state transitions, closing of PS II
reaction centers (4, 65), as well as the decay-associated
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excitation spectra of the different components (4). Thus,
despite some controversial reports in the literature on the
proposed properties of PS II a- and B-units, our working
hypothesis is to relate the observed PS II heterogeneity in
the fluorescence kinetics to a- and G-centers. In this
context it is gratifying to see that the changes in fluores-
cence induction data (cf. Table II), which have been used
in the past to probe «,3-heterogeneity, agree well with the
corresponding data obtained from the lifetime measure-
ments.

State Transitions and «,8-Heterogeneity

A controversy has arisen in the past whether the dark-
adapted state in various organisms is state I or state II
(16,17, 19, 21, 25,75). We have observed pronounced
variations in the amplitudes of the two decay components
associated with lifetimes of ~300 (7,) and 600 ps (73),
respectively, at the F; level. The most extreme opposite
states are obtained in the dark-adapted vs. the light
II-adapted sample. Under these conditions the amplitudes
of the components 7, and 7, are approximately reversed at
the F, level. Light II irradiation strongly favors the 7,
component, whereas dark adaption increases the amplitude
of 7, and concomitantly decreases that of ;. Judged on the
basis of the decay-associated spectra the dark-adapted
state is closer to the light I state (state I). This observation
sheds light onto contradictory reports as to whether the
dark-adapted state is state I or state II in Scenedesmus.
The terminology has been introduced originally to desig-
nate the two extremes (16). If the terms are applied in this
sense the dark-adapted state should perhaps be termed an
extreme state I whereas the light II adapted state repre-
sents the other extreme (state II). This is consistent with
the findings and notion of Bonaventura and Myers (16),
but in contrast to other reports (19, 21).

It is well-known from fluorescence induction measure-
ments that the F,,, level of fluorescence and the amount of
F,,, are sensitive to state transitions. Both of them are
considerably lower in the light II-adapted state (19-
22, 30). In contrast to that, the reported variations in the F,
level have been much smaller (19-21,30) (a slight
decrease has often been observed) or even absent (22). At
first sight, the large variations in amplitudes (and yields) at
F, observed here might thus come as a surprise. However,
steady-state spectroscopy and fluorescence induction start-
ing from the F, level cannot distinguish between the
various decay components. We can get a good estimate,
however, of what would be expected under similar condi-
tions in a steady-state measurement by calculating the
average fluorescence lifetimes 7,, and the relative fluores-
cence quantum yields from the decay-associated spectra.
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In these formulae the A; are the amplitudes of the decay-
associated spectra, 7; the lifetimes, and ¢, the fluorescence
yields of component i.

These data are given in Table I for A.,, = 685 nm and
A = 630, a situation that is typical of many fluorescence
induction experiments reported in the literature (7,, will
depend on the excitation wavelength). The values of 7,, and
the fluorescence yield ¢, are shown in Table I for the
various irradiation conditions. They are directly propor-
tional to the expected stationary F, levels of fluorescence.
Our data indicate a slightly smaller F, level in the dark-
adapted and light I-adapted states (state I) as compared
with the light II-adapted state. The difference is 10-20%
and thus should be detectable in fluorescence induction
experiments. This expectation is indeed in agreement with
our induction data given in Table II. In state II the F,,/F,
ratio is reduced mostly due to a reduced F,,, value, but also
due to a small increase in F,. This finding is reminiscent of
the situation upon phosphorylation of thylakoids reported
by Kyle et al. (76). Also at the F,,, level our results from
the fluorescence decay measurements agree well with those
from the fluorescence induction measurements (Table II).
In agreement with other groups (19-22, 30) we also find a
decrease of the F,,, fluorescence yield in state II. By
extrapolation this decrease can now be related to an
increased contribution (amplitude) of the 7, ~ 1.2-ns decay
component and a concomitant decrease in the amplitude of
the 2.1-ns component at F,, in state II as compared with
state L.

Reorganization of PS II Antenna

Our data indicate that state transitions do not reversibly
induce or remove new lifetime components either at the F,
level or at F,,,. More specifically, we do not find a decay
component with a lifetime characteristic of uncoupled
LHCP. The changes in lifetime of individual components
in response to state transitions, as shown in Table I, are
small or even negligible in most cases. We can thus exclude
models that involve the mere uncoupling of LHCP as a
mechanism to reduce PS II activity upon transition to state
II. The spectra and lifetimes of the 75 and 7, components
found here and in our previous work (4) would not be
consistent with such an interpretation. Instead our data
suggest opposite changes in the total absorption cross-
sections associated with the two types of PS II units. These
components are, with varying amounts, present under all
conditions. Thus in state II, the total absorption cross-
section of those units with a lifetime of ~600 ps is at a
maximum and that of the fast PS II units is at a minimum.
In state I (dark-adapted state or light I) this distribution is
reversed. The total PS II absorption cross-section
(a + B—units, i.e., sum of the PS II amplitudes) is invar-
iant to state transitions within the experimental error, as
can be deduced from their amplitudes in Figs. 3-5. It is
particularly noteworthy that the sum of the amplitudes (at
685 nm) of all PS II decay components is constant within
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better than 5% in a series both in response to state
transitions (Figs. 3—5) and upon closing PS II centers (Fig.
7). This finding is also in full agreement with the invar-
iance of the PS I antenna size (see above) and excludes a
direct redistribution of antennae pigments in favor of PS I
of vice versa. Our results are, in principle, in line with
recent findings that phosphorylation reversibly increases
the amount or antenna size of S-units and decreases the
amount or antenna size of a-units (76, 77). Within this
model all our data can be reconciled easily with the results
of reference 76.

To explain the large observed variations in the ampli-
tudes of the 7, and 7; components in response to state
transitions we propose as a working hypothesis a model of
the antenna organization in which the basic regulation
mechanism in a transition to state II involves a reversible
phosphorylation and subsequent migration of LHCP from
a- to S-units. The attachment of phosphorylated LHCP to
B-centers increases their absorption cross-section, which
explains also the increase in the rate constant of the slow
fluorescence induction component in state II (cf. Table II).
A schematic diagram of this model is given in Fig. 8.

Our experiments present a critical test of the hypothesis
that state transitions should alter the direct absorption
cross-section of PS I by an attachment of LHCP II to this
photosystem. A minor contribution of this mechanism
cannot be excluded. We can exclude, however, that the
direct attachment of LHCP to PS I antennae provides the
major effect of a transition to state II. We conclude that
the regulation mechanism operative in state transitions
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B - centers; isolated units
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FIGURE 8 Schematic model of the PS II antennae organization in states
I and II. Note that the absolute number of a- and B-centers is constant in
the two states. PS I is concentrated in the thylakoid regions where
B-centers are located (stroma-exposed thylakoids). The regulation mech-
anism is based on the reversible migration of phosphorylated LHCP from
a-centers to $-centers. The model also indicates that up to 30% of the total
Chl in PS II (referred to the total absorption cross-section of PS II at 630
nm) may be mobile. Phosphorylated LHCP does not attach directly to PS
I (see also reference 79).
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primarily affects the cross-sections of the two different PS
II units only, which are best characterized in terms of
a,B-heterogeneity so far. The direct antenna size of PS 1
remains unchanged in the state transition. There could
occur indirect variations in the effective antenna sizes by a
spill-over mechanism, however. The full discussion of the
model of the antenna organization including the quantita-
tive analysis of spill-over effects is beyond the scope of this
report and will therefore be provided in a forthcoming
paper.

The decay-associated fluorescence spectra provided fur-
ther evidence in support of the ,3-heterogeneity of PS II
reaction centers. We interpret the lifetimes of ~300 and
~600 ps in open PS II a- and B-units, respectively, as
overall trapping times of excitons in the complete anten-
nae, including both the core Chl and LHCP. Our data
suggest functional and structural differences between the
two types of PS II centers. Methods other than fluores-
cence spectroscopy will have to be applied to gain more
insight into the structural properties of $-units.
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