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Room-temperature single-photon timing measurements on green algae at low excitation energies indicate
at least three kinetic components of chlorophyll fluorescence when the reaction centres of photosystem (PS)
IT are open (F,) with lifetimes of approx. 50 ps (fast), 200 ps (middle) and 450 ps (slow). The absence, in
green algae, of a long-lifetime component (1.4 ns) is at variance with previous reports. Closing the reaction
centres gave rise to a similar increase in both the middle and slow lifetimes, by a factor of between 4 and
5, to produce lifetimes of approx. 850 ps and 2 ns, respectively, when all traps were closed (Fy..). The yield
and lifetime of the fast component were found to be independent of PS II centre closure. The yields of the
middle and slow components were both modified by reduction of the primary stable electron acceptor of
PS II (Q,) with the slow-component yield increasing by a greater degree than the middle-component yield.
It was also observed that as PS II reaction centres were closed to photochemistry the fluorescence yield
and average lifetime increased proportionally. This trend and the similar increases in the middle and slow
lifetimes are indicative of a well-connected system of PS II units favouring exciton transfer between PS II
centres. We suggest that the fast kinetic component arises mainly from PS I while the middle and slow
components arise from different types of fluorescing unit located in the granal lamellae and associated with
a system of well-connected PS II.
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1. INTRODUCTION

Recent studies concerning the lifetime of
chlorophyll fluorescence after picosecond pulse ex-
citation of intact green algae and higher plant
chloroplasts have revealed multiexponential decay
kinetics that indicate a sum of at least 3 com-
ponents spanning a time range from 0.05 to 2.2 ns
[1-3]. These have often been referred to as the fast
(50—150 ps), middle (400-750 ps) and slow

Abbreviations: PS, photosystem; LHC, light-harvesting
Chl a/b-protein complex; DCMU, 3-(3,4-dichlorophen-
yD)-1,1-dimethylurea; Qa, primary stable electron accep-
tor of PS II; Fmax (Fo), maximum (minimum) chloro-
phyll fluorescence

(1-2.2 ns) components. They undergo complex
changes in lifetime and yield as the PS II reaction
centres are closed. For instance, it has been shown
that with mainly open reaction centres the decay
exhibited by Chlorella pyrenoidosa is dominated
by two components with lifetimes of 100 ps (18%
yield) and 500 ps (78% yield) with only a small
contribution from a slow component (1.4 ns, 4%
yield). Closing the reaction centres increased the
yield of the long-lived decay from 4 to 65%, at
Fmax, while increasing its lifetime from 1.4 to
2.2 ns [2]. Such changes were interpreted in terms
of the preence of only a limited degree of energy
transfer between PS II reaction centres. The extent
of the change in lifetime of the slow component
between Fo and Fmax has been consistently reported
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to be approx. 2-fold [2,4—7] while at Fp the lifetime
of the slow component appears to be species-
dependent [6]. The lifetime of the fast component
remains relatively unaffected by PS II trap closure
while that of the middle component increases with
its yield increasing to a lesser degree (see e.g. [2]).

It has been proposed that the slow phase could
originate from PS II radical pair recombination
between P680" and reduced pheophytin. This
follows the idea put forward by Klimov et al. [8]
that variable fluorescence is in fact luminescence.
This was concluded from the appearance of a 4 ns
fluorescence delay component when Qs was
chemically reduced prior to illumination which
followed the disappearnce of reduced pheophytin.
The long-lived component could arise directly
from the recombination process or re-excited
antenna pigments (see [6]). However, charge
recombination is not essential to produce a long-
lived decay as such a component is still seen in a
mutant lacking PS II [7]. Furthermore, the op-
posite dependence of the yield of the slow and fast
components on closing of PS II is difficult to ex-
plain by such a process [2]. The two faster com-
ponents have been ascribed to excitons lost prior to
reaching the reaction centres, the fast component
arising from PS II core chlorophyll and the middle
component from the LHC [1,4].

An alternative hypothesis for the origin of the 3
components has been put forward by Butler et al.
[9]. By re-examining the earlier data of Haehnel et
al. [2] in terms of a/# PS II heterogeneity [10],
they suggested that the middle component arose
from PS Il (isolated units with a small antenna)
and the slow phase from closed PS IL, (connected
units with a large antenna). The fast decay was at-
tributed to both open PS I, centres and to PS I.
Although the idea of a/@ heterogeneity has been
difficult to prove by redox titrations of chlorophyll
fluorescence [11], the contribution by PS I to the
fast-lifetime component has been substantiated by
several groups [12,13] and has also been inferred
from studies of mutants [6,7]. Studies of
photosynthetic mutants [6,7] and chloroplasts at
different stages of development [5] have been
useful in showing that the overall decay is probably
more complex than the tri-exponential model used
and that perhaps each of the 3 components has
multiple origins.

A striking point is that, in spite of the
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heterogeneous nature, the overall decay gives rise
to an average lifetime, calculated from the decon-
voluted parameters, which shows an almost pro-
portional increase with total fluorescence yield by
a factor of 3—5 [2]. Such a relationship was found
previously using phase fluorimetry [14,15] and was
interpreted as corresponding to a well-connected
organisation of PS II favouring energy transfer be-
tween centres in agreement with the proposals of
Joliot and Joliot [16].

Here, we describe the results of the fluorescence
decay decomposition obtained with an improved
single-photon fluorimeter having an instrumental
response function of 60 ps. Special attention has
been paid to producing homogeneous sample il-
lumination and analysing well-defined fluores-
cence levels. The results are discussed in terms of
a heterogeneous pool of well-connected PS 11 reac-
tion centres.

2. MATERIALS AND METHODS

Chl. pyrenoidosa and Chlamydomonas rein-
hardtii were grown as in [17]} and diluted to 20 g
Chl/ml for experimentation. Fluorescence
measurements were carried out at 90° to the excita-
tion beam in a 2 X 2 mm cuvette located at the en-
trance slit of a monochromator of 3 nm band-
width. Flow of the algal suspension (400—500 ml)
was by means of a peristaltic pump at up to
20 ml/s. The very small dimensions of the cuvette
provide several advantages, including homo-
geneous sample excitation, and allow us to obtain
a flow rate of 500 cm/s (i.e. the sample is il-
luminated for only 200 x#s at maximum pumping
speed). The low light intensity (2 x 107 photons per
pulse) in addition to the high flow rate allowed us
to obtain an ‘accurate’ Fy measurement. The Fuax
level was obtained after incubation with 20 xM
DCMU using stationary samples, the analysed
sample being changed every 10 s during the several
minutes required to complete the measurement.
The intermediary fluorescence levels were obtained
from either dark-adapted or preilluminated algae
(white light, 5 W-cm™?) at different flow rates.
The intensity of the laser was kept non-actinic dur-
ing these procedures.

The single-photon timing apparatus employed in
these studies consisted of a mode-locked and cavity
dumped dye laser system (Spectra-Physics; dye
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DCM) synchronously pumped by an Ar* laser.
This system is wavelength-tunable in the range
610-700 nm and provides pulses of 1015 ps
duration at a repetition rate of up to 4 MHz.
Because the repetition rate of the excitation pulses
was about 1000-times greater than the rate of the
fluorescence events, the reverse configuration was
adopted. The start input to the time-to-amplitude
converter (TAC) was produced by the fluorescence
while part of the excitation beam was directed to a
fast photodiode (rise time <1 ns) which provided
the stop pulse. Fluorescence photons were detected
by a microchannel plate photomultiplifer
(Hamamatsu R1564U), having an S 20 spectral
response, and the output pulses were passed to a
constant fraction discriminator through a 24 db
gain wide-band amplifier (1 GHz). Under these
conditions the instrumental response function was
approx. 60 ps FWHM (full-width at half-
maximum) when scattered light was examined in-
stead of fluorescence. The experimental excitation
function and the fluorescence decay were con-
secutively recorded in a 512-channel memory
group of a multichannel analyser (Tracor Northern
1750) and transferred to a Hewlett Packard 9836
computer. Deconvolution of the experimental
decays into a sum of exponentials was carried out
by means of a least-squares programme using the
Marquardt search algorithm for the non-linear
parameters. The quality of the fits was judged by
the reduced y? criterion and the plot of the
weighted residuals.

3. RESULTS

Fig.1 shows the instrumental response function
to scattered light and the chlorophyll fluorescence
decay of CHhl. pyrenoidosa measured at 685 nm
following excitation at 625 nm at the Fp (fig.1a)
and Faax levels (fig.1b). Three exponentials were
required to fit the data at both the minimum and
maximum fluorescence levels (see also table 1).
When all Qi was oxidized (Fp) the 3 components
had lifetimes of 40 (fast), 200 (middle) and 454 ps
(slow) (see fig.1a). Similar values were found with
the same batch of algae measured several times
during the same day as well as from experiments
carried out on different days. No component hav-
ing a lifetime slower than 0.5 ns was found in
Chiorella, at variance with previous results con-
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Fig.1. Chlorophyll fluorescence decays of Chl.
pyrenoidosa at 685 nm at (a) Fp (Qa oxidised) and (b)
Fuax (Qa reduced). The excitation profile shown on the
plot has a width of approx. 60 ps (FWHM). The best fit
of a 3-exponential decay model is superimposed with the
experimental fluorescence decay. The weighted
difference between the two curves is shown in the centre
of the plot (scale +10 to —10).

cerning green algae [1,2]. However, similar
lifetimes at Fy, have been reported for barley
chloroplasts suspended in the presence of Mg®*
[6]. Addition of DCMU, at the F level, induced a
20% increase in total fluorescence yield which
specifically affected the middle and slow compo-
nent lifetimes. At Fpax (fig.1b) the 3 components
exhibited lifetimes of 70 ps (fast), 700 ps (middle)
and 1.90 ns (slow) which are in good agreement
with the data, concerning green algae, of other
groups [1,2]. Several intermediary levels of Qa
reduction were also analysed. Good fits always re-
quired at least 3 exponentials to obtain y” values of
approx. 1.0, indicating that the residuals cor-
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responded to Poissonian noise. Two components
introduced systematic deviations in the weighted
residuals and a subsequent increase in the y* value,
while 4 components only decreased the x* values by
less than 0.1 in many cases.

Fig.2 shows the relationship between average
fluorescence lifetime and measured total chloro-
phyll fluorescence vield for Chl. pyrenoidosa. The
linear relationship confirms previous data ob-
tained by phase fluorimetry [14,15] and by single-
photon counting {1]. This means that the plots
shown in fig.3 can represent the change in the 3
components as a function of total fluorescence
yield.,

Fig.3a shows the evolution of the lifetimes of
each component as PS 11 reaction centres are clos-
ed (as indicated by the average lifetime). The pro-
portional increase in both the slow (from 0.45 to
2.0 ns) and middle (from 0.18 to 0.85 ns) com-
ponents and the 4—5-fold increase in the lifetimes
of these two components on increasing the number
of closed PS II centres between Fop and Fipax are
striking observations. The lifetime of the fast com-
ponent stayed relatively unchanged (60—100 ps).
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Fig.2. Total chlorophyll fluorescence yield of Chl
pyrenoidosa as a function of average lifetime calculated
using the equUAtion 7mean = 2ui= | @72/ 23_ | air,, Where
«; is the amplitude and 7, the lifetime of the i-th
component, and the values obtained from the best
3-exponential fit to the decay.
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Fig.3. The effect of PS II trap closure, as monitored by
the average fluorescence lifetime, on (a) the lifetime
(closed symbols) and (b) yield (open symbols) of the slow
{square), middle (triangle) and fast (circle) components
of the fluorescence decay kinetics of Chl. pyrenoidosa.

These experiments have been repeated a number of
times and have always vielded the same trend and
similar large changes in lifetimes to those depicted
in fig.3a.

Fig.3b shows the change in yield of each compo-
nent as the average lifetime is altered. As for the
corresponding lifetime changes (fig.3a) only the
slow and middle components are altered by chang-
ing the state of the PS II reaction centres, whereas
the yield of the fast component remains indepen-
dent of PS II trap closure. This latter observation
is at variance with those in [2] in which the fast
component decreased on closing PSII traps.
However, the exact relationship between the yield
of the slow and middle components and the total
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Table 1
Decay components of the chlorophyll fluorescence kinetics in Chlorella pyrenoidosa and Chlamydomonas
reinhardtii®

Lifetimes Yield Average

(ns) (relative units) lifetime,
7mean
43 7m Ts ¢f Pm ¢ﬁ (nS)
Chl. pyrenoidosa Fy 0.050 0.190 0.415 0.02 0.12 0.16 0.301
Frnax 0.090 0.740 1.945 0.04 0.22 1.49 1.751
C. reinhardtii Fo 0.060 0.242 0.545 0.04 0.14 0.22 0.390
Frax 0.095 0.945 2.278 0.03 0.33 1.67 2.029

2 All data were calculated on the basis of a 3-exponential decay model. Subscripts f, m and s refer to the
fast, middle and slow components, respectively

March 1986

fluorescence yield is complicated by occasional
variations in day to day experiments. The main
trends and extents of the changes are depicted in
fig.3b in which the yield of the middle and slow
components did not increase proportionally with
their respective lifetimes (it should be noted that on
several occasions a proportional relationship bet-
ween lifetime and yield of the two components was
observed). Similar results to those shown in figs 1
and 3 have also been found for C. reinhardtii (not
shown) and representative lifetimes and yields for
C. reinhardtii at Fo and Fpnax are given in table 1.

Preliminary studies have indicated that the con-
stant, fast component, which does not noticeably
change in yield or lifetime in response to the
closure of PS II centres, has an enhanced yield (4
to 10-12%) at longer emission wavelengths
(>710 nm) compared with 685 nm, is absent in
BBY-type PS II oxygen-evolving preparations [18]
at Fnax and is modified in a Chlamydomonas mu-
tant (F15) lacking PS I reaction centre proteins
(not shown).

4. DISCUSSION

The deconvolution of the chlorophyll
fluorescence decay kinetics shown above into at
least 3 exponential components to fit the overall
decay is in agreement with earlier works
[1,2,4,6,7,11]. At the Fmax level both the average
lifetime and the parameters from our deconvolu-
tion are similar to those reported for green algae
[1,2]. However, this is not the case at the Fp level,
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where an average lifetime of 330 ps was found
which is shorter than previously reported for
Chlorella [1,2]. This difference could be explained
by the different experimental apparatus and pro-
cedures used which allowed a lower F level to be
reached in this work. In fact, the low fluorescence
state attained with Chlorella in [1] might reflect a
state in which a small fraction of PS II is closed.
If this is assumed then the component lifetimes
reported in [1] fit well with the data shown in
fig.3a for the same average lifetime. The data in [2]
gave values slightly different from those in the
earlier work [1] and those in figs l1a and 3a. At an
F, corresponding to 470 ps the 3 exponentials were
deconvoluted into a fast (130 ps), a middle
(500 ps) and a slow (1.4 ns) component. Similar
lifetime components and average lifetimes, at fo,
have been reported however, using barley
chloroplasts suspended in the presence of high salt.
Such differences are difficult to explain in terms of
a species dependence but perhaps reflect the dif-
ferent experimental apparatus and procedures
used. Furthermore, comparisons between data of
different groups could be hindered due to the
same, or different species, being grown under dif-
ferent growth conditions or perhaps being used at
different stages of development (see [5]).

Here, the magnitude of the change in both the
lifetime of the middle and slow components, on
going from Fop to Fuax by photochemically closing
the PS II reaction centres (fig.3a), is different
from the data for green algae [1,2], and for
chloroplasts of spinach [1,4], pea [1] and barley
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[6,7]. It can be seen that there is an almost 5-fold
increase in the lifetimes of both these components
as Qa is reduced; such large changes have not been
observed previously (usually the change is only
2-fold). The relationship between the state of the
PS II reaction centres and the fluorescence yield of
the two slower components is less clear. The most
consistent changes (fig.3b) suggest that as Qa is
reduced the middle component might be changed
in some way to give rise to the slow component.

The finding of the 3 lifetime components and
their behaviour as PS II reaction centres are closed
have been used as the basis for many different in-
terpretations concerning the organisation of the
photosynthetic apparatus. Therefore, the novel
results shown in fig.3 have led us to interpret the
organisation of PS II somewhat differently from
the previous works as discussed later. Until now
the association of each component with a subset of
PS II divided using the tripartite model of Butler
[19] into peripheral LHC, PS II core antenna and
PS II reaction centres has been carried out (see sec-
tion 1). However, it has been shown that the mid-
die component is almost unaltered in a mutant
lacking LHC [6] and that a slow component is still
present in a mutant lacking PS II [7]. Such obser-
vations cannot be accommodated by the above-
mentioned associations and suggest that the com-
ponents may have multiple origins. The presence
of a long-lived component in the absence of PS 11
reaction centre proteins suggests that the charge
recombination mechanism is not essential. Fur-
thermore, mutant and developmental studies infer
that the fast component originates from PS I and
PS II while the middle component cannot arise
solely from LHC [5-7].

Another idea put forward to explain the origin
of the 3 lifetime components introduced the con-
cept of PS 1L, and PS Ilg centres [9]. However,
based on the reported properties and locations for
such centres in which PS II, units are connected
and found in the granal membranes and PS 1l are
isolated centres situated only in the stromal
lamellae [20,21], this hypothesis cannot explain the
above results. Both the 5-fold increase in the mid-
dle and slow component lifetimes (fig.3a) and their
location in appressed, granal membranes would
not be expected if these components represented
PS Ilz and PS IL, centres, respectively, firstly,
because PS Ily is absent from BBY preparations

FEBS LETTERS

March 1986

[21] and, secondly, as isolated centres they would
not exhibit a variable lifetime component but pro-
duce constant lifetime components which would
change only in amplitude between the open and
closed states.

The fluorescence from PS I-associated pigments
has recently been confirmed to be a part of the fast
component. On the basis of spectral distribution a
104 ps component has been ascribed to PS 1 [13]
while other workers have resolved the fast decay
into two components of 80 ps (PS I) and 180 ps
(PS II). We have also found a 3-fold increase in
yield of the fast component at wavelengths
>710 nm compared with the emission at 685 nm.
Furthermore, preliminary studies have shown that
a fast (<100 ps) component is absent, at Fuyax, in
BBYs and is greatly modified in a Chlamydomonas
mutant lacking PS I.

Both the proportional increase in lifetimes of the
middle and slow components with average lifetime
(fig.3a), and fig.2, favour a model in which PS II
reaction centres are well-connected, enabling
energy transfer between reaction centres [16,22].
The large variable change in the slow component
lifetime between Fp and Fnax suggests that this
component cannot arise directly from charge
recombination. If such a mechanism is involved
then the recombination time must be rapid
(<100 ps) otherwise extrapolation of the slow
decay to zero yield in fig.3a would not be close to
the origin. The fast recombination must then lead
to the re-excitation of the antenna pigments allow-
ing energy transfer between different PS II reac-
tion centres to take place.

Because the lifetimes of the two variable com-
ponents increase by the same degree and in parallel
with the yield, upon closing the PS II reaction cen-
tres, the different fluorescing units producing these
emissions must be connected to similar degrees and
be associated with and dependent upon the PS II
reaction centre [17]. They are also both situated in
the granal lamellae as shown by the analysis of
BBY-type preparations. However, a model of two
sets of well-connected units infers that for each
emission (middle and slow) the lifetime and yield
should increase in a constant ratio during the
fluorescence induction rise. The data of fig.3 show
that such a relationship only holds for the first half
of the average lifetime increase. For the second
half, the yield of the slow component exhibits a
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larger change than expected at the expense of that
of the middle component. This trend could arise
from uncertainties in the deconvolution but an
analysis using simulated tri-exponential decay
curves, in the presence of Gaussian noise, suggests
that this is not the case. Other possible explana-
tions might be that it arises because of either the
proposed multiple origins of the decay components
(see e.g. [7]) or the units giving rise to the middle
component are being ‘converted’ into those centres
producing the slow component. However, a
4-component deconvolution with slightly better
fits to the experimental data than with 3 com-
ponents leads to a situation where 2 components
exhibit a proportional increase in both yield and
lifetime (approx. 6-fold) as PS II traps are closed
while the other 2 components remain constant in
yield and lifetime (60 ps and 250 ps). This analysis
therefore does not require any conversion of dif-
ferent fluorescing units and confirms the multiple
origin hypothesis. Further work is now being car-
ried out to try to verify and extend the conclusions
presented above.
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