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Abstract—A single-sample method for estimating energy distribution and redistribution among the two
photosystems using fluorescence lifetimes and transients at 77 K is presented. In this method, x (the
fraction of photons absorbed by photosystem I, PSI) is F ) /(F ¢, + (tr 104,/ 201))° F20)) Where, F g, is
the fluorescence intensity from PSI excited by photons initially absorbed by the latter, ¢ 04, and T 3u)
are the maximum lifetimes of fluorescence from chlorophyll-a in PSI (1) and 11 (2), and, F,uy, is the
maximum fluorescence intensity from PSII (P level). Analysis of the intensities and lifetimes of wave-
length resolved fluorescence of thylakoids (pH 7.0), with and without cations, leads to the following
conclusions: The addition of 10 mM Na™ to cation-depleted thylakoids (pH 7.0) increases x by ~ 10%,
while the subsequent addition of 10 mM Mg?* leads to three principal concomitant changes (in the
order of importance): a 50%, decrease in PSII to PSI energy transfer, a 20%, increase in other radiation-

less losses, and a 109 decrease in a.

INTRODUCTION

The discovery that Mg?* and other divalent cations
enhance chlorophyll-a| fluorescence in thylakoids at
room temperature (Homann, 1969) and increase the
ratio of short to long wavelength fluorescence at 77K
(Murata, 1969) has stimulated much research (Barber,
1976; Williams, 1977; Arntzen, 1978; Wong and Gov-
indjee, 1979). It was observed by Gross and Hess
(1973) that low concentrations (<10 mM) of mono-
valent cations added to cation-depleted, sucrose-
washed thylakoids produced the opposite effect (also
see VanderMeulen and Govindjee, 1974; Wydrzynski
et al, 1975). The above changes are commonly
referred to as the ‘cation effects’.

Butler and Kitajima (1975a,b) introduced a model
of the photochemical apparatus of photosynthesis
which included parameters to describe the distribu-
tion of excitation energy between photosystem I (PSI)
and PSII: namely, « and $, the relative cross sections
of PSI and PSII, respectively, where « + 8 = 1.0 and
kr21), the rate constant for energy transfer from PSII
and PSI. The model was used to determine how these
parameters were affected by the presence of divalent
cations from fluorescence measurements of chloro-
plasts at 77 K. However, in order to determine energy
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distribution, the method of analysis required that
measurements be made on pairs of samples, one
frozen in the absence and one frozen in the presence
of divalent cations. Later, methods were devised by
Ley and Butler (1976, 1977) and Strasser and Butler
(1977a,b) by which the energy distribution par-
ameters could be determined in an individual frozen
sample, including such samples as intact leaves or
algal cells, from parallel measurements of absorption
and fluorescence excitation spectra at 77 K.

We introduce here a new single-sample method for
estimating the energy distribution and redistribu-
tion parameters using parellel fluorescence lifetime
and transient data at 77 K. Applying this analysis to
the cation effects, we have evaluated, for the first time,
the effects of 10mM Na* to sucrose-washed (cation-
depleted) thylakoids. Our results reveal an Na’-
induced decrease (~ 10%) in the fraction of quanta
absorbed by PSII and a slight increase in the ef-
ficiency of excitation energy transfer from PSII to
PSI. The reverse effects obtained upon the subsequent
addition of 10mM Mg?* confirm qualitatively the
conclusions of Butler and Kitajima (1975a), but show
three concomitant changes (in order of importance): a
50% decrease in energy transfer from PSII to PSI, a
20%, increase in the radiationless losses and a 109
decrease in « (fraction of light absorbed by PSI).

THEORETICAL CONSIDERATIONS

It was assumed in the bipartite model of Butler and
Kitajima that the light-harvesting Chl-a/b protein
complex (Chl LH) served primarily as additional
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antenna Chl for PSII (Butler and Kitajima, 1975a;
Butler, 1979). A more eleborate tripartite model was
formulated by Butler and Strasser (1977) in which Chl
LH was assumed to be a separate bed of antenna Chl
which could transfer excitation energy to either PSII
or PSI. However, an analysis of the fluorescence of
PSIT and Chl LH from chloroplasts at 77K in the
context of the tripartite model (Butler and Strasser,
1978) showed that Chl LH transferred energy almost
exclusively to PSII and confirmed the general validity
of the simpler bipartite model which will be used here.

Following the general scheme and nomenclature of
Butler and Kitajima (1975a, b), the various processes
by which excitation energy is utilized or dissipated
will be indicated by first-order rate constants, k, with
appropriate subscripts to denote the particular pro-
cess. Capital letters in the subscript will be used to
indicate deexcitation processes which occur in the
antenna Chl: F for fluorescence, D for nonradiative
decay and T for transfer to a reaction center; and
lower case letters will denote deexcitation processes
which occur at the reaction center Chl: p for photo-
chemistry, d for nonradiative decay and t for transfer
back to the antenna Chl. In each case the numeral 1 or
2 will follow the letter to indicate whether the process
is occurring in PSI or PSIL. In addition, energy
transfer from the antenna of PSII to PSI will be
denoted by the subscript T(21).

The probability, , that a process will occur is de-
termined by quotient of the rate constant for that
process divided by the sum of the rate constants for
all competing processes. For example, the probability
for energy transfer from PSII to PSI is

Yran = kT(zn/Zkz (la)

where
Zky = key + kpy + kry + kray

Special note must be taken of the state of the PSII
reaction centers. If a PSII reaction center is open (i.e.
in the P680- Q state) it is assumed that excitons arriv-
ing at the reaction center will be used for photo-
chemistry, i.e. that k,, » ky, or k; so that y,, = 1.0.
However, if the reaction center is closed (the
P680-Q~ state) photochemistry cannot occur,
k,, = 0, and the exciton is either dissipated by non-
radiative decay in the reaction center Chl, kg4, or is
returned to the PSII antenna, k,,, where the various
antenna processes can again compete. At closed PSII
centers

'/’12 kll

T ko + kg2

kys
kiy + kya

Owing to the return of excitation energy from closed
reaction centers, the yields (or probabilities) for the
various dissipative processes in the antenna of PSII
increase as the reaction centers close. The yields of
such processes, noted as ¢, all increase from a mini-
mum value, to be noted by (0) in the subscript, when
the PSII reaction centers are all open to maximum

and Y, = (1b)
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values, denoted (M), when the reaction centers are all
closed. As an example

¢T(21)(0) = Yra (Ic)
drenen = Yren(l = dradh) ™!
= ‘I/T(zn'Ez (1d)

where E, is the enhancement factor which results
from the closure of the PSII reaction centers.

It should be noted that although the concept of
excitation cycling is invoked in the above derivation,
the enhancement factor can arise from any process in
which excitation passes through the PSII antenna
complex many times, e.g. between two antenna
domains which have a non zero probability for back
transfer. The lifetimes of fluorescence from PSII can
be expected to change to the same extent that the
yield of fluorescence changes. Thus

Te 20 = (Zky) ™! (2a)

and
(2b)

Expressing t¢; (o) and Y, in terms of rate constants
and simplifying, Eq. 2b may be rewritten as

Te2om = ko2 + ke2 + kraan
+ kra(1 — W!Z)]_I. (20)

This implies that the energy recycling resulting from
reaction center closure effectively reduces the rate
constant for excitation transfer from the PSIT antenna
to the reaction center from kr, to kry(1 — ¢,,). It is
clear from Eqs la and 2a that if (5, and te, g, are
known, the value of kr(;,, can be obtained.

In the case of PSI, the lifetime of fluorescence at
77K has been reported to be independent of the
redox state of the reaction center (Butler er al., 1979)
so that

Tram = Tr2(0) B2

TFro = i = (Zk)7!

(&)
where Tk, = kp; + key + kg,. The above statement
assumes exclusion of excitation cycling in PSI and of

the component of PSII to PSI transfer as the latter is
too fast (~ 140 ps) (see Campillo et al., 1977).

Estimation of «

If we denote the rate of absorption of photons by
PSI and PSII as I; = «l and I, = I, respectively,
where I is the rate of absorption by the entire photo-
chemical apparatus, x can be defined as

L o
TL+1, 2+ 8

x

)

Defining the fluorescence produced by photons in-
itially absorbed by PSI as F,,,
Fiw=1"¥g, (5a)

or

Ix = Fx(z)/l//Fl (Sb)
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Similarly, the maximum fluorescence from PSII
occurs when the reaction centers are closed so that
excitation cycling is maximum and the quanta input
to PSII is operationally equal to I,-E, (¢f. Eq. l¢), in
which case

Fooy = 12°Ey ¢, (6a)

and

L= FZ(M)/(Ez'l//Fz) (6b)

Substituting Egs 5b and 6b in Eq. 4, and simphfying
_ Fia

Figy + Faoy ¥r 1 /W2 Ey)

By definition, yp, = k¢;/Zk; = key ey 0y (¢f Eqgs la
and 2a), and since 1, gy = Tr ). ONE Obtains

™

x

Ve = ket Terpn ®)
Similarly, by Eq. 2b
Ve E; = sz‘TFZ(O)'Ez = sz'TFZ(M) )
Hence, by substituting Eqs 8 and 9 in Eq. 7, we have
o= P Fie (10)
i)
Fia + “F,(M)
T ker tea

By assuming identical rate constants of fluorescence
for Chl-a in PSI and PSH, kg /key =1, Eq. 10
becomes

Fl(:()

TF1
k1

(11)

o =

™)
‘Fam
F2(M)
Alternatively, if F,4), is defined as the fluor-
escence from PSI sensitized by quanta absorbed in

F](,) +
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PSII and transferred to PSI when the PSII reaction
centers are all open

Figvo = 2" ¥rany ¥ (12a)

or

I, = Fl(m(oy/('//r(zn)'lffﬂ)

so that by substituting for I, and 1, in Eq. 4 using Eqgs
5b and 12b, respectively, and simplifying, we obtain
the Strasser and Butler (1977b) Eq.

Fl(z)

(12b)

o= (13)

Fie + “Figo

WT(ZH

Using the condition that « + 8 =1, B can be
calculated. Then by Eqs 5a and 12a

Fia _ x
Figwo  Bdray
giving
2 Figyo
'/’T(zl) =5 = (14)
ﬂ Fl(z’)

The theoretical calculated parameters and the ex-
perimental quantities needed for our present analysis
are described under Results and Discussion.

RESULTS AND DISCUSSION
Comparison of Chl-a  fluorescence lifetimes and
intensities at 77 K in thylakoids with and without
cations

Table 1 reproduces essentially the experimental
findings of Wong et al. (1979), but it includes both the

Table 1. Cation effects on Chl-a fluorescence lifetimes and intensities at 77 K

Normalized ratios}
(actual ratios in parentheses)

Fluorescence T(F6860y)) T(F695m)) F690y,
Lifetime, 7 (ns)* intensitiest
Sample T(F686)  T(F6950)  T(F3700) F690 F730 t(F730)  t(F7300) F3704y,
Salt-depleted 042 0.77 202 ‘O 59 266 — — —
‘M 100 323 0.72 0.81 0.65
0.21) (0.38) (0.31)
+10 mM NaCl 043 0.77 2.16 ‘O 56 347 — — —
‘M’ 100 426 0.69 0.76 0.48
(0.20) (0.36) (0.23)
+10 mM NaCl 0.60 0.99 2.10 ‘o 59 219 — — —
+ 10 mM MgCl, ‘M’ 133 276 1.00 1.00 1.00
(0.29) (0.47) (0.48)

Washed thylakoids suspended in 100 mM sucrose containing 0.4 mM Tris—HCI at pH 7.6, with a final Chl concentration
of 25 ug/m/ and pH 7.0 + 0.02 (see Wong et al., 1978); samples frozen in a 1 mm cuvette submerged in liquid nitrogen in
Dewar flask; fluorescence measured from front surface. Average of five separate measurements from three batches of
chloroplasts; the same trend for the cation effects existed in every set of samples (after Wong et al., 1979).

*Fluorescence was detected through interference filters at 686 nm (half band-width, 6.8 nm) for 7(F686y,), at 695 nm
(half band-width, 6.3 nm) for ©(F695.,), and at 730 nm (half band-width, 8.4 nm) for 7(F370,) in combination with a
Schott RGS5 cut off filter (thickness, 3 mm). 4 excitation, 632.8 nm; frequency, 75 MHz; 40 mW/cm? (1.7 x 10° pho-
tons/cm? pulse); phase shift method (after Wong et al., [1979]).

+Fluorescence intensities were measured under conditions similar to that in *; the fluorescence intensities were cor-
rected for photocathode sensitivity, monochromator transmission characteristics and stray light. ‘O’ stands for minimum
and ‘M’ for maximum fluorescence. F690,, for any sample was normalized according to the value of

[t (F686(m)) + 7(F696))]/2 for the corresponding sample.

$These ratios are for the closed reaction centers; normalized to 1.00 for the Na* + Mg

2* sample.
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Table 2. Effects of cations on the excitation distribution and redistribution parameters
in thylakoids

Calculated
Sample o B ) Yren Yo + ¥ F6900/F 7300,
Salt-depleted 036 064 002 025 0.73 0.29
10 mM NaCl 040 060 002 027 071 0.24
10 mM NaCl 033 067 002 013 0.85 048

10 mM + MgCl,

In the table, a was calculated by Eq. 11 and f =1 — a. g2 = Tg2(0)/T0, Where
Tra0) = Trzowy. F690(0)/F6900), and 1o (the lifetime of fluorescence in the absence of
competition was taken to be 15.2 ns (Brody and Rabinowitch, 1957); y5(,1, was caicu-
lated by Eq. 14, and (Yp, + Yr;) was obtained using the condition yp, +
Vr2 + Y2y + Y = 1. F690,/F730, was calculated as: [B-1{F690y))/t1(F730u]/

[a +
for other details, see text.

fluorescence intensity and lifetime data for su-
crose washed, 10mM Na*, and 10mM Na*
plus 10mM Mg?* thylakoids at pH 7.0, and at
77K, needed for the present analysis. To fa-

cilitate comparison between samples, 690y, in !

Table 1 was normalized according to the value of
[t(F686¢) + T(F69644)]/2 for the corresponding
sample. Addition of 10mM Na™* to cation-depleted
thylakoids (at pH 7.0) caused no change in 1(F6954,)
and t(F686y); it increased F730 by 329, but
7(F730, by only 7%. Subsequent addition of
10mM Mg?* caused a 40% increase in t(F686,) and
a 29% increase in t{F695y,); it decreased F730 by
36% but 1(F7304,) by only 3%. Thus, a large discrep-
ancy between lifetimes and intensities occurred at
730nm. This phenomenon was also seen when
1(F686m)/T(F730,) was compared with F69044)/
F370,,: addition of Na® caused no significant
change in the ratios, but it decreased the inten-
sity ratios by ~ 26%. Since t(F730y,) did not signifi-
cantly change, the above changes were explained by
changes in fluorescence efficiency of PSIL

Calculation of electronic excitation energy distribution,
redistribution and dissipation processes

Using the results in Table | and the relations
appearing at the end of Theoretical Considerations,
the fractions of quanta partitioned to PSI and
PSII-——x and f, respectively—and the efficiency of
energy transfer from PSII to PSI, y1(;;,, were calcu-
lated. For these calculations, t(F690u,) was approxi-
mated as [1(F686.,) + t(F6954,)1/2, i.e. 0.6, 0.6, and
0.8 ns for the salt-depleted, Na*, and Na* + Mg?*
samples, respectively. Assuming the lifetimes and
intensities of the fluorescence at 690 nm are propor-
tional, the ratios of the 0 to P level lifetimes,

7(F690,,)/F690,, would be equal to the intensity .

ratios F690,,,/F690y,; thus, values for t(F690,,)
could be obtained. These values were 0.35, 0.34, and
0.35 ns for the three samples in the order above. Then,
the ratio of t(F690,,) to 1o, the intrisic lifetime of
Chl-a fluorescence, taken as 15.2 ns [Brody and Rabi-
nowitch (1957)], gave the fluorescence efficiency, Y;.

B Y21y E2]. For the definition of symbols, see Theoretical Considerations, and

Finally, since |//F2 + ll/]'(g]) + lﬁ[)z + lp'rz =1, the
sum W, + Yr,—collectively referred to here as other
radiationless processes—was obtained (see vertical
column 6, Table 2).

Table 2 summarizes the results of our analysis; o
(photons into PSI) was obtained by using Eq. 11,
where ey, Tr2ay and Fpu, were the measured
values of T(F730p), T(F690q)) and F690y,, and F,
was

F730m, = F1300) pego

F730m = F690p, — F690,0,

(Strasser and Butler, 1977b); B (photons into
PSII) = | — «; Y, was calculated as 7(F690,))/7;
and, Y2, (efficiency of energy transfer from PSII to
PSI) was calculated according to Eq. 14, with
o B Fia as calculated above, and Fy 0 =
F730, — F1,). The main findings were: (a) Mg?*
induced a decrease in the efficiency of energy transfer
from PSII to PSI (Y75, —50% change (vertical
column 5); (b) Mg?™ induced an increase in the sum
of efficiencies of non-radiative de-excitation in the
PSII antenna and of energy transfer from this antenna
to the reaction center (Yp, + Yl —~ 20% change
(vertical column 6), and (c) cations affected the initial
distribution of quanta to the photosystems—~ 6%, de-
crease in B by Na*, and ~ 12% subsequent increase
by Mg?™. The last column in Table 2 shows that the
expected values of F690y,/F730y, (calculated from
the equation shown in the legend of Table 2) corre-
sponded closely to the measured ratios in Table 1,
demonstrating that the calculated energy distribution
and redistribution parameters were consistent with
the observations.

CONCLUDING REMARKS

Using the new equation for «, derived here, Wong
et al. (1980) have extended the analysis to thylakoids
suspended at two other pH values (6.2 and 8.8); the
results at pH 6.2 are similar to those at pH 7.0
reported here. However, at pH 8.8, addition of Na*
to the cation-depleted thylakoids leads to a decrease,
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instead of an increase, in a while the further addition
of Mg?* to the Na”-containing sample leads to de-
crease as also observed here. The effects of cations on

Y121, at the pH 6.6 and 8.8 are similar to those

observed here for pH 7.0.

Changes in o imply that the physical size of PSI
could change, presumably by a closer (or farther) as-
sociation of the antenna to the core PSI complex as
suggested by PSII by polarization of fluorescence
studies (Wong and Govindjee, 1979). Whether these
changes are followed by changes in trapping or losses
or both cannot be answered yet although we assume

that changes in a produce the same final results as
changes in ¥ (y;, (also see Wong et al., 1978). In the
latter case, Wong et al. (1980) found that decreases in
non-cyclic PSI activity, upon Mg?* addition, were
about half as much as increases in non-cyclic PSII
activity suggesting that some PSI, that are not
engaged in non-cyclic reactions, may receive energy
from PSII.
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