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Single-photon timing with picosecond resolution is used to investigate the effect of Mg 2+ on the room-tem- 
perature fluorescence decay kinetics in broken spinach chloroplasts. In agreement with an earlier paper 
(Haehnel, W., Nairn, J.A., Reisberg, P. and Sauer, K. (1982) Biochim. Biophys. Acta 680, 161-173), we find 
three components in the fluorescence decay both in the presence and in the absence of Mg 2+ . The behavior 
of these components is examined as a function of Mg 2+ concentration at both the F 0 and the Fma ~ 
fluorescence levels, and as a function of the excitation intensity for thylakoids from spinach chloroplasts 
isolated in the absence of added Mg 2+ . Analysis of the results indicates that the subsequent addition of 
Mg 2+ has effects which occur at different levels of added cation. At low levels of Mg 2+ (less than 0.75 mM), 
there appears to be a decrease in communication between Photosystem (PS) | I  and PS I, which amounts to a 
decrease in the spillover rate between PS II and P S I .  At higher levels of Mg 2+ (about 2 raM), there 
appears to be an increase in communication between PS II units and an increase in the effective absorption 
cross-section of PS II, probably both of these involving the chlorophyll a/b light-harvesting antenna. 

Introduction 

The addition of cations to broken chloroplasts 
induces changes in the primary processes of photo- 
synthesis. These changes include: (1) a 2-fold in- 
crease in the room-temperature fluorescence yield 
of DCMU-poisoned chloroplasts [1-4], (2) an in- 
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crease in the 685 nm fluorescence at low tempera- 
ture relative to the 735 nm fluorescence [2-4], (3) 
an increase in the PS II quantum efficiency [2-4], 
and (4) a decrease in the P S I  quantum efficiency 
[2-4]. Murata [2-4] postulated that cations de- 
crease the rate of spillover from PS II to PS I and 
that cationic regulation of this rate may be the 
basis of the State 1-to-State 2 transition observed 
in chloroplasts of intact cells [5,6]. In his model, 
State 1 (the dark state) is analogous to the state of 
high cation concentration, with low PS II-to-PS I 
spillover; State 2 is analogous to the state of low 
cation concentration, with high PS II-to-PS I spil- 
lover. More recent work suggests that the cation 
effect on energy distribution between PS II and PS 



I is more complicated. Butler and Kitajima [7] 
concluded from fluorescence induction data at low 
temperature that, in addition to decreasing the 
rate of PS II-to-PS I spillover, Mg 2+ increases the 
absorption cross-section of PS II. The analysis of 
fluorescence data by Henkin and Sauer [8] indi- 
cated that the only effect of Mg 2+ is an increase in 
the absorption cross-section of PS II. 

Joliot and Joliot [9] reported that the fluores- 
cence induction curve for intact chloroplasts in 
whole cells of Chlorella pyrenoidosa displays a 
sigmoidal rise. They attributed the sigmoidicity to 
the possibility of energy transfer between PS II 
units. They proposed a theoretical relation be- 
tween the probability of transfer between PS II 
units, p, and the shape of the fluorescence induc- 
tion curve; the fluorescence induction curve from 
intact chloroplasts indicates that p = 0.55 [9]. Ex- 
periments with broken chloroplasts show that the 
fluorescence induction curve is sigmoidal in the 
presence of Mg 2+ , but exponential in the absence 
of Mg 2+ ; the two curves correspond to p = 0.5-0.6 
in the presence of Mg 2+, with p decreasing to a 
low value in the absence of Mg 2÷ [10-13]. The 
conclusion is that added Mg 2÷ enables energy 
transfer to occur between PS II units. 

Several possibilities have been presented for 
explaining the mechanism of the cationic regula- 
tion of energy distribution. Izawa and Good [14] 
found that chloroplasts isolated in low-salt medium 
have unstacked thylakoid membranes and that the 
addition of salts induces thylakoid stacking. This 
stacking is correlated with increased light scatter- 
ing and with the fluorescence increases described 
above [15,16]. Murakami and Packer [15] and 
Murata [16] concluded that thylakoid stacking may 
be the mechanism behind the cation effect and the 
State l-to-State 2 transition. More recent experi- 
ments show that thylakoid stacking and fluores- 
cence yield changes are separable phenomena; i.e., 
one effect can be induced independently of the 
other [17,18]. Experiments with mutants indicate 
that an Mg 2÷ effect and a State 1-to-State 2 
transition are absent in photosynthetic organisms 
that lack the Chl a/b light-harvesting protein [19]. 
The conclusion is that an interaction between 
Mg 2+ and the Chl a/b  light-harvesting protein 
induces some change which can control the energy 
distribution between PS II and P S I  [19-21]. 
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In a recent paper [22], we described picosecond 
resolution of the fluorescence decay kinetics in 
spinach chloroplasts. The fluorescence decay was 
found to be characterized by three exponential 
phases. The three phases can be qualitatively inter- 
preted as follows (see Ref. 22 for a more quantita- 
tive analysis; also Reisberg, P., Nairn, J.A., 
Haehnel, W. and Sauer, K., unpublished observa- 
tions): (1) One slow phase (1-2 ns) is due to 
radical-pair recombination in PS II of the oxidized 
primary electron donor, P-680 + , and the reduced 
primary electron acceptor, I - ,  which is believed to 
be a pheophytin molecule [23-26]. The above re- 
combination occurs with a high yield when the 
secondary electron acceptor Q [27] is reduced 
[22-26]. (2) Two faster phases are due to excita- 
tion that is lost prior to reaching the reaction 
center. Of these two faster phases, the fastest 
(50-100 ps) is kinetically controlled by the rate of 
excitation transfer from the Chl a antenna of PS II 
(Chl a2) to the reaction center of PS II, and at 
least a portion of the slower one (400-750 ps) is 
kinetically controlled by the rate of excitation 
transfer from the Chl a/b  light-harvesting an- 
tenna to the reaction center of PS II. These two 
types of chlorophyll antennae make up the PS II 
antenna in Butler's tripartite model [28]. (3) The 
room-temperature fluorescence is assumed to be 
mostly from the PS II antenna; i.e., from the Chl 
a 2 antenna and the Chl a/b light-harvesting an- 
tenna. P S I  fluorescence may make a contribution, 
but this should not affect the qualitative interpre- 
tation of the above three phases. 

In this paper, we report measurements of the 
three components of the fluorescence decay as a 
function of the concentration of Mg 2+. Experi- 
ments were done at the F 0 level and at the Fma x 
level in spinach chloroplasts at room temperature. 
The F 0 level corresponds to the state where all of 
Q is oxidized (i.e., all PS II reaction centers open), 
and the Fm~ ~ level corresponds to the state where 
all of Q is reduced (i.e., all PS II reaction centers 
closed). To examine the extent of energy transfer 
between PS II units, it is necessary to look at the 
fluorescence decay when some of the PS II reac- 
tion centers are open and some are closed. For 
experiments in the partially closed state, we have 
measured the intensity dependence of the fluores- 
cence decay kinetics for spinach chloroplasts in 
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the absence of Mg 2+. We find that most of our 
data can be explained by assuming that Mg2 + has 
two effects. The addition of Mg 2+ to thylakoids 
from broken spinach chloroplasts isolated in an 
Mg 2+ -free buffer first decreases the rate of energy 
transfer or spillover from PS II to PS I; this first 
effect saturates at low concentrations of Mg 2+ 
(less than 0.75 mM). A second effect, saturating at 
about 2 mM Mg 2+ , causes an increase in both the 
absorption cross-section and the extent of energy 
transfer between PS II units. 

Materials and Methods 

Broken spinach chlorplasts were isolated by the 
method described previously [22]. Fresh spinach 
leaves, grown either in a growth chamber or in a 
greenhouse, were ground in a blender for 10 s in 
50 mM Hepes-NaOH buffer (pH 7.5) with 0.4 M 
sucrose and 10 mM NaC1 followed by 2 min of 
centrifugation at 2000 x g. After one wash with 
fresh grinding buffer, the chloroplasts were kept 
for 20 min at 0°C in 10 mM Hepes-NaOH buffer 
(pH 7.5) with 0.1 M sucrose and 10 mM NaC1. 
After centrifugation for 5 min at 2000 x g, por- 
tions of the pellet were resuspended in several 
different buffers. Each buffer contained 10 mM 
Hepes-NaOH (pH 7.5), 0.1 M sucrose and 5 mM 
NaC1. Each buffer also either had no Mg 2+, or 
contained a concentration of MgC12 equal to the 
concentration desired for the fluorescence mea- 
surement. The chloroplasts were allowed to equi- 
librate in these buffers for at least 1 h. The chloro- 
phyll concentration was adjusted to 18/~g C h l / m l  
by dilution with the appropriate resuspending 
buffer. For experiments at the F 0 level, we added 
1.25 mM potassium ferricyanide as electron accep- 
tor, 1.25 mM potassium ferrocyanide to control 
the redox potential, and 2.5 tLg/ml gramicidin D 
as uncoupler. These levels of added K + and poly- 
valent anions do not by themselves affect the 
room-tempera ture  fluorescence properties of 
broken spinach chloroplasts. The uncoupler was 
added to prevent the slow formation of a pH 
gradient across the thylakoid membrane, which 
has been reported to cause a decline in the fluores- 
cence yield [29]. The chloroplast sample was rapidly 
stirred in a 1 × lcm cuvette, and each sample was 
replaced every 10 min if more data accumulation 

was needed. For experiments at the Fma x level, we 
added 12.5 btM D C M U  and 2 mM hydroxylamine 
hydrochloride. To close the reaction centers the 
sample was illuminated with about 10 flashes of 
saturating light immediately before the lifetime 
measurement. The intensity-dependence experi- 
ment was done like an F 0 experiment, except that 
ferri- and ferrocyanide were omitted from the re- 
suspending buffer. All measurements were carried 
out at room temperature (20-22°C), and the 
cuvette was painted black except for a window for 
the exciting beam and a window in the direction of 
the photomultiplier. This masking was necessary 
to eliminate a broadening of the apparent excita- 
tion pulse shape due to reflections. 

The excitation pulse was provided by a Spectra 
Physics synchronously pumped mode-locked dye 
laser which is composed of an SP 171 argon ion 
laser, an SP 362 mode locker, and a modified SP 
375 dye laser. The output pulses of this laser have 
a full-width half-maximum duration of about 15 
ps (as determined by zero background, second- 
harmonic generation [30]). All experiments used 
the laser dye rhodamine 6G with excitation pulses 
at 620 nm. 

The single-photon timing detection system and 
the methods of numerical analysis are described 
elsewhere [22,31,38]. All of the data analyses pre- 
sented here result from a resolution of the fluores- 
cence decay kinetics into a sum of exponentials. 

T A B L E  I 

L I F E T I M E S  A N D  R E L A T I V E  Y I E L D S  OF T H E  FLUO-  
R E S C E N C E  F R O M  S P I N A C H  C H L O R O P L A S T S  

These da ta  show the effects of add ing  5 mM Mg 2+ at both the 

F o and Fma x levels. All  results are from chloroplas ts  isolated 
f rom a single set of sp inach  leaves. The yield figures are 

normal ized  such that  ~ ,  at F,,,~ x in the presence of Mg 2~ 

equals  100 (da ta  from Ref. 22). 

Level No Mg 2+ + 5  mM Mg 2+ 

'r (ps) ~ ~2~ "r (ps) ~ ZO 

F~ 130 4.4 100 2.5 
360 9.4 17 420 19.5 

1 500 3.2 1 200 3.0 

Fm~ x 160 3.5 50 1.0 
530 20.7 44 750 17.0 

1 700 19.8 2000 82.0 

25 

100 



That  is, the time dependence of the fluorescence 
decay is given by 

3 

F(t) = ~, a,exp(- t/%) (1) 

where ct i and ~'i are the amplitude and the lifetime 
of the i th component,  respectively. The yield of 
the ith component  is equal to o£~-~; this yield 
represents the total number of photons emitted in 
the i th phase. 

We estimate that our fluorescence lifetime mea- 
suring system can resolve fluorescence lifetimes as 
short as 25 ps [22]. Repeated measurements on a 
given sample result in lifetimes that agree to within 
50 ps. Day-to-day variations are larger. Lifetimes 
and yields sometimes differ as much as 20-30%. 
The values in Table I were obtained on a single 
occasion, and comparisons can be made fairly 
between the results under different experimental 
conditions. The experiments reported in the fig- 
ures were done on different occasions, and caution 
should be used in comparing the exact lifetimes 
between separate experiments. 

Results 

M g  2 + dependence of  F o level fluorescence 
Tabel I summarizes the results from our earlier 

paper  [22] which have been renormalized to facili- 
tate comparison of the yields between different 
experiments. The effects of adding Mg 2+ to 
spinach chloroplasts at the F 0 level are: (1) a 
decrease in the lifetime of the slow phase with no 
change in its yield, (2) a slight increase in the 
lifetime of the middle phase accompanied by a 
doubling of the yield, and (3) a decrease in the 
yield of the fast phase. The change in the fast 
phase, however, may be within the uncertainty of 
our measurements, because the fast phase is the 
most difficult phase to resolve. The dependence of 
the three lifetimes on Mg 2+ concentration is 
plotted in Fig. 1. The slow phase increases some- 
what at low levels of Mg 2+ and then decreases to 
its final value by [Mg2+] = 2 mM. We note that, 
like the fast phase, the slow phase is a small part 
of the total F 0 decay and is difficult to resolve. The 
precise details of the change in the slow phase 
lifetime will need confirmation, but we generally 
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Fig. 1. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts at the F 0 level as a function of the 
concentration of Mg 2 +. 

observe a decrease in the slow phase lifetime upon 
the addition of 5 mM Mg 2+ . The lifetimes of the 
fast and middle phases show only minor changes. 

In Fig. 2 are plotted the total yield and the 
yield of each component  vs. Mg 2+ concentration. 
The total yield increases about 30%, saturating at 
[Mg2+] = 0.75 mM; this increase is in good agree- 
ment with the results of Henkin and Sauer [8]. The 
changes in the individual decay components are 
surprisingly complex. The yield of the slow phase 
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Fig. 2. Total yield and yields of the components of the fluores- 
cence decay in spinach chloroplasts at the F o level as a function 
of the concentration of Mg 2+. Yields are normalized such that 
~ ,  in the absence of Mg 2+ equals 100. 
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Fig. 3. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts at the F,,,a x level as a function of the 
concentration of Mg 2+ . 

increases 4-fold, peaking at [Mg2+]=0.75 mM, 
and then decreases to nearly its original value. The 
decrease is complete at about [Mg2+]= 2 mM. 
Despite difficulty in resolving the lifetime of the 
slow phase, the rise and fall of its yield was 
observed to be similar in each sample investigated. 
It i s ,  therefore, likely that the rise and fall of the 
lifetime of the slow phase mentioned above is real. 
The yield of the middle phase remains approxi- 
mately constant up to 1 mM and then approxi- 
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Fig. 4. Total yield and yields of the components of the fluores- 
cence decay in spinach chloroplasts at the F,,1, . level as a 
function of the concentration of Mg 2+. Yields are normalized 
such that Y~, in the absence of Mg 2+ equals 100. 
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Fig. 5. Lifetimes of the components of the fluorescence decay 
in spinach chloroplasts isolated in the absence of Mg 2+ as a 
function of laser intensity 

mately doubles, with the doubling nearly complete 
by [Mg 2+ ] = 2 raM. 

Mg 2+ dependence of the F level fluorescence 
The effects on the Fm. x level resulting from 

increasing the concentration of Mg z+ added to 
broken spinach chloroplasts are: (1) an increase in 
the lifetime of the slow phase, accompanied by a 
4-fold increase in its yield, (2) an increase in the 
lifetime of the middle phase, accompanied by a 
slight decrease in its yield, and (3) changes in the 
fast phase which probably do not lie outside the 
uncertainty of our measurement. The fast phase in 
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Fig. 6. Total yield and yields of the components of the fluores- 
cence decay in spinach chloroplasts isolated in the absence of 
Mg 2+ as a function of laser intensity. Yields are normalized 
such that 'Y4, at the highest laser intensity equals 100. 



the Fma x level is especially difficult to resolve be- 
cause it is a very small component  relative to the 
other phases. The lifetimes of the three compo- 
nents vs. Mg 2 + concentrations are plotted in Fig. 3. 
The lifetime of the slow phase increases from 1170 
to 1600 ps, saturating at [Mg2+] = 0.75 mM or 
less. This saturation of the effect at [Mg2+] = 0.75 
mM is reproducible for the slow phase lifetime. 
The lifetime of the middle phase increases only 
slightly from 380 to 430 ps; the increase occurs at 
low Mg 2+ concentration (less than 0.75 mM). We 
have always seen an increase in this lifetime at the 
Fma X level upon the addition of Mg 2+. The in- 
crease is sometimes small, and the increase pre- 
sented in Table I represents about the maximum 
effect. 

The total yield and the yield of each component  
are plotted vs. Mg z+ concentration in Fig. 4. The 
total yield doubles, saturating at [Mg 2+ ] = 2 mM; 
this increase is in close agreement with the results 
of Henkin and Sauer [8]. All of the increase is 
accounted for by a 4-fold increase in the yield of 
the slow phase; this increase also saturates at 
[Mg2+] = 2 mM. The only other effect is a slight 
decrease in the yield of the middle phase, saturat- 
ing at about [Mg 2+ ] = 1 mM. 

Intensity dependence of the fluorescence decay kinet- 
ics in the absence of Mg 2+ 

The effect of intensity on the three kinetic 
components of spinach chloroplasts in the pres- 
ence of Mg z+ is plotted in Figs. 6-8  in Ref. 22. 
The results show a smooth transition from the F 0 
values to the Fma X values given in Table I. Here, we 
have repeated the same experiment in the absence 
of Mg 2+ . The results plotted in Figs. 5 and 6 show 
smooth transitions between limits similar to the F 0 
and Fm, x values given in Table I. The lifetime of 
the slow phase is nearly constant at about 1350 ps. 
The slow phase yield increases 8.3-fold. The life- 
time and yield of the middle phase increase some- 
what, the yield increasing about 60-70%. The life- 
time of the fast phase remains constant, and its 
yield decreases. 

Discussion 

Comparison with other Mg"+-dependent fluores- 
cence lifetime measurements 

Because we have resolved three fluorescence 
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decay components where other studies have re- 
solved only two components [32-34] or one com- 
ponent [35], it is difficult to compare our results 
quantitatively to literature results. A qualitative 
comparison, however, reveals that our data can be 
reconciled quite well with other Mg 2+-dependent 
fluorescence lifetime measurements [32-35]. Searle 
et al. [33] looked at the effect of adding Mg 2+ to 
wild-type barley chloroplasts at both the F 0 and 
Fma X levels. At F 0, they saw very small changes in 
the lifetimes of two components and a slight in- 
crease in the yield of their slow component (600 to 
650 ps). Our result for F 0 agrees with this result, if 
we note that their slow phase is probably an 
average of our middle and slow phases. The effect 
of adding Mg 2+ at the Fma x level has been ex- 
amined for chloroplasts from wild-type barley [33] 
and from peas [32,34]. All three studies [32-34] 
recorded increases in yields which predominate in 
the slow part of the fluorescence. The slow fluores- 
cence lifetime was found either to increase [32.33] 
or to remain constant [34]. Our results are in 
essential agreement with these results as well. These 
previously reported Mg 2+ effects, however, are 
generally smaller, because a two-component analy- 
sis averages some of the middle phase into the 
slow phase. 

Moya et al. [35], using the technique of phase 
fluorimetry with a one-component analysis, mea- 
sured the fluorescence lifetime as a function of 
intensity both in the presence and absence of 
Mg 2+. A plot of their average lifetime vs. total 
yield showed that in the absence of Mg 2+ the 
average lifetime is proportional to the total yield, 
and it increases from 0.4 ns in the all-open state to 
1.0 ns in the all-closed state. A plot of an average 
lifetime calculated from our intensity-dependent 
data in the absence of Mg 2+ (see Figs. 5 and 6) by 
the formula: 

3 3 

..... = ~ r,4~,/ ~. ~, (2) 
i = 1  

is identical to the results of Moya et al. [35] (plot 
not shown). The deceptively simple linear relation 
between average lifetime and total yield has in- 
fluenced the conclusions of several authors. 
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Chl a /b  LH antenna 

kT31 kF k D 

Chl a 2 antenna 

kT20 kT02 kF kD 

ko 
P680*PhQ- ~ P680+Ph-Q - 

kr 

P680 PhQ- 

Fig. 7. Working model for the origin of fluorescence in chloro- 
plasts, k v ,  rate constant for fluorescence; k D, k a and kd., rate 
constants for radiationless decay; kT32, kT23, kT31, kT2 o and 
k r o  2, rate constants for energy transfer; k¢ and k r , rate 
constants for electron transfer; P-680, reaction center PS II; 
Ph, pheophytin; Q, secondary electron acceptor in PS II. 

Model for the origin of fluorescence 
The results of earlier work in our laboratory 

[22,38] led to the working model for the origin of 
fluorescence shown in Fig. 7. The basic structure 
of the model is derived from the tripartite model 
proposed by Butler [28]. The major addition is the 
explicit inclusion of the electron-transfer processes 
involving pheophytin, which occur in the reaction 
center of PS II [23-26]. Fig. 7 illustrates the state 
where the PS II reaction center is closed. Electron 
transfer beyond pheophytin is blocked, but P-680 + 
and pheophyt in-  ( P h - )  may undergo recombina- 
tion resulting in either a fast 'delayed'  fluorescence 
[23-26], triplet formation or radiationless decay to 
the ground state. If the PS II reaction center is 
open, electron transfer will continue beyond Q 
with a high probability and the delayed fluores- 
cence will be quenched. A detailed kinetic analysis 
of this model (Reisberg, P., Nairn, J.A., Haehnel, 
W. and Sauer, K., unpublished observations) shows 
that the total fluorescence which is emitted from 
the Chl a / b  proteins and the Chl a 2 proteins can 
be described by a sum of three exponentials. The 
origin of each phase is a complex interaction among 
the rate contants in Fig. 7, but they can be qualita- 

tively described as follows: (1) The fastest phase 
(about 100 ps) is kinetically controlled by the 
decay processes of the Chl a 2 antenna, and these 
processes are dominated by the transfer rate, kT20, 

from the Chl a 2 antenna to the reaction center of 
PS II. (2) The middle phase (300-750 ps) is kineti- 
cally controlled by the decay processes of the Chl 
a / b  light-harvesting antenna, and these processes 
are dominated by transfer rates from the Chl a / b  
to the Chl a 2 antenna or to P S I  (kT32 + kT~l). (3) 
The yield of the slow phase is controlled by the' 
presence of Q - ,  and its lifetime is affected by two 
factors. The first is the rate of charge recombina- 
tion between P-680 + and pheophytin and th6 
second is the rate of fluorescence quenching from 
the chlorophyll antenna. 

Interpretation of the Mg 2 + effects 
By investigating the influence of Mg 2+ on fluo- 

rescence induction, Henkin and Sauer [8] found 
two distinguishable effects of the ion on fluores- 
cence. These effects saturated at 0.5 and 2.5 mM 
Mg :~ . Our results presented above also require at 
least two separate Mg 2+ effects saturating at ap- 
proximately these same concentrations. This is 
most obviously apparent in Fig. 2 where the yield 
of the slow phase increases between 0.0 and 0.75 
mM Mg 2+ and then decreases until 2.0 mM Mg 2+ 
We will discuss these two effects of Mg 2+ on our 
data separately. 

Effects of high concentrations, [Mg-' +] > 0.5 
mM. In our previous paper [22] we reported a 
doubling of the slow phase lifetime as PS I1 reac- 
tion centers go from all open to all closed in the 
presence of Mg 2+ (see Table I and Ref. 22, Fig. 3). 
We found it difficult to simulate this doubling 
without including connections between PS Il units. 
If  some PS II reaction centers are open and PS I1 
units are capable of intercommunication, excita- 
tion returning to the antenna after a charge recom- 
bination may get transferred to an open reaction 
center and become quenched. The net effect is a 
shortening of the slow phase lifetime in compari- 
son with the behavior in the absence of intercom- 
munication. Thus, the intensity dependence of the 
slow phase lifetime can be used to examine the 
extent of energy transfer between PS II units. In 
contrast with the results of the experiment in the 
presence of 5 mM Mg 2+ [22] (see also Table I), we 



find that in the absence of Mg 2+ the lifetime of 
the slow phase is essentially constant (Figs. 5 and 
6). This suggests that Mg 2+ is required for com- 
munication to occur between PS II units. This 
conclusion is consistent with the results of fluores- 
cence induction experiments in the presence and 
absence of Mg 2+ [10-13]. 

From the above result, we expect a shortening 
of the lifetime and a decrease in yield of the slow 
phase as Mg 2+ is added at the F 0 level, but no 
corresponding changes should occur at the Fma x 
level. A lifetime shortening and yield decrease in 
the slow phase do not occur at the Fma x level 
because there are no open reaction centers to serve 
as excitation quenchers, regardless of whether the 
reaction centers are interconnected. Inspection of 
Figs. 1-4 shows that in the range 0.5-2.0 mM 
Mg 2+ there is indeed a decrease in the lifetimes 
and yields of the slow phase at the F o level, but 
there are no decreases at the Fma x level. We believe, 
therefore, that the transition from separate PS II 
units to an interconnected state occurs in this 
concentration range. 

Effects of low concentrations, [Mg 2+ ] < 0.75 
raM. Low concentrations of Mg 2+ cause increases 
in the slow phase lifetimes at F o and Fma x (see Figs. 
1 and 3) which are completed by [Mg2+] = 0.75 
mM. Two possibilities for this Mg 2+ effect are 
either a decrease in a radiationless decay rate (k D, 
k d, a n d / o r  kd,) or a decrease in the PS II-to-PS I 
spillover rate (k v31 ). 

A connection between the behavior of the two 
photosystems was proposed by Satoh et al. [36], 
who found an 18% increase in P S I  activity when 
PS II is inhibited. Although the fractional increase 
of the P S I  rate is independent of Mg 2+ con- 
centration, deconvolution of absolute rates in- 
dicates that the spillover rate is about 50% less in 
the presence of Mg :+ than in its absence [28]. 
Such a decrease would lessen the P S I  contribution 
to the quenching of the excitation in the PS II 
antenna. This could then account for the increases 
we observe in the slow phase lifetimes. 

An alternative explanation for their results is a 
direct effect of Mg :+ on the electron-transfer 
kinetics in P S I .  In this case, an Mg2+-induced 
decrease in the radiationless decay rates (k a and 
kd, ), as suggested by Melis and Ow [37], would 
satisfactorily explain our data. It is not possible to 
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distinguish this effect from changes in spillover 
rates without parallel measurements of P S I  and 
PS II activities. 

A decrease in spillover from PS II to PS I, kT3 ~ 
in Fig. 7, should also be reflected in the middle 
phase lifetime. This is because, as mentioned above, 
the middle phase lifetime is approximately equal 
t o  l/(kT32+kT31); a decrease in kvs 1 should, 
therefore, result in an increase in the lifetime. At 
both F 0 and Urea x in Table I and in Figs. 1 and 3, 
we see a slight increase in the middle phase life- 
time. The changes are usually small and completed 
by [Mg2+] = 0.75 mM. It is possible, therefore, 
that the lifetime increases in the middle and slow 
phases, both of which are completed at low Mg 2+ 
concentrations, are due to changes in the PS II-to- 
P S I  spillover rate. 

Additional Mg 2+ effects. Both mechanisms dis- 
cussed above, by which low levels of Mg 2+ induce 
an increase in the slow phase lifetime, should also 
cause a concomitant increase in the slow phase 
yield. However, the yield of the slow phase at F,,,a x 
continues to increase up to [Mg2+]= 2 mM, even 
though the lifetime effects are completed at a 
lower concentration of Mg 2+ . A possible explana- 
tion for this would be an increase in the absorp- 
tion cross-section of PS II which would cause the 
yield of the slow phase to increase without increas- 
ing its lifetime. Thus, the Mg 2+ effects occurring 
at higher Mg 2+ levels ( [Mg2+]= 1-2 mM) may 
result from an Mg2+-induced increase in the ab- 
sorption cross-section of PS II. The conclusion 
that both spillover changes and absorption cross- 
section changes occur upon the addition of Mg 2+ 
is in agreement with the work of Butler and 
Kitajima [7]. The yield of the middle phase in the 
F 0 experiment increases with [Mg 2+] until about 
[Mg2+] = 2 mM. This effect is consistent with an 
increase of the absorption cross-section of PS II. 
However, we did not observe an increase in the 
yield of the middle phase in the Fma ~ experiment. 

Although it is difficult to be precise about 
changes in the fast phase, we consistently observed 
a decrease in its lifetime upon the addition of 
Mg 2+. As Mg 2+ increases communication be- 
tween PS II units, we postulate that it also 
strengthens the connection between the Chl a 2 
antenna and the PS II reaction center. An Mg -~+- 
induced increase in the rate constant kx2 o would 
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then account for the observed shortening of the 
fast phase. 

Conclusion 
The addition of Mg 2+ to broken spinach chlo- 

roplasts isolated in the absence of Mg 2+ has two 
effects which occur in different concentration 
ranges. As the Mg 2+ concentration is increased 
from 0.0 to 0.75 mM, the rate constant for transfer 
between PS II and P S I  decreases. It is possible 
that the changes occurring in this concentration 
range may instead or in addition affect the kinetics 
of electron transfer or the rate of radiationless 
decay in the PS II reaction center. As the Mg 2+ 
concentration is increased further to 2.0 mM, 
changes in the Chl a/b light-harvesting antenna 
occur which both increase the absorption cross- 
section of PS II and bring about communication 
between PS II units. There is probably also an 
increase in the transfer rate between the Chl a 2 
antenna and the PS II reaction center. Most of 
these correlations can be understood as a conse- 
quence of effects of Mg 2+ on the organization of 
the Chl a/b light-harvesting antenna. This conclu- 
sion is in good agreement with the results of 
Lieberman et al. [19] who concluded that the Chl 
a/b light-harvesting antenna is required for Mg 2+ 
effects. 
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