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The effect of divalent cations on the primary photoconversion kinetics of chloroplast Photosystems (PS) I 
and II was investigated by absorbance difference spectrophotometry in the ultraviolet (AA320) and red 
(AA 700) regions and by fluorescence at room temperature. Three main chlorophyll (Chl) a fluorescence 
emission components were identified. Addition of 5 mM MgCI 2 to unstacked chloroplasts caused a 5-7-fold 
increase in Fro , the variable fluorescence yield controlled by the a-centers. The fluorescence yield F,~ 
controlled by the E-centers and the nonvariable fluorescence yield F o were only slightly changed by the 
treatment. The absolute number of a -  and E-centers remained unchanged and independent of divalent 
cations. The rate constants K~, K~ and Kp_700 determined from the photoconversion kinetics of Qo, Q~ and 
P-700 were also unchanged by divalent cations, suggesting a constancy of the respective absorption 
cross-sections. Evidence is presented that the Mg 2+ effect on Chl a fluorescence is not due simply to 
unstacking. Conclusion: (1) In the absence of divalent cations from the chloroplast suspending medium, the 
variable fluorescence yield is not complementary to the rate of PS II photochemistry. (2) A spillover of 
excitation from PS II to P S I  in the absence of Mg 2÷ cannot account for the 7-fold lowering of the variable 
fluorescence yield Fv, at room temperature. The results are discussed in view of a model of excitation transfer 
and fluorescence emission in the pigment bed of PS II~ and PS 118. 

Introduction 

The effect of divalent cations and especially 
that of Mg 2÷ on chloroplast structure and func- 
tion has been investigated in many laboratories 
[1-9]. The most pronounced structural change in 
the absence of Mg 2+ is the unfolding of the grana 
stacks [1,2], suggesting a specific Mg2+-binding 
site on the partition region of these thylakoids 
[10,11]. A well documented functional change ob- 

Abbreviations: PS, photosystem; P-700, primary donor of PS I; 
Q, primary acceptor of PS II; Chl, chlorophyll; LHC, light- 
harvesting complex; DCMU, 3-(3',4'-dichlorophenyl)-l,l-di- 
methylurea; Tricine, N-tris(hydroxymethyl)methylglycine. 

served in the absence of Mg 2÷ involves the lower- 
ing of the Chl a fluorescence yield controlled by 
the reaction centers of PS II [3-5]. 

From the analysis of Chl a fluorescence kinetic 
data in the presence of DCMU, Melis and Ho- 
mann [12,13] proposed the occurrence of two 
groups of PS II reaction center complexes, a and 
fl, which differed, among other things, on the 
effective absorption cross-section or antenna size 
servicing them [14-18] and the midpoint redox 
potential of their primary electron acceptor Q 
[19-21]. A selective Mg 2+ effect on the photo- 
chemical properties of PS II~ prompted the hy- 
pothesis that a-centers are exclusively located in 
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the grana partition regions [22]. It was observed 
that omission of Mg 2+ from the chloroplast sus- 
pending medium decreased the relative contribu- 
tion of the a-center kinetic component in the area 
over the fluorescence induction curve [22] and 
disrupted the statistical pigment bed organization 
of PS II ,  in favor of smaller aggregates or even 
separate units [5]. The corresponding parameters 
of PS II~ were not affected by the treatment. The 
observed results could be explained by a number 
of alternative hypotheses: (1) a reversible inactiva- 
tion of a-centers in the absence of Mg 2+ [23]; (2) 
a conversion of PS II~ into PS II~ caused by the 
uncoupling of the Chl a/b LHC from the a-centers 
upon unstacking [24]; (3) a facilitated transfer of 
excitation energy to PS I in Mg2+-free media 
[4,5]; or (4) an increase in the rate of the internal 
conversion of excitation energy at the closed a- 
centers [25,26]. 

In the present investigation we examined the 
merit of each of the above-stated alternatives. We 
used Chl a fluorescence and absorbance difference 
spectroscopy in the ultraviolet (AA3zo) and red 
(AA700) regions of the spectrum in order to moni- 
tor the signal amplitude and photoconversion 
kinetics of Q,,, Qa and P-700. Working with chlo- 
roplasts suspended in the presence and absence of 
Mg 2+ , we verified that the divalent cation effect 
was exerted mainly on the functional and organi- 
zational conformation of PS II,~. Addition of Mg 2÷ 
to unstacked chloroplasts caused a 5-7-fold in- 
crease in Fro, the variable fluorescence yield con- 
trolled by the a-centers [15], while the fluorescence 
yield Fvo controlled by the B-centers, and the non- 
variable fluorescence yield F 0 remained practically 
unaffected. The absolute number of a- and /3- 
centers remained unchanged by the Mg 2+ treat- 
ment, thus excluding alternatives 1 and 2. The rate 
constants K,~, Ka and Kp.70o, determined from the 
photoconversion kinetics of Q,,, QB and P-700 
under light-limiting conditions in the presence of 
DCMU, were also unchanged by the Mg 2+ treat- 
ment, suggesting that a spillover of excitation from 
PS II to P S I  cannot fully account for the lowering 
of the fluorescence yield in Mg 2+ -free media (thus 
excluding alternative 3). The results are explained 
by the assumption of an Mg2+-dependent rate 
constant for the nonradiative decay of excitation 
process at the closed reaction center ( P - 6 8 0 * Q )  

of PS II~. Such Mg 2+ dependence of the non- 
radiative decay process is not apparent at the 
reaction centers of PS II~. 

Materials and Methods 

Chloroplasts were isolated from laboratory- 
grown pea plants by grinding leaves in 50 mM 
Tricine buffer, pH 7.8, containing 0.4 M sucrose 
and 10 mM NaC1. The chloroplast isolation proce- 
dure has been described previously [12]. Following 
centrifugation, the unstacked chloroplast pellet was 
resuspended in a buffer containing 10 mM Tricine, 
pH 7.8, 0 .4M sucrose and 10 mM NaC1. An 
aliquot of the chloroplast suspension was supple- 
mented with MgC12 (5 mM final concentration) 
and incubated for a minimum of 30 min to yield 
stacked thylakoid membranes. 

Developing chloroplasts were isolated from 
leaves of pea plants which were germinated in the 
dark for 7 days followed by 7 days under intermit- 
tent illumination as described in Ref. 27. The 
plastids were isolated and suspended in a 5 mM 
MgC12-containing medium. 

Chloroplast fluorescence and absorbance dif- 
ference measurements were performed with a 
laboratory constructed split-beam spectrophotom- 
eter. The optical path length of the cuvette for the 
measuring beam was 1.4 mm, and for the actinic 
beam (green light of uniform field transmitted by 
CS4-96 and CS3-70 Corning filters) it was 1.0 mm. 
PS I light (far-red) was transmitted by RG 695 
Schott filters. Signal averaging was performed with 
a Tracor Northern NS-570A. 

The reaction mixtures contained chloroplasts 
suspended in the appropriate buffer (chlorophyll 
concentrations are given in the figure legends). For 
Q and fluorescence measurements, 50 #M DCMU 
and 5 mM K3Fe(CN)6 were added. For the P-700 
kinetic measurements, the chloroplast preparation 
was treated with KCN according to the method 
described in Ref. 28. Under our conditions, the 
cyanide treatment inhibited PS I-mediated elec- 
tron transport by more than 95% (Chain and 
Melis, unpublished results), effectively preventing 
any secondary electron donation to P-700 + at 
room temperature. The other parameters reported 
in this work were not affected by the cyanide 
treatment. The reaction mixture in the P-700 



kinetic measurements contained 50 ~M D C M U  
and 0.5 m M  K3Fe(CN)6 as the electron acceptor. 

The light-induced absorbance difference spectra 
were corrected for the particle-flattening effect on 
absorption bands by the method given in Ref. 29. 

R e s u l t s  

Evaluation of the Mg 2+ effect on PS H 
To determine whether the lack of divalent ca- 

tions caused a reversible inactivation of PS II 
reaction centers [23], we measured the amplitude 
of the light-minus-dark difference spectrum of the 
primary electron acceptor Q of PS II in the near 
ultraviolet region. Fig. 1 shows the results obtained 
with chloroplasts suspended in the presence of 
Mg 2÷ (open circles) and with those suspended in 
the absence of any divalent cations (solid circles). 
The signal amplitude at 320 nm is directly propor- 
tional to the number of photoconverted PS II 
reaction centers. With far-red preilluminated sam- 
ples (to inhibit PS I-related changes), we con- 
sistently measured slightly lower amplitudes of 
AA320 in the absence of Mg 2÷ than in its presence. 
The small difference between the two samples (of 
the order of 10%) is attributed to the different 
rates of PS II restoration following the far-red 
preillumination. Therefore, it would not be inter- 
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Fig. 1. The light-minus-dark difference spectrum of the primary 
electron acceptor Q of PS II obtained with chloroplasts sus- 
pended in the presence (O) or absence (0) of Mg 2+. Each 
point is the average value of four measurements. The chloro- 
phyll concentration was 230 /tg/ml. Samples were preil- 
luminated by far-red light for 30 s prior to the measurement. A 
small fraction of PS II (15-20%) was also excited by the far-red 
light. 

preted as PS II inactivation in the absence of 
Mg 2+. In the presence and absence of Mg 2+ we 
estimated the (functional) presence of 4.0-+0.5 
~mol Q /1000  ~mol Chl (a + b). 

It was reported earlier [22] that omission of 
Mg 2+ from the chloroplast suspending medium 
decreased the relative contribution of PS I I ,  in the 
measurement of the area over the fluorescence 
induction curve. This could be explained by the 
reversible transformation of PS II~ into PS II~ in 
cation-depleted chloroplasts, presumably by dis- 
sociation of the Chl a / b  LHC from the reaction 
center core of the a-centers. Alternatively, the 
variable fluorescence yield Fv. controlled by the 
a-centers [15] could have decreased significantly in 
the absence of divalent cations from the chloro- 
plast microenvironment and, therefore, could 
equally well account for the results. To distinguish 
between the two alternatives we measured the 
relative concentrations of PS II~ and PS IIa di- 
rectly from the kinetics of the absorbance change 
in the ultraviolet region (AA310) and, indirectly, 
f rom the kinetics of the area over the fluorescence 
induction curve in the presence of DCMU. We 
reasoned that the relative concentrations of PS II,, 
and PS IIB in the AA310 measurement would be 
independent of any fluorescence yield changes oc- 
curring as a function of Mg 2+ . 

The analysis with chloroplasts suspended in the 
presence of Mg 2+ produced results essentially 
identical to those already reported in detail in 
previous articles [14-16]. The kinetic traces of 
AA31 o and fluorescence yield from chloroplasts 
suspended in the absence of Mg 2+ are shown in 
Fig. 2. A first-order analysis of the kinetic data of 
AA31 o and of the area over the fluorescence induc- 
tion curve is shown in Fig. 2 (inset). From the 
semilogarithmic plots of the kinetics of Q - [ t ]  and 
of the area over the fluorescence induction curve, 
we calculated the relative contribution of the a- 
and fl-centers in the two measurements. This is 
accomplished simply by taking the respective in- 
tercepts of the slow fl-phase with the ordinate at 
zero time (dashed lines in Fig. 2, inset). 

Table I summarizes the results of such and anal- 
ysis. In the presence of Mg 2+ the relative number 
of a- and fl-centers is approx. 65 and 35% of the 
total, respectively, measured either directly by Q 
(AA31o) or by the area over the fluorescence in- 
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Fig. 2. Light-induced absorbance change (AA310) and variable fluorescence kinetics of isolated chloroplasts in the absence of Mg 2+. 
The inset shows a semilogarithmic plot of the kinetic data of A A 310 (@) and of the area over the fluorescence induction curve (C)). The 
intercept of the linear fl-phase with the ordinate at zero time (dashed lines) provided a measure of the contribution of the slow 
component  in the two measurements.  The AA310 kinetic curve is the average of 16 measurements,  each with a fresh sample. The 
chlorophyll concentration was 220/~g/ml .  

duction curve [14,15]. In the absence of Mg 2+ , the 
relative number of a- and fl-centers remained 
practically unchanged in the Q(AA310) measure- 
ment. A considerable lowering of the value of 
AREA~ was observed in the absence of Mg 2+. 

However, this change was not compensated for by 
a corresponding increase in the value of AREA B 
(see Table I). The results suggest, therefore, that a 
significant Mg2+-induced transformation of PS 
li  e into PS li  B must be ruled out as an explanation 

TABLE 1 

THE Mg 2÷ D E P E N D E N C E  OF THE VARIOUS COMPONENTS OF Q (AA320), AREA A N D  FLUORESCENCE YIELD OF 
CHLOROPLASTS 

The absolute concentrations of Q~ and Q# ( in /~mol /mmol  Chl) were measured spectrophotometrically from the kinetics of AA32 o. 
The kinetic analysis of the AREA has been presented in Ref. 22. The size (in relative units) of the various AREA components  (a  and 
fl in --+ Mg 2 + ) has been arbitrarily normalized with respect to the AREA m,x ( +  Mg 2 + ) =  1.0. The fluorescence yield data have been 
normalized with respect to F 0 = 1 for the unstacked chloroplasts ( - M g  2+ ). 

Qa Q# AREA ~ AREA# F 0 Fv, Fv~ F m 

(rvo+ Fv~ + F0) 

+ Mg 2+ 2.6 1.4 0.67 0.33 1.05 2.30 0.35 3.70 
- -  M82+ 2.5 1.5 0.22 0.38 1.00 0.34 0.40 1.74 
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Fig. 3. Kinetics of chloroplast fluo~'escence in the presence and 
absence of Mg 2+. The reaction mixture contained 50 ffM 
DCMU and chlorophyll at 260/~g/ml. 

of the Mg z+ effect on AREA~. 
The above results also suggest a differential 

effect of Mg z+ on the fluorescence yields Fv. and 
Fvp controlled by the a- and fl-centers. We in- 
vestigated this question quantitatively. Fig. 3 shows 
the fluorescence induction curves of DCMU-poi- 
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Fig. 4. First-order kinetic analysis of the variable part of the 
fluorescence induction curve obtained with chloroplasts in the 
presence (©) or absence (O) of Mg 2+. The intercept of the 
linear B-phase with the ordinate at zero time (dashed lines) 
gave a measure of the contribution of Fvp, the fluorescence 
yield controlled by the/3-centers. Note the parallel slopes of the 
B-phase in --+Mg 2+ samples. 

soned chloroplasts suspended in the presence and 
absence of Mg 2+ . The overall fluorescence yield 
(Fm) in the absence of Mg 2+ is less than half of 
that in its presence, and the difference clearly 
originates in the yield of the variable fluorescence 
F v, since the nonvariable fluorescence level F 0 was 
only slightly changed by the treatment. To de- 
termine the Mg 2+ dependence of the fluorescence 
yields Fvo and Fv~ controlled by the a- and r -  
centers, respectively, we applied a first-order 
kinetic analysis to the variable part of the fluores- 
cence induction curves. The semilogarithmic plots 
of F v are shown in Fig. 4 for chloroplasts sus- 
pended in the presence (open circles) and absence 
(solid circles) of Mg 2+ . From the intercepts of the 
linear phases with the ordinate at zero time and 
the respective amplitude of the variable fluores- 
cence yield shown in Fig. 3, we estimated the 
relative fluorescence yields of Fro and Fv. Table I 
summarizes the results. In the presence of Mg 2+ , 
the nonvariable fluorescence emission F 0 was 
slightly higher (from 1 to 10% in different mea- 
surements) while the fluorescence yield Fvo con- 
trolled by the r-centers was slightly lower (about 
15% of change). Interestingly, the fluorescence 
yield Fvo controlled by the a-centers showed a 
significant 7-fold increase upon addition of Mg 2+ . 

In order to distinguish structural from ionic 
effects in the relationship between the area growth 
over fluorescence induction kinetics with the ab- 
sorbance change (AA320) kinetics, we repeated the 
above measurements with developing pea chloro- 
plasts. Such chloroplasts synthesize selectively Chl 
a, and are largely devoid of grana and of the Chl 
a/b LHC [27,31,32]. They also contain a larger 
complement of PS lip as measured from the kinet- 
ics of the area growth [33] and from potentiomet- 
ric titrations [34]. With developing chloroplasts 
suspended in the presence of Mg 2÷ we compared 
the light-induced kinetics of Q accumulation 
(AA320) with those of the fluorescence induction 
curve in the presence of DCMU (Fig. 5). Fig. 5 
(inset) shows semilogarithmic plots of the kinetics 
of the area growth (open circles) and Q -  (AA320) 

accumulation (solid circles). The intercepts of the 
slow r-phase with the ordinate at zero time de- 
fined a 57% relative concentration for PS IIa from 
the area measurement, a figure similar to that 
obtained with unstacked ( - M g  2÷) chloroplasts 
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Fig. 5. Light-induced absorbance change (AA320) and variable fluorescence kinetics of isolated developing chloroplasts suspended in 
the presence of Mg 2+. The Chl a / C h l  b ratio was 5.2. The inset shows a semilogarithmic plot of the kinetic data of AA32 o (O) and of 
the area over the fluorescence induction curve (O).  The relative concentration of fl-centers was estimated to be 61 and 57% from the 
AA320 and area, respectively. The AA320 kinetic curve is the average of 16 measurements,  each with a fresh sample. The chlorophyll 
concentration of the sample was approx. 60/~g/ml .  

(Fig. 2). With the developing chloroplasts, how- 
ever, the biphasic kinetics of the area and the 
relative concentration of PS II~ and PS IIa strictly 
correlated with those of Q accumulation in the 
absorbance change measurement (Fig. 5, inset). 
Furthermore, the omission of Mg 2+ from the sus- 
pension medium of developing chloroplasts had 
only a negligible effect on the relative expression 
of PS II~ and PS IIa in the area over fluorescence 
induction measurement (results not shown). It may 
be argued, therefore, that the effect of Mg 2+ on 
mature chloroplasts is not simply due to unstack- 
ing, since in developing chloroplasts that normally 
contain few grana, kinetic measurements of Q -  
and of area accumulation were identical. 

The current hypothesis for the interpretation of 
the lowering of the chloroplast fluorescence yield 
in divalent cation-free media involves the concept 

of spillover, i.e., the transfer of excitation energy 
from the pigment bed of PS II to that of P S I  
reaction centers [4,35]. Such a phenomenon, it was 
argued, emanates from the decrease in light energy 
available to PS II and will result in a concomitant 
lowering of the rate of photochemistry and fluo- 
rescence yield at PS II. Since the excitation energy 
lost by PS II is transferred to PS I (spillover), the 
hypothesis predicted a corresponding increase in 
the rate of photochemistry at P S I  reaction centers. 
In the absence of Mg 2+ we measured a 7-fold 
decrease in the fluorescence yield Fv, controlled by 
the a-centers. Under the same experimental condi- 
tions, however, the rate constants K ,  and Ka for 
the photoconversion of Q~ and Qp, under continu- 
ous weak illumination, remained practically un- 
changed by the Mg 2+ treatment [22], suggesting a 
constancy of the antenna size for the two types of 
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Fig. 6. Kinetics of P-700 photoconversion of cyanide-treated chloroplasts suspended in the presence and absence of Mg 2+. The 
kinetics represent the average of 16 measurements, each with a fresh sample. The reaction mixture contained 240 `ag/ml Chl, 50 ,aM 
DCMU and 0.5 mM K3Fe(CN)6. 

PS II. This is also evidenced in Ref. 5 where the 
half-rise of the fluorescence intensity was only 
slightly changed, although the fluorescence yield 
F m was 2-times larger in the presence of Mg 2÷ . To 
obtain more information on this apparent con- 
tradiction we measured the rates of PS I (P-700) 
primary photoconversion in the presence and ab- 
sence of Mg 2+ . 

Evaluation of the Mg 2+ effect on PS 1 
The rate of P S I  primary photoconversion de- 

pends on the incident light intensity and the effec- 
tive absorption cross-section of its reaction center 
complexes. The latter parameter defines the num- 
ber of chlorophyll molecules that transfer excita- 
tion to each P-700 molecule. We hoped to evaluate 
the Mg ~+ effect on the effective absorption cross- 
section of PS I by defining the rate constant Ke.700 
for P-700 photoconversion in the presence and 
absence of divalent cations. The correct de- 
termination of gp_700 requires the elimination of 
all secondary electron-transfer steps from cyto- 
chrome f and plastocyanin to P-700 + , and also the 
elimination of any back-reactions between the 
primary photoproducts. Under such conditions, 
the rate constant Kp.700 is directly proportional to 
the incident light intensity and to the absorption 
cross-section of the P S I  light-harvesting pigments. 
The elimination of all secondary electron transfer 
to P-700 + is accomplished either at low tempera- 
ture [ 16] or in KCN-treated chloroplasts which are 
apparently inhibited at the plastocyanin level 
[28,36]. In the present work we used the latter 
approach in our effort to eliminate any secondary 
electron transport to P-700 ÷ . Back reactions at PS 

I were prevented by using an efficient electron 
acceptor (K3Fe(CN)6 or methyl viologen). With 
cyanide-poisoned chloroplasts suspended in the 
presence or absence of Mg 2+ , we measured the 
rate of P-700 photoconversion (AA70o) upon a 
weak actinic illumination. Fig. 6 shows the kinetic 
traces obtained with K3Fe(CN)6 as the terminal 
electron acceptor. The same traces were observed 
with methyl viologen as the terminal electron 
acceptor. Under both experimental conditions 
( ±  Mg 2 +), the photooxidized P-700 was restored 
very slowly (minutes) in the dark in the presence 
of DCMU and when ferricyanide or methyl 
viologen were used as the terminal electron accep- 
tor. With cyanide-inhibited chloroplasts, the slow 
restoration pattern was independent of the dura- 
tion of the actinic illumination (from a 10 t~s flash 
to a 1 s continuous illumination). 
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Fig. 7. First-order kinetic analysis of the kinetics of P-700 
bleaching. Chloroplasts were suspended in the presence (O)  or 
absence (0)  of Mg 2÷ . Other conditions as in Fig. 6. 



Determination of the rate constant  Kp.7o 0 

required a first-order kinetic analysis, the semi- 
logarithmic plot of which is shown in Fig. 7. The 
kinetic analysis of Fig. 7 revealed a small initial 
deviation from exponentiality in the rate of P-700 
photoconversion of the + M g  2+ sample. This ini- 
tial deviation from linearity could be explained by 
the spillover hypothesis. An alternative explana~ 
tion, however, is that of a secondary electron 
donation to P-700 ÷ from plastocyanin, a reaction 
that was not fully inhibited in the presence of 
Mg 2÷ . This contention was supported by the ob- 
servation of the extent of nonlinearity which 
depended on the concentration of cyanide and 
time of incubation. At lower cyanide concentra- 
tions the nonlinearity was observed in the absence 
as well as in the presence of Mg 2+ . Fig. 7 also 
shows that the main part (60%) of the photocon- 
version curve in the presence of Mg 2+ occurred 
with monophasic exponential kinetics, in agree- 
ment with earlier results [16]. The slope of the two 
lines ( + Mg 2 + ) in the semilogarithmic plot (which 
define the rate constant  Kp.700) were identical, 
within a 10% experimental error, suggesting that 
the size of the light harvesting antenna of P S I  
remained unchanged in the presence or absence of 
Mg 2+ . 

Discussion 

The results from our work identify three 
room-temperature components of fluorescence 
emission from the pigment bed of isolated chloro- 
plasts (see Table I). The nonvariable fluorescence 
yield F 0 and the variable fluorescence yield Fv~ 
were found to be essentially independent of diva- 
lent cations. The well documented dependence of 
the yield of chloroplast fluorescence on divalent 
cations [3-11] is entirely accounted for by the 
changes observed in the yield of the variable fluo- 
rescence Fvo controlled by the a-centers: upon 
addition of Mg 2÷ to a chloroplast suspension we 
detected a 7-fold increase in the yield of Fvo. This 
phenomenon will adequately explain the depen- 
dence of AREA~ on Mg 2+ , since the fluorescence 
induction area size is proportional to the corre- 
sponding variable fluorescence yield [13,26] (see 
Table I). 

The 7-fold increase in the yield of Fro upon 

addition of Mg 2÷ was not accompanied by 
quantitatively similar changes in the yield of pho- 
tochemistry either at PS II~ or at PS I. Therefore, 
there is no direct relationship or proportionality 
between Mg 2+ -induced fluorescence yield changes 
and the yield of primary photochemistry at room 
temperature. The same evaluation was offered 
earlier by Butler and Kitajima [37] who concluded 
that a large part of the variable fluorescence yield 
change by Mg 2÷ could not be related to energy 
transfer between the two photosystems. In conse- 
quence of this conclusion, the applicability of 
room-temperature Chl a fluorescence in monitor- 
ing spillover must be reassessed. 

The Mg 2+ -independent rates of primary photo- 
conversion at PS II and PS I reaction centers 
contradict numerous other indirect measurements 
involving rates of electron transport to artificial 
electron acceptors like ferricyanide, dichlorophe- 
nolindophenol and methyl viologen [3-8,38]. In 
such indirect measurements, the rates of linear 
electron flow through several components of the 
electron-transport chain were involved, and as 
such, they can be criticized for underestimating 
side effects of Mg 2+ [39]. Examples may include 
the effect of Mg 2+ on the interaction of P-700 
with complexed plastocyanin [40], the Mg 2÷ de- 
pendence of the rate of electron transport through 
the plastoquinone pool (Melis, unpublished re- 
suits) and the Mg 2+ dependence of thylakoid 
membrane accessibility to various electron accep- 
tors [30]. The approach used in this work is free of 
such criticism because it involved direct measure- 
ments of the rate of photochemistry at the reaction 
center complexes of PS II and PS I. The experi- 
mental conditions were carefully chosen to sup- 
press secondary electron transfer to a n d / o r  from 
the reaction center, thus eliminating the possibility 
of interference from any Mg2"--dependent sec- 
ondary electron-transfer steps. 

The' Mg 2+ dependence of Fvo can be accom- 
modated by a model of PS II~ based on the 
considerations of Butler and Kitajima [26] (see 
Fig. 8), in which incoming excitation will predomi- 
nantly be converted to photochemical work when 
the reaction centers are open. The origin of the 
nonvariable fluorescence emission F o is excitation 
energy in the pigment bed before it has reached 
the reaction center P-680. Such emission will ap- 
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Fig. 8. Schematic presentation of the antenna composition and size of PS II,, and PS Ip. The dotted area represents the core Chl a 
pigment adjacent to the reaction center, while the unshaded area represents the Chl a/b LHC. Shown also is the excitation pathway in 
the pigment bed of PS II~ and PS II B and the origin of the nonvariable (Fo) and variable (Fv~ and Fv~ ) fluorescence emissions from 
these photochemical units. The nonvariable fluorescence emission F 0 from the pigment bed of PS II~ and the variable fluorescence 
emission F v from the pigment bed of PS IIp are not Mg 2+ dependent. The nonvariable fluorescence emission from the fl-centers is 
negligible [14]. PS II~ occurs in the partition regions of grana in aggregates of four to six units, while PS II B occurs in stroma-exposed 
thylakoids as isolated units [14]. 

pa ren t ly -occur  mostly f rom the light-harvesting 
pigment  bed of PS II~ [14]. When the reaction 
centers are closed (Q in the reduced state), excita- 
tion energy t rapped by  the reaction center [41] will 
be unable to perform photochemical  work and will 
be returned to the pigment bed where part  of  it 
will be emitted as variable fluorescence Fv; Since 
divalent cations have a small effect on the yield of  
F 0 but  a p rofound  effect on the yield of  Fvo, it may  
be argued that the amount  of excitation returning 
f rom the closed a-center  to its pigment bed is 
Mg 2+ dependent.  In reference to the photochemi-  
cal model of Butler and Kitaj ima [26], the value of 
the rate constant  K d for the nonradiat ive decay 
process at the closed reaction center (P -680*Q- )  
would be Mg 2÷ dependent  (greater in the absence 
of  Mg 2+ , lower in its presence). Such a phenome-  
non  would explain the Mg 2+ dependence of  the 
fluorescence yield Fv. In addition, the assumption 
of  a photochemical  rate constant  Kp such that 
Kp >> K d [26] will suffice to explain the apparent  
lack of  Mg 2+ effect on the rate of  photochemist ry  
at PS II~. 

The results presented here cannot  exclude the 
possibility that a small fraction of  the excitation 
returning from a closed a-center  to its pigment 
bed is subsequently transferred to the pigment bed 
of  PS I centers. The physiological importance of  
this phenomenon  is questioned, however, since it 
does not have any significant effect on the yield of 
t rapping at either photosystem. 

A similar excitation pa thway and mechanism 
for fluorescence emission would occur in the pig- 
ment  bed of  the fl-centers (see Fig. 8). In this case, 
the yield of  the variable fluorescence emission Fv~ 
is largely Mg 2+ independent.  The small but  con- 
sistent increase in the yield Fva observed in the 
absence of  Mg 2+ may actually indicate a limited 
t ransformat ion of  PS II~ into PS lip. This inter: 
pretat ion has not  been investigated further in this 
work. 
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