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Surrmary 

Although there have been several reports that divalent cations, 

especially Mg 2+, can significantly affect chloroplast photoprocesses, 

the molecular mechanism of the cation interaction is not well understood. 

We have i nves ti gated the interaction of r~g 2+ with Photosys tern II photo

processes by studying cation effects on chloroplast fluorescence and the 

Hill reaction •. Our resu·lts are .summarized as follows: 

1) Mg2+ stimulation of background fluorescence (20~30%) saturates 

at about 0.5 mM Mg 2+, while Mg2+ stimulation of variable fluorescence (250%) 

saturates at about 2.5 mM Mg 2+. 

2) Addition of Mg2+ to chloroplasts treated with DCMU or dithionite 

causes a doubling in the amount of total (background + variable) fluorescence. 

3) Studies on chloroplasts in the presence of DCIP indicate that Mg 2+ 

doubles the relative yield of variable fluorescence unoer light-limiting 

conditions. 

4) Mg 2+ causes large (70-120%) increases in the light-limited rate of 

the DCIP Hill reaction. 

We interpret these results in terms of a model involving two components 

of chloroplast emission. Our analysis indicates that Mg 2+ increases the 

effective absorption cross section (size) of the pigment array associated 

with Photosystem II photochemistry. 
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Abbrevi a tlons 

DCMU, 3-(3,4-dich1oropheny1)-1,1-dimethy1urea 

DCIP, 2,6-dich1oropheno1indopheno1, oxidized form 

Fd, ferredoxin 

HEPES, N-2-hydroxy1ethy1piperazine-N•-2-ethanesulfonic acid 

Pcy, p1astocyanin 



-4-

Introduction 

Divalent cations~ especially Mg 2+~ have a significant influence on the 

primary processes of chloroplast photosynthesis. The addition of Mg 2+ to 

chloroplast suspensions 1) stimulates chloroplast fluorescence [1-4], 

2) increases the rate of Hill reactions with several electron acceptors 

[1-3~ 5-7], 3) decreases the degree of photo-oxidati~n of P700 [7-8], and 
. . . 

4) stimulates Emerson Enhancement in broken chloroplasts [8-10]. Other 

studies have shown that the addition tif Mg 2+ to chloroplasts causes sign~fi

cant changes in chloroplast structure as measured by electron microscopy [11] 

and light scattering [12]. There is recent evidence that primar.y photosynthetic 

processes are also influenced by the addition of monovalent cations [13,14]. 

Several authors suggest [1 ,3 ,4] that many of these Mg 2+ effects can be . 

explained on the basis of Mg 2+-induced blockage of excitation tra~sfer 

(spillover) from Photosystem II to Photosystem I. In contrast, :recent 
2+ experiments of Jennings and Forti [15] and of Li [16] suggest that Mg 

stimulation of Photosystem II fluorescence and photochemistry may not result 

from salt-induced changes in the amount of spillover between the photosystems. 

In this paper we show that Mg 2+ effects on background fluorescence can be 

distinguished from Mg 2+ effects on variable fluorescence. We also show that 

Mg2+ causes similar increases in variable fluorescence and the rate of DCIP 

reduction. These observations lead us to propose that there are two distinct. 

types of Photosystem II pigment arrays that give rise to chloroplast fluore

scence. We explain Mg2+ stimulation of variable fluorescence and light

limited DCIP reduction in terms of a Mg 2+-induced increase in the size of 

pigment array which sensitizes these Photosystem II photoprocesses. 
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Materials and Methods . 

fluorescence studies 

Isolated broken chloroplasts were prepared from 14 to 21 day old Alaska 
. ' 

pea plants {Pisum sativum) grown under the conditions used by Sun and Sauer [5] 

in their studies on spinach chloroplast~. Pea leave~ were picked after 4 

to 6 h dark adaptation to provide chloroplasts with reproducible activity . 

. Chloroplasts prepared from dark adapted pea leaves contain less Mg 2+ th~n chloro

plasts prepared from light adapted leaves [17]. After removal of the stems, 

the pea leaves were washed with distilled water and ground in 0.45 M sucrose, 

0.1 M HEPE~, pH 7.6, for 15 to 20 s in a Waring blender equipped with a micro 

attachment. The leaf homogenate was filtered through 8 layers of Miracloth 

{Chicopee Mills, New York, N.Y.). The suspension was centrifuged at 200 x g 

for 1 min to remove cell debris, and the supernatant was centrifuged at 15QO 

X 9 for 10 min. The pellet was resuspended in 2 ml of 0.45 ~1 sucrose, 0.05 

M HEPES, pH 7.6. For fluorescence measurements this suspension was diluted 

with the same medium to give a final absorbance (1 em path) of about 0.3 ~t 

436 nm. 

Relative fluorescence intensities were measured using a modification of 
'• 

the method of Park et ~ [18]. A Cary 14 spectrophotometer equipped with a 

linear,(% T) slidewire and a Model i462 Scattered Transmission Accessory, 

modified for side illumination as described by Sauer and Biggins [19], was 

operated in the REF mode so that the photomultiplier tube responded only to 

the modulated signal arising from the sample. Using this technique, first 
. I 

introduced by Duysens and Sweers [20], one can record the effect of an 

unmbdulated actinic beam (side illumination) o~ the fluorescence signal excited 

by the low level modulated measuring beam. Blue actinic illumination was 

provided by a Bausch and Lomb Hi Intensity Monochromator (bandwidth 12 nm) 

equipped with a 45 watt coil-filament quartz iodine source. The photomultiplier 
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(EMI 9558 QB) was protected from stray excitation light by a Schott RG 665 

filter and an Optical Industries interference filter (bandwidth 10 nm, maximum 

transmittance 50% at 687 nm). The source for the modulated measuring beam 

was a Cary High Intensity Light Source operated at 120 volts. The Cary 14 

monochromator had a bandwidth of 3.8 nm at 480 nm and 4.5 nm at 430 nm. Light 

intensities were measured using a Hewlett Packard Radiant Flux Meter #8330A 

and Probe #8334A or with an El Segundo Solar Cell and Keithley microvoltmeter. 

Both intensitymeasuring devices were calibrated against an Eppley thermopile 

and a standard lamp. Unless otherwise stated, actinic illumination full intensities 

were 55 ~w/cm2 at 480 nm and 38 ~w/cm2 at 430 nm. Intensity dependence studies 

were carried out using Balzers calibrated neutral density filters. The measuring 

beam intensity at both 480 and 430 nm was d~termined to be less than 1 ~w/cm2 . 

To obtain a steady baseline for measurement of background fluorescence, 

previously dark adapted samples were inserted into the sample chamber, where 

the samples were exposed only to the weak measuring beam and allowed to 

equilibrate for about 3 min. Unless otherwise stated, all values reported 

for total and variable fluorescence levels are steady-state values obtained 

after 90 to 120 s of actinic illumination. 

Absorption spectra and quantum yield studies 

For quantum yield measurements, chloroplast samples were adjusted to 

have an absorbance of 3-4 at 436 nm. Absorption spectra and rates of DCIP 

reduction (t.A580;time) were measured with an Aminco-Chance.DH-2 spectro

photometer operated in the split beam mode. For absorbance measurements,· 

the photomultiplier was positioned 1 em from the sample and a square of opal 

glass was inserted between the photomultiplier and the sample to give uniform 

scattering. Other details of sample preparation and arrangement of experimental 

apparatus are as described in reference 21. Absorbed intensities used in 

quantum yield determinations were computed from measurements of the actinic 
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intensity incident on the cuvet and the absorbance of the sample in the 

direction of actinic illumination. A molar extinction coefficient of 19,800 

at 580 nm for DCIP was used in quantum yield calculations [22]. 

NADP+, DCMU, plastocyanin, sucrose and DCIP were ob~ained as described 

previously [5]. MgC1 2 was obtained from Mallinckrodt~ ferredoxin from Sigma, 

and HEPES from Calbiochem. 

Results 

Absorption spectra 

The addition of 5 mM MgC1 2•to a chloroplast suspension causes small 

but significant decreases in both the Soret and red regions of the absorption 

spectrum (Fig. 1). These absorbance decreases in regions of high optical 

density most likely result from optica·l flattening owing to changes in the 

arrangement of chloroplast membranes. Electron microscope [11] studies and 

light scatterin·g measurements [12] have shown that addition of !•1g 2+ to 

chloroplast suspensions causes major alterations in chloroplast membrane 

organization, The Mg 2+ induced absorbance changes seen in Fig. 1 correspond 

to those reported by Gross and Libbey [23]. By contrast, Murata [1] and 

Briantais et al. [3] reported that addition of MgC1 2 does not cause signifi

cant changes in the light absorption of chloroplasts. 

Fluorescence yield 

Illumination of chloroplasts by an actinic source causes an increase in 

fluorescence efficiency (Fv) over the normal background level (F8). Variable 

fluorescence (Fy) and background fluorescence (F8) are purely experimentally 

derived quantities which are operationally defined as shown in Fig. 2. 

Changes in chloroplast variable fluorescence yield have been attributed to 

changes in the redox state of the Photosystemll primary acceptor, Q [20,24]. 
+ In the presence of the electron acceptor system Pcy/Fd/NADP we observe 
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(Fig. 2b) a lower variable fluorescence yield relative to untreated samples 

(Fig. 2a). 1 This accords with a more oxidized state of Q in the presence of 

the acceptor system. DCMU, which blocks electron flow from the reduced form 

of Q (QH) to secondary acceptors [20], produces an increase in total fluore

scence yield iri DCMU poisoned samples (Fig. 2c) relative to untreated samples. 

Fig. 3 shows the effect of MgC1 2 on the levels of variable, background 

and total fluorescence of chloroplasts without added ~lettron acceptors. 

Addition of MgC1 2 causes an increase of 30% in background fluorescence (Fig. 3a) 

saturating at about 0.5 mM. This Mg 2+ concentration dependence is similar to 

that for the inhibit ion of the 515 nm absorbanc~ change reported by Gross and 

Libbey [23]. By contrast, the t4g2+-induced increase in variable fluorescence 

is about· 250% and saturates at 2.5 mM MgC1 2 (Fig. 3b). The Mg 2+ concentration 

dependence of variable fluorescence a~rees with the data of Rurainski and 

Hoch [25]. Recently Hydryzynski et ~ [26] have also reported the existence 

of different Mg 2+ concentration dependences for background and variable 

fluorescence. Using a different measurement technique, Homann [2], Mohanty 

et ~ [4], and Briantais et ~ [3] also rep~rted that Mg 2+ stimulates larger 

increases in variable fluorescence than in background fluorescence. Since the 

total modulated ~mission (background + variable) is 50-70% variable and the 

Mg2+ effect is tenfold greater on the variable component, the Mg 2+ concentra

tion dependence of total emission {Fig. 3c) is similar to that observed for 

variable emission alone {Fig. 3b). MgS04 produted similar effects. The 

aliphatic amine spermine is capable of replacing Mg 2+ in these fluorescence 

stimulation experiments.· The addition of EDTA reverses the Mg 2+ s timul ati on 

of fluorescence. 

1 The small decrease {10%) in the background fluorescence level between an 

untreated sample (no added acceptor) and the sample containing Pcy/Fd/NADP+ 

probably indicatas that in untreated chloroplasts the measuring beam causes 

some chanqe in the redox state of Q .. 

- . 
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Chloroplasts with added electron acceptors also show much greater 

stimulation of variable fluorescence than of background fluorescence (Table I); 

however, the Mg2+-induced changes in background, v~riable and. total fluore-
.... 

scence are smaller than those for untreated chloroplasts. The data of Table I 

support earlier reports that Mg 2+ is capable of doubling the total fluorescence 

yield of DC~U [2,4] and dithionite [2] treated chloroplasts. The data of 

Fig'. 4 are in agreement with the report of Murata [1] that ~1g 2+ stimulation 

of total fluorescence in DCMU poisoned samples saturates at a Mg 2+ concentra-

tion of 2.5 mM. 

In the pr~sence of the electron acceptor DCIP, Fv is directly proportional 
.. 

to !act in chloroplast samples with or without Mg 2+ (Fig. 5). Added t~g 2+ · · 

doubles the slope of the Fv versus !act plot. This result indicates that t~g 2+ 

causes a twofold increase in the variable fluorescence qua~tum yiel~. Fig. 5 · 

also shows that the Fv versus !act plots do not extrapolate through the origin, 

for reasons as yet unknown. 

Photosystem II photochemistry: H20 -+ DCIP 

Fig. 6 shows the effect of t·1g 2+ and actinic intensity on the rate of the 

DCJP Hill reaction. For samples with and without Mg 2+, the rate of DCIP 

reduction is proportional to the actinic intensity; hence we are working in 

a photon~limited region of the saturation curve. In this experiment we also 

see that Mg 2+ doubles the light-limited rate of DCIP reduction. In agreement 

with others [1;8], we find some variation in the degree of Mg 2+ stimulation 

of rate from ~ne sample to another. The average Mg 2+~induced incre~se in 

the rate of DCIP reduction was 76.:!:_ 7% for 18 pairs of dark adapted samples. 

As explained in the Discussion, the Mg2+-induced increase in the light 

1 imited rate of this Photosys tern) I reaction is of the same magnitude as 

the Mg 2+-induced increase in the slope of the Fv versus !act plot in the 

linear intensity region (Fig. 5). Our pea chloroplasts show a stimulation 
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b¥ Mg2+ of light-l,imited DCIP reduction sign,ificantly greater than that 

reported by Murata [1] for spinach chloroplasts at the same actinic wavelength 

(480 nm). Using 640 nm illumination and spinach chloroplasts, Briantais 

et ~ [3] found that Mg 2+ causes a 40% increase in the light limited rate 

of the DCIP Hill reaction. For the H20 -+ DCIP data shown in Fig. 6 we have 

computed an approximate quantum yield of 0.3 equivalents/einstein for the 

sample without Mg 2+ and 0;6 for the sample with Mg 2+. Quantum yield values 

ranging from 0.26 [1] to 1.0 [5] have been reported in previous studies of the 

H20 -+ DCIP reaction in spinach chloroplasts. 

The Hill reaction with ferricyanide is another measure of Photosystem II 

activity. Ben-Hayyim and Avron [27], using lettuce chloroplasts, reported 

that Mg 2+ increased the light limited rate of the H~O -+ ferricyanide reaction 

by about 75%. A 5-fold Mg 2+ stimulation of the light limited rate of this 

reaction in oat chloroplasts has also been reported recently by Li [16]. In 

contrast, other laboratories using spinach [8] and lettuce [28] chloroplasts 

have reported that Mg 2+ does not alter the rate of thi~ reaction. The reason 

for the discrepancy among these results is not clear. 

Discussion 

Fluorescence studies 

Vartable and background fluorescence are experimentally derived 

quantities which are operationally defined as shown in Fig. 2. In a discussion 

of theoretical aspects of chloroplast fluorescence it is useful to consider 

the concepts of active and inactive fluorescence. Inactive fluorescence is 

sensitized by pigments which are photochemically inactive;~. they are not 

connected to the Photosystem II reaction center (RC II). Active fluorescence 

is sensitized by pigments which are connected to RC II and hence are also 

active in sensitizing Photosystem II photochemistry. (These definitions for 

active and inactive fluorescence are similar to those used by Clayton [29] 

- .. , 
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for live and dead fluorescence.) 

If the modulated measuring beam used in the experimental apparatus is 

sufficiently weak and does not alter the fraction of functional reaction 

centers (open traps), then background and inactive fluorescence are equivalent, 

as are variabl~ and active fluorescence. For chloroplasts without DCMU or 

dithionite, these conditions are often approximately satisfied; hence, in 

such studies ~~ can approximate background fluorescence by inactive fluore

scence and variable fluorescence by active fluorescence. For DCI~U and 

dithionite poisoned samples we must make indirect estimates of the fraction 

of active fluorescence. 

Mg2+ stimulation of active (variable) fluorescence saturates at a higher 

-Mg2+ concentration than does Mg 2+ stimulation of inactive (background) 

fluorescence (Fig. 3). This result indicates that the Mg 2~ stimulation of 

active and inactive fluorescence have different origins. One possible inter

pretation is that there are separate sites of active and inactive fluorescence 

(two site model). Active and inactive fluorescence are then emitted by 

different groups of pigments, and the Mg 2+ effects are independent of one 

another. An alternative mode1 which involves a single fluorescing site is 

discussed in reference 21. 

Two site model. According to the two site model (Fig. 7), the Photosystem 

II chlorophylls are arranged in t\'JO independent emitting arrays. Pigments 

in the active array sensitize both Photosystem II photochemistry andactive 

fluorescence. Consequently active fluorescence competes with photochemistry 

and is sensitive to conditions which alter the abi 1 ity of the Photosys tem II 

reaction center to carry out electron transfer reactions. Since the pigments 

in the inactive array are unable to transfer excitation to the photochemical 

trap, inactive fluorescence is unaffected by conditions \'lhich alter the 

efficiency of Photosystem I I photochemistry. 
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Nature of the active fluorescence site. In our analysis of chloroplast 

fluorescence we treat active fluorescence as a property of the Photosystem I I 

active antenna array including the reaction center. In this view (the 

fluorescent array model) a reaction center chlorophyll which cannot carry 

out photochemistry (a closed trap) cannot act as energy sink and is no longer - · 

distinguishable from other molecules in the active pigment array. The 

fluorescent array model for the site of active fluorescence is supported by 

reports from several laboratoroes [3,30,31] of sigmoidal fluorescence induction 

curves for normal chloroplast preparations. According to Lavorel and Joliet . 

[30], sigmoidal induction curves are compatable only with a fluorescent array 

model. Mohanty et ~ [4] and Briantais et ~ [3] have implicitly used 

the assumption of an active fluorescent array in their discussi~ns of chloro

plast fluorescence. 

Effect of actinic intensity. Using the modulated detection technique 

discussed in the Methods section, we measure only the fluorescence excited 

by the modulated measuring beam (Im) and not the fluorescence excited by 

unmodulated actinic source (!act). Increases in !act decrease the fraction 

of open traps and consequently increase the efficiency of fluorescence excited 

by Im. Ne can summarize the processes involved in active fluorescence and 

Photosys tern II photochemistry as fo 11 ows: 

Active Fluorescence - Two Site Model 

Processes Rate 

Excitation 
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where ChlA = ground state pigment in active array 

* ChlA = excited singlet state pigment in active array 

P680Q = ground state of open reaction center 

* P680Q = excited state of reaction center 

t 

+ - . . P 680Q = products of Photosystem II primary phot,ochemi s try 

. Rate 

kT = rate constant for energy transfer from active pigment to 

reaction center 

kha = rate constant for de-excitation of active pigments by thermal 

losses and spillover to Photosystem 1· 

t We assume that once exd ta ti on reaches an open reaction center thet'e is 

essentially unit probability that the excitation v1i 11 be utili zed for 

electron transfer. 
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kf = intrinsic rate constant for fluorescence 

oA =effective a·bsorption cross section (size) of Photosystem II 

activs pigment array 

I = intensity of modulated measuring beam m 

FA = intensity' of active fluorescence (a~ a fixed value of Im this 

quantity is a measure of relative fluorescence yield or efficiency) 

The intensity (relative yield} of active fluorescence is given by 

(l) 

Equation 1 expresses active f1 uorescence in terms of molecular excitation and 

de~ex~ftation parameters. Therefore, we can relate the Mg2+-induced increases 

in active fluorescence to one or more specific molecular excitation and 

relaxation processes. Increases in !act serve to close traps, resulting in 

decreases in the magnitude of the term (P680Q) in Eqn 1. When active (variab]~) 

fluorescence increases linearly with actinic intensity for samples with and 

without.Mg2+, as in Fig. 5, we can conclude that (P680Q) is proportional to 

1/Iact and kT(P680Q) >> (kf + kha). Therefore Mg 2+-stimulated fluorescence 

increases must arise from either a decrease in kT(P680Q) or an increase in crA. 

The data of Table I and reference 2 show that DCMU- or dithionite-treatect chloro

plasts, which cannot carry out photochemistry [k1 (P 680Q) ~ 0], sti 11 sh0\'1 a 

doubling of total fluorescence upon addition of Mg 2+. Thus, it is unlikely 

that Mg2+-stimulated increases in active fluorescence arise from a decrease 

in the term kT(P680Q) in Eqn 1. ·Furthermore, chloroplasts with and \-Jithout 

acceptors, which therefore contain-different fraction~ of open and closed traps 

[different values of k1 (P680Q)], show similar large Mg 2+-induced active 

- . 
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fluorescence increases (Table I). Making th~ usual assumption that kf is constant 

[1,3], the most reasonable origin in this model for~ Mg 2+-induced increase 

in·active fluorescence is an increase in oA. An increase in oA indi~ates an 

increase in the effective size (absorption cross section) of the Photosystem 

II active pigment array. ·A Mg 2+-stimulated increase in spillover from 

Photosystem I to Photosystem II, previously proposed by Sun and Sauer [9], 

would represent such an increase in oA. Mg2+ activation or connection of 

previously inactive or disconnected chlorophyll would also produce an increase 

in oA. As discussed ~bove, our ~nalysis of Fig. 5 indicates that kha' the 

rate constant for therma 1 1 asses and spi 11 over to Photosys tem I, must be much 

less than k
1

(P680Q). This is significant~ because i~ means that a Mg 2+-induced 

decrease in kha cannot account for the Mg 2+-induced doubling of active 

fluorescence shown in Fig. 5. · Previously, Murata [1] and others [3,4] ha~e 

,proposed that Mg 2+-stimulated fluorescence increases arise from Mg 2+-induced 

blockage of spillover from Photosystem II to Photosystem I. On the basis .of 

our analysis of the data of Fig. 5 and Table I, we feel this proposal is no 

longer tenable. 

Inactive fluorescence. ·In terms of our two-site model, the processes 

involved in inactive fluorescence are: 1 

Process 

Excitation * Chl + hV + Chlin .· In 
cr I In m 

Rate 

1 * * The process, ChlA·+ Chlin + ChlA + Chlin' which represents sensitization of 

inactive fluorescence by energy transfer from the active array, predicts that 

inactive fluorescence should be sensitive to the state of the trap. Since 

inactive fluorescence is defined to ,be independent of. the state of the trap, 

we have not included this process in our analysis of inactive fluorescence. 
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Process Rate 

* * Thermal decay Chlln .... Chl + 11 heat 11 
khi(Chlln) 

khi 
In 

* hv' * F1 uorescence Chlln .... Chlln + kf(Chl 1n) 
k f 

The expression for the intensity (relative yield) of inactive fluorescence is: 

(2) 

where Chlln =ground state pigment in inactive array 

* Chlln = excited singlet state of pigment in inactive array 

o1n = effective absorption cross section (size) of inactive pigment 

array 

khi = rate constant for therma 1 decay of excited inactive pi.gment 

fin= intensity of inactive fluorescence (relative yield of inactive

fluorescence at fixed value of Im) 

* Im, kf, ChlA and ChlA are defined as previously. 

According to this ~odel, a Mg 2+ stimulated increase in inactive fluore

scence could arise from a. Mg 2+-induced increase in kf or a1n,· or. from. a Mg 2+~ 
induced decrease in khi. Again assuming.that kf is a true constant of the 

2+ . . 
system which is unaltered by the presence of ~1g [1 ,3}, \•Je can still account 

for a Mg 2+ stimulated increase in inactive fluorescence by either an increase 

in aln' corresponding to an increase in the effective size of the inactive 

pigment array, or a decrease in the rate constant for non-radiative decay, 
.. 

khi" Since little is known about the detailed molecular_properties of the 

·inactive chlorophyll, it is not yet possible to determine which of these two 

c • 
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terms is responsible for the observed Mg -induced increase in inactive 

fluorescence. · 

• · · The only significant:exp~rimental .evidence that argues: against our 

proposal that Mg2+ increases the absorption cross section of the Photosystem 

II active pigment:array is foundinthe work of Briantais et ~ [3] .. For 

preil.luminated chioroplast samples, both the (total) fluorescence intensity 

(F) and the fluorescence lifetime (T) were measured with a phase fluorbmeter. 

Briantais et al. [3] concluded that the same colinear relationship bet\<Jeen 

T and F is obtained in the presence or absence of Mg 2+ (refere~ce 3, Fig. 1). 

On this basi,s they ~oncluded that Mg 2+ causes a decrease in the rat'e· of 

Photosystem Il-+ Photosystem I spillover rather than an increase in the 

fraction of absorbed excitation which reaches the Photosystem II reaction 

center. Implicit in their use of the phase fluorometric technique is the 

assumption .that the deca~ of fluorescence is a single exponential. As discussed 
- . 

by MOller et ~ [32] and Pearlstein [33], one should employ a chopping 

frequency of about 109Hz to determine the validity of this assumption. \>Jith 

their 7.25 MHz chopping frequency, Briantais et ~ [3] could not know 

whether their fltiorescence decay was truly exponential. A recent report 

indicates that the fluorescence decay of chloroplasts is non-exponential [34]. 

We feel that a truly meaningful T versus F plot requires direct measurement 

of fluorescence decay curves. 
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Photosystem II photochemistry. The DCIP Hill reaction is a measure of 

Photosystem II photochemistry [5,35]. Using the model for active fluorescence 

and Photosys tern II photochemistry presented above, we obtain: 1 

(3) 

where VII= rate of trapping (and photochemistry); other quantities as defined 

previously. The direct proportionality between DCIP and actinic intensity seen 

in Fig. 6 indicates that the quantity kT(P680Q) I [k1(P680Q) + kha + kf] must 

be independent of Iact' As discussed above, changes in Iact cause changes 

in (P680Q). We would expect to observe kT(P680Q) I [k1 (P680Q) + kha + kf] 

to be independent of Iact when either k1(P680Q) >> (kha + kf) or when 

kT(P680Q) « (kha + kf). The relatively high quantum yield (0.3 to 0.6). which 

we have obtained for the DCIP Hill reaction indicates that 1t1e are in a situation 

where k1 (P680A) » (kha + kf). Under these conditions k1 (P680Q) I 

[k1 (P680Q) + kha + kf] ·~ l and VII ~ oA Iact' The Mg 2+-induced doubling of 

the light-limited rate of DCIP reduction (Fig. 6) apparently corresponds to 

a Mg2+-induced doubling of oA. As discussed above, increases in oA can result 

from increased spillover from Photosystem I to Photosystem II or from the 

connection of previously disconnected chlorophyll to Photosystem II. Because 

our data require that k1 (P680A) >> kha' we conclude that a Mg 2+-induced 

blockage of Photosystem II + Photosystem I spillover cannot account for the 

1 Trebst suggested recently that DCIP can also function as a Photosystem I 

electron acceptor [36]. The site of DCIP reduction appears to be dependent 

on the state of the thloroplasts after isolation [35]. If DCI~ accepts at 

both Photosystem II and Photosystem I sites, then the above analysis must be 
' 

modified to include only DCIP reduced at the Photosystem II site. 

- . 
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Mg2+-induced doubling of the light-limited rate of DCIP reduction seen in 

Fig. 6. The similarities in the magnitude of the Mg 2+-induced increase in 

active fluorescence.(Fig. 5) and Photosystem II photochemistry (Fig. 6) argue 

that both of these effects result from a Mg 2+-induced increase in cA. 

It would be of great interest to know if this Mg 2+-induced increase in . 

th~ s~ze of the Photosystem II antenna array occurs at the expense of the 

Photosystem I antenna array. He were unable to resolve this question because 

of conflicting results obtained with different Photosystem I electron 

acceptors in our laboratory [21] and elsewhere [8,28]. 

Conclusion 

The most significant conclusion to be drawn from our studies on the 

effect of Mg 2+ .on Photosys tern .II photochemistry and fluorescence is that the 

size of the active pigment array is not constant, but can be increased by 

the addition of Mg 2+. Murata [12] showed that salt-induced changes in 

chloroplast structure (light scattering) and total chloroplast fluorescence 

have a very similar dependence on Mg 2+ concentration. Electron microscope 

measurements [11~37] also indicate that ~1g 2+ causes significant changes in 

the organization of chloroplast membranes. The model calculations of Seely [38] 

indicate that changes in the orientation of only a small number of molecules 

in a pigment array which contains both Photo~ystem I and Photosystem II can 

significantly alter the distribution of excitation between the two photosystems. 

In view of the.known ability of r~1g 2+ to affect chloroplast membrane structw·e 

[11,12,37], we propose that Mg 2+ also alters the arrangement of pigments in 
.. 

the thylakoid so as to increase the size of the Photosystem II antenna. 
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TABLE I 

EFFECT OF ELECTRON TRANSPORT COFACTORS ON f~g 2+ STIMULATED FLUORESCENCE 

INCREASES 

' 
Experimental conditions: excitation wavelength, 480 nm; excitation intensity, 

2 . + 
55 JJW/cm; MgC1 2 , 5 mM; Fd, 34 JJg/ml; NADP , 0.5 m~1; dithionite and Pcy, 

saturating amount; DCMU, 50 JJM; DCIP, 3JJM; other conditions as described in 

Methods section. F8 , Fv, FT as defined in Fig. 2. 

Chloroplasts 

Untreated 1 .29+ 0.08 3.70+ 0.25 2.24+ 0.17 

+ Fd/NADP+ 1 .16+ 0.05 3.05+ 0.19 1 .84+ 0.05 

+ Pcy/fd/NADP + 1.20+ 0.04 2.95+ 0.16 1 .46+ 0. 07 

+ DCIP 1.14+ 0.03 3. 09+ 0.19 1 .64+ 0.05 

+ DC11lU 2.11+ 0.11 

+ dithionite 2.1 0+ 0.15 
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ftgure Legends 

Figure 1. ·Effect of MgC1 2 on chloroplast absorption spectra. Spectral 

b d 3 0 5 M M 2+ ·M.g 2+. T f an pass, . nm. ---, m g ; -, no o correct or 

the volume change due to the addition of MgC1 2, an equivalent 

volume of buffer was added to the sample which lacked Mg 2+ 

Samples were allowed to equilibrate in thecdark for five minutes 

afte~ the addition of Mg 2+ (or buffer). Other details as 

described in the text. 

Figure 2. Fluorescence yield of chloroplasts. Excitation wavelength, 480 nm; 

excitp.tion intensity, 55 llW-cm- 2; instrument time constant, 300 ms; 

fresh dark-adapted samples used in (a), (b) and (c); other experi

mental details as described in Methods section. Start of actinic 

illumination,+. Variable fluorescence (Fy) is computed as the 

difference bet\'Jeen the total fluores~ence (FT) and the background 

fluorescence (F8). (a) Untreated chloroplasts. (b) Chl6roplasts 

containing Pcy/Fd/NADP+. Conditions as in (a) except that sample 

also contained the following additions: Pcy, saturating a;nount; 

+ Fd, 40 llg/ml; NADP , 0.6 mM. (c) DCMU-treated chloroplasts. 

Conditions as in (a) except that sample also contained 0.01 mM DCMU. 

Figure 3. Effect of ~1g 2+ concentration on b~ckground, varir.ble and total 

fluorescence levels in untreated chloroplasts. Other conditions 

as in Figure 2(a). Fy computed as described for Figure 2. 
2+ Correction for volume change due to addition of Mg and 

equilibration procedure as described for Fig. 1. Fresh dark-adapted 

1 d t h r·Ag 2+ t t . ( ) F (b) F ( ) F samp es were use a eac ·1 concen ra:1on. a 8; V; c T' 
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Figure 4. Effect of Mg2+ concentration on total fluorescence level of DCMU

treated chloroplasts. Sample preparation as described in Fig. 3 

except that samples contained 0.01 mM DCMU. 

•·· Figure 5. Effect of l~g 2+ on intensit~ dependence of variable (live) fluore-

scence in chloroplasts containing DCIP. DCIP concentration, 0.02 mM; 
-2 Iact value of lOmb represents an actinic intensity of 40 flv1-cm 

Neutral density filters were used to obtain Fy values for a given 

sample at different actinic intensities. Volume correction and 

equilibration procedure as in Fig. 1. Fresh dark-adapted samples 

·used in (a) and (b). (a) 5 mM l~gC1 2 ; (b) no added HgC1 2; other 

experimental conditions as in Fig. 2(a). Fv is computed as in 

Fig. 2. 

Figure 6. Effect of t~g 2+ and actinic intensity on the rate of DCIP reduction. 

Actinic wavelength, 480 nm; actinic intensity (Irel = 100), 

0 -2 . 6 pW-cm DCIP concentrat1on, 0.02 mM. Volume correction and 

eq~ilibration procedures as described in Fig. 1. Fresh dark-adapted 

samples used in (a) and (b). 2+ 2+ (a) no added Mg ; (b) 7.5 mM Mg . 

Irel values v1ere varied with calibrated neutral density filters. 

+ indicates start of actinic illumination at relative intensity 

indicated in the figure. Other experimental procedures as 

described in Methods section. 

Figure 7. Two site model for chloroplast fluorescence and Photosyste111 II 

photochemistry. Details explained in the Discussion section. 
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