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Sumpery
mono~ and divalent cations have been suggested to regu-
late excitation energy distribution asmong the two pigment
‘systems in photosynthesis. We present a brief review of studies.
‘n our laboratory of this phenomenon. New data are presented
~—06n measurements of the degree of polarization of chlorophyll a
fluorescence /p/ in sucrose-wgshed chloroplasts /SWC/, SWC plus
3=5 mM monovalent cations, and SWC plus 3-5 mM mchd~ and 3-5
divalent cations at different anelengtHs. These results allow
T uE to present a working hypothesis that monovalent cations
incresse excitation energy trensfer from photosystem 11 to I,
and decrease and increase excitation energy migration smong
system 11 and system I units, respectively. Further addition
of divalent cations  leads 1o a reversal of sll these effects,
i.e., excltetion energy transfer from photosystem II-to I
decreases, and excitation energy migration smong system II and
"~ 'system I units increases and decreases, respectively.

Introduction

Homann /1/ discovered that divalent cations increase the
chlorophyll a fluorescence in isclated chloroplasts even in
the presence of the electron flow inhibitor 3- /3,4~dichloro-
pheényl/-1, 1-dimethylurea /DCMU/. Murats and coworkers /2/
pursued this problem by measuring low tewperature /77 K/
chlorophyll a emission spectra, and activity of photosystems 1
and 11. They suggested that divalent cetions ceuse a decrease
in excitation énergy trensfer from photosystem I1 to photo-

. system 1. This phenomenon has now been investigated in several

“lsboratories /3~10/. Verious conflicting ideas have been
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v '/see ey Tef, /11/ observed that monovale,
. chlorophyll a fluorescence ymeld at room temperature,ff;“

proposed end the problem has naz yet been r’sol ed
"In sucrose-washed chloroplasts /SWC/, 8

mostly to pigment’ system 11/ angd Increased and decreased flue—
rescence from pigment systems I and II, respectlvely, at 77 K.

" Addition of divalent cations reversed- thls effect, This pheno—

menon was interpreted in terms of Murata’s hypothe31s /12/ of .
regulation of excitation energy distribution among the two
pigment systems. Van der Meulen and Govindjee /13/ showed that
im SWC from oats, lettuce, and peas, the divelent cation effects

ce nobserved even without prior addition of monovalent cations.

These cation induced changes in c} lorophyll a fluorescence yield
could not be precisely correlated w1th the changes in 90° 1light
scattering. Wydrzynski et sl. /l4/, on the basis of their expe-
riments on the effects of these cations on fluorescence tran-
sients: /Kautsky effect/, suggested that there was a large - :
effect of monovalent cations on antenna chlorophyll a comple—
xes in addition totheir effects on reaction center chlorophyll
& molecules. The divelent cations apparently reversed these
effects, but in slightly different proportions. Divalent cations
also caused & direct effect on system II. There was an increase

~in excitation energy iranmsfer from "antenna™ chlorophyll a mo-,

lecules to the chlorophyll g complex associated with reaction
center I1. No significant effect of divalent cations on fluo-
rescence at room temperature has been observed in isolated
system I /15/ or system 1I particles /16/. Fixation of chlero-
plasts with glutaraldehyde pricr to washing leads to the eli-
mination of the divalent cation effects /167, (Removal of
coupling factor by weshing chloroplasts with EDTA alsc elimina-
tes the divalent cation effects.)'These studies suggest that
the integrity and the proximity of the pigment systems I and
I1 are necessary /16/ for observing the,réguletion‘of excita-
tion energy distribution smong the two photosystems, and that
*he effects may orlglnate by the interaction of catlons, at
Aast, partially with the "antenna crlorophyll & cnmplexes.
Brlantals, Arntzen, and coworkers /11/ have shown that the
*light harvestlng plgment—protexn complex“ is necessary fﬁr
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“the éame phenomenon, pfaviding'credénée to this conclusion.

- .. We. are now 1nvestlgatlng the. meleeular mechanlam of this
»regulatlon process which is quzte 1mportant to the photosynthe-
7318 of plants grow1ng Jor bezng studied/ at low light intensi-
‘ties, D. Wong and Gov1ndqee /unpubllshed/ have shown that the
“degree of pélarlzatlon of chlorophyll a fluorescence, measured
at 685 nm, 1ncreases when 3-5 mM monovalent catlons are added
to SWC, and this effect is reversed by the addition of 3-5 mid
\ﬁlvalent cations. However, polarlzatlon of’ chlorophyll a :

- fluorescence, measured at 712 nm, decreases when 3-5 mM mono-

valent cations are added to SWC, end this effect is reversed
by the addition of 3-5 mM divalent cations. Data at 735 nm are
similar but not identical ito that at 685 nm. In & random suspen-
sion of chloroplasts, used in the present study, p is dependent
~upen the extent of energy transfer and the internal geometny
of the pigment systems in the membranes /see refs. /18/ and
/19/. Changes in p, caused by cation sdditions, may reflect
‘only changes in the localization of energy among ‘the dlfferent
heterogenous pigment systems in the chloroplast membranes /19/.
Addition of cations also cause changes in the physical organi-
zation ‘of the thylakoid membranes. PFor example, Schooley and
e Gov1ndJee /20/ have observed that a negative peak at 676 nm in
7 the circular dichroism spectrum diminishes upon the addltlon
of 3 mM monovalent cetions to SWC, and is reversed by the .
further addition of 3 mk divalentkcstions. The present paper
emphasizes the need of pursuing the problem of the molecular
mechanism of these cation effects,

'~katerlals and Methods

Sucrose-washed chloroplasts were prepared as described by
Gross /21; also see refs, 13 and 14/ and resuspended in low )
ionic medium consisting of 100 mM sucrose buffered to pH 7.8
with Tris. A1l samples consist of 3 ml aliquots of chloroplast
‘ suspensi0ns at a chlorophyll concentration of about S&ag/m
: placed in a quartz-glass cuvette of 1 cm patnlength. Low . con-
'“%ffcentratlons /3—5mM/ of NeCl and MgCszere added to provide the v
';iggftlons. 5 M DCMU was added wherever{}ndlcat . The exc1t1ng ﬁghf’\
las frem a 1000 W tungsten lamp}throuéxaa Bausch and -
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) Fhmreacence vras detected thh an aﬂ 9558 a pho amul liey

placed at rlght angles to the direction of - propagat1on of the

exciting light. The inténsities of the flucrescence pclarzzed
vertlcally(Fv)and horizontally (E ) were messured and the latter
corrected for systematic instrumental bias to the direction of

'polarization.[The correction factor was obtained from a SGIhticn
“of 10 Ty Rhodamine B in glycerol] The ratio of the d;fference
( h)to the sum (F + Fh; gave the degree of polarlzatlon P

E chlorophyll & Tluorescence.

Results

The effects of cetion on the degree of polarization of
chlorophyll s fluorescence in chloroplasts, reported as percent
polarization, i.e., px100, are shown in tables 1-3. .

Table 1 shows the effects of cations on px100 for three
different batches of lettuce chioroplasts.‘zach number-in the
table is the average of 6 repetitions on the ssme sample and the
uncertainties are the standard deviations. Fluorescence was "
collected through a Schott RG-665 cut=off filter with a half
‘meximum trensmission at 664 nm. We found that the addition 6f
3 mM NaCl to the sucrose-washed chloroplasts resulted in a‘IO
to 30%(mean, 12%)increaae in the degree of polarization. Further
addition of 3 mM MgCl, reversed this change,

Treatment ) Sample 1 Semple 2 Semple 3
None 2.7 + 0,16 2.8 + 0.12 2,2+ 0,11
+ 3 mM NaCl 3.0 + 0,15 3.0 + 0,17 2.6 + 0.17
+ 3 mM NaCl + 3 mM - T

7 ugen, 2.7$0.15 2.9 1004 2.210.9

Table 1. Effects of cations on the degree of polarlzatlon of
chlorophyll & fluorescence (pleO) in sucruse-waahed lettuce o
" chloroplasts é&observatxon = HG 665 filter; after D. ang and
Gov1ndaee, unpubllshed) - e
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. Table 2 shows the eﬁ’eeta of uatlona on pxleo for pea. g
hloroplaets. Here, again, escl number in. the t.able 13 the. . ol
average of 6 repetnmna, and the ‘une tamt.:.es are: the stanﬁ-— .
vt deviations. The higher’ \mcertamuee ‘for the NaCl treated
‘ :eamples atre due to lowered fluorescence intensities. Fluores-
cence was collected elther through a 680 nm interference fllter
“wlth & bandwidth at half maximum trensmission of 13 nam, or
~ through a Schott BG-IO cut-aff filter with & half-meximum -
“transmlaamn at 717 nm, or through an RG 665 cut-off filter.
- In this set of experiments, 5wM DCMU was added to sll the

‘mples, We note that 548 DCMU did not ceuse any effect on
- in pea chloroplests under the experimental conditions in this

paper, but could Iower the value of p in algal samples, the
" extent of the effect being dependent on the excitation wave-~
leﬁgth(l&ar and CGovindjee,/22/; &lso see Whitmarsh and Levine,
/23/ ) Results with the 680 nm filter have been confirmed on 3
eeparate batchea of chlorcplasts end with RG-665 and RG-10
filters on 2 separate batches of chloroplasts. Addl'tlon of 3 mM
Na'Cl to sucrose-washed chloroplasts caused an increase in po=-
lerization by 20 to 30% which was reversed by 3 mi ¥gCl,.

680 nm RG-10 - - RG=665

Treatment filter - filter filter
None 2,5+ 0.1  2.7+0.1 2.5+0,1
+'3 mM NeCl 3.0+ 0.4 3.4 +0.4  3.1+0.3

: *BnilNaCI*-Bml 2.2+ 0.2 2.6 +0.2 2,3+ 0.2
. ‘ - MgC1, , ,

Table 2. Effects of cations on the degree of polarzzauon of

‘chlorophyll a fluorescence (pxlOO) in sucrose-washed pea

»chloroplaate in the presence of Sfui DCMU (after D, Wong and
- Govmﬂaee unpubhshed ) ,

~In summary, 3 oM Naﬁl caised a 10 to 30% increaae in

”;Lanzanon of chlorophyn a fluorescence when added to sucrose—
_nhed pea and lettuce chlomplaste‘ ‘ﬂus effect was mdependent
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-of the presence of DCMU and was preaent when fluoreacenee waa
measured through 680 nm, RG-10, or RG-665 fllters. 680 nmo
Cfilter. transmitted mainly the 685 nm emisslon band, ﬁG-lO-—'
'fluorescence beyond 693 nm, and RG—GSS--fluorescence,beyqnd

650 nm. This result was expected becsuse the chlorophyll &
fiuorescence at room temperature is from plgment system II;

the RG-10 filter transmits mainly the emission from the"vibrat-
ionsl band” of the main electronic band at 685 nm, However, it
hes been shown that even at room temperature; there is some
heterogeneity in chlorophyll & fluorescence .(see re#iew, ref,

4) end it should be possible 1¢ select a somewhat greater
—proportion of system I to systez II fluorescence at wavelengths
in the 695-720 nm region. Thus, we made measurements with in-
terference filters at 685, 712, and 730 nm.

~ Table 3 shows our data on the cation effects on the degree
of polarization of chlorophyll g fluorescence at 685, 712, and
730 nm on pea.chloroplasts coata‘nxng 5/LM DCMU. The wavelength
of excitation in these experlmeﬂts was 600 + 16 nm. Our results
revealed, in sddition to confirming the results of tables 1 and
2 on the 685 nm emission band, two interesting points: {a) a
higher degree of polarization of fluorescence at 712 ithan at
685 or 730 nm; and (B) decréese, instead of an increase; of
polarization of chlorophyll s fluorescence when' 5 mM NsCl was
edded to sucrose-washed chloroplasts, and the reversal of this
effect by 5 mM MgClz: ;Similar results were abtained with 3 oM
NeCl and 3 mM MgCl2.g In these experiments with pes chlorcplasts,
NeCl caused a 40 to 50% incresse in polarization of chlorophyll
a fluorescence at 685 and 730 nm, and a 30 to 60% decresse at
712 nm depending upon the batch of chloroplasts. {’Average of re--
sults with two different batches of chloroplasts is reported in
the table. 1 These effects were fully reversible, wupon further
addition of 5 mM MgClE, at 685 -end 712 nm. However, the rever-
sibility at 730 nm was not satisfactory suggesting complications
in separating system 1 and system II fluorescerice st this

ravelength, ' o
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. Treatment ”f,',i observation,‘nm R N
T : L0685 oo Tde . o 730

Nome .. 2.2+0.1 4.3+0.3 2.9+0.1
4+ 5 mMd NaCl - ©.03.1 £ 0.3 2.3+ 037 4.2%0.2
+5mM NaCl + S m¥ 2.0 + 0.2 4.2 + 0.3 3.8 + 0.2

Tablé,3.‘Effect of cations on the dégree‘of polarization of

“ehlorophyll a fluorescence (pxlOO) in pea chloroplasts trested
.th 54+¥ DCMU (after D. Wong and Govindjee, unpublisheg) .

* Nows published : FEBsLelt 9% 3%3-3%% gfa?‘?),

Dlscu331on sad Conclusions

Interpretatlcn of the degree of polarlzatxon of cblorophyll
a fluorescence in a random suspension of chloroplast membranes
is complicated by the presence of eanisotropic distributions of
both absorbing end emitting dipoles /19/. The low degree of po-
larization of fluorescence hes been taken as evidence for ex-
tensive axcitation energy migretion in photosynthetic systems
(see Arnold eand Meek, /25/) . The non-zero polarization may be
.due to the fluorescence from the oriented emitting d@ipoles in
. the membrene. Any change in excitation energy transfer due to
" the eddition of cations modifies the degree of polarization of
fluorescence and may reflect the changed localization of energy
in the heterogeneous pigment systems of photosynthesis.

We propese the following working hypothesis to explain
our results. First, cestion do not affect excitation energy
~transfer within individusl system II or system.I units, since
no significant cation effects ere observed in isolated system
‘I or system II particles which do posses several chlorophyll 8
complexes. The only exception is & small change in excitation
- energy transfer from the chlorophyll a form fluorescing &t 685

“+to that at 695:nm in system II particles at 77 X (see ref, /l4/>.
TR accept the assumptlon that F68%5 and F730 (fluorescence'bande
2 \,x 685 ‘and 730 nm} &t Toom temperature are mainly from pigment .
system 1z, and F712 has relstively more from pigment system I.
tVlow temperature (77 X ) however, F730 belongs malnly to
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- and Yang, /26,’) . We also accept the idea that. NeCl ¢

ngnent system I (dzrectly or by enengy transfer fron ‘pagment

ayateszI) and FSBS end. F655 to- plgment system 1z (

increase in excitation: energy transfer from pigment systw II
to pigment system I §see, €.g., Wydrzynski et al., /14/) This,
we propose, leads to a decrease in excitation _energy transfer

among -system II units and to an increase in transfer among

system I units. Since F68% and F730, at room: temperature measﬁre
mainly system II fluorescence, we predict ankincféase‘in the
degree of polarization of flubreséenée (as observed in tables
1—3) upon addition of 3-5 mM NeCl. Since F 712; at room temper-

__4ature, measures a higher contribution of system I fluorescence

than F685, we predict a decrease in degree of peolarization (ae
observed in table 3} . We have accepted the idea that p at 712
nm hes a higher proportionvfrom system I then from system II
because system I gives a higher degree of polarization of fluor-
escence than system II (see Govindjee, /24/ ; Gasanov and ‘
Govind jee, /28/ ). We can see from table 3 that p at 712 nm is
higher than at 685 and 730 nm. Addition of 3-5 mM MgC12 reverses
the NaCl effect: There is a decreased excitation energy transfer
Shem photosystém I, more energy is localized in system II units
end thete is greater energy exchange aiong system 1I units and
a decreased energy exchange smong system I units. Thus, the’
degree of polarization of chlorophyll a fluorescence, measured
at 685 nm, decreases (as seen in tables 1-3) and that measured
at 712 nm increases fas seen in table 3) The increased energy
migration among system II units by the addition of MgCl has
already been reported by Brianteis and coworkeréf based on their
study of the shape of the fluorescence rise curve in cont1nnous
light in the presence of DCMU; this curve changes from sn expon-
ential to a sigmoid shape.

It is impliecit in the above hypothesis that the energy.
transfer(amoag individual units (whether I or II) is by a fast
mechanism, However, excitation energy,exchange,among~units~(1 or
II, or from II to I ) is by Forster’s slow mechanism., Many more
-experiments are needed to test the predictiuns of the sbove
. hypothesis. (The increased energy transfer among system I unlts
is, however, not necessary to explaln the. obaerved rBGU1tQL$Z}
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