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ABSTRACT 
j . 

The objectives of the research described in this thesis 

have been to tise fluorescence kinetics at room temperature 

as a probe of the role of chlor6phyll in excitation transfer 

and trapping in photosynthesis. 

1 

Using a sihgle photon counting ~ystem with sp~rkdischarge 

excitation, we investiga.tedin vivo fluorescence kinetics in 

sampl~s that had been treate~ with DCMU/NH20H, ferricyanide, 

dithionite, background actinic illumination,and different 

cations in the buffer. The changes in fluorescence lifetimes 

wete found. to correspond well with lit~rature reports of 

changes in fluorescence yields. For either the dark-adapted, 

untreated samples or theferricyanide-treated samples the 

major portion of the fluorescence (0.99) was contributed by a 

short CO. 20"' 0.2 8nsec) decay component., This decay became 

biphasic under all circumstances whic.h led to inactivation of 

photochemic:al quenching by the reaction centers. 



From the study of me~brane fragments enriched in PS II 

co~ponents, both Fl, the component with the shorter decay 

time, arid F2 Were identified as PS II associated. In 

addition, Fl and FZ have similar emission bands with a peak 

emission at about 685 rim, corresponding to chlorophyll a 

fluorescence. 

From these results we concluded: 1) Fluoresence at the 

2 

Fo level does notarise from pigments that are not connected 

to the PS II reaction center; ~) A puddle model is inadequate 

to explain thes~ data; 3) These data can be accommodated by 

a model in which Tl arises from the chlorophyll a of the 

chlorophyll alb light harvesting complexes, and T Z arises from 

chlorophylls more directly affected by th~ PS IIreacti6n 

center, such as the PS II chlorophyll a antenna; 4) The 

fluorescence lifetime data for samples treat,ed with sodium 

or magnesium ion is consistent with the models of spillover 

and n-change. 

The fluorescence lifetime behavior in thloroplasts as a 

function of the redox state of the primary acceptor of PS II

was also studied using a modified single photon counting 

system with psec pulse excitation. 

The redox curve showed two single electron transitions at 

-55 mv and ~2Z1 mv With relative contributionS of 69% and 

31%. We found a biphasic decay for samples at all redox 

potentials studied, and also for ihe ferricyanide treated 

sample. The shorter lifetime increased only slightly as 

re*ction c~nters became Closed; . The longer lifetime 
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component showed only a slight increase during the reduction 

of the first 50% of the primary acceptors, corresponding 

approximately to the higher potential transition in the redox 

curve, but during the reduction of the remaining Q, T 2 

increased more than two-fold while ~2 remained constant with

in experimental error. 

~hese data are consistent with our assignment of Tl to 

the chlorophyll in theLH complexes and with F2 arising from 

the PS II chlorophyll a antenna -or a small group of those 

antennae. The model which can best explain th~ data assigns 

both of the fluorescence querichers to either series of 

par~llel primary electron acceptors in PS II reaction centers. 

The continuous increase. in T 2 in the second half of the redox 

curve can be explained by a model of connected photosynthetic 

units. 

Studies of fluorescence kinetics from developing plants 

led to the following interpretation: 1) The PS II chlorophyll 

a antennae contain both the Fl and F2 components; . 2) The Fl 

and F2 components do not correspond to the a and S centers 

of Me1is and Homann; 3) The long lifetime -present for the 

dark-adapted, untreated immature. samples could be explained 

by either of two models. The first proposes unconnected 

ant~nnae in early stages of development and the second pro

poses incorporation of all antennae into photosynthetic 

units with some of the reaction centers initially incapabte 

of photochemically quenching;. 4) The photochemical trapping 

process is not diffusion limited. 
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I. INTRonutTIoN 

Electron Transport 

Photosynthesis involves the conversion of 

electromagnetic radiation in the visible region to chemical 

potential. The overall reaction can be described by: 

cOz + HZO !!gh!~ ___ ~_~_> 0z + (CHZO). + lIZ kcal/mole (~H) chloroplasts . 

1 

where (CHZO) represents the carbohydrate products stored in 

plants. In the initial phase of light reactions, NADPH and 

ATP are produced bya complex process which has not been 

fully characterized. These two products are used by plants 

in enzymatic reactions in the dark to fix carbon dioxide and 

water int~ carbohydrates. This latter process is reasonably 

. well understood (1). This thesis deals solely with events 

in the light reactions. 

A summary of known events in the light reactions of 

higher plant photosynthesis is shown in the electron 

transport scheme (2 scheme) in Fig.I.I. The vertical axis 

is a scale of energy in volts, with higher potential gding 

downward. This was considered a pleasing representation 

because electrons would flow downward. or downhill. There 

are two light reactions in series: the PS II reaction 

associated with the oxidation of water; and the PS I 

reaction leading to the reduction of· NADP. The first step 
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1s the absorPtion of a photon'by the array of chlorophyll. 

The excited state energy is trapped by the reaction center, 

where charge separation occurs bet~een the reaction center 
i 

dhlorophyll aggregate and th~ prim~ry electron acceptori 

This ~olecule passes the electron down the line of carriers 

until eventually the electron reduces the NADP. The 

elf'ctroD that reduces the chlorophyll aggregate ultimateiy 

comes from theoxidatioti of water. The following is an 

abbreviated soheme f6r the PS II light reaction: 

where PE80 15 the reaction center chlorophyll aggregate that 

undergoes an absorption change at 680 nm upon 

photo-oxidation,Q is the first stable electron acceptor and 

Z is an electron carrier between water and PS80. The 

experimental evidence for each of these components has been 

reviewed by Gov1ndjee and Jursin1~ (2), and some of the 

major findings are presented her~. 

The absorbance decr~ase due to photo-ox1dation of.P680 

was first discovered by Doring and coworkers 1n 1967 (3), 

and was characterized vith a halftime of decay around 200 

~sec,the time associated with receiv1ngelectrons from 

donors. This absorbance change wa s still present 1n 

Tr1s-washed chloroplasts, a treatment which inactivates the 

oxygen evolving capacity of chloroplasts, so oxygen 

3 



ev~lutldn was apparently not a requirement (4). In 1971 and 

1972 papers; Floyd g! !l..:. (5), and :Butler (6) associated 

P680 with the role of the PS II reaction center primarj 

electron d'onor, based- on low temperature experiments. In 

l.ater years faster decaying components ofP68W were 

discovered. 1n the region of 30 nsec, 6 ~seC and 35 ~sec 

(7-10). Also~ the absorbance increase at B25 nm that was 

ex~ected to accompany chlorophyllcatlOri formation was 

observed at 100 oK, supporting the claim that the 680 nm 

change was not a fluoresce.nce ar,tifact '(11). P6B0 has not 

been identified as a chlorophyll a d1mer or trimer (12). 

The primary electron acceptor on the~sec time scale is 

represented by Qfor quencher- beca use it acts as ,aquencber 

of chlorophyll _fluorescence 1n Its oxidized state b~t not 

in its reduced state. The original fluoresc~nce ,ield 

measurements reported by Kautsky in 1960 (13) demonstrated 

the quenching pro~erties of Q and wete interpreted in terms 

of reductionol Qby one light reaction and oxidation by the 

other~ Later reports suppo~ting amodelwlth two l1ght 

teactions in series confir~ed Kautsky's views. Stiehl and 

Witt were the first to dlscoverabsorbance changes in the 

ultraviolet region with a maximum at 320 nm and proposed the 

species X-320 to be the PS II pri~ary acceptor (14,15). 

Further work identified X-320 as a plastoquinone being 

reduced to semiqtilnone anlonby comparlslonof absorba~ce 

changes (16,17). ,. The C-550 species discovered by Knaff and 

4 
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Arnon, associated with absorbance changes at 550nm, was 

also proposed as a candidate for the primary acceptor (1S), 

but later work identIfied C-550 primarily as a carotenoid 

bartdshift caused by electric field changes aft~r primary 

charie separation (19,20). Van Gorkom showed the kinetics 

of X-320 and chlorophyll a fluorescence chang~s to be 

s t rcngly co rrela ted (21). Knaff and cowo rkers (20) 

de~onstratedthat primary photochemistry detected by the EPR 

signal of P680+ could be eliminated by extraction of 

Quinones from the ~embranes, and recovered upon 

reconstitution of the membranes with Quinones. Redox 

titrations of Q show two Single electron transitions 

(22,23), indicating a More complex role of Q than our simple 

scheme shows~ The literature suppo~tlng more tha~. one 

Species of pri~ary acceptor will be reviewed in the 

introduction of Chapter IV. Additionally, ther~ is ~ome 

eviience for a transient pheophytin electron accepter prior 

to Q, analogous to tbe well documented pheophytin species in 

bacterial photosyntheSis. 

Reaction centers in the state P6a0Q are efficient 

quenchers of excited singlet states and are referred to as 

open or active reaction centers or traps. Any other reaox 

co~blnation of PS80 and Q that does not permit charge 
+ - . - + 

separation, including the st~tes P680 Q ,P680Q , PS80 Q, is 

referred to as a closed reaction center and does not 

efficiently t~ap excited states. Some of these closed 

5 



reaction center states can be cbemically indu:ed. 

The ch~~icalidentiti of the species Z is Dot kn6wn. 

There is evidence for the association of tightly bound ~n 

and plastoquinone with Z (24,25), and the possibility of . 
. + more than one species mediating betweenP680 and. the S 

states (27), the charge storing intermediates involved with 

th~.oxidatlon of ~ater. The for~aticn of Z+ should have a 

risetime equal to the fastest decaying component of the 

P680+ signal. The full details of the mechanism of oxygen 

evolution rem~in u~cl~ar, but more information on this topic 

can be found in a review by Diner and Joliot (2S). 

The reaction center chlorophyll aggregate in PS I, 

designated P700~ 1s characterized by absorbance changes at 

700 nm upon photo~oxidation, and by the EPR Signal I of the 

cation (12). P700 appears to be a Chlorophyll a dimer (29) 

on the basis of the Signal Il1nevidth. The primary 

acceptor in PS I, a speCies called AI' is characteri zed by 

flash-induced transient absorbance changes (30). EvidencE' 

from absorption differen6e spectr~ at room temperature 

indicate Al to be a chlorophyll a molecule (31-33) • At 

specific sites alongtbe electron transport chain the energy 

from oxidatiort and reduction is used to prodtiee ATP from ADP 

and inorganic phosphate by a mechanism that has not been 

unambiguously characterized. Further details of the 

el~ctron trahsportscheme and the initial 11ghtreactions 

can be found in review articles (2,12,34,35). 

6 
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Orily about 1% of the chlorophylls function as reaction 

centers where thephotoche~lstry occurs. The bulk of the 

chlorophylls and accessory pigments such as ~arotenoids 

func t ion a s an ten na to a bs orb ligh t and channel the exci ted 

state energy to the reaction center. The concept of the 

photosynthetic unit, the s~allest group of malecules 
. . 

sufficient to perform photoche~ical conversion, resulted 

from the experim~nts of Emerson and Arncld (36). They 

measured the flash yield of oxygen from Qh!Q.r~ll~ ~ells with 

varyi~! chlorophyll concentrations and found a maximum ratio 

of one oxygen per 2530 chlorophylls per flash. Because four 

electrons are required to evolve one oxygen molecule, this 

would impl7 600 chlorophylls per electron transport chain. 

Later evidence for two light reactions per ele~tron 

trartsport chain implied 300 chlorophylls for ~ach light 

re~ction, assuming the pigments to be evenly distributed 

between PS I and PS II. A tripartite organization of 

pigments within the photosynthetic unit has teen proposed by 

Butler and KitaJima (37) (Fig.I.2) on the basis of low 

temperature fluorescence measurements. In this model, tbpre 

are antenna pigments specific to each of the reaction 

centers, plus the LH complexes which distribute energy to 

both photosystem~. This model was later modified by Butler 

and Strasser to Show individual PS II units embedded in a 

continuous arrayo! LH complexes , with each PS II unit 

7 



Fig.I.2aThe original tripartite model from 
W.L. Butler and M. Kitajima (1975) 
Biochim. Biophys. Acta, ,396, 72~85. ChI a I ; 

antenna chlorophyll a of PS I; ChI all' 
antenng chlorophyll of ,PS II; ChI LH, light
harvesting chlorophyll complex. 

Chi LH 

Fig.I .. 2b The tripartite model as modified by 
W.L. Butler and K. J. Strasser (1977) 
Proc.Nat. Acad. Sci. USA, 74, 3382-3385. 
Individual PS II units are embedded in a 
matrix of light harvesting chI alb complexes 
(chI LH). Each PS II uriit is connected to 
a PS I unit. 

8 
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atta~hed to a PS I unit (38). 

From detergent treatment of chloroplasts (~9) and 

subsequent electrophoresis on SDS polyacrylamide gels, two 

fractions of chlorophyll containing protein and one of free 

chloro~hyll were discovered~ The traction identified as the 

P700 chlorophyll protein contained chlorophyll a and 

s-carotene with no chlorophyll b. ~his led to the 

conclusion that the antenna of PS I were chlorophyll a 

molecules. Light induced bleaching of P700 was observed for 

this fraction, along with dark recovery. The second 

fraction seemed to serve in a light. harvesting role, 

ctintaining equal amounts of chlorophyll a and chlorophyllb~ 

ani about 1 carotenoid per 3-5 chlorophylls. In a later 

report (40) four chlorophyll protein bands were found, along 

with a very small free pigment band, but the bands have not 

been extensively ch~racteriz~d. 

Subchloroplast particles are useful in separating and 

characterizing the properties of the two photosystems. 

Detergent fraction~tlon of the chloroplast thylakoid 

membranes oan be a~complished with digitonin, Triton X-100, 

or other detergents resulting in preparations enriched in 

the components of one of the photosystems. Gentle treatment 

releases partl~les.only from the stroma lamellae (41), but 

moderate detergent concentrations release PS I from both the 

stroma and the grana. An alternative meth~d of getting a 

preparation enriched in one of the photosystems Is the use 

9 
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of the French press (42,43). It has bee~ proposed tbat the 

st~oma lamellae containPS I, whereas the grana contain both 

photosystems (44,45)~ Th~re could be twe kinds of PS I, 

wi th' one type responsible for cyclic phoiophospboryla tion .. 

(46) • 

Engr!tl I.rgn~.rgr 

The mechanism by which energy transfer occurs witbin 

the antenna and to the reaction center Is a subject of 

discuSSion (47,48). The most thoroughly studied m~chanlsm 

Is. the Forster type transfer, in which the inter~olecular 

Ctiulombic Interactl~n energy between the excited dortor 

molecule and the ground ~tate acceptor molecule is on the 

order of -1 
1 t:1T! • In the dipole-dipole appr07imatlon the 

'. . 

pairwise energy transfer rate betweeri mole~ules a and b is 

(48 ): 

(Eq • I .1 ) 

(Eq.I.2) 

TheK 2 term accounts for the relative o~lentation of 

the dipoles, c Is the speed of light, n Is the refr~ctlve 

index, N is Avogadro's number, fa(v) 15 proportional to the 

fluorescence spectrum of the molecule a, and Eb(v) is the 

10 
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extinction coefficient for the absorption spectrum of th~ 

mo lecule b, 8ab is the angle be t ween the. di pole s on 

molecules a and b, and <PaR '%R are the angles between the 

molecular dipole and the intermolecular axis. K2 can vary 

from 0to 4 and has the value 0.657 for a completely random 

set. The integral in the ~ expression is effectively the 

overlap bet~een the emission of the donor molecule a and the 

absorption of the acceptor molecule b. Eecause the 

bandshapes change with temperature, this integral introdu8es 

temperature dependence to the transfer rate. lb Is the 

distance at which the energy transfer between a and b has an 

equal ptobability with other pathways of decay. For 

chlorophyll a, ~ has been calculated to be 65-30 f (49,5Z). 

The t rar.sfer rate kab is dependent on\~ ,and Is very 

sensitive to the intermolecular di~tance. 

The experimental evidence cited in favor of the Forster 

mechanism is primarily the low degree of!U !!YQ chlorophyll 

fluorescence polarization (47). Two factors could 

contribute to this depolarization: 1) molecular rotations, 

or 2) ener~y transfer between chlorophylls with different 

dipole orientations. The observation of low fluorescence 

polarization for samples at 77 0 K when molecular rot~tions 

are frozen gave support to thE: second explanation. 

The goal of any theoretical treatment is to predict 

ex~erimental observables USing information about the 

organization of the pigments in the photosynthetic unit. 

11 



There bave been seteral approaches: The probability matrix 

method used bY Robinson (51) is the ll'iOst easily understood 

in terms of physical entities, an~ an example of the method 

.ispresented here. A unit of time, the pairwise jump time 

T, is defin ed. The pho tosyn thetl c un! tis represen ted by a 

lattice with an antenna molecule located at each of the 

lattice points. Any element Pnm of thepro~ability matrix P 

gives the probability that an excited state on site m at 

time t will be found on site n at time t + T. P is a square 

matrix with order equal to the number of ~ites N in the 

u~it. pq giv~s the probability of finditig the excited state 

~t some site at time t + qT. Tofin~ the probability 

density at time qT, pq is mult1pliedby a row matrix of. 

ordet N repre~entirig the 1nitial probabilities on the N 

sites. 

Thetbree site lattice shown in Fig.I.3 Is tisedaS an 

example.' Site 1 is a perfectly.efficierit trap, so that 

excited states have zero probability of being transferred 

out of site 1. An excited state on site 2 has 50% 

probability of going to site 1 and 50% probability of going 

to Site 3. Site 3 is similar to site 2. The probability 

matrix for this setup is: 

1 

P = 1/2 

o 

o 

o 

1/2 

1/2 .' 1/2. 0 

12 



Fig.I.3 A three site lattice. Site 1 is a perfectly 

efficient trap, so that excited state~ h~ve 

zero probability of beirtgtransferred out 

of Site 1. An excited state on Site 2 has a 

50% probability of going to Site 1 and 50% 

probability of going to Site 3. Site 3 is 

similar to Site 2. 

13 



with rows dnd columns numerically ordered. The initial 

Cobdition of unif~rm probability den~ity 15 descrlb~d by the 

row matrix (1/31/3 1/3). Multiplic~tlonglves the 

probability deasities at time t = T,ifter one possible 

transfer. 

~1 
0 0 

(1/3 1/3 1/3) 1/2. 0 1/2 = (2/3 1/6 1/6) 

1/2 1/2 0 

For the probability density at time t = 2T for this setup, 

the result (2/3 1/6 1/6) is rnul tiplied with P to give (5/5 

1/12 1/12). 

More complex lattices Can be set up, and interaction 

with non-nearest neighbors can be included by appropriate 

weighting of the probabilities of transfer using the 

distanc~ dependence given by Forster .theory. Also, an 

imperfect trap cart be treated. For large matrices and for 

the t~o-dimensional problem the solution is not so easy to 

obtain as for the example. Robinson finds that his results 

for the average number of jumps to reach the trap, <0>, 

trapping €?% of the excited states inhomogeneous square 

lattices of 36-144 sites can be fit with the expresslo~: 

<n> = 0.720 N lo~ N + 0.259 N (Eq. 1.4) 

14 
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and uses this to estimate the number of jumps for lattices 

the size of the photosynthetic urtit. 

Montro11 approached the problem in a less physicallY 

intuitive manner using Green's functions and random walk 

generatirtg functions (52)~ His final~xpressions obtained 

for homog~neous lattices ar~: 

<n> 

N (N + 1) 
6 

!N In N + 0.195056 N 
'If 

1. 5164 N 

Linear Chain (Eq.I~5) 

Square Lattice (Eq.I.6) 

Cubic Lattice (Eq.I.7) 

Other ~heoretical approaches have been taken sUch as 

the master'equation d~rivations(53,54)which can allow for 

transfer mechanisms oth~r than Forster coupling, or decay 

of the excited state before trapping. , In general, a two

dimensibnalhomogeneous regular lattice with random dipole 

o~ientation i~ used as a model for the ~ntenna chlorophy1ls, 

although Seely has studied more complex models (55). He 

showedusirtgthe probability mattix method that arrange

ment of five spectral forms of antenna chlorophyll in 

bands about the reaction center introduced an eneigetically 

favored ,direction for excited state migration and decreased 

<n>by a factot of four or fiVe compared to the homogeneous 

array. Arrangement of dipole moments in orientations 



f~vorabl~ to energymigrat10n to the t~aps could also 

decreas~ <n) by a factor of four over the ran~omly oriented 

array. 

The more accurate model of chlorophylls grouped in 

proteins in the membrane, with about six chlorophylls per 

protein, has not been treated. There may be contributions 

of stronger interactions to the energy transfer within the 

antenna~ Colbow and Da~yluk (5f) solved the generalized 

master equation with the coarse graining approximation of 

Kenkre and Knox (57) for a· two-dimensional homogeneous 

square lattice with random dipole orientatlon~ Theyarrived 

at an expression relating the intermolecular interaction 

eaergy to the transfer rate bet~een molecules. The trapping· 

tirre Tt assuming a perfect trap is given by: 

(Eq.L8) 

~here <n> is the average number of steps taken to reach the 

trap, and Tj· is the time for one jump; or the inverse of 

the transfer rate. Montroll's expression for <n> for a 

square lattice was used (Eq.I.5). Using experimental values 

for In !iXQ chlorophyll fluoroscence lifetimes as the upper 

11mi t forTt' and N= 250-350 chlorophylls per photosynthetir. 

unit, the transfer rates, 1/ Tj' were calculated to be 

1.2-1.8 x 1012 sec-I. This rat~ fell in the intermediate 

range of the interaction energy. Intermediate coupling is 
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distinguished fr6m the Forster mechanism by transfer times 

of the same order as thermal relaxation and probabilities of 

t~ansfer propo~tional to tbe irttermolecular interaction 

. energy a~d therefore dependen t on R ~~ ra the r than on Rab-6 

In addition to .the Coulombic interaction between the excited 

donor and the ground state acceptor, the resonance 

interaction between the excited donor and th,e excited 

acc~ptor must b~ conSidered. 

Paillotin g! il~ (58) fourtd the fUnctional form of the 

fluorescen~e kinetics to be a sum of exponentials, unless 

bi~olecularreactions sUbh as singlet-singlet annihilation 

occur. Clearly more research must be done to elucidate the 

mechanism of energy transfer in pbotosyntheticmernbranes. 

A ~eparate problem from tte mechanism of energy 

transfer by which the excited state energy is transferred to 

the reaction center 1$ the question of whether there is 

energy transfer between photosynthetic uni ts. The concept 

of a photosynthetic unit required tooperatlortof several 

hundred ~ntenna molecules for eachelpct~on transport chairt. 

Energy transfer between photosynthetic units implies 

arttennae serving more than one photoreaction center. TherE 

.are several models (47) of theorganizatlon of 

Photosynth~tic units, differing in the e~tent of 

co~~unicatlon between units. The simplest model is referred 

to'as isolated puddles lnwbich eachreactior center has its 

own anten~a and the antenna tr~rtsfersenergy to only one 

17 



reaction center. EIcited states in the antenna of a 

photosynthetic unit with a closed reaction cent,=i' must decay 

by ~ome m~th~d other thanphotnchemlst~y. The other ext~eme 

is referred to as the lake model, which pictures reaction 

centers dispersed in a continuous a~ray ~f antennae. In 

this case any excited states may be trapped by any open 

re~ctlon center. An irttermediate case proposes limited 

connectlon~ th~t is. to have about four photosynthetic unit 

among which energy transfer can occur. The experimental 

data supporting energy tran5fpr between PS II units have 

been reviewed by Willia~s (59). 

Measurements of the fluorescence induction showed what 

a:ppeared to be a first order eIponential rise il' DeMU 

pois6ned sam~les prepared with 10 mM Ra+ and a non-first 

order, sigmoidalri se for samples treated w1.th 10 mM 

Mg+2 (E0-62)~ The structural and function~l effect of. 

cations is thoroughly c6vered iri a later sectlo~. These 

e!fectsinclude changes in the stacking of the thylakoid 

membranes, Mg+2 sti~ulati6n of room temperature 

fluorescence, changes in the relative intensities of 

fluore,scen-=e bands at 77 0 ,((, Mg+2 induced changes in the 
. +2 . 

photochemical rates of both photosystems, arid Mg . dependent 

changes in the redox state of electron transport. carriers 

(63-6a).The e~ponential ·rise in .fluore~cence is consistent 

with the puddle model,and the Sigmoidal behavior indicates 

some degree of communication among photosynthetic units. 
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Melis and Homann (69,70} performed a kinetic analysis of the 

growth of the area ~ver the fluorescence induction curve ani 

found that the DeMU, Na+-treated sample actually has two 

first order com~onents, with rate constants diffeiing by a 

factor of three. Mg+2 treatment changed the appearance of 

the rise curve to sigmoidal and changed the faster component 

to a no~-first order kinetic behavior. (In some papers this 

complex kinetic behavior is still described with the rate 

constant ka which is estimated from the time required for 

the area attributed to the faster phas~ to change to lIe of 

its original area. In other papers the complex kinetic 

behavior is de,scribed with k'a; determined as above). 

Originally, they interpreted these results in terms of 

heterogeneous PS II reaction centers. There is other 

evidence Sllppo!'ting the possibility of heterogeneous P3 II 

rea~tio~ centers, including the results on redoi titraticns 

of Q, the primary acceptor, showing tvo siegle electron 

transitions (22,~3). Later results by Melis and Duysens 

(71) on absorbance difference spectroscopy from 250-43~ nm 

and the kinetics of the 320 nm absorbance change showed that 

the primary acceptor in all cases appeare>dto be 

plastoquinone becoming singly reduced to plastosemiquinone. 

Their, present i~terpretation of the data involves a 

heterogeneous population of photosynthetic units (71,72), 

some of which act as isolated puddles and are responsible 

for the slower rate constant, and the ~emainder of which are 
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+2 groups ofconnect~d units which are affe~ted by Mg • Their 

evidenc~ for connected units was the non-first order 

behavior of the faster rate constant • 

. Lavorel ~Dd Joliot(73) formulated the Pilot" model 

from their data on fluorescence induction. Photosynthetic 

units were considered as separate, with the possibility of 

becoming connected. The units with closed reaction centers 

~ould not be r~ndomly dispersed throughout the array dUring 

fluorescence induction, but would tend to for~ ~lu~ters. 

P~otosynthetic units bordering on a closed unit vould have 

an increased cross section if the antenna of the closed unit 

could transfer energy to a neighboring unit a~d, tberefore~ 

would have a greater probabIlity of trapping a singlet. In 

this manner clusters would grow at the edges. 

Steady stat~ measurements of oxygen evolution indicated 

a nonlinear relationship vltl'l tl'le fraction of open PS II 
+2 

r~action centers for sa~ples treated with Mg and sometimes 
+ also in Na -treated samples (B0,61,63,74). The analysis 

shewed that the probability of transfer out ora unit with a 

closed reaction center is ab~ut 0.54-0.55 iri the presence of 

Mg+2 and 0-0.22 in the presence of 10 mM Na+. Paillotin 

(75) bas treated two factors in the connection of 

photosynthetic units: the competition bet~een reaction 

centers, and the exfstence of an energy barrierbet~een 

units. Using a model in which .captute of an excited state 

was limited. by the trapping process rather than the 
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diffusion time, he concluded that only a small b~rrier 

separates the units. 

Some earlierexp~riments measu~ing steady state oxygen 
, 

evolution as a function ~f fraction of active PS II reaction 

centers were reinterpreted by Wang and Meyers (76) in terms 

of increased abSorption cross-section of the antenna of 

remaining active traps when some traps became closed. These 

ideas were based on their measurements of oxyge~ yield from 

a flash as a function of flash intenSity. They analyzed 

their resUlts using simple target theory in which a trap was 

killed by photochemi cal chargesepara ti on. The data fi t 

models in which either excited states have a domain 

containing two ~ea6tion centers and cannot be transferred 

out of that domain,or excited S ta tes in a uni t with a 

closed reaction center could be transferred out of that unit 

with a probability of 0.:3. This value was somelwhat 

different from the value of 0.55 derived by Joliot and 

J 0 Ii 0 t ( 60 ) • 

Another interpretation supporting energy transfer com~s 

from measurements of fluorescence lifetime, T, as a function 

of fluorescence yield, ¢fl. Using the relation: 

T = ¢fl T 
o 

(Eq.I.9) 

where To is 1/k£1 or the intrinsic fluorescence lifetime in 

the absence of other singletquen~hers, Tumerman and Sorokln 
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(77) reasoned. that their linear T versus 4>£1 plot obtained 

under di~ferent intensities of abtlnic light indicated that 

fluorescence was originating effecti.ely from a ho~ogeneous 

5 ouree, as in the lake mode 1. Theypredl c ted a non-linear 

. pl6t for the puddle mo~el due to the superposition of a 

s hor t decay from an tenna in pho tos yn the tIc uni t s wi th open 

reaction centers and a long decay .fro~ antenna in units with 

. closed rpaction centers. However, tbe T that they measure 

by phase shift fluorimetry would actually be a weighted 

average of decay constants if the dee;ay were biphasi: or 

more complicated. Aside from the puddle model,there are 

other possible origins of a nonlinear T versus 4>f1 plot, 

such as a het~rogeneouspcpulationof fluorescent 

chlorophyll a molecule~. 

The distinction between isola ten puddles and a 

co~nected or lake model is quite clear, but the latter two 

are difficult to senarate.· Strasser has proposed a more 

complicated pictur~ (73) in which there is a heterogeneous 

population of photosynthetic unitS: 5mall units that have 

~o lH complexes, big units which contain LH complexes, and 

grouped units which ha~e several big units that can transfer 

energi among themselves. He found the relative distribution 

of small:big:grouped to be 20:53:27 in a low salt sample 

with unstacked grana, and 20:2e:54 ina high salt sample 

wi'th stacked grana. 
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Relgt!~n.~gl!!~gn rly.Qr~~~en£.e ~IU! EllQ1Q£Il~I!!~i1r:Y 

The discovery that chlorophyll fluorescence could be 

used asa.probe into plant photochemistry was made almost 

half a century ago. Kautsky and Hirsch (79) first observed 

the change in fluorescence emission intensity when a 

dark-adapted sampl~ of algae cells or chloroplasts is 

illuminat~d. For higher plant chloroplasts, the transition 

lasts se~eral seconds and consists primarily 'of the initial 

level 0, the slight dip D, and the plateau P (Fig.I.4). 

McAlister and Myers (80) were able to demonstrate an 

inverse relation ~etween the yield of fluorescence and the 

rate Of photosynthesis during the fluorescence induction 

period. The fluorescence yield experiments of Kautsky gl 

£l.!. (13) on ~hlQ.rgl!2 cells. demonstrated the quenching 

qualities cf what is no~ known to be the primary electron 

.acceptor of PS II. At this time (1960) the evidence foI' two 

photosystems was just beginning to emerge. Their 

conclusions were: 1) fluorescence yield was cbntrolled by a 

substance which quenched in its oxidized state AO but not in 

its reduced state~ AI; 2) from the kinetics of fluorescence 

yi eld changes, there appeared to be two ligh t react ion s in 

series; 3) one light reaction was associated with oxygen 

evolution and reduced AO to Al resulting in inGreased 

fluorescence yield; 4) the other light reaction was 

as~ociated with CO 2 reduction artd produced Bl Which oxidi2ee 

Al to Ao; 5) inhibitors which blocked e.lectron transport 
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o 1.0 2.0 
Seconds 

XBL797-4925 

Fig.I.4 The various stage~ of fluorescence ihduction 
of chlorophyll a in vivo from isolated 

broken spinach chloroplasts in the absence 

(lower curve) and in the presence (upper 

curve) of the electron trahsport inhibitor 

DCMU. 
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be tween the two photoreactions preven ted the re oxida t Ion 0 f 

~ but did not change photoreduction of An. 
Duysens andSveers (81 ) integrated Iautsky's ideas with 

resul ts Showing two :photochem ical pigment sys te ms wi th 

differentr~sponseto red and far-red light (82,83). The 

primary acceptor of PS II was given the label Q for 

quencher, with prope~ties exactly as pr~dlcted by Kautsky . 

for AO. The fluorescence of chloroplasts at room 

temperature which is primarily associated ~ith PS II 

exhibits a single peak at 683 nm ~ith a long low intensity 

tail out to ab~ut 750nm (81,84)~ 

Sin:e that time, other components have been 

chara:terized as affecting the fluorescenc~ yield: 1} 

PE30+ ap~ears to quench fluorescence based on low 

temperature fluores~ence' m~asurements (85); 2) the 

se:ondary acceptor (86,8?) named R or B. a two electro~ 

carrier betweenQ and the plastoquinone pool, modulates 

fluorpscence yield with a periodicity of two; ~) the 

fluo~escence yielddttring a 2 psec flash oscillates with a 

periodicity of four, correlated to the concent~atioh of 

fz +S 3 states on the oxidizing side of P680 (88). 

In the fluorescence induction (Fig.I.4) the 0 level or 

Fo is characteristic of the sample with all reattioncenters 

open. Fluorescence increases as Q molecules become 

photochemically reduced and the oxygen evolution rate 

increases. The slight dip_or ~ phase corresponds vith the 
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~eoxidation of 0 by the plastoq~inone p~ol.Further 

fluor~scence rise c6rresporids with reduction of the pool of 

inter~ystem electron carriers until the steady state~ with 

equal PS I and PS II ratesj is achieved at level P or Fm. 

OXigen evol ut 1 on then occurs a t a con stan t rate. The change· 

in fluorescence from FO to Fm is sometimes referred to as 

the variable fluorescence orFv • Two explanations were 

given for the nonzero FO level (89): either the trapping 

~as not perfectly efficient and there was a residual 

probability of tionphotochemical decay. or the FO level was 

due to dead chlorophyll pigments which ~ere not associated 

with the traps and fluoresced regardless of the state of the 

trap. In the latter model the fluorescence that devel~ps 

during illumlrtationwas referred to as live fluorescence 

from chlorophylls which ar~ connected to the trap. A 

similar model has been discussed retently by Henkin and 
+2 Sauer (90) to explain Mg effects onPS II fluorescence and 

photochemistry, although the two chlorophyll arrays were 

called inactive and active rather than dead atid live 

. ~igments. The increase of .fluorescence yi~ldby three- or 

four~fold upon closing the reaction ~enter leads to an 

apparen t anomaly wi th pred ic t ing a high yield of 

photosyntheSis. This problem IS discussed in the. 

introduction of Chapter II. 

These Idea~ emphasized the'i~portatice ~ffluorescence 

kinetics investigations of 1!l .Y1!,Q, chlorophyll. The 
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fluorescence decay is characteristic of the molecular 

environment, so that the same molecule in tvo different 

quenching environments viII display different fluorescente 

lif~times. Litetature reports of fluorescence lifetime 

measuremerits will be presented in Chapter II ascomparlsion 

for our data. 

Eflff ts Ql ~~llQn~ 
Barber bas recently tevieved the ~tructnral and 

fu~ctional effects of cations on chloroplasts (64). The 

structural changes include unstacklng of the thylakolds in 

l~w salt medium, restacking of the thylakolds upon additinn 

of salts, an~ :hanges in the volume of the intrathylakoid 

membrane. The ru~ctlonal effects include alterations in the 

reactions involved in ATP synthesis ahd in the fixation of 

carbon dioxide, and changes in the flunrescence properties. 

These effects are non-specific! for the monovalent cations 

the following gave similar results! all alkali metal 
+ cations, NE\t ' choline, lYSine. The following d.ivalent 

cations have been shown to give similar r~sults: 
+ 2+ 2 . (. ) Ca ,Mn, L-lysyl-l~lysine dipeptide 91,92 • 

+2 Mg , 

Homann and Murata discovered independently that the 

addition of metal cations to broken chloroplasts increases 

the steady state fluorescence yield (65,6f). The room 

temperature fluorescence of DCMU-treatedchloroplasts was 
.+2 

observed to increase in the presence of Mg Murata 
. +2 ... 

measured fluotescence at 77 0K and found Mg-induced . 
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increases in the bands at 684 and f95 nm relative to the 735 

nm band. The 684 and 695 nm band~ were attribut~d to PS II 

on the ~a$is6fsubthloropla$t particle~. and the 735 nm 

band was associat~d with PS I (84). Also, Murata me~stired a 

Mg+2 induc~d increase of 10-20% in PS II photochemical' 

activity measured by the rate of H20 -) DPIP and a 

'corresponding decrease of ?0% in PS I activi ty measured by 
+ 

Asc /DPIPH2 -) NADP. From these resul ts Mura ta formula ted a 

model in which Mg+2 decreased spillover of excitation energy 

fro~ PS II to pS I. 

I~ the years following the discovery of these effects, 

many experiments have been, performed on the effect of 

divalent cations on primary processes of photosynthesis. 

These works up to 1977 have been reviewed by Williams (59) 

and categorized according to th~ model the data supports. 

Three modeisfo r Mg+2 effects have been propcs~d : the 

Mg+2 induced decrease of energy spillover from PS II to P5 I 

as discussed by Murata (66); Mg+2 induced increase in 

reverse spillover from PS I to PS II as discussed by Sun and 

Sauer (93); a-change hyp()thesis in which a is the fraction 

of excitation energy delivered to PS I either by the LH 

co~plexor the PS I antenna, using Butler's designation of 

a. Other authors have used a to describe the fraction of 

energy delivered to PS II, but in this thesis ]utler's' 

definition will be follow~d. In the first two models the. 

fraction of energy initially reaching PS II is un:hanged in 
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the presence of Mg +2. 

Many experimental reports can be explained equally well 

by any of these three models. These include reports on: 
+2 . 

Mg related changes in the relative intensities 6f 

fluorescence bands at 77 0 [ (66); Mg+2 stimulation of PS II 

fluorescence at room temperature (65,66); Mg+ 2 induced 

changes in the ph ot oche mica Ira tes 0 t both pho t osys terr.s 

(65-68); Mg +2 dependent changes in the redox state of 

( ) 
+2 

electron transport carriers 63; requirement of Mg for 

red, far-red light enhancement (B3,93,94); requirement of 

both PS I and PS II to see Mg+ 2 ChangeS (95-97); 
+2 elimination of Mg effects on fluorescence by membrane 

cross-linking abd trypsin treatment (97,93). There is some 

experimental evidence which can best be explained by the 

spillover model: the ebhancement of variable fluorescence 
+2 . +2 . 

by Mg ,as analyzed by Mu~ata (65); Mgindu~ed changes 

in the shape of the fluorescence induction curve and· 

Frr/FO ratios (61,62); 
+2 

Mg dependent changes in the 

deactivatiob rate of the 53 state, an intermediate in the 

oxygen evol u t 1 on process (61); Mg + 
2 

dependen t ~hanges in 

the fluorescence induction at 770 K (37). 

The photochemical yield experiments of Marsha and Kok 

(6~) could not be fully accommodated by the spillover model. 

Theyleld of H20 -) methyl viologen in 650 nm light shoved 
.. +2 

no change upon removing Mg, but in 710 or 690nm light, 

the yield decreased. The spillover model, or model Ain Sun 
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and Sauer (93), is based on the following hypotheses: 1) 

excitation energy transfer fro~ PS II to PSI occurs in the 

ahsertc~ of divalent cations but not in their presence; 2) 

intrinsic abs~rptibh of PS II i~ greater than that of PS I 

in the region 620 to 680 nm; 3) intrinsic absorption of 

PS I is greater than that of PS II at wavelertgths Ibnger 

than 692nm; 4) energy. transfer, wh~n it i5 allowed, will 

occur predominaritly .in the direction that enhances the 

reaction center that would other~ise be rate limitirig. The 

spillo~er model predlct~ the yield of the ~O -) methyl 

viologen reaction in 650 nm light to be higher without 

r-'g +2 and unchanged at longer wavelengths. In 710 nM light, 

spillover should be mlriimal.Marsho and Kok interpreted 

these data. i.n terms of an (l-~hange. 

Jennings and Forti (99) alSo found cation-insensitive 

PS I redUction of methylviologen in PSI! enriohed light, 
+2 .' 

and Mg stimulation of variabl~fluorescence with both 638 

and 722 nm light. They interpreted these data in terms of 

reverse spillover, but their measurements maybe complicated 

by chloroplast isolation in 100 mM NaCl and resuspensionin 

10 mM NaC!. (The effect of high concentration of monovalent 

cation is discussed later). 

Sun and Sauer(6a~93) found that their measurement of a 

quantum yield of one forth~ reaction H20 -) DPIP in the 

presence of4.5 mM MgC12 at 630-660nm excitation light 

could not be reconciled with the.spiliover model which 
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predicts a qu~ntum yield of less than one~ue to the 

absorption of red light by PS I antennae. The problem with 

attempting to explain .all th~ data ~ith a simple model, such 

as spillover, may be that cations produoe multiple effects 

on the membranes; and certain experiments probe one 

particular aspect of this interaction, but other experiments 

look at a combination of effects. For example, the F
2

0 -) 

methyl 'iologen experiments of Marsh~ and Kok require the 

participation of both light reactlons~ each of whose rates 

may be a~fected by Mg+2, and also involve the distribution 

of energy between the t~o photosystems~ 

A more recent paper by Henkin and Sauer (90) proposes a 

Mg+2 induced increase in the absorption cross section of the 

PS II abtenna by connection of previously unoonneoted 

ch lor ophyll 0 r by i ncre ase of E'ner gy tran ster from LR 

complexes to PS II. This moiel is based partially on the 

observation of a linear relation between the intensity of 

variable fluorescence and actinic light intensity in the 

presence and absence of Mg+ 2, with different slopes in the 

two cases. They were not able to resplve the question of 

whether the increase in size of the PS II antenna occurred at 

the expense of the FS I antenna array because of conflictinc 

r~sultswith different PS I assay ~ethods • 

Gross and Hess showed that mono- and divalent :ations 

ha~e a~tagonistic effects in the millimolar ~oncentratlon 

range (100). Monovalent cations added in 2-20 roM amounts 
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decreas~d fluorescence compared to a no-salt control~ and 

the. original fluorescen~e level. could. be restored by adding 

1-5 mM dival~nt cation ot 80-100 mM monovalent cation. 

Gross ar.d coworkers (92,101) demonstrated the presence of 

two types Of cation binding sites on the chloroplast 

m~mbrane. Steinback and coworkers (102) linked a surface 

exposed polypeptidefragm~nt of the chlorophyll alb LH 

complex with cation mediated structural and energy 

distribution changes. Barber and coworkers (103,134) have 

examined the effects of cations on photosynthetic processes 

USin8 the diffuse double layer theory of Gouy~Chapman. This 

theory uses the Boltzmann and Poisson equations and yields. 

an expression relating the membrane surface potential to the 

s~rface charge density and the electrolyte conc~rttration 6f 

the bulk soltition~ They conclude that fluore~cence change5 

are not ~orrelated ~ith surface potential changes but are 

telatedto the total positi~e charge immediately adjacent to 

.the membrane surtac~. 

In addition to cation eff~cts on fluorescence and the 

photochemical yield of each of the photosystems, cations 

seem to playa role in determining the extent of energy 

transfer between photosynthetic units. The evlden~e 

presented in the Energy Transfer section of this 

Introduction indicates that the presence of Mg+2 in the 

sample favors connection of photosynthetic units. 

Many of the effects of cations on fluorescence and 
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photochemistry can be imitated by appropriate 

preillumination of the sample. The prel1lumination studies 
. . 

were first performed by Murata (105) and by Bonaventura and 

Myers (106). State I, which is formed after prolonged 

illumination with light I that is preferentially absorbed by 

PS I is similar to the plus Mg +2 state. In the dark, State 

I predominates. State II 1s formed after illumination with 

light II, and is similar to the low cati~n or minus 
+2 Mg state. AnalogoUs to the cation effe~ts, the State I -

State II effects involve structural changes in the membrane. 

Qhj~£11!gl 2f Ihg11~ 

There are many details of the primary processes of 

photosyntheSiS which remain unclear. The nature of the 

fluorescent sites has been investigated in the research in 

this thesiS by the study af room temperature fluorescence 

kinetics from chlorophyll !n !!!Q. We have correlated 

changes in fluorescence kirietlcs with alterations in the 

Photochemlc~l state tif the sample by inhibitors, 

illumination and cation treatment; studied the fluorescence 

ki~etics as a function of the redox state of the primary 

acceptor of PS II; and studied the fluoreScence emitters in 

developing plants. 
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II. EFFECTS OF INHIBITORS AND BACKGROUND LIGHT ON 
FLUORESCENCE LIFETIMES 

Introduction 

The state of the photochemical reaction center.of 

PS II of higher plants or algae·shows a strong correlation 

with the fluorescence yield ot lifetime pf the associated 

chlorophyll. For a simple, homogeneous sample of isolated 

molecules the fluorescence lifetime T is directly 

proportional to the fluorescence yield ~fl: 

CEq. I. 9) 

where TO is the natural lifetime that would characterize the 

molecUle in the absence of competing decay paths. For 

photosynthetic membranes in which several hundred ant~nrta 

chlorophylls transfer electronic excitation energy to the 

chlorophylls in each reaction center, the situation may be 

quite different. The chlorophylls are definitely not 

isolated from one another, but a linear T versus ~fl 

will still be observed if all emitters have the same 

environment, as discussed in Chapter I. A heterogeneity 

of fluorescence species, however, will lead to non-

lin~arity in the T versUs ¢fl curve. 

The increase in fluorescence yield observed~hen 

photosynthesis becomes saturated or inhibited is typically 

three- or four-fold. The background level of fluorescence, 
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FO' may cccur because the quantum yield of photochemistry is 

distinctly less than 100%, ot becau~e there are chlorophyll 

pig~entsnotassociated with the trap. The first 

explanation is in direct conflict with photbchemical quantum 

yield measurements (1) which indicate a quantum yield ~f 

95-100%. The apparent anomaly between fluorescence yield 

iat~ and photochemical jield measurements is illustrated iu 

Fig.II.1using a simple model. 

The Sum ~f yields for all processes ~hlch consume 

excited s ta tes 1 s unl ty. The pho tochemi cal yield ¢ p is 

additionally dependent on the fraction of open rea~tion 

centers. If we postulate the maximum photochemical yield tc 

be 75%, then the sum of the other yleldslfust be 25%. When. 

all reaction centers are closed the ¢p term goes to zero, 

and the su~ of the first three terms increases four-fold. 

If the rate c6nstants are actually ~onstant wh~ther the 

reaction centers are open or closed, then ¢is + <Pic increase 

by an a~ount equivalent to the increase in ~lj This model 

is cansistent with obser~edfluoresoence yield changes, but 

not with measurements of <P p. 

If we postulate that the maximum <Pp is 95%, the sum of 

the other processes must be 5%. When <Pp goes to zero the 

sum of the first three yields~ust increase t~enty-fold, and 

a twenty-fold increase In <Pf! would be expected . 

A possible resolution of the.anomaly occurs if a closed 

reaction center still traps electronic excitation ertergy. 
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Fig.II.l Examples illustrating the apparent anomaly 

between a high yield of photochemistry and 
the fluorescenc~ yield data. The yields, 

r~spectively, are for fluorescence, inter
system crossing, internal conversion and 
photochemistry. Refer to text for full 
explanation. 
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THE APPARENT ANOMALY BETWEEN A 
HIGH YIELD OF PHOTOCHEMISTRY AND . . 

THE FLUORESCENCE YIELD DATA 

Example 1 : rna ximu m . photochemistry = 750/0 

1 = ,.I.. . +,1... +,.1.. + A.. 
't'fl '1"is 't'ic 't'p all open RC 

'" ..... -------v---'. -v--

0.25 0.75 

a II closed HC 
1= A.. +,1... + A.. 

't' f 1 't' is .'1" i c 

4 - fold increase 

Example 2: maximum photochemistry = 95 010 

all open RC 
1 = 4>fl+ cp. +4>. + ¢ 

IS 1(; P 
, ...... ----..-If _----J' ~ 

0.05 0.95 

1 = CP11 + cp. + cp. 
. IS ICal1 closed RC 

20 - fold increase 

XBL 7812 -13089 
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Duysens (2) estimates a factor of five or six difference 

between the quenching of the P€80Q and P680Q states; 

. however his interpretation of the experimental data depend~ 

on the theo re ti cal model. Duysen s assume s tha t the rate 

constant for energy transfer is larger than the rate of 

trapping so that excited states pass through the reaction 

center many times before trapping, and that closed reaction 

:enters still quench excited states. The presence of 

additional non-photoch~mical quenching mechanisms in 1112 

are indicated by the fact that samples with closed reactio~ 

certers have fluorescence yields or lifetimes only 4Z% as 

large as values measured for chlorophyll a in polar organic 

solvents. Another possible explanation for the anomaly is 

th~ contribution of different terms to the ¢fl' which wou11 

occur if there are so~e chlorbphyll pigments not conbected 

with the trap. The fluorescence yield from these dead 

pigments would remain constant·as traps become ~losedt 

although the fluorescpnce yield from connected antennae 

cOllld 'Show a large increase, and the orserved chang€' in 

¢fl is a weighted average. Different contributions to the 

fluorescence yield can be determined frbm kinetic 

experiments. If a small fraction of the total ~blcrophyll 

are dead or ~isconnected pigments,· the fluorescence lifetime 

of a chloroplast sample with allbpen traps should be 

relatively long. 

Another question that can beihvestigated using 
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flu~r~Scence kinetics is the extent of communication between 

photosynthetic units. If the puddle model is correct the 

fluorescE-nce decay from a sample with a fra~tion of its 

reactibn centers closed should exhibit two exponential decay 

compo~ents, one for units with open reaction centers ard one 

for units with closed reaction~enters. 

There are primarily ttree met bods of oollecting 

fluorescence lifetime data: phase shift fluoriMetry (3), 

single photon counting (3-6), and ~ode-Iocked picosecond 

las~r ~xperiments using a streak camera (7,8). Early 

studies of the room temperature fluorescence kinetics of 

chlorophyll !rr !1Y2 r~ported Single or average decay times 

measured by phase shift fluorimet~y .. Later studies using 

either the phase shift m~thod (9-13) or Single photon 

counting (14) also teportei single or average decay times. 

The first studies using high intensity mode-locked 

picosecond laser pulses found complex decays, but these were 

later shown to be artifacts from Singlet-singlet 

annihilation (15,16). Excited state interactions do not 

occur in the low intensity region wherepbotosynthetic 

reactions are normally studied. Manyteports on 

fluorescence kinetics of chlorophyll !~ 11Y2 a~e plagued by 

insufficient instrum~nt capabilities; for example, not 

using high enough modulation frequencies in phase shift 

fl~orimetry. insufficient instrument response in early 

single photoh cotintirig instruments, poor Signal to noise in 
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single shot, mode-locked picosecond laser measurements, and 

difficulty in w6rking at laser intensities of 1012 -

11013 h t· / 2 . I I h t id· it d t P 0 ons cm -pu se, ow enoug 0 avo exc e sate 

interactions. 
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In a later study using mode-locked laser pulses at 3x10l3 

. 2· 
photons/cm -pulse, Porter gl !l~ (17) find that a single 

exponential is sufficient to fit decay curves of QhlQrgll~ 

in both dark-adapted and illuminated states. Beddard ~1 §!£ 

(18) describe a study of fluorescence kinetics of pea 

rhloroplasts using a single photon counting system with 

mode-locked dye laser e~citation, and report decay curves 

described by a sum of two exponentlalsunder all conditions. 

In general there is only fair a€reement among the many 

reports of fluorescence lifetimes in the literature. In 

pa;t this results from the d.ifferent experimentel methods 

used. Other factors :ontributing to the discrepancies 

include: different organisms or growth cobditions used; 

effe~t5 of the medium,- su~has the pre5en~e of ~onovalent or 

divalent ions; condition of th~ photorh~mical apparatus; 

level of background or preillumination intenSity, whether 

deliberate or uncontrolled; and different assumptions about 

the kinetics of the d~cay. Despite these difficulties 

certain consensus conclusions have resulted. There is an 

increase in fluorescence lifetime as photochemistry of PS II 

bet~mes more activated with light or in the presence of 

inhibitors that close the photoreaction centers. Ther~ is a 



general proportionality between fluorescence lif~time and 

yield, and littl~lndication that any portion of the 

chlorophyll in yl!Qdoes not hav~ a normal natural lifetime 

of about 15-18 nsec. Ionic effects which alter the' 

fluorescence efficiency also alt~r the observed lifetime 

proportionately. It remains to be resolved whether the 

fluor~scence from higher plants at room t~mperature 1s 

homogeneous and emitted from a uniform pool of chlorophyll. 

Also the extent to which excitation transfer either within 

or between pho to syn thet ic· uni t s con tri bu tes to the 

f1 nores cen ce <lecay ki net i cs is incompl etely d ocumen ted. 

We have investigated this prohlem using a single photon 

countin~ instrument with fast (£~~ 0.1 nsec) time resolution 

capability that was developed in our laboratory (19,20). 

The fluorescence decay profile is built up by c~1lecting 

~ata resulting from repeated short excitation pulses. The 

flashes of exciting light are attenuated S~ that at most one 

fluorescence photon is detected by the photomultiplier per 

flash. Each fluorescence photon detected is timed with 

r~spect to the exciting light pulse. The probability of 

detecting a flucrescence photon at some particular time 

after the ~xcitatiQn flash is proportional to the 

fluorescence intensity in the decay profile. By repetitive 

flashing, a spectrum of counts versus time of arrival is 

co~posed, which Is equivalent to a plot of fluores~ence 

intensity versus time. This metho~ has the advantage that 

so 



it works ~ell at very low light intensities where multiple 

photon events do not occur. It is c~pable of resolving 

multiple exponential decays, and fluorescence decay can be 

examined throughout the range from 0~1 to 100 nsec and over 

a range of more than one thousand fold in intensity. Signal 

to noise can be improved by increasing the data collection 

time. 

The method also has disadvantages. It is difficult to 

work with backgrotind light of sufficiently high intensity to 

close the photochemical reaction traps. The decay analysis 

requires decbnvolution using the shape of the exciting light 

nulse~ a process that becomes more difficult for shorter 

lifetimes. There is alsc a wavelength dependence of the 

instrumentation that may introduce systematic errors. With 

sufficient care these problems can be reduced or the.ir 

contributions taken into account. 

~e have studied the decay of chl~rophyll fluorescence 

in brok~n chloroplasts from spinach, in 

digitonin-solubilized subchloroplast particles and in 

~hlQ!lll~ RI£~~Q!~Q~~. The results show the lengthening of 

the fluorescence decay as the photoreaction centers become 

closed or blocked. When the center~ are fully open, no 

long-lived (>1 nsec) components are seen; however, as the 

ce~ters be~ome closed a component of ~bout 1.5-2 nsee decay 

time appears as part of a complex decay curte. We interpret 

these findings in terms of communication via excitation 
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transfer between adj~oent photosynthetic units in a versiOn 

of the lake model of the photosynthetic membrane. 

~gl~rial~ sn~ ~glgQg~ 

Spinach plants were grown in vermiCulite in a growth 

chambet under controlled conditions (1). Broken spinach 

chloroplasts were prepared in a medium containing sucrose, 

0.4M tricine-Na03 buffer, 20 rnM, PH 7.9 and NaCl~10 mM. 

They were resuspended in NaCl, 10 roM and tricine, 10 mM, pH 

7.8 t6 a concentration of about 18 llg chlorophyll a/ml for 

the fluorescence measurements~ using the method of MacKinney 

(21) to assay ctlorophyll a concentration. Low salt 

chloroplasts were prepared in the saMe medi~ minus NaCI, and 

~ashed three times in resuspension buffer. Digitonin 

chloroplast fractiotis ~ere prepared according tq the 

procedure of Bauska.~l Sil.:. (22). The following reagents 

at tbe conoentrat1ons indicated ~ere present in designated 

experiments with chloroplasts or subehl~roplast particles: 

MgC 12 , 10 mM; 

0.5 mM plus K4 Fe(CN)6' 0.5 m~. 

To close reaction centers chemically, a saturating 

amount (about 1 mg) of sodium dithioriite cry~tals was added 

directly to the fluorescence cuvette containing the 

chlor~plast samPle, and the ~uvette was stoppered with a 

rubber setumcap to prevent additional oxygen from getting 

into the system. 

~blQ[gll~ Rl!~RQl~Q~~ was grown in continu~us cultur~ 
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(23) in Myers medium; ~amples were centrifuged and 

resuspended in either fresh growth medium or. sucrOse, 0.4 M, 

tricine, 20 roM, pH 7.8 and Na~l, 1121 mM. Added reagents, 

when present, were at five times the concentrations used for' 

chloroplasts. 

Fluorescence lifetime measurements were made at room 

temperatu~eusing a single photon counting system that has 

been des:ribed (19,2121). A block diagram of the system is 

shown in Fig.II.2. Fluorescen.ce was excited by light frorri a 

spark source in a narrow band of wav~lengths normally at 430 

n.m (+5 nm) isolated by an interference ftlter. The 

detector, a red-sensitive photomultiplier {RCA 8852), viewed 

the fluorescence at a 9~ angle after passage through red 

cut-off filters (Corning 2-61 and 2-54) ar a 68121 nm 

interference filter~ No difference was observed in the 

results depending ~n the choice of filter. The sample was 

placed in a cuvette with a 3 mm path. Theexcttation pulse 

profile, measured using light scattered by a silica 
-1 

5 u s pen s i 0 tl ( L U d (; x, A_ 80 = 0. 121 8 ~ m ), h ad a f 1) 11 wid t hat -"2 nrn '. 

half maximum ranging from 0.8 nsee to 1~2 nsec for differe~t 

experiments. Fluorescence decay cbmponents were extracted 

from the digitized responSe curve using the method of 

moments (24) analyzing for a sum of exponential decays. Our 
., 

program is capable of analyzing for a maximum of three decay 

components. 

The excitatton sourCe provides f~wer than 10
5 

photons 
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Fig . .II.2 FLUORESCENCE LIFETIME SYStEM 
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per nanosecond pulse incident on the sample. At the 

repetition frequency of 10kHz and using a lens to focus th~ 

light on the sample, average intensities were about 
11 -Z -1 

10 photons em sec Intensities that saturate 

photosyrthetic reactions are typically mor~ than 
14 -Z-1 

10 photons ~m sec ; therefore, the excitation sour~e 

provi~e5 a negligible actinic effe~t as far as 

photosynthetic reactions are conc~rned. To provide an 

actinic background illumination, light from a microscope 

illuminator cont~olle1 by a variable potentiometer was 

passed through a 430 nre interference filter and GondUcted t~ 

the sample by a light pipe, arriving from the directiort 

opposite the excitation sour~e.Only relatively low 

background intensities were possibl~ because of irtt~rf~re~ce 

with the fluorescence lifetime measurements. These 

intensities were insufficient to saturatePS II centers. 

For clarity in future discussions, some notation is 

intro~uced here. The fluorescence decay is describei by 

F (t) == ~ F i = r ex i exp ( - t I Ti) (Eq.II.1) 
1 1 

Let the major component of fluorescence with amplitude 

exl and decay time T I be referred to as F1; the second 

lar?,est component with amplitude tiZ and .decay timeTZ be 

referred to as F2, arid so on. F1 and F2 viII also be used 

to refer t6 the emitters of these components. Then we can 
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also write 

F(t) = Fl + F2 + ~.; '(Eq • 11.2 ) 

Values of a' viII be given as a decimal fraction and the sum 
, ' 1 

of a. will be normalized to unity. 
, 1-

R~~Yl1.2 

Qualitative difference~ can beobserv~d between long 

and short decays if the excitatiori and response curves are 

plotted together. Representative decay curves are presented 

in the figures, however Most of the data are presented in 

tabular form~ A discussion of possible systematic errors i~ 
, ' ' 

the measurement and deconvolution pro~esses is included in 

Hartig ~J il~ (2~). 

These fluorescence decays usually required either a 

two- or three-component analysis. Truncating the 

fluorescence nRta at chan,nel 25i1'l or 302 for a 512 channel 

spectrurr usually resulted in a better fit, judge1 both by 

the objective fit parameters and visual examination. 

Sometimes a two-component analysiS was in~ufficie~t to give 

a g~od fit in the tail region. In those cases the objective 

fit parameters were noti~eably worse than for a good curve 

fit. The shorter. lifetime L 1 showed li ttledifference 

between a two- or three-component analySis, but L2 decreased 

in"a three-component analysis. The third component usually 

made a contribution of less than 0.01; but when a 2 was 
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l~rger, a3 vas also larger. The precision of the a and 
,2 

T2 values is not so good as for a
l 

and Tl because' the 

anal~rsi~ of some decay curves resulted in a higher 

T2 balanced hy a low a The range of T was 7-11 nsec, 2· 3 
long lived to be a chlorophyll a emission. The origin of 

too 

the third co~ponent is uncertain; it is probably the result 

of system artifacts such as the wavelength response of the 

photomultiplier tube. Hartig ~l Il~ (20) find that a 

0.0004-0.002 contribution of a second component is required 

for good curve fitting of fluorescence decays from pure dyes 

in solution. In those studies, Hartig gl 11£ ~er~ able to 

keen the excitation and emission wavelengths closer together 

than 'the 430 nm/ )670 nm combinatlort used in these 

chlorophyll exp~riments. The systematic err~r introduced by 

the wavelength response of the photomultiplier changes the 

sho~test decays measur~d about 20%, and affects longer 

decalS much less. (See the section on chloroplast results). 

~Q1Q~gll!. Th~ fluorescence decay of QqlQr~ll! in the 

absence of actinic light (Flg.II.3) 6ccurs apparently by a 

single exponential with a decay time constant of 0.4~ nsec 

(Table 11.1). There is no evidence of a contribution fro~ 

components with d~cay times of 1 nsec or longer. In the 

presence of DeMU a~d NH 20H,which serves to block PS II 

photoGhe~istry, the decay kinetics are dramatically altered 

(Fig.II.4 and Table 11.1). Not only is the short decay 

lengthened to about 0.67 nsec, but a large (0.57) amplitude 
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Fig.II.3 Fluorescence of Chlorellallrenoidosa in 

sucrose, 0.4 M, tricine; 20 mM, pH 7.8 a~d 

NaCl, 10 inM. Curve labelled E (t) is the 

lamp excitation profile. Curves labelled 

Fet) are the experimental (noisy) and calcu

lated (smooth) fluorescence responses, 

essentially superimposed .. The calculated 

response is g~nerated from the excit~tion 

profile using best fit amplit~des and life

times: .~~ l~OO, T= 0.37 nsec. 

58 



0\ 
Lf'l 

... 

105 10 go 30 nsec 
,_ , ti I· 'i ,. Ii i· 

en 
I-
Z 

104 

103 

5 102 
u 

10' 

·100 

CHLORELLA 
UNTREATED 

200 300 400 
CHANNEL NUMBER 

78.4 psecper CHANNEL 

500 

XBL 777-4497 

I • 



Tlble II.I Fluorescence Lifetimes of Chlorella 

Tobs is the fluorescence lifetime (~10%) in nsec observed 

fromChlorella cells iri this study; amplitudes of 

of resolved detay components are given as decimals. 

T m is an amplitude weighted mean lifetime cllculated 

according to Eq.II.4 in the text. 

Tpubl are published litetimes. 

Conditions 

Dark,no 
additions 

Illuminated 

DOIU 
+Illumination 

T . 
obs Tm Tpubl Reference 

(nsec) (nsec) (nsec) 

0.40 (.99) 0.40 0.35 9 

0.67 (.43) 1.8 
2.1 ( . 57) 

0.4 13 
0.65 (+0.15) 33 
0.53t 34 
0.45 11 
0~49 18 

1.9 
1.1 

1.46t 
1.8 
1.4 
1.7 

9 
13 

34 
17 
13 
35 

t Designates amplitude-weighted mean lifetime (integrated) 

for a non-exponential decay curve. 
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" 

Fig.II.4 Fluores~ence of Chlorel1a pyrenoidosa in 
the ~resence of DCMU, SxlO-SM and 
hydroxylamine, 10 mM. Curve labels as in 
Fig.1I.3. Calculated curve parameters for 
amplitudes and lifetimes:Cll = 0.38, '[1= 
0.73 nsec; <X 2= 0.62, '[2= 2.21 nsec. 
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of decay with a 2.1 n~e~ tim~ constant also appears. There 

. 15 some questi~n of whether the DCMU!NH20H sample 

pre-exposed to room light maintains th€ reaction centers as 

closed traps during the 10-15 minutes of data collection. 

!he DCMV!NR
2

0B sample is possibly not in the same 

photochemical stat~ as the strongly illuminated samples 

characterized by other studies (Table 11.1). 

Qh!Q.tQ121S.212. The fluores:ence u.ecay of splna~h 

chlorcplasts in the absence of actinic light or in the 

presence of added fetricyanide exhibits apparently a single 

decay with a time constant of 0j20 nsec (Table 11.11). 

Because of the small ~ifferen~e between excitation and 

resnonse profiles, this number may have greater influence 

from systematl~ errors than any of the other decaj const~nts 

in the tabulated data. Vie ran a fpwexperiments using 

excitation defined by a 630 nm (+5 nm) i~terferepce filter~ 

monitoring emisson at 68e nm, and cbtained decay constants 

of 0.24 ns~: for chloroplasts utider conditions where 430 nm 

excitation gave 0.20 nse~. In both :ases more than 0.99 of 

the decay of dark-adapted thloroplasts occurs in the 

short-lived component, and less than ~.01 of the decar 

occurs in components with lifetimes greaterthah 0.5 nsec. 

In the presence of background illumination 

(non-saturating in this study) or when PS II is ~locked by 

DCMU/NH20a, the fluorescence is distinctly altered (Table 

11.11). The shortdecay·is lengthened to 0.35 nsecor 0.49 
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Table 11.11 Fluorescence Lifetimes of Spinach Chloroplasts 

Symbols as iIi Tab Ie II. I 

Condi tions . 

Dark 
Low Salt 

+NaCl (lOmM) 

+Ferricyanide 

+NaCl (10 mM) 

Tobs 
(nsec) 

Tm Tpubl 
(nsec) (nsec) 

Reference 

0:28 (.99) 0.28 0.413 (.963) l~ 
1.463 (.037) 
0.5 25 

0.20(.995) 0;20 0.4 
0.75 

0.20·(.996) 0.20 

25 
14 

+MgC1 2 (10 mM) 0.26 (.997) 0.26 0.5 25 

+MgC1 2 (10 mM) 0.25 (.997) 0.25 

Illuminated 
Low Salt· 

+NaCl (10 mM) 

+NaCl (10 mM) 
+MgC1 2 (10 mM) 

DCMU 
Low Sal t + 

Illumination 

+NaCl (10 mM) 
+NH

2
0H 

+MgCl (5 mM) 
+Il!umination· 

Na-dithionite 
+NaCl (10 mM) 

1. 35 

0.35 (.93) 0.62 0.9 
1.5 (.065) 

1. 35 

0.453 (.91) 
1.328 (.09) 

o . 49 (. 908) O. 851.15 
1. 8 (.092). 

0.45 (.90) 0.73 
1.5 (.10) 

0.462 (.732) 
1.34 2 (. 26 8 ) 

25 

25 

25 

18 

14 

18 

Data in references 18, 25 refer to pea chloroplasts. 
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nsec, and a small (0.065-0.10) component with a 

significantly longer lifetime appears. Sodium dithionite, 

which reduces electron transport components on the acceptor 

side of PS II (including Q)~ gives similar reSults to 

DCMU/NH20H. 

Magnesium ion is known to increase the yield and 

lifetime of both backgro~nd and ~ariable fluorescenc~ in 

chloroplasts (25-27, Chapter 1) relative to similar 

concentrations (lOmM) of monovalent cations. The addition 

of 10 mM MgCl 2 to the standard chloroplast suspension 

increases the decay constant to 0.26 nsec, but the decay is 

still a single exponential. 

Subchloroplast Partitles. Treatment of chloroplasts 

with detergents such as digitonin serves to dissect the 

.embranes so that fractions enriched in PS I or PS II can 

65 

be separated by ultracentrifugation. The D-lO, sedimenting 

at 10,000 x g, are enriched in PS II; and the D-144, 

sedimenting at 144,000 x g, are enriched in PS "I. Prior to 

the ~eparation of the digitonin-treated membranes we observe 

a single decay of O.34nsec for the untreated, dark samples 

(Table 11.111). No significant longer-lived components 

indicating solubilized chlorophyll were observed. The 

buffers used for prepar~tion and resuspension of digitonin

treated membranes contained about 70 roM of monovalent cat-
+ + .' . '. . ions (Kand Na ), so these decay constants should be 

co.pared to the Mg+2 samples in Table II.III. 



Table I I. I I I Fluorescence Lifetimes of Digi tonin

treated Spinach Chloroplast Membranes 

Symbols as in Table 1.1.1 

Conditions· 

Unfr;:.ctionated 
inembranes 

D-IO Particles 
Untreated 

+ Fe.rri cyanide 

+DCMU/NH20H 

+Na-dithionite 

+ll1umination 

D-144 Particles 
Untreated 

+DCMU/NH 2OH 

+Na-dithionite 

+lllumination 

Lobs 
(nsec) 

0.34 Co 99) 

0.34 C·99) 

0.31 (.99) 

0.8 (.5-.9) 
1.8 (.1-.5) 

1.0 (.61) 
2.8 (.39) 

0.26 ( .98) 

0.24 (.99) 

0.26· (.95) 

L L m publ 
(nsec) (nsec) 

0.34 --

0.34 0.5 

0.31 

1.0-1.5 

2.2 

1. 7 (:'0.15) 

0.26 0.1 

0.24 

0.26 

~ 0.03 
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The D-10 fraction is en~iched in PS II and exhibits the 

major fracticti of the fluo~escenee. D-10 particles, either 

utitreated or ferri~yanide-treated. exhibit decay pr6files 

that are indistinguishable ftom those of unfractionated, 

digltoni~-treated chloroplasts, again with no long-lived 

components. With added dithionite or DCMU/NBZOE, two 

co!"ponents o! decay were seen: one about e.8 nsee ~nd one 

abcut 2 nsec. Unfractio~ated digitonin~treated chloroplasts 

~er.ave similarly. The relatIve amplitudes of the long and 

short components were highly variable from one experiment to 

aT!other •. The Ct Zwas always greater than that induced in 

~hlo~oplasts that ha~ not been treated with digitonin, 

however. Fl and F2 have similar e~iss1onpatterns. 

Fluores~ence emisSions recorded with interference filters at 

57S, CS0 and70C nm (:!:.5 nm) showed sirr.ilar Ct1and Ct z vallJEs. 

The D-144 fra~tion, containing smaller particles that 

S~f enri~hed in P3 I, exhibits a decay of 0~26 nsec. 

Further~bre, neither dithionite nor DCMU/NB 20S treatment has 

a~y ~easurable effect on this decay time. In some 

pr~9~rations of I-144 parti~le~ there was a small 

(3.~1-0.35) component with a 2 to 3 nsee decay time, but 

this wa~ insensitive to added dithionite or DCMC/NHZOH. The 

dithio!'ite and DCMtJ/MIZOH treatments were not used to close 

the ?S I trap (these treatments do not affect PS I as 

st~onglY), but only to reproiu:e ccrtdltions whl:h produced 

the biphasic decay. Thefluores:ence emission from these 
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D-144 particles is most likely associated with residual 

PS II co~pone~ts. 

~l~£~.2~lQn 

Cornparision of our lifetimE' measurements with those in 

the literature is :ornplicated by the different ~ethodologies 

~sed by different workers. In thE' case of chlar~plasts 

there is addition~lly the variable nature of the suspending 

~ediu~, E'specia1ly the concentrations of monovalent and 

divalerit cations (25,26). The methods of single photon 

couhting, of mode-lcckE'd laser pulses inCident on a streak 

~amer~, and of direct observation of respons~sas 

photomulti~lier output ~re all ·capable of resolving 

"1.l.1ti,~ort:ponent ce:jays, in prin~1ple. This is not true for 

the phase shift ~ethod unless ~O~e than one ~odulation" 

frel~e~oy is use~, and even then it 1s essentially 

i~bos~ible whE'D th~ ph~sE' angle iss~all. Th~ observed 

decay time in the phase shift ~ethod is a weighted mean 

value tbat gives greater emphasis to slower components. For 

ex~~~le. for a de~ay :onsisting of two exp~nentials with 

arr..Jlitudes a1 and az,and decay time constants Tl and TZ and 

the p~ase shift measured with a modulation frequen~y w, the 

"mea!)ured" decay constant Tmis giver: by (9,11,22): 

T = (1 + wZ t Z) a T2 + (1 + W2T2) a T2 
(Eq. 11.3 ) m Z 1 1 1 Z Z 

(1 2 2 
(1 w2 T2) a t + W T Z) alTl + +. 1 2 Z 

In rr:any ca ses· wZ TZ 
1 and w2 T2 ." Z arE'less than 0.01 so that 
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tm can be approximated by: 

+ 
T m (ECl • I 1.4 ) 

+ 

Eq.II.4 illustrates the general result that for two 

superimposed decay components of equal amplitude, the phase 

shitt time constant is relatively insensitive to the 

. cornponen t witb the shorter decay time. For purposes of 

comparisio~ with the literature results, we have includ~d in 

the Tatles values of T. calcula ted according to Eq. I 1.4 
m 

apPlied to the resolved components that we have detected 

uSing single photon counting. 

The qualitative trends in our results for. :hloroplasts 

are in agreement with those of Moya, g1 ~l~ (25) with 

respect to Weighted mean lifetimes, the effect of cldsing 

rea~tion centers and the effect of M€+2 in increasing dec~y 

times. However the T calculated from our results for all m 
cases is short~r than the lifetimes that Moya measured. The 

decays we find (e.20-0.29 nsee) for the dark-adapted sample 

are appreciably shorter than those reported at room 

temperature for sugarbeet ehloroplasts (3) (0.6 nsec), for 

pea chloroplasts (11) (1.2 nsee), or for spinach 

ehloroplasts (14) (0.75 nsee), and we find a greater 

in~rease when traps are completely closed. ~e do not 

ob~erve evidence of a a.10 c~ntribution fro~ a second decay 

in the dark-adapted sample, in contrast with. the study of 
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Paschenko, g~ ~l£ (29) using picosecond laser pulses •. Our 

results do show clearly that the decay is at leastbiphasic 

when ?S II reaction centers are closed, in agreement with 

the blphasic decays ~bserved by Beddard, et ale (1S) for --. ---
peas us ing single ph oton c oun t ing. 

'Digitonin solubilized PS II enrlchedpartl:::1es (D-10) 

behave qualitatively likechlcroplasts, except that a larger 
. . 

?roportion of F2~ the slower decay, is observed when th~ 

reaction centers are closed. When reaction centers are open 

we ~ee no evidence of the non-exponential decay reported by 

Searle. ~1 il£ (30) using picosecond l~ser excitation. Our 

results for D-144 particles showing a Simple exponential 

decay of about Z;25 nsec which is insensitive to treat~ents 

whi~h change the state of the PS II rea6tion centers, and a 

fluorescence yield calculated fro~ Eq.I.9 which is much 

higher tha!l expe~ted for PS I 'at room temperature (11) are· 

?robably indicative of the preSEnce of inactivated PS II 

co&.poner,ts. 

For ~hlQ!gll! our T values are co~parable to 
m 

literature reports of sa~ples either dark-adapted or with 

addedlrhibltors. We do not see the non~exponential decay 

reporte1 by Porter, ~1 !l~ (17) at higher laser 

intensities; however, we do see a biphasic decay in the 

preSF:DCe of DCMU/NH OR. This biphasic decay is difficult to 
2 

recon:ile with the linear T versus ~fl curves of Moya (13) 

which predict the presence of ottly one distinct decay 
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co~ponent~ The comparision ~f these results is complicated 

by the fact that our F2 appears in the samples with closed 

reaction cente~st but not in samples with reacti~n centers 

fully ~pen, a situation ~hich is not encompassed by the 

theoretieal model that Moya d~rivedfrom Tumer~an arid 

Sorokin (10). 

It is possIble to draw several conclusions based on out 

findings for chloroplasts and gblQrg!!i. 

1) The puddle model of photosynthetic membranes, with 

oenters either open or closed and no possIbility of 

excitation energy transfer between photosynthetIc unIts, is 

not adequate to explain our findings. Such a model predicts 

that when centers are partIally closed, the fluorescence 

decay sh~uld be a sum of the short (centers fully open) and 

long (centers fully closed) decays. By contrast, v! find a 

pTogressive lengthening of theFl decay time that 

a:co~ompanies the appearance of 1'2 as centers become closed. 

2) !he short lifetime observed .at low intensities with 

ce~ters open argues against the possibIlity that the 

background fluorescence arises from a small po~tion of the 

ctlorcphyll that is not connected to the PS II centers (27). 

If this were th~ case, then the small pigment poolvould 

have to fluoresce relatively efficiently and, hencei with a 

long lifetime to provide the level of background 

fluorescence observed. The fact thatve observe QUlr a 
. . 

shbrt lifetime associatedvith .the background fluorescence 
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'implies that it arises ftom most or all of the chlorophyll 

pigment pool outside thereacticn centers., Presumably this 

flUorescence results from th~ competltiOri between e~citation 

transfer to open PS II tenters and the alternative processes 

of radiatlv~ and non-radiative decay in the antennae. 

3) The Simple ho~ogeneous models presented in Fig.II.l 

relating the relaxation pathway5 of ex~ited singlet states 

are not sufficient. In addition to the two contributions to 

c/>' fl from Fl and F2, we rous t a Is 0 p ropo se quench ing by a 

:lcsedr~act10n center. F1 and FZ are both associated with 

PS II and behave qualitatively differently upon clOSing the 

rea~tion centers. A gooi candidat~ forF! is the 

chlorophyll a in chlorophyll alb LE complexes, and a 

candidate for F2 is the PS II reaction center chlorophylls, 

orctloropbyll a ~oleGules that are very close neighbors to 

the rEaction center. 

Many of the models fourid in the literature predicting 

the fluorescence yield as a function of closed PS II 

rea~tion centers assume homogeneous pbotosynthetic uhits and 

a single expo~ential fltiorescence decay from the antenna 

chlorophyll a (2,31). The model of Jollot and Joliot (31) 

wascriginally conceived to explain the nonlinear dependence 

~f oIygen evolved as a fraction of open PS II centers. 

~heir wo~el expr~~sed the oxygen evolved, f(P/~),a~: 

(Eq.II.5) 
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where PlIO is the fraction of open PS II centers and p is 

the probab1l1tJ of transfer of an eXCited state from a 

photcsyntheti~ u~it with a closed trap to another unit. 

When p 15 zero, Eq.II.5 describes oxygen evolution in t.he 
. 

puddle :nodel. A nonzero p was necessary to f1 t the oxygen· 

yield data. Fro~ this type ot model the yield of variable 

fl'J.orescen,:e could be expressed as a fUnction of the 

fraction of :lc~ed traps (32): 

(1"' P J (1- ('P IF J) 
1 - P (1 - (P7Po~) 

(Eq. I 1.6) 

~his model has been reexamined by Duysens (2),end his 

results showing the fluorescence yield as a function of 

~losed traps are reproduced in Fig.II.5. Curve 1 shows the 

linear deperide~ce expected for the puddle model (Eq.II.S 

with p = 0). Curve:3 sho\ilS the plot of Eq.II.6 for p = 

0.?4. Curve 2 is not related to Eq.II.6, but stows the 

behavior tor a heterogeneous system with two types of units, 

one type having more antenna chloI'ophylls and a higher 

fluorescence yield. In this system, illumination causes 

reduction of Q at a rate iroportional to the number of 

antenna in the photosynthetic unit. The initial reduction 

of Qin larger units gives a higher initial slope (Curve 2, 

Fig.II.5). However, this heterogeneous system gives rise to 

a linear relation ifQ is reduced chemically instead of by 
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Fig.ll.S Curves giving the relation between 

flu6rescenceyield, ¢j and the fraction of 

closed reaction center~, A-~ fromL. N. M. 
Duysens (1978) in Proc.ClBA Symposium No 

61 on Chlorophyll O~ganization and Energy 
Transfer in Photosynthesis, pp. 323-340, 

Excerpta Medica, Amsterdam. 1) puddle model; 
2) heterogeneous photosynthetic units with 
different number of antenna (s~e t~xt); 3) 

limit~d energy transfer between photosynthetic 
unit~ as described, by Eq.ll.6i 
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llght f because the antenna pool is not inv4lved in closing 

the reaction centers. Presumably, the different 

fluor~scence yields of the two types of units alSo means 

that there are two distinct decay constants, although 

Duysens does not diScuss the kinetic behavior. Duysens does 

not give references for the origin of this model, but this 

description could correspond to the a and a centers of Melis 

and Homann (36,37, Chapter I section On energy transfer). 

~here is some exper1mental evidence for behavior as in 

Curve 3 (2,32). Using Eq.I.7, the fluorescence decay 

oonst~nt would have nonlinear behaviot slmilai to the 

fl~orescpnce yield, showing a smooth increase to a maximum 

.alue~· The nonzero ~ level orinitlal lifetimE in this 

modei arises from alternative decay processes competing with 

an imperfect trap. 

D'..lysens' rnodel can be formulated for tlu·orescence 

kinetics as follc~s: 

T = 1 

}) 
= 1 (Eq.II.7) 

!he observed decay time of excited singlet state~ is the 

inverSE of the sum of rate constants governing decay 

processes from the excited singlets. kfl is the rate 

constant for, fluorescence; kq includes quenching rates of 

excited states by internal conVersion, interststem crOSSing, 
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or transfer to the PS 1 antenna (the back transfer is less 

energetically favorable); kRC . is the rate constant for 

quenching by open reaction ceriters, and is multiplied by the 

expression 1n Eq. II.5 to accoun t for energy transfer between 

photosynthetic units; k~c accounts for quenching by 

rea:t1on centers in the P580Q state and is multiplied by 

the expression in Eq.II.6 to aocount for energy transfer 

between photosynthetic units. Even for the puddle model 

with p= 0 in Eq.II.5 and Eq.II.6, Eq.II.7 predicts a 

nonlinear plot of T versus P!Po ' the fraction of open 

reaction centers, but with less curvature than the case 

where p is non zero. 

~his homogeneous model ~itt limited energy transfer as 

~xprEssedin Eq.II.f is insufficient to explain the 

fluQ:escence lifetime results presented in this chapter, 

b~cause this model cannot predict the occUrrence of two 

fluorp5~ence lifetimes. Duysens calculates a rate :onstant 

fc~t~ap?ing bya cl~se~ reactiort ~enter in the 

PE30~ stat~, but doesn't discuss the fate of the excited 

states and whether fluorescence is a possible decay 

~e~ha~i5m. Experiments described in Chapters IV and V will 

help elucidate the identity of Fl and F2. 
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III. EFFECT OF MONO- AND DIVALENT CATIONS ON. FLUORESCENCE 
LIFETIMES· 

Introduction 

The structural and functional effects of cations on 

chloroplasts have been summarized in Chapter I. Several· 

models have been introduced to explain the changes in 

photochemical yield and fluorescence in the presence and 
. . 
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absence of divalent cations. These models include spillover 

of energy from PS II to PS I, reverse spillover from PS I 

to PS II, a-change or change in initial distribution of 

energy between the two photosystemS and changes in the 

absorption crosS section of the PS II antenna (1-4). 

Several. studies indicate that cations affect both the yield 

and lifetime of background and variable fluorescence (5-8). 

In this chapter we present data on spinach chloroplast 

samples that have been washed with salt free buffer and 

samples with soditim and magnesium ion added back. These 

results are compared to fluorescence lifetime and yield 

measurements in litetatuTe reports. We find de~reases in 

the fluorescen~e for both the dark-adapted state and the 

state with closed reaction centers upon adding sodium.ion 

to the salt-free sample. 

Materials and Methods 

Broken spinach chloroplasts were prepared in a medium 

containing 0.4 M sucrose, 50 mM Tris-HCl,pH 7.8 and washed 

three times with 0.4 M sucrose bought to pH 7.8 by Tris. 



Samples were resuspended in the wash solution to a 

concentration of 18 ~g chlorophyll a perml for fluorescen:e 

measurements~ Appropriate amounts of concentrated NaCI ot 

MgClZ solutions were added to the c'hloroplasts to give t,he. 

final co~cefttratidn of 10 mM for ~ither sodium or magnesium 

ion. Additional experlrr.entaldetails can be found in 

Chapter II. 

R~2Yl ts 

The fluorescence decay of the dark-adapted samples 

occurs apparently by a singleexponen tial for allot the 

cation treatments (Table 111.1). t~ssthan 0.01 at the 

decay is contributed by components of 0.5 nsec or longer. 

The samples that have reaction centers closed by dithionite 

reduction all display an apparent blexponential decay with 

the short lIfetime lengthen~d to 0.48-0.S5 nsec and a 

0.071-0.~96 contribution of a decay2.2~2.8 ns~C. 

Dithicnite was found to be the most effe~tive agent for 

increas lng th~ fluorescence lifetimes under our experimen tal 

conditions, however it is not so desir~blebecause this, 
. .' '~ .. 

, treatment added about 10 mM Na to the air saturated 

chloroplast sample. Wydrzynski ~1 ~l& (5) show that ch~nges 

in fluorescerice yield as a function of NaCI concentration 

display a plateau from about 2 mM to 20 mM. Thus the 

additional Sodium ions have no effect on the NaCl or NaCI + 

MgCl 2 s.amples, but could alter the no salt or MgCiz samples. 

One would expe~t from this ,that the Mgtl? and the NaCI + .. 
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Table II I. I The Effect of Ga tiolls on the Decay 

Constants of Spinach Chloroplasts 

COriditions 

Dark 

no salt 

+NaCl(lOmM) 

, ' 

+MgC1
2 

(10IilM) 

+NaCl ClOmM} 

+MgC1 2 (lOmMY 

Na-dithionite 

no salt 

+NaCl (lOmM) 

+MgCI 2 (lOmM) 
'-- ' 

T'" ' obs 
(Ilsee) 

0.28 C. 992) 

0.20 (.997) 

0.25 (.997) 

0.26 (.998) 

0.56 (.89'2) 

2.22 (.09S) 

0.48 (.924 ) 

,2.27 (.071) 

0.65 (.899 ) 

,2.82 (~096) 

+NaCl (lOmM) 

+MgCI 2 (IOmM) 

T~ is given by Eq.II.4 

0.56 (.924) 

2.50 (.072) 

( 

Tm 
(nsee) 

0.28 ' 

,0.20 

0.25 

0.26 

1.05 

0.96 

1.34 

, 1.06 

Tpubl 
(nsee) 

0.5 

0~4 

0.75 

0.5 

82a 

Ref 

6 

6 

8 

6 



MgClz resul ts would be identical, but this is not observed 

in the data, suggesting that the added sodium ions require 

an induction period for their effect. 

In ~able 111.11 our results on the background level of 

fluoreScence have been compared to other reports in the 

~literature. The fluorescence yield can be calculated from 

the lifetime data using Eq.I.9 (T = CPf! TO) but, since 

fluorescence lev~l5 are compa~ed to the n6 salt control and 

T Ois ~xppcted to be the same, the ratio of the observed 

lifetimes :an be used for entries in Table 111.11. There is 

ge~eral agreemen t that the NaCl sample has the lowes t 

fluorescen -=eyield, and that adding MgCl2 to the NaCI sample 

incr~ases the yield. For pea chloroplasts as studied by 

Moya ~l ~l£ (e) the increase is up to the level of the no 

salt control, but this is not the case for spinach 

chloroplast~. Vandermetilen and Govindjee (9) discuss some 

of the differences in responses ot higher plants to cation 

treatments •. Henkin and Sauer (4) find that adding magnesium 

ions to a sample containing about 20 mM Na+ increases the 

background fluorescence by 25-30~. 

In ~able III.III the results for the max1mum~ 

flt:orescence yields are compared. In our study the maximum 

fluorescence is achieved by dithionite treatment, ~ut the 

other stUdies cited in this table used illumination or DeMU 

plus illumination. For our data tbe table entries are 

calculat~d using the weighted average ot the two lifetimes 
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Table I 11. I I Comparison ofBackgroun~ Level 

. Fluo~escenc~ Yields 

Yields express~das p~rcent of lev~lfor no salt sample. . ~ 

R~ference 5 ·6 This study 

no salt. 100 100 100 

+Na + 73· 8~. 71 

+Mg +2 85 99 

+Na + +Mg +2 88 100 9:3 

For the fluorescence lifetime data comparisons are made by 

T It 1 ' which is equivalent to comparing A\ to bbs no sat ~obs . 
¢>no salt (Eq.I.9) when Tois the same. The NaCl 

concentrations used varfed from 2-10 171M and the· 

MgCl2 concentpations varied from 3-10~M Inthe dlffer~nt 

studies, but the effects are equivalent 1n this 

concentration range. Moya ~1 sl.:. (6) usedpe.a chloroplasts. 
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Table 111.111 'Comparison of Maxi.urn Fluorescence Yields 

Yields expressed as percent of level for nO salt sample. 

Reference 5 6 7 This study 

Treatment Illumin Illumin DGMU, dithionite 

Illumin 

no salt 100 100 100 100 

+Na + 
64 67 63 (K+) 85 

M +2 + g 83 151 119 

+Na + Mg+2 83 "100 134 (K+) 97 + 

The calculations for data from this study compare the 

weighted averag~s tif the two lifetimes (Table 111.1) using 

a1 T1 
.+ a 2T2 Twa = 

a1 
+ a 2 

This weighted average lifetime is less than,the Tm (Eq.II.3) 

that would be observ~d in a phase shift experiment unless 

the decay occurs by ~ single exponential component. Moya 

'~a1. (6) observed single or average decays in their phase 

shift experiments, so the comparisons are made using 

T IT Moyaetal. and Barberetal. (7) used pea obs no salt· 
chloroplasts and Barberet ~:,tised K+instead of Na+. 
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(Table 111.1). For ~xample. the entry for the Na+ sample is 

th~ rattoof the ~~ighted ave~age lifetimes of the Na+ and 

no salt sa~ple~. Again the tluore~c~nce yield of the NaCl 

sa~ple is the lowest. There tsdisagreement among the 

various reports about how magnesium ion affects the 

fluorpscence level compared to the no salt control. Our 

. data and that of Barber ~1 41£ (7) show .a. magnesittm ion 

induced level higher than that of the control,in contrast 

to the results of Wydrzynski ~1 Al~ Henkin and Sauer (4) 

86 

find a ratio of 2.1 for the fluorescence yields of the 

Mg+ 2 sample to the Na+ sample with either DCMU plus light or 

dlthionite treatment compared to our ratio of 1.4 for the -) 

fluor~scence lifetimes. 

Table III.IV summarizes the data for the ~ariable 

fltlorcscenceyield. Wydrzynski ~1 ~l~ (5) find that sodium 

ien results in an increase of fluorescence yield over the no 

salt control and magnesium ion results in a decrease. Our 

results are the OPPOSite, in ag~eement with those of Moya ~1 

g.l.:. (6) showing a decrease in variable fluorescence in the 

'Presence of sodium ions and an increase with magnesium ions 

:ompare0 to the no salt control. Henkin and Sauer (4) find 

the ratio 2.5 for the variable fluorescence yields for the 

Mg +2 sample to the Na+ sample compared to our ratio of 1.5 

for the fluorescence lifetimes. 

These results show that adding sodium ion toa no salt 

control decreases both the background and variable 

~. 
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Table III.IV Comparison of Variable Fluorescence Yields 

. Yields expressed as percent of level for no 'salt sample. 

"Reference 5 6 This study 

Treatment; Illumin Illumin Na-dithionite 

no satt 100 '. 100 100 

+Na + 
139 59 93 

. +2 
86 138 +Mg - . 

+ : +2 
86 100 99 +Na' + Mg 

The calculations fcir data ffom this study compare the 

variable fluorescencele~els using the diff~rences between 

the Lm of the dithionite treated samples and the Tobs, of 

the dark-adapted samples., This is equivalent to, comparison 

of actual fluorescence yields if the ~o is constant for 

these ~amples. 
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fluorescence yields but mag~esium ion decteases background 

fluorescence slightly (bar~ly outside the error limits) and 

increases the variable fluorescence. In theMg +2_t rea ted 
. + . 

samples compared to the Na .-treated samples Fl, the maJor , 

lifetime component, shows a longer decay time and F2 

contributes a larger fraction of the total fluorescence~ 

The preparation of these samples by extensive washing 

with no salt buffe~results in some inactivation of the 

pS II :enters that ,cannot be restored after adding magnesium 

iobS. This vas inveitigated by oxygen eVblution 

measure~entsusing a Clark electrode. The ~esults in Table 
+2 . 

III.V show that adding 10 mM Mg to the no salt 

chloroplasts increases the a:tivity by 21%, in reasonable 

agreemen t wi th tbe 19~ increase in maximum fluorescence 

(Table III.III)~ Rowever, ·if magnesium ions are present in 

the isolation and wash buffers, the activity measured IS?l% 

higher than the sample that was first depleted of salts and 

then restored with Mg+~ The data in Table III.V 

demonstrate the sensitivity of chloroplasts to preparation 

technlquesand show that the fluorescence lifetime results 

presented in Table 111.1 should not be r.ompared to results 

in other cbapters of· this thesis where cations were present 

during the prepara.tion'. 
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Table III. V Comp-arlsonof Sample AcUvltyuslng Oxygen 

Evolutlon 

no salt 

liniole 0z 
rngOll-Jiour 

39.7 

no salt + Mg+ Z (10mM) 48.2 

Mg+2 (10mM) 82.5 

The first tvo samples were prepared as descrlbedin the 

Materials and Methqds section of this chapter. 'Ihethlrd 

sample vas prepared in ah is~latl~nbufter containing 0.4 M _ 

sucrose, 5~ !riM 'Iris-HCI, 10 mM MgClz ,pH 7.8 and washed and 

resuspended in 0.4 K sticrose, 10 ~MTrls~HCl, 10 mM MgCI2~ 

:pH 7.8. OxygeJ'l measurements were performed on samples 

oontalrrlng 40 ~g/ml chlorbphyll at 50 ~M DPIP as the 

. ~lectron acceptor and 10 ~M ~CCP aSan UriCbupler • 
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Current models for magnesiwn-induced changes in 

thylako id membranes can· be examined fo rthei r fluorescence 

litetime p~edictirins •. The spillo.ermodel(l) predicts ah 

i~crease in the decay constant rrf Fl in the presence of 

IT!agnes i um ion, because quench ingo f. ex ci teds ta tes by 

transfer to the PS I antenna is d~creased. This model does 

not lead to pred1ct10ns of the fate of al anda2' because 

the distribution of energy among the LH ~rray, the PS II 

antenna and the PS II reaction center is not tr~ated in 

detail. 

·The reverse spillover model (2) would not predict a 

change in fluorescence lifetime if. the photochemical 

trapping pro~ess is limited by the trap efficiency. In the 

presence of ~agnesitim more excited states would end up in 

the LH array and PS II antenna, increasing the flu~rescence 

yield, but the pro:esses consuming singlets in the 

fluor~scent chlorophyll a molecules have not been altered. 

However, if the trapping process is diffusion limited (see 

Chapter V) the kinetic decay would be complex and could not 

be described by a sum of exponential decays. There would be 

decay components associated with excited states originally 

absorbed by the LH array or PS II antenna (two components if 

reaction centers ar~ closed); and another ~ecay component 

from ~jclted states transferred from PS 1, Which has an 

induction time equal to the intersystem transfer time. This 
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complex decay pattern does seem to be present in out data. 

The hypothesis of an a-change (3) where a refers here 

to the fraction of quanta which excites the PS I antenna by 

direct absorption or by ener.gytransfer from LH antennae, 

would predict a lengthened decay time in the presence of 

magnesium ion if energy transfer from the LH array to the 

none~itting PS I intenna is decreased. However, if the 

~agne5ium effect is o~ly to decrease tbe direct absorption 

by P3 I ar. tenna, there would be no change predijted for the' 
iT decay constatits. This model also does not lead to 

predictions of the fate of the relative intensities of the 

Fl and F2 components~ 
+2 .' '. The model proposing a Mg -induced increase of· the 

photosynthetic unit cross-section for absorption (4).would 

not predict lengthened decay times by the addition of 

magne~ium ion. This model proposes connectingpig~ents 

previously inactive in PS II photochemistry to the 

photasynthetic units. We see no evidence for inactive 

pigments from the fluorescence lifetime results because both 

decay components respond to conditions ~hich affect the 

PS II reaction center. Our fluorescence lit'etimedata which 

show a Mg+ 2-induced in~rease in the decay time of the 11 

component and an increase in the contribution of F2 compared 
. + 

to the Na ~treated sample are consistent with the mod~ls of 

spillover and a~change~ 
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IV. REDOX TITRATION OF Q, THE PRIMARY ACCEPTOR OF PS I I 

Introduction 

Over the past 15 years several groups have studied the 

midpoint potential for oxidation-reducti,on of Q, the primary 

acceptor in PSII, by monitoring changes in fluorescence 

yield (1-3), chanaes in absorption at 550nm (4,5)0~ by 

~onitoring the photo-oxidation of cytb559 at low tempera

ture (6). The results for the midpoint potential vary from' 

180 ~v down to -325 mv. Behavior that did not correspond 

to a single one-electron transition was first observed by 

Cramer' and Butler (2), who found two species that were 

fluorescence quenchers with midpoint potentials at pH.7.0 

pf -35 mv and 270 mv. Cramer and Butler attributed the 

higher midpoint potential to.Q and did not further elucidate 

the origin of the lower midpoint potential. Ke et al;. (3) 

also observed two transitions in the titration curve of Q 

for chloroplast samples, but found only the lower potential 

transition of -325 mV at pH 7.0 present in PS II particles. 

Two recent papers (7,~ describing studies in which the 

redox state ofQ was monitored by fluorescence yl.eld changeS 

report two' single electron transitions in the titration 

curve. Malkin and Barber ( 7) report results at pH 7.6 of 

midpoints 25 mvand - 2 70 mv, each component contributing 

50% to the fluorescence quenching. Horto~ and Croze (8) 

found-transitions at pH, 7.8 of.-4S mv and -247 mv respon

sible for· ,'j{)% and 30% of the fluorescence quenching. The 
• 
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-247 mv compbnent corresponded to the fast phase of the 

fluorescence induction and the -45 mv component contributed 

the slower phase. This agrees with the results of Melis (9)· 

who fouhd that the slOwer phase of the fluotescence induction 

has a higher midpoint potential. Horton and Croze also 

characterized neutral red, a redox mediator that had been 

used in past studies, as having a marked effect on the lower 

potential transition, lowering the observed midpoint to -375 

mv. The choice of mediators and sample treatment may account 

for some of the discrepancies among the many reports. 

In this chapter we present data on fluorescence lifetimes 

,of in vivo chlorophyll from spinach chloroplasts as a 

function of the redox state of Q, and examine the possibility 

that Fl and F2 correspond to the two transitions in the redox 

curve of Q. 

Materials and Methods 

Chloroplasts were prepared in 0.4 M sucrose, 50 mM 

Tris-HCl, pH 7.8, 5 rnM MgC1 2 , and washed once with 0.4 M. 

sucrose, 10 rnM Tris -HCI, pH 7.8 ,5rnM MgC1 2 . Samples for 

fluorescence measurements contained about 15 llg chlorophyll 

a per mI. Additional experimental details can be found in 

Chapter II. 

The titration samples were prepared anaerobically on a 

Schlenk line by the following procedure: 10 ~l of buffer 

plus about 25 llM of each of the mediators was frozen to 

liquid.· ni trogen temperature in a special heavy-wall glass 

,vesseL . A vacuum was pulled on this buffer, wi th three 
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freeze-tha.w cycles. After this process the vessel was 

filled with nitrogen, which first flowed through a tube of 

copper compound oxygen scrubber (BASFcatalysi R3-ll) and a 

tube'of molecular sieve. In another, flask, 10 ml of, 20 mM 

Tris w~s similarly deaerated.This second flask had a side

arm powder flask for the addition of sodium dithionite. The 

actual titration vessel was a Metrohm model number EA 875-1 

with top EA 874. The top had five ground joint openings, so 

that vessels could fit into th& to~, allowing transfer of 

lqiuids under nitr6gen atmosphere. The redox electrode, a 

platinum combination micro-electrode (Metrohm EA 234) with 

Ag/AgC1 ieference, had a ground joint that fit into the 

titration vessel top. First the deaerated buffer plus 

mediators was, added to the titration vessel, then' concentra

ted chloroplasts (abotit 50 ~1) was added. Dithionite 

solution was added via gas-tight syringe in III amounts. 

Equilibration after an addition of dithionite solution 

usually required less than ,10 minto achieve a stable poten

tial with,adrift of less than 2 mv in 5 min. The, 

chloroplasts were maintained in an ice bath. Samples ,were 

withdrawn from the titration v~ssel using a gas tight

syringe and injected into a 3 mm path1ength capped 

fluorescence cuvette that had ,been pref1ushedwith nitrogen. , 

The following mediators were used, with Em values at pH 

7.0 (8): 1,2-naphthoquinone (+135 mY); 1,4-naphthoquinone 

(+60niV); duroquinone (0 mY); 2,5-dihydroxybenzoquinone 

(-60 mV); ,2-hydroxy-1,4-naphthoquinone (-137mV); 
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anthraquinone-2~sulfonate (-225 mY). These mediators were 

·chosen for minimal quenching effects. 

Fluorescence lifetimes Were measured on a modified 

single photon counting system using psec pulses from a 

Spectra-Physics 375 dye laser synchronously pumped with a 

Spectra~Physics 171 argon ion laser. The dye laser had an 

output pu1.se repetition rate of 82 MHz. Rhodamine·6G was. 

used in these experiments to provide tunable pulses from 580 

nm to 640 nm. Fig. IV.l shows a block diagram of the 

rnodifi~dsystem. The dye beafu was split to gllow both 

96 

.. samples excitation and reference pulse detection, the latter 

process utilizing a Texas Instruments TIED 55 silicon 

avalanche photodiode. Fluorescence events were used for the 

ti~ing stgrt pulse and therefeience signal was used as the 

5top~ulse so that events could be limited to a rate 

sufficiently slow for the electronics. For chloroplast 

samples the excitation pulses were attenuated by about three 

orders of magnitude so that there was no actinic ~ffect. The 

input intensity was less than. 106 photons/pulse incident upon. 

approxi~ately 5 x 1012 photosynthetic units assuming 600 

chlorophylls per unit. Using these numbers and the pulse 

repetition rate of 82 MHz we calculate that on the average 

a photosynthetic unit receiv~s a photon every 12 msec.This 

is more than an order of magnitude longer than the time for 

reoxidation of Q by secondary electron acceptors, so the 

number of photochemically closed reaction centers in these 

samples is negligible. 

. ~ 



Fig.IV.l Block diagram of the modified single 
photon counting system. The modifications 
includ~ replacement of the spark discharge 
light source with a Spectra-Physics 375 
mode-locked· dye laser synchronously pumped 
by a Spectra-Physics 171 Argon ion laser; 
reference pulse detection with a Texas 
Instruments TIED 55 silicon avalanche 
photodiode;. sample fluorescence detection 
with an RCA C31034 A photomultiplier tube; 
and using the fluorescence photons as the 
start pulse for the time to pulse height 
COIiverter. 
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For these measurements, an RCAC31034A photomultiplier . . . 

tube was chosen foi its red sensitivity and small single-
. . 

photoelectron time spread. Upon making the photomultiplier 

surface to expose onlY·a 5 mm square area, the recorded 

light pulse profile width was observed to decrease by 35%. 

Chloroplast samples were excited at 620 nm ( +5 nm) and 

fluorescence was detected at 680 nm (~5 nm). 

Fluorsecence induction curves were measured on an 

instrument similar to that des~ribed by Shimony et ale (10). 

using front surface fluorescence from the cuvette .. Fluore-

scence was excited using blue light through a Corning 4~96 

glass filter, and fluorescence was detected through Cornirig 

2-61 and 2-64 filters in series. The traceS were recorded 

on a Tektronix storage oscilloscope type 564B, and a 

Polaroid pictu~e was taken. The area over the induction 

curve for chloroplast samples treated with 10- 5 M DCMU was 

analyzed to give the % Q oxidized (11). 

Results 

Rose BengaL The single photon counting instrument was 

characterized using Rose Bengal (4.5,6,7-tetrachlbro-2 t , 

4',5',7',-tetraiodofluorescein). Fig.lV.l shows the 
.. . -5 

fluorescence decay for 10 MRose Bengal from Mathes~n, 

Coleman and Bell in Eastman spectral grade ~ethanol. 

Excitation at 580 nm (~5 nm) was used, and fluorescence was 

detected at 640 nm (~nm). The narro~er curve labeled E(t) 
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is the laser pulse profile. This has a full width half 

medium of.about 340 psec and is limited by the photomultiplier 



Fig.IV.2 The fluorescence deca~ of Rose Bengal in 
s'pectral grade methanol, la-SM. The 

narto~ercurve labelled Eet) is the laser 
pulse profile. The curves labelled pet) 
are the data (noisy) and the calculated fit 
to the data (smooth}. 
a l = 0.986, 

a 2=·O.014, 
~l= 549 psec + 50 pSec 

~2= 1830 psec 
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single photoelectron time speed. The curves labeledF(t) are 

experimental data (n6i~y) and the theoretic~l fit to the 

10.2 

data (smooth). The decay was fit with a·sumof two exponent

i~ls, with 0..986 of the fluorescence charatterized by a 

lifetime 6f 549 psec (+50. psec). This agrees well with other 

literature reports of 597 psec,'s43 psec~ 655 psec, and 540. 

psec (12-15). Fig. IV~3 ~hows the fl~orescence decay for 

10.- 5 M Rose Bengal in distilled Water. This curve was fit 

with a sum of two exponentialS with 0..987 of the fluorescence 

crintributed by a component with a lifetime of 96 psec (+30. 

psec). This is comparable to other literature reports of 

122psec, 118 psec, 9Spsec, and 114 psec' (12-15). 

Chloroplasts. The results of the redox titration are 

.shown in Fig. IV.4. The ctirve through the data points is 

based on the Nernst equation with two single electron 

transitions. The best fit was obtained by using a multi-

'variable minimization routine from the IM~L library which 

converged on midpoiilt potentials of-55 mv and -221 mv and 

contributions of 69% and 31% to the total fluorescence 

quenching. This is in good agreement with Horton and Croze 

(8), and Malkin and Barber (7). 

In Figs. IV.5-IV.7 the qualitative changes in behavior 

of the fluorescence detaycurves are demonstrated. Fig. IV.S 

shows the decay of a chloroplast sample poised at +30. mv in 

wich 98% of the Q is oxidized in the ~ark according to the 

theoretical curve in Fig~ IV.4. The fluorescence lifetimes 

observed for this sample are 0..292 nsec for the major 
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Fig. IV. 3 . The fluorescence decay of -Rose Bengal in . 

distilled water ~ 10 - S~I. The narrower· curve 

labelled Eet) is the laser pulse profile. 
'the curves labelled F(t) are the data (noisy) 
and the -calculated fit to the data (smooth)._ 

D 1= 0.987, T 1= 96 psec+30 pset 

Q2= 0.013, t 2= aso ~sec 

.. 
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Fig.IV.4 Percent reaction centers open versus 
potential in mV. The curve is based on 
the Nernst equation using t~o single 
electron transitions with midpoint 
potentials at - 55 mV and ,.. 221 mV, and 
relative contributions of 69'% and 31%. ' 

.. 
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Fig.IV.S The fluores~ence decay of a chlorriplast 
sample poised at +30 mV. The narrower 
curve labelled E(t) is the laser pulse 
profile. The curves labelled F(t) are 
the data (noisy) and the calculated fit 
to the data (smooth). 
a l = 0~888, Tl = 0.2S2 nsec 
a 2= 0.112, T 2= 0~862 ns~c 
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portion of the fluorescence (0.888), and 0.86Z nsec for the 

remainder of the fluorescence (O.llZ). These numbers have 

an experimental error of about 10% associated with them. 

Fig. IV .6 shows the decay of a sample poised a.t -lZ6 mv 

in which 34% of the Q remain oxidized, using Fig. IV.4. This 

sample also displays a biphasic decay with lifetimes 0.378 

nsec and 1.Z8 nsec, and contributions of 0.693 and 0.307, 

respectively. Compared to the sample at +30 mv in which 

almost all ~eaction centers are open, this sa~ple shows a 

lengthening of both Lland LZ and an increase in cx z, the. 

contribution of the longer lived component. 

Fig. IV.7 shows the fluorescence decay from a sample at 

-Z43 mv in which only 9% of the reaction centers remain 

open. The lifetimes observed are 0.40Z nsec and 2.07 nsec 

with Contributions of 0.73 and 0.27, respectively, to the 

total fluorescence . compared to the sample ~n Fig. IV. 6, 

Ll and t z are similar within the margin of error, but LZ has 

lengthened. 
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The changes in fluorescence lifetimes as a function of 

open reaction centers (the fraction of Q oxidized) is plotted 

in Fig. IV.8. The major component, Fl with lifetime Ll' shows 

only. a small increase in decay time upon cloSing' reaction 

centers. At the high potential end where Q is completely 

oxidized, the Ll is. 0.Z9S nsec (+.OS nsec); and at the low 

potential end, Ll is 0.41S nsec (!.OS.nsec), The decay time 

of FZ shows a fairly constant value of 0.90 nsec (!O.l nsec) 



Fig.IV.6 The fluorescence decay of a chloroplast 

sample poised at -126 mY. The narrower 
curve labelled E(t) is the laser pulse 
profile. The curves labelled F(t) are the 
data (noisy) and the calculated fit to 
the dati (smooth). 

a 1= 0.693, Tl = 0.378 nsec 
a Z= 0.307~ TZ~1.Z8 nsec 
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Fig.IV.7 The fluorescence decay of a chloroplast 
sample poised at -243 mV. The narrower 
pulse labelled E(t) is the laser pulse 
profile. The curves labelled F(t) are the 
data (n6isy) and the calc~laied fit to the 

. data (smooth). 
Cl. l = 0.73, 

ti 2= 0.27, 
1"1= 0.402 nsec 
1"2= 2.07 nsec 
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Fi~.IV.8 The fluorescence lifetimes, .• = T1 

and A = T 2 , versus fraction of Q oxidized. 

T1 shows relatively little change over the 

entire region, but T2 appea~s to be constant 
between 1.0~O.S Q o~idized, and then increaSes 

steadily as more reaction centers are closed. 
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(!O.l nsec) when more than 50% of the.Q are oxidized. At 

lower redox potenti~ls T2 increases linearly with· th~ frac

tion of Q teduced. 

The contribution of F2 is plotted in Fig. IV.9versus 

the fraction of Q oxidized. As reaction centers become 

closed, a,2 increases until a maximum is reached at 30% Q 

oxidized. Then a small decrciase in a,2 is observed, but this 

is close to the urtcertainty in the data. Fig. IV.I0 

demonstrates the fact that almost all of the fluorescence 

yield change can be attributed to F2 (= a,2 T2). The dots. 

represent calc~lations of Fl and the triangles represent 

calculations of.F2 based on the data in Figs. IV.S and.IV.9. 

There are three phases in the F2 curve: the first phase is 

a slow increase from the state in which reaction centers are 

completely open to the 50% open reaction ~enters state; a 

fast~r rise characterizes the region with 50% to 15% open 

reaction c~nters; and a plateau is reached at about IS%Q 

oxidized. 

Discussion 

Malkin and Barbe.r (7) have listed a number of possible 

explanations for the two transitions in the redox titration. 

These are: 1) Two primary PS II acceptors arise' from a 

heterogeneous population of PS II reaction centers such as 

discussed by Melis and Homann (16-19)~This model includes 

a fraction of isolated photosynthetic units (puddle model) 

and the remaining units which can become connected in the 

presence of magnesium ion. 2) Two PS II acceptors in each 
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Fig.IV.9 u2 , the contribution of the longer lived. 
component versus the fractio:nof Q oxidized. 
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Fig.IV.I0 .Fl (= Ct 1T 1) , .' a~d F2(=Ct 2TZ)' A' 
. plotted versus the fraction bf-Q 
oxidized. Fl shbws relativelylittle 
change upon reducing.Q, but F2: shows 
twb phases of increase and a plateau. 
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reaction center act in parallel (20-22). 3) Two distinct 

acceptor species act in. series in each r~.ction center. 

4) A single primary acceptor species undergoes two single 

electron reductions, such as plastoquinone to plastosemi

quinone. Malkin artd Barber (7) found equal contributions to 

the fluorescence quenching from each of the transitions in 

the redox titration so that postulatl.ng equal concentrations 

of the two quenching species was reasonable. 

Our data is ambiguous about. the relative concentration 

of the fluorescence quenchers. Figs. IV.4 and IV.9. support 

a 30%, 70% split but the fluorescence lifetime data in 

Figs. IV.S and IV.IO indic~te that a break occurs when 50% 

of the Qis oxidized. Our data can be reconciled with having 

two species in equal concentrations present if the quenching 

efficiencies of the two species are different. The increases 

that are obser~ed in fluorescence yield upon closing reaction 

centers can be attributed primarily to changes in F2 
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(Fig. IV.IO). During the higher potential transition in the 

redox titration, changes in fluorescence yield result from 

increases in Q 2 (Fig. IV.9). During the lower potential 

transition changes in fluorescence yield are caus~d by 

increases in 1'2 (Fig. IV.S). The presence of two fluorescence 

lifetimes when Q is conpletely oxidized ~eflects the two 

distinct quenching environments for the LH chlorophyll and the 

F2 components. This m.y be due to the proximity of the F2 

components to the PS II reaction center. 
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The Cascade Model. The model which can best accommodate 

our data is one in which Tl arises from the Chla/b LH 

chlorophyll complexes, and TZ arises from antennae more 

closely associated with the PS II reaction ceriter, such as 

the PS II chlorophyll a antennae, or a smaller group of these 

antennae. The model assigns both of the fluorescence 

quenchers as either series or parallel primary electron 

acceptors in the PS II reaction center. The design~tion 

"cascade model" was· chosen to characterize the two distinct 

pools of antenna with excitation energy flowing from theLH 

poool to the PS II antenna. 

The decay time and overall yield of fluorescence from 

the LH complexes are relatively insensitive to closing the 

PS II reaction centers ~igs. IV.S and IV.IO). This can 

occur if the transfer of excited state energy for the LH 

chlorophyli to the FZ components is essentially undirectional. 

In the case where the PS II reaction center is closed~ addi

tional factors may become important in the quenching of 

excited states in the LH complexes. One ~echanis~ could be 

an increase in energy transfer to the aritenna of PS I. 

The icnrease inaZ observed during the higher potential 

transition corresponds to reduction of one of the acceptors. 

An increase in lifetime is also expected, but the data show 

only a slight increase in the region from O. S5 to 1. 05 nsec·, 

just outside the error limits. The il1cre.ase in T Z during 

the second transition can be accommodated by a model in which 

excited state energy transfer between photosynthetic units 

.. 
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can occur. The cascade model is presented qualitatively 

here but the complete analysis requires quantitative treat

ment of a detailed kinetit scheme~ 
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Ther~ is some evidence from low temperature fluor~scence 

measurements that closing PS II reaction centers increases the 

yield of energy transfer from PS II to PS I, from 0.12 to 

0.28 in the absence of divalent cation, and from 0.065 to 

0.23 in the presence of magnesium ion (23). These measure

ments in the absence of divalent cation were later repeated 

and the yields obtained ~ere 0~10 and 0.25 (24). Further 

evidence from room temperature measurements of PS I activity 

indicated a 20% increase of NADP reduction when PS II traps 

were poisoned With DCMU (25}. This topic of energy flow 

between the two photosystems has' also been treated by Seely 

(26) in a model array with six key chlorophylls capable df 

controlling the direction of energy flow depending on their 

orientation. 

There are some questions that the cascade model does not 

answer. The expected increase in T2 during the higher 

potential reduction is not observed. Also, the model does 

not explain why energy transfer between units begins to occur 

only after one of the primary acceptors has been reduced. 

There are some problems with attempting to reconcile the data 

in. other chapters with this model, because "in those sets of 

data a much larger increase was found.for Tl upon closing 

reactionc~nters. Chapter VI contains a discussion of the 



different results obtained with the modified single. photon 

counting system and the system using s~ark discharge 

excitation. This model, however, can explain more of the 

data than the other models we considered. 

For example, a model in which the two fluorescence 

quenchers were in a heterogeneous population of photo

synthetic units was considered. The heterogeneity is 

defined by isolated units and connected units, such as 

discussed by Melis and Homann (~6-l9), The increase in til 

duririg the first transitiOn can be attributed to the reduc

tion of primary acceptors in puddle units~ The antenna in 

these units would have a Tl lifetime when thereattion 

center is open,and ~ T2 lifetime for the closed reaction 

center. Then as centers become progressively closed, the 

puddle ~odel predicts an increase in a 2 , ~xactly as the data 

shows. The increasing TZ durin~ the second transition can 

be explained by transfer of energy between units that are 

connected, in contrast to the first type of units. This 

model fails because the lifetime of 1.0 nsecfrom isolated 

units with closed reaction centers should still be present 

. in samples at low redox potentials. Evidence for the 

presence of this additional lifetime was not present in the 

data analysis of the fluorescence profiles. The two compo

nent analysis for fluorescerice curves recorded at lo~ redox 

potentials showed equally good fit pa~ameters as the analysis 

for curves at higher potentials. 
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The lake model which pictures a continuous array of 

antenna chlorophyll with interspersed reaction centers was 

also consideted. The lake mod~l requires very efficient 

energy transfer in the chlorophyll bed~ ~nd predicts nO 

change in photochemical quenching efficiency until the last 

reaction center in the sample becomes closed. The plot of 

TZ as a function of percent Q oxidized would show a constant 

value until Q becomes completely reduced, whereupon Ti would 

increase sharply to some longer. lifetifue characteristic of 

the lack of photochemical quenching. These predictions do 

not agr~e with the experimental observationsi 

The cascade model di~cussed above which assigns both 

fluoresc~nce quenchers to each of th& PS II reaction centers 

and ~llows energy transfer between units after total reduc

tion of one of the primary acceptors fits more of the data 

than either the lake model or the proposal of heterogeneous 

units. The real test for any model is the accuracy of the 

predictions from the numerical calculations based on it. 

These calculations will also give an estimate of the photo

chemical efficiency and the degree of connection of photo

synthetic units. 
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v. FLUORESCENCE STUDIES OF PEA PLANTS GROWN UNDER 
INTERMITTENT LIGHT AND TRANSFERRED TO CONTINUOUS 
LIGHT 

Introduction 

Plants grown under limited light conditions have their 

development slowed, because many stages in the stepwise 

assembly of membrane compbnents are light dependent (1,2). 
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At incomplete stages of development, the plant is a simpler 

system than at maturity. The dark grown cells of angiosperms. 

containptotoch10rophyllid~, a precursbr of chlorophyll, but 

no chlorophyll. They are ph6tosynthetically inactive, have 

no cytochrome bSS9 (high potential), CSSOor P700. and 

contain only small amounts ·of carbon dioxide fixing enzymes. 

The form~tion of chlorophYll a occurs very rapidly after 

exposure to light or light flashes. Chlorophyll b forms ih 

significantarnounts only after acti~ity of the full electrbn 

transport chain can be detected. There is general agreement 

that PS I activity can be detected befbre PS II activity. 

Alberte et al. (3) find a.chlorophyll/P700 ratio of 35/1 

in early stages of greening. Soon after the exposure of the 

syStem to light, PS II contains the reaction center and a 

few chlorophyll a and carotenoid molecules closely packed 

around it. There is some evidence that these closely packed 

antennae, or the PS II core, are arranged differently from 

the bulk antenna pigments, as characterized by absorbance 

changes in the 470-540 run region(4}. Also at 77°K the plg~ 

ments at the PS II. core display a fluorescence band distinct 
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from the emission of the chlorophyll alb LH complexes (5). 

The methbd of seedling growth used in studies from 

Arntzen's laboratory' (6-10) has been imitated for our 

fluorescence studies. That is, we germinate the seeds in the 

dark for 5- 7 days, then expose the plants to light-dark 

cycles for 48 hours, followed by continuous light to complete 

the development. Structural and functional changes in the 

continuous light phase cointiding with development in the 

chlorophyll alb LH pigment protein complexes have been 

characterized (7-10). These investigations are of direct 

interest because the major fluorescence component Fl observed 

in spinach chloroplasts has been attributed to the chloro

phyll alb LH complexes, as dis.cussed in Chapters II and IV 

of this thesis. The minor fluorescence component F2 appears 

to be more directly affected by the fraction of closed reac

tion centers~ and may arise from the PS II cor~ pigments 

(see Chapter IV for further details). 

A simple view of the developing chloroplast predicts 

. that the photoinduced contribution of F2 to the total 

fluorescence. will be larger for the system just after the 

light-dark cycles than for the mature control, because the 

flashed ~ystem lacksLHcomplexes to contribute to Fl. 

After exposure to continuous light, more LH complejes are 

joined to the photosynthetic unit, and the <l2 should 

~crease. The magnitude of the magnesium ion effect should 

also increase with the number of LHcomplexes. 



We find that both the Fl and FZ components are present 
',' . 

irt the immature sy~tem with fe~ chlorophyll alb LH 

complexes, and the fluorescence kinetics at all stages of 

dev~lopment responds to changes in the conditions of the 

PS II reaction 2enter. The contribution of F2 to the total 

fluorescence from ~amples with open reaction centers is 

fairly high (0.14-0.2 7) immediately after the light~dark 

cycles and decreases steadily with exposure to continuous 

light. The trend in the dithionite induced portion of aZ is 

difficul t to identify due to large uncertainties· in these 

measurements. 

Materials and· Methods 

Se~ds of d·warf peas (Pisum sativum, var. Progress no. 9) 

were dis infected by soaking in . 52 5% sodium hypochlori te 

. solution for 5 min. The seeds were imbibed in water over'-

night, then planted in vermiculite moistened with Hoagland's 

solution. Plants were grown in the dark for 5 days and 

then exposed to cycles of Z min light-l~ min dark for 

48 hours (S, 6). The light was provided by 40 watt incande

scent showcase bulbs placed 14 inches above the plants. The 

measured intensity using the Hewlett Packard Radiant Flux 

Meter 8330A with probe 8334Awas L 7..!...1 mwatt/cmZ. The same 

light source was used for continuous illumination.· Control 

plants were grown in a growth chamber .with 10 hours light-14 

hours dark cycles. 

130 



,-. 

.. 

Brokeri chloroplasts were isolated by grinding leaves in 

a Waring blender for 10 sec in STN buffer (0.4 M sucrose, SO 
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mM Tris-HCl, 10 mMNaCl or 5 mM MgC1 2 , pH 7.8). The 

homogenate was filtered through 8 layers of cheesecloth, and 

centrifuged at 3000 x g for 3 min. The pellet was washed 

once in the resuspension buffer (0.4 M sucrose, 10 mM 

Tris-HC1, 10 mM NaClor 5 mM MgC1 2 , pH 7.8). Fluorescence 

samples contained about 20 llg chlorophyll a/ml, and measure

ments were performed in a 3 mm pathlength.cuvette. Samples 

with. open reaction centers were studied at ambient potential, 

which is high enough to leave all Q oxidited. Reaction 

~enters were closed by adding a saturating amount of very 

pure sodium dithionite and sealing the fluorescence vessel 

with a s~rum cap. 

Measurements of chlorophyll alb ratios were performed 

using a modification of the methods described in references 

11-13. In these studies the plant tissue was ground in 

acetone and the pigments were transferred to ether in a 

separatory funnel, using distilled water to separate the two 

phases. The ether phase was washed twenty times by flowing 

the s6lution through a 0.5 cm diameter tube with its end 

submerged 5~10 cm in water. The ether phase rose to the 

surface in a fine spray, leaving residual acetone in the 

aqueous phase. The final ether solution was dried over 

anhydrous sodium sulfate. In the modified method, which 

requires less preparation time, the acetone extract was 



centrifuged at 9750 X g for 2 min to remove cellular 

material which could be responsible for emtilsion formation 

in the separatory funnel. If the ph~se did not separate 

w~ll, ~ M NaCl wa~ added tintil the phase b6tindary became 

distinct. The ether was washed 5 times with 100 ml ~ater 

each cycle. 

Fluo~escence intensity measurements wer~ performed on 

a Perkin Elmer MPF - 2A' fluorescencei1spectrophotometer using a 

Hamamats~ R446 photomultiplier t~be, and correcting for the 

difference in wavelength response at the two wavelengths 6f 

interest. Absorption measurements were performed on a Cary 

'118 double beam absorption spectrophotometer. Fluore~cence 

ihduct~on curves were measured. on an instrument similar to 

that described by Shimonyet al. (14) uSing front surface 

fluorescence from the cuvette. Fluorescence was excited 

with blUe light using a Corning 4-96 glass filter, and was 

detected using a series combination of Corning 2-61 and 2-64 

cutoff filters. The ttaces were recorded on a Tektronix 

storage oscilloscope type 564B and a Polaroid picture was 

taken. F1uOresc~nce lifetime meaSurements were performed at 

room tefuperature as described in Chapter II. 

Results 
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Fig. IV. 1 shows the changes in chlorophyll alb ratio 

for plants Studied immediately following the light-dark 

cycles and with up to 48 hours additional continuous light. 

In the first 6 hriurs of continuous light the chlorophyll alb 

ratio drops sharply. The second, slower phaseof.development 



up to 30 hours of continuous light brings the chlorophyll 

alb ratio to the same value as for the control. 
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The fluorescence induction curves for the untreated 

sample prepared with 10 mMNaCl in the buffer ate shown in 

Fig. V. 2. Plants exposed to less than 6 hours of continuous 

light show ~ slow fluorescence inductibn ~nd no Dphase 

(refer to Fig. 1.4 also). The D phase is the portion of the 

fludrescence induction curve ~here the fluorescence rise 

appears to level off for about 0.5 sec, just slightly above 

the Fo level, and has been interpreted as rusulting from the 

rapid reoxidation of Q by the plastoquinone pool (15). The 

n ph~se begins to appear after 8 hours of continuous 

illumination for the Na+.,.treated sample and is definitely 

present after 10 hours of continuous illumination. The 

appearance of this phase occurs two-hours earlier for the 
+2 _ -Mg -treated sample (data not shown). 

The fluorescence induction curveS for DCMU-treated 

samples ~re shown in Fig. V.3. These cUrves all appear to 
+ be exponential in shape, as expected for a Na -treated 

+2 sample. For the Mg -treated sample (d~ta not shown) the 

fluorescence induction in the presence of DCMU becomes 

sigmoidal after 48 hourS of £ontinuous light indicating 

possible energy transfer between photosynthetic units (16) 

or a heterogeneity of PS II units, some of which are 

con~ected (17-20). This sigmoidal ~hape is al~o presentiri 

thecorttrol p~epared in buffer-CQntaining magnesium ion. In 
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Fig.V.I Chanies in chI alb ratio for plants studied 
immediat~ly following the . intermittent light 
phase (6 h6u~~) and with up to 48 hours 
additional continuolls light.· 
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Fig.V.2 Fluorescence indqction cur~es for untreat~~ 
pea chloroplasts prepared in btiffer with 10 
mM NaCl, and with the following number of 
hours of continuous light after the intermittent 
light phase: a) 0 hours; b) 6 hours; c) 
10 hours; d) 48 hours. The bottom curve 
represents the control sample. The vertical 
scale is 1 ~o vol t/division unless -otherwise 
indiCated, and the horizontal scale is 1.0 
sec/division unless otherwise indicated. All 

- fluorescence induction curves were measured 
with incident blue light of about 6 mwatt/cm 2 

on samples with an on at 435 mm of 0.54 +.05 
ina 3 mm p~th. 
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Fig.V.3 Fluorescence inductioIl curves for DCMU-treated 
pea ch1oroplas~s prepared in buffer with In 

. . . 
mM NaCl .' and with the following number of hours 
ofcont1nuous light after the intermittent light 
phase: a) 0 hours; b) 6 hours; c) 10 hours; 
d) 48 hours. The bottom curve represents 
the control sample. See Fig.V.2 for additional . . . 

experimental coriditions. The vertical .scale i~ 
1.0 VOlt/division unless otherwise indicated, and 

. . 

the horizontal .scale is 0.1 sec/division Or SO 
msec/division for those l.belled x2. 
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Table V.I the half-rise times for fluorescence induction 

from Fo tOFm are tabulated for the data of Fig. V.3. These 

indu~tion curves weremeasutedusing incident blue light of 
..... 2 
about 6 mW/cm on samples with an on at 435 nm of 0.54+0.05 

in a,3 mm path. 

The qualitative changes, in fluoreScence lifetime 

behavior can be observed fro~ the decay curves eFig~. V:4~ 

V.9). The narrower curve labeled Eet) is the lamp profile 

in time; the noisy curve labeled Fet) is the fluorescence 

decay, and the smooth~urve through these data is the 

calculated response generated fro~ the excitation profile. 

'The data were, analyzed for the best fit to a sum of three 

exponential decays. A detailed discussion of the fitting of 

experimental data with a Synthesized curve is contained in 

Chapter II of this thesis. 
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Fig. V.4 shows the fluorescence decay from a Na+-treated 

sample of chloroplasts with open reaction centers immediately 

after the intermittent light phase of growth. The numeri-

cal results of the data analysis can be found in 

Table V.II. In these samples T3 ranges from 6-11 Rsec. The 

two major components appear to be emissions from chlorophyll 

a in the sample, but the origin of T3 is uncertain, as 

discussed in Chapter II. Fig.V.5 shows the fluorescence 

decay for the sample of Fig. V.4 with reaction centers closed 

by sodium dithionite.Visual1y there is little difference 

between the two curves; however, from the data analysis we 
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TableV.I Fluorescence Induction Half-ris~ Times 

Rise from FO to Fm f6r the DCMU, Na+~treat~d pea chloroplast 

samples studi~d in Fig.V.3. Values obtained f~omth~ 

curves in Fig.V.3. 

Hours Continuous Light Half-rise time, msec 

0 157 

6 102 

10 78 

48 72 

Control 69 

Experim~ntal conditions given in Fig.V.2. 
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Table V.II Fluorescence kinetic decay parameters of Na+~treated chloroplasts 

from S-day etiolated pea plants exposed to 24 cycles of2 min. light -
118 min. dark and then transferred to continuous light (CL). 

Hours CL 1"1 nsec 1"2 nsec 1" 3 nsec .. (ll (l2 (l3 

Open reaction centers 
o . .438 +.05 2.29 +.3 6.89 .69 .267 .043 

6 .268 1. 54 7.79 .949 .05 .001 
30 .241 1.35 10.18 .957 .042 .0007 

Control .266 4.39 Z-components .995 .005 - - - --

Closed reaction centers 
0 .801 2.61 7.12 .586 .364 .05 

6 .484 1.54 5.21 .89 .106 .004 

30 .356 1.31 7.38 .764 .232 .004 

Control .321 1.44 7.63 .816 .181 .003 

., 

~ .. 
~ 
N 



.", 

...,... 
.(/) 
c 
Q) ...,... 
c 2 
.- 10 
C" 
o 

..-J 

I 
10 

o 

Fig. v. 5 

20 
Time ( nsec) 

+. . 
Na -treated chloroplasts plus 0 hours 
continuous light with reacti6ncertters 
closed by sodium dithionite. 
a l = n.S86~ Tl = 0.801 risec 
a Z=0.364,T Z= 2.61 nsec 

a 3= O~OS~ T3= 7.12 nsec 
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can pick out the detailed changes. These are: 11 increases 

to almost twice the duration andal decreases slightly; 

1"2 remains CohStant within the limits of err6r and a2 in

creases by 0.097 upon dithionite treatment; 12 shows 

little change. 
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. . . . + 
F~g. V.6 shows the fluore~cence decay for a Na -treated 

sample of chloroplasts with open reaction centers after 

exposure to 6 hours of continuous light~ The decay curve 

tontains appreciably shorter d~cay components than are 

present in Fig . V.4. Co.mpared to the sample analyzed iil 

Fig.V.4, both li£etimes have decreased by about 50% and 

a l has :increased ~ignificantly. The changes in lifetimes 

are outside the errtir limits. In Fig. V.7 the sample of 

F~g. V.& has been treated with dithionite to close the. 

reaction centers. The width of .the "fluoresceilce decay curve 

has increased, indicating the influence of longer decay 

constants. The changes found in the data analysis are 

similar to the changes after dithionite treatment for the 

sample of zero hours continuous light in Fig. V.S (see 

Table V.II). 

The fluorescence decay of the Na + -treated sample ' .... i th 

open reaction centers after 30 hours of continuoOs light is 

shown in Fig. V.B. 'Within the erro~ limits, thiS curve is 

the same as Fig. V.6. After 30 hours of continuous light the 

sample displays almost the same behavior as the control. 

Sodium dithionite treatment distinguishes the sample 
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Fig~V.6 Na+~treat~d chloroplasts plus 6 hours 

continuous light with op~nreaction 
centers. 

a l = 0.949, L1= 0.268nsec 

a 2=0.os, L2= 1.54 nsec 
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Fig.V.7 Na+-treated chlor6plastS plus 6 hours 
continuous light with reaction centers closed 

by sodium dithionite. 

ex l = 0.89, T = 1 0.484 nsec 

ex = 2 0.106, T = 2 i.54 nsec' 
ex::: 

3 0.004, T = 3 5.21 nsec 
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E(t) 

5 10 15 20 25 .30 
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+ . . 
Na -treated chloroplasts plus 30 hours 
continuous light with open reaction centers. 
a 1= 0.957, T1= 0.241 nsec 
a Z= 0.042~ T2= 1.35 nsec 
a3= 0.0007, T3=10.18 nsec 
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exposed to 6·and 30 hours of continuous light, as shown in 

Fig.V. 9. It is obvious by visual inspection that the decay 

components In·Fig. V.9 are longer lived than those iIi 

Fig. V.8. In thecohttol the value of a 2 when te~ction 

centers are open is' typically less than 0~01·. The error 

limits for T2 arelatger when reaction centers are closed 

than when reaction centers are open. In the analysis of 

some fluorescence decay curves a somewhat longer T2 of 

2.6-2.8 nsec appeared to be ,balanced by a low a 2 . Thus, 

a 2 also has a large error limit. + For the Na ~treated 

control, the change in 11 upon dithiohite treatment is 

within the error li~its.The fluorescence lifetime data of 

Figs. V.4-V.9 are su~marized in Table V.II. 

Qualitatively, the ,observations for the Mg+ 2-treated 

sample ar~ similar; that is, the sample immediately after 

intermittent light shows a large a Z when reaction centers 

are open) and this a Z decreases as the plant matures; 

dithionite treatment affects the fluorestence behavior of 

the sample it ~ll stages of maturity studied; by closing 

reaction centers a l decreases and a Z increases~ In contrast 

.to the results with sodium ion treatment, Tl is observed to 

increase with dithionite treatment even for the ~ature 

pl~nt, and 12 appears to increase with dithionite treatment 

for samples exposed to greater than 8 hours of c6ntinuous 

light~ 
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+ 
Na -treated chloroplasts plus 30 hours 
continuous light with reaction centers 
closed by sodium dithionite. 

Ql= 0.764~ Ll= 0.356 nsec 
Q2= n~232, L2= 1.31 nsec 
Q3= 0.004, L3=7.38 nsec 
The fluorescence beha~iOr of this sample 
is very similar to the fluorescence behavior 
Of the control. 
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Thefluotescence lifetime behavior as a function of 

.• \~ \14t development in continuous light is shown in.Figs. V.IO-
... + 

The measurements for Na -treated samples are shown in 

V.lOa and V.lOb for two different sets of similarly 

" 
,iwn plants, which are expected to give the same resul ts. 

,~ circles represent measurements with open reaction 

_,:aters of oxidized Q, and the triangles represent measure-

,,'nts with reaction centers closed by di thioni te reduction· 

~~Q. The filled symbols represent Tl measurements, and 

:he open symbols are TZ measurements. At early stages, the 

najor lifetime value increases almost two-fold upon reducing 

~, but as the plant matures the changes in tld~creases. In 

~ig. V. lOb it appears that t z does not change when Q is 

reduced, but this is not obvious in Figs. V.lOa. After 

24 hours of continuous light, the fluorescence behavior of 

the sample is essentially the, same as for the control, the 

points at the right edge of the plot. 

In Fig. V.llaand V.llb the BZ value is plotted, with 

the circles fOr samples with oxidized Q and the triangles 

for samples with Q reduced by dithionite. In both sets of 

data the B Z is much higher for samples with less than 6-8 

hours of continuous light and Q oxidized than for the 

controls, in which B Z is less than 0.01 when reaction 

rehters are open. The increase in B Z with dithlonite 

treatment shows large variations which are pr6bably the 

result of inability of the data deconvolution routin~ to find 

the best fit to the data. 

,. 



Fig.V.lOa (Top) and Fig;V.IOb (Bottom) . 
Changes in fluorescence lifetimes asa 
fUnction of plant developmerit in continuous 

. + . 
light for Na -treated samples for two sets 
of similarly growrt plants which are expected 
to give the same results. 

• T1 in samples with Q oxidized: 

ATI in samples with Q reduced by dithionite. 

01:2 in samples with Q oxidized. 

ll.'T 2 in samples with Q reduced by dithiohite. 
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:. 

Fig.V.lla CTop) and Fig. V .llb (Bottom). 
Changes in a 2 as a functioi of plant 
development in continuous light for 
Na+-ireated samples for 1 sets of si~ilarly 
grown plants which are.expected to give 
the sa~e results. a 2 is given as a decimal, 
and raiis normalized to uni ty ~ . 

• 
o samples withQ oxidized. 
ll. sa~ples with Q reduced by dithioni te. 
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Fluorescence lifetime data for the Mg+ 2-treated samples 

are plotted in Figs. V.12a and V.l2b. The symbols are the 

. same as used in Fig~ V.lO. The major lifetime shows an 

increase of 60-200% upon reducing Q. Compared to the data 
+ for the Na· -treated sample~ Ll is longer after magnesium ion 

treatment within the error limits when reaction centers are 

open and by 0.4 nsec when reaction centers are closed. In 
+2· ... . 

the Mg -treated sample L2 for the mature plant is 

lengthened by about 50-100% upon redu~ing ~.The a 2 value 

is plotted in Figs~ V.13a and V.13b with symbols as used in 

Fig. V.II. Again a 2 is higher for samples with less than 

6-10 hriurs of continuous light and open reaction centers 

than for the controls, in which the contribu~ion is less 

than O.OI.The dithionite induced change in a 2 shows a 

large variability and at some points appears to be zero. 

This is a problem with the data analysis rather than an 

indicatiOn of the true condition of the sample. The 

fluorescence data from Figs. V.IO-l3 are summarized in 

Table V.III. 

Discussion 

Chlorophyll alb rati6measurements. The results for 

chlorophyll alb ratio measurements shown in Fig. V.I display 

behavior similar to that found by Davis et al. (7) in that 

both sets o£ data show first a fast phase of development, 

and then a slower phase, with a break after approximately 8 

hours of continuous light. The trends that they found with 



Fig.V.12a (Top) and Fig.V.12b (Bottom) 

Changes in fluorescence lifetimes as a 

function of plant development in continuous 
light for Mg+ 2-treated samples for two sets 

of similarly growrt plants which are expected 

to give the same results. • 

• Ll in samples with Q oxidized. 

ALI in samples with Q reduced by dithionite. 

o L2 in samples with Q oxidized. 

6. L2 in samples with Q reduced by dithionite. 
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Fig~V.13a (Top) and Fig.V.13b (Bottom) 
Changes in ~Z as a functiono£ plant 
development in continuous light for Mg+Z_ 

treated samples for two sets of similarly 
grown plants which are expected to gi~e the 
same results. <X z is given as a decimal and 
Ea. is normalized to unity. 1 . 

• 

o samples withQ oxidized. 
6. samples with Q reduced by di thionite. 
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Table.V.lII Summary of fluorescence lifetime data for Na+-or Mg+ 2-treated chloroplasts 

from 5;;.day etiolated pea plants exposed to 24 cycles of 2 min. light -

L l' maj or 
lifetime 

L 2' minor. 
lifetime 

·118- min. dark and then transferred to continuous light eCL). 

. + 
Na -treated 

During early development, 0-6 

hours CL~ closing reaction centers 

lengthens Ll by 80-250%, changing 
from 0.27 !.OS nsec up to 0.9 +.15 
nsec. In later stages c16~ing 

reaction centers lengthens Ll by 
20%, within the error limits~ 

At zero hourSCL L2 has a high 
va-lue of 2.2-2.4 nsec which 
decreases with plant development to 
an average of 1~4 !0.2 nsec. T2 
does not change upon closing 
reaction centers. 

• 

+2 Mg ~treated 

During early development, 0-6 

hours CL, closing reaction centers 

lengthens Ll by 60-130%, changing 
from 0.3 +.05 nsec up to 0.8 +.15 
nsec. In later stages closing 
teaction centers lengthens Llby 140%. 

At zero hours CL L2 has a decay time 
of 2.0-2.6 nsec and this decreases to 

1.3. +0.2. nsec as the plant matures 
for samples with open reaction centers. 
When reaction centers are closed L2 
is lengthened by 50-100% up to. 2.0-2.6 
nsec. 

I" t. 

~ 
0\ 
o 



Table V.III (continued) 

(X.z' open 
reaction 
centers 

(X.z' closed 
reaction 
centers 

Cation 
Effect 

+ Na -treated 

Decreases from.14-.Z7 at zero 
hoUrs CL to less than .01 in the 
mature plant. 

(X.z increases wheri reaction centers 
are closed but the trend as the 
plant matures is not clear. 

Dithionite treatment increases Tl 

slightly and does not change TZ. 

• 

I • 

+2 Mg -treated 

Decreases from .16-.27 at zero hours 
CL to less than .01 in the mature 
plant. 

There is an increase in (X.z when 
reaction c~nters are closed but 
no clear trends as the plant matures. 

Dithionite treatment increases both 
t1 and T Z significantly . 

~ 

0"1 
~ 



respect to structural changes and cation effects are 

expected to be comparable to the situation for our samples. 

The initially high chlorophyll alb ratio has been 

interpreted in tetms of low chlorophyll b ~ont~nt in the 

lekves and few chlorophyll alb LH complexes in the 

photosynthetic units (2,7-9). 

Fluorescence induction curves. The fluorescence 

induction ~urves showed exponential rise behavior for the 
+ . . 

DCMU Na -treated samples (Fig. V.3); and for the DCMU, 

Mg+ 2-treated samples, showed additionally the change of rise 

curve to sigmoidal shape after 48 hours of continuous light. 

The subject of exponential and sigmoidal rise curves has 

been covered in the section on energy transf~rinChapter I. 

Both the Joliot ~nd Joliot model (16) and the Melis and 

Homann model (18,19) agree that the sigmoidicity indicates 

some degree of energy transfer among photosynthetic units. 

In contrast to the Joliot and Joliot model which assumes a 

homogeneous set of photosynthetic units, the Melis and 

Homann model suggests a heterogeneity of photosynthetic 

units, some of which are isolated pUddles, with th~ 

remaining units ~apableofbecoming connected in the 

presence of magnesium iion. 

In Tabl~ V.I a lengthened half~risetime for 

fluorescence induction from Fo to Fm is observed for the 

less mature plants. We observeapprpximately a two-fold 

chan~e in half times between pl~nts immediately after 
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intermittent light and the control. This change has been 

interpre"ted by Akoyunoglou and Argyroudi-Akoyunoglou (2) as 

an 'indication of early formation of small photosynthetic" 

units and successive increase of photosynthetic unit size 

during expbsure to continubus light. They find a seven-fold 

'change in half-rise times of fluorescence for similarly 

grownbeart plants. Armbnd and coworkers (7,9) find 

approximately a three-fold change in photosynthetic unit 

size for pea plants. 
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Effects of illumination on plant development. Immedi

itely after the intermittant light phase ~e find the presence 

of both Tl andT 2 . This indicates that neither Fl or F2 

is exclusively associated with the chlorophytla/b LH 

complexes. However, this data supports our previous 

interpretation from Chapter~ II and IV that F2 is closely 

associated with the PS II reaction center. There may be a 

few chlorophyll alb LH complexes present in the sample, but 

not enough to accbunt for the magnitude of a 2 . 

The Fland F2 components do not correspond to the a and 

B centers o~ Melis and Homann (17~20) which distinguish the 

two phases of fluorescen~e inductibn rise. In the data 

presented in this chapter the fir~t measurements were made 

after the pe~iodic light phase which i~cluded 24 light~dark 

cycles. At this stage of development (2) the B centers of 

the slow kinetic phase represents 78t of the total and the 

a centers represent the remaining 22%. As the plant 

develops, the relative concentration of the Bcenters 



decreases to 65% as in the mature plant. Although the 

initial intensity factors for the iwo lifetimes Ql arid 
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Q2 correspond well with the distributibn of Q and 61 centers 

(Figs. V.Il and V.13), the Melis arid Homann model could not 

explain the increase in QZ with dithionite treatment or the 

decrease of QZ in samples with open reaction centers as the 

plant matures. 

Dithionite affects the fluorescerice lifetimes observed 

at all stages of development studied. We interpret the 

changes in fluorescence lifetime associated with dithionite 

reduction to be caused by r~~uction of the primary acceptor 

o£ PS II. Inpr~vious studies on mature plants we found 

QZ to be less .than O.QI for the dark-adapted, untreated 

sample. However, for the immature plant, Q2is 0.14-0.27 

for the dark-adpated sample, and the QZ decreases steadily 

with expOsure to continuous light. The origin of the decay 

component contributing to QZ at this stage of development 

must be different from FZ that appears in mature plants upon 

closing reaction centers. We can propose two possible 

models for the component contributing to QZ in these 

immature samples. 

The first mOdel proposes initially unconnected antenna 

which fluoresce with a lifetime of 1.5-3.0 nsec. The 

presence of unconnected antenna for immatur~ plants has also 

been proposed by Akoyunoglou and Argyrcudi-Akoyunoglou (2). 

As the plants develop, these antenria become incorporated 



into either new or existing photosynthetic units, explaining 

the decrease of a Z for dark-adapted samples after several 

hours of continuous light. These unconnected antenna would 

. not have any effect on Tl . The ptecursors of chlorophyll 

ate not responsible for the observed TZ at early stages of 

develop~ent because the pretursorsdo not fluoresce ai 

wavelengths that would be detected in these experiments 

(>670 nm) (2Z) ~ 

The second model proposes the incorporation of all 

antenna into photosynthetic units, but some of the reaction 

centers are not yet capable of photochemical quenching. 
I 

"This could occur because the relative orientation of the 

primary electron donor and acceptor, or the distance between 

them) is not optimal for charge separation. These ~eaction 

centers develop into active traps in the continuous light 

phase. In this model, the samples ~xamined immediately 

after the intermittent light phase and at incomplete stages 

of development effectively have a fraction of their reaction 

centers closed. In addition to the presence of a 

significant amount of TZ) this model predicts an increased 

Tlat early stages because of the two unresolved contribu

tions to TI , the decay of FI in units. with active reaction 

centers and the slightly lengthened decay of FI in units 

with inactive reaction centers. The two models can be 

distinguished by whether TI is longer for the immature 

plants, but out dat~ cannot answer this question 

unambigously. 
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Effect of cations. The effect of magnesium or sodium 

ion treatment is distinguishabl~ ~ft~r 30 hours of continu

ous light because dithioniteaddition increases both Tl and 

TZ when Mg+ Z is present (Fig. V.12a) but not when Na+ is 

present (Fig. V.Za). These results do not agree with the 

study of Beddard et al. (Z3) where they find little effect 

of magnesium ion on the fluorescence lifetime, only on the 

r~lative contributions of the 0.46 nsec and 1.3 nsec 
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components. There is no separable effect on the fluorescence 

lifetime behavior which directly corresponds with the develop

ment of energy transfer between photosynthetic units as 
. +Z 

indicated after 48 hours of continuous light in the Mg -

treated sample by the sigmoidal fluorescence ~nduction. 

Effect o~ development on fluoiescence lifetimes 

assuming diffusion limited trapping. During the early 

stages of greening, small unconnected photosynthetic units 

are formed~ many of which have functional reaction'centers 

(Z,7~9)~ The photosynthetic unit is estimated to be half as 

large by our data (Table V.I) after the intermittent light 

phase compar~d to the contr~l; one-third as large by Armond 

et al. (7.9); and one-seventh as large by Akoyunoglou and 

Argyroudi-Akoyunoglou (Z). If the photochemical trapping 

process is diffu~ion limited rather than limited by the trap 

efficiency, one would predict on the basis of random walk 

derivations (24iZS) that thefluoressence lifetime would be 

shorter ina sma1l~rphotosynthetic un~t, all other factors 



remainingconsiant. Using Montro11's expression for the 

average number of steps before. trapping in a random walk on 

a two-dimensional homogeneous lattice with One trap: 

<n>2-D = ! N In+ 0.195056 N +.~. CEq. 1.6) 

where N is the number of antenna chlor6phyll molecule~ and 

<n> is the average number of steps to reach the trap. The 

trapping time Tt is: 

Tt = <n> T· CEq. 1.8) 
J 

where T. is the time per· jump. The measured fluorescence 
. J 

lifetime T must be an upper limit for the trapping time if 
• 

the photochemical conversion is to occur with gOod 

efficiency. Thus the ratio of fluorescence lifetimes 

expected for the sample with no continuous light compared to 

the control is: 
1 N In N + 0.195056 N 

To hours <n> hours T. 2 2 2" = 0 7T 
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l = 
T control < n> T. l N In N + 0.195056 N CEq.V.1) 

control 

Assuming N= 300: 

TO hours 

Tcontro1 
= 

J 7T 

268 
603 = 0.44 CEq. V .2) 

For the three-dimensional homogeneous cubic· lattice with 

one trap: 

<n>3-D = 1.5164 N CEq. I. 7) 

.. 
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This equation would predict TO hours/To controL';' 0.5. In 

any case, the lifetimes observed after the irttermittent light 

phase are at least as long as the lifetimes observed in the 

control. The seven-fold difference in photosynthetic unit 

size observed by Akoyunoglou and Argyroudi-Akoyunoglou would 

result in a 7-10 fold change in lifetimes using Eq. 1.6 and 

Eq. L 7. The assumptions made were: 1) Montroll' s equations 

for <n> are descriptive of our system; 2) the antenhain 

both the mature and immature plants are equivalent in terms 

of spectral variety and orientation factors. Bothassump

tions are only roughly accurate because of inhomogeneity 

of the antenna pigments artd the addition of chlorophyll 
• 

b in the mature y~ant. This calculation does suggest that 

the photochemical trapping process is not totally diffusion 

limited. There is a problem'with this conclusion if the 

model of initially nonfunctional reaction centers is the 

correct explanation for the a 2 data because this model of 

nonfunctional reaction centers predicts a decrease in Tl 

as the plants mature an opposite effect 'from the changes 

induced by growing photosynthetic unit size. 

Summary 

The fluorescence lifetime results lead to several 

conclusions: 1) neither of the Fl nor F2 components (the 

emitters of Tl and T2 defined in Chapter II) ise~clusively 

associated with the chlorophyll alb LH complex; 2) the Fl 

artd F2 coinponentsare rtot correlated to the a and B centers 

of Melis·and Homann; 3) the changes ina2 as a function 

,-
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of plant development in samples with open reaction centers 

can be explained by either of two models; i) there are 

unconnected antenna in early stages of development with 
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decay times not re~olvable from the decay time of F2, which 

become incorporated into photosynthetic units during exposure 

to continuous light, or ii) there are photosynthetic units 

in early development with reaction centers that do not 

quench photochemically, and these reaction centers become 

active during the continuous light phase; 4) cation effects 

are appareht after 30 hours of tontinuous light; 5) the· 

photochemical trapping process is not diffusion limited . 

• 
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VI. SUMMARY AND CONCLUDING REMARKS 

Motivation. The objectives of the research described 

in this thesis have been ~oidentify and cha~acterize the 

,fluorescent chlorophyll molecules in vivo by the study of 

roo~ temperature fluorescence kinetics. The motivation 

for these experiments is summarized in Chapter I in the 

section relating fluorescence and photochemistry. The 

fluorescence yield from in vivo chlorophyll was found to 

respond to effects which influenced the rate and yield of 

photochemistry. These effects include: addition of inhi

bitors, use of actinic light, type and concentration of 

cations in the buffers and the redox state of the primary 

acceptor ofPS II. However, there were many questions 

left unanswered by fluorescence yield measurements. These 

include: Is there more than one type of fluore~cent site 

in the photosynthetic membrane7 Is the F level contri~ 
o 

buted by dead ~igment~ not associated with photochemistry? 

Is there energy transfer between photosynthetic units? 

Does magn~sium ion affect all fluorescent sites? Early 

fluorescence lifetime experiments performed on phase shift 

instruments were capable of detecting only a single 

average decay time. These early mea.surements did not help 

elucidate the nature of the fluorescent sites; however, 

the potential importance of fluore~cence lifetime measure

ments on an instrument capable of multicomponent resolu-

tionbecame more and more obviou~. 
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Results and conclusions. In Chapters II and III 

we found that changes in fluorescence lifetimes correspond 

well with literature reports of changes in fluorescence 

yields under a wide variety of experimental conditions. 

We investigated in vivo fluorescence kinetics in samples 

that had been treated with the inhibitors DCMU/NHZOH) and 

ferricyanide, the reductant dithionite, background actinic 

illumination, and different cations in the buffer. For 

either the dark-adapted, untreated samples or the ferri

cyanide treated samples the major portion of the fluores

cence (0.99) was contributed by a short (0.ZO-0.Z8 nsec) 

decay component. This decay became biphasic under all 
• 

circumstances which led to partial or full inactivation 

of photochemical quenching by th~ reaction centers., This 

biphasic decay consistedofa large proportion ofa life

time 0.48-0.65 nsec depending on the cations present, and 

a longer decay of 1.5-Z.8 nseccontributing 0.071~0.096 

depending on the cations present (Tables 11.11 and 111.1). 

This second decay time,and its relative contribution were 

very sensitive to the sample treatment, and in samples that 

were prepared with magnesium ion present at all stages of 

isolation, the ~Z reached values as high as 0.35. From the 

study of membrane fragments enriched in PS II components, 

both Fl, the component with the shorter decay time, and FZ 

were identified as PS II associated. In addition, FI and 

FZ have similar emi~sion bands with a peak emission at 

about 685 n~, corresponding to chlorophyll a flu6rescence. 

II' . 
Ji 
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From the results in Chapters II and III we concluded 

that: 1) Fluorescence at the F level does not arise from 
o 

a small group of pigments that are not connected to the 

PS II reaction center; 2) A puddle model·with reaction 

centers either open or closed, and no possibility of 

trartsfer between them, is inadequate to expl~in these data; 

3) These data can be accommodated by a ~od~l in which Tl 

arisesfroIli the chlorophyll a of the chI alb LH complexes,· 

and T2 arises from chlorophylls more directly affected by 

the PS II reaction center, such as the PS II chlotophyll a 

antenna; 4) The fluorescence lifetime data for samples 

treated with sodium or magnesium ion are cortsistent with .. 
the Iliodel of decreased spillover 6f excited state energy 

from PS II to PS I in the presence of magnesium ions, or 

with the model postulating cation induced changes in. the 

initial distribution of energybetw~en the two photo~ 

systems. 

In Chapter IV, thefluorescenc~ lifetime behavior as 

a function of the redox state of the primary acceptor of 

PS II was studied for chloroplasts treated with 5 mM 

magnesium ion~ These experiments were performed on a 

modified single photon counting system which replaced 

the spark discharge lamp with psec pulse excitation from 

a mode .. locked dye laser synchronously pumped with an argon 

ion laser. 

We found that the plot of percent reaction center 

opert v~rsus potential could best ·be·fit 6sing a Nernst 



equation curve with two single electron tiansitions, with 

midpoint potentials at -55 mv and -221 mY, and relative 

contributions of·69% and 31%. This corresponds to the 

fluorescence quenching effi~iency, but n6tnecessarily 

to the concentration of the twO quenchers. 

We found abiphasic dec~y for samples at all redox 

potentials studied, and also for the ferricyanide treated 
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sample. The shorter lifetime increased slightly from 0.29 

to 0.41 nsec (!.05 nsec) as reaction centers became Closed, 

and decreased in contribution from 0.89 to 0.70. In these 

experiments the second longer lifetime component of 0.85 

to 2.28 nsec (+.1 nsec) showed only a slight increase from 
• 

0.85 to 1.05 nsec during the reduction of the first 50% of 

the primary acceptors, corresponding approximately to the 

higher potential transition in the redox curve. During the 

reduction of the remaining Qj T2 increases from 1.05 to 

2.28 nsec, but QZ remains constant at U.30 within the 

experimental error. 

These data are consistent with. our assignment of Tl 

to the chlorophyll in the LHcomplexes and with FZ identi

fied as the PS II chlorophyll a antenna or a small group 

of those antenna. The model which can best explain the 

data ~ssigns both of the fluores~ence quenchers to primary 

electron acceptors either in series or in parallel in 

PS II reaction centers. During the first half of the 

titration, one of the prim~ry acceptors becomes reduced, 

giving rise to the increase in QZ. The increase in TZ 

, 
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that is expected to accompany this change is not observed 

for our data~ The continuous increase in T2 in the second 

half of the redox curve can b~ explain~d by a model of 

connected photosynthetic unit5. There are itill SOme 

questions that this model leaVes open. It does not 

expiain how the expected change in T 2 durin"g the higher 

potential transition becomes suppressed, or why energy 

transfer between units occurs only after the higher 

potential acceptor has become reduced. 

In Chapter V plants at incomplete stages of develop

ment w~re" studied. The Fl and F2 components were both 

found to be present in samples with few chI alb LH 
• 

complexes, and the changes in their relative distribution 

as the plants matured did not correspond to the changes 

for the distribution of the a arid B centers of Melis and 

Homann. At early stages of development a high contribu

tion of a 1.5-3.0 nSec component was observed for the 

dark-adapted untreated sample, and its contribution 

decreased with plant development. Cation effects were not 

observed gt early stages of development~ 

From these results we conclude that: 1) The PS II 

chlorophyll a antenna contain both PI and F2 components . 

2) The Fl and F2 components do not c~rrespond to the a 

and B centers of Melis and Homann. 3) Thci long lifetime 

preSent for the dark~adapteduntreatedsamples could be 

explained by either of two models: The first proposes 

unconnected antanna in early stages of development which 



becom~ incorporated into ne~ or existing photosynthetic 

units as the plants are exposed to continuous light. The 

second model proposes incorporation of all antenna into 

photosynthetic units; but some of the reaction centers 

are not functional for the immature plant, and these 

reaction centers become active after the plants are 

exposed to several hours of continuous light. 4) Cation 

effects are apparent after 30 hours of continuous light. 

5) The ,photochemical trapping process is not limited by 

the diffusion of excitation energy. 
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Comparison of results using psec laser excitation and 

nsec spark discharge excitation. Using the spark discharge 
• 

excitation, 'wefound more than 0.99 of the fluor~Scence 

attributed to a decay of 0.20-0.28 nset for dark-adapted 

samples prepared with any kind of cation present. When 

r~attion center~ were closed with inhibitors or by dithio~ 

nite reductioni a biphasic decay was observed,with the 

shorter decay increasing to as high as 0.65 nSec for the 

magnesium ion treated samples. 

Using psec pulse excitation, however, a biphasic 

decay was observed for all ·samples. The T 1 for the high 

potential sample with all reaction centers open is 

comparable to previous,results. This Tl shows only a 

slight change from 0.29 tb 0.41 nsec when reaction centers 

become fUlly closed. The second lifetime contributes 0.10 

tb the total fluorescence when reaction centers are all 

open, a'nd its contribution increases to d. 30 when all 



• 

• .. 

reaction centers are closed. The T2 changes from 0.85 

to 2.~8 nsec as reaction centeTs bec6me closed. 

The differences in these results can probably be 

attributed to thebett~r resolution of two simil~r life-

times in ihe laser excitation system with shorter excita

tion pulses~ There was no difference in the method of 

sample preparation. Both systems show results for single 

exponential decays of organic dye ~olecules in solution 

that agree well with literature reports. The ability 

to accurately resolve multiple decays will need further 

testing. This can be done with a split cuvette so that 

two solutions can be measured simultaneously and interac-· 
• 

tion between the two solutions can be avoided. This type 

of experiment has an advantage over addition of consecu

tively recorded curves because the instrument drift in 

time is avoided. 

Further experiments with photosynthetic membranes. 

There is some question whether a chemical redox titration 

examines the same processes that occur for photosynthetic 

membranes in saturating light. A chemical reduction 

probes the midpoint potentials of the primary acceptors, 

but is not ·affected by the size of the ~ntennapool, a 

factor which does change the trapping of energy by the 

reaction center in. the light. An experiment that would 

answer· these questions is to study "the flaorescence kinet~ 

ics for samples using varying intensities of b~ckground 

light. This ~xperimentrequiTes careful 'design because 

179 
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scattered light will certainly appear in the fluorestence 

profile. If the scatter is equally probable at all times, 

a background can simply be subtracted from_the fluores-

cence,otherwise a more complex compensation process must 

be developed. 

Additionally, the modified setup is capable of 

measuring decays from photosynthetic bacteria. Resul ts 

from bacteria will not be complicated by the fact that 

energy transfer between the two photosystems occurs 

because only one light reaction is present. In the study 

of any photosynthetic membranes, care must be taken to 

eliminate any actinic effect from the measuring beam . 
• 
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