VRIJE
UNIVERSITEIT
° AMSTERDAM

VU Research Portal

Energy transfer and connectivity in chloroplasts: Competition between trapping and
annihilation in pulsed fluorescence induction experiments.

Valkunas, L.; Cervinskas, V.; van Mourik, F.

published in
Journal of Physical Chemistry B

1997

DOI (link to publisher)
10.1021/jp970641p

document version _
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)

Valkunas, L., Cervinskas, V., & van Mourik, F. (1997). Energy transfer and connectivity in chloroplasts:
Competition between trapping and annihilation in pulsed fluorescence induction experiments. Journal of Physical
Chemistry B, 101, 7327-7331. https://doi.org/10.1021/jp970641p

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 13. Dec. 2021


https://doi.org/10.1021/jp970641p
https://research.vu.nl/en/publications/603150c4-ea01-43cb-9d9a-a98bcf526952
https://doi.org/10.1021/jp970641p

J. Phys. Chem. B997,101, 73277331 7327

Energy Transfer and Connectivity in Chloroplasts: Competition between Trapping and
Annihilation in Pulsed Fluorescence Induction Experiments

L. Valkunas,' V. Cervinskas,” and F. van Mourik* -*

Institute of Physics, A. Gostauto 12, Vilnius, 2600, Lithuania, and Department of Biophysics,
The Free Undersity of Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands

Receied: February 21, 1997; In Final Form: May 5, 1997

Despite the fact that fluorescence induction is a very complicated process, the technique is used to obtain
information regarding connectivity in photosynthetic systems. The models generally used for the analysis
are oversimplified, which in some cases has led to questionable interpretations. Here we describe the effects
of nonlinear loss processes in (pulsed) induction experiments and how they obscure the features attributed to
large-scale connectivity in chloroplasts. We simulate the fluorescence induction process for finite size domains
(1—-4 reaction centers per domain) and describe both the trapping process and the generation of triplets by a
discrete state model. From our numerical calculations it is demonstrated that-siniglet annihilation is
unavoidable when using microsecond pulses for actinic illumination.

Introduction not very sensitive for the diffusion radius of the excited states;
in the lake model trapping is always trap limited. Therefore
the “size” of the antenna can only be obtained from annihilation
measurements=2? Quenching by triplet states is generally
much more efficient than by open RC'’s, both in photosynthetic
bacterid?2 and in chloroplast$®24 and is therefore close to
migration limited. When modeling fluorescence induction and
S—T annihilation simultaneously, finite antenna sizes have to
be taken into account. Moreover, by using this approach, the
effects of singlettriplet annihilation in the presence of
heterogeneity in the domain size &ndj centerd>29 can also

be evaluated. As we will show, singtetriplet annihilation has

a more pronounced effect in larger domains. Therefore, in a

The well-organized cooperation of light-harvesting antennae
(LHA) and photochemical reaction centers (RC’s) is a key factor
for the high (quantum) efficiency of bacterial and plant
photosynthetic systemi€. The recent structural data of light-
harvesting complexes in bacte¥faand plant, i.e., photosystem
I (PSIP and photosystem Il (PSIf)’ exposes the light-harvesting
apparatus as a well-organized structure. However, the con-
nectivity of the LHA extends far beyond the level of the
complexes that can now be visualized from the crystal structures.
In the fully assembled photosynthetic apparatus excitations can
migrate over domains that are at least 10 times larger, and this
level of organization can be probed by spectroscopic methods®
only. For instance, the fluorescence from the LHA depends Mixed system where both small and large (more than one
on the state of the RC’s, in a nonlinear way, which is generally connected RC) doma|_ns occur, Slngﬂﬂplt_et ann|h|lat|on will
ascribed to large-scale connectiity! The fluorescence yield ~ P& most pronounced in the larger domains. Since these large
dependence on the excitation light fluence has been widely usegdomains are responsible for the sigmoidal character of the
for investigating the connectivity between PS 1l on millisecond induction curves, the sigmoidicity in a mixed system is easily
to second time scalé$; 13 as well as on shorter time scafésié lost.

It is evident that the fluorescence vyield is lowg] when all In this paper we discuss the competition between trapping
reaction centers are in their active/open state, and the fluores-and annihilation processes in chloroplasts and, more specifically,
cence yield is maximalHnay) when all RC’s are closed, while  the effects of singlettriplet annihilation on fluorescence

by increasing the excitation fluence (thereby closing RC’s) the induction experiments when using short actinic flashes.
fluorescence rises in a nonlinear way, depending on the relativeThe excited state dynamics of chloroplasts from higher plants
amount of closed RC’s. This nonlinear fluorescence induction is much more complicated than that of simple photosynthetic
is due to the connectivity between the PSU’s; i.e., in the bacteria. Even when using powerful time-resolved fluorescence
intermediate situation when only a part of RC's are in the closed techniques, it is very hard to disentangle all the kinetic
state, the exciton can freely migrate through the domain of a component® and to attribute them to the underlying photo-
common LHA from the RC that is in a closed state to another physical phenomena. The presence of two photosystems and
active RC where it can be very efficiently trapped. Itis known the heterogeneity of PS2 are responsible for #hi©f course,

that in the case of totally disconnected PSU's (the puddle model) the situation is even more complicated once nonlinear techniques
the shape of the fluorescence induction on the excitation fluenceare applied like fluorescence induction. Nevertheless, fluores-
is exponential? and in the case of connected PSU’s (the lake cence induction is a popular technique that easily gives
model) this shape is sigmoid#l. In the lake model the main  jnformation of the overall functioning of the photosynthetic
parameter ) of the theory is determined by the ratio of the  apparatus. The shape of the induction curves of photosynthetic
excitation trapping rates by open and closed RC’s, and this pacterid and chloroplasts®*is generally believed to reflect the
parameter fully defines the shape of the induction curve and connectivity between reaction centers. In chloroplasts it was
the ratioR = Fray/Fo. The induction experiment therefore is  gpserved that the shape of the induction curve depends on the
length of the actinic light flask®*> This phenomenon was

:Tr?s‘t’;’tn‘t)g‘og‘gfsé?gs”de”ce should be addressed. successfully explained by a two-hit mo#fel3 for the closing
£ The Free Univ);rsity of Amsterdam. of the RC’s. However, the lifetime~1—10us) associated with
® Abstract published irAdvance ACS Abstractéiugust 15, 1997. the intermediate state has not been observed in time-resolved
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experiments. More recently, singldriplet annihilation was n
proposed as an alternative explanation for the pulse length
effect?® In this case the intermediate lifetime is the lifetime of
the carotenoid triplets. The quenching of antenna excitations
by carotenoid triplets has been studied in photosynthetic bacteria
and chloroplastd? Due to the more simple architecture of the
photosynthetic apparatus of the purple bacteria, also the
competition among singletsinglet annihilatiorf® quenching by
triplets2-22and fluorescence induction is well documented. Here
we investigate under what conditions (singl&iplet) annihila-
tion can compete with trapping by reaction centers in chloro-
plasts. 1

Annihilation experiments performed with picosecond pulses
in purple bacteria are a clear example where (singdeiglet)
annihilation fully prohibits trapping by RC’s. When using 35 0
ps pulses, no induction is observed despite the only slightly
longer (compared to the pulse duration) trapping time-60
ps20 Number of closed RC

An intermediate situation occurs when pulses much longer gjgyre 1. Scheme of the states of a domain characterized by the
than the excited state lifetime (trapping time) are used; in this number of open and closed RC, and the number of triplet states, with
case S-S annihilation is less important, but triplet states the corresponding transitions between these states. Within the time
accumulated during the pulse can act as quendet%. The window of the calculations (and the experiments) the closing of RC’s
parameters that now rule the competition are the quantum yields ireversible.
of triplet formation and the efficiency of the quencher. For
purple bacteria it was found that triplet states are about 5 timesSecond case no saturation of the carotenoid triplets can be
more efficient as quenchers than open R@’&Therefore’ achieved because of the already EXiSting triplets. The case when
despite the relatively low yield of triplets<6% with open both these quenching channels are active in an infinitely large
RC’s), annihilation and trapping were found to be of comparable domain (the lake model) recently has been considétddere
magnitude when using 5 ns pulses wihodospirillum rubrum we will consider the finite size domains containimgRC's that
chromatophore® are connected via a common LHA, which is a more appropriate

So what is the situation in chloroplasts? Here the number treatment of ST annihilation since this process is possibly close
of antenna pigments per RC is about an order of magnitude to migration limited.
higher than inRs. rubrum and so is the trapping time. When In this case the state of the system can be characterized by a
using (sub)microsecond pulses, the most important process isnumber of closed and/or open RC'’s and the number of triplets
clearly S-T annihilatior?® by carotenoid triplets (cdy. These that are present at a given moment in the course of the excitation
car have a lifetime of-6 us, and the intersystem crossing rate lifetime. Let us defing as the number of open RC’s in the
in chloroplasts we’s estimated to be 1.4 10° s™%. At high domain (0< i < m) andT (0 < T< n) as the number of triplets
pulse energies fluorescence yields reduced by a facterlof in the domain. The state of the system changes when an exciton
(compared to chloroplasts with closed RC's) were observed atis trapped by an open RC or when a triplet state is formed.
concentrations of-2 car per RC; i.e., cdrare atleast 3times  Thus, the processes can be represented by transition between
more “efficient” quenchers than open RC's (presumiRg= quantum states of the domain determined by different numbers
4). of i and T as shown in Figure 1. The vertical transitions in

In the following we first explore under which conditions Figure 1 correspond to the formation/decay of a triplet state.
singlet-triplet annihilation processes will perturb a two-pulse The horizontal transitions correspond to the closing of an RC.
fluorescence induction experiment so as to change the shape oHere we do not take into account the fact that the RC can return
the curve. In the second section we will also calculate the effect to the open state, which is correct for transition times much

Number of Triplets
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of singlet-triplet annihilation on the apparent valueRyfsince longer than the mean time of the process under consideration.
this is a quantity that can be obtained more easily from an of course, the triplets do decay on the time scale of the
experiment. experiment, and this is crucial for the pulse length effect. We
will restrict ourselves to the case of two RC states, i.e., open
Methods and closed, and we also presume efficientTSannihilation

Let us consider domains that contaim RC's which are which limits the range of the number of triplets per domain
quenchers for excitons in a common LHA. Also triplets, which that have to be taken into account to less than 4 in all practical
act as very efficient quenchers of excitons, are taken into €@S€S:
account. The case when only one of these two exciton Let us assume that our systems are dark-adapted, i.e., that
quenching channels is active has already been consi#fetied.  initially all RC’s are in the open states, and no triplets are present
is evident that when RC’s are the only exciton quenchers, the in the domain. Then the singlet excitons in the LHA, created
fluorescence rises from its minimal vall®, when all RC’s by the excitation pulse, stimulate the transition of the RC’s into
are open, to the maximal valifé,ax, when all RC's are closed,  the closed states, and also some generation of triplets will occur.
while in the case if triplets are the only quenchers, an opposite At this point two time scales can be distinguished: one of them
situation takes place because the generation of the tripletsinvolves the lifetime of the singlet excitons which is (at low
diminishes the fluorescence quantum yield and, moreover, excitation densities) determined by the trapping rate, i.e., by
triplets once present in a domain reduce the probability of the Ko for open RC’s and b¥ for closed RC'’s, which are of the
creation of additional triplets. In the first case the fluorescence order of 16§ us™1; while another is associated with the lifetime
induction saturates when all RC’s becomes closed while in the of triplets, i.e.,tt = 5—10us. Therefore, values that are related
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to quenching by the RC will be normalized Kp, and values fluenceJey), between pulses, and during the probe pulse action
associated with the triplets will be normalized#punits. (probe fluenceJyop < Jex). Accordingly, the fluorescence

In order to determine the kinetic equations for the amount of induction in theith state can be determined as follows:
singletn; v and tripletT excitations in a domain, characterized
by i closed RC's, the corresponding rate parameters and the Fi= (Kf/JT)f
probability Pt to find such a domain under the selected ' fo
conditions have to be defined. By using the normalization to
Ko, the overall exciton quenching rate by the open RC’s in such
a domain can be describedBy

tott

n; (1) dt ()

wherekK; is the fluorescence rate. In the one-pulse experiment

7 corresponds to the pulse length. In the two-pulse (pump

probe) case corresponds tdyon andr is the duration of the

Ki=1—i/m ) probe pulsetf is the start of the probe pulse). Thus, for the
0 steady-state condition (5) it follows that

and using the same normalizationkgthe excitation quenching For =K /J )
rate due to the closed RC'’s equals iT £,
i . and the fluorescence inductidghwhich is observed equals
Ke= (1= p)(i/m) 2 q
m
where F=)PFir 9)
p= (Ko — Ko/Kg 3) -

. . . . 21829 Equations 5 and 6 are solved numerically for e#bhstate
is the value which determines the connectivity of thi P53, of the system, which contairtriplets. Becausépb < Jex,
The relative rates for intersystem crossifig = Kic/Ko, the fluorescence quantum yields are obtained as a function of

singlet-triplet quenchingl’ = ys7/Ko, and the triplet lifetime the fluenceJ = Jey, of the actinic pulse, according to eq 9.
7r determine the interplay between the singlet and triplet

subsystems. Below we express the pulse lenghts and the delay-g|culations
time between the actinic “pump” pulse and the probe pulse and
the pulse lengths of the actinic and probe pulsgsand tprob

in units ofa, wherea. = 71Ky is the parameter that determines
the ratio of the two time scales mentioned above. By normal-
izing the time scale irKy units, the corresponding kinetic
equations for the amount of singlets in the domain can be
defined as follows:

The finite number of RC’s per domain is the main point of
the present work, which makes it different from the case of the
infinitely large systemri— ), i.e., from the lake model, which
has been considered in a previous p&peAs has already been
shown, the influence of singletriplet annihilation in large
domains can be observed on the shape of the fluorescence
induction curve, even when the fluorescence induction amplitude
dn; i I (R) is hardly changed. A problem with the previous treatment
at J= (1 - p#n” — i — ETWT (4) was that simulating the triplet population using the lake model

is not appropriate, since the action radius of the triplets, which
where J is the excitation fluence (the pulse width is also is determined by the singlet diffusion length, is probably limited
normalized to the time scal&). Here the rate of singlet triplet by the finite size of a PSU. Because trapping in chloroplasts
annihilationT is divided by the domain size to account for is trap limited, the actual size of the lake has only limited
different domain sizes in the simulations. This approach is influence on the induction kinetics. However, for a close to
correct for domains smaller than the diffusion radius of the migration-limited annihilation process the size of the lake is of
singlet excitations. importance. When simulating the annihilation using a lake

We will consider the fluorescence induction on a microsecond model, an overestimation of the inhibiting effect of triplets on
time scale; thus, in eq 4 the kinetics determined on the time the formation of more triplets is made. Thus, in large domains
scale of the singlet exciton lifetime can be considered to be the amount of triplets remains small (relative to the amount of

steady state, giving RC’s), the effects on the induction kinetics quenching by RC’s
are very gradual, and trapping is competing well with the

n.= J (5) guenching by tripletd® However, this would not be the case

LT 1 i I'T for finite size domains containing a small number of RC’s. Thus,

—ptli+— : : L ; o

m m we will consider the limiting case of domains containing a low

number of RC'sih = 1—4). The other parameters of the system

The kinetic equations for the probabiliti®sr (time scale irko are chosen as follows: According to the previous analysis of
units) are related to the following recurrence relations: the lake model, the sigmoidal shape of the fluorescence
P, . . inductionéféjlr;/(lascgn bg gistli\r/:guished (')nllqy Whlen tEe conggg;[ivity

LT i—1 _—Kin_p _ - parametér®1318is >0.5. Moreover, it has also been shd#n

at Ko MoarPioar = KoiaPin) # 1x(fr-oPiry that the difference between domains containing different

1 numbers of RC’s becomes indistinguishable wheiis <4.
nP)+=(T+1P ., —TP) (6 :
1Pin) a(( Piria m (6) Thus, due to the relation between both these values

where 0< i < m, andu is the quantum vyield of trapping by R=1/(1-p) (10)
the RC.

Equations 5 and 6 can be used for either calculating single- which is correct for the lake modéf161°we have assumed
pulse fluorescence inductidr! curves or for calculating two-  thatp = 0.8. For this value of the connectivity parameter the
pulse (pump-probe) fluorescence inducti&it>16curves. In calculated fluorescence induction curve is sigmoidal in the case
the latter case calculations ofr and P, 1 have to be carried  when the singlettriplet annihilation is not taken into account
outin three steps: during the pump pulse action (the excitation (Figure 2). The triplet effects are defined by the following
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Figure 2. Fluorescence induction curves for an actinic pulse durations Figure 3. Fluorescence induction curves at the end of the actinic pulse,
Tex = 0.010 (o0 = 77Ko) for two values ofT’, 0, and 10 and different for an actinic pulse length of 0c2and for different values of. For
numbers of connected RC’'s(= 1,2,4). The time delay between the  all curvesly = 0.07 andm = 4.

actinic pulse and the probe pulse was10

38 I 1T T 1 T T T 1

parameters:T’, which is the singlettriplet annihilation rate, 3.6 T
and I+, the rate of intersystem crossing. According to eqs 5 344 7
and 10, the effect of the last parameter determines a renormal- 324 - 7
ization of the excitation fluence, i.el{(1 + I1), as well as the 3.0 ]
connectivity parameterp/(1 + I7), and the singlettriplet 287 ]
annihilation rateI'/(1 + ). Therefore, the demands for the 2.6 7]
presence of a sigmoidal induction curve can now be reformu- 2473 ]
lated asp/(1 + I7) > 0.5, and the effective value gfin these F/F 224 ]
calculations equals 0.75 when the loss due to intersystem 207 ]
crossing is taken into account. ] ]
The quantum yield of triplets has been measéfed be 16 ]
5—-10%. Therefore, in the following we assurieto be 0.07, :‘2‘: 1
and the effective value dR in these calculations equals 0.75 104 ]

once the loss due to intersystem crossing is taken into acount. ; ,

The effect of triplets present in the system is then determined 0 1 2 3 4 5 6

by the singlet-triplet annihilation ratel’, for which we take

values between 0 and 10. ] ) ) i
It is easy to show that for these parameters the induction curveFigure 4. Fluorescence induction curves at different delays between

will be affected by annihilation: at leastexcitations are needed ¢ 2¢tinic and probe pulses. For all cungs= 7y = 0.2, It =

. . \ . - X . 0.07,I' = 10, andm = 4.

in a domain to close all RC’s, and with the given triplet yield

this implies that in a significant fraction>(0.07m) of the S L B R B R

domains a triplet state will be formed. Within such a small : B

domain S-T annihilation will severely hamper the closing of ' i i

Fluence, photons per RC

the RC’s when the pulse length is on the order of the lifetime 3.5

of the triplet states, since these triplet states can then act as

quenchers of subsequent excitations in the domain. 30
Figure 2 shows the effect of singtetriplet annihilation for

different domain sizes for two values Bf Obviously, the effect 25

is larger for the larger domains, and the loss of the sigmoidal F/Fo

shape is clearly visible for the large domains. The sigmoidicity 20

of the curves can be estimated from the tangent of the initial
(lowest excitation fluence) part of the curve. These curves were
calculated for long waiting times between the actinic and the
probe pulse so that all triplet states have disappeared once the

probe pulse arrives. Therefore, the probe pulse just probes the J I T SN SEPUSINS T VU SR R
closing of the RC'’s. 0 1 2 3 4 5 6
In Figure 3 the probe pulse is given just after the actinic pulse, Fluence, photons per RC

S0 that the triplet states can also directly quench the ﬂuorescenceFigure 5. Fluorescence induction curves for two different actinic pulse

generated by the probe pulse. In t.hls case even induction ratio SIengths. The time delay between the actinic pulse and the probe pulse
less than 1 can be obtain&d.In Figure 4 the delay between a5 1@, 11 = 0.07,T = 10, andm = 4.

the actinic and probe pulses is changed, this gives the most easily

observed effect of the triplet lifetime on the induction curves. Figure 5 shows the induction curves for two actinic pulse

However, the most important time scale in the experiment is lengths: one much shorter than the triplet lifetime and one much
the pulse length of the actinic pulse relative to the triplet lifetime. longer than the triplet lifetime. The difference in shape between
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e I B S S S B — heterogeneity in the domain sizes of PS2. This heterogeneity

39 | — N can enhance the effects observed here, and this can be
appreciated already from Figure 2. It is generally assumed that
I 1 two types of PS2 domains occur in chloroplasts, the so-called
38 | = o and§ centers. Thes centers are small domainm(= 1),

r and they give rise to exponential induction curves. The
centers are the ones that are responsible for the sigmoidal
R 371 T character of the induction curves. The observed induction
L . curves are the average of the two types. Due to their larger
size, the induction kinetics of the centers ih > 4) are more

36 / . S .
affected by ST annihilation, and this enhances the overall
change in shape of the induction curves.
35 .
| ' . ' ' ] Acknowledgment. This work was supported (for L.V. and
0 5 4 ‘ 3 10 V.C.) by Joint Grant ISFLithuanian Government No. LH6100.
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