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SUMMARY

The results of recent spectroscopic measurements on chlorophyll @ in bilayers
and lipid vesicles stimulated a re-examination of energy transfer in photosynthesis.
The Forster resonance transfer mechanism is believed to be applicable under reaso-
nable assumptions despite recent criticism. The Forster parameter was newly deter-
mined to be R,=65 A; previous uncertainty due to unknown transition moment
orientation can be avoided by assuming the black film dichroic result to be applicable
in vivo. The effect due to the still incompletely known thylakoid structure and chloro-
phyll aggregation is discussed qualitatively. Agreement with experimental fluorescence
lifetimes and quantum efficiencies may be obtained with a reasonable choice of
parameters.

I. INTRODUCTION

Chlorophyll a and its auxiliary pigments absorb light energy and transfer
979, of it to a reagent center, where water is split (System II) and the reducing agent
NADPH is produced (System I). In a dark reaction CO, is then incorporated into
sugar. About 3%, of the absorbed light is re-emitted as fluorescence. Emerson and
Arnold’s flashing light experiments have shown that there are about 2 500 chlorophyll
molecules per O, released, and there is evidence that 8 photons are required per O,
released, which then implies that we have 300 chlorophyll @ molecules per reaction
center (50 for bacteria). A detailed and elementary discussion of this subject may
be found elsewhere’ 2.

The decay time and yield of fluorescence depends either on the efficiency of
energy uptake by the reaction center®*, or on the time-required for light energy
to reach the reaction center?>~7, or possibly on both. Bay and Pearlstein and Pearl-
stein®7 discussed the second possibility using the Férster®:® theory of energy trans-
fer between adjacent pigment molecules by dipole—dipole resonance interaction.
Using somewhat extreme values, Robinson® was critical of applying Forster’s theory,
which assumes negligible back transfer of excitation from acceptor to donor molecule.
This will hold if the lifetime forthermal degradation is short compared to the Forster
transfer time between nearest neighbors. At a two-dimesional chlorophyll a separation
of 11 A both times are comparable®, and we are dealing with a boundary situation
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where the application of Forster’s theory (R™° rate) and Perrin’s theory (R™? rate)
are both doubtful'®. Thus, it is rather important to calculate R, in Forster’s theory®
with the highest possible accuracy. The calculation was previously done from ab-
sorption and fluorescence data of chlorophyll a in ether**-®7'°  In vivo data are
difficult to estimate due to the presence of several pigments, and absorption band
shifts due to interaction of pigment molecules with each other and with other mole-
cules of the medium!!. The present paper is motivated by four new developments:
(1) Recent bilayer (black film) experiments'*:!* showed that the red transition moment
of chlorophyll @ makes an angle Sy =236.5° with the plane of the bilayer. It will be
argued that the same is true in vivo, and the consequences of this assumption are
investigated in detail. (2) Recent experiments by the author'* determined the fluores-
cence and absorption parameters of chlorophyll a in lipid vesicles. This data should
provide, in combination with the black film experiments!?*!3, a better model system
than ether solution spectra, for a new calculation of Ry in Forster’s theory. (3)
Montroll'® derived expressions for the mean number of steps the excitation takes
in a random walk to reach the reaction center. This makes computer calculations®"’
unnecessary and gives roughly the same answers. Equal jump time to each nearest
neighbor was assumed. (4) Much recent work!®'!7 indicates that chlorophyll a
aggregation is important and may in fact account for most of the changes of in vivo
spectra compared to solution spectra. This has an important effect on energy
transfer to the reaction center.

1I. THE MODEL

Many different models have been proposed for the structure of the chloro-
plast thylakoids'8~2°. We shall assume a simple fluid lipid bilayer model??:23, in
which the globular proteins have little influence on energy transfer between chloro-
phyll molecules. The latter are assumed to be in the lipid bilayer (Fig. 1), anchored
at the membrane-water interface by the hydrophilic cyclopentane ring (V). Analo-
gous to the black film dichroism results'?’'? we shall assume that the red transition
moment makes an angle of §=36.5° with the membrane surface. The red transition
moment lies along the diagonal of the conjugated porphyrin ring (I to III in Fig. 2).
From blue dichroism in black films and the knowledge that the red and blue transition
moments are perpendicular®® it follows that the porphyrin head makes an angle
y=48° with the membrane surface’®>''*. We believe the same angular arrangement
is present in vivo, since it provides the simplest explanation for the weak dichroism
in all but the 695-nm absorption band*'>2%, We do not necessarily believe the bilayer
model assumed (Fig. 1) to be the correct one. The difference between the assumed
model and those advocated by Calvin** or Kreutz*, is only important for the com-
paratively small transfer across the plane of the membrane, to be discussed in section
VI. The major energy transfer to the reaction center is in either case a two-dimensional
problem. The still disputed point is whether to believe a lipid thickness of 40 A
obtained from electron microscopy??, or a 21-A thickness obtained from X-ray
scattering®!. No use was made of the quantasomes® !8:27 introduced by Park on the
basis of electron microscopy; they may be artifacts'®.
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Fig. 1. Lipid bilayer model. According to Muelhethaler2? the lipid molecules form a bilayer 40 A
thick. The coiled up spherical proteins (60 A diameter) are immersed about 20 A into the lipid.
We have also shown chlorophyll molecules with their porphyrin head at an angle of 48° to the
membrane surface and their phytol chains perpendicular to the surface.

Fig. 2. Structure of chlorophyll a. The molecule is believed to be anchored by the group V (cyclo-

pentane ring) to the water—lipid interface; the red transition moment points from ring I to III
and makes an angle of 36.5° with the membrane surface.

III. THE PAIRWISE ENERGY TRANSFER RATE (F'RSTER’S THEORY)

This pairwise energy transfer rate by dipole-dipole resonance interaction
between two molecules distance R apart may be written in the form®-1°

1 1 [Ry)\®
rJ—tO<R> 1
Here

2 2
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@

Assuming a mirror image between red absorption and fluorescence band the overlap
integral takes the form®-°

J, = [Le(v)e(2vo—v)dv 3)
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Here ¢ is the extinction coefficient (I-mole™*-cm ') on a wave number scale (cm™?),
n the index of refraction, ¢ the velocity of light, N’ =6.023 102° molecules* mmole ™,

and », is the mean wave number of the absorption and fluorescence peak.
K?=2m) " 2[fdydy’ (cos ¢,q—3cos p,cos da)* @)

becomes an average over dipole directions for the energy acceptor (a) and donor (d),
with ¢, the angle between them and ¢,, ¢, the angle each one makes with the line
connecting them. K2 can vary between O and 4 and has the value 2/3 for a complete-
ly random arrangement®®. Many expressions in the literature differ from Eqn 2
by a factor of = or 2z and are in our opinion in error (see also ref. 27). Forster ob-
tained the value Ro=80 A (J,=2.1-10'? cm*®-mmole™?) for chlorophyll a at low
concentration in ethyl ether®:®. More recent estimates®*''° use the shorter natural
lifetime 7,=15.2 ns, and obtain R,="70 A under the assumption of three-dimensional
random dipole directions?:¢-1°.

Using the model outlined in Section II and Fig. 1, where the red transition
moment is free to rotate, while maintaining an angle of g with the plane of the
membrane we obtained for an average over dipole directions (Eqn 4)

K*=sin*B+4cos* )

Using the black film result'?:'* 8=36.5° one finds K*=0.647, which is quite close
to the completely random value of 2/3. We shall neglect for the present, transfer
between chlorophyll a molecules across the plane of the bilayer (see Section VI).

The overlap integral J, (Eqn 3) was re-evaluated using spectra of chlorophyll a
in lipid vesicles recently obtained by the author'*. For comparison the calculations
were also performed on spectral data from chlorophyll @ in ether and ethanol, where
our data is in close agreement with previous work'#'2°, Let us assume a Gaussian
line profile, which gives a good fit to the fluorescence and the red absorption band
down to 0.1 of peak height. Thus

(V) =enexp {—3a’(v—v,)*} (6)
and from Eqn 3
Jv = sz(\/ 7T/“) eXp {_ OCZVSZ/4} (7)

where ¢, is the extinction at the absorption maximum v, (cm™?), v, the Stoke shift,
and «a=(2 In 2)*/v,. For the half width at half peak height v, the high energy side
was taken for the fluorescence band and the low energy side for the absorption band.
Both agree within 109, from each other and also from the slightly wider halfwidths
on the low energy side in fluorescence and high energy side in absorption. The rele-
vant values together with the calculated J, (Eqn 7) are given in TableI. R, (Eqn 2)
was then calculated using an index of refraction for the lipid® of n=1.45, a lifetime'®
7o=15.2 ns and K*=0.647.

IV. MEAN CHLOROPHYLL SPACING AND EXCITATION TRAPPING

Based on the dimensions of a quantasome, Bay and Pearlstein® used a mean
chlorophyll a separation in vivo of 11 A under the assumption of a two-dimensional
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TABLE 1

FLUORESCENCE AND ABSORPTION PARAMETERS, THE OVERLAP INTEGRAL
J, (EQN 6), AND THE FORSTER ENERGY TRANSFER PARAMETER R, (EQN 2) FOR
CHLOROPHYLL a

Parameter Ether Ethanol! Lipid vesicle
Absorption max., va (cmm—1) 15149 15056 14945
Fluorescence max., v; (cm™1) 14988 14872 14846
Stoke shift, v (cm—1) 161 184 100
Halfwidth, »; (cm—1) 188 232 260
Extinction coefficient &y (I- mole—!-cm—1) 85100 69400 62000

J, (1012 cm3- mmole—2) 1.59 1.35 1.43
Ro (A) 66.0 64.4 65.1

arrangement and 17 A in a three-dimensional arrangement. Neglecting for the moment
chlorophyll aggregation effects, we would prefer a value of 15+1 A for the mean
two-dimensional separation within one plane. This corresponds to an available
surface area of 200 A? to 250 A? per porphyrin ring, which is in agreement with
several estimates3®~32:2! and is consistent with chlorophyll making up 219, of the
lipid-soluble fraction of thylakoid membranes?!'2”. The differences between 15 A
and 11 A is important. Using 11 A and R,=70 A one obtains (Eqn 1) a nearest
neighbor transfer rate of 1/7;=4.4-10'? s~', which is of the same magnitude as the
vibrational relaxation rate (3-10'? s™1)33. Thus Robinson’s criticism3'1° of the appli-
cation of Forster’s theory is justified. However, with a mean spacing of 15 A and
R,=65.1 A (Table ) the nearest neighbor transfer rate is 0.44-10'* s™', which is
sufficiently below the vibrational relaxation rate to justify the application of Forster’s
theory. Now let us assume we have per reaction center N equally spaced chlorophyll
a molecules in a plane; effects due to chlorophyll aggregation will be considered in
the next section. Further we shall assume that the reaction center permanently traps
and utilizes the excitation energy with high efficiency, once it arrives there. This
may or may not be true'~%:1%33 Thus the fluorescence efficiency and decay time
depend on the mean trapping time

(=M1 ®)

wher (n) is the mean number of steps before trapping in a random walk. This pro-
blem has been discussed in two dimensions for a square lattice by Pearlstein’ and
Robinson®; and Knox3# has treated it for square and triangular lattices by direct
machine inversion of the transfer matrix. More recently Montroll!® has solved the
problem in terms of an asymptotic series in 1/N. For the special case of equal proba-
bility for a random walker to go to any nearest neighboring point on a given step,
he finds for a square lattice

(ny=n"'NInN+0.19506 N 9)

plus higher order terms which we shall neglect. In the region of interest Montroll’s
expression is in close agreement with machine computations. For example for N =324,
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a reasonable value for plants, we obtain {(n)=659 steps from Eqn 9 compared to
670 steps from machine computation by Robinson®. For N=50, a likely value for
bacteria, the corresponding numbers are 72 and 74 steps, respectively.

Using N=300 and a nearest neighbour transfer rate of 0.44-10'? s~ the mean
trapping time (Eqn 8) is {ty>=1.37 ns, and the corresponding fluorescence efficiency
¢ =100{71)/T9=9%. These values are considerably larger than previous estimates®
and closer to in vivo experimental values of fluorescence lifetimes, which range from
0.4 to 2 ns, and fluorescence efficiencies of 3 to 69,+%-33, In fact the calculated values
are somewhat large in view of the fact that the calculation assumes all traps open,
a situation which corresponds to the minimum values of both {z;> and ¢.

V. THE EFFECT OF CHLOROPHYLL AGGREGATION

Let us now take into account that the chlorophyll molecules are not located
on a lattice corresponding to the mean spacing. A proper treatment using the correct
chlorophyll distribution, even if it were known, would seem too difficult mathemati-
cally. The red absorption band of chlorophyll @ in vivo may be separated into at
least three bands with maxima at 673, 683 and 695 nm!-2-11:17.21.33 There is strong
evidence that this multiplicity of peaks is due to chlorophyll aggregation, rather than
different interactions with lipids of proteins’**7*2!:33_ There is general agreement that
the 683-band is due to a dimer?!*** and the 695-nm band may be a stacked chlorophyli
polymer?!-35, Whether the 673-nm band is due to a different chlorophyll dimer?!,
or represents the monomer®?® is an important unanswered question. The suggestion
that the 673-nm band represents a dimer as well comes from the solution spectra
shift to 663 nm in many solvents?®, which may then be taken to represent the mono-
mer?!. In general about 20%, of the red absorption is in the 695-nm band; the ratio of
673-nm to 683-nm absorption may vary from 3:1 to 1:3 depending on plant and
growing condition!!'17,

For simplicity let us now assume that all the chlorophyll is in dimer form.
Placing 150 dimers per reaction center on a square lattice with twice 225 A? area
per dimer, one obtains a mean dimer spacing of 23.5 A instead of the 15-A monomer
spacing (Section IV). The excitation requires on the average 268 steps to reach the
trap (Eqn 9 with N=150). The overlap integral (Eqn 7) should not change too much;
thus if we use again R,=65.1 A and 7,=15.2 ns, we obtain a nearest neighbor trans-
fer rate of 0.30-10'' s™!, and a mean trapping time of 9 ns (Eqn 8). This trapping
time is too large by a factor of about 10, probably since the natural lifetime of chloro-
phyll a dimers is smaller than the monomer lifetime of 15.2 ns corresponding to a
smaller fluorescence efficiency®3-35,

VI. ENERGY TRANSFER BETWEEN TWO LAYERS

The transfer of energy from one layer to the next nearest layer may be impor-
tant since it might represent the possibility of energy transfer from System 1II to
System L. If we take the bilayer model (Fig. 1) with a membrane thickness®? of 40 A,
and assume the porphyrin center is on each side (15/2) sin 48° (A) inside the mem-
brane surface (Figs 1 and 2), then the effective thickness for energy transfer between
two layers is d=29 A. On the basis of the thylakoid model by Kreutz?! one finds
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d=76 A and from the model by Calvin®* d=162 A. The problem of the exact structure
of the thylakoid membrane probably still needs further clarification.
The energy transfer rate between two layers by the Forster mechanism is

W,=C 8 yp(p* +d*) " *dp=Cy,/4d* (10)

where C=2n07, 'R,® and g=density of chlorophyll monomer or dimer per unit
area, depending on the assumptions made regarding chlorophyll aggregation. p is
the distance in the plane of the membrane. The angular factor y is the K? given by
Eqn 4, and

7.=%(sin’ B+ cos® §)* (11)

Taking'?'!® f=36.5° for the angle the red transition moment makes with the plane
of the membrane we find y,=0.687 compared to an angular factor of y,=0.647
for transfer within one plane and an average value of 2/3 for a three-dimensional
random arrangement of chlorophylls. The ratio of across-plane to in-plane energy
transfer is then

W, IW;=(1a/7:) (ro/d)4 (12)

An upper limit for this ratio comes about from the assumption that all chlorophyll
is in dimer form (Section V), corresponding to a mean dimer spacing of r;=23.5 A,
and the smallest possible choice for the transfer plane separation of =29 A. In
this case the ratio is 0.46 and the across-plane transfer rate is relatively large. How-
ever for d=50 A across-plane transfer rate is already down to 5% of the in-plane
transfer.

ViI. CONCLUSION

We have followed through the assumption that the red transition moment
of chlorophyll a in vivo makes an angle of 36.5° with the membrane surface, as
observed!?’!? by dichroism in black lipid bilayers. This assumption is further strength-
ened by the weak red dichroism observed in vivo. Together with new spectroscopic
measurements on chlorophyll a in lipid vesicles, this enabled us to calculate a more
precise value (65 A) for the Forster energy transfer parameter, which is in the range
of previous estimates. Recent criticism of using the Forster theory is rejected on the
basis of previous choices for the chlorophyll nearest neighbor distance. Aggregation
effects will further improve the conditions for applying Forster’s theory to energy
transfer in vivo. With a reasonable choice of parameters one may fit the fluorescence
lifetime and efficiency data in vivo. However, a detailed comparison with experiments
is difficult due to present uncertainty about thylakoid structure and chlorophyll
aggregation.

ACKNOWLEDGEMENTS

The author would like to thank Professors L. N. M. Duysens, J. C. Goedheer,
W. Kreutz and P. Liuger for useful discussions. The award of an Alexander von
Humboldt Fellowship is gratefully acknowledged.



ENERGY TRANSFER IN PHOTOSYNTHESIS 327

REFERENCES

Neli- SRS I NV RNV S S

10

19
20
21

22
23

24
25
26

28

29
30

32
33

35

36

Rabinowitch, E. and Govindjee (1969) in Photosynthesis, Wiley, New York

Duysens, L. N. M. (1964) Prog. Biophys. Mol. Biol., 14, 1-104

Robinson, G. W. (1967) Brookhaven Natl. Lab. Symp. 19, 16-48

Paillotin, G. (1972) J. Theor. Biol. 36, 223-235

Bay, Z. and Pearlstein, R. M. (1963) Proc. Natl. Acad. Sci. U.S. 50, 1071-1078

Pearlstein, R. M. (1964) Proc. Natl. Acad. Sci. U.S. 52, 824-830

Pearistein, R. M. (1967) Brookhaven Natl. Symp. 19, 8-15

Forster, T. (1947) Z. Naturforsch. 2b, 174-182

Forster, T. (1951) in Fluorescenz Organischer Verbindungen, pp. 176-177 Vandenhoeck and
Ruprecht, Gottingen

Hoch, G. and Knox, R. S. (1968) in Phorophysiology (Giese, A. C., ed.), Vol. 3, pp. 225-251,
Academic Press, New York

French, C. S. (1960) in Handbuch der Pflanzenphysiologie (Ruhland, W., ed.), Vol. 5, pp.
252-297, Springer, Berlin

Cherry, R. J., Hsu, K. and Chapman, D. (1972) Biochim.Biophys. Acta 267, 512-522
Steinemann, A., Stark, G. and Lauger, P. (1972) J. Membrane Biol. 9, 177-194

Colbow, K. (1973) Biochim. Biophys. Acta, 318, 4-9

Montroll, E. W. (1969) J. Math. Phys. 10, 753-765

Katz, J. J. (1972) Adv. Food. Res. Suppl. 3, 103-122

Brown, J. S. (1972) Annu. Rev. Plant Physiol. 23, 73-86

Branton, D. (1968) in Photophysiology (Giese, A. C., ed.), Vol. 3, pp. 197-224, Academic
Press, New York

Lucy, J. A. (1968) in Biological Membranes (Chapman, D., ed.), pp. 233-288, Academic Press,
New York

Leslie, R. B. (1968) in Biological Membranes (Chapman, D., ed.), pp. 289-346, Academic
Press, New York

Kreutz, W. (1970) Adv. Bot. Res. 3, 53-169

Singer, S. J. and Nicolson, G. L. (1972) Science 175, 720-731

Muehlethaler, K. (1969) in Biochemistry of Chloroplasts (Goodwin, T. W., ed.), Vol. 1, pp.
49-64, Academic Press, New York

Calvin, M. (1959) Brookhaven Symp. Biol. 11, 160-168

Robertson, J. D. 1960) Prog. Biophys. Biophys. Chem. 10, 343-418

Goedheer, J. C. (1966) in The Chlorophylls (Vernon, L. P. and Seely, G. R., eds), pp. 147-184
Academic Press, New York

Park, R. B. (1966) in The Chlorophylls (Vernon, L. P. and Seely, G. R., eds), pp. 283-211,
Academic Press, New York

Drexhage, K. H., Zwick, M. M. and Kuhn, H. (1963) Z. Electrochem., Ber. Bunsenges. Physik.
Chem. 67, 62-67

Seely, G. R. and Jensen, R. G. (1965) Spectrochim. Acta 21, 1835-1845

Goedheer, J. C. (1957) Thesis, Utrecht

Thomas, J. B., Minnaert, K. and Elbers, P. F. (1955) Acta Bot. Neerl. 5, 315-321

Wolken, J. J. and Schwertz, F. A. (1953) J. Gen. Physiol. 37, 111-119

Clayton, R. K. (1965) in Molecular Physics in Photosynthesis, Blaisdell, New York

Knox, R. S. (1968) J. Theor. Biol. 21, 244-259

McRae, E. G. and Kasha, M. (1964) in Physical Processes in Radiation Biology (Augenstein,
G. L., Maeson, R. and Rosenberg, B., eds), pp. 23-42, Academic Press, New York

Lavorel, J. (1957) J. Phys. Chem. 61, 1600-1605



