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SUMMARY

Equations are derived from our model of the photochemical apparatus of
photosynthesis to show that the yield of energy transfer from Photosystem II to
Photosystem I, ¢y(1-y), can be obtained from measurements on an individual sample
of chloroplasts frozen to —196 °C by comparing the sum of two specifically defined
fluorescence excitation spectra with the absorption spectrum of the sample. Then,
given that value of @), the fraction of the quanta absorbed by the photochemical
apparatus which is distributed initially to Photosystem I, &, can be determined as a
function of the wavelength of excitation from the same fluorescence excitation
spectra. The results obtained in this study of individual samples of chloroplasts
frozen to —196 °C in the absence of divalent cations, namely, that @y ., varies
from a minimum value of 0.10 when the Photosystem II reaction centers are all
open to a maximum value of 0.25 when the centers are all closed and that « has a
value of about 0.30 which is almost independent of wavelength for wavelengths
shorter than 675 nm (« increases rapidly toward unity at wavelengths longer than
675 nm), agrees quite well with results obtained previously from comparative mea-
surements of chloroplasts frozen to —196 °C in the presence and absence of divalent
cations.

INTRODUCTION

A model for the photochemical apparatus of photosynthesis was developed
by Butler and Kitajima [1] in which the distribution of excitation energy bztween
Photosystem I and Photosystem II was specified by two types of parameters. The
initial distribution of the energy absorbed by the photochemical apparatus was
specified in terms of «, the fraction of the quanta delivered initially to Photosystem I,
and f, the fraction delivered to Photosystem II. It was alsc assumed that, following
the initial distribution of energy, some of the quanta in the § fraction going to Photo-
system II might be transferred to Photosystem I and a photochemical rate constant
term, Krgoy, was introduced into the equations to account for such an energy



231

transfer process. It was recognized in the initial presentation of the model [1] that
specific values for «, § and the yield of energy transfer from Photosystem II to Photo-
system I, @y, should be obtainatle from measurements of fluorescence at low
temperature.

The model was first tested in a study of the fluorescence of spinach chloroplasts
frozen to —196 °C in the presence and absence of Mg?* to determine if the expected
Mg?* regulation of energy distribution would be predicted from the fluorescence
measurements [2]. The results of that investigation indicated that Mg?* controlled
the distribution of energy by regulating both the initial distribution and the subsequent
transfer of energy from Photosystem II tc Photosystem I; « was 20 9 greater and
kru-1y was 909, greater when the chloroplasts were suspended in the absence of
Mg?*. Furthermore, there was sufficient information from the measurements made
on chloroplasts in the presence and absence of Mg?™ to calculate the absolute values
of «, B and @, ;. While the results obtained in that study of chloroplasts in the
presence and absence of Mg?* were very useful for showing how the energy distri-
bution could be regulated, the method for determining the values of the energy
distribution parameters required a comparative study in which conditions could be
varied so that both « and k) could be altered in a controlled manner. The purpose
of the present paper is to develop a method whereby the distribution of excitation
energy can be determined from measurements on a single sample and to compare the
results obtained from this method with those obtained earlier.

THEORETICAL CONSIDERATIONS

According to the model [1, 2] the equations for fluorescence from Photo-
system II and Photosystem I can be written as:
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F;; and F; were measured at —196 °C at 694 and 730 nm, respectively. I, is the
quantum flux absorbzd by the photochemical apparatus, ¢p; and @g;are the probabil-
ities that an exciton in the antenna chlorophyll of Photosystem II or Photosystem 1
will be emitted as fluorescence, @y, is the probability that an exciton in Photosystem
II will be trappzd by a Photosystem II reaction center, ¢, is the probability that an
exciton trapped by a closed Photosystem II reaction center will be transferred back
to the antenna chlorophyll of Photosystem II and A is the fraction of the Photo-
system II reaction centers that are open. It is apparent from Eqns. 1 and 3 that Fj;
and @r 1oy increase to the same relative extent as the Photosystem 11 reaction centers
are transformed from the open (4 = 1) state to the closed (4 = 0) state. F, also
increases from a minimum, Fy), level to 2 maximum, Fy,, level as the Photosystem
IT reaction centers close but all of this fluorescence of variable yield from Photo-
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system I, Fyy,, is due to the variation in the yield of energy transfer from Photo-
system I to Photosystem I. In higher plants, no fluorescence yield changes result
from the primary photochemical activity of Photosystem I [1,3]. (In red and blue-
green algae, however, photooxidation of P, 4, at — 196 °C does cause a small increase
in the yield of Photosystem I fluorescence [4].)

It is apparent from Eqn. 2 that F; can bz considered as a sum of two parts,
Fi(q), due to the direct excitation of Photosystem I, plus Fy,,, due to excitation of
Photosystem II with subsequent energy transfer to Photosystem 1. Fy, can bz
determined readily from measurements of F, and F, of Photosystem I and Photo-
system II.

F
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Eqn. 4 represents for any given wavelength of excitation the extrapolation of the
straight-line plot of F; as a function of Fy; (see ref. 5) back to the F, axis to determine
that part of F; which is due solely to o.

It will be convenient for purposes of calculation to introduce the terms ay
and fy which represent the fractions of Fyy, which are due to Fy,, and Fy,. (Previ-
ously [4, 5] we normalized the value of Fy,, on Fyq,. In the present work the normal-
ization will be on the basis of Fj., since excitation spectra can be measured more
readily at the Fy level. Thus, the term Fy,, will be understood to represent energy
transfer at the maximum @y g1y (u level.)
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It is apparent that:
Fiony = FytFypy = (an+Bn)Fim) (7)

The purpose of this theoretical treatment is to show that ¢y and o can be
deduced from measurements on a single sample. The excitation spzctrum for Fy,
can be obtained from Eqn. 4 with the F, and F; terms bzing the appropriate exci-
tation spectra. Given the excitation spectrum for Fy,,, the excitation spectrum of
Fypy can be obtained as the difference spectrum Fyy,—Fy,. Given these two
excitation spectra consider the sum:

Fpt 10 *th
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Substituting Eqn. 2 for Fyy and recalling that a--f = 1, we find:

FI(M)

F
Fioy+ —0 = Lok (8)
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Thus, we shall try to fit the absorption spectrum I, (measured on a linear photo-
metric scale) with a weighted sum of the excitation spectra, Fy,,+KF,,,, in order
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to find the value of K which gives the bast fit. This value of K will be taken as the
reciprocal of @11y o) Given the value of @ry.1) (), We should also be able to
obtain the wavelength dependence of « since:

F,
") ~ % — g ©9)
Fl(a)““FI(p)/(P'r(u—»l) M) a+p

The fitting of the weighted sum of the excitation spectra to the absorption
spectrum will be attempted only at wavelengths longer than 570 nm where we assume
that all of the absorbed light energy is absorbed by the photochemical apparatus. At
shorter wavelengths any light energy absorbed by carotenoid pigments which is not
transferred to chiorophyll is not included in I, i.e., pigments which do not transfer
their excitation energy to chlorophyll are not considered to be a part of the photo-
chemical apparatus. Thus, in the blue region of the spzctrum the absorption of light
by the chloroplasts may be greater than I,.

MATERIALS AND METHODS

Chloroplasts were prepared by methods described previously [6] and were
suspended in a reaction medium consisting of 0.4 M sucrose, 0.01 M NaCl, 0.05 M
Tris - HCI, pH 7.8. All measurements were carried out on 0.3 ml aliquots of chloro-
plasts (10 pg chlorophyll/ml) frozen to liquid nitrogen temperature which gave
samples approximately 2-mm thick in our vertical cuvette and Dewar system [7].

Spectral measurements were made with our computer-linked, single-beam
spectrophotometer [7]. For fluorescence excitation spectra, the monochromatic
exciting light was transmitted from the Cary Model 14 monochromator (0.4 mm
slits) to the top of the frozen sample with a fibzr optic light pips assembly [3] which
also transmitted the fluorescence from the top of the sample back to the phototube
of the spectrophotometer. Fluorescence was measured either at 694 nm (defined by a
filter system consisting of a Baird Atomic 694 nm interference filter with Corning
9830 and 2030 glass filters) or at 730 nm (Baird Atomic 730 nm interference filter
with Corning 2600 and 5031 filters). The passband of the monochromatic exciting
light was approximately 1.5 nm and the intensity of excitation was so low that the
measurement of the excitation spzctra at the minimum, F,, level did not alter the
fluorescence yield of the frozen sample. Fluorescence excitation spectra were mea-
sured at the F, level and the Fy level (obtained after a saturating irradiation with blue
light). The fluorescence excitation spzctra are corrected for equal quantum flux.

The absorption spectrum of the frozen sample was measured on a linear
photometric scale. The transmittance of the sample, T, was measured as the ratio of
photocurrent obtained with the frozen sample to that obtained with a frozen buffer
blank and the absorption spectrum, I,, was plotted as (1-—T).

The computer was used to calculate difference spzctra or ratio spzctra be-
tween various pairs of spectra and to multiply a spectrum by a constant and to take
the first derivative of a spectrum. The spzctra presented in the figures of this paper
were all plotted out directly from the computer from data measured on-line with the
spzctrophotometer.



234
RESULTS

Excitation spectra for Photosystem II fluorescence (measured at 694 nm) and
for Photosystem 1 fluorescence (measured at 730 nm) at the F, and Fy levels of
fluorescence at —196 °C are presented in Fig. 1. Excitation spectra for the fluores-
cence of variable yield are also presented as the difference spectra, Fy = Fy—F,.
The long wavelength limit of these excitation spectra is determined by the wave-
lengths at which the 694 and 730 nm filters begin to transmit.

We assume that all of the fluorescence measured at 694 nm is due to Photo-
system II so that all of the excitation spectra measured at 694 nm should have the
same shape. That assumption was examined in Fig. 2 by having the computer divide
two excitation spectra, Fy and Fy, and plot the ratio Fgosy)/Feoaqm) as @ function of
wavelength, The results show that that ratio is constant independent of the excitation
wavelength to within limits of about 1 9. (The same resuits were also obtained
when the excitation spzctrum for F, was used in the ratio.) Thus, the ratio of Fy/
Fivy in Eqn. 4 can b taken as a constant equal to 1.7 from the data in Fig. 2 and
F(s can be obtained from the excitation spectra measured at 730 nm. The model also
predicts that Fy, measured at 730 nm and at 694 nm should both be due to Photo-
system II excitation. The wavelength independence of the ratio F; 34(vy/Fsoacv) Shown
in Fig. 2 is consistant with this prediction. Thus, all of the factors in the second term
of Eqn. 4 are due solely to Photosystem II excitation. The excitation spectrum of
Fy presented in Fig. 3 was obtained from the computer by the operation stated in
Eqn. 4, i.e., the excitation spectrum of Fyy, (see Fig. 1B) was multiplied by 1.7 and
subtracted from the excitation spectrum of Fyy,. The excitation spectrum of Fyg,,
also shown in Fig. 3, was obtained as the difference spectrum Fy,— Fq)-

It was decided that the most sensitive criterion by which to fit the curve of
Fy(»y+KF), to the absorption spectrum would be to match the curves for the wave-
length position of their maxima (the wavelength maximum for I, lies between the
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Fig. 1. Excitation spectra of fluorescence from spinach chloroplasts at —196 °C measured at the Fq
and Fy levels. The excitation spectra for Fy were calculated from the difference spectra Fyy—Fo. A.
Excitation spectra for fluorescence measured at 694 nm. B. Excitation spectra for fluorescence
measured at 730 nm.

Fig. 2. Ratios of the fluorescence excitation spectra from Fig. 1. The ratio Fega(v)/Feoam) has a well-
defined value equal to about 0.6. The ratio F73o(v)/Fesoacvy is plotted in a relative scale since the
absolute value of the ratio will depend on spectral sensitivity of the phototube. The two ratios, how-
ever, are plotted on the same relative sensitivity scale.



235

RELATIVE FLUORESCENCE INTENSITY

| L 1 L L

. 1
600 700 650 700
WAVELENGTH nm WAVELENGTH nm

Fig. 3. Excitation spectrum of Fy, calculated by the computer by the operation stated in Eqn. 4.
Excitation spectrum of Fyg, calculated as the difference spectrum Figny — Figgy-

Fig. 4. A comparison of the negative of the first derivative of the absorption spectrum, I,, with the
first derivative spectra of Fy, - KFyg). Different values of K are examined to find the value (K = 4)
such that derivative of the sum of excitation spectra crosses the zero line at the same wavelength as
the derivative of the absorption spectrum. The absorption spectrum, 7,, was measured on a linear
photometric scale.

maxima of Fy, and Fyg). Thus, the negative of the first derivative of I, was
plotted (see Fig. 4) and different values of K were tried to find a value such that
the first derivative of Fy,,+KFy,, crossed the zero line at the same wavelength as
the first derivative of the absorption spectrum. The family of curves for the first
derivative of Fy,+KFy, tended to be somewhat confusing because of overlaps
near the zero line so that, for presentation in Fig. 4, each curve was divided by X.
This division process changes the magnitudes of the derivative curves but not the
positions where they cross the zero line. The family of curves shows that our curve
matching criterion is satisfied most closely when K = 4. These same measurements
and analysis procedures were repeated on several different chloroplast samples
prepared on different days and in each case a value of K of 5 was detectably too large
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Fig. 5. A comparison of the absorption spectrum, I,, (sofid line) with the weighted sum of excitation
spectra, Fiq+4Fig (dotted line).

Fig. 6. Spectral dependence of ay calculation as the ratio Fy,)/Fiu). Spectral dependence of « calcu~
lated by Eqn. 9 using a value of 0.25 for @rai~n -
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and a value of 3 was detectably too small. Thus, this criterion of matching the wave-
length maxima indicates a value of @r(joyy (my Of 0.2510.05. We also estimate from
the ratio that Fyay/Foy is 2.4 (since Fyomy/Fuevy = 1.7) that @rqiayy oy is 0.10. A
comparison of the absorption spectrum of I, and the sum of the excitation spectra
Fyoy+Fypy/@rai-1 oy using a value of 0.25 for @1y vy is shown in Fig. 5 as the
solid and dotted curves, respectively.

The values and wavelength depzndencies of oy and « are shown in Fig. 6.
The spectral distribution of ay was plotted as the ratio of Fi,/Fy, according to
Eqn. 5. The spzctral distribution of « was calculated and plotted (by the computer)
according to the opzrations indicated in Eqn. 9 using a value of 0.25 for @yqi-1) uy-
o can also be calculated from ay according to Eqn. 5

Prar-n (AN
1-(1 —PTar-1 (M))“N
At wavelengths shorter than 675 nm oy is approximately 0.63 and « is approximately
0.3 and both are practically independent of wavelength. At wavelengths beyong 675
nm ¢ rises steeply as Photosystem I becomes the dominant absorber in the photo-
synthetic apparatus.

DISCUSSION

The values of @y and o reported here from measurements on individual
samples of chloroplasts frozen to —196 °C in the absence of divalent cations are in
close agreement with the results obtained earlier from comparative studies of chloro-
plasts frozen to —196 °C in the presence and absence of Mg2*. The earlier studies
[2] indicated that g5y for chloroplasts in the absence of Mg** varied from a
minimum value of 0.12 when the Photosystem II reaction centers were all opzn to a
maximum value of 0.28 when the centers were all closed and that & was 0.32. The
comparable values from the present study are 0.10 for @y 1) (o) 0-25 for @y
and 0.30 for «.

The two studies used different methods to estimate @ 1y. The earlier work
required comparative measurements of fluorescence made in the presence and absence
of Mg?* which altered both « and the rate constant for energy transfer, kyai-n-
The present method derives the necessary information from the absorption and fluo-
rescence properties of a single sample of chloroplasts at —196 °C. The close agree-
ment between these two methods indicates the general validity of both methods and
further substantiates the model of the photochemical apparatus from which the two
methods were derived. The close agreement, however, does not rule out the possibility
that systematic errors in the measurement may affect the results of both methods. It
was pointed out previously [5] that an overlap of fluorescence emission bands in the
692 nm region (where Photosystem II emission was measured) would tend to result
in values of a which were too low. The same uncertainties apply to the results re-
ported here so we assume that the method reports a minimum value of a.

The comparative method based on a divalent cation induced change of
k1) probably gives a more sensitive and reliable determination of @y, than
the method based on the curve fitting of absorption and fluorescence excitationspzctra,
at least for spinach chloroplasts. It is apparent that the curve fitting procedures will
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be effective only in spectral regions where the excitation spzctra of Fy,, and
Fy are appreciably different. Since Fy,, and Fy,, are proportional to «f, and
BI,, respectively, these procedures will be applicable for spinach chloroplasts
only in the long wavelength region where the wavelength dependencies of «
and B are appreciably different. In the work reported here we chose as our
criterion for curve fitting the position of the long wavelength maxima and we used
the first derivatives of the curves to achieve a higher degree of sensitivity. However,
the curve fitting procedures would be more sensitive to the value of @gq.yy with
samples which had a stronger wavelength depzndence of « and § across the spzctrum.
A spzcial case of the general procedure was used previously [8] to determine @y
for individual samples of the red alga, Porphyridium cruentum, in which o shows a
marked wavelength depandence across the visible spectrum [4]. We also look for-
ward to using these procedures to examine the distribution of excitation energy in
dark grown bean leaves which have bzen partially greened by a series of brief flashes.
We expect that these leaves will show a greater variation of « and B with wavelength
than mature chloroplasts because they lack the light-harvesting chlorophyll a/b
protein which appzars to buffer out the changes of a which would otherwise arise
from differences in the absorption sp:ctra of Photosystem I and Photosystem II
units [5].

The curve fitting procedures are not applicable in the extreme long wavelength
region beyond 700 nm bzcause of the presence of an excitation band at about 705
nm for the 730 nm fluorescence. This excitation band is due to a spzcies of chlorophyli
denoted previously as C-705 (9) which absorbs in the 705 nm region (note the
shoulder between 700 and 720 nm in the absorption spzctrum in Fig. 6) and emits
at 730 nm at —196 °C. C-705 appears to act as a trap for the excitation energy in the
antenna chlorophyil of Photosystem I. It is apparent from our attempt to match the
absorption spectrum of I, with the weighted sum of the excitation spzctra in Fig. 6
that the yield of 730 nm fluorescence is greater when C-705 is excited directly than
when the antenna chlorophyll of Photosystem I is excited. However, the amount of
C-705 is quite low relative to the main bulk of the chlorophyll so that the effects of
the direct excitation of C-705 are apparent only at wavelengths longer than 700 nm.
We conclude that our model for the photosynthetic apparatus and the equations which
are the essence of that model are valid for excitation wavelengths up to 700 nm. We
could modify the model to accommodate the spzcial role of C-705 in Photosystem I
fluorescence but such modifications do not appzar to be essential at this time.
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