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The i ity of delayed lumi from wild-type Scenedesmus obliquus was used to refine a previous
determimﬁon(Mnrchiamllo,M.A and Ross, R.T. (1981) Biochim. Biophys. Acta 636, 254-257) of the

ergy in Photosy 11, which we find te be 0.52 eV under physiological conditions. Similar
measwementsweremmleofﬂneverywuklmnmmmefwmanummdeﬁuemhphstoqﬁnone&
originally with the expectation that this lumi would be from Photesystem L. However, the action
spectrum for excitation of mutant luminescence is that of Photosystem I There is no measurable change in
the properties of the mutant lumi with ch in excitation wavelength extending to 708 nm,
leading us to conclude that Photosystem I contributes less than 5% of the emission 10 ms after excitation.
‘This limit on the intensity of emission from Photosystem I places an upper limit of 0.69 eV on its

free-energy difference.

Introduction

Diagrams of the photosynthetic electron trans-
port chain often position its components accord-
ing to their standard, or midpoint, electrode
potentials {1]. In such a diagram, the free-energy
input from a qu of light is rep d as

have been interested in an alternative method of
deteriining the free energy captured by PS 1.
The free-energy difference between the ground
and an excited state of any photochemical system,
at any instant, is a known function of the intensity
of luminescence emitted by the excited state. Thus,

the difference b the dard p ials of
the primary donor and the primary acceptor {2},
The redox properties of the donor and acceptor
sides of PS I [3] are better known than those of PS
11 {4). However, little is known about the actual
working potentials of these donors and acceptors,
which are likely to differ from the standard poten-
tials by 0.10 V or more. As a qr we

ing the 1 intensity allows one
to compute the free-energy difference of any sys-
tem at any time [5]

In the p! Y ic app back

of the energy storage pathway of PS II leads to
luminescence which can be measured for hours
after the ofill ination (reviewed by
Govindjee and J [6] a.nd J ic [7]). If one
that most del itted

Abbreviations: PS 1, Ph

LPSILP 1.
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by the photosynthetic apparatus is from a homo-
geneous population of Photosystem II centers,
then direct of the i ity of
luminescence, with appropriate calibrations, per-
mits simple evaluation of the free-energy dif-
ference. With this assumption, we have previously
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found that PS II of the green alga Scenedesmus
quadricauda has a free-energy difference of 1.0 eV
when illuminated by light in the physiological
range of intensities [S].

In this paper, we present work from mutam
No. 11 of S. obliguus, deficient in p ne

edge, or as a change in emission spectrum with
time following illumination (reviewed by Lako-
wicz [16]).

For the purpose of the remainder of this sec-
tion, we shall assume that equilibration is achieved.
If this ption is correct, then the excited state

A, whose very weak luminescence we have used to
place an upper Emit on the amount of free energy
generated by Photosystem I. We measured the
luminescence from 7 ms to 2.5 s after cessation of
the actinic light.

The first report of possible PS I luminescence
was by Bertsch et al. [8], using the same Scene-
desmus mutant. Under their experimental condi-
tions, the intensity of luminescence from the
mutant was 250-times less than that from wild-type
algae, suggesting that PS I luminescence is at most
several hundred times weaker than PS II lumines-
cence. Most other attempts to see PS I lumines-
cence in vivo have found it to be below the limits
of detection [9,10], although there have been occa-
sional claims that PS I luminescence is visible in
vivo under particular circumstances [11-13).

Despite the difficulty of seeing PS I lumines-
cence in vivo, it has been reported from isolated
particles. Shuvalov [14] reported emission with a
lifetime of 20 ms. Sonneveld and collaborators
[15) measured a component of luminescence in the
microsecond range associated with recombination
from P-700* and reduced acceptor A~.

Theory

The emission properties of an excited electronic
state are usually independent of how it was d

has the well-defined thermodynamic properties
characteristic of all equilibrated systems, such as
free energy. Furthermore, since both the ground
state and excited state have internal equilibrium,
the fi gy diffe b them must be
independent of the path joining them.

From this reasoning, the free energy provided
by the light-driven step of a photochemical pro-
cess is equal to the free energy of the non-radia-
tive process

Pw=P* (O]

where P and P* are the ground and excited states
of the pigment. This free-energy change is given
by the Nernst equation as

AG = AG® + kT In([P*)/[P)) )

The radiative transition from P* to P is accom-
panied by 1 with the i y of this
emission proportional to the concentration [P*],
Thus, the free energy of the transition varies as
kT In (luminescence intensity).

Using a similar but more formal and general
line of reason.mg [5,17-19), one can establish a
rel the i ity of lumi
and the free energy of the light-driven transition.
This relationship requires only equilibration within
the electronic states for its validity.

This is because the lifetime of most molecular
ited states is sufficiently long that there is time
for all the substates to reach equilibrium prior to
emission.
Although excited-state ethbrauon is the usual

there is i i lete equi-
hbrauon of aromatic molecules. Most often this is
b the ies of the el states de-
pend on i ions with sur di 1

which do not equilibrate within the fluorescence
lifetime. The lack of equilibration is observed as a
change in emission spectrum or emission kinetics
upon excitation at the long-wavelength absorption

The | equation for the fr gy ch
is simply [5]:

4G = kgT In(Rum/Ribem) (&)
where R, is the rate of luminescence, and R jerm
is the rate of transitions occurring, in either direc-
tion, due to absorption of thermal black-body
radiation,

Ryerm= [Iin(Myo(A) dA @

where o(A) is the absorption cross-section at A,



and Iy, (M) is the intensity of radiation emitted by
a black-body at the ambient temperature:

Toy(A) =8mncA~*[exp(hc/AkgT)—1]"" )

If the sample does not absorb and emit light
equally in all directions, e(A) must be averaged
over solid angle and polarization.

Accurate measur of absol o(A) can
be difficult or not possible, but AG can still be
evaluated accurately using the following set of
equations. First, we note that for any specimen in
a particular instrument,

Y=9Rym ©)

where Y is the luminescence signal recorded by
the instrument and 7 is a measure of the sensitiv-
ity of the instrument. Second, we note that for a
photoluminescent specimen, one which luminesces
as a direct consequence of illumination, the rate of
luminescence may be written as

Riun = $1um [ I (W0 (M) X )

where ¢, is the q yield of k
and I, is the i ity of incident ill
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A material with high fluorescence quantum
yield may be used as the reference, so there is no
experimental difficulty in using a reference speci-
men which is optically thin at all lengths of
interest. However, with a sample having very weak
luminescence, one may need a high optical ab-
sorbance in order to get an accurately measurable
signal. Fortunately. the conflict between high opti-
cal absorbance for good sensitivity and low optical
absorbance for accurate use of absorbance in Eqn.
8 is not so great as it may at first appear, because
most of the i 1 of Eqn. 4 applies to wave-
lengths at which the ahsorbance is relatively low.

Through the K d-S jationshi
[20,17} the integrand of Eqn. 4 is also the emission
spectrum.

o(M)Iyw(A)=F(A) ®

where F(A) is the emission in relative quanta per
second per wavelength interval. By definition, this
integrand is largest at the wavelength of the emis-
sion peak. The left side of Eqn. 9 is evaluated
from a short wavelength, at which its value has
become quite small, out to the longest wavelength
at which the absorbance can be measured. The
right side of the equation is evaluated over the

Combining Eqns. 6 and 7, one may then in princ-
iple evaluate n for an instrument by using a
reference specimen having a known quantum yield.
However, this evaluation need not be done ex-
plicitly. Rather, Eqn. 6 may be applied to both the
sample (s) having unknown AG and to the refer-
ence (r) having known quantum yield. Then, sub-
stituting in Eqn. 4 for the sample and Eqn. 7 for
the reference, we find that

r jlma"dl

Rigm

ywtal ®

mv'jl,,,,o‘dx

for the sample, which may then be used in Eqn. 3
to find AG. If the sample and reference have the
same geometry, any quantity proportional to a(A)
may be used in its place. In optically thin speci-
mens, absorbance is proportional to cross-section,
so that absorbance may be used in Eqn. 8.

length range in which emission can be mea-
sured. A fit of these two curves, weighted for the
relative reliability of individual points, determines
the best scaling of the right side and the best
estimate of the integrand. The resulting value of
Ry Will have an error of about 20% for a
typical aromatic molecule, with a consequent error
in AG of 0.2 kgT [19].

Eqns. 2-4 hold both in the presence and in the
absence of external illumination. The intensity of
emission during illumination, or during the firsi
few nanoseconds following illumination, can be
used to determine the AG between the ground and

ited state of pign inthep of actinic
light. 1 ps or more after any actinic illumination
has ceased, any detectable pigment luminescence
must be from excited states which themselves have
a much longer lifetime than the several nanose-
conds of a typical singlet state, or which have been
populated from long-lived states.

Any photochemical system with high energy-
conversion efficiency must erait luminescence from
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excited pigments which have been repopulated by
reversal of the energy storage pathway [18]. At a
time At after illumination, luminescence is due
primarily to back reaction of energy-storage inter-
mediates which have pseudo-first-order reverse
rate constants near to 1/4¢. The intensity of this
luminescence is thus a fairly accurate measure of
the AG between chemical intermediates which are
a ‘distance’ Ar on either side of the light-driven
step.

In a thermod Hy ideal photochemical
energy converter, all energy-storage intermediates
derived from the excited state are in equilibrium
with the excited state, so that the population of

lar, if not identical, to the spectra of delayed
luminescence from the same photosystems, and
may thus be used as reference spectra in the
search for delayed emission from PS I. Applica-
tion of the Stepanov relationship to the spectra
obtained by factor analysis indicated that PS II is
at, or very near to, thermal equilibrium at the
ambient temperature and also suggested that PS I
may not be well-equilibrated. Despite some con-
cern about the quality of equilibration in PS I, we
will proceed because no other method for evaluat-
ing the free energy is available.

Material Methods
and

the excited state is held constant, with a conse-
quent constant luminescence, until the concentra-
tion of these storage intermediates changes. How-
ever, previous measurements [5,9] of luminescence
from PS II have shown that the intensity of
luminescence a few ps after illumination is about
200-times less than the intensity of the lumines-
cence during illumination, showing that fairly early
energy-storage intermediates are about kg7’ In
200 =0.14 eV out of equilibrium with the average
free energy of the pigments responsible for fluo-
r during ill ion. Part of this drop
occurs b the pig and the
reaction center, and is due to the finite rate of
energy t fer to the r center pared to
the rate of fluc from the ant; The rest
of the drop appears to occur between the reaction
center and intermediates which appear in nanose-
conds, and may be due to a loss pathway such as
the tunneling of a radical-pair intermediate back
to the ground state.

There are two major issues confronting us as
we attempt to apply che theory just presented to
Photosystem 1. First, does the excited state of this
photosystem have the equilibrium required for
apphcauon of the theory" Second, how do we

PS1 ion in the p of stronger
PS II emission?
Attempting to answer both of these q

Normal and mutant cultures of the algae S.
obliquus were purchased from The Culture Collec-
tion of Algae at the University of Texas. The
wild-type (UTEX 393; known as Gaffron’s D-3,
from Emerson’s laboratory) was grown in a
modified Kessler’s medium [22], with continuous
illumination from a bank of fluorescent lights
{General Electric, cool white) at an intensity of 1
W/m® at 26°C. Mutant No. 11 (UTEX 2016)
produced by Bishop [23], and deficient in plasto-
quinone A [24], was grown heterotrophically in
the dark with the Kessler’s medium supplemented
by 0.5% glucose and 0.025% yeast extract [25].
Cells used for experiments were harvested in their
logarithmic phase, pelleted, washed twice, and sus-
pended in fresh media with 0.5% methyl cellulose
added to inhibit settling during luminescence
measurcments,

Illumination was provided by a 100 W tungs-
ten-halogen lamp, with wavelength selection ob-
tained using a 3.2 cm water filter followed by
colored-glass and interference filters. Most
measurements used Corning 3-67, 4-96 and 4-97
colored-glass filters and a Ditric 580 nm short-pass
interference filter; this actinic light had peak in-
tensity at 564 nm with a half-bandwidth of 24 nm.
Excitation intensity was controlled with two cir-

Marchiarullo and Ross [21] used an algebraic
technique known as factor analysis or principal
components analysis to rmlve mathematically the

fl ion and emission spec-
tra of PS I and PS II in intact systems. The
spectra obtained by this technique should be simi-

cular I density wedges (Kodak).

An integrating sphere was used to illuminate
the samples with maximum uniformity and to
collect emission efficiently. This sphere was 25
mm in diameter, with left and right halves
machined out of matching blocks of poly(tetrafiu-
oroethylene) (Teflon). The assembled sphere had



three apertures: one at the top, 10 mm in diame-
ter, to hold the sample tube, and two side aper-
tures of 6 mm each, at right angles, facing the
center of the optical paths for excitation and
emission.

The 1.0 m! samples were held centered on the
vertical axis of the spheic as a cylinder of 8 X 23
mm, in a sample tube made of 10 mm quartz
tubing. Samples had an absorbance of 0.15-0.20
cm™! at 680 nm, measured in the scattered trans-
mission accessory of a Cary 118 spectrometer,
with apparent absorbance at 300 nm subtracted to
correct for residual scattering loss.

During 1 measur the inten-
sity of the exciting light was determined with a
photodiode (Hamamatsu $1226-5BQ, connected
to a Keithley 610C Electrometer) attached to the
side of the integrating sphere. The spectral sensi-
tivity of the photodiode was cahbrated by Mark
Tirpack [26]. The relati photodiod
readings and total effective lxght mtenslty on the
sample tube was determined with chemical
actinometry, using Reinecke’s salt [27].

Light emitted by the sample was collected with
f/0.7 optics through a Corning 2-60 colored-glass
filter. This filter has an absorbance of 1 below 625
nm and was used to reduce the amount of
luminescence from parts of the instrument itself
which hed the d The emission was

d with a ph -counting photomultiplier
tube (Hamamatsu R943-02) cooled to —20°C to
reduce the dark-counting rate to 5-15 s~'. The
absolute efficiency of the detection system was
determined using cresyl violet as a fluorescent
standard of known quantum yield [28]. Photon-
oounnng pulses from the PMT were stored in a

(C dore-64) in 250 bins, each
of width 10 ms.

Both the excitation and emission optical paths
were equipped with an electro-mechanical shutter
(Uniblitz, Vincent Assoc.). The sample was sub-
jected to alternating periods of 6.0 s with illumina-
tion and 4.0 s darkness. Samples were adapted to
this light regime for 10 min before the start of
data collection, which then continued for several
hundred cycles. The emission shutter was opened
just after the excitation shutter was closed, and
was then closed for a 1.0 s measurement of back-
ground counting rate prior to the next period of
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illumination. Data collection began 7 ms afier ths
excitation shutter was half-closed; a small spuri-
ous signal, due mostly to luminescence from glass
parts of the instrument, was observable for an
additional 50 ms.

Action spectra for excitation were obtained
using interference filters having bandwidths of
9-12 nm for half-maximum transmittance. For
each filter, the luminescence was observed at three
or more different excitation intensities. Interpola-
ticn on a log-log plot of emission intensity vs.
excitation intensity was use to identify the excita-
iion intensity producing the emission intensity
chosen as the criterion for equal action.

The relative shape of emission spectra were
compared by measuring intensity using only the
Corning 2-60 filter, and with the addition of Schoit
colored-glass filters having cutoff wavelengths of
695 and 715 nm.

Results

Fig. 1 shows the intensity of delayed lumines-
cence as a function of exciting light intensity. The
top two curves show the behavior of the wild-type
at two different average delay times after the
shutter was closed. The two lower curves show the
corresponding behavior of the mutant.

The vertical scale on the right side shows 4G
for the light-driven step, calculated from Eqn. 3
with Eqns. 4-6, assuming that emission is entirely
from PS II, that 63% of the absorbance a2t 680 nm
is due to PS II, and that the action and emission
spectra are as described in Marchiarullo and Ross,
{21] and Melis et al. [29]. If the emission were
entirely from PS I, then the AG scale would be
shifted downward by 0.06 eV.

The two curves in Fig. 1 for a particular culture
diverge at high light intensity because of the more
rapid rate of decay of relative luminescence inten-
sity under this condition. The two wild-type curves
have a greater separation than the two mutant
curves, showing that the wild-type has a larger
rate of decay in the 1 s time region.

For simple enzyme kinetics, a log-log plot of
velocity vs. substrate concentration will have a
slope of 1/2 when half of the catalytic sites are
occupied and the velocity is half of the maximum.
For the 20-250 ms curve of the wild-type, the
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Fig. 1. Intensity of delayed Juminescence from Scenedesmus as a function of exciting light intensity. Both axes are calibrated for

absorption cross-section in dilute solution at 564 nm. Upper two curves, wild-type; lower two curves, mutant No. 11 deficient in

plastoquinone A. Upper curve of each pair represents the average intensity 20 to 250 ms afrer illumination; lower curve, 1.510 2.5 s
after iliumination.

log-log plot of Fig. 1 has a slope of 1/2 at an
excitation intensity of 8 - 10'* photons - cm ™2 -5~
which is equivalent to 0.3 W /m?; this “half-satura-
tion intensity’ will be used as a standard in further
discussion. Both curves for the mutant have a
slope of 0.5 at an intensity of 7-10" photons -
cm~257", and the 1.5-2.5 s curve for the wild-type
has this s&ope at an inter sity of 1-10'® photons -
cm~Z-s

At an excitation intensity of 0.3 W/m?, the
intensity of emission from e wild strain 10 ms
after excitation corresponds to a free-energy
change of 0.99 eV. The intensity of emission from
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$
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Fig. 2. Action spectra for wild and mutant No. 11. Action
spectra normalized to 680 nm. The average for three different
times from the decay curves (10 ms, 500 ms and 2.0 5) was used

for each point in the graph.

the mutant is 310-times less than that from the
wild strain, Were this emission due entirely to PS
11, it would correspond to a AG of 0.83 eV; were it
due entirely to PS 1, it would correspond to a AG
of 0.77 eV.

Fig. 2 p the long: length action
spectra of mutant and wild samples. The dif-
ference shown is ciose to the experimental error.

Table I shows the relative emission in different
wavelength bands fror: mutant and wild samples
following excitation at different wavelengths. Our
estimate of the emission from PS I is based on the
assumptions (1) that all of the delayed emission

TABLE {

RELATIVE EMISSION FROM WILD AND MUTANT NO.
11 WITH DIFFERENT WAVELENGTHS BANDS

Fraction passed by cutoff filter

excitation  emission

(nm) cutoff filter (nin)

695 s

Wild delayed 564 042 023
Wild prompt 564 051 0.27
Estimated PS 1 564 0.60-0.72  0.31-0.36
Mutant delayed 564 0.50 G.32

670 0.59 0.26

688 046 0.27

708 0.61 025




from the wild sample is from PS II and (2) that
between 30 and 50% of the prompt emission from
the wild sample is from PS 1.

Finally, to test for the presence of more than
one component ia the luminescence from the
mutant, the data used to compute the ‘mutant-de-
layed’ portion of Table I was placed in a three-way
array: an array extending in three directi This
anay was three excitation wavelengths (670, 688
and 708 nm) by three emission bands (emission
longer than 650, 695 and 715 nm, respectively) by
ten time delays since illumination (total lumines-
cence mzasured in ten time-periods, each of equal
width in log(time)). This array was subjected to
three-mode principal component analysis {30}; this
is a sensitive test for the presence of more than
one spectral component, but only one was found.

From the results of the three-mode analysis, we
estimate that emission with the spectrum char-
acteristic of PS I comprises less than 20% of the
total emission caused by excitation at any of the
three wavelengths. Compared to wavelengths
shorter than 680 nm, excitation at 708 .am favors
PS I over PS II by a factor of 10 [31,37]. Combin-
ing these two figures, we estimate that the emis-
sion from PS 1 is less than 2% of the ‘otal emission
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as that causing half-saturation of 20-250 ms
luminescence, is also close to the compensation
point, the light required for photosynthetic carbon
fixation to equal carbon loss from respiration [33].

Our results with the mutant are in agreement
with those of Bertsch et al. [8]: they found emis-
sion from the mutant to be 250-times weaker than
emission from the wild-type between 0.75 and 4.2
ms after ill ion with ing light int
ties. We found a ratio of 310 at 10 ms after
saturating illumination.

We began this work with the hope that the
emission from the mutant would be from PS I, so
that the intensity of this emission would provide a
direct measure of the AG of this photosystem. But
what is the source of the emission? Several possi-
bilities have occurred to us: (1) contaminant
wild-type; (2) residual activity of mutated PS II;
(3) a second kind of PS II; (4) PS I; or (5) some
source other than the energy storage pathway of a
photosystem. We note that the emission from the
mutant and wild strains have different kinetics,
which argues against the mutant emission being
due to a contamination from the wild-type. On the
other hand, the mutant and wild strains have
similar excitation sp ission sp and
ion curves; we feel that this argues strongly

from 10 ms to 2.5 s caused by itation at
wavelengths shorter than 680 nm. Very rapid de-
cay kinetics would d the d bility of PS

I emission, but not by more than a factor of 2 or
3. Thus we conclude that emission from PS I is
less than 5% of the 10 ms emission at any wave-
length.

If PS I did comprise 5% of this emission, its AG
would be 0.77 eV + kT In (0.05), or 0.69 eV. This
then beccmes our provisional upper limit on the

free energy generated by PS I.
Discussion
We d the luming from wild-type

and mutant No. 11 of S. obliquus under several
conditions.

From the intznsity of the luminescence from
the wild-type, we compute the AG of PS II to be
0.99 eV at an excitation intensity of 0.3 W/m? at
564 nm, which is equivalent to 230 lux. This result
is in agreement with our previous report {5]. This
excitation intensity, identified earlier in this paper

against some some source other than a chloro-
phyll-driven photosystem.

This leaves us with a photosystem in the mutant
as the source of luminescence. Fig. 2 shows the
action spectrum of mutant luminescence to be, if
different, at a wavelength shorter than that of the
PS 11 ible for lumi from the wild
strain (‘normal PS IP); this is a good evidence
that PS I is not the source, and suggests that
‘normal PS I’ may not be the source. On the
other hand, Table I shows the emission of mutant
luminescence to be at longer wavelengths than
that of ‘normal PS II’, but with less emission
beyond 715 nm than estimated for PS I.

In sum, we are certain that luminescence
originates from Photosystem II. We are unsure
whether this PS 11 is the one with plastoquinone A
or another kind of PS II, such as the non-B type
discussed in the current literature {7,34].

If the emission from the mutant had been due
entirely to PS I, its intensity would have corre-
sponded to a AG for that photosystem of 0.77 eV.
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Based on an estimate that PS I is responsible for
less than 5% of the emission from the mutant, we
have calculated an upper limit of 0.69 eV for the
free energy generated by this photosystem. This
calculation is based on the questionable p

With this reasoning, we suggest that PS-I under
weak illumination operates between +0.3 and
—04 V, for a free-energy change of 0.7 eV, in
agreement with the results obtained from our
P

tion of thermal equilibration within the excited
state, but it the best availabl i

of the efficiency of this light-energy conversion
process. The reasons for the unexpectedly low
efficiency remain unknown.

The free energies reported in this paper may
appear to be inconsistent with the known proper-
ties of PS I and PS 1. In particular, the primary
donor of PS I has a midpoint potential of +0.45
V, and early ptors have midpoint potential
between —0.5 and —0.7 V, suggesting a free-en-
ergy change of 1.0 V or more. This may seem to be
in conflict with our finding that the actual free-en-
ergy change in PS I is 0.7 V or less.

The answer to this apparent conflict lies in the
large difference between midpoint potentials and
actual working potentials in efficient photochem-
ical systems [35]. We recall that

E=E° -0.059/n log([red] /[oxd]) 10)

where E° is the standard electrode potential,
[red] and [oxd] are the concentrations of the re-
duced and oxidized forms of the electron carrier,
and # is the number of electrons transferred.
Most of the donor P-700 should be in the
reduced state, ready for photochemistry. If the
ratio [P-700]/[P-700*] is between 100 and 1000 at

liglit intensities just sufficient to drive net photo-

synthesis, then the corresponding potential of the
primary donor is between +0.27 and +0.33 V.
The secondary donor plastocyanin has a midpoint
potential of +0.37 V [36].

The acceptor side of PS I has several very
transient components which must be mostly in the
oxidized state, ready to accept an electron from
the excited P-700. Being highly oxidized at low
light intensities, these components will have work-
ing potentials which are much less negative than
their midpoints. These early acceptors are then
followed by ferredoxin (E° = —042 V) and
NADP (E° = —0.33 V). The NADP peol is 50%

duced in illuminated chloroplasts during CO,
fixation [37].

Acknowledgements

We thank C. Ingling, M. Tirpack, and R.
Ashcraft for assistance with the filter fluorimeter,
and E.L. Gross and S. Molnar for comments on
the manuscript. Choon-Hwan Lee helped to plot
the data and did the principal components analy-
sis. This work was supported by grants from the
U.S. Department of Agriculture (Grant 82-
CRCR-1-1048) and the Gas Research Institute
(Grant 5082-260-0642), and in part through facili-
ties made available by the Instruction and Re-
search Computing Center at Ohio State Univer-
sity. A.A. thanks Ohio State University for a
Graduate Student Alumni Research Award.

References

1 Blankenship, R.E. and Prince, R.C. (1985) Trends Biochem.
Sci. 10, 382-383.

2 Allen, J.F. and Holmes, N.G. (1986) in Energy Transduc-
tion a Practical Approach (Hipkins, M.F. and Baker, N.R.,
eds.), pp. 103-141, IRL Press, Washington, D.C.

3 Cramer, W.A. and Croft, A.R. (1982) in Photosynthesis
Energy Conversion by Plant and Bacteria (Govindjee, ed.),
Vol. 1, Academic Press.

4 Avron, M. (1981) in The Biochemistry of Plants (Hatch,
M.D. and Beardman, N.K., eds), Vol. 8, Academic Press.

5 Marchiarullo, M.A. and Ross, R.T. (1981) Biochim, Bio-
phys. Acta 636, 254-257.

6 Govindjee and Jursinic, P.A. (1979) Photochem. Photobiol.
Rev. 4, 125-205.

7 Jursinic, P.A. (1986) in Light Emission by Plants and
Bacteria (Govindjee, Amesz, J. and Fork, D.C., eds.), pp.
291-328, Academic Press, Orlando, FL.

8 Bertsch, W., Azzi, J.R. and Davidson, J.B. (1967) Biochim.
Biophys. Acta 143, 129-143.

9 Haug, A, Jacquet, D.D. and Beall, H.C. (1972) Biochim.
Biophys. Acta 383, 92-99.

10 Ross, D.A., McCauley, W. and Ruby, R.H. (1982) Bio-
chem. J. 206, 415-418.

11 Sane, P.V,, Desai, T.S., Tatake, V.G. and Govindjec (1984)
Photosynthetica 18, 439-444.

12 Desai, T.S. and Ross, R.T. (1985) Photosynth. Res. 7,
185-191.

13 Schmid:, W. and Senger, H. (1987) Biochim. Biophys. Acta
890, 15-22.

14 Shuvalov, V.A. (1976) Biochim. Biophys. Acta 430, 113-121.



15 Somnenveld, A., Duysens, L.N.M. and Moerdijk, A. (1981)
Biochim. Biophys. Acta 636, 39-49,

16 Lakowicz, J.R. (1983) Principles of Fluorescence Spec-
troscopy, Plenum Press, New York.

17 Ross, R.T. (1967) J. Chem. Phys. 46, 4590-4593.

18 Ross, R.T. and Calvin, M. (1967) Biophys. J. 7, 595-614.

19 Ross, R.T. (1975) Photochem. Photobiol. 21, 401-406.

20 Stepanov, B.1. (1957) Dokl. Akad. Nauk SSR 112, 839-841
(English trans.: Sov. Phys. Dokl. 2, 81-84).

21 Marchiarullo, M.A. and Ross, R.T. (1985) Biochim. Bio-
phys. Acta 807, 52-63.

22 Bishop, N.L and Senger, H. (1971) Methods Enzymol. 23,
53-66.

23 Bishop, N.L (1962) Nature 195, 55-57.

24 Bishop, N.I (1971) Methods Enzymol. 23, 130-143.

25 Kaltwasser, H., Stuart, T.S. and Gaffron, H. (1969) Planta
89, 309-322.

26 Tirpack, M. (1986) M.S. thesis, Ohio State University,
Columbus, OH.

27 Wegner, E. and Adamson, A.W. (1966) J. Am. Chem. Soc.
88, 394-404.

28 Madge, D., Brannon, J.H., Crc.uer~ T.L. and Olmsted, J.,
111, (1979) J. Phys. Chem. 83, 096--699.

207

29 Melis, A., Spangfort, M. and Anderson, B. (1987) Photo-
chem. Photobiol. 45, 129-136.

30 Kroonenberg, P.M. (1983) Three-mode Principal Compo-
nent Analysis. Theory and Applications, DSWO Press,
Leiden.

31 Kelly, J. and Sauer, K. (1965) Biochemistry 4, 2798-2802.

32 Reid, A. (1972) P ding of the 2nd I ional Con-
gress on Photosynthesis, (Forti, G.. Avron, M. and
Melandri, A, eds.), Vol. 1, pp. 763-772. Dr. W. Junk
Publishers, Dordrecht.

33 Rabinowitch, E.I. (1951) Photosynthesis and Related
Processes, Vol. I, Part 1, pp. 981-985, Interscience, New
York.

34 Schreiber, U. (1986) Biochim. Biophys. Acta 767, 80-86.

35 Ross, R.T., Anderson, R.J. and Hsiao, T.L. (1976) Photo-
chem. Photobiol. 24. 267-278.

36 Sanderson, D.G,, Anderson, L.B. and Gross, E.L. {1986)
Biochim. Biophys. Acta 852, 269-278.

37 Krause, G.H. and Heber, U. (1976) in The intact Chloro-
plast (Barber, J., ed.), Elsevier, Amsterdam.




