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The reduction rate of oxidized reaction center chlorophyll of Photosystem I after laser-flash excitation at 25
K has been determined for D-144 subchloroplast fragments and chloroplasts. A maximum of 40% of
Photosystem I reaction centers undergo irreversible charge separation (P-700, Cluster A: P-700 *, Cluster
A7) at 25 K, a percentage which is independent of laser-flash intensity. The remaining reaction centers in
chloroplasts and D-144 fragments undergo reversible charge separation with biphasic recombination. Similar
amplitudes and time constants (chloroplasts, 49 us (61%); D-144 fragments, 90 us (67%)) were obtained for
the fast component, while the slower component differed considerably in time (chloroplasts, 2.9 ms; D-144
fragments, 170 ms). It is known that Fe-S Cluster A is photoreduced in less than 1 ms at 25 K. Data obtained
support a model for Photosystem I involving a single intermediate in the decay path between the reduced
primary electron acceptor (A; ) and P-700 * and a second intermediate in the decay path between a reduced
secondary electron acceptor and P-700 * . Dual laser-flash experiments to determine rate constants for these
processes are included.

Introduction charge separation in vivo. However, present under-
standing of charge separation in PS I reaction
centers is primarily based upon light-induced spec-
troscopic changes of reaction centers in which one

or more of the electron acceptors have been prere-

Physiological dark-adapted (open) PS I reaction
centers in chloroplasts are characterized by the
primary electron donor, P-700, being reduced and

all electron acceptors oxidized. Information ob-
tained on the open state of PS I determines how
the reaction center accomplishes light-induced

Abbreviations: PS, photosystem; D-144, particles, PS I par-
ticles obtained on treatment with digitonin and centrifugation
at 144000 x g; LDAO particles, PS I particles obtained by
treatment with lauryldimethylamine N-oxide; TSF-1, PS I par-
ticles obtained by treatment with Triton X-100; CIDEP, chemi-
cally induced dynamic electron polarization.
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duced chemically or otherwise rendered nonfunc-
tional [1-11].

The rise time of P-700 photooxidation in open
reaction centers in detergent-treated PS I particles
has been extensively studied with fast response
optical systems. The initial report of less than 20
ns [12] has been revised to shorter times, from
below 60 ps [9] and under 30 ps [13,14] to less than
10 ps [15]. Photoreduction of the primary electron
acceptor, A, occurs simultaneously with P-700
photooxidation. Reduced A, (A7) displays ab-
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sorption changes which overlap with those of P-
700* in the 700 nm spectral region [5]. Part of the
absorption change associated with intitial charge
separation decays with a time constant of 200 ps
and has been interpreted to represent subsequent
electron transfer from A to the secondary elec-
tron acceptor [9,13,14}. However, it has also been
suggested that a reaction center triplet state,
formed by recombination between A and P-700%,
has a similar overlapping absorption change in the
700 nm region [9]. Photoreduction of the Fe-S
electron acceptor, Cluster A, has been detected
optically at 430 nm, occurring in less than 100 ns
{16], but the optical difference spectrum associated
with the photoreduction of A, (Center X), the
secondary electron acceptor thought to mediate
electron flow from A, to Fe-S Cluster A, also has
a band in the 430 nm region [5,17]. These overlap-
ping optical absorption changes associated with
charge separation in PS I complicate the analysis
and interpretation of the spectroscopic data.

When untreated dark-adapted chloroplasts are
cooled to liquid helium temperatures, PS I reaction
centers remain in the open state. Low-temperature
measurements of light-induced charge separation
in open reaction centers are primarily limited to
reversible P-700 photooxidation. In 1971, Floyd et
al. [18] detected, optically at 77 K, reversible P-700
photooxidation in open reaction centers which oc-
curred with a time constant of 30 us. Warden et al.
[19] also detected reversible photooxidation at low
temperatures, however, Signal I (EPR signal of
P-700"%) was detected to decay with a half-life of
800 ms. Recently, reversible P-700 photooxidation
at low temperature was verified in open reaction
centers, and was detected to occur biphasically
with time constants of 122 us and 1.7 ms at § K
with about 80% of P-700 photooxidation being
reversible [10]. In addition, photoreduction of
Cluster A occurs irreversibly at temperatures less
than 30 K [20]. Thus, Cluster A functions as a
stable electron acceptor of PS I at these tempera-
tures.

Of the five components presently considered to
be involved in photochemical charge separation of
the PS I reaction center (P-700, A, A,, Center X,
Cluster A and Cluster B), four have been detected
in open reaction centers (P-700*, A, Cluster A~
and Cluster B™) of spinach chloroplasts. Cluster

B~ is detected when chloroplasts are illuminated
at higher temperatures and then lowered to 25 K
for observation [21]. At 25 K, Cluster B~ is de-
tected only when Cluster A has been prereduced
by illumination during freezing or by adding a
chemical reductant to spinach chloroplasts before
freezing. Center X (A,) has an additional con-
straint: Both Cluster A and Cluster B must be
prereduced by adding a strong reductant or fur-
nishing intense illumination during freezing, or
both, before Center X~ is detectable in higher
plants. Therefore, it remains unclear how or
whether Cluster B and Center X function as obli-
gatory electron acceptors in open PS I reaction
centers at 25 K.

Measurements on primary photochemical reac-
tions of PS I open reaction centers have been
dominated by optical techniques. Conventional
methods of microsecond EPR have the disad-
vantage of rapid-passage effects [22,23] when mag-
netic-field modulation methods are used. Direct
detection (no modulation of the magnetic field)
methods require extensive signal/averaging to
achieve adequate signal-to-noise ratios. In addi-
tion, partial irreversibility of PS I at low tempera-
ture makes signal-averaged measurements difficult
to accomplish. These methods of detecting kinetics
are susceptible to interference from other EPR
signals. In chloroplasts, a time-dependent signal of
P-680* influences the kinetic traces in the g 2.0
region where Signal I (EPR signal due to P-700%)
occurs [24]. In addition, Singal I has been reported
to show anomalous effects due to exchange inter-
actions between P-700" and reduced electron
acceptors of PS I [5,25-27]. This phenomenon,
CIDEP, makes the direct analysis of Signal I on a
microsecond time scale complicated and difficult
to interpret.

In this study we have used EPR spectroscopy in
conjuction with two lasers providing intense light
flashes with microsecond time resolution, a method
which is not susceptible to the problems men-
tioned above. This dual-laser technique has been
used to determine the decay of P-700" after a 350
ns laser flash in open reaction centers at 25 K in
both D-144 particles and whole chloroplasts. In
addition, the rise time of Cluster A photoreduction
at low temperature has been detected to be less
than 1 ms. We have formulated a dynamic model



for PS I charge separation at low temperature in
open reaction centers based upon kinetic data
determined in this study which are consistent with
optical data on open reaction centers.

Materials and Methods

Whole chloroplasts were prepared from store-
bought spinach as follows [28]: Spinach leaves
were disrupted for 10-20 s at 4°C in a Waring
blender using the following blending solution:
0.3 M sucrose, 50 mM Tris (pH 7.8), 10 mM
NaCl, and 1 mM EDTA. The mixture was filtered
through four layers of filtering silk and the filtrate
centrifuged at 5000 X g for 2-3 min. The pellet,
which contains whole chloroplasts, was resus-
pended in the blending solution.

To obtain D-144 particles, chloroplasts were
suspended in 60 ml of 50 mM potassium phos-
phate, pH 7.2, and 20 mM NaCl. 20 ml of 2%
digitonin (Sigma Chemical Co., No. D-5628) solu-
tion were added to the chloroplast solution and
stirred slowly for 30 min at 4°C. This solution was
then centrifuged at 50000 X g for 30 min; the
pellet was discarded. The supernatant was then
recentrifuged for 1 h (4°C, 144000 X g). The pel-
let of D-144 particles was resuspended in buffer
solution: 300 mM sucrose, 50 mM Tris (pH 7.8),
10 mM NaCl, 10 mM sodium ascorbate, 1 mM
NaEDTA (pH 7.8) and 2 mg/ml of bovine serum
albumin (Sigma Chemical Co., No A-4378).

For the poly(vinyl alcohol) preparation: 2 g of
poly(vinyl alcohol) (Polysciences Inc., No. 4398)
was mixed with 4 ml of 500 mM ethylene glycol.
The mixture was constantly stirred while heating.
The mixture is cooled and 4-6 ml of photosyn-
thetic sample (D-144 particles or chloroplasts)
added. The mixture is stirred slowly until homo-
geneity is obtained. The sample is then centrifuged
at 12000 rpm for 1-2 min to separate unmixed
poly(vinyl alcohol) and bubbles from the mixture.
The poly(vinyl alcohol) sample is poured upon a
smooth drying surface and placed in a desiccator
with Drierite and then stored in the dark at 4°C
until the poly(vinyl alcohol) film has dried to a
uniform thickness of 1 mm or less, a process which
takes 24-48 h. When dried, the poly(vinyl alcohol)
films are cut into strips (2-3 X 40 mm) to fit an
EPR tube. For low-temperature EPR measure-
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ments, the EPR tubes are flushed with helium gas
to provide good thermal conductivity.

Poly(vinyl alcohol) samples offer a distinct ad-
vantage for low-temperature illumination studies,
since they freeze as a clear glass at temperatures
down to 10 K. In addition, the EPR tube could be
loaded directly in the EPR cavity without prefreez-
ing, a process which avoids frost interference with
illumination. Poly(vinyl alcohol) films are more
resistant to freeze-thaw damage than chloroplasts
suspended in solutions. Under repeated freeze-
thaw cycles (30-40 times), freezing in liquid
nitrogen and thawing in ice-cold water, the chloro-
plasts in solution showed diminishing light-in-
duced EPR signal amplitudes (Signal I), while the
poly(vinyl alcohol) film signals were essentially
unaffected (less than 10%).

X-band EPR spectra were obtained using a
homodyne EPR spectrometer operating at a
frequency of 9.20 GHz. Samples were loaded
into a cylindrical-mode (TE,,,) EPR cavity
(JEOL UCX-2), with a loaded quality factor (Q)
of approx. 5000. First-derivative EPR spectra were
obtained using 100 kHz magnetic field modula-
tion, and modulation amplitudes for Signal I were
set at 3.2- 10~ % T. Microwave power levels in the
range of microwatts were precisely set by the use
of a power meter (HP, model 432A) and an
absorptive PIN diode (General Microwave Corp.,
model No. D-1958). Spectra were signal averaged
by using a digital computer (PDP-8/L). For signal
to noise improvement, the previously used klystron
microwave source and Schottky-barrier detector
diode were replaced by a Gunn effect oscillator
(Varian, model No. VSX-9001 TZ) and a double-
balanced mixer (RHG Electronics Laboratories
Inc., DM8-12B) was used as a homodyne detector.
Tuning of the EPR spectrometer was accom-
plished by critically coupling the loaded cavity
with the microwave source by minimizing the
monitored reflection power from the cavity.

Low-intensity (10° photons/cm? per s) il-
lumination was obtained with a 300 W quartz-
iodine lamp (General Electric Co.); fiber optics
were used to carry light to the EPR cavity. High-
intensity light was obtained from two coaxial
flashlamp-pumped dye lasers (Phase-R Co., mod-
els DL-1100 and DL-1000). These lasers give single
laser light pulses of 350 ns (full-width at half-max-



26

imum). For all experiments the following laser dye
solution was used: 50 puM oxazine 170 perchlorate
(Eastman laser grade, No. 14375), 100 uM
rhodamine 6G (Eastman laser grade, No. 10724),
0.01% Triton X-100 and reagent-grade methanol
as solvent. The bandwith of the laser pulse (mea-
sured with a 1-m Czerny-Turner scanning spectro-
graph, Jarrell-Ash Co., model 78-460) was 10 nm,
centered at 690 nm. To reduce beam divergence,
the flat 99% reflectance mirror was replaced by a
1 m radius concave reflector. The output of a
single laser-pulse, at the end of the fiber optics,
was measured by an energy meter (Hadron Inc,,
102C and Gen Tec Inc., ED-200) to be approx.
20-30 mJ. For quantitative control of light inten-
sities, solutions of CuSO, were used as optical
filters at the output of the laser. The concentration
of CuSQO, was adjusted to obtain the desired ab-
sorbance over the bandwidth of the laser output.
Fiber optics were used to transport the laser light
to the microwave cavity and to the detector photo-
diode (SGD 100) used to detect the time delay
between laser-flashes. The photodiode signal out-
put was stored on a storage oscilloscope (Hewlett
Packard, No. 1741A). A dual pulser varied the
time between pulses from 1 us to hundreds of
milliseconds, and externally triggered the lasers.

Total chlorophyll concentration of photosyn-
thetic samples was determined by the method of
Arnon [29].

The ratio of Signal I spins to chlorophyll con-
centration was determined by comparison of Sig-
nal I intensity to an EPR standard of known spin
concentration under nonsaturating EPR condi-
tions. The following solution was used as the EPR
standard [30}: 0.1 mM CuSO, - 5H,0, 2 M NaClO,
and 0.01 M HCI. The relative number of spins was
determined by performing a double integration of
the first-derivative EPR spectrum by computer
(PDP-8/L).

The microwave magnetic field intensity (H,) in
the EPR cavity decreases away from the center of
the cavity. The relative sensitivity of the cavity as a
function of sample depth was determined with a
ruby standard. Quantitation experiments were per-
formed with appropriate amounts of sample (ap-
prox. 1 cm height in EPR tube), such that the
samples were located in the most sensitive section
of the cavity. The copper standard was checked for

Curie Law behavior down to 10 K, and the micro-
wave power saturation characteristics of both Sig-
nal I and the copper standards were obtained. A
low and nonsaturating microwave power, 10 uW,
was used for EPR quantitation.

Optical quantitation of photo-induced P-700*
was determined with an optical spectrometer
(Aminco, DW-2) operating in the dual-beam
model. A D-144 sample incubated with 10 mM
sodium ascorbate was diluted to approx 10 pg/ml
and placed in the cuvette, in the dark at room
temperature. A broad-band filter (650-730 nm)
was used to filter the actinic beam. In front of the
photomultiplier, a broad band-pass filter (400-500
nm) was used. A4 (435-444 nm) was used to
monitor optical changes of the sample when the
actinic light was turned on. Using the extinction
coefficient determined by Hiyama and Ke [31] of
40 mM~'.cm™! (at 435 nm) for P-700, in D-144
particles, the ratio of P-700" to chlorophyll was
determined.

The procedure for the dual laser-flash experi-
ment was as follows: a dark-adapted sample was
loaded in the EPR cavity at 25 K, and the dark
EPR spectrum (see Fig. la) was recorded. The
sample was then exposed to two high-intensity
laser flashes (approx. 10'7 photons/cm? per pulse,
incident), with a specific time delay between the
flashes. The EPR cavity was checked to make sure
it was still critically coupled; if not, it was retuned.
Then, the dual laser-induced EPR spectrum was
recorded. The time delay between laser flashes
being retained by the storage oscilloscope. This
spectrum represents irreversible Signal I plus the
dark spectrum (see Fig. 1b). Next, a low-intensity
light source was turned on, and the EPR spectrum
was recorded after maximum signal intensity was
obtained (once maximal intensity was obtained
turning the lamp off had no effect on signal inten-
sity). The sample was removed from the cavity,
but not from the collar assembly which holds the
EPR tube, and placed in an ice-cooled beaker of
water in the dark and allowed to dark adapt for
10-15 min. The EPR tube was then dried and
placed back in the cavity. The orientation of the
EPR tube was kept constant, such that the
poly(vinyl alcohol) film was always perpendicular
to the incident light beams. In this way, the sample
was at the same position in the cavity for each set
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Fig. 1. EPR spectra of spinach chloroplasts. (A) First-derivative
EPR signal of dark-adapted chloroplasts showing Signal II. (B)
Light-induced spectrum consisting of Signal I and Signal II. (C)
First-derivative light-minus-dark difference spectra, obtained
by subtracting the dark spectrum from light-induced spectra,
representing light-induced Signal 1. (D) First integral of first-
derivative signals shown in C. Represents the absorption spec-
trum of Signal 1. (E) Second integral of C, the height of the
vertical arrow represents the relative number of Signal I spins
(number of P-700"). EPR conditions: microwave power, 10
#W; microwave frequency, 9.20 GHz; modulation amplitude,
3.2:10™* T; magnetic field span, 0.3275 +0.01 T; temperature,
25 K.

of spectra minimizing retuning of the spectrometer
after loading the sample. The dark spectrum was
recorded as before. This spectrum was checked
with the previous dark signals to assure that the
sample had completely dark adapted. If not, the
sample was removed from the cavity and again
dark adapted. The above procedure was then re-
peated with different time delays between the laser
flashes.

Curve fitting was accomplished by applying a
computer program using a least-square algorithm
to find the unconstrained minimum of a function
whole first and second derivatives are known [32].
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Results

Single laser-flash responses

Signal I. The kinetics of Signal I, in D-144
fragments at 25 K, induced by a high-intensity
(approx 20 mJ) laser pulse (350 ns) was monitored
by EPR. For this measurement, the EPR spec-
trometer was operating with 100 kHz modulation
and a time response of 1 ms. The positive peak of
the first-derivative signal of Signal I was moni-
tored during laser excitation. Fig. 2 shows the
results of these experiments.

The initial rise of the g 2.0 signal does not reach
its maximum intensity, determined by continuous
illumination, but does show a prominent decay
with ¢ =260 ms. Signal I decays to an irreversible
level which is approx. 40% of the maximum signal
intensity obtained with continuous illumination. A
second laser flash produces an irreversible Signal 1
intensity level which is approx 65% of the maxi-
mum signal intensity. The irreversible g 2.0 signal,
induced by both continuous illumination and a
single laser flash, has a linewidth of 7.5-107* T
which is characteristic of Signal 1. Similar results
were obtianed with highly enriched PS I particles
(LDAO particles). However, when intact or broken
chloroplasts were examined on this time scale, no
Signal I kinetics were detected, but Signal I inten-
sity was found to be 40% of the maximum after
the laser flash. Presumably, the decay of Signal I is
much faster in chloroplasts than in PS I particles
and decays to 40% in less than 1 ms.

A maximum of 40% of the reaction (P-700,
Cluster A:P-700*, Cluster A™) occurs irreversi-
bly at 25 K, independent of laser-flash intensity. If
the concentration of chlorophyll of the sample was
lowered and the intensity of light increased, still a
maximum 40% irreversible P-700* was light
induced. However, if the chlorophyll concentra-
tion of the sample was increased, the maximum
percentage of P-700 molecules irreversibly photo-
oxidized, at 25 K, by a single laser flash, and
independent of light intensity, was always less
than 40%. This is attributed to absorbance effects;
i.e., at higher chlorophyll concentrations, the laser
flash is only exciting a proportion of the total
reaction centers. Since all flash-induced responses
are normalized to continuous illumination-induced
Signal 1 intensity, the percentage of Signal I
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Fig. 2. Kinetic trace of the response of the positive peak of the first-derivative EPR signal of Signal I (D-144 particles) to a laser light
pulse at 25 K. The horizontal line positioned at 100% represents the amplitude of the positive peak of Signal I under continuous
illumination (when light is turned off, no decay is observed at 25 K). After the laser flash, Signal I decays exponentially (7 = 260 ms).
Signal I decays to a signal intensity of approx. 40% of maximum, and is irreversible at this temperature. Kinetic trace represents an

average of 15 experiments.

determined for a single flash will be lower because
the continuous illumination represents a larger
population than that initially photooxidized by a
single laser flash. To ensure that the percentages
presented for Signal I correspond to P-700", Sig-
nal I and P-700% induced by continuous illumina-
tion were determined relative to the total chloro-
phyll concentration. The ratio between Signal I at
25 K and P-700* at room temperature was de-
termined to be 1:1 + 0.2. This result is in agree-
ment with previous quantitations comparing these
signals at room temperature [33-35].
High-intensity vs. low-intensity light. The yield of
irreversible P-700* photoinduced by a low-inten-
sity light flash (approx. 15 s) was compared to that
produced by a high-intensity laser-flash (350 ns) of
equal energy. The results are shown in Fig. 3 where
the %P-700* irreversibly photooxidized is plotted

as a function of the incident illumination energy
for both intensity sources. Except for very low
energies, low-intensity light is much more efficient
in irreversibly oxidizing P-700 than high-intensity
light at 25 K [36].

Cluster A. The laser-flash-induced rise time of
the g 1.94 EPR signal, attributed to iron-sulfur
Cluster A, was monitored in dark-adapted D-144
particles at 15 K. The response time of the spec-
trometer was the same as that used to detect the
decay of Signal I, 1 ms. The first-derivative peak
of the g 1.94 signal was monitored when the
sample was excited by a laser flash. This signal
was found to rise in an irreversible manner within
the time response of the spectrometer (see Fig. 4).
Thus, the photoreduction of Cluster A in D-144
fragments at 15 K occurs in less than 1 ms (the
same result was obtained with LDAO particles).
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Fig. 3. The production of irreversible Signal I induced by both
a high-intensity and low-intensity light source is plotted as a
function of the light pulse energy (incident). The low-intensity
light source was on for 15 s to obtain an energy output equal to
that of a high-intensity laser pulse (350 ns).

The percentage of irreversibly photoreduced Clus-
ter A was equal to the percentage of irreversibly
photooxidized P-700*. The percentage of iron-
sulfur Cluster A photoreduced by a single laser
flash was determined by comparing the signal
intensity at g 1.94 with the maximum intensity
induced by continuous or long illumination. No
attempt was made to integrate the iron-sulfur clus-
ter spectrum.
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Fig. 4. Kinetic trace of the response of the positive peak of the
first-derivative EPR signal of iron-sulfur Cluster A at g 1.94.
When exposed to a laser flash the signal intensity of g 1.94
increases irreversibly. The rise time of this signal is within the
time response of the spectrometer, less than 1 ms. This trace
represents the response to a single laser flash at 15 K.
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Dual laser-flash response

Dual laser-flash experiments were performed, in
which the signal intensity of irreversible Signal I
produced by two laser flashes was determined as a
function of the delay time between flashes, at 25
K. These experiments were performed on D-144
fragments and chloroplasts. The results are plotted
on the graph shown as Fig,. 5.

The ordinate of Fig. 5 represents the percentage
of Signal I irreversibly photooxidized by two laser
flashes. The log of the delay time between these
laser flashes is shown on the abscissa which ranges
from 1 ps to 1 s. For each point on the plot, three
EPR spectra were needed; dark, dual laser-flash-
induced signal, and continuous low-intensity
light-induced signal. The percentage of Signal I
induced by dual laser flashes was determined by
double integration of light-dark spectra obtained
by subtraction of the dark spectra from the dual
laser-flash spectra, and then dividing it by the
value obtained by double integration of the con-
tinuous light-minus-dark spectra (see Fig. 1).

The results of dual laser-flash experiments show
that the effectiveness of two laser flashes, at 25 K,
in photoinducing irreversible P-700* in chloro-
plasts and D-144 particles, is a sensitive function
of the delay between the laser flashes. When the
laser flashes are administered simultaneously, the
production of irreversible P-700* is equivalent to
that produced by a single laser flash. This ensures
that a single laser light pulse is saturating the
reaction centers. Maximum yield of irreversible
P-700* is achieved when the laser pulses are far
apart. The exact time range depends upon the
preparation. For D-144 fragments, the time be-
tween flashes (greater than 170 ms) had to be
about 100-times longer than for chloroplasts
(greater than 2.9 ms) for maximum irreversible
P-700* yield!

The time dependence for the production of
irreversible P-700* can be fit by a function con-
taining two exponentials:

P-700" (£)irrev. = P-700* (c0)

TP -

X [P-700* (o0) — P-700* (0)] (1)
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Fig. 5. Results of the dual laser-flash experiment. Each point
represents the percentage of Signal I which is photoinduced by
two laser pulses with the delay time between the pulses pre-
sented on the abscissa. The vertical bars represent an error of
+3% in determining the intensity of Signal I. The solid and
dotted lines represent a least-squares computer fit of the data.
(See Table I, for best-fit parameters.) The actual values mea-
sured are shown to the left and right of the plot for D-144
particles and chloroplasts, respectively. The abscissa represents
time on a log scale, spanning over six orders of magnitude from
lustols.

Where P-700* (c0) represents the maximum yield
of irreversible P-700" obtained by two laser flashes
(delay time, 7 = 00). When two flashes are simulta-
neously given (¢ =0) the minimum yield is ob-
tained and is equal to that produced by a single
laser flash. Fig. 5 shows the results of the dual
laser-flash experiments and the fit of Eqn. 1 (dotted
and solid lines). The parameters X and 7 of Eqn. 1
are shown in Table I for the respective samples.

TABLE

VALUES OBTAINED BY BEST-FIT COMPUTER ANALY-
SIS OF THE DUAL LASER-FLASH EXPERIMENT

Sample L X, T X,

(ms) (us)
D-144 particles 170 0.33+0.1 91 0.67+0.1
Chloroplasts 29 0.39+0.1 49.3 0.61+0.1

Discussion

The result of the dual-flash experiments is that
the yield of stable charge separation (P-700, Clus-
ter A: P-700", Cluster A7) at 25 K is dependent
upon the delay between two laser flashes. There
are three possible origins for the delay time depen-
dence; high-intensity light-induced effects in the
chlorophyll antenna complexes, electron reduction
of P-700* associated with the electron-transport
system mediated by plastocyanin, and elctron re-
duction of P-700* due to charge recombination in
the PS I reaction center. It will be shown that
charge recombination is exclusively responsible for
the time constants detected in the dual-laser ex-
periments, These time constants will be used to
develop a model for reversible charge separation in
PS T at 25 K.

The incident laser light intensities (10'7 pho-
tons/cm’ per flash) used in the dual-laser experi-
ments exceed the threshold (10'* photons,/cm? per
flash absorbed) for high-intensity light-induced ef-
fects in antenna systems of chloroplasts [37,38].
Therefore, high-intensity light-induced processes
are most probably occuring in chlorophyll antenna
systems. As Fig. 3 shows, high-intensity light is
not as effective as low-intensity in producing sta-
ble charge separation and this effect is partially
due to high-intensity light-induced antenna phe-
nomena. The mechanisms involved in the antenna
are dependent upon the length of the high-inten-
sity light pulse. For microsecond laser pulses (350
ns laser pulses were used for the duval-laser experi-
ments) the predominant mechanism involves rela-
tively long-lived (5 ps) exciton quenching species
[39]. The involvement of long-lived quenchers may
influence the time dependence detected in the dual
laser-flash experiment. However, time constants
detected in these experiments were an order of
magnitude longer than the lifetime of the quench-
ing species (shortest time constant detected was 49
us, See Table I). In addition, the long-lived
quenchers would have to quench excitation before
it reaches P-700 with an extremely high efficiency.
Therefore, we conclude that high-intensity light-
induced effects in the antenna complexes do not
influence the results of the dual laser-flash experi-
ments.

At room temperature plastocyanin is known to



function as an electron donor to P-700% [40,41].
However, plastocyanin displayed no photoinduced
activity at low temperature when measured on a
millisecond time scale. This was determined by
monitoring the g 2.05 signal of plastocyanin dur-
ing flash excitation at 25 K. In addition, there is
no evidence of any other secondary donor to P-
700* functioning at low temperature. In any case,
the percentage of Fe-S Cluster A irreversibly pho-
toreduced at 25 K was equal to the percentage of
Signal I irreversibly photooxidized. Thus, it is clear
that stable charge separation is obtained by the
irreversible nature of reduced Cluster A at low
temperature.

The time constants detected in the dual laser-
flash experiments represent charge recombination
between P-700* and reduced electron acceptors.
When the laser pulses are delayed far apart in
time, excitation due to the first laser pulse pro-
duced charge separation with 40% of the reaction
centers forming an irreversible charge separation
state while the remaining 60% undergo recombina-
tion with P-700* . Excitation from the second laser
pulse reexcites the 60% which have undergone
reversible charge separation and 40% of these reac-
tion centers (24%) form a stable charge-separation
state netting a total of 64% of the reaction centers
with irreversibly oxidized P-700* . When the delay
time between the two laser flashes is decreased
some of the reaction centers will not complete
recombination processes between the laser flashes
and will not be involved with further charge sep-
aration induced by the second laser. Thus, the
number of reaction centers forming stable charge-
separation will decrease. By carefully examining
the delay time dependence with respect to produc-
tion of stable charge separation the dynamics of
the charge-recombination process is elucidated.

The time dependence for charge recombination
in chloroplasts and D-144 particles is shown in
Fig. 5. In the case of D-144 particles the time
dependence is best modeled by two exponentail
components. The time constants are sufficiently
separated such that a substantial plateau is evident
(see solid line, Fig. 5). In support of this interpre-
tation is the stoichiometric agreement between
continuous illumination, single laser-flahs and dual
laser-flash-induced P-700* . Quantitation of Signal
I with P-700" has shown that Signal I induced by
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continuous illumination represents the total P-700
population. 40% of the total P-700 is irreversibly
photooxidized by a single laser flash and a slow
component is responsible for 40% ({65 — 40} /{100
— 40)) of the P-700* recombination processes in
D-144 particles (see fig. 2). Assuming biphasic de-
cay, the other component in P-700* decay (charge
recomibination) must be faster and represent 60%
of recombination. Table I shows the dual laser-
flash data and predicts that only two significant
kinetic components are involved with recombina-
tion and the slower component reflects 33% while
the faster reflects 67% of charge recombination in
D-144 particles. The agreement between these val-
ues determined from single- and dual-laser excita-
tion strongly supports our explanation for the data
and in addition eliminates the possibility of a
significant faster component involved with P-700"*
charge recombination.

In the case of chloroplasts the data of Fig. 5 are
not adequate to choose a priori between mono-
phasic or biphasic time dependence. However, the
data of Fig. 5 do suggest biphasic behavior. Like
the D-144 particles, when chloroplasts are exposed
to a single laser flash, 40% of the P-700 population
is irreversibly photooxidized. Thus, the forward
charge-separation yield is not altered when D-144
particles are isolated from chloroplasts. The decay
of P-700" after a laster flash is too fast to be
monitored by millisecond EPR, but the extent of
irreversible charge separation is the same as for
D-144 particles, 40%. The results of the dual
laser-flash experiments predict such a behavior
(see Fig. 5). We favor biphasic charge recombina-
tion in chloroplasts (dotted line, Fig.5). This is
based upon the biphasic behavior of D-144 recom-
bination. It is possible that treating the chloro-
plasts with digitonin could alter charge-recombina-
tion pathways, but this seems unlikely since the
forward yield is unaltered. Examination of Table I
shows that the amplitude factors for the exponen-
tials are approximately the same for chloroplasts
and D-144 particles. Thus, if our conclusions are
correct, the dominant decay route (faster compo-
nent) is the same for chloroplasts and D-144 par-
ticles as the precision for r values is, such that they
could be equal. As for the slower components, the
magnitude of the effect is unaltered but in D-144
particles this component is much slower. Assum-
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ing the forward rates are unaltered, a model for PS
I must be able to account for equal forward yields
and a difference in recombination rates. Finally, in
support of our interpretations are the results of
Mathis and Conjeaud [10] who detected optically,
at 820 and 703 nm, biphasic decay of P-700* (7 of
122 ps and 1.7 ms), after a laser flash in chloro-
plasts at 8 K. Table I shows our results determined
by fitting Eqn. 1 to the dual-laser data, and reveals
time constants (49 pus and 2.9 ms) for chloroplasts
which are similar to the results of Mathis and
Conjeaud. However, the amplitudes (X; and X,)
of these components differ considerably. They
found that the fast component dominated the de-
cay at 8 K while we find that both components are
significant in the decay at 25 K. We also find
similar amplitude factors for P-700" decay in D-
144 fragments (see Table I). They have also re-
ported that P-700* decays by 80%, while we have
clearly shown that P-700* decays maximally by
60%.

Model for PS I charge recombination

Three models for PS I charge separation will be
presented which are consistent with the kinetic
measurements made in this study [42]. Only com-
ponents detected in open reaction centers will be
used explicitly in these models: P-700, A, and
Cluster A. The starting state for kinetic analysis is
the state; P-700", A; and any other electron
acceptors oxidized. At time zero, the electrons
proceed from A; depending upon the relative
values of the rate constants for the reaction path-
ways shown in the models.

P(D)R of model I (see Fig. 6) represents a re-
combination product between the reduced primary
electron acceptor A, and the oxidized primary
electron donor P-700*, and is shown as an inter-
mediate in the decay path between A; and P-700% .
Model I predicts biphasic recombination with P-
700" . In consideration of the time for photoreduc-
tion of Cluster A (less than 1 ms) and the values of
the two time constants detected for P-700* recom-
bination (91 ps and 170 ms) in D-144 particles, the
170 ms time constant must represent the lifetime
of the recombination product, P(1)}R~.

Model II (see Fig. 6) differs from model I in
that a secondary electron acceptor (Z) functions to
mediate forward charge separation between A,
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Fig. 6. Kinetic models for PS I charge separation. P(1)R repre-
sents a recombination product (see text).

and Cluster A. Model II predicts triphasic decay
of P-700* [42). However, if the decay of A] is
much faster then the decay of the reduced sec-
ondary acceptor, Z~, and the lifetime of the re-
combination product P(1)R~, the reduction of P-
700* will be biphasic. Similar to model I, the 170
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Fig. 7. Proposed kinetic model for PS I charge separation and
recombination. Kinetic parameters measured in this study are
assigned as shown. P-7007 represents a triplet state and P(2)R a
recombination product (see text). The time constants are those
determined in this study.



ms time constants must represent the lifetime of
the recombination product, P(1)R~.

Both models I and II are consistent with the
kinetic data determined in this study and cannot
be ruled out as valid models for PS I charge
separation solely on the basis of these measure-
ments. However, in consideration of information
obtained about P(1)R from partly closed reaction
centets these models do not seem appropriate.
Shuvalov et al. [9] who monitored, optically, re-
versible charge separation in TSF-1 particles in
which the only functional electron acceptor is A,
observed two kinetic components in the 700 nm
spectral region which were interpreted to represent
the rise and decay of a recombination product
between A7 and P-700%. At room temperature
the two time constants were 10 ns and 3 us. When
the temperature was lowered to 5 K the 3 ps time
constant increased to 1 ms. In addition, when the
reducing conditions were adjusted such that only
Clusters A and B were prereduced the time con-
stants did not change. Another report of a recom-
bination product existing between A, and P-700 is
in the work of Frank et al. [2] who detected a
photoinduced triplet state of P-700 which was
thought to be formed by recombination when
Center X was prereduced. This has recently been
supported by McLean and Sauer [8]. In addition,
Setif et al. [11] also concluded that the recombina-
tion product between A7 and P-700% is a triplet
state of P-700. Therefore, it seems that P(1)?~ is a
triplet state formed by recombination between A
and P-700" . Both models I and II predict that the

lifetime of this triplet state is 170 ms which is-

relatively long for a chlorophyl triplet state and
much longer than the lifetime of this state reported
by both Shuvalov et al. [9] (1 ms) and Setif et al.
[11] (800 ps at 10 K). Therefore, the most ap-
propriate model for PS I charge separation is
shown here as model III (see Fig. 7).

Model III differs from previous models in that
two distinct recombination products are formed
between P-700* and two reduced acceptors. P(2)R
is an intermediate in the recombination path be-
tween the secondary electron acceptor (Z) and
P-700*. This model predicts that the time depen-
dence of P-700* decay will involve four exponen-
tials [42]. However, if the decay of A] is much
faster than the decay of P(1)R?~ (triplet state of
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P-700, P-700"') and the decay of Z~ much faster
than the lifetime of P(2)®~, then recombination
with P-700" will be biphasic. If model III is
appropriate and the above assumptions valid then
the lifetime of P-700T is 50-90 us in both D-144
particles and chloroplasts and the lifetime of
P(2)R~ is 170 ms in D-144 particles and 2.9 ms in
chloroplasts. In addition, the branching ratio in
D-144 particles for reverse electron flow back to
P-700* from A7 is 0.40 (chloroplasts, 0.37) and
from the secondary electron acceptor Z~ 0.33
(chloroplasts, 0.37). Notice that the branching
ratios for chloroplasts and D-144 particles are
approximately the same. The difference in half-life
of the slower decay component between chloro-
plasts and D-144 particles can be explained by
considering only the lifetime of P(2)®~ as the
forward charge-separation process is equivalent in
both preparations.

This is the first report in which an intermediate
state, P(2)R, is found to function in the decay path
from a secondary electron acceptor. Center X (A,)
is only observed when Cluster A and B are prere-
duced. The kinetics of Center X~ have been de-
tected at low temperature and in TSF-1 particles.
Shuvalov et al. [5] reported that the rise time for
the photoreduction of Center X~ is less than 200
ps, and that it decays in 130 ms. In addition, one
of the exponential decay components of P-7007
was detected with the same time constant as Center
X~ decay. Thus, it appears that Center X~ is
directly back-reacting with P-700* . A direct corre-
lation between Center X~ and P-700* decay was
also observed by Mclntosh et al. [1] with = 800
ms. In terms of model III, this would be a char-
acteristic of P(2)R. Because the time constant for
the photoreduction of Cluster A is less than 1 ms,
it is clear that Center X~ decays too slowly to be
involved in forward photochemistry of PS 1, if the
values, reported for Center X~ decay when Clus-
ter A and B are reduced, reflect the decay of
Center X~ when A and B are available for elec-
tron transfer! There is a striking similarity in the
decay time detected in this work (170 ms) and that
reported for Center X~ decay (130 ms [5] and 800
ms [1]). If the decay of Center X~ does not change
significantly when Clusters A and B are not prere-
duced then P(2) ®~ can be assigned to this center.
If this is the case then Cluster B or a previously
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undetected component is the secondary electron
acceptor, Z. In light of the recent work of
Chamorovsky and Cammack [21], Cluster B func-
tions as a stable electron acceptor similar to Clus-
ter A and does not seem to be a good candidate
for the secondary electron acceptor. Alternatively,
if the decay of A, (Center X) is significantly
accelerated by opening the reaction center then it
can be assigned as the secondary electron acceptor
and the recombination product, P(2)R, represents
a new recombination intermediate.

Conclusion

This work questions the validity of the assign-
ment of Center X (A,) as the secondary electron
acceptor of PS I, based solely upon information
obtained from partly closed reaction centers. Until
the rise and decay kinetics of Center X (A,) are
measured when Clusters A and B are available for
electron transfer, the function of Center X in
charge separation of PS I remains unclear.

It has been suggested that chloroplasts contain
kinetically different PS I reaction centers [43]. If
this was the reason for the differences between
D-144 particles and chloroplasts recombination
kinetics, we would expect the chloroplasts to ex-
hibit the slower kinetics, since D-144 particles are
thought to be derived from the stroma lamallae of
chloroplasts. Thus, the slower recombination
kinetics of D-144 particles may be due to a deter-
gent-induced effect.

The phenomenon of low-intensity light being
more effective than high-intensity light in photo-
producing stable charge separation in PS I at 25 K
can be explained by considering both high-inten-
sity antenna effects and reversible charge separa-
tion. A saturating high-intensity laser flash pro-
duces a single-turnover event with respect to charge
separation (rate of recombination is much slower
than the 350 ns laser flash, see Table I) producing
a maximum of 40% stable charge separation. A
low-intensity flash of equal energy will turn over
PS 1 many times increasing the proportion of
reaction centers which attain stable charge separa-
tion. In addition, a saturating low-intensity excita-
tion will not induce exciton-exciton annihilation
processes in the chlorophyll antenna matrix.
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