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ABSTRACT We have examined the photophysics of ener-
gy migration and trapping in photosystem I by investigating the
spectral and temporal properties of the fluorescence from the
core antenna chlorophylls as a function of the antenna size.
Time-correlated single photon counting was used to determine
the fluorescence lifetimes in the isolated P700 chlorophyll
a-protein complex and in a mutant of Chlamydomonas
reinhardtii that lacks the photosystem II reaction center com-
plex. The fluorescence decay in both types of sample is
dominated by a fast (1545 psec) component that is attributed
to the lifetime of excitations in the photosystem I core antenna.
These excitations decay primarily by an efficient photochemical
quenching on P700. The measured lifetimes show a linear
relationship to the core antenna size. A linear dependence of the
excitation lifetime on antenna size was predicted previously in
a lattice model for excitation migration and trapping in arrays
of photosynthetic pigments [Pearlstein, R. M. (1982) Photo-
chem. Photobiol. 35, 83544M]. Based on this model, our data
predict a time constant for photochemical charge separation in
the photosystem I reaction center of 2.8 ± 0.7 or 3.4 ± 0.7 psec,
assuming monomeric or dimeric P700, respectively. The pre-
dicted average single-step transfer time for excitation transfer
between core antenna pigments is 0.21 ± 0.04 psec. Under
these conditions, excitation migration in photosystem I is near
the diffusion limit, with each excitation making an average of
2.4 visits to the reaction center before photoconversion.

The primary steps in photosynthesis are absorption of light
and creation of a singlet excitation, transfer of the excitation
between pigment molecules, and photochemical charge sep-
aration in the reaction center. The relative kinetics of the
excitation transfer and trapping reactions determine critical
aspects of the overall light-harvesting process. Excitation
transfer is believed to occur by an incoherent hopping
mechanism (1), with the excitation following a random walk
through the antenna pigments to the reaction center (2). The
mechanism ofcharge separation depends on the unique redox
properties of the reaction center pigments in the excited state
and appears to be similar in bacteria and plants.
The reaction center complex of purple photosynthetic

bacteria contains only six pigment molecules (3), at least four
of which are directly involved in the primary photochemical
reactions (4). This relative simplicity has permitted measure-
ment of the photochemical rate constant, kp, by direct
excitation of the reaction center pigments (5-7). In contrast,
the photosystem I and II (PSI and PSII) reaction center
complexes isolated from oxygen-evolving plants contain a
relatively large number (40-110) of chlorophyll a (Chl-a)
molecules (8, 9). The presence of these core antenna pig-

ments in reaction center preparations complicates spectro-
scopic and kinetic measurements of the primary photochem-
ical reactions because of substantial overlap between the
absorptions ofthe reaction center and core antenna pigments.
Thus, direct measurement of photochemical charge separa-
tion has not been possible in either PSI or PSII. Time-
resolved measurements on enriched PSI preparations have
established an upper limit of 10 psec for charge separation in
P700 (10). In efforts to model the energy transfer dynamics in
oxygen-evolving systems (11, 12), the assumption has been
that the charge separation rate is the same as that obtained for
bacterial reaction centers (13).

In this study, fluorescence lifetimes were determined for
isolated P700 Chl-a-protein complexes from barley, contain-
ing only the core antenna and reaction centers of PSI, and for
a photosynthetic mutant of Chlamydomonas reinhardtii
missing the PSII reaction center/antenna complex. We find
a linear relationship between fluorescence lifetime and core
antenna size for both the PSI particles and the algal mutants.
The lattice models developed by Hemenger et al. (14) and
Pearlstein (2) predict such a linear relationship, given a
simple uniform array consisting of multiple sites for excita-
tion migration and a single trap. Under the assumptions of
these models, the data yield estimates for the photochemical
charge separation rate as well as the rates ofexcitation energy
transfer in the core antenna/reaction center of PSI. The rate
of charge separation in PSI is confirmed to be very similar to
that in bacterial reaction centers.

MATERIALS AND METHODS
The P700 Chl-a-protein complex was isolated from barley
(Horedium vulgare cv. Himalaya) seedlings using the proce-
dure of Shiozawa et al. (8) with the following modifications.
Washed thylakoids were solubilized in 1% Triton X-100 at a
Triton X-100/Chl-a and -b ratio of 60:100. After loading the
detergent-solubilized thylakoids on a hydroxylapatite col-
umn and washing the column with 10 mM sodium phosphate
(pH 7.0) and 4 column vol of 1% Triton X-100 in 50 mM
Tris HCl (pH 8.0), the pigmented hydroxylapatite was re-
moved from the column and made into a slurry with 1%
Triton X-100 in 50 mM Tris HCl (pH 8.0). The suspension
was stirred gently at 5°C in the dark for 10 min. The
hydroxylapatite was then pelleted and the 1% Triton X-100
procedure was repeated until the bound pigment contained no
detectable Chl-b and the Chl-a/P700 ratio no longer de-
creased. Pigment was released from pelleted hydroxylapatite
by washing once with 10 mM sodium phosphate (pH 7.0)
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followed by elution in 0.2 M sodium phosphate (pH 7.0)
containing 0.05% Triton X-100. The final eluate was diluted
to A677 = 0.6 and stored at 5°C in the dark for <24 hr before
analysis.

C. reinhardtii strain A4d was grown mixotrophically in low
light (10-15 microeinsteins m-2 sec-1, in which 1 einstein =

1 mol of photons) on Tris acetate/phosphate medium at 25°C
(15). Strain A4d is a double mutant obtained by crossing the
mutant B1 (PSII deficient because of a deletion in the
chloroplast psbA gene), with DS-521, a light-harvesting
Chl-a/b protein-deficient mutant. This second mutation
causes a 75% reduction in the light-harvesting Chl-a/b
protein (unpublished data). The cells were harvested by
centrifugation and resuspended in fresh growth medium at a
concentration of 2 ,ug of chlorophyll per ml.

Chl-a and -b were measured spectrophotometrically in 90%
(vol/vol) acetone extracts (16). P700 content was measured
in Triton X-100 extracts by light-induced absorbance changes
(8). The Chl-a content of the P700 Chl-a-protein complex was
determined in the Triton extract using an extinction coeffi-
cient of 60 mM-1 at 677 nm (8). The ratio Chl-a and -b/P700
was determined in whole cell extracts of C. reinhardtii as
described by Perry et al. (17). The quantum yield of P700
oxidation was measured by the rate of P700 photobleaching
in the absence of donors to P700+.

Fluorescence decay measurements were performed by
using time-correlated single photon counting as described by
Gulotty et al. (12) with the following modifications. Excita-
tion pulses [8-10 psec full width at half maximum (FWHM)]
were provided by a synchronously pumped DCM dye laser,
which was acousto-optically dumped at 75.6 kHz. Maximum
excitation intensities were on the order of 3 x 1011 photons
per cm2 per pulse, resulting in a maximum absorption of 0.05
photon per reaction center per pulse. Samples were placed in
a temperature-controlled cuvette at 10°C and stirred contin-
uously during analysis. These conditions eliminated any
contribution to the decays from excitation annihilation or
long-lived states in the reaction center. Fluorescence was
collected at 900 to the excitation through a 750-,um slit.
Emission wavelength was selected by a grating monochroma-
tor (bandpass, 4 nm) and fluorescence photons were detected
by a red-sensitive microchannel plate (Hamamatsu R1645-
Olu) that was cooled to reduce dark counts. The instrument
response function was measured with a dilute solution of
non-dairy creamer in water and had a FWHM of 60-80 psec
and a full width at 1/10th maximum of 130-150 psec. The
fluorescence decay, F(t), was described as a weighted sum of
exponential decays

F(t) = I-Ai exp(-t/ri), [1]

with

ZAi = 1.0,

where Ai and Ti are the preexponential amplitudes and
lifetimes, respectively, of each decay component, i. The
fluorescence decay profiles were fit to a sum of exponentials
convoluted with the instrument response function. Fluores-
cence excitation and emission spectra of the individual decay
components were measured by normalization of the
preexponential amplitudes to constant excitation intensity
and constant measuring time (18).

RESULTS AND DISCUSSION

Fluorescence Measurements. All P700 Chl-a-protein com-
plex preparations (Chl-a/P700, <40) displayed biexponential
fluorescence decays with lifetimes of 15-30 psec and 6 nsec.
The fluorescence decay of a typical PSI preparation (Chl-

a/P700, 33) is summarized in Table 1. The fluorescence
emission spectra from both temporally resolved components
exhibited a broad maximum between 680 and 690 nm. More
detailed temporal and spectral analyses will appear in sepa-
rate publications.
The short lifetime, associated with the dominant decay

(>85%) in the P700 Chl-a-protein complex, indicates the
presence of efficient quenchers of excitation energy in the
preparations. Treatment of the P700 Chl-a-protein with
0.1-1.0% lithium dodecyl sulfate at 10'C induced a parallel
loss of photooxidizable P700 and amplitude of the fast decay
component (Fig. 1). In addition, the quantum yield of P700
oxidation was estimated to be >0.85 after correcting for the
10-15% of the absorbed light energy that did not contribute
to active reaction centers (see below). These data suggest
that the 15- to 30-psec component represents the decay of
excitations in the core antenna of PSI, whose lifetime is
limited by efficient photochemical quenching on P700.
The slow component of the fluorescence decay had a

lifetime similar to that of Chl-a in solution [5 nsec (19)]. This
lifetime is too short to be associated with charge recombi-
nation reactions in PSI (20, 21). The emission spectrum
(maximum between 680 and 690 nm) was substantially
red-shifted compared to Chl-a in detergent micelles, suggest-
ing that the pigments that contribute to the slow decay remain
sequestered in a protein environment even though they are
incapable of excitation transfer to a trap. This emission most
likely arises from either (i) a small population of Chl-a
molecules that are uncoupled from otherwise functional core
antenna/reaction center complexes or (ii) core antenna
complexes that lack a functional trap. Attempts to reduce the
amount of this component by further hydroxylapatite chro-
matography were unsuccessful.

Preparations with core antenna sizes >40 chlorophylls
were also examined. These preparations were not used since
they invariably contained Chl-b and exhibited fluorescence
decays having slow (4-6 nsec) and intermediate (250-2500
psec) lifetime components that accounted for >40% of the
total decay amplitude.
The fluorescence decay in C. reinhardtii strain A4d was

also examined. Strain A4d lacks the PSII reaction center/
core antenna complex and is depleted in the light-harvesting
Chl-a/b proteins associated with PSII (unpublished data).
The resulting Chl-a and -b/P700 ratio of 110 suggests that the
composition of this strain is similar to the "native" PSI
complex, PSI-110 (22). The fluorescence decay of strain A4d
was accurately fit to a sum of three exponentials and was
dominated (A1, >90% between 680 and 700 nm) by a fast, 38-
to 45-psec, decay (see Table 1). The time-resolved emission
spectrum of the fast component shows a broad emission
maximum between 685 and 695 nm, similar to the spectrum
from the P700 Chl-a-protein preparations and implying that
the fast component should be assigned to excitation in the PSI
core antenna. The excitation spectrum of the fast decay
component in the mutant samples shows a contribution from
Chl-b present in the peripheral light-harvesting Chl-a/b
protein. However, the lifetime of the fast component is

Table 1. Summary of fluorescence decay components in the
P700 Chl-a-protein complex (Chl-a/P700 = 33) and in
C. reinhardtii strain A4d

Sample A1 T1 A2 T2 A3 T3 X2
P700 Chl-a-

protein 0.89 20 0.108 6370 1.09
C. reinhardtii

strain A4d 0.91 42 0.08 232 0.01 2375 1.02

Amplitudes (At) and lifetimes (Tj, psec) are defined in Eq. 1. The
X2 value is the reduced square deviation between the experimental
decays and the fit derived by the parameters listed.

Biophysics: Owens et al.
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FIG. 1. The effect of lithium dodecyl sulfate (LDS) treatment of
the P700 Chl-a-protein complex on the amount of photooxidizable
P700 and on the amplitude of the fast decay component. Treatment
was for 30 min in the dark at 100C.

independent of excitation wavelength (630-695 nm) and does
not exhibit a rise time in the fluorescence signal when Chl-b
is excited at 652 nm. These data indicate that excitations that
originate on Chl-b in the peripheral antenna are rapidly (<10
psec) concentrated in the core antenna.
The lifetime of the slow component (1.9-2.3 nsec) in the

mutant strain was in the same range as that of isolated
light-harvesting Chl-a/b-protein complexes (23) and the C.
reinhardtii mutant C2 (12), which is missing both PSI and
PSII reaction centers. This decay was assigned to peripheral
light-harvesting complexes that are uncoupled in excitation
transfer to the core antenna. An intermediate lifetime com-
ponent (250-350 psec) exhibited an emission spectrum that
was similar to that of the core antenna. However, the origin
of this component is unknown.

Effect of the Core Antenna Size on Excitation Lifetime. Due
to the energetic coupling of the interacting pigments in the
core antenna/reaction center complex, the number of
chlorophylls in the core antenna is expected to have a
pronounced effect on the energy migration dynamics in PSI.
In this study of P700 Chl-a-protein preparations from barley,
a linear dependence was observed for the fluorescence
lifetime of Chl-a in the core antenna versus the size of the
antenna (Fig. 2, open circles). The core antenna sizes were
calculated from the Chl-a/P700 ratio of the preparation
(assuming monomeric P700). A correction was applied to the
raw Chl-a/P700 ratio for the presence of Chl-a that was not
functionally coupled to the reaction center. The amplitude of
the fast component represents the proportion of Chl-a in the
preparation that was coupled by excitation transfer to P700
(-0.9 in all samples). The effective core antenna size is
obtained by subtracting 1 for monomeric P700 and is plotted
in Fig. 2. For dimeric P700, the effective core antenna size
would be 1 less. The determination of the Chl-a/P700 ratio
constituted the largest source of error in estimation of
antenna size, but repetitive measurements reduced this error
to less than ±5% (24). The precision of the short lifetime was
determined to be ±2 psec from repetitive measurements for
each sample. The linear regression fit to the data (±1 SD)
(Fig. 2) yielded a slope of 0.63 (±0.01) psec per chlorophyll
and an intercept of 3.1 (±0.7) psec (r2 = 0.998; four data
points).
The lifetime offluorescence from the core antenna was also

measured in four independent cultures of intact C. reinhardtii
strain A4d. Regardless of excitation wavelength (630-695
nm), the emission spectrum from the core antenna (fast decay
component) of these samples showed (0) a similarity to the

FIG. 2. Dependence offluorescence lifetime on the effective core
antenna size of PSI. Lifetimes are derived from the fast decay
components in each sample. Effective antenna size was calculated
from the measured antenna size (Chl-a/P700) by multiplying by the
fraction of the total decay amplitude in the fast component and
assumes monomeric P700 (see text). o, P700 Chl-a-protein complex-
es from barley; m, individual cultures of C. reinhardtii strain A4d; *,
data derived from literature refs. 27 (lifetime = 9 psec, antenna size
corrected for slower decay components) and 21 (lifetime = 40 psec,
antenna size uncorrected). Representative error bars represent 1 SD
in lifetime or effective antenna size for each type of sample, P700
Chl-A preparations, and A4d. The solid line is the least-squares fit to
the eight data points from this study (slope, 0.60 ± 0.01; intercept,
4.2 ± 1.2 psec; r2 = 0.994).

emission Spectrum from the core Chl-a of the barley prepa-
rations and (it) no detectable emission (<10%) from the
Chl-a/b protein (670 nm). Based on these observations, the
peripheral Chl-a/b-protein complexes apparently do not
contribute to the effective size of the core antenna aggregate
assigned to the fast decay component. This conclusion is also
supported by the rapid migration of excitations from the
peripheral Chl-a/b proteins to the core antenna. Thus, the
PSI core antenna size in strain A4d can be calculated from the
cellular ratio of Chl-a and -b/P700 by assuming (i) the PSI
core antenna contains only Chl-a (22), (it) all Chl-b present is
contained in the light-harvesting Chl-a/b protein, and (iii) the
in vivo ratio of Chl-a/b in the light-harvesting Chl-a/b protein
is 1.36 (ref. 12; unpublished data). Based on these assump-
tions, the PSI core antenna size was calculated to be 67 ± 6
Chl-a molecules (assuming one chlorophyll in the reaction
center) for a wide range of Chl-a and -b/P700 ratios in the
mutants examined and several other mutant and wild-type
strains of C. reinhardtii (unpublished results). A correction,
determined from the time-resolved measurements and similar
to the one applied to the core antenna size in the P700 Chl-a
protein samples, was used to account for inactive Chl-a
pools. This correction was again small (<10%), similar for all
four mutant samples studied, and yielded an effective core
antenna size of 62 ± 6 Chl-a (assuming one reaction center
chlorophyll).
The relationship between lifetime and effective core an-

tenna size in the four different cultures of strain A4d is shown
in Fig. 2 (squares). The data are clustered around the
regression line of the barley P700 Chl-a-protein complexes.
The representative error bars shown for these data were

calculated from the standard deviation of the four samples,
rather than from the error in individual measurements as for
the P700 preparations. These larger error bars seem reason-
able given the uncertainty in determination of the antenna
size and lifetime for these more complex samples. The linear
correlation between excitation lifetime and antenna size is
unaffected by inclusion of the mutant samples.
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The correspondence of the whole cell data with the P700
Chl-a preparations suggests that the method for calculating
the core antenna size in these mutants that contain the
light-harvesting Chl-a/b protein is accurate. A further impli-
cation of these findings is that the structure of the PSI core
is similar in green algae and higher plants. Immunochemical
studies (24) have shown that the apoproteins of the PSI
reaction center/core antenna complex are highly conserved
throughout the plant kingdom. Tapie et al. (25) have shown
that the orientations of PSI pigments are very similar in
thylakoid membranes and PSI-enriched preparations from C.
reinhardtii, peas, and barley. Preparations of PSI reaction
centers from spinach (Fig. 2, solid circles), containing 70
Chl-a/P700 (uncorrected for effective antenna size, lifetime
= 40 ± 5 psec) (21) and 8-10 Chl-a/P700 (corrected for
effective antenna size, lifetime = 9 psec) (26), also fall near
our line. Collectively, these data suggest that the functional
geometry of the PSI core antenna is maintained in these
various samples. The data also support an in vivo core
antenna size of 65 Chl-a/P700, as suggested by Mullet et al.
(22).

Lattice Model Calculations. Hemenger et al. (14) and
Pearlstein (2) have derived a set of equations that describe
excitation migration and trapping in model arrays of photo-
synthetic pigments and predict a linear dependence of exci-
tation lifetime on array size. Functionally, the model array is
composed of a regular lattice containing a total ofN sites with
N - 1 sites occupied by antenna pigments and with a reaction
center that occupies a single site independent of the mono-
meric or dimeric nature of the trap. Excitations are removed
from the array only by photochemistry at the trap site.

In Pearlstein's equation (2), the mean lifetime, M., of an
excitation is given in terms of the array size, N, by

MO = [1/qFT - 1/qFA] [(N - 1)2/N] + aN/FA +

(FD/FT)(N - 1)(kP)-1 + kP-1, [2]

where FT, FD, and FA are the Forster rate constants for
trapping, detrapping, and transfer among the lattice pig-
ments; kp is the photochemical rate constant for charge
separation at the reaction center (k - = rp); and the
parameters q and a are constants that relate to the lattice
symmetry (2). In the range where (N - 1)2/N (N - 1), MO
can be written as a linear function of (N - 1):

Mo = [(1/qFT - 1/qFA) + (FD/FT)p + a/FA]
X (N-1) +a/FA + Tp. [3]

Assuming that excitation migration and trapping in our
samples can be adequately described by the lattice model of
Pearlstein (2), the linear relationship between antenna size
and lifetime can be used to estimate the rates of charge
separation and excitation transfer in PSI by equating our
measured effective core antenna size to the (N - 1) antenna
sites of the model.
An estimate for rp can be obtained from Eq. 3 once values

for the Forster rate constants FT, FD, and FA are found.
These constants are not accessible experimentally, but their
ratios FD/FT and FT/FA are equal to the ratio of their
respective Forster overlap integrals (2). The values of these
integrals depend only on the spectral properties of the donor
and acceptor pigments in the energy transfer process (27).
Although the PSI core antenna probably contains more than
one spectral form of Chl-a (29), we have modeled the antenna
as a single spectral form absorbing at 678 nm. This simplifi-
cation is supported by the observations that (i) the lifetime of
excitations in the core antenna is independent of excitation at
wavelengths <695 nm and (ii) variation in the calculated

values of TP for antennae absorbing between 675 and 685 nm
are not significantly different from those calculated at 678
nm. The calculations for the relative Forster rate terms,
FD/FT and FT/FA, were made by using the spectral overlaps
for a monomeric trap (27) and yielded values of 0.090 and
0.695, respectively. The value of FT/FA for a dimeric trap
was determined by assuming that the transition dipole
strength of the dimer was twice that of the monomer (FT/FA
= 1.39). The ratio, FD/FT, was assumed to be unaffected by
the trap type. The slope and intercept values from Fig. 2 can
then be used to solve Eq. 3 for rp and FA (and thereby yield
FT and FD) (Table 2).
The terms of Eq. 2 describe the three contributions to the

mean excitation lifetime MO: the first passage time (Tfpt), the
photochemical charge separation lifetime (rp), and the de-
trapped lifetime (Tdt). The first passage time (see Eq. 4) is the
average time required for the initial random walk of the
excitation from its source in the core antenna to the reaction
center:

Tfpt = [(l/qFT) - (1/qFA)] [(N - 1)2/N] + aN/FA. [4]

Once an excitation arrives at the reaction center (or trap), two
different decay routes may be defined. First, direct decay of
the excitation at the trap may occur due to photochemical
charge separation with a lifetime rp. Alternatively, the
excitation may return to the core antenna from the trap
(detrapping). The detrapped lifetime (see Eq. 5) represents
the average time between the first visit of an excitation to the
trap and its ultimate utilization in photochemistry after one or
more subsequent visits:

Tdt = (FD/FT)(N - l)rp. [5]

Two other parameters that can be calculated from the
model equations are the single-step transfer time (SSTT), the
time required for excitation transfer between pairs of antenna
pigments (see Eq. 6), and V, the average number of visits an
excitation makes to the reaction center before being
quenched by photochemistry (see Eq. 7)

SSTT = (l/qFA)

V = 1 + (FD/FT)(N - 1)(qFA/Nkp).

[6]

[7]

The excitation energy transfer and trapping parameters
calculated for square and cubic lattices are compared for
monomeric and dimeric P700 traps in Table 2. The photo-

Table 2. Parameters describing excitation energy migration and
trapping in the core antenna and reaction center of PSI

P700 TP FA FT FD SSTT Tfpt Tdt V

Square lattice (q = 4, a = 0.429)
M 2.85 1.46 1.01 0.091 0.172 23.2 15.9 2.47
D 3.38 1.12 1.55 0.140 0.224 20.0 18.7 2.34

Cubic lattice (q = 6, a = 0.262)
M 2.85 0.907 0.630 0.057 0.184 23.1 16.0 2.38
D 3.38 0.669 0.929 0.084 0.249 20.1 18.6 2.20

Values were calculated for square and cubic arrays assuming
either monomeric (M) or dimeric (D) P700. FA, FT, and FD are the
Forster rate constants for excitation energy transfer in the antenna
and for trapping and detrapping, respectively (units, 1012 sec-1). All
other parameters except V have units of psec. Tp, Photochemical
lifetime for charge separation in P700; Tfpt, first passage time; Tdt,
detrapped excitation lifetime; V, average number of visits to the
reaction center before photoconversion. Antenna size-dependent
parameters (Tfpt, Tdt, and V) were calculated for an in vivo PSI
complex with 63 total chlorophylls (corrected Chl-a/P700 = 63; see
text).

Biophysics: Owens et al.
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chemical lifetime at the reaction center rp was found to be
independent of the lattice type but varied slightly (2.8 ± 0.7
and 3.4 ± 0.7 psec) for monomeric versus dimeric traps,
respectively. The corresponding photochemical rate con-
stants, kp, are 3.6 and 2.9 x 1011 sec'. Direct measurement
of kp in bacterial reaction centers gave values of 2.44 x 10k'
sec' (5) and 3.7 x 1011 sec' (6).
The reported error in our values of Tp reflects only the

propagation of the standard error in the estimation of the
y-axis intercept from the regression of lifetime against effec-
tive antenna size (Fig. 2). Propagation of the errors due to the
standard deviation about the mean lifetime and uncertainty in
N - 1 (representative error bars for the P700 Chl-a protein
data in Fig. 2) increases the uncertainty in the estimation of
kp by a factor of "-2. Since a/FA is much smaller than Tp,
errors in the determination of a and FA will not have a
significant effect on the value of Tp. Because the core antenna
may contain several spectral forms of Chl-a (28), our estimate
of Tp should be considered a minimum.

Since the average trapping time in the array (1/qFT = 0.21
± 0.05 psec) is comparable to the single-step transfer time
between antenna pigments, transfer to the trap is not favored
over transfers within the antenna. However, the detrapping
time (1/qFD = 2.4 + 0.6 psec) is an order ofmagnitude slower
than the trapping time. As a result, the reaction dynamics in
PSI are determined by both FD and kp. In contrast, the
shallow trap depth of PSII (FD = FT) permits equilibration of
an excitation between the trap and core antenna pigments.
For PSII, then, the reaction dynamics are more sensitive to
the value of kp (12). From our results for PSI, the average
number of visits by excitations to the reaction center is -2.4.
Thus, excitation migration and trapping in PSI approach the
diffusion limit where each excitation would be quenched by
photochemistry on its first visit to the trap.

CONCLUSIONS

Our investigation of excitation migration and trapping
dynamics in PSI by analysis of picosecond-resolved fluores-
cence decay kinetics has led to the following conclusions:

(i) Variations in the mean lifetimes of the isolated P700
Chl-a-protein complex and a PSII-lacking strain of C.
reinhardtii can be attributed to differences in their core
antenna sizes.

(ii) The linear relationship between antenna size and
fluorescence lifetime observed in the PSI core antenna
supports the applicability of the lattice model of Pearlstein (2)
to photosynthetic systems.

(iii) The regression of mean lifetime against antenna size
predicts a photochemical rate constant of 3.6 x 1011 sec-1 for
monomeric PSI reaction centers. This value is very similar to
the recent measurements in Rhodopseudomonas sphae-
roides and Rhodopseudomonas viridis reaction centers (5-7).

(iv) The value of kp and other parameters describing
excitation migration and trapping in PSI are rather insensitive
to the structure of the array and little affected by the
difference between monomeric and dimeric P700.

(v) Excitation migration in PSI is nearly diffusion limited.
According to the lattice model calculations, an excitation
makes on the average only 2.4 visits to the reaction center
before being quenched by photochemistry.

(vi) The calculated single-step transfer time for excitations
in the core antenna of PSI is between 0.1 and 0.2 psec.
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