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ABSTRACT Using time-resolved single
photon counting, fluorescence decay in
photosystem (PS I) was analyzed in
mutant strains of Chlamydomonas rein-
hardtii that lack photosystem 11. Two
strains are compared: one with a wild-
type PS I core antenna (120 chlorophyll
a/P700) and a second showing an

apparent reduction in core antenna
size (60 chlorophyll a/P700). These
data were calculated from the lifetimes
of core antenna excited states (75 and

45 ps, respectively) and from pigment
stoichiometries. Fluorescence decay in
wild type PS I is composed of two
components: a fast 75-ps decay that
represents the photochemically limited
lifetime of excited states in the core

antenna, and a minor (<10%) 300-800
ps component that has spectral char-
acteristics of both peripheral and core

antenna pigments. Temporal and spec-
tral properties of the fast PS I decay
indicate that (a) excitations are nearly

equilibrated among the range of spec-
tral forms present in the PS core
antenna, (b) an average excitation
visits a representative distribution of
core antenna spectral forms on all pig-
ment-binding subunits regardless of the
origin of the excitation, (c) reduction in
core antenna size does not alter the
range of antenna spectral forms pres-

ent, and (d) transfer from peripheral
antennae to the PS core complex is
rapid (<5 ps).

INTRODUCTION

The light-harvesting antennae of photosynthetic systems
consist of highly ordered, protein-bound pigments. The
spectral properties of these pigments are modified by
interactions with their local environment, producing a
range of antenna absorptions. A full understanding of the
dynamics of excited-state energy transfer and photo-
chemical trapping reactions within the antennae will
require a characterization of the role of both spectral and
spatial structure in these processes. In green algae and
higher plant chloroplasts, this characterization is compli-
cated by the presence of distinct antenna complexes with
strongly overlapping spectral properties. Each spectral
form of the antenna pigments can potentially make a
unique contribution to parallel and sequential reactions of
excited-state energy transfer and trapping. Although the
transfer of a mobile excited state (excitation) between
individual pairs of antenna pigments cannot be resolved in
these complex systems, the spectral and kinetic properties
of excitations averaged over functional aggregates of
antenna pigments can, in principle, be measured. These
kinetic and spectral properties provide, in turn, insight
into structure/function relationships in the light-harvest-
ing systems.
The application of time-resolved fluorescence spectros-
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copy using tunable dye laser pulsed excitation and single
photon counting detection provides access to both spectral
and kinetic information describing excitation decay (1).
The high dynamic range of photon counting permits the
resolution of complex multiexponential decays with time
resolution of better than 10 ps (2, 3). The fluorescence
decay of green algal cells or higher plant chloroplasts is
characterized by at least four or five components (4) with
lifetimes between 50 and 2,500 ps. The amplitudes and
rate constants for each of these decay components are

thought to be related to the relative absorption cross-

section and to the kinetics of excitation transfer, trapping,
and nonradiative decay (1). The time-resolved fluores-
cence excitation and emission spectra of the individual
decay components provides information on the absorption
and fluorescence properties of pigments contributing to
that decay. The assignment of these decays to functional
antenna aggregates has been a major focus of recent
research in this area.

Because of the complexity and spectral overlap of these
decay components in vivo, investigators have used a

variety of techniques to alter or simplify samples for
fluorescence decay analysis, thereby facilitating the
assignment of the major fluorescence decay components.
These include biochemical fractionation of the photosyn-
thetic apparatus (5-10), chemical treatment of intact or

fractionated samples (11-12), and genetic manipulation
of the pigment-protein composition of thylakoid mem-

branes (13-15). The results of these and other studies
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have led to the following general assignments. Two major
decay components with /e lifetimes (T) or -0.3 and 0.6
ns are associated with the variable fluorescence yield of
PS II. A minor component (T = 2.5 ns) is assigned to
uncoupled antenna complexes. Excitations in PS I-

associated chlorophylls decay rapidly (r = 75-95 ps) and
exhibit a characteristic red shift of their spectral proper-
ties.
A detailed in vivo investigation of excitations localized

in PS I is difficult due to their short lifetime and to the
dominance of the PS II decay components. In previous
investigations, we have examined the spectral and kinetic
properties of PS I fluorescence decay in detergent-
isolated preparations (2, 8, 9). Using both theoretical and
experimental analyses, these studies have defined the
general relationships between antenna structure and the
dynamics of excitation transfer and trapping reactions in
PS I. Our studies have distinguished between core and
peripheral antenna pigments, where the core antenna
consists of several spectral forms of chl a (120 chl
a/P700) bound in the same protein complex that binds
P700 (16, 17). In green algae and higher plants, the
peripheral antenna complexes fall into two classes of
light-harvesting chl a/b-binding complexes associated
with either PS II (LHC II) or PS I (LHC I).
The present investigation describes the analysis of PS I

fluorescence decay in several mutant strains of the green
alga Chlamydomonas reinhardtii. These strains lack the
PS II reaction center/core antenna complex and the
decay components associated with PS II fluorescence.
Fluorescence decay data confirm the presence of a second
PS I decay component that has spectral characteristics of
both the peripheral and core antennae. Simultaneous
alterations in the content ofLHC I and LHC II have both
direct and indirect effects on excitation dynamics in the
PS I core antenna. In one mutant, a 90% reduction in
peripheral antenna complexes is associated with an

apparent 50% reduction in the PS I core antenna size.
Using a model of the pigment-protein stoichiometry of the
PS I core antenna, the mutant fluorescence decay data
provide information on the internal structure and excita-
tion dynamics in the wild type PS I reaction center/core
antenna complex.

MATERIALS AND METHODS

Culture conditions
Chlamydomonas reinhardtii strains 137c (wild type), 4Dlc, A4d, Bi,
and other PS II-minus strains were grown mixotrophically in batch
cultures on Tris-acetate-phosphate medium (18) at 22°C. Mutant B1
and related PS 1I-minus strains were selected by the metronidazole
method (19) after treatment with 5-fluorodeoxyuridine. Strain BI
contains a deletion in the chloroplast psbA genes encoding the 32-kD
herbicide-binding protein (Mets, L., unpublished data). Strain A4d was

constructed by crossing B1 with 4DIc, a strain carrying the DS-521
mutation causing a deficiency in the chl a/b-binding proteins (Galloway
and L. Mets, unpublished data). Cultures were grown under a continu-
ous illumination of 100 ME m-2s1 (wild type) or -<1 E m-2s' (mutant
strains). Cells for time-resolved analyses were harvested by centrifuga-
tion and diluted in fresh medium to an absorbance of 0.1-0.2 at 675
nm.

Thylakoid isolation and
polyacrylamide gel
electrophoresis (PAGE)
Thylakoid membranes were isolated according to the procedure of Chua
and Bennoun (20). Mutant strains accumulated large amounts of starch
that were removed by exhaustive washing with 5 mM Tris HCI, 10 mM
EDTA (pH 8.0) before the sucrose gradient step. Chlorophyll-protein
complexes were separated on nondenaturing lithium dodecyl sulfate-
PAGE at 4°C as described by Delepelaire and Chua (21); the pigment-
protein nomenclature suggested by Thornber (22) was used. The
distribution of chls a + b was measured by scanning gel slices at 662 nm
(23) in a modified Cary-14 spectrophotometer (On-Line Instrument
Systems, Inc., Jefferson, GA). Polypeptide composition of the thylakoid
membranes was determined by using denaturing sodium dodecyl sul-
fate-PAGE (40C) on a linear 7.5-15% acrylamide gradient (20).
Thylakoid membrane polypeptides were numbered according to the
scheme of Delepelaire and Chua (21). Isolation and quantitation of
mutant LHC I content was accomplished using the procedures of Herrin
et al. (24).

Pigment determination
Chlorophylls a and b were measured spectrophotometrically in 90%
acetone extracts using the equations of Jeffrey and Humphrey (25).
P700 was measured in thylakoid membranes solubilized in 1% Triton
X-100 (Triton/chl 60, wt/wt) by light-induced absorbance changes
(26).

Spectroscopy
Room temperature fluorescence emission spectra (corrected for excita-
tion intensity and detector sensitivity) were recorded using an optical
multichannel analyzer (EGG-PAR OMA-III). Absorption spectra of
whole cell suspensions were measured in a modified Cary-14 spectro-
photometer with a laboratory-constructed integrating sphere.

Fluorescence decay kinetics were measured using time-resolved single
photon counting as previously described (9, 14). Excitation was pro-

vided by a synchronously pumped, DCM dye laser (630-710 nm) that
was cavity dumped at 75 kHz or 3.8 MHz (pulses 8-10 ps FWHM).
Maximum excitation intensities were kept below 8 x 1010 photons cm-2
pulse-' for all samples. Samples were held in a temperature-regulated
cuvette and gently stirred throughout the analyses. Fluorescence was

collected at 900 to the excitation through a 700-am slit and selected by a

monochromator (bandwidth, 4 nm). Deconvolution of the instrument
response function (60-70 ps, FWHM) from the measured fluorescence
decay provided a time resolution of <10 ps. The quality of fit was

assessed from the distribution of normalized residuals and the value of
the reduced x2 parameter (<1.15 for "good" fits). Standard deviations
on the mean lifetime of replicate samples varied from +4 ps (r 20-80

ps) to ±33 ps (T = 300-800 ps) and ±90 ps (r 1.5-2.5 ns). The
temporal response of the system was calibrated by placing etalons in the
excitation beam; performance of the system was frequently checked by
measuring the single exponential decay of oxazine 725 in methanol
(r 765 ± 10 ps at 210C).

Time-resolved fluorescence excitation and emission spectra for each
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decay component were calculated using the general treatment of
Holzwarth and co-workers (1, 27) as described in Eq. 1

Ti(Xc, kem) = C * Ai(Xexc, Xm) lI/N(I, Xexc, Xem). (1)

Here, Ti is the relative time-resolved excitation or emission of decay
component i at excitation and emission wavelengths A,,c and X,,
respectively, Ai is the preexponential amplitude of component
i (:A - 1), N is the amount of time required to accumulate 1O' counts
in the peak decay channel at constant excitation intensity (I), and C is a
constant. The steady-state emission of each decay component (Si) was
calculated from

= C * Ai(XAxc, Xm) Tj(Xxc, Xem) * 1/N(I, kxc, Xem), (2)

where Tr is the 1/e lifetime of decay component i. These calculations
make no assumptions about the shape of the steady-state spectra.
Spectra were corrected for detector sensitivity in all wavelength-
dependent measurements.

RESULTS

Mutant characterization
The distribution of pigments in thylakoid membranes and
isolated pigment-protein complexes from C. reinhardtii
wild type strain 137c and mutant strains B1 and A4d is
shown in Table 1. The deletion in the chloroplast psbA
gene in strains B 1 and A4d results in a complete loss of PS
II activity: C02-dependent 02 evolution and room tem-
perature variable fluorescence are undetectable in both
strains (Mets, L., unpublished results). Both strains also
lack the two PS II core antenna complexes (CC II)
associated with the PS II reaction center. In addition to
the psbA deletion, strain A4d also contains the DS-521
nuclear mutation that causes a 90% reduction LHC II
content and in total chl b/P700 (Table 1). Although at
present there is no method of quantifying LHC I content
in most strains of C. reinhardtii, we used the method of
Herrin et al. (24) to prepare particles enriched in LHC I
and CC I. These particles retain the low (200C) fluores-
cence yield and long wavelength 770K emission charac-
teristic of LHC I/CC I aggregates (28). After mild
dissociation of the particles and separation on nondena-

turing gels, the ratio of total chl in the CC I and LHC I
bands was found to be -40% higher in strain A4d
compared with strain B1 and wild-type (Table 1). C.
reinhardtii strain 4Dlc, which contains the DS-521
mutation but retains normal PS I and PS II activities,
shows a similar change in pigment ratios and loss of LHC
II complexes.

Analysis of thylakoid membrane polypeptides by dena-
turing SDS-PAGE (data not shown) demonstrates that
neither B1 nor A4d accumulate the pigment-binding
polypeptides of the PS II core antenna complex (mol
wt = 47, 43 kD; polypeptides 5 and 6). In strains carrying
the DS-521 mutation, there is a large reduction in three
LHC II polypeptides (mol wt = 30.5, 25, and 24 kD;
polypeptides 11, 16, and 17.1). The DS-521 mutation also
alters the polypeptide composition of LHC I: polypeptide
15 (26 kD) is reduced whereas polypeptides 14 and 22 (27
and 20 kD) are present in excess of wild type. Polypeptide
18 (23 kD) is absent in strains carrying the DS-521
mutation. This protein has been assigned to LHC I (29)
but could not be detected in wild type LHC I preparations
(24). The molecular nature of the DS-521 mutation is
unclear but it does not affect structural genes (chloroplast
or nuclear) of the PS I core complex (Mets, L., unpub-
lished data). Detailed biochemical analysis of these
strains will be published elsewhere.
The steady-state absorption and fluorescence emission

(200C) spectra of wild type and mutant strains B1 and
A4d are shown in Fig. 1. The absorption spectra reflect
the variations in peripheral antenna content in the chl b
absorption at 652 nm and minor shifts of the absorption
maxima. The fluorescence emission spectra show the
greatest variation in the long wavelength (685-740 nm)
regions, resulting from increased contributions of PS I
emission in the mutant strains (28, 30).

Time-resolved fluorescence
analysis
The room temperature fluorescence decay (excitation at
670 nm, emission at 690 nm) of intact cell suspensions of

TABLE 1 Distribution of pigments, pigment-protein complexes, and photosystem activities in C. relnhardtll wild type
strain 137c and mutant strains A4d and BI

Photosystem Isolated pigment-proteins Isolated LHC I/CC I aggregate
activity Whole cell ratios % total chlorophyll a + b on gel % total chlorophyll a + b

Strain PS I PS II chl a + b/P700 chl a/b CC I LHC II CC II FP CC I LHC I CC I/LHC I

137c + + 478 ± 48 2.64 ± .58 10 65 11 14 82 18 4.6
BI + - 366 ± 61 2.51 ± .39 11 73 0 16 84 16 5.2
A4d + - 117 ± 27 8.55 ± 1.8 80 8 0 12 89 11 8.1

PS I activity was measured as light-induced photobleaching at 697 nm, PS II activity as light-dependent oxygen evolution. Nomenclature for pigment
protein complexes is according to Thornber (22): CC I and CC II, core antenna complexes of PS I and PS II; LHC II, peripheral light-harvesting
complex of PS II; FP, free pigment. CC I/LHC I aggregates were isolated according to Herrin et al. (24).
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FIGURE 1 Room temperature (21°C), steady-state absorption, and
fluorescence emission spectra for whole cell suspensions (corrected for
scattering) of C. reinhardtii strains 137c (solid line), Bi (dotted line)
and A4d (dashed line). (A) Absorption spectra; (B) fluorescence
emission spectra.

C. reinhardtii strains A4d and B1 are accurately
described (X2 < 1.15) by three exponential components
with lifetimes in the range of 40-90 ps, 300-800 ps, and
1.2-2.2 ns (Table 2). Addition of a fourth decay compo-
nent led to a splitting of the long lifetime decay into two
new components but did not statistically improve the fit.
We did not observe rise components (negative preexpo-
nential amplitudes) of any lifetime in the decays even
though such terms were routinely included in the range of
initial estimates used for each regression analyses.
The three fluorescence decay components in strains

A4d and B1 differ in both their relative amplitudes and
lifetimes. The fast decay component in A4d has a lifetime
of 43 ± 5 ps, whereas the same component in BI has a
lifetime of 76 ± 7 ps. Time-resolved analysis of seven
other independently derived PS TI-minus strains of C.
reinhardtii, all with deletions in the psbA gene, gave an
average lifetime of the fast decay component of 74 ± 6 ps.
Lifetimes of 75-95 ps have been reported for PS I in
several wild type strains of green algae and higher plant
chloroplasts (for reviews see references 1, 31). Similarly,

TABLE 2 Fluorescence decay kinetics of C. reinhardtll
strains A4d, BI, and seven independent PS Il-minus
mutants (including strain BI) measured at 652 nm
excitation and 695 nm emission

Strain Al r1 A2 T2 A3 T3

A4d 0.87 43 ± 5 0.09 345 ± 105 0.04 1350 ± 165
BI 0.43 76 ± 7 0.31 685 ± 155 0.26 1810 ± 215
All PSI- 0.52 74 ± 6 0.28 585 ± 130 0.20 1620 ± 300

Cells were obtained from midexponential phase cultures only. Ai and Tr
are the amplitudes and 1 /e lifetimes of the three decay components in
each sample. The decay parameters for A4d and B1 were averaged for
12 independent cultures over a period of two years. The PS II- data is
the average of seven independent PS II-minus strains carrying a deletion
in the psbA gene: B 1, 1 -4d, D7, A8-36c, F8, A7, and LM 18.

lifetimes of 10-40 ps have been reported for detergent-
isolated PS I preparations (2, 5, 9). In all previous cases,
the decays were attributed to the lifetime of excitations in
the PS I core antenna. The differences in the lifetime of
the fast decay component between A4d and other PS
II-minus strains has been consistently observed for more
than three years since the mutants were generated. We
conclude that the differences are real and not due to
artifacts of culture conditions or experimental methods.
The lifetimes of the intermediate and slow decay

components were also different in the two strains, but the
differences were less significant. Fluorescence decay com-
ponents with lifetimes in the range of 250-750 ps have
been reported in membrane fractions enriched in PS I
(9, 10, 27) and in algal mutants lacking PS 11 (8, 14, 15).
Decay components with lifetimes in the range of 750-
2,400 ps have been found in monomeric and oligomeric
forms of LHC II in vitro (4, 6) and in C. reinhardtii strain
C2, which lacks both the PS I and PS II reaction
center/core antenna complexes (14, 32). The amplitudes
of the three decay components also vary between strains
A4d and B1. In strain A4d, the total decay is dominated
(85-95%) by the 45 ps component; in Bl and the other PS
TI-minus strains, the fast decay (75 ps) contributes a
maximum of -50% to the decay (Table 2).

Spectral analysis of the decay
components
The time-resolved fluorescence emission spectra (652 nm
excitation) of the three decay components in strains A4d
and B1 are presented in Figs. 2 and 3, respectively. In
both strains, the predicted steady-state emission spectra
(calculated using Eq. 2 and summing over all decay
components) closely resemble the shape of the actual
steady-state spectra (Fig. 2C and 3C). This establishes
the validity of the time-resolved spectra. The contribu-
tions of the fast, intermediate, and slow decay compo-
nents to total steady-state fluorescence (665-750 nm) are
calculated to be 22, 28, and 50% in strain A4d and 6, 30,
and 64% in strain B1, respectively. For the time-resolved
spectra, the shape of the total spectrum (summed overall
decay components) is completely determined by the 1/N
term in Eq. 2. The contributions of individual decay
components to the total time-resolved spectra are deter-
mined by the amplitudes Ai.
The normalized emission spectra of the fast (40-80 ps)

decay components are very similar in strains A4d and B 1,
showing broad maxima between 680 and 700 nm (Figs.
2 B and 3 B). These spectra are similar to the emission
spectrum of the 20-30-ps decay component in isolated PS
I reaction center/core antenna complexes (9) with two
important distinctions: (a) the maxima of the mutant in
vivo spectra are broader and shifted to the red by 5-7 nm,
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FIGURE 2 Time-resolved fluorescence emission spectra for whole cell
suspensions of C. reinhardtii strain A4d (21°C, 652 nm excitation).
(Open circles) Emission spectrum of 45 ps decay component; (open
squares) spectrum of 350 ps decay; (open diamonds) spectrum of 1,350
ps decay; (dashed line) steady-state fluorescence emission spectrum;
(solid squares) total time-resolved fluorescence emission. (A) Relative
emission spectra of the three kinetic components; (B) emission spectra
of the three decay components normalized at their respective maxima;
(C) comparison of the total time-resolved and steady-state emission
spectra.

and (b) emission in the range of 700-740 nm is signifi-
cantly greater in the mutants. The emission spectra of the
1.2-1.8-ns decay in A4d and B1 show a maximum near
680 nm characteristic of isolated LHC II complexes (6).
The spectra are also very similar to the steady-state
emission of the double mutant C2 that lacks both PS I and
PS II core complexes (32).

In contrast to the similarities of the emission spectra of
the fast and slow decay components, emission spectra of
the 300-700 ps decay components in strains A4d and B1
differ significantly (Figs. 2B and 3B). In strain A4d, the
intermediate decay exhibits a broad emission maximum
between 680 and 700 nm, similar to the fast decay
emission in both mutants and to the intermediate decay in
detergent-isolated PS I preparations containing chl b (9).
The A4d intermediate decay also shows enhanced emis-
sion at 720 to 740 nm. In contrast, the intermediate decay

650 670 690 710 730

WAVELENGTH (nm)
750

FIGURE 3 Time-resolved fluorescence emission spectra for whole cell
suspensions of C. reinhardtii strain B 1 (21OC, 652 nm excitation). (Open
circles) Emission spectrum of 75 ps decay component; (open squares)
spectrum of 800 ps decay; (open diamonds) spectrum of 1,800 ps decay;
(dashed line) steady-state fluorescence emission spectrum; (solid
squares) total time-resolved fluorescence emission. (A) relative emis-
sion spectra of the three kinetic components; (B) emission spectra of the
three decay components normalized at their respective maxima; (C)
comparison of the total time-resolved and steady-state emission spec-
tra.

emission in B1 is centered at 690 nm with about one-half
the bandwidth of A4d and has reduced emission at
720-750 nm.
The time-resolved fluorescence excitation spectra (720

nm emission) for the three decay components in A4d and
BI are shown in Figs. 4 and 5, respectively. Integration of
the area under the individual decay components indicates
that the fast, intermediate, and slow decay components
contribute 88, 9, and 3% to the total time-resolved
absorption cross-section in A4d and 58, 27 and 15% in Bi.
The normalized excitation curves for the intermediate
and slow components of A4d and B1 are very similar, with
a maximum at 675 and a ratio of 650 to 675 nm
cross-sections of 0.72. These curves are similar to the
absorption spectrum of the PS I and PS 11-minus mutant
C2 (32) and are characteristic of chl a/b-containing
antenna complexes. The normalized excitation spectra of
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FIGURE 4 Time-resolved fluorescence excitation spectra of the three
decay components in C. reinhardtii strain A4d (210C, 720 nm emis-
sion). All spectra are expressed in units of relative absorption cross-
section. Amplitudes of the time-resolved components show their relative
contributions to the total fluorescence excitation. (Open circles) Excita-
tion for 45 ps decay; (open squares) excitation for 350 ps decay; (open
diamonds) excitation for 1,350 ps decay.

the fast decay components of A4d and B I are similar with
a broad maximum at 675-680 nm characteristic of the PS
I core antenna pigments. However the fast decay compo-
nents also show significant cross-sections at 652 and 675
nm associated with the absorption of the peripheral chl
a/b antenna complexes. When normalized at the peak
cross-section at 680 nm, the cross-section of strain B1 is
10-15% higher at 650-670 nm than that of A4d.

All three decay components show a weak dependence
of fluorescence lifetime on emission wavelength, the
dependence of each component being similar in both
mutants. The lifetime of the fast decay component
increases by 10-20% for emission wavelengths between
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FIGURE 5 Time-resolved fluorescence excitation spectra of the three
decay components in C. reinhardtii strain B1 (21°C, 720 nm emission).
All spectra are expressed in units of relative absorption cross-section.
Amplitudes of the time-resolved components show their relative contri-
butions to the total fluorescence excitation. (Open circles) Excitation for
75 ps decay; (open squares) excitation for 800 ps decay; (open
diamonds) excitation for 1,800 ps decay.

670 and 710 nm, then remain constants to 750 nm. This is
in contrast to the fast decay lifetime in detergent-isolated
PS I core complexes which is constant from 670 to 700 nm
and then increase above 700 nm (9). The intermediate
decay lifetimes increase by 20% between 670 and 750 nm
in both A4d and B 1, whereas lifetimes of the long decay
decrease by 25-40% over the same wavelength range.

Variation in the lifetime of the PS I fast decay compo-

nent with excitation wavelength is more pronounced in
strains A4d and B1 than previously observed in detergent-
isolated PS I preparations (9). Fig. 6 compares the
excitation wavelength-dependence of the 45-75 ps decay
component (720 nm emission) in A4d and B1 with those
of detergent-isolated PS I preparations from barley and
wild type C. reinhardtii. Regardless of the presence of
peripheral antenna complexes, the detergent preparations
show no significant variation with excitation wavelength.
However, the fast decays of strains B1 and A4d show a

5-20 ps increase in lifetime below 670 nm, with a

maximum lifetime near 650 nm. Between 670 and 700
nm, there is little lifetime variation among the samples.
The time-dependent evolution of the fluorescence emis-

sion spectrum (total emission from all decay components:
F[t,X]) following a 5-function excitation pulse can be
calculated from the fluorescence decay kinetics at various
emission wavelengths using the equation

F(t, A) = [I/N(X)] -Ai(X) exp[-tlri(X)J. (3)

Here, Aj(X) and r1(X) are the kinetic constants of decay
component i at emission wavelength X and N(X) is a

normalization factor that is equal to the relative ampli-
tude of the steady-state fluorescence emission spectrum at
wavelength X. The data calculated for 652 nm excitation
of A4d are shown in Fig. 7. The short wavelength
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FIGURE 6 Dependence of the lifetime of the fast PS I decay component
on excitation wavelength in detergent-isolated PS I preparations (I 0°C)
and in C. reinhardtii strains A4d and BI (210C). Emission at 720 nm.

(Open circles) Barley PS I preparation with 41 chl a/P700; (solid
circles) C. reinhardtii (wild type) preparation containing 112 chl a +

b/P700; (open squares) C. reinhardtii strain A4d; (open diamonds) C.
reinhardtii strain BI.
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FIGURE 7 Time-dependent evolution of total fluorescence emission
(summed over all decay components) in C. reinhardtii strain A4d.
Spectra were calculated from the data in Fig. 3, see text for details.
Excitation at 652 nm.

shoulder of the spectra shifts slightly (<5 nm) to longer
wavelengths during the first 30 ps after the excitation
pulse; subsequently, the spectrum shifts slowly to shorter
wavelengths. Emission at 695-700 and 730-740 nm

steadily increase for 300-500 ps after the pulse and then
decrease for the remainder of the decay. Evolution of the
emission spectrum in B1 is similar except the increase in
emission at 720-740 nm is less pronounced and reaches a

maximum at -75 ps after the excitation pulse. These data
are similar to those reported by Mimuro et al. (33) for
detergent-free PS I preparations.

In a previous investigation, we conclude that excita-
tions in the PS I core antenna are not rapidly concen-

trated within the longest wavelength absorbing spectral
forms but are more nearly homogenized over all core

antenna spectral forms during the lifetime of the excita-
tion (9). This phenomenon was investigated directly in
strain A4d by comparing the fluorescence decay at 695
nm for 680 nm excitation with replicate samples in which
the excitation and emission wavelengths were reversed.

TABLE 3 Variations In the fluorescence decay kinetics
in Intact cell suspensions of C. relnhardtil strain A4d
for excitation at 680 nm, emission at 695 nm versus

excitation at 695 nm, emission at 680 nm

Al Tj A2 72 A3 73 N

680 nm excitation, 695 nm emission
0.934 40.3 0.050 264 0.016 1660 1273 ± 41

695 nm excitation, 680 nm emission
0.943 37.0 0.047 283 0.010 1970 8032 ± 181

Data are averages of three replicates at each excitation/emission
wavelength. Ai and rT are the amplitudes and 1 /e lifetimes of the three
decay components. N is the time required to accumulate 104 counts in
the peak fluorescence channel normalized to equal excitation intensities.
Corrections to N were made for the transmission of blocking filters in
the emission path.

The data, averaged for three replicates at each excitation
wavelength, shows that the decay kinetics are nearly
identical (Table 3), with only small changes in the
amplitudes and lifetimes. The factor N represents the
time (in seconds) required to accumulate 104 counts at a

constant excitation intensity. Because the decays are

similar, the value of N can be used to estimate the relative
probabilities of fluorescence emission at each pair of
excitation/emission wavelengths. When the values of N
are corrected for the differences in sample absorption at
680 and 695 nm (A680/A695 = 2.27) these data show that
the probability of emission at 695 nm after 680 nm

excitation is 2.8 times greater than emission at 680 nm

from 695 nm excitation.

Effects of cations on decay
kinetics
The concentration of divalent cations is known to affect
the distribution of excitation energy between PS I and PS
II in thylakoids of green algae and higher plants (34, 35).
We investigated the effects of 0.1 and 5 mM Mg2" on

fluorescence decay kinetics in thylakoids isolated from
strains A4d and Bi (Table 4). For 652 nm excitation,
which is primarily absorbed by the peripheral chl a/b
antenna complexes, there were no significant changes in
the decay of strain A4d at the two cation concentrations.
In strain B 1, the lower Mg2+ treatment produced a

significant increase in the amplitude of the intermediate
decay component at the expense of the fast and slow
components. In addition, the lifetime of the fast compo-

nent increased from 73.4 ± 1.9 to 85.0 ± 0.9 ps upon
reduction in Mg2+ concentration. Similar measurements
for 680 nm excitation, absorbed primarily by the PS I
core antenna, showed no effects of cation concentration
on the fluorescence decay kinetics in strain A4d and only
small differences in B1 (not shown).

TABLE 4 Effects of Mg2+ concentration on the
fluorescence decay kinetics of thylakoid membranes
Isolated from C. reinhardtil strains A4d and 81

Strain Mg2` Al 7l A2 72 A3 73

A4d 5.0 0.81 37.1 0.15 438 0.04 2259
A4d 0.1 0.81 36.8 0.15 450 0.04 2281

Bi 5.0 0.35 73.4 0.35 588 0.30 1600

Bi 0.1 0.28 85.0 0.48 606 0.24 1310

Excitation was at 652 nm, emission at 690 nm. Freshly prepared
thylakoids (2 mg chl/ml) in 5 mM Hepes, 10 mM EDTA were diluted
to a final chlorophyll concentration 20 g/ml, 0.3 M sucrose, 10 mM
Hepes, and either 5.1 or 0.2 mM MgCl2. Measurements were at 10°C.
Significant differences at (*) 0.10, (t) 0.025, and (§) 0.01 levels. Data
are means of three replicates at each treatment.
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DISCUSSION

In vivo studies of PS I-specific decay components are
limited by our finite ability to resolve fast, low amplitude
decays in the presence of the dominant emissions of PS II.

In the present study, we have analyzed in vivo fluores-
cence decay in photosynthetic mutants of C. reinhardtii in
which various PS II complexes have been deleted through
genetic manipulations. Mutant strains A4d and B1 con-
tain identical deletions in the chloroplast psbA gene
leading to a loss of the CC II pigment-protein complexes
and their constituent polypeptides, of PS II variable
fluorescence and its associated decay components, and a
total loss of PS II function. These pleiotropic effects
associated with the loss of a functional psbA product have
been observed previously (36). Strain BI is highly fluores-
cent and exhibits a significant nanosecond decay compo-
nent characteristic of uncoupled LHC II complexes.
Strain A4d was constructed with the specific intent of
reducing the high background fluorescence arising from
uncoupled LHC II complexes in the absence of PS II. The
amplitude of the slow decay component in strain A4d is
comparable with that of wild type cells (3, 14, 27) indi-
cating that the majority of peripheral complexes present
(LHC I and LHC II) are coupled to the PS I core.
The short lifetimes and red-shifted fluorescence emis-

sion properties of the fast decay component in strains A4d
and B1 suggest that this decay results from excitations in
the PS I core antenna whose lifetime is limited by
efficient photochemical quenching on P700 (2, 9). How-
ever, the lifetime of this decay component differs by about
a factor of two between the two strains (45 ps for A4d, 75
ps for B1). In a previous study, we demonstrated a linear
relationship between the lifetime of excitations in the PS I
core antenna and the size of the core antenna (9). Based
largely on PS I core lifetime measurements in strain A4d,
and in disagreement with other biochemical studies
(16, 17), we previously concluded (9) that the in vivo PS I
core antenna size was 62 chl a/P700. We now consider
this to be in error due to the discrepency in core antenna
lifetimes between A4d and the other PS 1I-minus strains
found in the present study. (Note that the only parameter
of our lattice model calculations [9] that is sensitive to the
core antenna size is the first passage time.)

Fig. 8 summarizes the relationship between lifetime of
excitations in the PS I core antenna the total chl a +
b/P700 in wild type and mutant strains of C. reinhardtii
and in two detergent preparations. The data appear to
segregate into three groups: detergent preparations with a

maximum lifetime of 32 ps (core antenna size <45 chl
a/P700 and total chl a + b <I00/P700; circles), C.
reinhardtii strains A4d and 4D c (both carrying the
DS-521 mutation, lifetimes of 40-45 ps; squares), and C.
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FIGURE 8 Summary of the lifetime of the fast PS I decay component as
a function of the total antenna size (chl a + b) for detergent-isolated PS
I preparations and three strains of C. reinhardtii. Dashed line shows the
relationship between lifetime and PS I core antenna size for detergent-
isolated preparations free of peripheral antenna pigments (2). Predicted
PS I core antenna sizes (right y-axis) were determined for all samples
from the relationship: antenna size = 1.67T - 7.01 (2). (Open circles)
Detergent-isolated PS I samples lacking chl b; (solid circles) detergent-
isolated PS I samples containing chl b; (open squares) C. reinhardtii
strain A4d; (solid square) strain LM3-4D1c (determined at F.); (open
diamonds) strain Bl; (solid diamonds), wild-type strain 137c; (aster-
isks) relationship between the average core antenna size for strains A4d
and B1 (65 and 125 chl a/P700, respectively) and average lifetime (rj)
of excited states in each type of core antenna.

reinhardtii strain BI and wild type (lifetimes of 75-85 ps;
diamonds). Lifetimes of 75-85 ps were also observed in
the seven independent psbA mutants (Table 2) as well as
other species of green algae and chloroplasts of higher
plants (1, 32).

Also shown in Fig. 8 is the regression line of core
antenna size against lifetime of the fast decay component
from reference 2. As previously noted in detergent-
isolated preparations (9), the relationship between life-
time and core antenna size does not extend to core plus
peripheral antenna size. However, the average lifetimes
suggest PS I core antenna sizes of -120 chl a/P700 in
wild type and B 1, and 60 chl a/P700 in strains A4d and
4Dlc (Fig. 8, asterisks). We note that although our PS I
lifetime differs from that reported by Hodges and Moya
(4, 15, 37), these authors also noted a decrease in PS I
lifetime between PS II-minus and PS II-LHC II-minus
mutants of C. reinhardtii (51 and 34 ps, respectively)
(15).
A reduction in the PS I core antenna size of strain A4d

is supported by two additional factors. First, a chl a + b/
P700 ratio of < 120 and chl a/b ratios between 6 and 8 are
characteristic of midexponential phase A4d cultures and
are inconsistent with a PS I core antenna size of 120 or
even 100. Assuming a chl a/b ratio of 4 in LHC I

(38, 39), these data suggest a core antenna size of -60-65
chl a/P700. Second, detergent-isolated PS I core com-
plexes have antenna sizes in the range of 100-120 or
40-50 chl a/P700, with the smaller complexes resulting
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from more vigorous detergent treatments (16, 28, 40).
The larger aggregates can be dissociated into smaller
complexes (28, 40), one of which contains only core
antenna pigments but maintains the in vivo 770K emission
properties of the core complex (41).

In detergent-isolated PS I preparations, the similarities
of the time-resolved excitation and emission spectra of the
fast decay component and the linear dependence of the
lifetime of core excitations on the size of the core antenna
suggest that excitations in the PS I core antenna were
nearly equilibrated among the spectral forms of chl a
present (2, 9). We have examined more directly the
extent to which excitations are equilibrated among the in
vivo core antenna spectral forms in strain A4d by measur-

ing the relative core antenna fluorescence emission at 680
and 695 nm at two excitation wavelengths. With appro-
priate corrections for absorption and emission cross-

sections, the probability for emission at 695 nm is 2.8
times greater than at 680 nm. This difference is reduced
when considering that absorption by peripheral com-

plexes at 680 nm contributes to 695 emission but that the
converse is not true (see below). Assuming a Stokes shift
of 5 nm and using the steady-state absorption to estimate
the number of pigments functioning at each wavelength,
the Boltzmann distribution predicts a 695-680-nm emis-
sion ratio of 2.2 for a fully equilibrated excitation. These
data support the hypothesis that the average PS I core

excitation is nearly equilibrated among a representative
distribution of core antenna spectral forms during its
lifetime. Measurements on strain B 1 yielded qualitatively
similar results although the increased contribution of
uncoupled LHC II absorption at 680 nm complicates the
analysis.

Although the PS I core antenna sizes in strains A4d
and B 1 appear to differ by about a factor of two, several
factors indicate that the excitation dynamics are very
similar in the two core antenna types. Each strain exhibits
(a) similar core antenna absorption properties, (b) simi-
lar time-resolved emission spectra for the fast-decay
component, (c) characteristics of excitations that are
nearly equilibrated among the core antenna spectral
forms, and (d) no variation in core antenna lifetime with
excitation wavelengths between 680 and 700 nm. At
present, our knowledge of the distribution of core pig-
ments among the PS I core apoproteins is incomplete. At
least two 60-70 kD proteins are required for binding of
P700 and the initial PS I acceptors (42) and the wild-type
antenna (120 chl a/P700) may require a total of two to
six 60-70-kD proteins for pigment binding (16, 17, 43).
Regardless of the exact distribution of core pigments and
the mechanism causing the reduced core antenna size in
strain A4d, the above data show that the pigment-binding
subunits of the PS I core antenna do not function as

separate units in energy transfer. During its migration to

the reaction center, the average excitation must visit a
representative distribution of pigments on each pigment-
binding subunit regardless of the origin of the excitation.
This description of excitation dynamics in PS I does not
require a "funnel" type of antenna organization (44) for
the core antenna and suggests that the spectral forms of
the core antenna can be more randomly distributed in
relation to the reaction center (9).

In contrast to previous in vitro preparations lacking
peripheral antennae, strains A4d and Bi exhibit a pro-
nounced excitation wavelength dependence of the fast
decay component. Both strains exhibit an increase in
lifetime in the region between 640 and 670 nm, where
relative absorption by peripheral antenna complexes is
maximal. In the main absorption of the core antenna
(680-700 nm), the data show no excitation wavelength
dependence. We suggest that the variations in the region
of the peripheral antenna absorption may reflect the
excitation transfer times from the point of origin in the
peripheral antenna to the core complexes. These coupled
peripheral antennae may include some LHC II in addi-
tion to LHC I. Due to the finite information content of
photon counting curves, it is not possible to resolve the
distinct rise and decay components (with equal lifetimes)
that should arise from these transfers. Decays measured
at wavelengths that excite both peripheral and core
antennae may be artifactually prolonged due to unre-
solved lifetime contributions from transfers within the
peripheral antenna as well as peripheral to core transfers.
In strains A4d and B 1, this results in an increase in core
lifetime of -5 and 20 ps, respectively. Because these
strains have genetically altered thylakoid composition, we
believe that the 5-ps increase represents an upper limit for
the peripheral-to-core antenna transfer times in wild type
PS I antennae. The observation that a linear relationship
between lifetime and antenna size does not extend to core
plus peripheral antenna sizes (Fig. 8) indicates that back
transfer from the PS I core to peripheral antennae is
limited.
The spectral and temporal properties of the 1.3-1.8-ns

decay in strains B1 and A4d are very similar to those in
the double mutant C2 (lacking both PS I and PS II)
(14, 32) and isolated LHC 11 (4, 6). Together with the
nanosecond lifetimes, these data support the assignment
of this decay to peripheral (LHC I and/or LHC II)
complexes that are unable to transfer excitations to core
antennae aggregates. This assignment is confirmed by the
time-dependent evolution of the total fluorescence emis-
sion spectrum, which shows the emission shifting the
shorter wavelengths with increasing time after the excita-
tion pulse. In strain B 1, the lack of CC II as an organiza-
tional center for LHC II probably accounts for the large
amplitude of the slow decay component. However, the
difference between the amplitude of the nanosecond
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decay component (A3 = 0.26) and the fraction of chl a +
b in LHC II (0.73, Table 1) suggests that much of the
LHC II present in strain B1 is energetically coupled to the
PS I core. Strain A4d lacks CC II, >90% of LHC II and
may also contain alterations in the constituent polypep-
tides of LHC I. The low amplitude of the nanosecond
decay component in strain A4d (A3 = 0.04) is similar to
wild type cells and suggests that most of the peripheral
complexes, including any LHC II present, are function-
ally coupled to PS I.
The properties of the intermediate lifetime decay in

strains A4d and B 1 suggests that this component is
complex in origin, with contributions from both periph-
eral and core antenna pigments. PS I-associated decays
with lifetimes in the range of 300-800 ps have been
reported by several authors (4, 5, 8, 14, 27). We noted
previously that the occurrence of intermediate decay
components was correlated with the presence of coupled
peripheral antennae in detergent-isolated PS I complexes
(9). Although the emission spectra of the intermediate
decay show characteristics of excitations in the PS I core
antenna, direct measurement of P700 oxidation rates (45)
suggests that excitations contributing to this decay may
not be used in photochemistry. Assuming that the proper-
ties of the intermediate decay are not due to membrane
fractionation or genetic manipulation, we suggest that the
wild type amplitude of this component is probably <10%
of the total time-resolved PS I decay.

Divalent cations, in particular Mg2", are known to
affect the rates of PS I electron transport (46), low-
temperature fluorescence yield (34), and absorption
cross-section of PS I (47). We observed that Mg2' had no
significant effect on the decay in either strain A4d or B1
when core antenna pigments were directly excited at 680
nm. This shows that Mg2+ has no direct effect on energy
transfer or quenching processes in the PS I core antenna.
For excitation at 652 nm, which is largely absorbed by chl
b in the peripheral antenna, no Mg-dependent changes
were observed in strain A4d but there were large changes
in the decay of B1. Increasing Mg2+ from 0.1 to 5 mM
decreased the relative amplitude of the intermediate
decay (0.48 to 0.35) in relation to the amplitudes of the
fast and slow components, and decreased the lifetime of
the fast decay. Both the lifetime and amplitude effects in
B1 are in the opposite sense to those predicted from
previous measurements (46, 47) and may be related to
nonphysiological aggregates of LHC II in the absence of
PS II.
A lifetime of 75 ps for the fast decay component is

consistent with a wild type core antenna size of 120 chl
a/P700. The decrease in core antenna lifetime to 45 ps
was only observed in those strains that carry the DS-521
mutation (A4d and 4Dlc). Because the DS-521 mutation
affects only the genes encoding the chl a/b-binding

proteins (LHC II and LHC II) and not those of the PS I
core complex, we suggest that the decreased core antenna
lifetime (and apparent decrease in core antenna size) is
the result of altered interactions between the peripheral
antenna complexes and the PS I core. The nature of these
interactions in strains carrying the DS-521 mutation is
unknown, as is the role of these interactions in deter-
mining the structure of the core complex.
At the present time, the pigment-protein stoichiometry

of the PS I reaction center/core antenna complex has not
been resolved. Several studies have shown that two types
of 60-70-kD proteins (products of the chloroplast psaA
and psaB genes) (48) are sufficient to bind all 120 PS I
core chlorophylls (16). Golbeck et al. (42) demonstrated
that the minimum functional unit in vitro is a dimer of
60-70-kD polypeptides binding P700 and the initial PS I
acceptors. The amino acid sequence of thepsaA andpsaB
products suggests that each polypeptide may bind 30 or
more core chlorophylls (49). Stoichiometries of two 60-
70-kD polypeptides per P700 were originally reported by
Bengis and Nelson and were recently supported by image
analysis (43; Rogner, M., personal communication).
Other studies have suggested four (17, 49, 50) or six (16)
60-70-kD units per P700. The apparent 50% reduction of
the core antenna size in strain A4d and the ability to
dissociate the "native" PS I complex (120 chl a/P700)
into smaller subunits containing 40-60 chl a/P700 while
maintaining photochemical activity (16, 28, 40) also sup-
ports complexes with more than two pigment-binding
subunits. The simplest model for the PS I reaction
center/core antenna complex that is consistent with these
observations is one that contains four 60-70-kD polypep-
tides and 120 chl a per P700; two of the 60-70-kD
subunits bind P700 and half of the core chl a, the other
two subunits bind only the remaining 60 core chl a. We
suggest that strain A4d and the smaller detergent prepa-
rations (<60 chl a/P700) lack the two subunits that bind
only the core chlorophylls.
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