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ABSTRACT. Photosystem | contains two potential electron transfer pathways betwggsnB Fx. These
branches are made up of the electron transfer chain components, Ané A. The primary electron
acceptor A is a chlorophylla monomer that could be one or both of the two chlorophyll molecules,
eC-Ag/eC-Bs, identified in the 2.5 A resolution structure. The eG/&C-B; chlorophylis are both coordinated

by the sulfur atom of a methionine. This coordination is highly unusual, as interactions between the acid
Mg2™ and the soft base sulfur are weak. The ege&-B; chlorophylls also are located close to one of

the connecting chlorophylls that may link the antenna and the electron transfer chain chlorophylls. Due
to their location in the structure, the eG/&C-Bs chlorophylls may play a role in both excitation energy
transfer and electron transfer. To test the role of the e@@:B; chlorophylls in electron transfer, Met-

684 of PsaA and Met-664 of PsaB have been changed to His, Ser, and Leu. Replacement of either M(A684)
or M(B664) results in a significant alteration in growth phenotype. The His and Leu mutants are very
light sensitive in the presence of oxygen. Growth is impaired to a greater extent in the B-side mutants.
However, all of the mutants are able to grow anaerobically at comparable rates. The His and Ser mutants
all accumulate PSI at a level similar to that of wild type, whereas the Leu mutants have reduced amounts
of PSI. Ultrafast transient absorbance measurements show thaithe @) difference signal accumulates

in the MH(A684) and MH(B664) mutants under neutral conditions, demonstrating that electron transfer
between A~ and A is blocked or significantly slowed. The results show that both the A-branch and the
B-branch of the ETC are active in PSI fro@hlamydomonas reinhardtii

Photosystem | (PSl)is a multisubunit pigmentprotein o-helices, A/B-a to A/B-f, of these subunits bind the antenna
complex that catalyzes the light-induced electron transfer Chls, whereas the remaining five C-terminal transmembrane
from plastocyanin/cytochrom® on the lumenal side of the  a-helices, A/B-g to A/B-k, surround the electron transport
membrane to ferredoxin or flavodoxin on the stromal side chain (ETC) and provide ligands for its components: the
of the membranel({ 2). The X-ray structure of PSI from  primary donor Py, a Chla/Chla’ dimer; two accessory Chls,
Synechococcus elongatas2.5 A resolution3) reveals 12 A; two Chl a monomers, #; two phylloguinones, A and
protein subunits, 96 chlorophylls (Chls), 22 carotenoids the iron—sulfur cluster k. The terminal electron acceptors
(Cars), 2 phylloquinones, 3 irersulfur clusters, 4 lipids, Fa and ks are bound to the PsaC subunit on the lumenal
~200 water molecules, and 1 metal ion (presumablyCa  side of the thylakoid membrane.

The reaction center core is formed by two homologous The ETC is arranged in two quasi-symmetrical branches

proteins, PsaA and PsaB, each having 11 transmembranend consists of six Chls, two phylloquinones)fand three

helices (A/B-a to A/B-k). The six N-terminal transmembrane FegS, clusters (k, Fa, and ) (3). The first pair of Chls is

fy— 3 by the Natonal R A— P7o0 (eC-Al/eC-B1) and the second pair auxiliary Chls
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(chlorophyll a monomer); A, phylloquinone secondary electron ac- related to bacterial type | reaction centers, which are homo-

ceptor in photosystem I; ENDOR, electron nuclear double resonance; dimers, and the nearly perfect symmetry of the PSI ETC

EPR, electron paramagnetic resonance; ETC, electron transport chain; ;
Fa. Fo. and ., iron—sulfur centers of photosystem I PMS. phenazine suggest that electron transfer should occur along either
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photosystem I. binding Poohave shown that the Chl on the PsaB side carries
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most of the electron spin density in the cationdP (4, 5). transformant colonies were restreaked onto solid medium.
This indicates that, despite the nearly perfect symmetry of Total DNA was isolated from cells taken from confluent
the two branches in the structure, there can still be quite regions of the plates as previously describdd) (and
dramatic differences in the electronic characteristics of the resuspended at a final volume of 100. One microliter of
two branches. this DNA isolation was then used as a template for PCR to
Most of the evidence for one or two active branches has confirm the introduction or loss of a specific restriction
come from studying the accumulation or reoxidation of the enzyme site. To confirm the presence of the desired mutation,
quinone acceptor A EPR experiments at low temperature the amplified DNA from the homoplasmic strains was
and reducing conditions detect only a single quind@ &), sequenced.
and a mutant oSynechococcusp. PCC 7002 lacking the Strains and MediaCC125 and CC2696 strains and their
PsaE and PsaF subunits normally associated with PsaA onlytransformants were maintained on agar plates containing CC
accumulates & and not A, suggesting the active quinone medium (3). For thylakoid membrane preparation, cells
is on the A-side §). Using spin-polarized EPR on single were grown in CC liquid medium to @1.5) x 10°° cells
crystals of PSI, the distance between this reduced quinonemL™ at a light intensity of 5«umol m~2 s%. Growth tests
and Pgst has been precisely measured and shows that thewere initiated by spotting 15L of log-phase cultures onto
A:~ must be located on the opposite side to the Chl cation agar plates. Anaerobiosis was established using the BioMerieux
of Pzog™ (6, 7). This means that the PsaA branch contains (Marcy I'Etiole, France) Generbag Anaer system according
the active quinone. These results have been challenged byto the manufacturer’s instructions using a gas supply of 90%
observations of the biphasic nature of quinone reoxidation N,, 5% CQ, and 5% H.
(1) and reports that two quinones can be detected under Isolation of Thylakoid Membranes and Protein Analysis.
reducing conditions9, 10). Joliot and Joliot {1) measured  Thylakoid membranes were isolated from wild-type and
the rate of phylloquinone oxidation in whole cells of the mutant cells according to the method described inli@f
green algaChlorella pyrenoidosaand found two rates of  To determine the steady-state level of PSCilamydomonas
oxidation, tye = 13 and 140 ns at room temperature. They cells, thylakoid membranes corresponding toi@0of Chl
suggested that electron transfer is in fact bidirectional, and were solubilized in gel-loading buffer (5% lithium dodecyl
initial electron transfer is randomly directed to either side sulfate, 100 mM dithiothreitol, 10% glycerol, and 50 mM
of the reaction center, with the overall rate limited on each Tris, pH 8.8) and the Chiprotein complexes separated by
side by the A to K rate. This suggestion is supported by LDS—PAGE at 4°C. Following electrophoresis, the PSI
analysis of the site-directed mutants PsaA W693F and PsaBcomplexes were either visualized as a green band at the top
W673F inChlamydomonas reinhardifiL2) that alter the A of the gel or stained with Coomassie bluer),
binding pocket on the PsaA and PsaB side, respectively. The Isolation of the PSI ComplexThe PSI complex was
fast phase of 13 ns was slowed by the PsaB side mutationisolated by single-step column chromatography using a weak
to 70 ns, and the 140 ns rate was slowed to 490 ns by theanion exchanger as describes] {8) with slight modifica-
PsaA mutation 12), supporting their contention that both tions. Cells from 6 L of medium were harvested during
phylloquinones are active. However, reduction of Qk-B by exponential growth at a density of 2 1 cells/mL by
alternative electron transfer pathways, perhaps by electronscentrifugation at £C for 10 min at 600§ in a Sorvall GS-3
from Qk-A via Fx, cannot be completely ruled out)( rotor. The pellets were suspended in 350 mL of buffer A
In the present investigation we have addressed whether[50 mm HEPES, pH 7.2, 5 mM Mggl5 mM CaC}, 20%
electron transfer proceeds along the A- and/or B-branch by glycerol (v/v)] and centrifuged for 15 min at 9090n a
changing the methionine residue that provides a ligand to Sorvall GS-3 rotor. The resulting pellets were resuspended
the central magnesium of eCA-3 or eCB-3, respectively, in in 125 mL of the same buffer (A) containing 1 mM
C. reinhardtii. Using fast optical spectroscopy we show that benzamidine, 1 mM phenylmethanesulfonyl fluoride (PMSF),
the mutation of either Met blocks or significantly slows and 1 mM EDTA at 2x 10° cells/mL. Cells were broken in
electron transfer along the respective branch, causing ac-a chilled French press at 660 kg/&pressure. Unbroken cells
cumulation of A~, supporting the view of bidirectional and starch granules were removed from the membrane
electron transfer irChlamydomona®Sl. suspension by centrifugation for 5 min at 2@00 a Sorvall
SS-34 rotor. Crude thylakoid membranes in the supernatant
MATERIALS AND METHODS were pelleted by centrifugation at 100@0f@r 20 min in a
Site-Directed Mutagenesis and Transformation of Chlo- Beckman 50.2 Ti rotor at 4C.
roplasts.Oligonucleotide-mediated site-directed mutagenesis The membrane pellets were washed once with buffer A
was used to introduce mutations into fieaAor psaBgene. containing 1 mM benzamidine, 1 mM PMSF, and 1 mM
The Met A684 and Met B664 axial ligands to primary EDTA and resuspended in the same buffer (A) at a Chl
electron acceptor Awere replaced with histidine, leucine, concentration of 0.61 mg mL™*. A 10% stock solution of
and serine using protocols essentially as described previouslydodecyl maltoside (Sigma) was added dropwise to this
(4, 13). TheC. reinhardtiirecipient strains for transformation  suspension of thylakoid membranes to give a final concen-
were CC125 (wild-typemt") obtained from theChlamy- tration of 0.6% detergent. Extraction proceeded in the dark
domona<Culture Collection at Duke University. Chloroplast for 15 min on ice with gentle stirring. The suspension was
transformation was performed by the bioballistics technique then centrifuged at 125090n a Beckman 50.2 Ti rotor for
as previously describedl4, 15). Bombarded cells were 20 min at 4°C. The supernatant was loaded onto a DEAE
transferred to plates containing CC medi8&)(supplemented  Toyopearl 650 S column (2. % 26 cm, a weak anion
with 100u4g mL~* spectinomycin and 1.2% agar and placed exchanger; Toso Haas) previously equilibrated with 500 mL
under dim light for 710 days until colonies appeared. Single of buffer A containing 1 mM benzamidine, 1 mM PMSF,
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and 1 mM EDTA plus 0.03% dodecyl maltoside. The column
was washed successively with 600 mL of buffer A and with
500-600 mL of buffer B [50 mM HEPES, pH 7.2, 5 mM
MgCl,, 12 mM CaC}, 20% glycerol (v/v)] containing 1 mM
benzamidine, 1 mM PMSF, and 1 mM EDTA plus 0.03%
dodecyl maltoside and then with 150 mL of 5 mM Mg§sO
in buffer B at a flow rate of 67 mL/min using a peristaltic
pump (Model P- 3, Pharmacia). The wash with buffer A,
buffer B, and 5 mM MgSQin buffer B elutes successively
the free pigments, mainly the carotenoids. Then a 500 mL
linear gradient from 5 to 25 mM MgSQn buffer B was
applied to the column. Fractions were collected #53mL
each using a fraction collector (RediFrac, Pharmacia). The

eluted fractions were scanned between 400 and 800 nm in a

Shimadzu UV 160 spectrophotometer. Fractions with Chl

absorbance maxima between 675 and 677 nm were pooled
and concentrated to the desired concentration using a

Centricon 100 (Amicon) at 30@0in a Sorvall SS-34 rotor
at 4°C.

Femtosecond Transient Absorption Measuremedres-

tosecond transient absorption measurements were performe

as described earlierl8—20). For experiments at room
temperature, the primary donor was kept neutral during
repetitive excitation by addition of 20 mM sodium ascorbate
and 10uM phenazine methosulfate. At 20 K, the concentra-
tions of reducing chemicals were doubled. Reducing condi-
tions, aiming at reduction of phylloquinones, were obtained
by suspending the sample in 200 mM glycine buffer, $H
11, containing 20 mM sodium ascorbate, A phenazine
methosulfate, and 30 mM sodium dithionite added to the
sample after degassin@l). The AA spectra of charge-

separated states were collected 200 and 300 ps after

excitation and averaged together (no temporal evolution of
the spectra was detected between 200 and 300 ps).

RESULTS

Growth CharacteristicsTo determine how the mutations
alter the growth characteristics of different transformants,
spot tests were performed under phototrophic and het-
erotrophic conditions (Figure 1). All of the mutants derived
from CC125 were capable of heterotrophic growth at low
light (25—40 umol of photons m? s™1) when acetate was
supplied. However, the MH(B664) and ML(B664) mutants
could not grow heterotrophically under high light (26850
umol of photons m? s%), and the corresponding A-side
mutants could grow only very slowly. Autotrophic growth
was severely impaired in all of the mutants in the pres-
ence of oxygen. The histidine [MH(B664)] and leucine
[ML(B664)] mutants failed to grow under high light and
grew poorly under low light, whereas the MS(B664) could
grow slowly under high light. Again, the A-side mutants were
less light sensitive but still grew slower than the wild type.
Removal of oxygen allowed autotrophic growth of all the
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FiIGURE 1: Spot tests of mutants @. reinhardtiigrowing on acetate
and minimal medium. Acetate indicates TAP medium and supports
heterotrophic growth, whereas minimal medium will only support

ghototrophic growth. Colonies were allowed to develop in darkness

and in 25-40 (low) or 250 (highxmol of photons m? st light
and in the presence or absence of oxygen as indicated.

PsaA PsaB

WwT
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M664H Me64L M664S

Ficure 2: Accumulation of PSI in thylakoid membranes determined
by LDS nondenaturing PAGE. Each lane was loaded with:§0
of Chl.

cells and the Chtprotein complexes separated by LBS
PAGE at 4°C. The PSI complex can be clearly visualized
as a green band near the top of the gel, which can also
be stained with Coomassie blue. As shown in Figure 2, the
MH(A684), MS(A684), MH(B664) and MS(B664) mutants
accumulated similar levels of PSI as the wild-type cells,
whereas replacement of Met by the structurally similar Leu
resulted in a decreased PSI level.

Mutations Cause Accumulation of Aunder Nonreducing
Conditions.Normally the steady-state level ofpAis too

mutants (Figure 1). This suggests that a functional PSI o to be detected. However, under reducing conditions that
CompleX IS present in each mutant and that the S|te'd|rectedcause accumulation of 1A it is possib'e to also accumu-

changes introduced into the PSI core result in increased|ate Ay~. Figure 3 shows difference spectra recorded at

photooxidative damage.

PSI Accumulation and Acfity. The steady-state level of
PSI in WT and transformants o€hlamydomonaswvas
determined by nondenaturing LB®AGE. Thylakoid mem-
branes were isolated from the wild-type and transformant

200—-300 ps after excitation at 695 nm for PSI preparations
from the wild type and the MH(A684) and MH(B664)
mutants under neutral conditions (i.e., withdheutral before
each excitation). Interestingly, the shapes of the two spectra
for mutants are different from the wild type in the682 nm
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Ficure 3: Extraction of (A~ — Ag) absorbance difference spectra Ficure 4: Absorption difference spectrum of MH(A684) (A) and
in the MH(A684) (A) and MH(B664) (B) mutant PSI fror@. MH(B664) (B) under reducing conditions, recorded 2300 ps
reinhardtii measured at room temperature under neutral conditions. after ~150 fs excitation at 695 nm at room temperature. The
The spectra presented were recorded-2800 ps after~150 fs difference spectrum marked A — Ag)aps Was obtained by
excitation at 695 nm. (Laser pulse frequency is 1 kHz. At room subtraction of the spectrum measured in WT under neutral
temperature, a wheel rotating with a rotation frequency-2fHz conditions [assigned to the {P- P) spectrum] from the spectrum
ensures that each laser flash excites a fresh/relaxed sample.) Semeasured in the mutant under reducing conditions [assigned to the
text for further details. (PtAq~ — PAy) spectrum]. (Laser pulse frequency is 1 kHz. At

room temperature, a wheel rotating with a rotation frequency of
~2 Hz ensures that each laser flash excites a fresh/relaxed sample.)

region (Figure 3). ThAAA signals resulting from subtraction See text for further details.

of the wild-type trace from the mutant trace are shown as
solid lines and represent the differences in the charge- spectrum (Figure 4, dashed lines). The similarity in the shape
separated states detected in both samples and are attributegf the AAA signal obtained from the MH(A684) and the
to accumulation of 4°; i.e., it should be the & accumulat-  MH(B664) mutants under both neutral and reducing con-
ing in the mutant. ditions confirms that under neutral conditionsy Ais

To confirm this assignment, the MH(A684) and MH- accumulated in the mutant.
(B664) mutants were treated with sodium dithionite under  Figure 5 shows a comparison of the,(A— Ao) spectra
anaerobic conditions at pH 11 to completely reduce A extracted from the experiments with PSI mutants under
and block electron transfer frompgAto A; (21). Figure 4 reducing conditions (dotted lines) and under neutral condi-
shows theAA signals recorded under these reducing condi- tions (solid traces), the latter being attributed to the A-side
tions 206-300 ps after excitation (dashed lines). In the same and the B-side AChls, respectively. In addition, there are
panel theAA spectrum for the wild type under neutral shown for both mutants the spectra ob(A- Ao) attributed
conditions is replotted from Figure 3 (dotted lines). Under to the opposite 4 not affected by the mutation. These
neutral conditions the wild-type spectrum contains contribu- spectra were simply calculated as differences between the
tions exclusively from the (P700— P700) signal, whereas (Ao~ — Ag) spectra recorded under reducing and under
the spectra from the MH(A684) and the MH(B664) mutants neutral conditions. Within experimental error, the shapes of
under reducing conditions contain an additional contribution all of these traces are the same. It should be noted that exact
from the (A~ — Ao) signal. Thus, the difference between shapes and amplitudes of the t&@\A traces will depend
these two traces is ascribed to the,(A- Ao) difference on the normalization of the wild-typ&A spectra relative to
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— — Ficure 6: Absorbance difference spectra of WT angl rAutants
640 65 660 670 680 690 700 710 [MH(A684) (panel A) and MH(B664) (panel B)] at 20 K measured
Wavelength [nm] ~0.32 ps after excitation and normalized to the same amplitude at
F 5 ¢ . f lized A tra f 695 (697) nm. The difference between mutants and WT demon-
IGURE 5. Comparison of normalized (A — Ao) spectra from gy ae5 the loss of excitonic coupling between Chls in the respective
Figures 3 and 4 and the spectrumy(A- Ao)s (panel A) or (A mutated branches. See text for details
— Ag)a (panel B) obtained as a difference betweep (A Ao)as ' '

and (A~ — Ag)a or a difference between (A — Ag)as and (A~

— Ao)s. See text for further details. 0.32 ps after excitation of WT PSI and the MH(A684) and

MH(B664) mutants at 700 nm and at 20 K are shown in

the MH(A684) and the MH(B664\A spectra (Figure 3). Eigure 6. For the WT PSI, results from t\_N(_)_dif'ferent prepara-
In Figure 3 it was assumed that at 691 nm Aresignal for tions are shown to illustrate reproducibility. The WT PSI
the wild type is the same as for the mutant. In other words, SPectrum has four negative bands (peaking at 667, 675; 683
at 691 nm only (P700— P700) contributes to thaA signal. 685, and 695 nm) and four positive bands (peaking at 635,
This assumption is reasonable in view of the previously 645,653, and 661 nm). These bands have been attributed to
published spectra of (& — Ao) in PSI fromC. reinharditii arise from excitonic interaction between eight Chls: the six
in which AAge1nm= 0 (22). On the other hand, Melkozernov ETC Chls and two connecting chlorophyllsy. Absorbance
etal. 1), using a different normalization approach, showed changes for the eC-A3 and eC-B3 mutants [MH(A684) and
some nonzeraA signal of (A~ — Ao) at 691 nm. Therefore, MH(B664)] are S|m|Iar_to each other but §|gn|f|cantly dif-
we also constructedAA and AAAA spectra for different ~ ferent from the WT (Figure 6). The amplitude of the 683
normalization factors between WT and MH(B664), decreas- "M band drops about twice relative to the band at 695 (697)
ing theAA signal for WT down to 60%. However, we found NM and when compared to the WT. Also, the amplitudes of
that using these different normalization factors did not change the 667 and 675 nm bands are smaller than those in WT.
significantly the shapes or maximum positions of the traces The majority of the band peaking at 695 nm (Figure 6) comes
shown in Figure 5 [compare to the application of different from molecules that are not coupled to the group of mole-

normalization factors in Hastings et 82 and Melkozernov ~ cules responsible for the remaining part of spectral features
et al. @1)]. between 630 and 700 nm.

Excitonic CouplingFollowing excitation at 700 nm at 20
K, wide and structured absorption difference spectra decayingDISCUSSlOl\I
on the subpicosecond time scale were observed for PSI from In this work we have investigated the effect of mutation
Chlamydomonagl9). Absorbance changes recorded 6-:27  of the axial ligand to the Chls, eC-A3/eC-B3, attributed to
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Ao of the A-branch and the B-branch, respectively, on to changes in the membrane potential, and alternative models
electron transfer. The results indicate that mutations cause avere proposed that include one in which two structurally
block, or significant slow, in electron transfer betwees A different equilibrium PSI populations have different kinetics
and A and that approximately 4060% of A,~ can be of A; reoxidation or one in which there are two active
photoaccumulated under neutral conditions. These resultsquinones in PSI (suggesting bidirectional electron transfer)
indicate that inChlamydomonaboth the A-branch and the (1). The latter interpretation is favored on the basis of an
B-branch of the ETC are active, at least through 0 A analysis of mutants in which the PsaA- or PsaB-side
Replacement of the axial ligand to eC-A3 or eC-B3 in phylloquinone binding pocketd ) were used to assign the
Chlamydomonagesults in a significant alteration in growth  fast (=13 ns) component to the reoxidation of the phyllo-
phenotype and PSI accumulation (Figure 1). Substitution of quinone on the PsaB side and the slevl40 ns) component
the Met with basic (His), polar (Ser), and nonpolar (Leu) to the reoxidation of the phylloquinone on the PsaA side.
amino acids results in poor autotrophic growth even under To further verify the hypothesis that electron transfer can
low (moderate) light intensities in the presence of oxygen. occur along the A-branch and the B-branch, we have
The mutants MH(B664) and ML(B664) fail to grow both measured absorbance difference spectrum of PSI from
autotrophically and heterotrophically under high light in the MH(A684) and MH(B664) a few hundreds of picoseconds
presence of oxygen, whereas the equivalent mutants of theafter excitation, when excitation energy is already trapped
eC-A3 Chl grow slowly under heterotrophic conditions and by the RC. TheAA spectrum at these delay times contains
only very slowly under autotrophic conditions. However, all contributions only from charge-separated states. In the WT
the mutants grow anaerobically, suggesting that growth PSI, charge separation occurs in-ZD ps (L8, 26). Then,
inhibition under aerobic conditions is due to increased Pso" lives for milliseconds 27), and A~ transfers an
sensitivity to photooxidative damage. This demonstrates thatelectron to a phylloquinone An ~13—21 ps @8, 29). The
a functional PSI complex is present in each mutant but that electron stays on Afor nanosecondsl(, 12, 27) before it
the site-directed changes introduced into the PSI core resultis transferred to further electron acceptors. If electron transfer
in increased oxygen sensitivity. The results also indicate thatfrom Ao to A; is blocked, charge recombination between
the B-side mutants are more susceptible to damage than thé>,o;" and Ay~ occurs in 26-50 ns 7). The (A~ — A1) AA
corresponding A-side mutants. Recent results from Fair- spectrum does not contribute to thé signal in the spectral
clough et al. 23) also indicate that the PsaB-side mutations region studied in this work. Therefore, the only states
affect growth more severely. However, they also show that detected by transient absorption spectroscopy on the hundreds
the MH(B664) mutant cannot grow even anaerobically. This of picoseconds time scale are P7@J Pos Ao~ (if electron
is an important difference in results that needs to be resolved.transfer to A is blocked). Figure 3 demonstrates a significant
It is possible that the production of reactive oxygen species difference between thAA spectrum for the wild type, the
under high light in aerobic conditions is responsible for the MH(A684) mutant, and the MH(B664) mutant. The shape
photooxidative damage of PSI. Fisher et a)(and Purton of the AA signal for the wild type agrees well with the shape
et al. @5) reported this similar phenomenon for site-directed of (Pso0™ — Pro0) from the literature 18, 21, 22). The signals
changes in PsaC and PsaA and suggest that this may resufor MH(A684) and MH(B664) are significantly different. It
from PSI-mediated reduction of oxygen to form free radical seems unlikely that mutation of the,Aigand changes the
species. A decrease in the level of PSI is not the cause of(Pzos" — Pzo0) AA spectrum so dramatically [the 4B —
increased photooxidative damage in this case because th&q); in fact, theAA spectrum measured on the millisecond
MH(B664) and MS(B664) mutants accumulate PSI to the time scale for the mutants at room temperature is similar to
same level as wild type. Interestingly, replacement of Met that of WT (not shown)]. Even mutations of thesfligands
by the structurally similar Leu drastically decreased the extent do not introduce such significant spectral chande$); So,
of stable accumulation of PSI complexes in the thylakoid we have assumed that the/{f — Pso) AA spectrum was
membrane (Figure 2). This might indicate that the coordina- the same for the mutant as for the WT and subtracted the
tion of the central Mg of Chis eC-A3 and eC-B3 is important, latter from theAA spectrum measured for the mutants. As a
even if such coordination is weak as in the case of the sulfur control experiment we have measured thg (A Ag) AA
ligand provided by Met. spectrum for each mutant (PsaA and PsaB) under reducing
Whether one or two phylloquinones are active in PSl is conditions (Figure 4). Comparison of the shapes ofAhe\
an area of considerable debate. EPR studies have consistentlgpectra obtained by subtraction performed for WT and mutant
shown photoaccumulation of a single quinone, supporting traces in Figure 4 demonstrates that they are the same within
arguments that only one branch of the ETC is acti8e (  experimental error (Figure 4). The straightforward implica-
Calculations based on results from spin-polarized EPR tion of this is thatAAA in Figure 4 comes from (4% — Ao).
studies of single crystals indicated that the distance betweenAs the mutation is in either branch A or branch B and the
the Pog"A;~ radical pairs was most consistent with a reduced amplitude of theAAA trace in Figure 5 is about twice that
A-side phylloquinone. In contrast, time-resolved optical in Figure 3, it is very reasonable to propose that AreA
measurements of the rate of phylloquinone oxidation in trace in Figure 3 comes from (A — Ao) in either the A- or
whole cells of green alga showed two rates of oxidation, B-branch due to an electron transfer block between A
with t;e = 13 and 140 nsi(1). Initially, the biphasic kinetics ~ and A.
were interpreted as reflecting a low equilibrium constant  The results strongly support a model for PSI in which
between A and F, leading to a fast redox equilibrium of  electron transfer can occur down either the PsaA or the PsaB
A; and Fx and a slower decay of this quasi-equilibrium state branch; comparison of thAAA signals of the A- and the
associated with electron transfer from ® Fa/Fgs (1, 11). B-side A mutants indicates a branching ratio of ap-
However, the kinetic phases were found not to be sensitive proximately 1:1 (Figure 3). This is slightly different from
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the ratio of~2:1 proposed by Guergova-Kuras et dl2), REFERENCES

based upon analysis of the amplitudes of the fast and slow
phases of A reoxidation, but probably not significantly
different when considering that subtraction of spectra is 2
required to observe A. Finally, it should be underlined that

the shape of thA AA spectrum assigned A — Ao) in the 3.
MH(A684) and MH(B664) agrees well with those measured
for WT PSI fromC. reinhardtii (21, 22), but its maximum

is 2=5 nm blue shifted compared to the {A-Ag) AA
maximum for the cyanobacteriu@ynechocystisp. PCC 5.
6803 @2, 28, 29). This spectroscopic difference between
reinhardtii and Synechocystimay suggest some structural 6
difference in RCs of these two PSls.

In the WT PSI, the initiaAA bands peaking at675 and
~685 nm measured 300 fs after excitation are associated
with excitonic interaction between the eC-A2 ang @hls 8
and between the £AChls and connecting Chls, respectively,
in both branches30). However, the 695 nm band observed
when exciting at 700 nm is contributed largely by a species -
that is independent of the excitonically coupled system of
Chls, as concluded from the fact that excitation at 705 or

710 nm results in a dramatic decrease of the amplitude of 11.
this band. In the cases of both Mnutants, the amplitudes  12.

of the 675 and 683 nm bands drop about twice relative to
the 695 nm bands and compared to the WT PSI (Figure 6).
The decrease in amplitude of the 675 and 683 nm bands in

PsaA and PsaB mutants is interpreted in terms of disturbance 14.

of normal excitonic interactions in respective branches of

Ao PSI mutants. In particular, interactions betweenafd

its closest neighbors, the accessory Chl and connecting Chl, 15
responsible in our model for 675 and 683 nm barf3),(
are expected to be affected by the mutations in a similar
ways: change of position/orientation of thg @hl in either

the A- or B-branch reduces its interaction energies with
neighbors, and thus, the components of either the A- or 1s.
B-branch are no longer excitonically coupled. In conse-
quence, the observeflA signals at 675 and 683 nm are
proposed to come from branch B only for the MH(A684)
mutant and from branch A only for MH(B664). This explains 20
the ~2-fold drop of the amplitudes. Thus, the block or slow

in electron transfer betweeny/And A may at least be in 21
part due to a change in orientation. 22

[any

6.

17.

CONCLUSIONS 23

In the present investigation we have shown that the
mutation of the axial ligand to the PsaA-branch (MetA684) 24,
and PsaB-branch (MetB664) ,AChls disturbs electron
transfer between fand A. Ultrafast transient absorbance 25
measurements show thatAaccumulates in mutant PSI
under neutral conditions, demonstrating that electron transfer 2g
between A~ and A is blocked or significantly slowed. The
initial time-resolved spectra also indicate that there is also 27
loss of excitonic coupling between thg &hl and its closest
neighbor, the accessory Chl and connecting Chl in both
branches. These results strongly indicate that both the
A-branch and the B-branch of the ETC are active and support 30.
the view of bidirectional electron transfer @hlamydomonas
PSI.
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