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All photosynthetic reaction centers share a common structural
theme. Two related, integral membrane polypeptides sequester
electron transfer cofactors into two quasi-symmetrical branches,
each of which incorporates a quinone. In type II reaction centers
[photosystem (PS) II and proteobacterial reaction centers], electron
transfer proceeds down only one of the branches, and the mobile
quinone on the other branch is used as a terminal acceptor. PS I uses
iron-sulfur clusters as terminal acceptors, and the quinone serves
only as an intermediary in electron transfer. Much effort has been
devoted to understanding the unidirectionality of electron trans-
port in type II reaction centers, and it was widely thought that
PS I would share this feature. We have tested this idea by exam-
ining in vivo kinetics of electron transfer from the quinone in
mutant PS I reaction centers. This transfer is associated with two
kinetic components, and we show that mutation of a residue near
the quinone in one branch specifically affects the faster compo-
nent, while the corresponding mutation in the other branch spe-
cifically affects the slower component. We conclude that both
electron transfer branches in PS I are active.

Upon excitation of the photosystem (PS) I primary donor
(P700), an electron is transferred to the primary acceptor, A0

(a chlorophyll a molecule) and in less than 100 ps to a secondary
acceptor, A1, identified as a phylloquinone. From A1, the
electrons are transferred to an iron-sulfur cluster, FX, and then
to the terminal iron-sulfur acceptors, FA and FB, which are
bound by the extrinsic PsaC polypeptide (1) (see Fig. 1a). The
structure of PS I at 4-Å resolution (2) revealed the existence of
two sets of redox cofactors between P700 and FX, bound with an
almost perfect symmetry by the two largest subunits, PsaA and
PsaB. Due to this symmetry, the obvious similarity of the PsaA
and PsaB polypeptides ('45–50% identical throughout their
length; ref. 3) and the fact that the bacterial type I reaction
centers are homodimers (4, 5), the possibility of two parallel
electron transfer pathways up to FX should be considered.
However, based on the structural analogies of the core of PS I
to the purple bacteria reaction center, which suggested a com-
mon evolutionary origin for all photosynthetic reaction centers
(6), it has been generally thought that electron transport in PS
I is unidirectional, as it is in the type II reaction centers. Most
data supporting this view comes from electron paramagnetic
resonance (EPR) experiments, in which only a single quinone
anion radical can be accumulated during strong illumination
under reducing conditions sufficient to reduce the terminal
acceptors (7, 8) (although see ref. 9). However, these extreme
conditions may well bias the results. Transient EPR experiments
under conditions of forward electron transport would be pref-
erable (10, 11), but this technique may lack the time resolution
required to observe very fast events. Using visible spectroscopy
both forward electron transfer from A1

2 to FX (12, 13), and
charge recombination between P700

1 and A1
2 (14) have been

shown to be biphasic. The biphasic oxidation of A1
2 in isolated

PS I centers initially was interpreted as reflecting a low equi-
librium constant between A1 and FX (Fig. 1b), leading to a fast
('25 ns) redox equilibration of A1 and FX and a slower ('150

ns) decay of this quasi-equilibrium state associated with electron
transfer from FX to FAyFB (12). Based on the lack of sensitivity
of these kinetics to the membrane potential, this model was
recently challenged and alternative hypotheses were proposed
(13): if there is only one active branch, then there must be two
populations of PS I in equilibrium that differ structurally to give
rise to different kinetics (Fig. 1c). Alternatively, the existence of
two active branches would explain the biphasic kinetics as
transfer from the two different quinones, one of which is
primarily bound by PsaA and the other by PsaB (Fig. 1d).

Because the understanding of the origin of the biphasic
kinetics could give new insights in the electron transport mech-
anism in PS I, we examined the quinone reoxidation in site-
directed mutants of PsaA and PsaB in the genetically tractable

Abbreviations: EPR, electron paramagnetic resonance; FX, FA, and FB, iron-sulfur clusters of
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acceptor in PS I (chlorophyll); A1, secondary electron acceptor in PS I (phylloquinone).
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Fig. 1. (a) Scheme of cofactor arrangement in PS I. P700 is a pair of chloro-
phylls that serves as the primary electron donor. The accessory (‘‘acc’’) and A0

chlorophylls are both single chlorophyll molecules; A0 is known to serve as an
intermediate in electron transfer, but the role of the accessory chlorophyll in
this transfer is still not clear (1, 2). A1 is a phylloquinone. FX, FA, and FB are
4Fe-4S clusters. Trp represents the tryptophan near the phylloquinone that
has been mutated in this study. (b–d) Different models to explain the biphasic
kinetics of A1(A)

2 reoxidation. (b) Only one branch is active. A rapid equilibrium
is established between A1 and FX, which is depleted by forward electron
transfer to FAyFB. (c) Only one branch is active, but the phylloquinone can exist
in one of two possible conformations, which may be in equilibrium (slow on
the time scale of electron transfer). (d) Both branches are active, but the two
phylloquinones are in slightly different environments, giving rise to different
kinetics of electron transfer to FX.
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alga Chlamydomonas reinhardtii. The data presented here show
that mutations introduced in the environment of each phyllo-
quinone specifically alter the two phases of electron transfer
from A1

2. These observations lead to the conclusion that, unlike
the situation in the purple bacteria reaction center, both electron
transfer branches in PS I are active.

Materials and Methods
Mutant Strains of C. reinhardtii. The single mutants were created
by bio-ballistic transformation of appropriate gene deletion
strains with plasmids containing the point mutations in psaA or
psaB, followed by selection for the linked antibiotic-resistance
marker (15). The plasmids in which the mutations were con-
structed contain the entire psaB gene or psaA third exon along
with flanking sequences to direct recombination and a coin-
serted aadA gene, which serves as a selectable marker. The
PsaA–W693F mutation converts codon 693 from TGG (Trp) to
TTC (Phe) and was made in plasmid pKR154 (15). The PsaB–
W673F mutation was made in plasmid pKR164 (15) and converts
codon 673 from TGG to TTC. It also changes codon 674 from
CAA (Gln) to CAG (Gln); this silent change introduces a BstNI
site used to detect the mutation during cloning.

For kinetic analysis, the recipients were KRC51–3A (cbn1–48
FUD7 psaAD) or KRC52–8A (cbn1–48 FUD7 psaBD). The
FUD7 genotype corresponds to a psbA deletion that prevents
accumulation of PS II (16) whereas the cbn1–48 mutation leads
to a chlorophyll b-less mutant with a reduced amount of light-
harvesting complexes (17). The control strain was made by
transformation of KRC51–3A with plasmid pKR154, encoding
wild-type psaA-3. Double mutants were made by cotransforma-
tion with both psaA and psaB plasmids, followed by a genetic
cross with KRC62–16A (mt2 cbn1–48 nac2–26 psaADpsaBD) to
generate a cbn1 nac2 strain (the nac2 mutation prevents PS II
accumulation; ref. 18) harboring both mutations.

Optical Spectroscopy. Spectroscopic measurements on whole cells
of C. reinhardtii were performed by using a home-built spectro-
photometer where absorption changes were probed by using
short monochromatic flashes. In the 425- to 500-nm spectral
range, the pulses were produced by a Nd:Yag pumped optical
parametric oscillator Quanta-Ray MOPO-710 (Spectra-Physics)
and in the 375- to 420-nm range by a frequency doubler accessory
device FDO-900 (Spectra-Physics). The sample was excited at
700 nm by a tunable dye-laser pumped by the second harmonic
of a Nd:Yag laser. The high signal-to-noise ratio of the spectro-
photometer (105) when using samples with high optical densities
such as cell suspensions and the time resolution (5 ns) of the
technique have been described (19). C. reinhardtii cells were
grown in Tris-acetate-phosphate medium (20) at 25°C under low
light (6 mEzm22zs21). For spectroscopic measurements the cells
were resuspended in 20 mM Hepes (pH 7.2) containing 20%
(wtyvol) Ficoll, as well as 5 mM carbonyl cyanide (4-

(trif luoromethoxy)phenyl)hydrazone to collapse the permanent
transmembrane potential. The dependence of the flash-induced
absorption changes at 430 and 380 nm upon the energy of the
actinic flash was measured for each strain. Kinetics measure-
ments were performed with light energies just sufficient to
saturate the signal at 380 nm. When significantly higher actinic
energies were used, we observed an additional fast decay com-
ponent (t , 5 ns) at 430 nm in all strains. The decay-associated
spectra of the kinetic phases were obtained from a global analysis
of the individual kinetics obtained at each wavelength, using the
MEXFIT program (21).

Results
The mutations in PsaA and PsaB were designed by using the
crystal structures of PS I and the related purple bacterial
reaction center as a guide (2, 6, 22). The structural data on PS
I suggested that the most likely region for binding the phyllo-
quinones was the stretch of highly conserved residues in PsaA
and PsaB forming the stromal a-helices n and n9 (2). Addition-
ally, magnetic resonance data indicated that an aromatic nitro-
gen-containing amino acid was close to the phylloquinone A1

2

radical (23). We have introduced site-directed mutations in the
tryptophan and histidine residues conserved between PsaA and
PsaB in this region (Fig. 2) and found that mutation of Trp-693
in the PsaA (PsaA–W693F) polypeptide specifically disturbed
the A1

2 EPR spectrum (B.B., F. MacMillan, C. Teutloff, K.
Brettel, F. Gu, S. Grimaldi, R. Bittl, and K.R., unpublished
work). Here we examine the effect of the conversion of these
tryptophans (PsaA–W693 and PsaB–W673) to phenylalanines
upon the in vivo kinetics of A1

2 reoxidation. We also constructed
a double mutant that contains both point mutations (PsaA–
W693FyPsaB–W673F). Three additional mutants were exam-
ined: two single substitutions of the conserved glutamates 695
and 698 in PsaA for glutamines (mutants PsaA–E695Q and
PsaA–E698Q) and a double mutant in which the two trypto-
phans further along the nyn9 helices (Fig. 2) were modified to
phenylalanines (PsaA–W702FyPsaB–W682F). All single muta-
tions as well as the double mutations did not prevent photoau-
totrophic growth of the mutant strains under either aerobic or
anaerobic conditions (data not shown). To simplify the spectro-
scopic and kinetic analysis, we introduced these mutations into
a control strain lacking PS II and chlorophyll b.

Transient absorption signals in the nanosecond-microsecond
time scale were recorded at discrete wavelengths in the 370- to
500-nm spectral range after selective laser flash excitation (700
nm) of PS I in the control strain. Global analysis of the data
resolved four components: three exponential decays (two in the
nanosecond and one in the microsecond time range) and a
component that did not decay on the detection time scale (30
ms). The spectrum of the nondecaying component was associated
with the electrochromic shifts due to the flash-induced delocal-
ized membrane potential. The spectrum had a positive peak at

Fig. 2. Sequence alignment of PsaA and PsaB in the region of the nyn9 helix. Asterisks indicate the position of the residues mutated in this work. Conservation
profile is color coded for identity (black, 100%; dark gray, 80%; light gray, 60%).
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475 nm and negative peaks at 490, 460, and 420 nm, characteristic
for the pigment electrochromic changes in mutants lacking
chlorophyll b (24). The spectra of the three exponential decays
are shown in Fig. 3. The microsecond component was assigned
to P700

1 reduction, based on the typical bleaching at 430 nm (25)
and a half-time of 4 ms characteristic of its reduction by
plastocyanin in intact algae (26). The spectra of the two nano-
second phases were attributed to reoxidation of A1

2. As previ-
ously observed in cyanobacteria (27) and Chlorella (13), the
nanosecond phases displayed positive absorption in the 370- to
400-nm range, characteristic for semiphylloquinone, and contri-
butions from the electrochromic band shifts induced by the

presence of a charge on A1. The positive band at 480 nm has been
attributed to a shift in the absorption spectrum of a carotenoid
molecule in the close vicinity of the phylloquinone. It should be
noted that the two decay-associated spectra exhibited subtle but
significant differences in shape in the near-UV region (371–410
nm) and more obvious differences above 410 nm. The half-times
(13 and 140 ns) and spectra of the two nanosecond decays were
similar to those seen in Chlorella (13). In the case of Chlorella,
two differences should be noted, a slightly slower half-time of the
fast phase (20 ns compared with 13 ns) and almost equivalent
absorption at 380 nm for the two nanosecond decays. Thus,
biphasic kinetics of electron transfer from A1 to FX are also
present in Chlamydomonas PS I and may well be a universal
feature.

The P700
1 re-reduction was followed at 430 nm in all mutant

strains, and the kinetics could be well fit by a single exponential
with a half-time of '4 ms (Table 1). We did not observe
absorption changes at this wavelength in the tens of nanoseconds
time range, where charge recombination in the primary pair P700

1

A0
2 would occur (1). This indicated that the mutations did not

prevent electron transfer up to A1.
To examine the effects of the mutations on electron transfer

from A1 to FX, we measured the kinetics of the absorption decay
at 380 nm, in the semiphylloquinone absorption band, where
contributions from P700

1 reduction and electrochromic shifts are
small. The results for the two symmetric mutants PsaA–W693F
and PsaB–W673F and the double mutant containing both mu-
tations (PsaA–W693FyPsaB–W673F) are shown in Fig. 4. The
mutation of the tryptophan in PsaA affected specifically the
kinetics of the slow nanosecond component, increasing its
half-time from '140 ns to '490 ns. The rate constant of the fast
component and the ratio between the amplitudes of the two
phases were the same as in the control strain (Fig. 4a; Table 1).
Mutation of the corresponding tryptophan in PsaB (PsaB–
W673F) slowed the initial part of the kinetics but did not modify
the later part, which is clearly seen in the conformity of the latter
part of the traces (Fig. 4b). In the double mutant (PsaA–W693Fy
PsaB–W673F), the overall kinetics were retarded and two
distinct phases were well resolved (Fig. 4c), a slow one with the
same half-time as in the single PsaA–W693F mutant ('490 ns)
and a faster one with a half-time of '73 ns (Table 1). The
kinetics in the PsaB–W673F mutant could be fit poorly with a
single exponential component (t1/2 5 110 ns). However, the fit
was significantly better if we assumed that two components were
still present in the kinetics of A1

2 reoxidation and constrained the
half-times of the two components to match the modified fast

Fig. 3. Decay associated spectra of the 13 ns (E), 140 ns (F), and 4 ms (Œ)
components, obtained from global analysis of transient absorption data in
whole cells of the C. reinhardtii control strain. Flash-induced kinetics in the 5
ns-30 ms time range were measured at each wavelength to obtain the three
exponential components. Deconvolution with more exponential components
did not improve the results.

Table 1. Kinetic parameters of electron transfer in the mutant strains

Strain

A1
2 oxidation

Amplitude*
(% of total)

P700
1 reduction,
t430 nm (ms)

Fast phase Slow phase

t380 nm (ns) t480–457 nm (ns) t380 nm (ns) t480–457 nm (ns)

Control 13 6 2 13 6 3 143 6 10 160 6 11 34 6 3 4.0 6 0.2
PsaA–W693F 15 6 2 12 6 3 490 6 21 355 6 120 34 6 2 4.0 6 0.2
PsaB–W673F 73† 62† 143† 160† 33 6 10 4.2 6 0.3
W693FyW673F 73 6 17 62 6 28 485 6 70 350 6 100 49 6 9 4.1 6 0.2
PsaA–E695Q 11 6 5 n.d. 277 6 33 n.d. 44 6 11 4.4 6 0.3
PsaA–E698Q 11 6 4 n.d. 222 6 30 n.d. 36 6 10 3.9 6 0.2
W702FyW682F 19 6 12 n.d. 187 6 28 n.d. n.d. 3.9 6 0.2

The half-times (t) were estimated from the data using fits to one or two exponential decay components. The measurement at 380 nm is in the spectral region
of the semiphylloquinone absorption, the difference 480–457 nm is in the electrochromic band shift induced by the presence of charge on A1. The half-time of
P700 re-reduction was calculated from the decay of the absorption change at 430 nm. n.d., not determined.
*The relative amplitude of the fast nanosecond phase expressed as percentage of the total amplitude was estimated from the kinetics at 380 nm. Values that
are significantly different from those of the control strain are in bold.

†The half-times of the two phases used to fit the data for PsaB–W673F strain were fixed parameters with values taken from the double mutant for the fast phase
and from the control strain for the slow phase, as described in the text.
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phase found in the double mutant and the slow phase of the wild
type (73 ns and 140 ns, Table 1). The combined results of the
kinetics deconvolution with all parameters free in the double
mutant and the constrained fit for the single mutant PsaB–
W673F showed that the fast phase ('13 ns) of A1

2 reoxidation
was specifically affected by mutation of the tryptophan W673 in
PsaB polypeptide. Similar values also were obtained when the
electrochromic band shift (480–457 nm) was used as a reporter
of A1

2 reoxidation (Table 1).
Mutation of the residues Glu-695 and Glu-698 in PsaA

affected specifically the kinetics of the slow phase although to a
much smaller extent than in the PsaA–W693F mutant (Table 1).

Both glutamates are located on the stromal helix a few residues
from Trp-693, and it has been suggested that their negatively
charged side chains could contribute to lowering the redox
potential of the phylloquinone (23). The kinetics of A1

2 reoxi-
dation in the double mutant PsaA–W702FyPsaB–W682F, where
the conserved tryptophans located further along the stromal
helix nyn9 were modified to phenylalanines, were not signifi-
cantly different from the control strain (Table 1). This indicated
that the effects observed upon mutation of the Trp-693yTrp-673
pair are related to their proximity to the phylloquinones and
their specific interaction.

Fig. 5 compares the spectral features of the two nanosecond
decay components collected in the semiphylloquinone absorp-
tion region for the control strain, PsaA–W693F, and the double
mutant PsaA–W693FyPsaB–W673F. Globally the fast compo-
nent in the control strain had relatively flat spectrum between
380 and 405 nm whereas the spectrum of the slow component
presented two bands with different intensities, one at '380 nm
and the other at '400 nm, the ratio between them '1.4. In the
PsaA–W693F mutant the spectrum and the half-time of the fast
component (17 ns) were similar to the control strain. Interest-
ingly, in the spectrum of the slow component the position of the
two bands were not modified but the ratio between them
decreased to '1.1. Thus the mutation in PsaA not only slowed
down the slow phase of A1

2 reoxidation but modified its spectral
properties. This modified spectrum, with a ratio DA380yDA400 of
'1.1 is seen again in the double mutant. Moreover, the spectrum
of the retarded fast decay is also changed with a net absorption
increase at 400 nm. We could therefore attribute the similar
spectral modification (decrease of the ratio DA380yDA400) to the
mutation of PsaB–Trp-673 to phenylalanine.

Discussion
In this work we have studied the reoxidation kinetics of A1

2 in
whole cells of the green algae C. reinhardtii. The spectra and
kinetics associated with phylloquinone reoxidation in C. rein-
hardtii were similar to other green algae (13). We found that the
two kinetic components of A1

2 reoxidation can be modulated
independently and specifically by mutating Trp-693 in PsaA or
Trp-673 in PsaB. The fact that mutation of the tryptophans
PsaA–W702 and PsaB–W682, which are located at the end of the
stromal helices nyn9, had no effect upon phylloquinone reoxi-
dation indicates that they are not in the proximal environment
of the phylloquinones. This is consistent with recent high-
resolution crystallographic data showing that both PsaA–W693
and the symmetry-related PsaB–W673 are in contact with the
phylloquinones on their respective side (P. Jordan, P. Fromme,
and N. Krauß, personal communication). Therefore, we con-

Fig. 4. Kinetics of A1(A)
2 oxidation measured at 380 nm for the control strain

(■), PsaA–W693F mutant (F), PsaB–W673F mutant (Œ), and the PsaA–W693Fy
PsaB–W673F double mutant (*). The solid lines are theoretical fits with the
parameters shown in Table 1. The dotted lines are the extrapolation of the
slow phase to show its amplitude in the control strain and the PsaA–W693F
mutant strain.

Fig. 5. Comparison of the spectra of the two nanosecond decay components in the region of semiphylloquinone absorption in the control strain (Left),
PsaA–W693F (Center), and PsaA–W693FyPsaB–W673F (Right) mutants. The amplitudes of the components at the probe wavelengths, where the kinetics were
measured, are shown as symbols. Closed symbols are the spectra of the fast phase, open symbols are the spectra of the slow phase.
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clude that both quinones can be reduced by PS I photochemistry
and that both are reoxidized by FX. Furthermore, we can assign
the fast ('13 ns) component to the reoxidation of the phyllo-
quinone on the PsaB side and the slow ('140 ns) component to
the reoxidation of the phylloquinone on the PsaA side. The
implication of these results is that electron transfer in PS I, unlike
type II reaction centers, is bi-directional.

Our results strongly argue against both of the models that use
a single active branch. In the equilibrium model (Fig. 1b), it is not
possible to change the rate of only one of the phases while
keeping the other rate and the ratio between the phases constant.
Likewise, the structural heterogeneity model (Fig. 1c) would
predict that mutation of one of the tryptophans (the one next to
the ‘‘inactive quinone’’) would have no effect on either phase.
Mutations can exert effects over relatively long distances, and
one might invoke such indirect effects to explain the phenotype
of the mutation near the inactive quinone. However, this would
require a complex reasoning: a mutation near the active quinone
would have a direct effect upon it (modifying the spectrum of the
semiquinone and slowing its rate of oxidation) only when the
reaction center is in one conformation but not in the second; at
the same time, a mutation on the other side would act over a
relatively long distance to exert the exact same kind of effect on
the active quinone, but only when in the second conformation.
Therefore, we favor the simplest interpretation of our data,
which is that charge separation can proceed down either branch
(Fig. 1d). We should make clear that our data do not directly
examine initial charge separation. However, if one posits that
this event were biased to a unique branch to produce a specific
P700

1 A0
2 state, then one must explain the reduction of the

phylloquinone on the other branch. A1 is reduced faster than the
resolution time of our instrument (5 ns), consistent with previous
reports for A0 reoxidation with a half time of a few tens of
picoseconds (28). Electron transfer between the two phylloqui-
nones, based on the distance between them (22.3 Å; ref. 2) and
the ‘‘Moser-Dutton ruler’’ (29), would be slower than 10 ms,
which is several orders of magnitude slower than A1 reoxidation.
In a similar fashion we can rule out electron transfer across
branches at the level of A0 based on the distances. The distance
between eC3 and eC39 in the PS I structure is 26.5 Å (2) and the
distance from A0 to the phylloquinone on the other branch is
even longer.

Thus, we conclude that the initial excited state P*700 can evolve
into either P700

1 A0(A)
2 or P700

1 A0(B)
2 states, with A0(A) and A0(B)

representing the analogous chlorophyll of the A or B branch,
respectively. Secondary electron transfer events (in the picosec-
ond time scale) then would lead to the states P700

1 A1(A)
2 or

P700
1 A1(B)

2 . The next stage, which is the one that we observe in this
study, is the tertiary electron transfer leading to the singular state
P700

1 Fx
2. Theoretically, we could estimate the contribution of

electron transfer down each branch by the relative amplitude of
each kinetic phase. If the amplitude of the spectral changes
associated with the reoxidation of the two phylloquinones were
identical, then we would estimate that electrons are partitioned
between each branch with a preference (55–66%) for the one
leading to the quinone on the PsaA side. However, these
numbers should not be considered rigorous, as the spectra
displayed some dissimilarity that could be interpreted as differ-
ences in the local environment of each phylloquinone andyor
different contributions of the electrochromic band shifts. Some
of these differences may be explained by new crystallographic
data, which reveal that the proximity and orientations of the
carotene(s) nearest to the phylloquinone on either side are
significantly different (P. Jordan, P. Fromme, and N. Krauß,
personal communication).

It is worth noting that mutation of each tryptophan had a
similar effect on the quinone close to it. In both cases, conversion
to a phenylalanine had two effects on one of the kinetic phases:

a modification of the decay-associated spectrum and a 3- to
5-fold decrease in the rate of its decay. The spectral change was
also similar in both cases, manifesting itself as an increase in
absorbance at '400 nm. Two possible explanations that are not
mutually exclusive could be given for this change: (i) Because the
Trp residues (PsaA–Trp-693 and PsaB–Trp-673) are involved in
a p-stacking interaction with the phylloquinones, as previously
suggested based on electron spin echo envelope modulation
spectroscopy (23), their mutation to Phe will likely perturb the
electron coupling between the quinone ring and the aromatic
side chain leading to a different absorption properties of A1. (ii)
The mutation could lead to a change in the local environment of
the phylloquinone, and thus to slightly different interactions with
the neighboring chromophores, most probably chlorophylls,
modifying the electrochromic bandshifts.

The change in the rate of electron transfer (ket) from the
quinone to FX in the mutant strains can be easier to explain in
the context of the empirical equation derived by Moser et al. (29)

log ket 5 15 2 0.6R 2 3.1~DG0 1 l!2yl,

where R is the edge-to-edge distance between A1 and FX in Å,
and DG0 and l are the standard free energy and the reorgani-
zation energy of the reaction, respectively. One or more of the
terms in this equation could have been modified in the mutant
strains. It is possible that the altered phylloquinone-binding site
causes a slight increase in the distance between the quinone and
FX andyor orientation of the quinone. A 3–5 time decrease in the
rate of electron transfer would correspond to an increase of '0.9
Å in R if all other parameters were constant. Similarly the
mutation can lead to an increase of either DG0 or l, and thus
result in a lower rate of electron transfer. The unusually low
midpoint potential of A1yA1

2 has been attributed to its very
hydrophobic environment andyor specific interactions with the
phylloquinone in PS I (30). Modification of either or both may
occur when the indole ring system of the Trp is exchanged for the
smaller phenyl side chain of Phe. The p-stacking interaction of
the side chain to the quinone could have been perturbed or the
binding site rendered more exposed to aqueous solvent. This
would tend to stabilize the semiquinone radical anion, thus
decreasing driving force, and force the movement of nearby
polar molecules in response to the change in charge during
electron transfer, thus increasing the reorganization energy. If
the nearby conserved glutamates (695y675 and 698y678) are
deprotonated, then their negative charge might contribute to this
effect, and conversion to the uncharged glutamine would stabi-
lize the semiquinone anion and slow the rate of transfer to FX.
We did observe '2-fold and '1.5-fold decreases in the rate of
reoxidation of A1(A)

2 upon mutation of the nearer (Glu-695) and
farther (Glu-698) glutamic acid residues of PsaA, lending sup-
port to this idea. However, these modest changes may indicate
that these carboxylates may be either relatively far from the
quinone or at least partially shielded by counter ions.

Reasoning similar to that above can be applied to explain the
difference in the rate of reoxidation of A1(B)

2 as compared with
that of A1(A)

2 . However, a difference in the distance between the
two quinones and FX seems less likely because an order of
magnitude faster rate would require 1.7-Å shorter distance on
the PsaB branch. All available structural data indicate equivalent
positions for both quinones with respect to the symmetry axis
and thus to FX (2). Therefore we would tend to attribute the
difference in rate to a difference in the amino acid compositions
of the two phylloquinone sites. To that end, we are now
examining mutations in several conserved amino acids (such as
tryptophans and glutamates) that are not shared between PsaA
and PsaB.

The presence of bi-directional electron transfer to quinones in
slightly different environments, leading to unequal rates of
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transfer to the next cofactor immediately begs the question:
what, if any, is the functional significance of this arrangement?
Because the primeval reaction center was almost certainly
homodimeric (discussed in refs. 3 and 31), and this situation
persists in PS I’s cousins found in green sulfur bacteria (5) and
heliobacteria (4), it is likely that the original mode of electron
transfer was bi-directional. The heterodimeric type II reaction
centers, which use one quinone (QA) as a secondary acceptor
(like A1) and the other (QB) as a terminal acceptor, have evolved
to eliminate electron transfer directly to QB. Thus, QA serves as
a ‘‘one-electron gate,’’ while QB is doubly reduced, and electron
transfer from QA to QB is coupled to protonation of QB to the
quinol form, an essential part of its function. In contrast, no such
selection pressure was necessary in type I reaction centers, where
the semiquinone on one branch donates its electron to a cofactor
that sits in the symmetry axis, and it makes no difference from
which side it came. Reduction of ferredoxin by PS I is limited by
electron transfer from the iron-sulfur clusters, and therefore the
slower rate from A1(A)

2 to FX (t1/2 ' 140 ns) would not restrict
overall electron transfer. We also should note that the PsaB–

W673F mutant, in which the rates of electron transfer from the
two phylloquinones to FX are almost equivalent, shows no
observable defects in photosynthesis in vivo and is indistinguish-
able from the wild type. However, because PS I has a large
antenna (100 chlorophyll molecules) and the kinetics for P700

1 A0)
2

formation are on the same time scale as excitation energy
transfer (1), the presence of two branches for initial charge
separation would double the rate of exciton trapping and thus
increase the efficiency of PS I charge separation. Further studies
in which the environment of P700 and the primary electron
acceptor(s) in PsaA and PsaB is modified may help to answer the
question of whether or not the existence of two electron transfer
pathways has functional implications.
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