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Photosystem I (PS I) has two nearly identical branches of electron-transfer co-factors. Based on point
mutation studies, there is general agreement that both branches are active at ambient temperature but that
the majority of electron-transfer events occur in the A-branch. At low temperature, reversible electron
transfer between Poo and A, occurs in the A-branch. However, it has been postulated that irreversible
electron transfer from P, through A;p to the terminal iron-sulfur clusters F, and Fg occurs via the B-
branch. Thus, to study the directionality of electron transfer at low temperature, electron transfer to the
iron-sulfur clusters must be blocked. Because the geometries of the donor—acceptor radical pairs formed
by electron transfer in the A- and B-branch differ, they have different spin-polarized EPR spectra and
echo-modulation decay curves. Hence, time-resolved, multiple-frequency EPR spectroscopy, both in the
direct-detection and pulse mode, can be used to probe the use of the two branches if electron transfer to
the iron-sulfur clusters is blocked. Here, we use the PS I variant from the menB deletion mutant strain of
Synechocyctis sp. PCC 6803, which is unable to synthesize phylloquinone, to incorporate 2,3-dichloro-
1,4-naphthoquinone (CI,NQ) into the A, and A;p binding sites. The reduction midpoint potential of
CILNQ is approximately 400 mV more positive than that of phylloquinone and is unable to transfer
electrons to the iron-sulfur clusters. In contrast to previous studies, in which the iron-sulfur clusters were
chemically reduced and/or point mutations were used to prevent electron transfer past the quinones, we
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find no evidence for radical-pair formation in the B-branch. The implications of this result for the

directionality of electron transfer in PS I are discussed.

Introduction

In Photosystem I (PS I) the PsaA and PsaB protein subunits bind
two branches of electron-transfer cofactors extending from P,
a chlorophyll a/chlorophyll @' dimer, on the lumenal side of the
thylakoid membrane to the iron-sulfur cluster Fx on the stromal
side (Fig. 1). Each of the two branches carries two monomeric
chlorophyll @ molecules, A_;s@) and Aga), and a phylloqui-
none molecule, Aj,p), where A and B indicate the protein
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subunit PsaA or PsaB to which the cofactor is mainly bound.
The terminal iron-sulfur clusters, F, and Fg, are both bound to
the protein subunit PsaC. Upon light excitation at room tempera-
ture, electrons are transferred from P, to Fg via the intervening
cofactors. Although there is some debate about whether the
initial charge separation occurs independently in each branch
between A_; and Ao,' or between Py and A, considered as a
loosely bound dimer of A_;ja) and Agas) chlorophyll mol-
ecules,” there is general consensus that both branches of cofac-
tors are active in electron transfer. This conclusion has been
reached primarily from point-mutation studies, which show that
at room temperature the 200 ns phase of A; to Fx electron trans-
fer occurs in the A-branch while the 20 ns phase occurs in the
B-branch.>”’

In contrast to the behavior in PS 1, electron transfer in reaction
centers from purple bacteria and Photosystem II is unidirectional
along the A-branch and extremely difficult to re-direct into the
inactive B-branch. This difference appears to be related to the
fact that in type II reaction centers electron transfer proceeds
from the A-branch quinone to the B-branch quinone, which
exchanges with the quinone pool following double reduction and
protonation. In Photosystem I, on the other hand, both branches
of cofactors converge at Fy and there is no obvious functional
advantage to uni-directionality or bi-directionality. At present the
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Fig. 1 Structural arrangement of the electron-transfer cofactors in
Photosystem 1. The positions of the cofactors are from the 2.5 A resol-
ution X-ray structure® (PDB entry 1JB0).

factors that determine the relative use of the two branches and
lead to such a large difference between type I and type II reac-
tion centers are not well understood. In this context it is of inter-
est to study the temperature dependence of the directionality. In
type II reaction centers, the very strong bias towards the A-
branch of the electron transfer does not depend on temperature.
In PS 1, the relative electron-transfer activity of the two branches
below the glass-transition temperature of the protein at about
200 K is less certain because the kinetic behavior becomes het-
erogeneous. At least two fractions of PS I complexes are
observed in which either irreversible electron transfer to F, and
Fg, or reversible electron transfer to A; and/or Fx occurs.' Elec-
tron transfer in the A-branch from A, to Fx is strongly acti-
vated,'! while the corresponding step in the B-branch is nearly
activationless.'? Consistent with this difference in the activation
energies, low-temperature EPR studies of branch-specific point
mutants show that reversible electron transfer to A; occurs exclu-
sively in the A-branch.®*'>™'5 However, this observation does
not answer the question of the directionality at low temperature
because the pathway leading to irreversible charge separation
remains unclear.

To address this issue it is necessary to prevent electron transfer
past A; so that irreversible charge separation does not occur. A
number of studies have been carried out in which forward elec-
tron transfer past A; has been blocked by prereduction of the
iron-sulfur clusters®'*'*2! and/or in which A-branch electron
transfer is partially hindered by mutation of M688ps,4, Which
provides the axial ligand to Aga.>'**> Under these conditions,
additional components with different kinetic and spectral proper-
ties are observed in the time-resolved EPR signals from
P300A’T. Modeling of the spin-polarized EPR spectra and out-
of-phase electron-spin echo-envelope modulation (ESEEM)
curves suggest that under reducing conditions, or when electron

transfer in the A-branch is hindered, components arising from
both the A- and B-branch radical pairs P'550A 15 and P 70A 1
are observed. These results have been interpreted as indicating
that the electron transfer is also bidirectional at low tempera-
ture.”! However, it has also been suggested that the electron
transfer is highly biased towards the A-branch.'*?? Another
method of preventing electron transfer past A; is to inhibit the
assembly of Fx. It has been shown that deletion of the rubA
gene of Synechocystis sp. PCC 6803, which encodes for a rubre-
doxin that is involved in the assembly of PS I, results in com-
plexes lacking the iron-sulfur clusters F4, Fg and Fx in which no
irreversible electron transfer is observed at low temperature.®>**
In contrast to the prereduced samples, the low-temperature time-
resolved EPR spectra and echo-modulation curves of PS I com-
plexes from the rubA variant are indistinguishable from the wild
type and show no evidence for electron transfer in the B-
branch.®*

The difference in behavior between the prereduced samples
and the rubA variant suggests that the directionality may be
altered by either reduction or removal of Fx. Indeed it has been
shown that electrons can be re-directed into the B-branch by
mutations?® and/or harsh solubilization methods.?® Thus, it is
conceivable that either reduction at high pH or the absence of
the iron-sulfur clusters could alter the directionality. Here we
address this issue by incorporating the high potential quinone,
2,3-dichloro-1,4-naphthoquinone (CI,NQ) into the A; binding
sites of PS I to prevent forward electron transfer to the iron-
sulfur clusters. To incorporate CILNQ we use PS I from the
menB variant of Synechocystis sp. PCC 6803. Inactivation of the
menB gene, which codes for a naphthoate synthase, inhibits the
biosynthesis of phylloquinone®” and in its absence, plastoqui-
none-9 binds to the A, 5 and A, sites.”® Because plastoquinone-
9 binds relatively weakly, it can be displaced by incubation with
a wide variety of naphthoquinones.>*>* The structures of phyllo-
quinone, plastoquinone-9 and CI,NQ are shown in Fig. 2 along
with their first reduction midpoint potentials in dimethylforma-
mide (DMF). The reduction potential of CI1,NQ in DMF is more
than 400 mV more positive than that of phylloquinone, and the
premise of the experiments presented here is that a similar differ-
ence in the potentials of phylloquinone and CL,NQ would be

o]
# phylloquinone
E1/2 =-465 mV
0
o
# H plastoquinone-9
o E1/2 =-369 mV *
o]
o]
“ 2,3-dichloro-1,4-naphthoquinone
E1/2 =-49.5 mV
cl
o)

Fig. 2 Structures of phylloquinone, plastoquinone-9 and CLL,NQ and
their first reduction midpoint potentials in DMF versus the normal
hydrogen electrode. (¥) The midpoint potential for plastoquinone-9 is
taken from the literature.®'
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expected in the A;, and A;p binding sites. Estimates of the mid-
point potential of the B-branch phylloquinone place it 25 mV,**
155 mV?*° or 173 mV>® more negative than the A-branch phyllo-
quinone. If our premise is correct, electron transfer from CI,NQ
to Fx in both branches should require a larger activation energy
than the phylloquinone to Fx transfer in the A-branch of native
PSL

The main advantage of blocking electron transfer in this way
is that neither prereduction nor removal of the iron-sulfur clusters
are required and, hence, possible changes in the structure, elec-
trostatic environment, protonation state of the protein, efc. should
be minimized. We will show that the multi-frequency time-
resolved EPR data from these samples are consistent with uni-
directional electron transfer in the A-branch and do not show
any of the characteristic features that have been associated with
the B-branch radical pair P700A Tg.

Materials and methods

Growth and isolation of PS I from the menB and menB/rubA
mutants

The menB deletion mutant strain of Synechocystis sp. PCC 6803
was grown under low light, and trimeric PS 1 complexes were
isolated as described previously.”” The isolated trimers were
brought to a chlorophyll a concentration of 2 mg mL ™" by centri-
fuging to a thick paste using 100 K Ultracell purification mem-
branes followed by resuspension in a 50 mM Tris-buffer at pH
8.0 containing 0.05% n-dodecyl-B-p-maltoside and 1% glycerol
as a cryo-protectant. The menB/rubA mutant strain of Synecho-
coccus sp. PCC 7002 was grown and thylakoid membrane frag-
ments were prepared as described previously.’” The thylakoid
suspension was centrifuged to a chlorophyll a concentration of
16 mg mL™". Photosystem I particles were not isolated from the
thylakoids to avoid detergent-induced structural changes.

Incubation of PS I with CI,NQ

1,2-Dichloro-1,4-naphthoquinone was obtained from Sigma—
Aldrich Chemicals and was dissolved in DMSO. For the menB
trimers, a 10 pL aliquot of a 20 mM CI,NQ solution was added
to approximately 100 uL of a PS I trimer solution at a chloro-
phyll @ concentration of 2 mg mL™'. The samples were incu-
bated for one hour on ice before being washed with one 4 mL
aliquot of buffer and centrifuged to a thick paste followed by
resuspension to a volume of 150 uL.

The menB/rubA thylakoid suspension was incubated with
5 uL of a 4 mM solution of CI,NQ for 1 h. This process was
carried out in low light to reduce damage to the double mutant.

Cyclic voltammetry of quinones in DMF

Reduction-wave voltammograms of phylloquinone and CI,NQ
were measured using a BAS Epsilon and C3 Cell Stand (Bioana-
lytical Systems) with a platinum working electrode, a 3 M NaCl
Ag/AgCl reference electrode and a platinum auxiliary electrode.
The samples were prepared by dissolving ~5 mg of the quinones
and 0.15 g of the supporting electrolyte tetrabutylammonium-

hexafluorate-phosphate in 10 mL of dry DMF. The solutions
were bubbled with nitrogen gas for five minutes to remove
oxygen. Voltammograms were cycled between +250 mV and
—2000 mV.

Time-resolved optical spectroscopy in the near-infrared region

The decay of P35, due to charge recombination was measured at
820 nm using a laboratory-built time-resolved spectropho-
tometer. The samples were diluted to a chlorophyll concentration
of 50 ug mL™" and placed in a quartz cuvette with a path length
of 10 mm. The samples contained 10 mM sodium ascorbate,
4 uM DCPIP as an exogenous donor and were prepared in an
anaerobic chamber with an atmosphere of 10% hydrogen and
90% nitrogen. The kinetic traces were analyzed by fitting a mul-
tiexponential decay using the Marquardt least-squares algorithm
programmed in the Igor Pro language (Wavemetrics).

Time-resolved optical spectroscopy at 700 nm

The samples were diluted to a chlorophyll concentration of
10 ug mL™". The samples contained 5 mM sodium ascorbate,
4 uM DCPIP as an exogenous donor and were prepared under
aerobic conditions.

Time-resolved and CW EPR experiments at X-band and Q-band

Samples for the EPR experiments at X- and Q-band contained
1 mM sodium ascorbate and 50 uM phenazine methosulfate as
an external electron donor and were dark adapted for 20 min
before being frozen in the dark. The EPR experiments were
carried out using a Bruker Elexsys E580 spectrometer or a
modified Bruker ER 200D-SRC spectrometer as described pre-
viously.*® For the time-resolved EPR (TREPR, direct detection
without field modulation or echo-detected pulse EPR) exper-
iments the samples were illuminated at 532 nm and 10 Hz using
a Nd:YAG laser (Continuum Surelite). To determine the through-
put of electrons to the terminal iron-sulfur clusters at low temp-
erature the samples were frozen to 15 K in the dark and then
illuminated continuously for five minutes with white light from a
Schott KL-1500 visible wavelength lamp with an intensity of
1.3 pE s' to accumulate (Fa/Fg)~. The CW-EPR spectra of
(Fa/Fg)~ were collected using 100 kHz field modulation with an
amplitude of 1.0 mT and a nominal microwave power of
1.0 mW. The spectrum taken before illumination was subtracted
to remove background signals from the resonator.

X-band out-of-phase ESEEM curves were collected at 80 K
on the Bruker Elexsys ES80 spectrometer. The echo was gener-
ated using a hv-Tpap-(4,)-7-(31,)-1-echo pulse sequence with £, =
8 ns (n/3), and 7y = 80 ns and Az = 4 ns. The echo intensity was
integrated over a 100 ns window centered at the echo maximum.
The delay between laser flash and initial microwave pulse, Tpar
was 300 ns.

W-band EPR experiments

High-field EPR measurements were performed on a home-built
W-band (95 GHz/3.4 T) multipurpose EPR spectrometer
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Table 1 Kinetic parameters of P75, and A'T

Sample T/K Quantity measured Lifetime components/ms Spin polarization lifetime/us
menB 295 AA4 820 nm 0.194 (6.5%), 3.54 (85%), 56.3 (8.5%)
295 A4 700 nm 1.8 (40%), 5.4 (50%), 1780 (10%)
120 EPR P '3, 1.1 (92%), 270 (8%) 32
120 EPR AT 1.1 (100%) 27
menB + CI,NQ 295 AA4 820 nm 0.139 (83%), 183 (17%)
295 AA4 700 nm 0.20 (67%), 0.74 (7%), 290 (26%)
120 EPR P75, 0.2 (100%) 24
120 EPR AT 0.2 (100%) 20
01 2 " » 014 P L _
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Fig. 3 Room temperature P 7, reduction kinetics measured at 820 nm in the menB variant (a) and the menB variant incubated with CL,LNQ (b). The
experimental absorption difference data are shown in black and the blue and green curves are fits of a weighted sum of stretched exponentials to the
data. The lifetimes, relative amplitudes and stretch factors of the individual kinetics components are indicated. The residuals are shown above the fit.

described previously.**** The sample solutions were placed in a
quartz capillary (0.6 mm LD.), transferred to the EPR probe
head and, after dark adaptation at room temperature for 10 min,
cooled down to 120 K. Light-induced electron transfer was
initiated by light pulses at 532 nm (Nd:YAG laser, 5 ns pulse
width, 0.5 mJ on the sample surface) guided to the center of the
TEy;; optical transmission EPR cavity through a quartz fiber of
0.8 mm diameter.

The recombination kinetics were obtained by recording the
short-lived EPR absorption after laser flash via lock-in detection
with magnetic field modulation (30 kHz, 0.1 mT modulation
amplitude). The time resolution of this detection technique was
thus set to about 100 us. The pulsed EPR measurements were
performed using the Hahn-echo sequence (#,)-7-(2t,)-t-echo
allowing for a time after laser flash, Tp,r in the sequence
hv-Tpap-(ty)x,—x-7-(21p)-1-echo under pulsed light illumination
with repetition rate of 2 Hz. The ¢, pulse length of the n/2 micro-
wave (mw) pulses was generally set to 30 ns. The quadrature-
detected echo traces, (s_,.s,), were digitized and transferred to
the computer for further evaluation. To obtain the in-phase field-
swept EPR spectra, the s_, echo response traces at 7 = 150 ns,
corresponding to the first pulse phase settings +x and —x, were
subtracted from each other, and the pure echo response, i.e., free
of FID and cavity ringing signals, was integrated over the whole
echo duration. The out-of-phase EPR decay profiles were evalu-
ated from s, echo traces by integrating the echo responses over
the time window, centered at the s_, echo maximum, that covers
60% of the echo intensity to optimize resolution and signal-to-
noise ratio.

The single-frequency pulse dipolar EPR experiment of the
RIDME type is based on measuring the out-of-phase stimulated

echo signal (hv-Tpap-(t,)x,—-7-(t,)-T-(t,)-1-echo) as a function of
the preparation time 7.*' The fixed mixing time 7 should be long
enough to allow the longitudinal spin relaxation to flip the
partner spins in the pair, but short enough to avoid a consider-
able reduction of the echo signal caused by the longitudinal spin
relaxation of the observer spins and by the charge recombination.
At 120 K the mean relaxation time for the radical pair was
measured, by probing 2-pulse echoes vs. Tpap to be about
30 us. Thus, a setting of 7= 20 us satisfies the RIDME require-
ment. The complete RIDME data set is composed of recordings
(Tpar = 400 ns, 7o = 50 ns, Az = 10 ns) detected at field pos-
itions stepped through the A spectral region.

Results
Room-temperature P"7y, recombination kinetics

The kinetics of charge recombination in PS I following a saturat-
ing light flash have been shown to be dependent on the midpoint
potential of the quinone in the Ao and A;p sites.*** Hence,
the back-reaction kinetics can be used to monitor the incorpor-
ation of CI,NQ into the binding site. As displayed in Fig. 3, and
summarized in Table 1, the absorbance difference traces taken in
the near-IR show that the main kinetic component of the back
reaction has lifetimes of 3.5 ms and 140 ps in PS I from the
menB variant and the menB variant incubated with CI,NQ,
respectively. The trace from the incubated sample (Fig. 3b)
shows no evidence of the 3.5 ms decay associated with the pres-
ence of plastoquinone-9. The main kinetic components of the
back reaction observed at 700 nm under aerobic conditions had
similar lifetimes (see Table 1). Hence, we conclude that
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Fig. 4 Charge-recombination kinetics measured by time-resolved W-band EPR spectroscopy after pulsed laser excitation (532 nm) at 120 K. (a)
P 3oodecay in the menB variant (blue line) and the menB variant incubated with CI,NQ (green line). The inset shows the decay of the menB variant on
a longer time scale. Decay traces from the menB variant (b) and the menB variant incubated with CI,NQ (c) taken in the P"7 and A'7 (red line) spec-

tral regions of the corresponding samples.

essentially complete displacement of plastoquinone-9 by CI,NQ
has occurred in the back-reaction pathway. Both lifetimes are sig-
nificantly faster than the 85 ms lifetime observed in the wild
type.*? A positive shift of the quinone potential is expected to
lead to faster back-reaction because the equilibrium between
forward and back electron transfer between the quinone and Fy
will shift towards the quinone, resulting in a faster overall rate.*’
Consistent with this expectation, the rate of the back reaction
with CLNQ in the binding site is ~30 times faster than with
plastoquinone-9, and ~900 times faster than with phylloquinone.
The small slow component is due to donation to P75, by the
external donor DCPIP when the transferred electron is lost to
oxygen or other acceptors.

Recombination Kkinetics at 120 K

At low temperature the recombination kinetics can be monitored
by W-band EPR spectroscopy. At high external magnetic field,
the contributions from P55, and A'] are spectrally well separ-
ated, due to the difference in their g-values, and hence their kin-
etics can be measured independently of one another. Previous
studies''** suggest that at low temperature at least three fractions
exist following illumination. The majority of electrons recom-
bine from A7, a second fraction is trapped as P"5oo(FA/Fg)~ and
a small amount of recombination occurs from the iron-sulfur
clusters, probably from F;. The relative magnitudes of the
recombining fractions can be estimated from high-field EPR
transient responses taken in the P'5g, and A'] regions of the
spectrum. Fig. 4 shows a comparison of such transients for the
menB variant and the menB variant incubated with CI,NQ. The
recombination lifetimes obtained from the traces are summarized
in Table 1. In Fig. 4a, transients of the two samples, taken in the
P00 region, are compared. As expected, the lifetime of the
decay from the C1,NQ sample (0.2 ms, green trace) is consider-
ably shorter than that in the menB sample (1.1 ms, blue trace). In
addition, the menB decay is clearly bi-exponential and offset
from zero whereas for the C1,NQ sample the slow component is
absent and the whole signal decays to zero in less than 5 ms. As
shown in the inset of Fig. 4a, the time between consecutive laser
flashes is 900 ms, thus the offset of the curve prior to each flash

represents the “stable” fraction that decays with a time longer
than the repetition rate. In Fig. 4b traces from the menB variant
taken in the P75y, (blue trace) and A'] (red trace) regions are
compared. As can be seen, the A'] curve decays with the same
1.1 ms lifetime as the fast component of the P35y, trace and,
thus, we can conclude that this lifetime characterizes the recom-
bination of P'3,,A’7. The fact that the slow-component and
offset signals are not observed in the A7 region suggests that
they are due to recombination from Fx and trapping of (FA/Fg)~,
respectively. Since these two components are missing in the
trace from the CI,NQ sample (Fig. 4c), we conclude that electron
transfer past the quinone is blocked. Also shown in Table 1 are
the decay times of the spin polarization of P'500A’T determined
by monitoring the echo amplitude as a function of the delay time
after the laser flash, Tpar The decay of the spin polarization due
to spin—lattice relaxation, 7}, is monoexponential and has the
same lifetime in both the P3¢y and A'] regions of the spectrum.
Following the decay of the initial spin polarization to a Boltz-
mann population distribution, the spin echo signal decays due to
charge recombination with the same lifetimes measured using
field modulation. Thus, there are no additional faster charge-
recombination processes present.

Accumulation of (F,/Fg)~ at 15 K

The ability of the PS I samples upon illumination to transfer
electrons past the quinones can also be monitored by measuring
the CW EPR spectrum of photoaccumulated (Fo/Fg)~ at 15 K. A
comparison of these spectra for the wild type, menB variant and
menB variant with CL,NQ is shown in Fig. 5. In agreement with
a previous report”’ the amplitude of the photoaccumulated (Fa/
Fg)™ spectrum from the wild type and menB variant is virtually
the same. Note that the peak at about the free-electron g-value
near 350 mT is primarily from P "5y, and is strongly saturated by
the high microwave power levels needed to observe (Fa/Fp) .
Any other light-induced organic radicals produced in the sample
would also contribute in this field region. Because of the satur-
ation and possible presence of other radical species in the
sample, the intensity of this EPR peak cannot be reliably inter-
preted. When the menB variant is incubated with a 100-fold
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Fig. 5 Light-induced X-band CW EPR spectra at 15 K of (Fa/Fg)™ in
PS I samples frozen in the dark from the wild type (black), menB variant
(blue) and menB variant incubated with CI,NQ (green). In each case, a
dark background spectrum, collected prior to illumination, was sub-
tracted from the spectrum after illumination. For all three samples, the
chlorophyll concentration was 2 mg mL™', the modulation amplitude
was 1.0 mT and the microwave power was 1.0 mW. No additional nor-
malization of the spectra was performed.

excess of CI,LNQ, only a weak g ~ 2 signal is observed and no
accumulation of (Fo/Fg)~ occurs (Fig. 5, bottom). With smaller
amounts of CILNQ (5- to 10-fold excess) a weak (Fo/Fg)~ spec-
trum becomes visible (data not shown) suggesting that a 100-
fold excess is needed to fully displace plastoquinone-9 from the
A binding sites. Thus, consistent with the kinetic data, the lack
of accumulation of (F/Fg)~ indicates that CI,NQ has been
incorporated and that it prevents electron transfer past the
quinones.

Low-temperature TREPR spectra of P'50,A’y

Fig. 6 shows a comparison of the low-temperature spin-polarized
TREPR absorption-emission spectra of the radical pair P'550A’T
in PS I particles from the menB variant containing plastoqui-
none-9 (blue spectra) and Cl,NQ (green spectra) taken at three
different microwave frequencies, X-band (9 GHz, Fig. 6a), Q-
band (35 GHz, Fig. 6b) and W-band (95 GHz, Fig. 6¢). At all
three frequencies the upfield regions, which are dominated by
contributions from P75y, are virtually identical while the
downfield regions, which arise from the quinones, differ mark-
edly. At X-band, (Fig. 6a) the spectral width is determined to a
large extent by the proton hyperfine couplings. Plastoquinone-
9 has three methyl groups and one methylene group with
B-protons with large hyperfine couplings,** while CLNQ has
only ring o-protons with small hyperfine couplings. Therefore,
the X-band spectrum from the menB sample (blue) has a signifi-
cantly larger width than that of the CI,NQ sample (green). As
the microwave frequency and corresponding resonance field are
increased, the Zeeman energy becomes increasingly important
and the quinone g-tensor components become better resolved at
Q-band (Fig. 6b) and completely resolved at W-band (Fig. 6c¢).
The two chlorine atoms in CI,NQ provide a significant source of
spin—orbit coupling and, thus, CI,NQ has a larger g-anisotropy
than plastoquinone-9. As a result, the spectral features associated
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Fig. 6 Spin-polarized transient EPR spectra of the menB variant (blue)
and the menB variant incubated with CILNQ (green). (a) X-band, 80 K;
(b) Q-band, 80 K; (c) W-band, 120 K. The X- and Q-band spectra are
the direct detection transient EPR signal, while the W-band spectrum is
the echo-detected spectrum. In all cases the spectrum is the difference
between the signal intensity 400 ns after the laser flash and the intensity
before the flash. The spectra are normalized in such a way that the
upfield features, which are primarily due to P'5o,, have the same ampli-
tude for both samples.

with the x- and y-components of the quinone g-tensor are shifted
downfield in the Q-band and W-band spectra of the CI,NQ
sample relative to those of the menB sample. Again, this
confirms that CI,NQ has been incorporated into the A; binding
site.

The polarization pattern in the P'5y, region of the W-band
spectrum is sensitive to the orientation of the dipolar coupling
vector relative to the principal axes of the P7g0A'T g-tensor.*
Because this orientation is different in the radical pairs
P300A’Ta and P30A 1 of PS 1, their high-field EPR spectra
differ in the P"%y, region, as has been demonstrated using pre-
reduced PS 1 samples.'® The fact that this region is virtually
identical in the menB, menB plus CL,NQ and wild-type (not
shown) samples indicates that there is no additional contribution
from the B-branch radical pair when electron transfer past the
quinone is blocked in the CI,NQ sample. Simulation of the
quinone region of the W-band spectra reveals that the spectrum
of the CIL,NQ sample contains a minor contribution (12 + 3%)
from plastoquinone-9 in the A; site. Since the CI,NQ samples
for all of the experiments reported here were prepared in the
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Table 2 Magnetic and geometric parameters evaluated from the W-band time-resolved EPR spectra and W-band out-of-phase ESEEM of the spin-

correlated radical pair P'500A"T

A’y g-tensor (g, g,) Linewidths AB;,/mT (x,y)* Trayx Dipolar frequency v,/MHz Distance rxp/nm
Phylloquinone (perdeuterated WT) 2.00623, 2.00507 0.34, 0.40 —0.56 £0.05 2.94+0.05 2.61 £0.02
Plastoquinone-9 (menB variant) 2.00680, 2.00519 0.86, 1.09 —0.61 £0.05 3.00+0.05 2.59 +£0.02
CLLNQ (menB variant) 2.00722, 2.00590 0.54, 0.65 —0.58 £0.05 2.92 +£0.05 2.61 £0.02

“ g value and the corresponding linewidth could not be determined due to overlap of the A'T and P73y, spectral contributions.
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Fig. 7 W-band out-of-phase ESEEM measurements of the menB variant and menB incubated with CI,NQ at 120 K. (a) Out-of-phase ESEEM traces
taken at the P'7¢, signal maximum for the menB variant (blue) and CI,NQ sample (green). The delay-after-flash time, TDAF, was set to 400 ns and a
laser repetition rate of 10 Hz was used. The signals are scaled to the maximum amplitude. (b) Sine Fourier transform amplitudes of the ESEEM
decays for the menB variant (blue) and CLNQ sample (green). For comparison, the corresponding Fourier transform for perdeuterated wild type PS 1
is also shown (black line). The intensities around zero frequency are due to residuals after the baseline correction.

same way, this value can be taken as representative of the degree
of incorporation for all of the samples. With this contribution
taken into account, the simulations yield the parameters given in
Table 2. Although the spectra do not yield the absolute orien-
tation of the quinone, they depend on the geometric parameter,
Tra,, determined by the ratio of the projections of the dipolar-
coupling vector onto the principal y- and x-axes of the A’} g-
tensor:”!

(1 — 3 sin’y,sin®e, )

Tra, =
ad (1 — 3 sin’y,cos2¢,)

The polar angles 15 and ¢, are the inclination and azimuth
angles determining the direction of the electron-electron inter-
spin vector rap in the g-tensor frame of A'7. As can be seen
from Table 2, the value of this geometric parameter is the same,
within experimental error, for phylloquinone, plastoquinone-9
and CI,NQ, which suggests that all three quinones are bound in
their PS I binding sites in the same orientation.

Distance between P5 and A'T

The spin density distribution in P75 (a Chla/Chla’ dimer) is
highly asymmetric and resides primarily on the eC-Bl
chlorophyll.**** Because of this asymmetry, the distances
between radical centers in P'300A 4"~ and P'750A 1 are differ-
ent. The dipolar coupling between P50, and A'T depends on this
distance and, therefore, can be used to deduce the contributions

of the two possible radical pairs to the EPR signals. The elec-
tron-electron spin—spin coupling in the spin-polarized transient
radical pair P"50,A’] is measured most conveniently using the
out-of-phase ESEEM technique.**° In PS I particles from the
wild type®' > and menB variant™® such measurements yield dis-
tances consistent with the A-branch charge-separated radical
pair. Fig. 7 shows a comparison of W-band out-of-phase
ESEEM data from the perdeuterated wild-type, menB variant
and menB incubated with CI,NQ taken at the P'5y, spectral
region. In this region the modulation frequency observed in the
out-of-phase detected echo decay corresponds to the perpendicu-
lar dipolar coupling frequency, v,. This is because the dipolar
vectors directed from P "5, to the semiquinones A, ~ and A'Tp
are oriented almost perpendicularly to the z-axes of both qui-
nones.'® As can be seen, the echo-modulation curves (Fig. 7a)
from the menB variant and menB incubated with CI,NQ samples
are almost identical. The sine Fourier transforms of the modu-
lation curves (Fig. 7b) show single peaks at v,. From the cali-
bration relation in the point-dipole approximation v, = 52.04(ry/
rap)’/MHz (ro = 1 nm)*' the distance between the radicals can
be determined from the peak positions. The contribution of the
exchange coupling J < 0.03 MHz to the perpendicular dipolar
coupling frequency, v,, can be safely ignored in the distance cal-
culation from the obtained dipolar frequency.”® The distances
obtained for the three samples are given in Table 2, and within
experimental error they are all identical. Any possible contri-
bution from the B-branch radical pair or distribution of distances
would be easily recognized as differences in the lineshapes of
the peaks in the Fourier transforms of the modulation curves.*
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Fig. 8 W-band dipolar out-of-phase RIDME spectra of the radical pair P"550A'T at 120 K in menB variant (a) and menB incubated with CI,NQ (b).
The data were collected with a long mixing period of the stimulated spin-echo pulse sequence of 7= 20 us, and the delay after the laser flash Tpar =
200 ns. The contour plot shows the positive sine Fourier amplitudes of the RIDME traces taken over the spectral region dominated by the g, and g,
tensor components of the A'T radical. The spin-polarized TREPR spectrum of P'50,A T is displayed above the contour plot to show the corresponding

spectral positions. For additional information, see text.

However, within experimental error, all three samples have the
same peak shapes as can be seen in Fig. 7b.

Relaxation-induced dipolar modulation enhancement (RIDME)
experiments

The orientation and distance of the radical-pair partners can be
determined together by combining the spectral resolution of
high-field EPR with spin-echo modulation.*'>* In the RIDME
experiment the echo amplitude from one of the radical-pair part-
ners is modulated by the electron spin—spin coupling due to
relaxation induced-spin flips of the partner radical. By plotting
the Fourier-transform amplitudes of the modulations of the spin-
echo decay trace against field position, the dipolar coupling is
correlated with the g-tensor components of the radicals, thus
allowing the distance between them and the relative orientation
of the dipolar coupling vector and the g-tensor axes to be
deduced. Fig. 8 shows a comparison of such two-dimensional
plots for the menB variant and the CI,NQ sample taken over the
gx-8, quinone region of the spectrum. The spectral positions cor-
responding to quinone g, and g, resonance fields, B, and B,, are
indicated by dashed lines. The solid horizontal lines indicate the
frequencies associated with the parallel, v, and perpendicular,
vy, components of the dipolar coupling, and the vertical dotted
lines indicate the corresponding spectral positions at which the
maximum modulation amplitude occurs. From the plot it is
immediately apparent that the principal components of the
dipolar coupling are identical in the two samples, and that they
map onto the g-tensor axes in the same way, with the parallel
component close to g, and the visible perpendicular component
close to g,. Again this demonstrates that the position and orien-
tation of the quinone is the same in both samples.>* The values
of the dipolar coupling are identical to those observed in the
wild type so that we conclude that only the A-branch radical pair
is observed.

TREPR spectra of the rubA/menB double mutant

All of the above data indicate that when C1,NQ is incorporated
into PS I from the menB variant, electron transfer past the
quinone is blocked at low temperature and that only signal con-
tributions associated with the A-branch radical pair are observed.
This suggests that the electron transfer is unidirectional in the A-
branch. However, a scenario in which a fraction of the electron
transfer would occur in the B-branch and proceed rapidly from
Ap to A via F, would give similar results. Such a scenario is
quite unlikely for several reasons. First, it would require that
only the A-branch quinone is exchanged since fast electron
transfer from CI,NQ to Fy is energetically not feasible. Second,
it is well known>” that electron transfer beyond A, results in net
polarization of P"3y, and that this polarization has a characteristic
dependence on the magnetic field/microwave frequency.”® Net
polarization of P '3, is not observed in any of the TREPR data.
Nonetheless, we can test for the possibility of B-branch electron
transfer using the rubA/menB double mutant.>” This mutant is
unable to synthesize phylloquinone (plastoquinone-9 is incor-
porated instead) and to assemble the iron-sulfur clusters. Thus,
electron transfer past the quinones cannot occur. In principle,
direct electron transfer between the quinones could occur,
however using Dutton’s ruler’’ as an estimate of the distance
dependence of the electron transfer rate due to the electronic
coupling, we obtain a minimum lifetime for inter-quinone elec-
tron transfer on the order of 1 us from the edge-to-edge distance
between the two quinones (~15 A). Thus, this electron-transfer
step should be slow enough to be detectable by EPR. Fig. 9
shows a comparison of the X-band TREPR data of the menB
and menB/rubA variants before and after incubation with CI,NQ.
The spin-polarized spectra of the two variants are identical with
both plastoquinone-9 (Fig. 9a, top) and CI,NQ (Fig. 9a, bottom)
in the binding site. The corresponding sine Fourier transforms of
the out-of-phase ESEEM curves are shown in Fig. 9b. In all four
samples the dipolar frequency is v, = 2.95 MHz as indicated by
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Fig. 9 Comparison of X-band TREPR data from the menB variant and menB/rubA variant of PS I. (a) Transient EPR spectra 600 ns after the laser
flash. (b) Sine Fourier transforms of the out-of-phase ESEEM curves. The menB variant data are plotted as solid lines and the data from the menB/
rubA variant are shown as dashed lines. The blue traces are PS I containing plastoquinone-9 and the green traces are samples incubated with CLNQ.

the dashed line in Fig. 9b. Thus, we conclude that in all of these
samples the electron transfer is strongly biased towards the A-
branch at low temperature.

Discussion

All of the above data indicate that when CI,NQ is incorporated
into PS I, electron transfer past the quinones does not occur in
frozen solution. Thus, incorporation of a high-potential quinone
provides an alternative to removal or reduction of Fx for block-
ing forward transfer. Under these conditions we find that within
the detection limits of TREPR there is no evidence for involve-
ment of the B-branch at low temperature. This is in agreement
with high-field W-band EPR spectroscopy studies of the rubA
variant?>>® and the point mutants M688Npg, o and M668NpsaB,22
which show that in dark-adapted samples without pre-reduction
of the iron-sulfur clusters, electron transport in cyanobacterial PS
I is strongly biased towards the A-branch of cofactors below the
glass-transition temperature.

In contrast, many studies in which the iron-sulfur clusters are
reduced do show evidence for low-temperature B-branch elec-
tron transfer.*'*'*2! The origin of the different results for the
two types of samples is not immediately apparent but it suggests
that the directionality of electron transfer in PS I is easily
influenced. Since the spin-polarized EPR spectra show that
CILNQ binds to the A, site in the same position and orientation
as phylloquinone, it is unlikely that exchanging the quinone has
any significant effect on the directionality, which is determined
by the midpoint potentials and binding of the co-factors involved
in the initial charge separation. On the other hand, according to
electrostatic calculations, the free energy difference between
midpoint potentials of A;4 and Fx was estimated to be
+10 mV.>> More recent a semi-continuum electrostatic approach
using two dielectric constants and substantial heterogeneity of
the static dielectric constant gave the value of ~—80 mV.*® Mod-
eling of the forward and backward electron transfer reactions in
PS T yielded an energy gap between Aj, and Fx of —50 to
—80 mV.* Therefore it is possible that under the experimental
conditions used in some previous publications,'®° the prereduc-
tion of Fx in the presence of dithionite under illumination at low
temperature is accompanied by at least partial reduction of Aj4.

Indeed, it is known that because the midpoint potentials of Aja
and Ag are different, addition of dithionite and illumination
leads initially to accumulation of A'T and that A, is reduced
only after prolonged illumination and double reduction of A;."°
Therefore the accumulation of charges on the acceptor side of
the complex under reducing conditions changes the electrostatic
environment and should affect Ags and Agp differently. We note
also that the iron-sulfur clusters F5 and Fy are arranged asymme-
trically with respect to the two branches and could also lead to a
difference in the electrostatic effects in the two branches. The
size of the overall influence of charges on the acceptor side of
PS 1 is difficult to determine accurately, but using the calculated
contributions from local charges to the midpoint potentials of the
cofactors in native PS I***® as a guide, a shift of 10-100 mV in
the midpoint potential of Ags can be expected, particularly if
A becomes reduced. It has been shown that disruption of the
H-bond between tyrosine Y696p,,a and the A, chlorophyll
eC-A3 (or between Y676ps,p and chlorophyll eC-B3) leads to
redirection of electrons into the B-branch (or A-branch).25 Thus,
it is plausible that the shift in the midpoint potential due to the
additional charges introduced when the acceptor side of PS I is
reduced, could redirect electrons into the B-branch.

The data presented here also allow conclusions to be drawn
about the origin of the different fractions observed at low temp-
erature and the relative midpoint potentials of A;, and Ap.
Because electron transfer from A;p to Fx is known to be nearly
activationless, while the A, to Fx step is strongly activated,'? it
has been postulated that the irreversible fraction results from
electron transfer in the B-branch. The strong bias towards the A-
branch suggests that if trapping does occur via B-branch electron
transfer, the single-flash quantum yield of stable (FA/Fg)~ would
be very low. Moreover, the observation of back reaction from the
iron-sulfur clusters at low temperature shows that electron trans-
fer beyond the quinones does not necessarily lead to trapping
and suggests that the two fractions may be the result of hetero-
geneity in either forward or reverse electron transfer between Fy
and F,. Incorporation of quinones with potentials higher than
that of phylloquinone can also be used to make a rough estimate
of the difference in midpoint potential between A, and Ap. In
DME, the difference in redox potential between phylloquinone
and plastoquinone-9 and between phylloquinone and CLLNQ are
96 mV and 416 mV, respectively (Fig. 2). If these differences
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also apply to the protein-bound quinones and we assume that
reduction of F4/Fg is the result of a small amount of B-branch
electron transfer, then the midpoint potential of A;g would be at
least 96 mV but less than 416 mV more negative than that of
Aj 4 since an (Fo/Fg)~ spectrum is observed in the menB variant
but not for the CI,NQ containing sample (Fig. 5). This estimate
is in line with the differences of 155 mV and 173 mV calculated
by Ishikita et al.>> and Ptushenko ez al.,*® respectively, but does
not agree with the value of 25 mV estimated by Santabarbara
et al**

Together, the observation of highly asymmetric electron trans-
fer at low temperature, and the optical and EPR data indicating
bidirectional electron transfer at room temperature, suggest that
the relative use of the two branches in PS I is temperature depen-
dent. This is consistent with the observation by Agalarov and
Brettel'? that the relative amplitude of the kinetic phase associ-
ated with electron transfer from A’ to Fx becomes smaller
with decreasing temperature and could not be observed reliably
below 223 K. The fact that we see no evidence for B-branch
electron transfer at low temperature in the CI,NQ sample
suggests that the difficulty observing the fast phase below 223 K
is due to the loss of electron-transfer activity in the B-branch. If
this is the case, then changes in the shape of the spin-polarized
EPR spectra of P'50,A’T can be expected at room temperature in
the C1,NQ sample as the contribution from the B-branch radical
pair P'750A 15 becomes appreciable. Indeed, such differences are
observed in the spectra from the rubA mutant.”> However,
because the iron-clusters are absent it is difficult to exclude the
possibility of structural changes at high temperature. This
problem should not occur in the CI,NQ sample, and investi-
gations of the spin-polarized EPR spectra and kinetics at room
temperature are in progress.
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