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Room (298 K) and low (77 K) temperature time-resolved visible and infrared difference spectroscopy has been
used to study photosystem I particleswith phylloquinone (2-methyl-3-phytyl-1,4-naphthoquinone),menadione
(2-methyl-1,4-naphthoquinone) and plastoquinone 9 (2,3-dimethyl-5-prenyl-l,4-benzoquinone), incorporated
into the A1 binding site. Concentrated samples in short path-length (~5 μm) sample cells are typically used in
FTIR experiments. Measurements were undertaken using standard “dilute” samples at 298 K, and concentrated
(~5×) samples at both 298 and 77 K. No concentration induced alterations in the flash-induced absorption
changes were observed. Concentrated samples in short path-length cells form a transparent film at 77 K, and
could therefore be studied spectroscopically at 77 Kwithout addition of a cryoprotectant. At 298 K, for photosys-
tem I with plastoquinone 9/menadione/phylloquinone incorporated, P700+FA/B

− radical pair recombination is
characterized by a time constant of 3/14/80 ms, and forward electron transfer from A1A

− to Fx by a time constant
of 211/3.1/0.309 μs, respectively. At 77 K, for concentrated photosystem I with menadione/phylloquinone incor-
porated, P700+A1

− radical pair recombination is characterized by a time constant of 240/340 μs, with this process
occurring in 58/39% of the PSI particles, respectively. The origin of these differences is discussed. Marcus electron
transfer theory in combination with kinetic modeling is used to simulate the observed electron transfer time
constants at 298 K. This simulation allows an estimate of the redox potential for the different quinones in the
A1 binding site.

© 2014 Elsevier B.V. All rights reserved.
1 . Introduction

In photosynthetic oxygen evolving organisms solar energy is
captured and converted independently, but cooperatively, in two sepa-
rate photosystems called photosystem I and photosystem II. Photosys-
tem II uses light to catalyze the generation of products that eventually
lead to the oxidation of water and the subsequent liberation of molecu-
lar oxygen as a by-product. Photosystem I (PSI) on the other hand uses
light to catalyze the formation of reducing products that eventually
leads to the reduction of carbon dioxide, and its eventual incorporation
into glucose.

In each of the two photosystems light energy conversion is realized
via the transfer of electrons via a series of protein bound acceptors
(menadione/vitamin k3); Chl-a,
pyorspectroscopic;DDS,double
FTIR,Fouriertransforminfrared;
hQ,phylloquinone(vitamink1);
r;RT, roomtemperature;S6803,
across a biological membrane. The nature of the acceptors in terms of
their electronic and structural organization within the protein environ-
ment has been a subject of interest for decades.

In this manuscript we focus on photosystem I (PSI) reaction centers
(RCs). More specifically, we focus on the quinone molecule that
occupies the A1 binding site in cyanobacterial PSI particles from
Synechocystis sp. 6803 (S6803). The arrangement of the electron transfer
(ET) cofactors in the PSI RC is outlined in Fig. 1A. PSI contains two almost
identical chains of ET cofactors bound to the protein subunits PsaA or
PsaB. The cofactors bound to the PsaA or PsaB proteins are labeled
with a subscript A or B, respectively. P700, the primary electron donor
in PSI, is a heterodimeric Chl-a/Chl-a′ species, where Chl-a′ is a 132 epi-
mer of Chl-a [1]. The primary electron acceptor, A0, is a monomeric Chl-
amolecule [2], and A1 is a phylloquinone (PhQ)molecule [3]. PhQ is a 2-
methyl-3-phytyl-1,4-naphthaquinone, the structure of which is
outlined in Fig. 1B. FX, FA and FB are (4Fe–4S) iron sulfur clusters [4,5].

In PSI, following light excitation of P700, an electron is transferred to
A1 (via A0) in b50 ps [6,7]. To further stabilize the charge separated
state, the electron is then transferred from A1

− to FX. A1
− to FX ET is char-

acterized by two time constants of 10–25 ns and 260–340 ns at room
temperature (RT) [8–12]. From FX− an electron is then transferred to FA
and FB, also on a nanosecond timescale [13].
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Fig. 1. (A) Arrangement of the two branches of ET cofactors in PSI. Number subscript refers to cofactor. Letter subscript refers to protein subunit (PsaA or B) towhich cofactor is bound. The
A/B-branch refers to the set of ET cofactors on the left/right side, respectively. Fig. 1A is generated using the 2.5 Å x-ray crystal structure of trimeric PSI particles from the cyanobacterium
Synechococcus elongatus (PDB file accession number PDB ID: 1JB0) [5]. (B) View of PhQ in the A1A binding site. Possible H-bonding interactions are shown (dotted), and PhQ numbering
scheme is indicated. Nitrogen/oxygen/sulfur atoms are blue/red/yellow, respectively.
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As mentioned, in cyanobacterial PSI at RT, forward ET from A1
− to FX

is characterized by two phases with time constants of 10–25 ns and
260–340 ns [8–12]. These “fast” and “slow” kinetic phases have been as-
sociatedwith ET down the B and A branches, respectively [8–12]. As the
temperature is lowered, in a portion of the RCs, forward ET diminishes
and is replaced by a P700+A1

− direct recombination reaction, which is
characterized by a time constant of ~245 μs at 77 K [8]. This time con-
stant is found using PSI particles from Synechococcus elongatus. In PSI
from S6803 the corresponding time constant is ~285–340 μs (see
below and [9]). In cyanobacterial PSI particles at 77 K, the P700+A1

−

state recombines in ~45% of the particles, the P700+FX− state
recombines in greater than 5 ms in ~20% of the PSI particles, and in
~35% of the PSI particles ET is irreversible [8]. The degree to which
each branch is active in ET is becoming clearer [14,15], with the
260–340 ns/285–340 μs components at RT/77 K, respectively, being as-
sociated with ET along the A branch [14–16]. The 10–25 ns phase and
the irreversible fraction at RT and 77K, respectively, have been associat-
ed with ET along the B branch [16,17]. The different rates of ET from A1

−

to FX at RT, as well as the different functionality at 77 K is primarily
ascribed to different midpoint potentials of PhQ in the A1 binding site
on the A and B branches.

The reported range of the midpoint potential for PhQ occupying the
A1 binding site is −670 to −850 mV (see [16] for a review), making it
one of the most reducing quinones in biology. The estimated difference
in the midpoint potentials between A1A and A1B ranges from 25 to
173 mV, with ET from A1A

− to FX being “thermodynamically uphill”
while A1B

− to FX is “thermodynamically downhill” [17,18] (see below).
The unprecedented redox potential of PhQ in the A1 binding site

is in part a result of interactions of PhQ with the surrounding protein
environment. Fig. 1B shows a view of PhQ in the A1A binding site
and several of the surrounding amino acids. The B-side is similar.
Fig. 1B indicates that the C1=O group of PhQ is not H-bonded where-
as the C4=O is H-bonded to the backbone NH group of LeuA722
(S. elongatus numbering).
Recently it has been demonstrated that different quinones can be in-
corporated into the A1 binding site in menB null mutant PSI particles
simply by incubating the particles in a largemolar excess of the quinone
of interest [19–22]. This quinone incubation method relies on mutant
cells (from the cyanobacterium Synechocystis sp. 6803) in which
genes that code for enzymes involved in PhQ biosynthesis have been
disrupted [23,24]. For example, in mutants where the menB gene has
been deactivated PhQ biosynthesis is inhibited and plastoquinone-9
(PQ9) is recruited into the A1 site instead [23–25]. PSI particles from
these mutant cells will be referred to asmenB− PSI particles. InmenB−

PSI particles foreign quinones can displace PQ9 in the A1 binding site,
simply by incubating particles in the presence of the quinone of interest
[19–22].

In this manuscript we describe work undertaken using regular
menB− PSI particles, with PQ9 in the A1 binding site, andmenB− PSI par-
ticles with PhQ or menadione [2-methyl-1,4-naphthquinone (2MNQ)]
incorporated into the A1 binding site. This manuscript focuses on mea-
surement of the kinetics of forward and reverse ET in PSI samples
with the three different quinones incorporated, at both RT and 77 K.
The kinetics of ET are sensitive to the redox potential of the quinone
in the A1 binding site, and here we use Marcus theory in combination
with a quasi-equilibrium model (of radical pair states) to estimate the
redox potentials of the quinones in the A1 binding site.
2 . Materials and methods

Trimeric PSI particles from menB null mutant cells from
Synechocystis sp. PCC 6803 (S6803) were isolated and stored as de-
scribed previously [23]. To incorporate quinones into the A1 binding
site, PSI particles are incubated in the presence of a ~1000× molar
excess of the quinone of interest (quinone/RC ratio). Quinones were
dissolved in ethanol and added in such a way that the ethanol concen-
tration never exceeds 2% of the total volume. PSI particles were
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incubated in the presence of quinone at 4 °C in the dark for ~24 h, with
stirring. Alternatively, PSI particles could be incubated at RT with stir-
ring for 4 h.

2.1. Time-resolved absorption spectroscopy in the visible spectral range

Nanosecond (ns) to millisecond (ms) transient absorption spectros-
copy in the visible spectral region was undertaken using an Edinburgh
Instruments LP920 flash photolysis spectrometer. 532 nm, 5 ns pulses
from a Continuum Minilite Nd:YAG laser were used for excitation. A
flash repetition rate of 10 Hz was typically used, although measure-
ments at 1 or 0.2 Hz were found to yield similar results (not shown).
A xenon arc lamp was used as probe light source in either CW mode
(for measurements over tens of milliseconds) or pulsed mode (for tem-
poral changes on a timescale less than 1ms). In pulsedmode the xenon
arc lamp produces flashes of ~2 ms durationwith a relatively flat inten-
sity profile overmost of this range. A 1 cmwater cell was placed in front
of the probe lamp to reduce heating effects.

Flash-induced absorption changes were measured at 800, 703 and
487 nm. After passing through the sample, probing light was directed
through a monochromator (Bentham Instruments TMc 300) to select
the probe wavelength. Probe light was detected using a Hamamatsu
R928 photomultiplier tube. To minimize actinic effects of the probing
light narrow-band (10 nm FWHM) interference filters were placed in
front of the sample. Optical filters were also placed after the sample,
in front of the entrance slit to themonochromator, in order to attenuate
532 nm laser scattered photons.

2.2. Time-resolved step-scan FTIR

Time-resolved step-scan FTIR experimentswith 6 μs time resolution,
at 77 K, were undertaken as described previously [26–28]. Data were
collected in the 1950–1100 cm−1 region at 4 cm−1 spectral resolution.
For time-resolved step-scan FTIR measurements PSI samples are
concentrated to a thick paste and then squeezed between two calcium
fluoride windows. The windows were pressed until the sample has an
amide II absorbance (at ~1550 cm−1) of ~0.8 at RT. The path-length in
the sample cells is estimated to be b5 μm. Samples were mounted in a
cryostat (APD cryogenics or Cryo Industries of America) and the tem-
perature was lowered to 77–81 K (hereafter referred to as 77 K).

PSI samples used in FTIR measurements formed a clear glass at both
RT and 77 K. Both visible and infrared measurements were undertaken
using the same sample, in the same sample cell, without cryoprotectant.
Samples prepared for FTIR spectroscopy have very high absorption in
the visible region, with the OD at the peak of the Qy absorption band
(at ~679 nm) being greater than 5.0. The sample OD at 703 and
800 nm is still well below 1.0, so probing at these wavelengths is still
feasible. So for samples used in FTIR measurements, time-resolved visi-
blemeasurements probing at 703 and 800 nm, at both RT and 77Kwere
undertaken. For samples prepared for FTIR spectroscopymeasurements
probing at 487 nm are not possible. Measurements on “dilute” samples
are still possible, however. The term “dilute samples” refers to samples
prepared under ‘more-standard’ conditions, in a 10 × 5 mm cuvette,
with concentration adjusted to achieve an optical density of ~1.6 at
the peak of the Qy band at ~679 nm.

3 . Results

Below we will be considering menB− PSI particles that have been
incubated in the presence of either PhQ or 2MNQ. It will be shown
that PhQ or 2MNQ is incorporated into the A1 binding site in these PSI
particles. We will refer to these menB− PSI particles simply as PSI
with PhQ or 2MNQ incorporated. We will also refer to regular menB−

PSI particles as PSI with PQ9 incorporated.
PSI samples with “low” Qy peak absorption (1.6 or less) we will call

dilute samples, to distinguish them from the samples we use in FTIR
measurements, which we will call “concentrated” samples. Concentrat-
ed samples can be probed at 703 and 800 nm, but not at 487 nm.
Concentrated samples can also be studied spectroscopically at 77 K
without cryoprotectant, while dilute samples cannot.

3.1. Nanosecond time-resolved visible absorption spectroscopy

Fig. 2 shows RTflash-induced absorption changes at 703 and 800 nm
for PSI with PQ9, 2MNQ and PhQ incorporated, on a 350 ns timescale.
Data are shown for concentrated (left) and dilute (right) samples. Also
shown are data obtained using WT cyanobacterial PSI particles from
S6803 (with PhQ naturally present in the A1 binding site). The “spike”
observed in the first ~10 ns following laser excitation is an artifact due
to imperfect subtraction of changes related to scattering and possibly
fluorescence from the sample (Data associated with scattering from
the sample was collected using the laser to excite samples but without
probing light. This data was subtracted from the experimental data
but, clearly, such a subtraction is imperfect). This “spike” should have
a temporal width close to the instrument response, and is an artifact
that in no way impacts any of the conclusions in this manuscript.

For the data in Fig. 2, several points are noteworthy: 1) The ns kinet-
ics are similar for both concentrated and dilute samples. 2) The flash-
induced absorption changes are identical for WT PSI from S6803 and
formenB− PSI with PhQ or 2MNQ incorporated. 3) The ns decay phases
observed for PSI with PQ9 incorporated are not observed for the other
PSI samples.

Probewavelengths at 703 and 800 nmare used primarily tomonitor
absorption changes associated with P700 and P700+, respectively [29].
Since the P700 ground state recovers in tens of milliseconds, via
P700+FA/B− charge recombination [25,30,31], no kinetic evolution of
the absorption changes associated with P700 and P700+ is expected
in a 350 ns time range. This is essentially the case for WT PSI, and
menB− PSI with PhQ or 2MNQ incorporated, where the kinetic traces
are essentially flat over the 350 ns timescale. For PSI with PQ9 incorpo-
rated, however, the absorption changes evolve considerably over the
350 ns timescale.

For PSI with PQ9 incorporated the data at 703 nm is adequately de-
scribed by a single exponential function with time constant of
96–103 ns. If the data at 800 nm is fitted to a single exponential func-
tion, a lifetime of 57–70ns is calculated. From an evaluation of the resid-
uals associated with this fit, it is clear that a single exponential function
does not adequately describe the data. If the data at 800 nm is fitted to a
bi-exponential function, lifetimes of 33 and 107 ns (Fig. 2A) or 23 and
105 ns (Fig. 2B) are calculated.

For PSI with PQ9 incorporated the initial (t = 0), positive, flash-
induced absorption change at 800 nm is greater than it is for PSI with
PhQ incorporated. As a result of the ns kinetic phases, however, the pos-
itive absorption change at t= 350 ns, is smaller for PSI with PQ9 incor-
porated compared to PSI with PhQ incorporated. On the other hand, for
PSI with PQ9 incorporated, the initial (t = 0), negative, flash-induced
absorption change at 703 nm is smaller than it is for PSI with PhQ incor-
porated, and as a result of the ns kinetic phases, this difference becomes
larger.

The ~23–107 ns decay phases in PSI with PQ9 incorporated have not
been observed before, and their origin is uncertain. In addition to these
nanosecond decay phases, microsecond decay phases are also observed
in PQ9-incorporated PSI (data not shown). Since decay phases are ob-
served at both 800 and 703 nm,wavelengths that are normally associat-
edwith P700+ and P700, respectively, we tentatively suggest that these
nanosecond decay phases could be due to 3P700 formation, and the mi-
crosecond phase due to the decay of 3P700. When ET from A0

− to A1 is
blocked, the formation and decay of 3P700 state are known to occur
on ns and μs timescales, respectively [32]. While the features of the ki-
netics obtained at 800 nm for PSI with PQ9 incorporated (Fig. 2A, B;
blue) are comparable to the absorption change measured at 820 nm
on PSI RC devoid of A1, FX, and FA/B [33], it is not clear if the extinction



Fig. 2. RT flash-induced absorption changes at 800 (A, B) and 703 (C, D) nmon a 350 ns timescale formenB− PSI with PQ9 (blue), 2MNQ (green), and PhQ (red) incorporated. Data for both
dilute (B, D) and concentrated (A, C) PSI samples are shown. At 800 nm, for PSIwith PQ9 incorporated (blue), the data is bestfit to two exponentialswith lifetimes of 33 and107ns (A) or 23
and 105 ns (B). The fitted bi-exponential functions (black) are also shown in A and B. At 703 nm, the data is adequately fit to a single exponential with lifetime of 96 ns (C) or 103 ns (D).
These fitted single exponential functions are also shown in C and D (black). Data is also shown for dilute WT PSI particles from S6803 (magenta) (B, D).
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coefficients of P700 and 3P700 at 703 nmcould give rise to the observed
absorption changes at 703 nm.

Time-resolved visible spectroscopy on menD1− PSI from
Chlamydomonas reinhardtii also exhibit ~30ns and tens ofmicroseconds
decay phases when ET beyond A0

− is blocked (because plastoquinol is
present in the A1 binding site) [34,35]. These observed ns and μs decay
phases were probed at both 320 nm and 430 nm, and were assigned
to P700+A0

− radical pair recombination leading to 3P700 formation
and then its subsequent decay [34,35].

A more detailed study of the ns and μs decay phases observed in PSI
particles with PQ9 incorporated will be presented elsewhere. However,
since the replacement of PQ9 with other quinones is correlated to the
disappearance of these ns and μs decay phases (Fig. 2), we often use
the differences in the kinetics between PSI with PQ9 incorporated, and
the other PSI samples to assess the extent of quinone incorporation
into the A1 binding site.

In Fig. 2 the data for the dilute PSI samples are scaled to a sample
absorbance at ~680 nm (Qy peak) of 1.6. Fig. 2 indicates that the concen-
trated PSI samples lead to absorption changes that are nearly six times
greater than that found for dilute PSI samples. The kinetics are the
same for both concentrated and dilute samples, however. In addition
the ratio of the amplitudes of the absorption changes for both concen-
trated and the dilute samples are the same. That is:

ΔAt¼0
800 PhQð Þ

ΔAt¼0
800 PQ9ð Þ � 0:7;

ΔAt¼350ns
800 PhQð Þ

ΔAt¼350ns
800 PQ9ð Þ � 1:6;

ΔAt¼0
703 PhQð Þ

ΔAt¼0
703 PQ9ð Þ

� 1:6; and
ΔAt¼350ns

703 PhQð Þ
ΔAt¼350ns

703 PQ9ð Þ � 1:8;
where an expression of the form ΔA800
t = 0(PhQ) represents the initial

(t = 0) flash-induced absorption change at 800 nm for PSI with PhQ
incorporated.

From the data in Fig. 2 at RT (as well as the data discussed below),
since we see the same kinetics with the same amplitude ratios for
both dilute and concentrated samples, we conclude that there are no
concentration dependent artifacts to consider, and that conclusions
drawn from work on concentrated samples are equally applicable to
dilute samples.
3.2. Room temperature P700+FA/B
− radical pair recombination

P700+FA/B− charge recombination is most easily probed at ~703 nm
on a millisecond (ms) timescale [29]. At RT, for WT PSI (or menB− PSI
with PhQ incorporated), radical pair recombination is characterized by
a time constant of ~80 ms (see [30] and references therein). Fig. 3
shows RT flash-induced absorption changes on millisecond timescales
for dilute PSI samples with (A) PQ9 and (B) 2MNQ incorporated. The
data in each are fitted to a single exponential function (plus a constant).
The fitted decays are also shown in Fig. 3A and B, and are characterized
by time constants of 3.2 and 14.4 ms, respectively. A decay constant of
3.2 ms is the same as that found previously for menB− PSI with PQ9

incorporated [25,36]. For PSI with 2MNQ incorporated, a P700+FA/B−

lifetime of ~14 ms has not been reported (although see [37]). The fact
thatmilliseconddecay phases are observed indicates that the A1 binding
site is occupied. The fact that the time constants observed are very dif-
ferent to that found forWT PSI, or formenB− PSIwith PhQ incorporated,
indicates that PQ9 or 2MNQ is present in the A1 binding site.



Fig. 3. RT flash-induced absorption changes at 703 nm on 10–35 ms timescales for menB− PSI samples with (A) PQ9 and (B) 2MNQ incorporated into A1 binding site. Measurements
are shown for dilute samples but similar results are found for concentrated samples (not shown). The data in both figures were fitted to a single exponential function (plus a constant).
The fitted functions are shown (red) along with the calculated time constants.
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For PSI with PQ9/2MNQ incorporated ~23/12% of the absorption
change at 703 nm (Fig. 3) does not decay on the timescale consid-
ered. This is reminiscent of that found in WT PSI particles, where
it is found that ~10% of the initial absorption change does not
decay with a characteristic ~80 ms time constant. These longer
lived components are presumably associated with ET from the
terminal iron sulfur clusters to an external acceptor, such as oxygen
[30].
Fig. 4. Room temperature flash-induced absorption changes at 487 nm for menB− PSI samples
measurements for WT PSI particles from S6803 are also shown (B). Measurements are for dilu
scopic measurement. The calculated fitted functions (red) and time constants are also shown
respectively.
3.3. P700+A1
− to P700+Fx

− forward electron transfer at room temperature

Forward ET fromA1
− to FX in PSI ismost easilymonitored at ~487 nm

[9,38]. Fig. 4 shows flash-induced absorption changes at 487 nm for
(dilute)menB− PSI with (A) PhQ, (B) PQ9 and (D) 2MNQ incorporated.
Fig. 4B shows absorption changes at 487 nm for (dilute) WT PSI
samples. Different timescales were covered for each sample so that
the dominant decay phase can be easily visualized.
with (A) PhQ, (C) PQ9 and (D) 2MNQ incorporated into A1 binding site. For comparison,
te samples only as the absorbance at 487 nm for concentrated samples prohibits spectro-
. Inset in C and D shows absorption changes over shorter 0.9 and 1.8 μs time windows,



348 H. Makita et al. / Biochimica et Biophysica Acta 1847 (2015) 343–354
For PSI with PhQ incorporated, a decay phase with time constant of
~20ns is observed (Fig. 4A, B). The amplitude of this decay phase cannot
be reliably estimated given the available time resolution. There is little
doubt, however, that it is at least partially associated with B branch
ET, which is known to occur on such a time scale [9].

Excluding the data in thefirst ~30 ns following the laser flash, and by
fitting the data in Fig. 4A and B to a single exponential function, a time
constant of 275–309 ns is calculated. For PSI from S6803 at RT, a time
constant of 340 ns has been found previously [9], in relatively good
agreement with the data presented here. The data in Fig. 4A and B
have been scaled, so the signal at 487 nm is slightly larger for menB−

PSI with PhQ incorporated, compared to WT.
For regularmenB− PSI with PQ9 incorporated the kinetics are clearly

bi-exponential (Fig. 4C). Fitting the data in Fig. 4C to a bi-exponential
function, time constants of 13.9 and 210.8 μs are calculated. Previously,
formenB− PSIwith PQ9 incorporated, two phases of forward ET fromA1

−

to FX have been found with lifetimes of 11.4–18.1 and 306–377 μs [25],
in good agreement with our observations. These fast and slow phases
have tentatively been assigned to A1B

− → FX and A1A
− → FX ET, respective-

ly [16].
The RT flash-induced absorption changes at 487 nm for dilute

menB− PSI with 2MNQ incorporated, on an 18 μs timescale, are shown
in Fig. 4D. In addition to a microsecond decay phase, Fig. 4D indicates
that faster, nanosecond phases also contribute to the absorption change.
To better resolve these components measurements were made on a
1.8 μs timescale (inset). By fitting the data to a bi-exponential function,
time constants of 420 ns and 3.1 μs are found. The rates of forward
ET from A1

− to FX with 2MNQ occupying the A1 binding sites have not
been reported previously. However, following on from the suggested
origin of the fast and slow phases for PSI with PQ9 incorporated, we
tentatively suggest that the fast and slow phases observed at 487 nm
for PSI with 2MNQ incorporated are due to A1B

− to FX and A1A
− to FX ET,

respectively.
Fig. 5. Low temperature (77 K) flash-induced absorption changes at 800 (A, C, E) and 70
(E, F) incorporated. The data at both probe wavelengths were fitted simultaneously to a single
3.4. P700+A1
− charge recombination at 77 K

Flash-induced absorption changes at 703 and 800 nm at 77 K were
measured using only concentrated PSI samples. Fig. 5 shows flash-
induced absorption changes at 800 and 703 nmat 77 K for concentrated
PSI with PQ9 (A, B), PhQ (C, D) and 2MNQ (E, F) incorporated, on a 1ms
timescale. For PSIwith PQ9/PhQ/2MNQ incorporated into theA1 binding
site, the data at 703 and 800 nm was fitted simultaneously to a single
exponential function, and a 250/338/240 μs time constant was calculat-
ed, respectively.

Fromprevious TR step-scan FTIRDS studies onmenB− PSI samples at
77 K (with PQ9 incorporated), it has been shown that 3P700 is formed in
a fraction of the PSI particles, presumably because in this fraction PQ9 is
not functional, or perhaps not even present [39]. At 77 K, the decay of
3P700 and radical pair recombination are characterized by similar
time constants. Thus it is not possible to distinguish between the two
processes at 77 K on the basis of time constants. For this reason we
will not consider the data obtained at 77 K for PSI with PQ9 incorporat-
ed, and we will focus only on data obtained at 77 K for PSI with PhQ or
2MNQ incorporated.

3.5. Time-resolved step-scan FTIR difference spectroscopy at 77 K

Fig. 6 shows absorption changes at four IR frequencies, obtained
using concentrated PSI particles with PhQ or 2MNQ incorporated
at 77 K. The four kinetic traces were fitted simultaneously to a single
decaying exponential component plus a constant (non-decaying) com-
ponent. The fitted functions are shown, and are characterized by a time
constant of 301/241 μs for PSI with PhQ/2MNQ incorporated, respec-
tively. The absorption changes at 1754 cm−1 contain contributions
that are associated with the decay of P700+ and A1

−, while the changes
at 1748 cm−1 contain contributions that are associated with the recov-
ery of P700 and A1 [40]. The absorption changes at 1495 and 1415 cm−1
3 nm (B, D, F) for concentrated PSI samples with PQ9 (A, B), PhQ (C, D) and 2MNQ
exponential function (red) and a lifetime of 250/338/240 μs was calculated, respectively.



Fig. 6. Low temperature (77 K) flash-induced absorption changes at several IR frequencies obtained using PSIwith (A) PhQ and (B) 2MNQ incorporated into the A1 binding site. Data were
collected in 5 μs increments. The four kinetics in each captionwere fitted simultaneously to a single exponential plus a constant. Thefitted functions are shown (red) and are characterized
by a time constant of 301 and 241 μs, respectively.
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in Fig. 6A aremostly due to the decay of PhQ− in the A1 binding site [40].
The absorption changes at 1504 and 1427 cm−1 in Fig. 6B are mostly
due to the decay of 2MNQ− in the A1 binding site [41].

For PSI with PQ9 incorporated, absorption changes at several IR
frequencies have been presented previously, and a time constant of
208 μs was found [39]. However, this 208 μs decay phase, which
accounts for N80% of the signal amplitude at 1594 cm−1, is due to the
decay of 3P700 and not P700+A1

− [39].
Fig. 6 demonstrates that radical pair recombination at 77 K is faster

for PSI with 2MNQ incorporated than for PSI with PhQ incorporated
(241 vs. 301 μs). Such a result also follows from Fig. 5, where radical
pair recombination at 77 K is characterized by a time constant of 240/
338 μs for PSI with 2MNQ/PhQ incorporated, respectively. Thus the
low temperature (77 K) TR visible and IR data are in good agreement.
This comparison is a strong indication of the validity and applicability
of the TR step-scan FTIR DS approach for the studies of quinones in
the A1 binding site in PSI at 77 K.
Table 1
Summary of time constants calculated for PSI particleswith different quinones incorporat-
ed. At 77 K only concentrated samples were studied. The ratio of the initial amplitudes
at 77 K and RT (column 5) indicates the percentage of PSI particles in which reversible
ET processes are occurring at 77 K. The ratio of the monoexponential decay amplitude at
77K to the initial amplitude at RT is listed also (column 6). This latter ratio gives ameasure
of the percentage of PSI particles in which P700+A1

− charge recombination occurs at 77 K.
At 298 K, for PSI with PQ9 incorporated, the signal amplitudes after the ~30–100 ns decay
phases are used.

Sample Temp.
(K)

λpr

(nm)
Lifetime/amplitude
(%)

ΔA77K/ΔART

(%)
ΔA77K

decay/ΔART

(%)

PQ9 298 703 3.2 ms/79.9
298 487 13.9 μs/65.2

210.8 μs/25.2
77 703 250 μs/73.9 30.0 21.1
77 800 250 μs/69.1 25.7 16.7
77 IR 208 μs [39]

PhQ 298 703 N80 ms [30]
298 487 ~15 ns [9]

309 ns/30.9
77 703 338 μs/79.1 51.8 36.9
77 800 338 μs/75.0 49.3 39.0
77 IR 301 μs

2MNQ 298 703 14.4 ms/98.0
298 487 420 ns/20.2

3.1 μs/19.0
77 703 240 μs/90.6 60.8 57.4
77 800 240 μs/86.1 66.3 58.3
77 IR 241 μs
The time constants and associated decay amplitudes discussed
in this manuscript for the various PSI particles, at 298 and 77 K, are
summarized in Table 1.

4. Discussion

4.1. Indicator of quinone incorporation into the A1 binding site in menB−

PSI

All of the data presented here indicate the successful incorporation
of foreign quinones into the A1 binding site of menB− PSI. The RT for-
ward ET (A1

− to FX) and charge recombination (P700+FA/B− ) rates probed
at 487 nm and 703 nm respectively, for PSI with PQ9 and PhQ incorpo-
rated, agree well with previously reported values. In PSI with 2MNQ
incorporated, the forward ET (Fig. 4) and charge recombination rates
(Fig. 3) are highly distinguishable from those for PSI with PQ9 or PhQ
incorporated. The amplitudes of the decay phases suggest a very high
level of 2MNQ incorporation into the A1 binding site.

The ns kinetics probed at 800 or 703nm(Fig. 2) also serve as a useful
indicator of successful quinone incorporation, since PSI with PQ9 in the
A1 binding site exhibits ~30–100 ns decay phases that are not observed
using PSI with PhQ or 2MNQ incorporated. Since the ns decay phases
disappear when PhQ or 2MNQ is incorporated into the A1 binding site,
these ns phases probably relate to a lack of functionality of the A1 bind-
ing site in a portion of the PSI particles, either because the A1 binding
sites are unoccupied, or because the A1 binding sites are occupied by
non-functional species, such as plastoquinol (PQH2). In either case, ET
to A1 is blocked and P700+A0

− could recombine to yield 3P700. Previous
TR FTIR DS studies do indicate that 3P700 is formed in a fraction of PSI
samples with PQ9 incorporated at 77 K, but it is unclear if it is this frac-
tion of PSI particles that give rise to the ns decay phases at RT. As men-
tioned above, it is unclear if a difference in the extinction coefficients
between P700+ and 3P700 could explain the absorption changes at
800 and 703 nm. Therefore, the origin of the ~30–100 ns decay phases
observed at RT for PSI with PQ9 incorporated remains an open question
that will be addressed in future publications. The main point for the
present manuscript is that the loss of ~30–100 ns decay phases for
menB− PSI incubated in the presence of other quinones is an indicator
that the new quinone has been incorporated into the A1 binding site.

4.2. Redox potential of quinones in the A1 binding site

Observed rates of forward ET can be used to estimate the redox
potential of the quinone in the A1 binding site, and Eq. (1) outlines an
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empirical approximation relating the rate of intra-protein ET (k) to the
edge-to-edge distance between the electron carriers (R), the standard
reaction free energy (ΔG0), and the reorganization energy (λ) [42]. In
Eq. (1) k is measured in s−1; R in Å; ΔG0 and λ in eV.

logk ¼ 13− 1:2−0:8ρð Þ � R−3:6ð Þ−γ ΔG0 þ λ
� �2

=λ ð1Þ

The parameter ρ gives a measure of the protein packing density,
a value that is correlated to the tunneling barrier of the medium. A
meanvalue of 0.76 is obtained in a survey of packing densities in a series
of ET systems [43], and this number is used here. In the classical treat-
ment of Marcus, γ is given by F/(4 × 2.303kBT) [44,45]. In the quantum
mechanical treatment recommended by Moser and Dutton, γ is modi-
fied by the Hopfield approximation that replaces kBT with ℏω/2 coth
[ℏω/2kBT] [44,46,47].With ℏω=0.056 eV and T=298 K,γ is calculated
to be 3.1. Substituting the values for ρ and γ into Eq. (1) results in
Eq. (2). Eq. (2) indicates that a change in ET rate may reflect a change
in R, ΔG0 and/or λ.

logk ¼ 15−0:6R−3:1 ΔG0 þ λ
� �2

=λ ð2Þ

Previous EPR studies have shown that the distances from P700 to
PQ9, 2MNQ, or PhQ in the different PSI particles are nearly identical
[24,48]. The reorganization energy associated with ET from A1

− to FX is
also commonly assumed to be unaffected by the type of quinone in
the A1 binding site. Therefore, a change in the rate of ET from A1

− to FX
is generally considered to be associatedwith a change in theGibbs stan-
dard reaction free energy.

The average edge-to-edge distance (established using the 2.5 Å PSI
crystal structure) between the quinone in the A1 binding site and FX is
~9.0 Å [17,49]. However, distances in the 6.8–11.3 Å range have also
been used [18,25,49,50]. This wide range of edge-to-edge distances
will be considered in calculations presented below. Commonly used re-
organization energies typically fall in the 0.7–1.0 eV range [18,25,50],
and values in this rangewill also be considered in calculations presented
below.

Earlier estimates of the midpoint potential of PhQ in the A1 binding
site were undertaken assuming unidirectional ET, and a singlemidpoint
potential is assigned to PhQ in both the A1A and A1B binding sites. As ex-
perimental support for bi-directional ET emerged, differences in A1A and
A1B midpoint potentials between 25–173 meV have been proposed to
account for differences in A and B branch ET rates [17,18]. Furthermore,
simulations suggested that the A1A

− → FX ET process is slightly ender-
gonic, while the A1B

− → FX process is slightly exergonic [17,49].
Table 2
Calculated Gibbs standard reaction free energy (in meV) for A1

− to FX ET in PSI, with PhQ,
2MNQ, and PQ9 in the A1 binding site.

R
(Å)

λ
(eV)

ΔG0 (meV)

PhQ 2MNQ PQ9

τ = 15
ns

τ = 309
ns

τ = 420
ns

τ = 3.1
μs

τ = 13.9
μs

τ = 211
μs

6.8 0.7 136 298 313 405 470 579
0.8 94 267 283 382 451 567
1.0 −0.6 193 211 321 399 529

8 0.7 32 213 229 329 399 514
0.8 −34 176 193 300 375 498
1.0 −125 91 111 230 313 451

9 0.7 −67 135 153 261 335 457
0.8 −123 93 112 228 307 436
1.0 −243 −1.4 20 149 237 382

11.3 0.7 −401 −79 −55 82 172 313
0.8 −480 −136 −110 36 132 283
1.0 −643 −257 −229 −65 42 211
Forward ET from PhQ− to FX on the A branch is characterized by a
time constant of 309 ns (Fig. 4A and Table 2). Using this time constant
in Eq. (2), along with R = 9.0 Å and λ = 0.7 eV, ΔG0 is calculated to
be +135 meV. ET from A1B

− to FX is reported to be in the 10–25 ns
range [9–12]. Using these time constants, along with R = 9.0 Å and
λ = 0.7 eV in Eq. (2) yields ΔG0 values in the −98 to −28 meV
range. Thus the midpoint potential of A1A is calculated to be
163–233 mV more positive than A1B. The lower end of this difference
in free energy between A1A and A1B is in agreementwith the range com-
puted by Ishikita and Knapp (155–166mV), andwith that calculated by
Ptushenko et al. (173 mV) [18,51].

For PSI with PQ9 incorporated, previously reported values of the
Gibbs standard reaction free energy for the A1

− → FX ET process are
+12, +35, and +95 meV [25,36]. However, with the time constant of
13.9 μs measured here (Fig. 4, Table 2), along with R = 9.0 Å and λ =
0.7 eV, ΔG0 is calculated to be +335 meV using Eq. (2). If the observed
211 μs time constant is taken as the rate of forward ET in the second
branch, then ΔG0 is calculated to be +456 meV, and there is a
121 meV difference in ΔG0 between the quinones on each branch.

Similarly, for PSI with 2MNQ incorporated, with forward ET being
characterized by time constants of 420 ns and 3.1 μs, ΔG0 is calculated
to be+154meV and+261meV, respectively. The calculated difference
in ΔG0 between 2MNQ on the A and B branches is therefore 107 meV.

For all three quinones incorporated, a difference in midpoint poten-
tials of A1A and A1B is calculated to be in the 100–200 mV range.

As indicated above, a wide range of parameters have been used in
various applications of Marcus ET theory to PSI. Therefore, in addition
to the parameters calculated above, values for ΔG0 using other com-
monly reported parameters are listed in Table 2.

For PSI with PhQ incorporated, ΔGA1A/FX
0 = 135 mV (R = 9.0 Å and

λ = 0.7 eV) is calculated using the experimentally observed rate as
input in Eq. (2). However, using this approach for PSI with 2MNQ and
PQ9 incorporated places the calculated ΔGA1A/FX

0 value at +261 and
+457 mV (Table 2), both of which are unreasonably large (N10kBT).

If the experimentally observed ET rates are used directly in Eq. (2)
then this implies that the ET processes is virtually irreversible, requiring
the forward ET rate to be much larger than the reverse ET rate. Another
approach is to explicitly consider forward and reverse ET processes, in
a so-called “quasi-equilibrium” model, that was initially proposed
by Brettel et al., and later extended by Santabarbara et al. to include
bi-directional ET [8,12,17,32,52]. In this quasi-equilibrium model,
experimentally observed rates do not represent the intrinsic rate of
ET that should be used in Eq. (2). Using this quasi-equilibrium
modeling approach, Santabarbara et al. have suggested ΔGA1A/FX

0 and
ΔGA1B/FX

0 values of +15 and−10 meV, respectively, for PSI with PhQ
incorporated [17]. The very different values (compared to that listed in
Table 2) are a reflection of the fact that the observed decay rates (Fig. 4)
and intrinsic decay rates are quite different.

Fig. 7D shows the quasi-equilibrium model that we have used to
simulate the experimental time-resolved data for PSI with PhQ, 2MNQ
and PQ9 incorporated. Simulation involves numerical solution of a series
of first order, linear differential equations associated with the various
radical pair state populations, with the various rate constants used as
input (described in detail in [17]). Forward ET rates (shown in Fig. 7D)
were computed using Eq. (2) with R=9.0 Å and λ=0.7 eV and appro-
priate values for ΔG0. Reverse ET rates were calculated assuming a
Boltzmann distribution (T = 298 K). In our model (Fig. 7D) the initial
radical pair state populations ([P700+A1A

− ] and [P700+A1B
− ]) were

distributed evenly (50%/50%), although uneven distributions were
found to yield similar results (not shown). In addition, the FX− → FA ET
rate was assumed to be unaffected by the type of quinone in the A1

binding site.
For PSI with 2MNQ incorporated, ΔGA1A/FX

0 /ΔGA1B/FX
0 was taken as

+85/+60 meV, respectively (outlined in Fig. 7D). Substituting these
values into Eq. (2) gave the rate constants in Fig. 7D, which were then
used to calculate the temporal evolution of the P700+A1

− population,



Fig. 7. Simulated temporal evolution of the population of radical pair states for PSI with (A) PhQ, (B) 2MNQ and (C) PQ9 incorporated. Evolution of the [P700+A1A
− ] (red), and [P700+A1B

− ]
(blue) populations are shown along with the sum of the two [P700+A1

−] (black). (D) Kinetic model used in simulations. ΔGA1A/FX
0 /ΔGA1B/FX

0 used are +15/−10, +85/+60 and +175/
+150 meV for PSI with PhQ, 2MNQ and PQ9 incorporated, respectively. Using these values in Eq. (2) (with R = 9.0 Å, λ = 0.7 eV, T = 298 K) the rate constants indicated in (D) are
calculated (in units of ns−1). The temporal profiles in A, B and C are a sum of several exponential components. The weighted average of the time constants (calculated as indicated in
[17] for [P700+A1

−] are 142 ns, 1.8 μs and 60 μs for PSI with PhQ, 2MNQ and PQ9 incorporated, respectively.
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which is shown in Fig. 7B. This solution is by no means unique, and
represents merely a possible starting point for more refined analysis.
The P700+A1

− population evolution shown in Fig. 7B can be described
by three time constants of 1.8 ns, 64.4 ns, and 1.92 μs, with associated
decay amplitudes of 0.02, 0.01, and 0.97. By weighting the time
constants by the appropriate amplitude and summing the results, an
averaged time constant can be calculated [17]. For PSIwith 2MNQ incor-
porated the averaged time constant is calculated to be 1.86 μs (Fig. 7B),
which agrees well with the average time constant obtained experimen-
tally (average of 420 ns and 3.1 μs components).

For PSI with PQ9 incorporated, ΔGA1A/FX
0 /ΔGA1B/FX

0 were taken as
+175/+150 meV (Fig. 7D), and an average time constant of 60 μs is
calculated. Taking the observed time constants of 14 μs and 211 μs
(with amplitudes of ~0.7 and ~0.3), an average time constant of 73 μs
is calculated, in good agreement with the simulation.

For PSI with PhQ incorporated, ΔGA1A/FX
0 /ΔGA1B/FX

0 were taken as
+15/−10 meV (Fig. 7D), and an average time constant is 142 ns is
calculated, which is similar to that obtained previously using slightly
different parameters and initial conditions [17].

In summary, the averaged time constant obtained using the quasi-
equilibrium model for PSI with PhQ, 2MNQ or PQ9 incorporated simu-
lates well the overall trend in the lifetimes observed experimentally.
Some specific details, such as the amplitude ratios associated with the
fast and slow kinetic components observed experimentally is not well
modeled. The modeling outlined here represents a starting point for
more detailed modeling that will include further experimental work
on PSI with several other different quinones incorporated into the A1

binding site.
To obtain the quinone midpoint potential, Em, from the calculated

ΔG0, themidpoint potential of FX is required. A range of Fx midpoint po-
tentials have been reported (−650 to −730 mV), however [16]. The
calculated midpoint potential for PhQ in A1A binding site, using the
range of reported midpoint potentials for Fx, and ΔG0 = +15 mV
(R = 9.0 Å and λ = 0.7 eV) is −635 to −715 mV. Also by taking
the values used in the quasi-equilibriummodel, the ranges for themid-
point potential of 2MNQ and PQ9 are 70 and 160 mV more oxidizing,
respectively.

The midpoint potentials of PhQ, PQ9 and 2MNQ in
dimethylformamide (DMF) are −465 mV, −369 mV and −414 mV
(vs. NHE), respectively [22,53]. These values place 2MNQ and PQ9 51
and 96 mVmore positive than PhQ, respectively.

According to an empirical formula derived by Iwaki et al., [53] the
relationship between the midpoint potential in DMF (E1/2) and that in
the A1 binding site of PSI (Em) is:

Em þ 700 mV ¼ 0:69 E1=2 þ 387 mV
� �

ð3Þ

Applying Eq. (3), the Em of PQ9, 2MNQ, and PhQ in the A1 binding site
is−682mV,−718 mV, and−754 mV, respectively. This suggests that
2MNQ and PQ9 are 36 and 72 mV more positive than PhQ in situ,
respectively.
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The differences in midpoint potentials calculated by directly using
the experimental ET rates in Eq. (2) [for A1A

− : +125 mV (2MNQ–PhQ);
+324mV (PQ9–PhQ)] disagree considerably with the values associated
with the quinone in DMF (+51mV,+96mV), or after correction using
Eq. (3) (+36 mV, +72 mV). However, the differences in midpoint
potentials calculated using the quasi-equilibrium model (+70 mV,
+160 mV) are in good agreement with that estimated using Eq. (3).

These (positive) changes inmidpoint potential on going fromPhQ to
PQ9 or 2MNQ will result in the lowering the equilibrium constant
between A1 and FX. Consequently, forward ET slows while recombina-
tion (between P700+ and FA/B− ) accelerates [36]. Such an effect is clearly
observed in thedata presented here, with recombination time constants
going from ~80 ms (PhQ) to ~14 ms (2MNQ) and ~3 ms (PQ9).

4.3. Heterogeneity in ET processes in PSI at 77 K

Forward ET from A1
− to FX is the predominant process in

cyanobacterial PSI particles at RT. As the temperature is lowered ET in
PSI becomes heterogeneous, with different fractions undergoing
P700+A1

− and P700+Fx− charge recombination, while in a third fraction
a virtually irreversible P700+FA/B− state is formed [8,54]. Unless Fx is pre-
reduced, the P700+A1

− recombination reaction at low temperature
occurs only along the A branch [55]. The reasons underlying the changes
in photochemistry as the temperature is lowered are not entirely clear.
It has been proposed that thedifferent fractions are due to the formation
of frozen-in conformational substates that differ in free energy [32,55].
In support of this hypothesis, heterogeneous ET is observed to be corre-
lated to the glass transition temperature of the medium (~180 K in 65%
glycerol), at which the viscosity reaches 1013 poise [8].

The data presented here can be used to establish towhat extent each
of the above three processes (P700+A1

−, P700+FX−, and P700+FA/B− ) con-
tributes to PSI with the different quinones incorporated. Since we have
used the same samples formeasurement at 298 and 77 K, the amplitude
of the flash-induced signals at the two temperatures can be directly
compared. The initial (t = 0) absorption changes give a measure of
PSI particles in which reversible ET reactions occur. At RT this fraction
is assumed to be 100%. By comparing the initial amplitude of the
flash-induced absorption changes at 298 and 77 K the fraction of PSI
particles that undergo irreversible ET at 77 K can be estimated, assum-
ing temperature independent extinction coefficients.

For PSI with PhQ incorporated at RT, the initial amplitude of the
flash-induced absorption change at 800/703 nm is ~6.5/−28 mOD, re-
spectively (Fig. 2B and D). At 77 K the initial amplitude is ~3.2/−14.5
mOD, respectively (Fig. 5C and D). Thus 49–52% of the PSI particles par-
ticipate in reversible ET at 77 K (Table 1), or 48–51% undergo irrevers-
ible ET at 77 K. From the absorption changes at 77 K (Fig. 5C and D),
about 20% of the PSI particles decay with a time constant considerably
longer than the 338 μs (Table 1). This long lived component is due to
P700+Fx− recombination. So, P700+A1

− radical pair recombination
occurs in about 37–39% of PSI particles at 77 K, while P700+Fx− occurs
in about 10–15% of PSI particles at 77 K. In WT PSI particles from
S. elongatus at 77 K, P700+A1

−/P700+Fx− charge recombination was
shown to occur in ~45/20% of the PSI particles at 77 K, respectively,
with irreversible ET occurring in ~35% of the PSI particles [8]. These
results are in good agreement with the data presented here for menB−

PSI from S6803 with PhQ reincorporated.
For PSI with 2MNQ incorporated, at 77 and 298 K, the initial ampli-

tude of the flash-induced absorbance change at 800/703 nm is
~4/−16.5 mOD (Fig. 5E, F) and 6/−27 mOD (Fig. 2A, B), respectively.
So ~61–66% of the RCs participate in radical pair recombination at
77 K (Table 1), or 34–39% undergo irreversible ET. For PSI with 2MNQ
incorporated at 77 K, ~6% of the RCs decay with a time constant consid-
erably longer than 240 μs. So P700+Fx− recombination occurs in ~6% of
the PSI particles with 2MNQ incorporated at 77 K.

For PSI with PQ9 incorporated at RT, after the ~100 ns phase is
complete, the amplitude at 800/703 nm is 3.5/−14 mOD (Fig. 2A, B).
At 77 K, the initial amplitude decreased by 70–75% to 0.9/−4.2 mOD
at 800/703 nm, respectively (Fig. 5A and B). Of these diminished ampli-
tudes, ~65–70% was accounted by the 250 μs decay phase. However, TR
FTIR DS of PSI with PQ9 in the A1 binding site reveals this ~200 μs phase
to be due to the decay of 3P700. Consequently, the contributions of the
three processes are undetermined for PSI with PQ9 incorporated at 77 K.

In summary, for PSI with 2MNQ incorporated the proportion of RCs
undergoing P700+A1

− recombination is considerably higher than for PSI
with PhQ incorporated (~58% vs. ~39%, Table 1), while the fraction of
RCs undergoing P700+FX− recombination is smaller (~6% vs. ~15%). An
explanation for this observation will be discussed below.

4.4. Quinone redox potential and low temperature ET heterogeneity

Extending the frozen conformational substate hypothesis to include
bi-directional ET, it was initially suggested that a certain fraction of the
RCs are frozen in a conformation that facilitates ET in either theA branch
or B branch [16,17,56]. In this model, the thermodynamically downhill
ET from A1B

− to FX would form the irreversible state, while thermody-
namically uphill ET fromA1A

− to FXwould result in P700+A1A
− recombina-

tion reaction. Thismodel does not provide an explanation for the fraction
of P700+FX− state formed in repetitive flash experiments, however. In an
attempt to address this issue, a distribution of cofactor midpoint poten-
tials has been considered [32,55]. In purple bacterial reaction centers co-
factor energy levels have been estimated to have a Gaussian width of
2σ ≈ 100 meV [57]. In the case of PSI, where the free energy gaps be-
tween cofactors is similar to the width of possible distributions, such a
spread inmidpoint potentials could give rise to a set of substates that re-
sults in heterogeneous ET at low temperature [32,55].

In this model, the substates are no longer required to use the A or B
branch exclusively. However, EPR data does appear to indicate that the
P700+A1

− state observed at low temperature is associated onlywith A1A

[22,55]. Given this EPR data we associate the 340/240 μs time constants
(for PSI with PhQ/2MNQ incorporated at 77 K) to P700+A1A

−

recombination.
P700+A1A

− recombination is clearly faster for PSI with 2MNQ incor-
porated compared to PSI with PhQ incorporated. Such an observation
is difficult to explain given that the free energy gap between A1A and
P700 is calculated to be smaller for 2MNQ in the A1 binding site com-
pared to PhQ. An increase in rate when the free energy gap decreases
can be explained, however, by considering the large free energy gap
between A1A

− and P700+ (~−1.10 eV) [49]. If a reorganization energy
of ~0.6 eV is assumed, and thus ΔG° N λ, the recombination process
would take place in the inverted region [58]. This idea has been sug-
gested previously for PSI ET reactions at 77 K [49]. In the inverted region
a decrease in free energy would result in an increased rate, as is
observed here.

An increase in the P700+A1A
− recombination rate as the free energy

gap is lowered also follows from Eq. (1) appropriately adjusted so that
it is applicable at 77 K (R = 18.1 Å, λ = 0.6 eV, ρ = 0.88, γ = 3.9).
From the measured rates (240 and 340 μs) the free energy gap for PSI
with PhQ incorporated is ~−1.20 eV, which is ~19 meV more negative
than that found for PSI with 2MNQ incorporated. That is, a faster
rate is observed for a system in which the free energy gap is smaller.
However, a ~19 meV difference in free energy between PhQ and
2MNQ incorporated into PSI is more than a factor of three smaller
than the difference estimated using the quasi-equilibrium model
along with the forward ET rates at RT (70 meV). Alternatively, if the
free energy difference between PhQ and 2MNQ in PSI is the same at
RT and 77 K (~70 meV) then one would expect the time constant for
P+A1

− recombination to decrease from ~340 μs to ~104 μs for 2MNQ
in the A1 binding site.

Clearly, there are factors that lead to discrepancies when theMarcus
ET theory is applied to PSI at RT and 77 K. For example, a ~20 meV dif-
ference in free energy between PhQand2MNQ in PSI could be explained
by a small change (~0.2 A) in the edge-to-edge distance when 2MNQ is
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substituted for PhQ. In the above calculation it was assumed that the
edge-to-edge distance between the pigments is unaltered on going
fromPhQ to 2MNQ. This assumption is based on EPR data, but a distance
change of ~0.2 A is below the accuracy achievable in the EPR measure-
ment [22,24]. Thus such a small distance change cannot be ruled out
based on a consideration of EPR data. Given such complications, it is dif-
ficult to establish simply on the basis of the weak changes in ET rate
whether light induced ET reactions in PSI at 77 K do indeed occur in
the inverted region.

Perhaps the discrepancy between room and low temperature calcu-
lations could be explained on the basis of a change in the distribution of
midpoint potentials of conformational substates and their effect on the
rate of P700+A1A

− recombination. In a case where a substate is frozen in
an energetic configuration that places the free energy gap of A1A

− and FX
to be positive but A1B

− and FX to be negative, an indirect accumulation of
A1A
− by inter-quinone ET via FX may take place [55]. In such a scenario,

the observed kinetics (which monitors P700 and P700+) does not
simply represent the oxidation of directly populated A1A

− , but includes
contributions from the indirect accumulation of A1A

− from A1B
− . These ad-

ditional phases of ET would be expected to decrease the overall rate of
the P700+A1

− charge recombination reaction. Thus, the underestima-
tion of difference in midpoint potentials of A1A

− may be the result
of this additional contribution included in the observed rates. Again,
a number of mechanisms can explain the weak increase in ET rate
(on going from PhQ to 2MNQ in the A1 binding site), making it difficult
to establish whether P700+A1A

− recombination at 77 K occurs in the
inverted region.

At 77 K PSI photochemistry is heterogeneous. The variation in the
degree of heterogeneity for PSI with the different quinones incorporat-
ed was discussed above: For PSI with PhQ incorporated, irreversible
charge separation occurs in 50% of the particles. P700+A1

− recombines
in ~40% of the particles, and P700+FX− recombines in ~10% of the parti-
cles (Table 1). In contrast, for PSI with 2MNQ incorporated, irreversible
charge separation occurs in ~35% of the particles, P700+A1

− occurs in
about 60% of the particles, and P700+FX− recombines in ~5% of the par-
ticles (Table 1). Although detailed modeling has yet to be undertaken,
the observed changes in heterogeneity can qualitatively be understood
given the changes in the redox potentials that occur in exchanging PhQ
for 2MNQ. If substitution of PhQ by 2MNQ shifts the midpoint potential
of A1

− by approximately +70 mV, then the reduction of terminal elec-
tron acceptors become less favorable, which could then potentially
lead to a decrease in the amount of irreversible ET, as is observed
here. Furthermore, a decrease in the number of reaction centers
displaying P700+FX\ recombination when 2MNQ is incorporated may
also be explained as ET from A1A

− to FX becomes less favorable and A1A
−

to P700+ ET becomes more favorable. So the alterations in the degree
to which the different ET processes contribute at 77 K for PSI with
the different quinones incorporated can be qualitatively explained on
the basis of the calculated redox potentials of the different quinones
in the A1 binding site.

5 . Conclusions

1. 2MNQ and PhQ can displace PQ9 and be incorporated almost quanti-
tatively into the A1 binding site in menB− PSI.

2. 30–100 ns decay phases are observed in native menB− PSI particles,
but not in PSIwith 2MNQor PhQ reintroduced into the A1 binding site.

3. At either room temperature or 77 K, light induced ET processes are
governed by identical kinetics in dilute and highly concentrated PSI
samples.

4. Highly concentrated samples form a clear and transparent glass at
both room and low temperatures in ultrathin sample cells of ~5 μm
thickness. This allows spectroscopy to be undertaken at 77 K using
PSI samples in the absence of cryoprotectant.

5. Identical low temperature kinetics are observed in both the visible and
infrared spectroscopy experiments.
6. The observed kinetics of A1
− → FX ET allow an estimate of the redox

potential of PhQ. 2MNQ, and PQ9 in the A1 binding site.
7. Observed alterations in the degree of heterogeneity of ET processes

at 77 K for PSI with different quinones incorporated can be under-
stood in terms of the differences in redox potential of the quinones
incorporated.
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