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ARTICLE INFO ABSTRACT

The kinetics of charge recombination in Photosystem I P,oo-Fa/Fp complexes and P,oo-Fx cores lacking the
terminal iron-sulfur clusters were studied over a temperatures range of 310K to 4.2 K. Analysis of the charge
recombination kinetics in this temperature range allowed the assignment of backward electron transfer from the
different electron acceptors to P;oo . The kinetic and thermodynamic parameters of these recombination re-
actions were determined. The kinetics of all electron transfer reactions were activation-less below 170K, the
glass transition temperature of the water-glycerol solution. Above this temperature, recombination from [Fa/
Fp] ™ in Pyoo-Fa/Fp complexes was found to proceed along two pathways with different activation energies (E,).
The charge recombination via Aj has an E, of ~290 meV and is dominant at temperatures above ~280K,
whereas the direct recombination from Fx~ has an E, of 22 meV and is prevalent in the 200K to 270K tem-
perature range. Charge recombination from the Fx cluster becomes highly heterogeneous at temperatures below
200 K. The conformational mobility of Photosystem I was studied by molecular dynamics simulations. The Fx
cluster was found to ‘swing’ by ~30° along the axis between the two sulfur atoms proximal to F5/Fp. The partial
rotation of Fy is accompanied by significant changes of electric potential within the iron-sulfur cluster, which
may induce preferential electron localization at different atoms of the Fx cluster. These effects may account for
the partial arrest of forward electron transfer and for the heterogeneity of charge recombination observed at the
glass transition temperature.
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1. Introduction

Photosystem I (PS I) is a key photosynthetic chlorophyll-protein
complex that carries out an extremely efficient transformation of light
quantum energy into a charge separated state. The PS I reaction center
(RC) in cyanobacteria contains six chlorophyll a (Chl) molecules, two
phylloquinone (PhQ) molecules and three [4Fe-4S] clusters Fx, Fg and
Fa (reviewed in [1-3]). The Chls, PhQs and iron-sulfur cluster Fx are
bound to the PsaA/PsaB heterodimer and are arranged in two nearly
symmetrical branches of redox cofactors, A and B, that converge at Fx
[4-6]. The terminal iron-sulfur clusters F, and Fg are bound to the
extrinsic PsaC subunit [7-9]. The PS I RC also incorporates light-

harvesting antenna in the form of 90 Chl a and 22 [3-carotene molecules
that are largely associated with the PsaA/PsaB heterodimer [10].

The excitation of antenna pigments by light quanta leads to ultrafast
energy transfer to the RC Chl molecules, where the primary electron
donor, a Chl special pair termed P, [11,12], becomes oxidized and the
primary Chl acceptor termed Ag (Aga or Agp) becomes reduced [13-15].
The electron is further transferred to the secondary PhQ molecules (A;5
or A;p) [16] and subsequently to the Fx, Fa and Fp iron-sulfur clusters.
Both the A and B branches of redox cofactors are involved in electron
transfer (ET) [17], but in cyanobacteria ET is asymmetric in favor of the
A branch (reviewed in [18]).

In isolated PS I (herein P,yo-Fa/Fp complexes), the formation of the

Abbreviations: PS I, photosystem [; RC, reaction center; Chl, chlorophyll; ET, electron transfer
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Fig. 1. ET transfer scheme in PS I. The midpoint potentials of the cofactors are
shown on the Y-axis. The cofactors of the ET chain are colored according to
their identity: chlorophyll (green), phylloquinone (yellow), iron-sulfur cluster
(red).

Psoot [Fa/Fg] ™ radical pair occurs in ~200 ns [16]. In the absence of
external donors and acceptors, charge recombination between [F,/
Fgl ™ and P,o0 " occurs with a lifetime of 50 to 100 ms [19,20]. In PS I
cores lacking the terminal F,/Fp clusters (herein P,o0-Fx core com-
plexes) the lifetime of charge recombination between Fx~ and Py "
varies in the range of 0.5 to 5ms [21,22] and in PS I cores lacking all
three iron-sulfur clusters (herein P,yo-A; core complexes) the lifetimes
of charge recombination between A;~ and P,q," were found to be
~10ps and ~150ps [23,24]. It was shown that the ~10ps kinetic
component is due to recombination from A;z~ in the B branch, while
the ~150 ps kinetic component is due to recombination from A;,~ in
the A branch [24] (Fig. 1).

A number of studies have described the influence of temperature on
both the forward and backward ET reactions in PS I. One of the earliest
studies showed that at cryogenic temperatures about two-thirds of RCs
exhibited irreversible charge separation on successive laser flashes. The
remaining one-third of RCs showed several broadly distributed re-
combination lifetimes ranging from 120 ps to 500 ms [25]. It was later
observed that recombination between A,~ and P,o* has a slight
temperature dependence in enriched spinach PS I that lacked a quinone
in the A; site [26]. Specifically, the half-life of the recombination re-
action slowed from ~47 ns at room temperature to ~82ns at 10 K.

The temperature dependence of the reoxidation from the quinone
acceptor, A, has been the most thoroughly investigated of any cofactor.
PhQ reoxidation studies clearly show a temperature dependence of the
A,~ —Fx electron transfer process [27,28]. Interestingly, it appears
that only the A;4~ —Fx reaction is thermally activated
(E, = 110 meV), while the A;p~ — Fx reaction remains nearly tem-
perature independent, with an E, of 15 meV [28]. A further lowering of
the temperature led to inefficiencies in forward ET, resulting in 45% of
the electrons blocked at A;, and 20% at Fx at temperatures below 150 K
[2,27]. An early study on recombination rates between A; ~ and P,oo "
showed only a moderate ~1.5-fold slowing of the rate upon lowering
the temperature, though this study was unable to distinguish between
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the two branches [27]. A more recent study on genetically produced
P00-A; cores showed that recombination is not only moderately slowed
in each branch, but the relative amplitude of each branch also changes
as temperature is decreased [24]. A separate study revealed the inverse
effect of increasing the recombination rate between A; ™ and Po, " as
the temperature was lowered, however the PS I being analyzed con-
tained non-native high-potential quinones in the A; site [29].

In contrast to these simplified systems containing only Ao and A,
less is known about temperature dependences or recombination path-
ways involving the Fx, Fa, and Fp iron-sulfur clusters. Recombination
between Fx~ and P;qo " is thermally activated, suggesting that it occurs
via the intermediate state of P;o0* and A;~ [2,30,31]. Analyzing the
recombination reaction between [Fp/Fg]~ and P;o," at temperatures
from 275K to 306 K showed that this process is also thermally acti-
vated, having an activation energy of 220 meV [32]. Clearly, the ad-
dition of three unique iron-sulfur clusters in an extended ET chain
significantly complicates the analysis of the temperature dependence.

The present work aims to elucidate the kinetic and thermodynamic
effects of temperature, from 310K to 4 K, for P,oo-Fa/Fp complexes and
P,00-Fx cores in a water-glycerol glassy matrix. By taking measurements
at 10K increments from ~310K to 4K, the change in kinetics can be
plotted as a function of temperature, which allows for several unique
observations. At temperatures below 200K, P,oo-Fx cores exhibit
broadly distributed recombination reactions over several orders of
magnitude. We suggest that this is caused by different orientations of
Fx, which gives rise to differential electron localization on the atoms of
the iron-sulfur cluster. Further, charge recombination from F,/Fg is
demonstrated to occur via two unique pathways, each with a different
activation energy. At high temperatures (> 280 K), recombination oc-
curs via ET to the A;4 PhQ, with an activation energy of ~290 meV. At
temperatures from 200 to 270K, direct recombination from Fx~ is
proposed to occur with an activation energy of ~22 meV.

2. Materials and methods
2.1. Cell growth and isolation of thylakoids and PS I trimers

Cells of Synechocystis sp. PCC 6803 were grown at 30 °C in BG-11
medium under light. The culture in late exponential phase was pelleted
by centrifugation, washed twice with BG-11 medium, and suspended in
50 mM HEPES-NaOH buffer (pH 7.5). P;qo-Fa/Fp trimers were isolated
using n-dodecyl-f3-d-maltoside (3-DDM) and sucrose density gradients
as described previously [33], resuspended in 50 mM Tris, pH 8.0, con-
taining 0.03% (w/v) B-DDM and 15% (v/v) glycerol at a Chl con-
centration of 1.5 to 2mgml~’, and stored at —80 °C. Preparation of
P,00-Fx core complexes was performed by incubation of PS I complexes
in 50 mM Tris, pH 8.0 buffer containing 6 M urea [22,34].

2.2. Flash-induced transient absorption spectroscopy in the near-IR

Most measurements were made at 820 nm with a laboratory-built
spectrometer at Penn State University [20]. The transient absorption
kinetics of P,go-Fa/Fg complexes and P,yo-Fx cores were measured in
the temperature range from 5K to 300 K. The PS I preparations were
suspended in water-glycerol mixture to ensure the formation of a
transparent glass at low temperatures. The glass transition properties of
the water-glycerol mixture used in our experiments have been pre-
viously characterized [35]. For measurements of the transient absorp-
tion kinetics, P,oo-Fa/Fg complexes and P,o-Fx cores were diluted in a
buffer containing 50 mM Tris-HCI, pH 8.0, 0.04% (-DDM and ca. 75%
(v/v) glycerol, and supplemented with the redox mediators DCPIP
(30 uM), and sodium ascorbate (0.5 mM). The samples were placed in a
1 cm by 1 cm polycarbonate cuvette that was modified and sealed to fit
the sample cryostat (Janis, MN). Liquid helium was used to cool the
samples and the temperature was varied using a Lakeshore auto-sensor
temperature controller in 10 K increments, from 10K to 320 K. A diode
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Fig. 2. P;o0 " recombination kinetics in P,-Fa/Fg complexes (A, B) and in Pyoy-Fx cores (C, D) at different temperatures.

laser at 820 nm (Spindler-Hoyer) was used as the measuring beam
(5mW output power) and the samples were excited by a 1mJ/cm?
energy pulse from a Nd-YAG laser (Spectra physics, CA) operating at
532nm with a 7ns pulse duration. Additional measurements in the
temperature range of 260 to 320 K were made at Moscow State Uni-
versity with smaller temperature steps of 3K using a VWR 1160S
thermostat. The light-induced absorption changes were monitored with
a single-beam differential spectrophotometer. For this high-tempera-
ture region, an LED (830 nm) was employed as a source of the mea-
suring beam. Saturating flashes (532 nm, 15 ns pulse half-width, 40 mJ
flash energy) were obtained from a frequency-doubled Nd:YAG laser
(Quantel Laser, Les Ulis, France).

2.3. CONTIN analysis of PS I charge recombination kinetics

The kinetics of P;o* recombination at low temperature were found
to be significantly heterogeneous and could not be properly approxi-
mated as a simple sum of exponential components. Thus, the re-
combination kinetics were analyzed using the CONTIN algorithm [36].
The method implements the inverse Laplace transform to deconvolute
monotonous decay kinetics into a spectrum of exponential components
without a priori knowledge of the number of distinct peaks. This
method is described in detail in our previous work on charge re-
combination in PS I complexes from the rubA mutant of cyanobacteria
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[24]. The CONTIN kinetic spectrum was separated into individual
components in accordance with the original algorithm. See Supple-
mentary Materials for a comparison between the CONTIN deconvolu-
tion and a multiexponential approximation of the low-temperature ki-
netics.

2.4. Molecular dynamics simulation

Molecular dynamics simulations were carried out with a model
based on the structure of PS I [10] from the cyanobacterium Thermo-
synechococcus elongatus (PDB ID: 1JB0). The structure included eight
main protein subunits (from A to J), 90 Chls, 2 PhQs, 3 iron-sulfur
clusters and 19 B-carotenes. The PS I complex together with crystal-
lographic water was embedded in a hydrated lipid bilayer, which was
constructed from a typical bacterial phospholipid, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine. In total, the system included 213 mole-
cules of phospholipid, ~27,000 water molecules and 77 monovalent
ions, making ~153,600 atoms. The equilibration of the system was
carried out in three stages: first, the lipid was relaxed at the fixed
conformation of protein and constrained water positions; next the water
was relaxed but the general conformation of PS I was conserved by
applying restrictions to C, atoms of backbone; and finally, a free si-
mulation of the system at 298 K was performed for 10ns. The sub-
sequent 16 ns trajectory of free dynamics was used for the analysis, and
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no drift of potential energy or systematic changes of the system volume
(ca. 13.6 x 10.9 x 10.0nm) were observed. The integration step was
2 fs. Parameterization of atomic interactions for the protein in PS I was
based on AMBER molecular potentials [37]. The molecular potentials of
chlorophylls and p-carotenes were taken from potentials computed for
similar cofactors in PS II [38]. Molecular dynamics simulations were
conducted using the Gromacs 5.1 program [39] on the “Lomonosov”
supercomputer in the Moscow State University Computing Center. The
molecular dynamics simulation step was 2fs. A constant pressure of
1 atm was maintained at all stages of the simulation; the temperature
was kept at 298K; and the volume of the system was changed in-
dependently and without restriction in all dimensions by the Nose—-
Hoover Langevin piston method. The results of the molecular dynamics
simulations were studied using the VMD program [40]. The primary
analysis of trajectory files was performed in MATLAB using laboratory-
developed scripts.

3. Results

The kinetics of P;oo* reduction in PS I complexes from the cyano-
bacterium Synechocystis sp. PCC 6803 with varying number of electron
acceptors (P;o-Fa/Fp complexes and Pqo-Fx cores lacking the terminal
Fa/Fp clusters) were measured by monitoring flash-induced absorption
changes at 820 nm over a temperature range of 4K to ~310K.

3.1. Charge recombination kinetics in Pypp-Fa/Fg complexes

The charge recombination kinetics in P,qo-Fa/Fp complexes are
shown in Fig. 2. At temperatures between 310K and 200K, a classic
temperature-dependent slowing of the kinetics is observed (Fig. 2A). At
temperatures between 200 K and 150 K, an abrupt increase in the rate
of charge recombination from seconds to milliseconds occurs, whereas
below 150K, the kinetics are almost temperature-independent
(Fig. 2B).

The kinetics cannot be adequately described by a simple sum of
exponential components and their analysis requires a continual
Laplace-type deconvolution. However, the deconvolution of these
complex decay kinetics into underlying concurrent processes using the
inverse Laplace transform is a non-trivial problem. We employed
CONTIN [36], a regularization algorithm that yields quasi-continuous
lifetime distributions. Fig. 3 shows a heatmap of P,y " recombination
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Fig. 3. Heatmap of P;o," reduction kinetics in P;qo-Fo/Fg complexes at dif-
ferent temperatures obtained by CONTIN Laplace deconvolution. The violet
background denotes zero level. Increasing amplitudes are shown in blue/green/
yellow/red, with total amplitude normalized at any given temperature.
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Fig. 4. Distribution of the recombination kinetic components in P;o-Fa/Fg
complexes (blue) and Pqo-Fx cores (red) below the glass transition temperature
(T < 170K). The peaks ascribed to components 2, 3 and 4 are labeled.

lifetimes in P,go-Fa/Fp complexes in a broad temperature range ob-
tained by CONTIN. The abrupt transition from a temperature-depen-
dent to a temperature-independent process can be readily seen in this
depiction. At temperatures below 150K, ET processes obey hetero-
geneous distributions that likely reflect the freezing of the protein
complex in various conformations. The blue trace in Fig. 4 shows ty-
pical CONTIN profile at temperatures lower than 150 K, demonstrating
the highly distributed recombination reactions in the time range slower
than ~3 ms.

Fig. 5A and B shows the temperature dependence of the mean
lifetimes (A) and relative amplitudes (B) of the individual kinetic con-
stituents, selected as peaks from the CONTIN kinetic spectra in ac-
cordance with the original algorithm. At temperatures between 310 K
and 200K, the recombination kinetics were well approximated by
single exponential components (relative amplitude > 90%) with life-
times increasing from 25 to 100 ms (component 1, blue, Fig. 5A, B). The
slope of this dependence varies: in the temperature range of 310K to
280K, the recombination kinetics were characterized by a high acti-
vation energy of ~290 meV, while in the temperature range of 270K to
200K, the activation energy was much lower, at 22 meV (see Fig. S1 in
Supplementary Materials). Below 200K, several new kinetic compo-
nents appeared at the expense of component 1, which sharply decreased
and simultaneously slowed down to several seconds. The two main
components are characterized by lifetimes in the range of 15 to 50 ms (a
widely distributed component 2, green) and 300 to 400 us (component
3, red), with relative amplitudes of 30% and 60%, respectively. A fast
component with a lifetime of ~2 to 30 us was transiently observed
below 200 K with a small but discernible amplitude (~5%, component
4, ochre). All of the kinetic components were nearly temperature-in-
dependent below 150 K.

3.2. Charge recombination kinetics in P,po-Fx cores

The temperature dependence of charge recombination in P,qo-Fx
cores demonstrates common trends with those of P,y-Fa/Fg complexes.
At temperatures between 300K and 200K, a temperature-dependent
slowing of the kinetics was observed (Fig. 2C). At temperature between
200K and 150K, a slowing in the rate of charge recombination from
milliseconds to seconds occurs, whereas below 150 K, the kinetics re-
main almost temperature-independent (Fig. 2D). Fig. 6 shows the
heatmap of P;o0" recombination lifetimes obtained by CONTIN for
P,00-Fx cores. The abrupt transition from a mildly temperature-depen-
dent to a temperature-independent process can readily be seen in this
depiction.

Fig. 5C and D shows the corresponding mean lifetimes (C) and re-
lative amplitudes (D) of the individual kinetic components. Compared
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to P,oo-Fa/Fp complexes, the temperature dependence of charge re-
combination in Pq(-Fx cores is more diversified. All visible components
are nearly temperature-independent below 150 K. The main kinetic
component undergoes apparent bifurcation in the temperature range
from 200K to 150K (see Fig. 6), a finding that requires a detailed as-
signment of all observable components. Three components with life-
times in the time windows of 3 to 100 ms (roughly corresponding to

component 2 in P,yo-Fa/Fp complexes), 100 to 400 ps (equivalent to
component 3 in P,yo-Fa/Fp complexes) and 10 to 20 us (equivalent to
the fast component 4 in P,oy-Fp/Fg complexes) were observed
throughout the entire temperature range. The slowest component 1,
observed in the recombination kinetics in P,yo-Fa/Fp complexes above
200K, was only observed at temperatures above 250K, and corre-
sponds to < 10% of the total amplitude. The second slowest component
2 becomes notably heterogeneous at low temperatures and cannot be
unequivocally described as a sum of exponential kinetics (Fig. 4, red
trace). The green line 2 at Fig. 5C denotes the mean weighted average
lifetime of this component.

At temperatures higher than 200K, component 2 has a relative
amplitude of 55-60% and a characteristic lifetime that increases from
~3ms at room temperature to 10 ms at 200 K corresponding to an ac-
tivation energy of ~100 meV (see Table 1). On lowering the tempera-
ture below ~200K, the contribution of component 2 decreased to
~20% of the total amplitude, whereas the contribution of the faster
component 3 increased from ~25% to 65% of the total amplitude. The
amplitudes of components 2 and 3 remained nearly unchanged on
lowering the temperature below 150 K. The fastest component 4 (life-
time 10 to 20ps) retained the same relative amplitude of ~20%
throughout the entire temperature range. The kinetics of components 3
and 4 were almost temperature-independent, slowing by about a factor
of three over the temperature range of 300 K to 200 K with activation
energy of 30 meV.

Table 1
Activation energy of P,oo" recombination reactions in P,q0-Fa/Fp complexes
and P,qo-Fx cores (at T > 200 K).

+

Sample Reaction E,, mV

P;00-Fa/Fp complexes P*[Fa/Fg]l ~ =P [Fo/Fpl, T > 280K 290
P*[Fa/Fg] ™ —P [Fa/Fgl, T < 270K 22

P;00-Fx cores P*Fx~ —P Fx 100
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are shown. Dynamics (C) and distribution (D) of electric potential difference between the Fe; and Fe4 atoms of the Fy cluster demonstrate the resulting change of

electric field intensity.

3.2.1. Molecular dynamics modelling of PS I

To uncover a basis for the experimentally observed multiple re-
combination modes that result in heterogeneous ET reactions at low
temperature, we conducted molecular dynamics (MD) modelling of the
PS I complex, employing an expanded model from a previously pub-
lished simulation of the same complex [41]. The Fx cluster was found to
undergo significant conformational changes during the free 16ns
duration molecular dynamics trajectory at room temperature. The in-
ternal geometry of the cluster itself was stable, but the relative or-
ientation of the tetrahedral cluster, in relation to the surrounding pro-
tein matrix and normal to the membrane plane, fluctuated between two
distinct conformations. Fig. 7A depicts the changes of the angle mea-
sured between the normal to the membrane plane and the plane con-
taining the S;, S, and S3 sulfur atoms of the Fx cluster over a 16 ns long
MD trajectory, while Fig. 7B shows a histogram of the same data.
Calculating the correlation between this angle and the coordinates of
the protein backbone C, atoms revealed that the rotation is coupled
with local lateral movements of the protein loop containing residues
560-567 of protein subunit B (see Fig. S2 in Supplementary Materials).
Cysteine residue Cys565B acts as a bearing point for these movements.

Although the observed Fx conformational changes had an amplitude
of < 1.54, they are coupled with significant changes of electric po-
tential of the Fx cluster atoms. The electric potential from the whole
protein complex (with the exception of the Fx cluster itself) was cal-
culated at the various atoms of Fx. Correlation coefficients between the
rotation of the cluster and the dynamics of the electric potentials at
different cluster atoms varied from zero to 0.9 (see Table S1 in sup-
plementary materials). The two atoms with the highest correlation
between electric potential fluctuations and the conformational state of
the Fx cluster were found to be the Fe; and Fe, iron atoms (Fig. 8); the
electric potential changes at these atoms are opposite to each other,
indicating the existence of an electric field at these atoms (Table S1).
The difference in the changes of electric potentials at these atoms is
plotted in Fig. 7C and a histogram of this data is shown in Fig. 7D.

606

Cys578A Cys565B

Cys574B

N

Cys587A

1

= membrane plane

Fe
&B
Fig. 8. Structural model of the Fx cluster. Individual atoms, mentioned in the
text, are marked with arrows. The secondary electron acceptors, Aj/A;p, and
the cysteine residues that coordinate the Fx cluster, are shown as licorice
models. Alternate positions of the sulfur atoms of the Fx cluster are shown as
semi-transparent spheres with the rotational axis marked in black dashed line.

The angle between the S;-S,-S3 plane of the Fx cluster and the membrane plane
normal (see Fig. 7A) is shown as a.

4. Discussion
4.1. Assignment of the kinetic components

The results presented above clearly demonstrate the existence of
several distinct charge recombination reactions in PS I. Their origin can
be derived from the scheme of ET presented in Fig. 1. Based on en-
ergetics, direct recombination to P ™ is possible from two cofactors,
A;a and Fy, whereas recombination from the F,/Fg cluster is only
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possible through the intermediate state of P,o"Fx~ (and via
P700 " A1a ") due to the large distance between the terminal iron-sulfur
clusters and P;qo. Charge recombination through formation of the in-
termediate state Pyoo"A;p~ is energetically unlikely, as the A;g PhQ
has a lower redox potential than both A;, and Fx [42-44].

4.1.1. Pyyo-Fx cores

The faster components of P,o," recombination kinetics in Poo-Fx
cores are similar to those in P,yo-A; cores from the rubA deletion mu-
tant, as previously reported [24]; however, recombination kinetics of
P,00-Fx include an additional component 2, which can be assigned to
the recombination between P,o,* and Fx~ (Fig. 5C, D). While the ki-
netics of components 3 and 4 (recombination reactions from A;4~ and
A~ with lifetimes of ~100 to 300 us and ~10 to 20 s, respectively
[45]) can be considered as mono-exponential, component 2 cannot be
described as a simple exponential process. It instead represents a het-
erogeneous reaction with broadly distributed kinetics (see Fig. 4 and
the dark blue areas at the top side of Fig. 6) with a weighted average
lifetime that varies from 4 ms at 310K to ~100ms at temperatures
below 150 K. The heterogeneity of this reaction increases below 250 K,
which likely reflects the immobilization of the protein in conforma-
tional states with distinct reaction rates.

Considering that almost no recombination is observed from A;5 "~ in
P,00-Fa/Fp complexes at temperatures below 150K (see Fig. 3), the
observed 20% amplitude of A;p~ recombination in P,qo-Fx cores (see
Fig. 5D) requires an explanation. It is known that the Fx iron-sulfur
cluster is destroyed in a fraction of PS I during the removal of the PsaC
protein, and in these RCs forward ET is blocked beyond A;. In a pre-
viously published study, destruction of ~25% of the Fx clusters was
reported during preparation of Fx-cores [20]. The recombination from
reduced PhQ in either the A or B branch at temperatures higher than
150 K (components 3 and 4) accounts in this case for ~40% of the total
absorption change, reflecting the amount of damaged P,q0-Fx cores in
this preparation. Assuming that all recombination from A;p~ occurs in
PS I complexes lacking Fyx, the data suggest that almost all of the
electrons in undamaged Pqo-Fx cores recombine from the Fx cluster at
temperatures above 200 K, while below 150 K they recombine from A; 5
and Fx in a ratio of 2:1, similar to P,oo-Fa/Fp complexes (see Fig. 5B, D).
Based on its lifetime [2,20] and amplitude, component I is due to re-
combination from [F,/Fg] ~ in those RCs in which a small amount of
PsaC was retained.

4.1.2. P,pp-Fa/Fg complexes

The kinetics of P;o " recombination in P;oy-Fa/Fp complexes at low
temperatures show common characteristics to those in P,q-Fx cores
(Fig. 4). However, the predominant recombination kinetic component
(component 1), observed at temperatures above 200K (Fig. 5A), is
approximately an order of magnitude slower than the main re-
combination component observed in P,q-Fx cores (component 2,
Fig. 5C). Component 1 can be assigned to the back reaction from the
terminal iron-sulfur clusters [Fa/Fg]~ to P,o0" on account of its

Table 2
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characteristic lifetime [2,20]. Based on its temperature dependence, it
has an activation energy E, = 290mV at T > 280K and E, = 22mV at
200K < T < 270K (see Table 1 and Fig. S1 in Supplementary Mate-
rials). The former value is roughly comparable to the E, = 220 mV of
the recombination between the F,/Fy clusters and Pq, reported by
[32]. The bend in the temperature dependence of the [Fo/Fg]™ —
P00 " recombination kinetics around 280 K probably reflects a change
in the charge recombination mechanism: at T > 280K the reaction
occurs via intermediate reduction of A;s, whereas below 270K the
direct recombination from Fx~ to P,o," rationalizes the small activa-
tion energy of recombination.

Component 3, which is assigned to recombination from A;,~, be-
comes predominant at temperatures < 150K, with almost 60% of
electrons trapped at the A; level. They are not passed forward to the
iron-sulfur clusters, a finding consistent with previous reports [46-50].
The minor component 4 is attributed to charge recombination between
Aip~ and P,oo " based on its similarity to a corresponding recombina-
tion component in P,yo-Fx cores [45] and P,go-A; cores [24]. The as-
signment of the slower kinetic phase to the recombination between
A;1a~ and Pyoo " and the faster kinetic phase to the recombination be-
tween A;p~ and P,o™ agrees with studies of the decay of the electron
spin echo signal derived from the P,o"A;~ radical pair in wild-type
and PS I at 100 K, which indicated that the loss of spin coherence decays
an order of magnitude faster from the P;oo* A5~ state than from the
P00t Aja~ state [51,52].

Component 2 is ascribed to charge recombination between the ir-
on-sulfur cluster Fx~ and P,o, ", and as indicated above, component 3
to charge recombination between quinone A;,” and Pyoo"
[2,20,49,53]. The kinetics of the P,o, " Fx~ recombination reaction has
a broad distribution at low temperatures (especially visible in P,yo-Fx
cores), which likely reflects the freezing-in of various PS I conforma-
tional substates. A similar non-exponential behavior of charge re-
combination kinetics was observed in the purple bacterial RC at low
temperature [54] and explained by a two-fold distribution of the qui-
none position in the protein. However, in contrast to the quinone in the
bacterial RC, both the iron-sulfur clusters and the PhQs in PS I are
anchored in the protein matrix [41] and, within the error of the mea-
surement, no discernable changes in the distance between the redox
cofactors have been detected by high-field EPR measurements at low
temperature [21,55,56].

Parameters of the discovered kinetic components of Pyo0* re-
combination in PS I complexes with different number of iron-sulfur
clusters can be found in Table 2.

4.2. Molecular dynamics simulation of the conformational mobility of PS I

We applied a MD model of PS I to study the conformational mobility
of the protein complex in the neighborhood of the [4Fe-4S] clusters in
an attempt to elucidate the heterogeneity of charge recombination from
the Fx cluster at low temperatures. This effect was observed both in
P,o0-Fa/Fg complexes and P;oy-Fx cores (Fig. 4). The Fx cluster

Kinetic characteristics of P;oo* recombination reaction components in Poo-Fa/Fg complexes (this work), P,oo-Fx cores (this work), and P,¢0-A; cores (see ref. [24])

in different temperature ranges.

Sample T, K P00 recombination components
Fa/Fp Fx distal Fx proximal Ajp Ap
A, % T, ms A, % T, mS A, % T, ms A, % T, mS A, % T, mS
Py00-Fa/Fp 4-150 n/a 9 > 2500 29 45 59 0.44 3 0.024
200-320 97 57 n/a n/a n/a n/a
Pyoo-Fx 4-150 n/a 15 104 65 0.41 20 0.019
250-320 55 5.58 26 0.21 19 0.01
Pro0-Ay 4-100 n/a 73 0.263 27 0.018
150-290 57 0.189 43 0.013
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Fig. 9. Recombination components of PS I in a glassy matrix. Top Panel: tem-
perature dependence of the relative amplitudes of distinct kinetic components
in water-glycerol solution (data identical to Fig. 4B, components of re-
combination from A;,, Fx and F5/Fp are shown); Bottom Panel: dependence of
relative amplitudes of kinetic components on the humidity of the protein-tre-
halose glassy matrix at room temperature (reproduced from ref. [21]. Phases
4 + 5 are attributed to recombination from F,/Fg, phases 2 + 3 to Fx and phase
1 to Ayp).

switched its conformation between two distinct positions multiple times
during 16 ns MD trajectory (Fig. 7A). This mobility results from the
rotation of the Fx cluster around the axis between the S; and S, sulfur
atoms (Fig. 8) and is accompanied by lateral mobility of a nearby
protein loop (Fig. S1). The swinging motion correlated with changes of
electrostatic potential differences between the two iron atoms Fe; and
Fe, of the Fx cluster (Fig. 7C).

Such notable changes of electrostatic potential can result in a sig-
nificant redistribution of spin and electron density within the ir-
on-sulfur cluster. Bominaar and coauthors [57] performed DFT calcu-
lations of the electron density distribution within [4Fe-4S] clusters and
found that intramolecular spin-dependent electron delocalization has
an impact on the rate constant for intermolecular ET. The dependence
of charge distribution within [4Fe-4S] clusters on electrostatic fields
and dielectric properties of the environment suggests that an exchange-
coupled Fx cluster can act as a molecular switch in exchange-controlled
electron gating. This switch can alter both the reorganization energy
and the electronic coupling between redox cofactors [57].

At high temperature, switching between different conformations of
the Fx cluster occur on a nanosecond time scale (Fig. 7A), which is
much faster than ET from [A;a/A;1s]~ to Fx and from Fx~ to Fa/Fg
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(even more so for slower recombination reactions from Fx~ to P5oo ™).
This mobility becomes severely limited when the temperature is low-
ered below the glass transition point of the water-glycerol solution used
in this study. This is accompanied with an experimentally-observed
partial arresting of both forward ET from [A;a/A;g] "~ to Fx (Fig. 5B, D,
red traces) and from Fx ™~ to Fp/Fp (Fig. 5B, blue trace). We propose that
these processes are connected. The individual protein complexes be-
come immobilized in one of two states, (i) with ET allowed from A; ~ to
Fx or (ii) from Fx~ to F5/Fp. At high temperatures, ET from A; ™ to Fp/
Fp is not limited by Fx conformations, but below the glass transition
temperature, the Fx cluster becomes a molecular switch, locking the PS
I complex in a state either incapable of Fx reduction altogether or
preventing forward ET from reduced Fx to F,/Fp. In the latter case, rate
of recombination reaction Fx~ — P;o, " becomes heterogeneous due to
a multifold of conformational states. This conformational mobility can
be associated with large entropy changes observed for ET reactions
related to the iron-sulfur clusters of PS I [58]. Nevertheless, the Fx
cluster may not be the only protein domain that becomes immobilized
in a variety of substates upon freezing, and other sources could lead to
kinetic heterogeneity in the ET processes. However, no other dramatic
conformational changes were detected in the MD model employed in
the study.

Concerning the conformational mobility of the Fx cluster, it should
be noted that its EPR spectrum shows considerably broader g-aniso-
tropy in P,go-Fx cores than in intact P,og-[Fa/Fg] cores. This has been
historically attributed to the freezing-in of a greater number of con-
formational states of Fx cluster when the stabilizing effect of the PsaC,
PsaD, and PsaE proteins are absent [22,59]. Here, we provide a me-
chanistic basis for the presence of two different conformational states of
the Fx cluster. Accordingly, the broader spectrum of the Fx cluster
would represent the admixture of these two major conformational
states plus additional minor conformational states that might not be
resolved by the molecular mechanics calculations. Moreover, the EPR
spectrum of the Fo/Fy clusters, recently obtained on PS I complexes
immobilized in a trehalose glass, were different from the EPR spectra
obtained at low temperatures in frozen solution [45]. It is therefore
possible that the EPR spectrum of the F,/Fp clusters also represent an
admixture of the spectra of different possible conformations.

4.3. Comparison with room temperature trehalose glasses

Much like the water-glycerol system, solutions of various sacchar-
ides, such as trehalose (a-p-glucopyranosyl-(1 — 1)-a-D-glucopyrano-
side), are used to preserve the structure and functionality of proteins
under stress conditions, e.g. low and high temperature and humidity
[60,61]. It is therefore interesting to compare the effects of a low
temperature water-glycerol mixture with other methods that restrict
protein conformational mobility. A number of similarities are im-
mediately apparent in the charge recombination kinetics of PS I im-
mobilized in glycerol glass at 170K (this work) and trehalose glass at
298K [45,62]. The first is that in each PS I preparation (P;oy-Fa/Fp
complexes, P,o0-Fx cores, and P,go-A; cores), ET is blocked to different
amounts at each step. In P,4o-Fa/Fg complexes below 150 K, 75% of ET
is blocked at or before A;, which is similar to 69% in trehalose. And in
both cases, only < 10% of electrons reach the terminal [4Fe-4S] clus-
ters. The second is that Fx undergoes heterogeneous recombination,
giving multiple lifetimes in the range of 500 ps to 10's of ms.

Similarities can also be seen in the amplitudes of the charge re-
combination components on lowering the temperature below 200 K for
PS I in a water-glycerol solution (this study) and lowering the relative
humidity below 60% for PS I in a trehalose glass [21] (Fig. 9). At re-
latively a high temperature/humidity, recombination occurs pre-
dominantly from the terminal Fa/Fp clusters, but on transition to the
glassy state, its contribution decreases at the expense of an increase in
the recombination from both Fx~ and A; . Notably, while the majority
of the recombination derives from A; ~ at T < 150K, only a moderate
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Fig. 10. Factors affecting the altered recombination in PS I embedded in a
trehalose glassy matrix. Asymmetrically placed water molecules are shown as
spheres. Water molecules within 15 A of A, 5 are shown in solid red, and those
within 15 A of A; are shown in transparent yellow spheres.

increase in the amplitude of this component occurs in the case of dry
trehalose glass. We surmise that after gradual dehydration, the increase
in the amount of recombination from Fx~ is observed at a relative
humidity of 35-40%, while the increase of recombination from A;~
only occurs at a relative humidity of at 11%. This difference may ori-
ginate from the different arrangement of cofactors: while the [4Fe-4S]
clusters are located on the periphery of PS I, close to the protein-water
boundary, the A; binding sites are in the hydrophobic core of the
protein. It is possible that at extreme levels of dehydration of the tre-
halose glassy matrix (11% humidity) some of the internal waters near
A;a and A;p may be removed (Fig. 10). Their removal could alter the
midpoint potential of the ET cofactors as well as the reorganization
energy, thereby creating conditions that may render forward ET to the
Fx cluster thermodynamically and/or kinetically unfavorable.

This retardation of ET in the trehalose and glycerol mixtures could
be caused by similar physical processes that take place within and
around the protein globule, namely, a glass transition of the sur-
rounding medium. As described above, the temperature at which a
sudden change of recombination kinetics in glycerol solution occurs
(~170K) corresponds to the glass transition temperature of 75% water-
glycerol solution [35]. Room temperature (298 K) seems to be below
the glass transition temperature for a 10% water-trehalose mixture but
above the glass transition temperature for 30% water-trehalose mixture
[63], so the process of dehydration also puts the solution through the
glass transition process. It should be noted though that in the case of a
low-temperature water-glycerol solution, the slowdown in ET is
strongly affected by the activation energy of charge recombination (and
corresponding differences in redox potentials), while this factor cannot
be used for the interpretation of kinetic measurements in the dry tre-
halose matrix.

5. Conclusions

® Charge recombination reactions from the iron-sulfur clusters Fo/Fp
and Fy, and from the PhQs A; 5 and A;p were distinguishable in P,o-
Fa/Fp complexes and Pqo-Fx cores of PS I from Synechocystis sp. PCC
6803 by their recombination kinetics with P,o, . Forward ET to Fo/
Fp was arrested below ~170K, the glass transition temperature of

609

BBA - Bioenergetics 1860 (2019) 601-610

the water-glycerol mixture. At temperatures below glass transition,
ET was blocked at A;5/A,g and Fx (~60% and ~40% in P,yo-Fa/Fg
complexes and ~80% and ~20% in P,yo-Fx cores, respectively).
The kinetics of backward ET from all the acceptors to P,o " were
found to be activation-less below the glass-transition temperature of
~170K. Charge recombination from the iron-sulfur clusters at
temperatures below 200 K were significantly heterogeneous in both
P,00-Fa/Fp complexes and P,qo-Fx cores. The Fx cluster was ob-
served to be conformationally mobile in molecular dynamics simu-
lations of PS L. The heterogeneity can be rationalized by preferential
electron localization at different corners of the [4Fe-4S] cluster due
to restricted conformational mobility of the surrounding polar
medium. These effects, observed below the glass transition tem-
perature, may account for the partial arrest of forward ET and the
heterogeneity of charge recombination related to Fx.

Two channels of charge recombination from the terminal iron-sulfur
clusters are found in P,y-F5/Fg complexes. Charge recombination
by way of reverse ET to A;4 has an E, of ~290 mV and is dominant
at temperatures above ~280 K, whereas direct recombination from
Fx~ with a low E, of 22mV is prevalent in the 200 to 270K tem-
perature range.

The altered charge recombination at low temperatures is analogous
to impeded ET in PS I complexes suspended in dry trehalose ma-
trices at room temperature. The nature of the retardation of ET in
these cases may differ, as temperature-dependent ET slowdown is
mostly determined by the E, of charge recombination (and corre-
sponding differences in redox potential) while the trehalose matrix
mainly restricts conformational mobility of the protein and may
affect water molecules near the redox centers.
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