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Abstract In contrast with findings on the wild-type
Rhodobacter sphaeroides reaction center, biexponential
PTH, — PH, charge recombination is shown to be
weakly dependent on temperature between 78 and 298 K in
three variants with single amino acids exchanged in the
vicinity of primary electron acceptors. These mutated
reaction centers have diverse overall kinetics of charge
recombination, spanning an average lifetime from ~2
to ~20 ns. Despite these differences a protein relaxation
model applied previously to wild-type reaction centers was
successfully used to relate the observed kinetics to the
temporal evolution of the free energy level of the state
PTH, relative to PTBx. We conclude that the observed
variety in the kinetics of charge recombination, together
with their weak temperature dependence, is caused by a
combination of factors that are each affected to a different
extent by the point mutations in a particular mutant com-
plex. These are as follows: (1) the initial free energy gap
between the states P B and PTHx, (2) the intrinsic rate of
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P"By — PB4 charge recombination, and (3) the rate of
protein relaxation in response to the appearance of the
charge separated states. In the case of a mutant which
displays rapid PTH, recombination (ELL), most of this
recombination occurs in an unrelaxed protein in which
PTBy and P*Hj, are almost isoenergetic. In contrast, in a
mutant in which PYH, recombination is relatively slow
(GML), most of the recombination occurs in a relaxed
protein in which PTH, is much lower in energy than
PTH,. The weak temperature dependence in the ELL
reaction center and a YLH mutant was modeled in two
ways: (1) by assuming that the initial PTB, and PTH,
states in an unrelaxed protein are isoenergetic, whereas the
final free energy gap between these states following the
protein relaxation is large (~250 meV or more), inde-
pendent of temperature and (2) by assuming that the initial
and final free energy gaps between P*By and PTHj are
moderate and temperature dependent. In the case of the
GML mutant, it was concluded that the free energy gap
between P*Bj, and P*Hj is large at all times.

Keywords Rhodobacter sphaeroides - Reaction centers -
Charge recombination - Electron transfer - Transient
absorption - Protein dynamics

Introduction

The contributions of protein dynamics to electron transfer
occurring inside proteins are poorly understood. Photo-
synthetic reaction centers (RCs) are convenient model
systems that allow systematic studies of this issue; they can
be synchronously excited by ultrashort laser pulses, and the
electron transfer may be observed by optical time-resolved
techniques on time scales comparable with the duration of
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the excitation pulse and longer. Experimental data relating
to the influence of protein dynamics on light-induced
electron transfer in RCs have been interpreted either in
terms of an active contribution of the protein, the sponta-
neous diffusion of which in the conformational space is a
factor that largely determines the rate of electron transfer
(Wang et al. 2007, 2009, 2012; Torchata and Kurzynski
2008; Pieper and Renger 2009; Kurzynski and Chetminiak
2013) or in terms of passive conformational reorganization
of the protein in response to the appearance of a strong
electrical field caused by the light-induced charge sepa-
rated states (Woodbury and Parson 1984; Peloquin et al.
1994; Gibasiewicz et al. 2013a).

Among the photosynthetic RCs, one of the most widely
studied is that from the purple bacterium Rhodobacter
(Rba.) sphaeroides (Woodbury and Allen 1995; Zinth and
Wachtveitl 2005; Hunter et al. 2009; Jones 2009). Light-
induced charge separation inside this protein occurs along a
chain of electron transfer cofactors that engage in non-
covalent interactions with the neighboring amino acids.
The electron transfer starts at the primary electron donor, a
dimer of bacteriochlorophyll a (BChl a) molecules, labeled
traditionally as P870 or P (Fig. 1). Within ~3-7 ps, the
electron is transferred from the first excited singlet state of

éGlu L104

Fig. 1 Electron transfer cofactors of Rba. sphaeroides RC. The
primary electron donor P BChls are shown with yellow carbons, B
acceptor BChl-with green carbons, H, acceptor BPhe-with pink
carbons and Q4 acceptor ubiquinone—with cyan carbons. Amino acids
replaced by mutation are shown with orange carbons. For other
atoms, red = oxygen, blue = nitrogen, and magenta sphere =
magnesium
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P (P*) to Ha, a bacteriopheophytin (Fig. 1), forming the
first spectroscopically easily observed charge separated
state P+HX. Then, the electron is transferred with-
in ~200-250 ps from H, to the secondary electron
acceptor, a quinone named Q4 (Fig. 1), forming the charge
separated state, PtQnx. From Q,, the electron is transferred
on microsecond time scale to a dissociable quinone, QOg.
The forward electron transfer from H4 to Q4 can be arti-
ficially blocked by chemical or genetic removal of Qa
(Shuvalov and Parson 1981; Schenck et al. 1982; Chidsey
et al. 1984; Ogrodnik et al. 1988; Tang et al. 1999; Ridge
et al. 1999; McAuley et al. 2000), or by pre-reduction of
QOa to Ox using a strong reductant, or through a combi-
nation of weak background illumination (forming the long-
lived state P* Q) and a relatively weak reductant (reduc-
ing P* to leave PQy) (Shuvalov and Parson 1981; Schenck
et al. 1982; Gibasiewicz and Pajzderska 2008; Gibasiewicz
et al. 2009). It cannot be excluded that in nature, under
certain conditions, the state PQ, may also be formed.
When the electron transfer from H, to Q, is blocked, a
charge recombination occurs in which the electron is
transferred back to P (Volk et al. 1995), and this charge
recombination may be measured directly.

The Ba BChl located between P and H, (Fig. 1) acts as
either a real or virtual intermediate electron carrier for both
forward electron transfer from P* to H, (Kirmaier and
Holten 1988, 1991; Lockhart et al. 1990; Rodriguez et al.
1991; Chan et al. 1991; Arlt et al. 1993) and backward
transfer from H, to Pt (Shuvalov and Parson 1981;
Shkuropatov and Shuvalov 1993; Schmidt et al. 1994;
Kirmaier et al. 1995; Gibasiewicz and Pajzderska 2008;
Wang et al. 2012). Possible pathways for P*H, recombi-
nation are summarized in Fig. 2. Involvement of B, as a
real carrier in charge recombination means that a discrete
P'B, state is formed before the electron arrives at P
Experimental data have shown that the energy level of
P' B} is higher than that of P"H, (Shuvalov and Parson
1981; Arlt et al. 1993; Heller et al. 1996) and therefore the
efficiency of this charge recombination pathway is tem-
perature dependent (Gibasiewicz et al. 2013a). In contrast,
the virtual involvement of B, in charge recombination
through superexchange provides an alternative pathway for
this reaction that is temperature independent. Irrespective of
mechanism, the charge recombination reaction leads with
the highest probability to energy dissipation and immediate
recovery of the singlet ground state of P. However, in
QO -reduced wild-type (WT) RCs at room temperature there
is a ~15 % probability that the spin of one of the radical
pair electrons will change in the state P"Hj leading to a
triplet configuration of the charge separated state, *(PTH}),
followed by charge recombination yielding the triplet state
of the primary donor *P (Volk et al. 1995). Triplet states
decay on microsecond time scale (Shuvalov and Parson
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Fig. 2 Model scheme of P*H, recombination in the case of one-step
protein relaxation. Lifetimes tr; and tr, are temperature dependent
and depict thermally activated charge recombination with real
formation of the intermediate state PTBjx, whereas lifetimes 74;
and 74y, are temperature independent and depict direct PTHj
recombination with virtual involvement of B. The free energy gap
between PTHj and P*Bj increases in time from AG; to AG,, with a
lifetime 7,,, due to protein reorganization (solvation) dynamics in
response to the appearance of the charge separated states (Gibasie-
wicz et al. 2013a). Thus, (PTH3y), is the initial or unrelaxed form and
(PTHQ), is the final or relaxed form of the charge separated state, and
both are assumed to be in equilibrium with P*By. Relaxation of
PTH, underlies the non-mono-exponential character of PTHj
recombination. The values of 71 and 71, depend on AG;, AG,, and
tpg: T1i = Tpell + exp(AG/kT)], i = 1, 2 (compare Appendix in the
Supporting Information). Formation of the triplet state ‘PH,
competes with recombination to the singlet states of P. Recombina-
tion to the singlet excited state P* is not shown, since it was assumed
that depopulation of the state PTH} via fluorescence channel is much
less efficient than those depicted in the scheme

1981; Woodbury et al. 1986; Volk et al. 1995; Gibasiewicz
et al. 2011). Finally, there is a small probability that the
electron on H, will come back to the excited orbital of the
primary donor regenerating the singlet excited state P*
(Woodbury and Parson 1984; Woodbury et al. 1986;
Ogrodnik et al. 1994; Hartwich et al. 1998).

It has been hypothesized that PTH, recombination is
strongly influenced by protein dynamics (Gibasiewicz et al.
2011, 2013a; Wang et al. 2012), the main experimental
evidence being the multiexponential character of this
reaction. In the model shown in Fig. 2, the transition
indicated by the arrow and label 7, depicts a downshift of
the energy level of P"Hj relative to PYB, ascribed pre-
viously to protein conformational adaptation to the
appearance of the new charges on P* and H (Gibasiewicz
et al. 2013a). In membrane-bound WT Rba. sphaeroides
RCs, the overall characteristic lifetime of this process was
estimated to be 7, = 3.7 £ 0.4 ns with no evident tem-
perature dependence between 78 K and room temperature
(RT) (Gibasiewicz et al. 2013b). For isolated Rba.
sphaeroides RCs, it was possible to resolve as many as
three exponential components in transient absorption

measurements due to a better signal-to-noise ratio. Those
results were treated with a similar model to that one shown
in Fig. 2, but with two consecutive steps of protein relax-
ation that lower the free energy of PTH, with lifetimes of
T2 = 0.6 & 0.1 ns and 755 = 10.5 £ 1.5 ns (not shown in
Fig. 2). Again, no clear temperature dependence of these
parameters was observed between 77 K and RT (Gibasie-
wicz et al. 2013a). The single value of 7, = 3.7 ns
obtained for membrane-bound RCs falls in between the
712 = 0.6 ns and 7,35 = 10.5 ns obtained for isolated RCs
and could be regarded as an average value.

Population of the state P*Bj in the WT RC is very low
compared to that of P"Hj, and thus Bj is very difficult to
detect (Arlt et al. 1993; Woodbury and Allen 1995; Parson
and Warshel 2009). However, manipulation of the free
energy gap between PTB, and PTHj through genetic
modification increased the amount of PTBx to
detectable levels (Kirmaier et al. 1991, 1995; Shkuropatov
and Shuvalov 1993; Laporte et al. 1995; Heller et al. 1995,
1996; Schmidt et al. 1994, 1995; Huber et al. 1995; Arlt
et al. 1996; Kennis et al. 1997). Interestingly, a P*B; state
in equilibrium with P*H, was reported also for WT RCs
both on the time scale of primary charge separation (a few
picoseconds) and PYHLY — PH, charge recombination
(~1 ns) (Arlt et al. 1993; Gibasiewicz et al. 2009; Zhu
et al. 2013). Using femtosecond transient absorption mea-
surements in the visible region, it was shown that contri-
bution of the absorption increased at ~544 nm (due to
PTH, — PH, charge recombination; at ~544 nm only
the signal from Ha/H, contributes) relative to that
at ~600 nm (due to Pt*B5 — PBa charge recombination;
at ~600 nm both signals from P/P* and Bj/Bs con-
tribute) was dependent on the presence/absence of the
negative charge on QO and on the time delay between
excitation and measurement (Gibasiewicz et al. 2009). At
shorter times after excitation (below 1 ns) and/or with a
negative charge on Qa, the charge recombination was more
pronounced at ~600 nm, whereas at later times and/or
without negative charge on Q4 (in practice—without Q,),
the charge recombination was more pronounced
at ~544 nm. It was therefore concluded that the bigger the
charge recombination signal at ~600 nm relative to that
at ~544 nm, the more the equilibrium between the states
PH, and P'Bj shifts toward the latter and the smaller is
the free energy gap between these states. Therefore, the
relative amplitudes of the charge recombination signals at
these two wavelengths may be treated as a fingerprint of
this free energy gap (see also Heller et al. 1996). This
finding will be particularly useful in interpretation of the
femtosecond data for the mutants presented in the Results
and Discussion.

Recently, it was proposed that charge separation may
occur via two parallel pathways characterized by somewhat
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different electron transfer rates from P* to B, and from B
to H,, possibly due to different conformational states of the
protein (Zhu et al. 2013) in line with older work reporting
on heterogeneity of the charge separation reaction (Kir-
maier and Holten 1990). Although we cannot rule out the
possibility that similar heterogeneity underlies multiexpo-
nential charge recombination, in this contribution we limit
our modeling to homogenous situation. Obviously, postu-
lated structural heterogeneity occurring on the time scale of
charge separation does not need to be sustained to the
nanosecond time scale on which charge recombination
occurs. A longer discussion on the issue of heterogeneity of
charge recombination can be found in a previous report
(Gibasiewicz et al. 2013a).

In this contribution, we compared the temperature
dependence of the kinetics of P*Hj charge recombination
in membrane-bound WT and three single point mutant RCs
with identically blocked electron transfer from Ha to Qa
achieved by pre-reduction of the latter using background
illumination and a weak reductant, sodium ascorbate. It is
proposed that these mutations, which are known to reor-
ganize hydrogen bond interactions either with H, or with
B, (Bylina et al. 1988; Potter et al. 2005; Gibasiewicz et al.
2011), modulate not only the free energy levels of the state
PTHy relative to that of PTB,, as was proposed previ-
ously, but also the responsive protein dynamics. Conse-
quently, both of these factors, as well as the intrinsic
P*B, — PB, charge recombination rate constant, are
responsible for the observed variety of charge recombina-
tion kinetics and the weak temperature dependence of
PTHj charge recombination.

Materials and methods
Biological material

Strains of Rba. sphaeroides lacking both types of light-
harvesting complex and containing either WT or mutated
RCs were grown under dark/semiaerobic conditions as
described previously (Jones et al. 1992). Cells were har-
vested and intracytoplasmic membranes isolated by
breakage of cells in a French pressure cell, followed by
sucrose gradient purification (Jones et al. 1994).

Nanosecond transient absorption measurements

Preparation of samples and instrumentation for nanosecond
transient absorption measurements were described previ-
ously (Byrdin et al. 2009; Gibasiewicz et al. 2013b). In brief,
RC-only membranes were diluted to ODggonm,1.5mm = 0.5
in Tris—HCI buffer (pH 8.2) containing ~0.0001 % f-do-
decyl maltoside (B-DM), ~50 % glycerol (v/v), 20 mM
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sodium ascorbate, and 12 mM o-phenanthroline. During the
experiments, the samples were continuously illuminated
with a white halogen light (~1 mW/cm?). Under these
conditions, RCs are in the closed state with Q4 permanently
reduced (Shuvalov and Parson 1981; Schenck et al. 1982;
Gibasiewicz and Pajzderska 2008). O-phenanthroline is
known to replace quinone Qg thus preventing reoxidation of
O by Ogp (Okamura et al. 1975; Michel et al. 1986). The
samples were placed in a flat cuvette formed by two trans-
parent round plastic plates separated by 1.5-mm rubber
o-ring, and the cuvette was placed in a liquid nitrogen
cryostat (Janis VPF-100) controlled by a temperature con-
troller (LakeShore 331S-T2). The samples were excited at
532 nm (Nd:-YAG laser, Continuum Leopard SS-10), at a
repetitionrate of ~2 Hz, with light pulsesof ~2 mJenergy
and 100 ps duration. Monitoring light, directed orthogonally
to the excitation beam, was generated at 690 nm by a laser
diode (EOSI 2010) and detected by a fast photodiode (rise
time 200 ps; model UPD-200-UP from Alphalas) connected
to a digitizing oscilloscope (Agilent Infinium 81004B;
10 GHz; sampling rate, 40 G samples/s). The transient
absorption signals were collected in a 6 s temporal window
and averaged over 1024 laser shots for each temperature.
Experiments were performed at a range of temperatures
between 77 and 298 K.

Kinetic traces were fitted with the sum of one or two
exponential functions and a constant using Origin (Orig-
inLab). The fitting was performed in a 100 and/or 200 ns
window, and the starting point of the fits was at the max-
imum of the experimental kinetics.

Femtosecond transient absorption measurements

Transient absorption measurements on the femtosecond
time scale were performed at RT essentially as described
earlier (Gibasiewicz et al. 2009) using the 1 kHz fem-
tosecond laser system (Ti:sapphire, Spectra Physics) and a
grating polychromator (Spectra Pro 150, Acton Research
Corp.) with a thermoelectrically cooled CCD camera (Back
Ilumin., Princeton Instruments) described in detail previ-
ously (Maciejewski et al. 2000). The data were collected
over a 2 ns temporal window and over a ~330-700 nm
spectral window using ~ 300 fs excitation at 800 nm. RC-
only membranes were diluted in either 15 mM Tris—HCI
(pH 8.2) containing 0.025 % LDAO and 1 mM EDTA, or
50 mM glycine-NaOH (pH 10.5) containing 0.025 %
B-DM. In order to keep the RCs in the open state (all
electron transfer cofactors in their neutral state), fresh
10 mM sodium ascorbate was added to the sample before
each experiment. In order to keep the RCs in the closed
state (Q4 permanently reduced), 20 mM sodium ascorbate
and 12 mM o-phenanthroline were added to the samples
and continuous background illumination of the sample was



Photosynth Res

applied during the measurement. Samples (~2.0 ml) were
placed in a flat rotating quartz cuvette, allowing relaxation
between each laser flash. The optical path of the probe laser
beam in the sample was approximately 1.5 mm. White
light probe pulses were generated in a calcium fluoride
plate. Typically, absorption changes were measured at 70
different temporal points distributed unevenly between a
few picoseconds before to two nanoseconds after the
excitation pulse, with the pump-probe delay ranging from
100 fs around time zero to 200 ps at delays above 1000 ps.
In the case of closed RCs, a part of measurements were
performed for only 26 temporal points with lower resolu-
tion around time zero (pump-probe delays differences of
1 ps). This way, the experiments took less time that was
essential for maintaining RCs in fully closed state all the
time during the measurements.

The temporal evolution of the transient absorption
spectra was subjected to global and target analysis (Holz-
warth 1996; van Stokkum et al. 2004) using the software
package Asufit developed at Arizona State University
(available at http://www.public.asu.edu/ ~ laserweb/asufit/
asufit.html) as well as Glotaran software (Snellenburg et al.
2012). This evolution was fitted using sum of typically four
exponential lifetimes convoluted with an instrumental
response function modeled by a Gaussian of ~400 fs
width.

Results and discussion

Nanosecond transient absorption measurements
at 690 nm

Nanosecond transient absorption spectroscopy was applied
to antenna-deficient membranes containing either WT RCs
or RCs with one of three single residue replacements near
H, or B4 that bring about known changes to the structure
of the protein. Replacement of Glu L104 by Leu (ELL—
Fig. 3a) and Gly M203 by Leu (GML—Fig. 3c) removed a
hydrogen bond donor to H, and B, respectively (Bylina
et al. 1988; Potter et al. 2005). Oppositely, replacement of
Tyr L128 by His (YLH—Fig. 3b) provided a new hydro-
gen bond donor to B, (Gibasiewicz et al. 2011). Figure 3d
shows the expected effect of each mutation from the phe-
nomenological rule that the removal of the hydrogen bond
from a cofactor destabilizes (shifts up) the energy of the
charge separated state involving this cofactor, whereas
introducing a new hydrogen bond to a cofactor has the
opposite effect (Lin et al. 1994). These mutant RCs,
although widely characterized in many aspects, have not
been studied with respect to the temperature dependence of
charge recombination.

YLH % Ba
o ‘
© ;
Ba A

GML
A D
G ELL YLH WT GML
-H @Ha +H @Ba -H @Ba
R
P'Ba’
—
R
P*Ha

Fig. 3 Single point mutations introduced to the mutant RC (a, b, ¢) and
expected effects of these mutations on the free energy levels of the
charge separated states caused by removal (labeled “—H”) or
introduction (“+H”) of a hydrogen bond to either H5 or B, (d). For
panels (a—c), atom colors are as for Fig. 1. Carbons of the replaced
amino acid are in white and carbons of the introduced amino acid are in
orange. Lost hydrogen bonds are indicated with gray dashed lines,
introduced hydrogen bonds with cyan dashed line. In (c¢) the red sphere
is a hydrogen bond donor water molecule that is sterically excluded on
replacing Gly with Leu

Figure 4 shows the kinetics of PTHj, recombination
measured as absorption changes at 690 nm for membrane-
bound WT and mutant RCs. As was shown previously
(Fajer et al. 1975; Heller et al. 1995; Huber et al. 1995;
Gibasiewicz et al. 2009), changes in absorbance at this
wavelength originate mostly from rapid (a few picosec-
onds) formation and slow (nanosecond) decay of the BPhe
anion, Ha, as well as of the BChl anion, B. The relative
contribution of the latter depends on the free energy gap
between the states PTH, and PTB, (Kirmaier et al. 1991,
1995; Shkuropatov and Shuvalov 1993; Laporte et al.
1995; Heller et al. 1995, 1996; Schmidt et al. 1994, 1995;
Huber et al. 1995; Arlt et al. 1996; Kennis et al. 1997) and
may be negligible if the equilibrium is strongly shifted
toward P*Hj. Any non-decaying signal on the 100 ns time
scale is due to the formation of triplet states. As concluded
previously (Gibasiewicz et al. 2013a), the relatively small
amplitude of the non-decaying signal was due to a signif-
icantly smaller differential extinction coefficient of the
triplet state relative to that of the P*H,/PH, transition at
690 nm (Volk et al. 1995). The transient absorption signal
at 690 nm was fitted by a two-exponential function in each
case except for the GML mutant for which a mono-
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<«Fig. 4 Comparison of absorption changes kinetics at 690 nm mea-
sured at RT and 78 K after picosecond excitation at 532 nm,
revealing P"H, recombination

exponential fit was performed. Parameters of the best fits
are presented in Table 1.

Each of the mutations affected the overall kinetics
(Taves Table 1), charge recombination being most rapid in
the ELL mutant, least rapid in the GML mutant and with
the YLH mutant being intermediate and closest to the WT.
The differences were reflected by different lifetimes and
relative amplitudes for the kinetic components (ty, 75, Ay,
and A,; Table 1). In addition, unlike for the WT RC where
P*H, charge recombination was clearly temperature
dependent, recombination in the mutant RCs was only
weakly temperature dependent (Figs. 4b—d compared with
Fig. 4a).

The kinetics of charge recombination in the WT, ELL,
and YLH RCs (Fig. 4a—) were well fitted by the two-
exponential function predicted by the model shown in
Fig. 2. In general, the model predicts a temperature-de-
pendent overall decay of the PTHJ state via the tempera-
ture-dependent lifetimes tp; and 7, (see Appendix in
Supporting Information for the formulae). However, the
weak temperature dependence of charge recombination for
the two mutant RCs would still be consistent with this
model if the initial (PTHJy); state was quasi-isoenergetic
with PTBj, whereas the relaxed state (PTHjy), was sepa-
rated by a large free energy gap from P Bj. It was esti-
mated that for a tpg as short as 0.2 ns (Heller et al. 1996;
Katilius et al. 1999), the energy gap of ~250 meV is large
enough to make charge recombination from the relaxed
state practically temperature independent (the recombina-
tion pathway via P B} is inefficient, with 7, > 1000 ns
both at RT and 77 K, and almost all recombination must
occur via the direct, temperature-independent singlet or
triplet pathway).

An alternative explanation for the weak temperature
dependence of the PTHj charge recombination in the ELL
and YLH RCs could be that the free energy gap between
the states PTH, and P'Bj, is roughly proportional to the
temperature. Thus, the lifetimes 7, and 71, remain almost
temperature independent (Egs. A21-A22 and A7-AS8 in
Supporting Information). This issue is treated in a quanti-
tative way below (section: Model-based estimation of the
molecular parameters) and in an extended way in Sup-
porting Information.

In the case of the GML RCs, no clear fast phase of the
order of 1-3 ns could be resolved in the nanosecond
experiment (Fig. 4d). Instead, a mono-exponential fit yiel-
ded a lifetime of 16.5 ns at RT which increased to 23.7 ns at
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Table 1 Fit parameters of charge recombination kinetics

Sample T (K) Fit parameters®
Nanosecond experiment @ 690 nm Femtosecond experiment @ 400-700 nm
7, (ns) A, 7, (ns) A, Ay 75, (ns) 7; (ns) A, 7, (ns) (fixed) A,
2-exp  WT° 298 2.4 0.34 13 0.61 0.048 92 1.6 0.54 20 0.46
78 3.8 029 26 0.62  0.093 18.9 - -
ELL 294 1.0 092 20 0.07  0.007 23 0.68 0.77 20 0.23
78 1.2 0.88 20 0.11 0.015 33 - -
YLH 294 1.5 0.57 15 0.41 0.021 7.1 0.49 0.60 20 0.40
78 1.2 059 20 0.35 0.053 8.1 - -
GML 296 - - - - - - 1.6 0.24 20 0.76
l-exp  GML 296 16.5 084 - - 0.16 16.5 - - - -
78 23.7 080 - - 0.20 23.7 - - - -

? In the case of the nanosecond experiments, two- and one-exponential fits were performed according to the formula AA =
Zflzl A;exp(—t/ti) + Ag (N =1 or 2) in a 200-ns temporal window (100-ns in the case of the WT RC) and the fitted kinetics are shown in
Fig. 4. In the case of the femtosecond experiments, the lifetimes 7, and 7, come from the global analysis (Fig. 5), whereas the amplitudes A; and
A, were taken from the target analysis (see Fig. 6) and are consistent with the relative amplitudes of the two phases of charge recombination

shown in Fig. 5e-h
® Data taken from Gibasiewicz et al. (2013b)

¢ For two-exponential fits 7,, = (14| + T24,)/(A; + A,). The estimated experimental error of the fit parameters obtained for the nanosecond

experiment is £20 %

78 K (Table 1). This increase suggests a possible minor
contribution from a thermally activated pathway at RT or a
temperature-dependent direct charge recombination.

The average decay lifetimes (t,,) both at RT and at 78 K
for all four samples were well correlated with the ampli-
tude (Ap) of the non-decaying component assigned to tri-
plet states. Across the four RCs, the slower the charge
recombination the larger was the amount of triplet state.

Model-based calculations of the molecular
parameters

An extended description of the model-based calculations of
molecular parameters shown in Fig. 2 can be found in
Supporting Information. A summary of the main results is
presented in Table 2. For WT, ELL, and YLH RCs, rep-
resentative sets of molecular parameters estimated on the
basis of the model parameters from single wavelength
experiments (Table 1) are shown for the two cases intro-
duced above. In case “a,” the free energy gaps AG; and
AG, were fixed either at the values estimated on the basis
of previous studies on WT RCs (Gibasiewicz et al. 2013b)
or it was assumed that AG; =0 meV and AG, =
250 meV (ELL and YLH RCs), the values for the mutants
ensuring temperature independence of charge recombina-
tion as discussed above. In case “b,” AG; and AG, were
free parameters. One can see that in the case b, the weak
temperature dependence of charge recombination for the
mutant RCs is ensured by decreased free energy gap

between PTH, and PTBj, at low temperatures (see the
values of AG| and AG, at 78 K and at room temperature in
Table 2). In this case, we assumed the same values of Tpg
as those estimated from the femtosecond experiment for
WT, ELL, and YLH RCs (see below). Options a and b for
the ELL RC are illustrated in Fig. S1 in the Supporting
Information. The decay of GML mutant was not treated
with the model shown in Fig. 2, since it was fitted by a
single exponential component.

Femtosecond transient absorption measurements
from 400 to 700 nm

In order to verify the above considerations on the different
sizes of the initial free energy gap between PTBj and the
unrelaxed (PTHj), state, RT femtosecond transient
absorption measurements were performed over 2 ns and in
a wide 400-700 nm spectral window allowing more pre-
cise identification of RC states and transitions between
these states than is possible from single wavelength mea-
surements. In addition, the better temporal resolution of
femtosecond measurements enabled a more exact estima-
tion of the fastest, subnanosecond phase of charge recom-
bination (Gibasiewicz et al. 2009; Wang et al. 2012).
Figure 5 compares the results of global fits of RT fem-
tosecond data for the WT and mutant RCs in the form of
decay-associated difference spectra (DADS) (Holzwarth
1996; van Stokkum et al. 2004). For each sample, DADS
are shown for the open RCs in which there was free
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Table 2 Selected model molecular parameters for charge recombination kinetics

Sample Nanosecond experiments Femtosecond experiments

T (K) Model parameters® Model parameters (room temperature only)
Option 75 (ns) AG, AG, Tpg (NS) 712 (ns) AG, (meV) Tpg (NS)
(meV) (meV)
WT 298 a 43+ 1.1 90+18 128+26 0.2 - - -
b 42+ 1.1 77+£17 119+ 14 026+ 015 3.1+02 60 £+ 17 0.26 + 0.15
78 a 6.1 +15 90+18 128+26 0.2 - - -
b 6015 25+4 48+ 16 026015
ELL 296 a 65+21 0 250 0.54 £ 0.05 - - -
b 91+37 22+14 131+14 032+£0.10 19+£04 15+ 15 0.32 £ 0.10
2.0+£03) (30 £ 15) (0.22 £+ 0.10)
78 a 5016 0 250 0.68 £0.13 - - -
b 77+£28 79+£33 424+10 0.32+0.10
YLH 296  a 19+05 0 250 1.30 £ 029 - - -
b 37+£10 79+16 140+£16 0.11 £0.07 1.0+£0.1 49 £+ 15 0.11 £ 0.07
78 a 1.5+04 0 250 097 £ 022 - - -
b 29+08 19+4 50+ 11 011 +0.07
GML RT - - - - - 2.1 90 0.2

# Model parameters for the nanosecond experiments were estimated from the fit parameters of the nanosecond kinetics shown in Table 1 and the
formulae shown in the Appendix (Supporting Information). Assumed values are shown in italics (in most cases, ranges of assumed values were
2
considered). Uncertainties of the model parameters were estimated using the formula: u(y) =4/>_; (u(x,v) %) , where y is any of the model
parameters, x; is i-th independent variable (fit parameter), and u(x;) is the uncertainty of i-th independent variable (assumed to be +20 %). Prior
to uncertainty estimations, formulas for model parameters were transformed as a function of independent variables obtained directly from the fit,
which were A, A;, Ay, 71, 2. Options a—AG, and AG, values were assumed. Options b—AG, and AG, were free parameters. The two sets of
model parameters for femtosecond experiments (ELL mutant) correspond to ways of estimation of AG; depicted in Fig. 7 (the parameters in

brackets correspond to Fig. 7a)

electron transfer from H, to QO (panels a—d), and for
closed RCs in which the electron transfer from H, to Qa
was blocked (panels e-h). Where a DADS is positive, the
absorption decreased in that spectral region within the
specified lifetime, and where a DADS is negative the
absorption increased with the respective lifetime.

Charge separation in open RCs

Temporal evolution of transient absorption spectra for all
four RCs was analyzed using three lifetimes and a non-
decaying component. The fastest ~0.4 ps component was
assigned to excitation energy transfer from the directly
excited monomeric BChls at 800 nm to P (not shown). The
remaining DADS for the WT membrane-bound RC
(Fig. 5a) were similar to spectra published for isolated WT
RCs (Gibasiewicz et al. 2009). The spectra obtained for the
three mutant RCs (Fig. 5b—d) were generally very similar
to those of the WT RC (Fig. SA), as were the associated
lifetimes (except for the GML RC, see below). The fol-
lowing does not describe precisely all details of the spectra,
since this has been done previously (Gibasiewicz et al.
2009). Instead, we indicate minor differences between the
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DADS for the WT and mutant RCs and we focus on the
spectral features that are most important for the further
interpretation.

In each case (Fig. 5a—d), the black thick solid line is the
amplitude spectrum of the charge separation reaction:
P* — PTHj. This reaction involves transient formation of
the state P B but, due to its relatively slow formation and
fast decay (~1 ps; see for example Arlt et al. 1993 and
Parson and Warshel 2009 for reviews) its contribution is
expected to be low and difficult to resolve. With the
exception of the GML RC, charge separation was not
strongly affected by the mutations and occurred with-
in ~5-7 ps, a lifetime similar to that in the WT RC
(Fig. 5a—c). The slower charge separation in the GML
RC, ~21 ps, is consistent with a previous report (Potter
et al. 2005). The charge separation DADS for all RCs
showed a significant positive band at ~ 545 nm due to loss
of Ha ground state absorption on formation of Hx. With
the same lifetime, a new absorption band appeared as
revealed by a negative band centered at ~670 nm, except
for the ELL mutant for which this maximum was blue-
shifted to ~640 nm. This band is assigned to H, but
especially in the case of the ELL RC, it may also contain a
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Fig. 5 Decay-associated difference spectra for RCs in open and closed states. The spectra were estimated from femtosecond transient absorption

difference spectra recorded following excitation at 800 nm with ~ 300 fs light pulses
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Fig. 6 Species-associated difference spectra and compartmental
model schemes for RCs in closed state. The spectra were estimated
from femtosecond transient absorption difference spectra recorded
following excitation at 800 nm with ~300 fs light pulses. Rev-
ersibility of the reaction P*BA/(PTHy), — (PTHj ), was ignored in

contribution from the formation of B (see below). The
reason for the blue shift of this band in ELL RC is the
removal of a hydrogen bond to H, in this RC (Fig. 3a)
(Bylina et al. 1988).

The main bands of the next DADS (red thin dashed line
in Fig. 5a—d) were largely mirror reflections of the

@ Springer

the modeling due to large free energy gap between the states P Bx/
(PTHR); and (PTHJY),. The five lifetimes obtained from the target
analysis yields the four apparent lifetimes obtained from the global
analysis

respective bands in the charge separation DADS. This was
particularly the case for the bands at ~545 nm and
at ~640/670 nm, assigned to electron transfer from Hjx to
QOa. This is to be expected since charge separation popu-
lates H,, whereas electron transfer from Hy to Q4 recovers
H . The lifetime of the latter reaction was not significantly
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and ~600 nm. The original SADS (from Fig. 6b) were vertically
shifted relative to one another and normalized in order to have the
same amplitudes at ~565-570 and ~ 540 nm. This way, the area
above the ~600 nm band of the “slow” SADS represents the
contribution of P™ from the state PTHj in the ~600 nm band of the
“fast” SADS, whereas the remaining area of the latter band represents
the contributions of P+ and B, from the state PTB,. The respective
areas labeled “P*” and “P*B,” allows estimation of the free energy
gap between unrelaxed PTH, and PYB, from the equation:

_ wpt Ag(PT—P)
AG =kTn “PTBL" Ae(Pt—P)+Ae(B,—Ba)

constant, 7—absolute temperature, Ag(PT — P), and Ae(Ban Bp)—-
Bx)—mean differential absorption coefficients of the respective
species within the 600-nm band. a—the “slow” charge recombination
SADS was taken directly from the target analysis shown in Fig. 6b.
b-the “slow” charge recombination SADS was corrected in the
following way. It was assumed that a part of the ~600-nm band was
due to a contribution from open RCs; in order to reject this
contribution, the amplitude of the original ~600-nm band was
vertically shrunk in such a way that the resulting amplitude ratio of
the bands at ~545 and ~600 nm was the same as for WT RCs
(compare to the “slow” charge recombination SADS in Fig. 6b)

where k is the Boltzmann

affected by the mutations (235 ps in the WT
vs. ~250-270 ps in the mutant RCs). The non-decaying
component (blue) originating from the long-lived state
PTQx was essentially identical for all RCs. DADS esti-
mated for experimental data obtained at pH 10.5 (data not
shown) were similar to those for data obtained at pH 8
(Fig. 5a—d).

Charge separation in closed RCs

Standard experimental conditions commonly used to per-
manently reduce Q, in isolated RCs were not fully

effective in the case of membrane-bound RCs. The
experiments performed under these conditions revealed the
presence of mixed populations of open and closed RCs in
the samples. It was established that increasing the buffer
pH from 8 to 10.5 and shortening the time for the collection
of each set of data at the expense of a decreased number of
time points (thus leading to somewhat worse signal-to-
noise ratio and lower temporal resolution) allowed the
collection of data for fully or almost fully closed RCs (see
below).

Charge separation DADS obtained for closed RCs at pH
10.5 were generally similar in lineshape to the respective
DADS for open RCs except for the region around 600 nm
in which, especially in the case of the ELL RCs, some
differences were observed (compare panels a—d and e-h in
Fig. 5). The lifetimes of charge separation were somewhat
increased from ~5 to 7 ps in open RCs (Fig. 5Sa—c)
to ~8-10 ps in closed RCs (Fig. Se-g), and from 21 to
25 ps for the GML RC (Fig. 5h). This effect of pre-re-
duction of QA has been reported previously (Woodbury
et al. 1985; Wang et al. 1994; Gibasiewicz et al. 2009).
Changes in the spectral shape of the DADS for charge
separation around 600 nm (wavelength of the Q, absorp-
tion band of B,) may be rationalized by an increased
contribution from P*Bj admixing with PTH, (black
spectrum) (Heller et al. 1996). In previous work on isolated
WT RCs, an increase of the positive signal at ~600 nm
after RC closure was shown and explained by a repulsive
electrostatic interaction between QO and H, that pushes
the free energy of P*Hy up toward that of PTB, (Giba-
siewicz et al. 2009). Although in the present work, the
spectral shape of the charge separation DADS at around
600 nm in open membrane-bound RCs is more complex
than was reported previously for isolated RCs, careful
comparison of the DADS for open and closed RCs reveals
that the signal at around 600 nm is generally more positive
for all the RCs after closing them except for the GML
mutant (Fig. 5h). Therefore, we conclude that pre-reduc-
tion of Q4 leads in all the membrane-bound RCs under
study (except for GML RC, see below) to a similar increase
of the P H} free energy level as reported for isolated RCs.

The effect of RC closure on the 600 nm region of the
charge separation DADS was particularly prominent for the
ELL RC (compare Fig. 5b and h). A prominent positive
band appeared at this wavelength which was more than half
as large as the Hy/H, band at ~545 nm. We interpret this
as a manifestation of substantial formation of P*Bj in this
RC due to a particularly large shift of the free energy of
PTHj toward that of P"Bj upon pre-reduction of Q4. In
contrast, closure of the GML RC exerted almost no effect
on the shape of the charge separation DADS in
the ~600 nm region (Fig. 5d, h). This observation may
mean that the interaction between Qx and H, does not
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result in an observable change in the initial free energy gap
between the PYB, and PTH in this RC.

Charge recombination in closed RCs

Pre-reduction of Q4 causes back electron transfer from H,
to Pt to be observed during the 2 ns measuring window.
Therefore, the lineshapes of the two “slowest” DADS for
closed RCs were markedly different from their equivalents
for open RCs. Importantly, these closed RC DADS showed
significant differences between RCs.

The two processes described by the two “slowest”
DADS were, except for the GML RC, attributable to two
phases of charge recombination (Fig. Se—g; compare to
data for isolated WT RCs in (Gibasiewicz et al. 2009)). In
the case of GML RC, only the slowest phase could confi-
dently be assigned to charge recombination (Fig. 5f). In
principle, the phases of charge recombination should be the
same as those observed in nanosecond measurements at
690 nm. However, given the different temporal resolutions,
temporal windows and signal-to-noise ratios in these two
types of experiment, the lifetimes resolved were somewhat
different. As expected, the lifetimes of the fast phase of
charge recombination, 7;, were found to be smaller in the
femtosecond experiments (see comparison of 7; values in
nanosecond and femtosecond experiments in Table 1).
Importantly, however, results from both techniques showed
that the fast phase of charge recombination was slower in
WT RCs than in the ELL and YLH mutants, suggesting a
larger energetic barrier for this recombination in the for-
mer. The 1.6-ns component resolved in the femtosecond
experiment for the GML RC had no counterpart in the
nanosecond experiment, probably due to its small ampli-
tude at 690 nm and the poorer signal-to-noise ratio in the
nanosecond experiment.

The temporal window of 2 ns in the femtosecond
experiment was insufficient for a proper estimation of the
lifetimes of the slow charge recombination phase. There-
fore, in analyzing the data from the femtosecond experi-
ment, the lifetime of the slow phase was fixed for all RCs at
20 ns. As expected and checked, the exact value of this
parameter was not essential for the results of fitting
procedure.

It is interesting to note the differences between the rel-
ative amplitudes of the “slow” and “fast” charge recom-
bination DADS. Focusing on the spectral region covering
the bands at ~545 and ~600 nm, it can easily be seen
that in the case of WT and YLH RCs (Fig. Se, g), the
contributions of both phases were roughly equal, whereas
in the case of ELL RC, the contribution of the 0.68 ns
component was much larger than that of the 20 ns com-
ponent (Fig. 5f). These observations correlate very well
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with the relative amplitudes from the nanosecond fits
(Table 1).

The shape and relative amplitude of the bands in the fast
nanosecond DADS found for the GML RC (1.6 ns;
Fig. 5h) were markedly different from those obtained for
the remaining RCs. The main features of this DADS was
“differential-like” structures at ~545 and ~ 600 nm sug-
gesting that the process underlying this 1.6 ns DADS is not
primarily the fast phase of charge recombination as it is in
the remaining RCs but rather an electrochromic shift of
BPhe absorbance at ~545 nm and BChl absorbance
at ~600 nm. This hypothesis was confirmed through a
target analysis of the femtosecond data.

Target analysis

Figure 6 presents results of target analysis performed for
the femtosecond data collected for closed RCs. A common
model of considered states was used for all samples con-
sisting of the following four compartments or species: a
BChl excited state (B*), the excited state of P (P*), a
charge separated state equilibrated over P*B, and an
unrelaxed (P*Hy); state, and a relaxed (PTHj), charge
separated state (see the schemes above the spectra in
Fig. 6). The lifetimes of 0.4 ps (B* — P*) and 20 ns
(depicting (PTHjL), charge recombination) were fixed.
Moreover, a constraint was applied that the sum of
amplitudes of the bands at ~545 and ~600 nm for the
fast charge recombination spectrum should be the same as
the sum of the amplitudes of the respective bands for the
slow charge recombination spectrum. (The amplitudes of
these bands were measured relative to the local maximum
at ~565 nm). This constraint was justified by an
assumption that the differential molar extinction coeffi-
cients related to photobleaching signals from Hj
at ~545 nm are the same as those from Pt and Bx
at ~600 nm (see below). The resulting spectra of the
excited state P* (black thin lines in Fig. 6) are rather
similar to each other for the four samples. In the analysis,
one should focus on the differences in the relative ampli-
tudes of the bands at ~545 and ~600 nm in fast (thick
red lines) and slow (blue lines) charge recombination
spectra.

As mentioned in the Introduction, the relative ampli-
tudes of the Q. photobleaching bands at ~545
and ~600 nm in the two charge recombination phases are
good indicators of the free energy gap between PTB, and
PTHJ on the respective time scales. The bigger the signal
at ~600 nm relative to that at ~545 nm, the smaller this
gap and the more the P*B, «— PTH, equilibrium is
shifted toward the left. Comparison of these two negative
bands in the fast recombination species-associated differ-
ence spectra (SADS; Fig. 6a—c, red; 1.6 ns for WT, 0.68 ns
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for ELL, and 0.49 ns for YLH) clearly shows that for WT
and YLH RCs, the band at ~600 nm is only slightly
deeper than that at ~545 nm, whereas in ELL RC the
difference between these bands is much bigger. This dif-
ference is consistent with the postulate formulated above
that the free energy gap between P* B and unrelaxed state
(PTHZ),, is smaller for ELL than for the WT and YLH
RCs.

The relative amplitudes of the bands at ~545
and ~600 nm in the “slow” charge recombination spec-
trum were shown in a previous publication on isolated WT
RCs to be similar to each other, with the band at ~ 545 nm
being slightly deeper (Gibasiewicz et al. 2009). A similar
pattern is observed for WT, YLH, and GML membrane-
bound RCs (Figs. 6a,c,d, blue). An opposite observation
that the band at ~600 nm was somewhat deeper than that
at ~545 nm in the case of the ELL RC (Fig. 6b, blue) may
be explained by a minor admixture of RCs in the open
state. This explanation seems to be very likely since we
found that full closing of RCs was difficult for all sam-
ples—it was necessary to increase pH of the RCs solution
to 10.5 in order to close RCs efficiently. However, we also
considered an alternative possibility that the band at
545 nm is intrinsically smaller than that at 600 nm in the
case of the ELL RC, due to the mutation which may affect
0, band of H,. Apparently, the mutation affects also the
absorption band of Hx above 625 nm which is clearly blue-
shifted compared to the remaining samples (compare
“fast” and “slow” charge recombination SADS in this
region for all samples (Fig. 6)). The two approaches result
in somewhat different estimations of the free energy gap
between P'B, and unrelaxed PTH, (see Fig. 7 and
below). For all samples, the “slow” charge recombination
SADS is believed to originate from the relaxed state of
PTH, (PTHy),, with a negligible contribution from P B}
in analogy to the slow phase obtained in the nanosecond
experiments.

The relative amplitudes or areas of the photobleaching
bands at ~545 and ~ 600 nm in the charge recombination
SADS (Fig. 6a—c) may serve to estimate the relative pop-
ulations of the equilibrated states P*B, and (PTHy), as
well as the free energy gap between these states in a
quantitative way described previously (Gibasiewicz et al.
2009) and presented in Fig. 7 for the case of the ELL RCs.
In brief, assuming that the 20 ns SADS is contributed to
exclusively by relaxed state (PYHZ), (with the band
at ~545 nm assigned to H, and the band at ~600 nm
assigned to P), the “excess” of the photobleaching signal
of the ~600 nm band in the fast charge recombination
SADS (0.49-1.6 ns) relative to the 20 ns SADS in each
dataset (except for GML RCs) is a measure of the popu-
lation of PTBj; that is in equilibrium with (P*HJ),.
Assuming further similar differential extinction coefficients

of the photobleaching signals, Ag, for P*/P and Ba/Ba
at ~600 nm(0.5Ae(PT — P) < Ae(Bn Bj) < 2Ae(Pt — P))-
By) < 2Ae(P — P)) and testing somewhat different ways
of estimation of the photobleaching bands’ areas at ~ 545
and ~600 nm (one of them is illustrated in Fig. 7; in
another, we limited the integration of the band to the region
of the band minimum (~ 545 or ~600 nm) £ 20 nm), a
set AG; of ranges was obtained (Table 2).

For the GML RC, unlike for the remaining complexes,
the relative amplitudes of the bands at ~545
and ~600 nm in the fast charge recombination SADS
were very similar to the corresponding amplitudes in the
slow charge recombination SADS (Fig. 6d, red and blue).
This observation indicates that the contribution of the state
P*Bj being in equilibrium with (P*HJ), is negligible and
that the initial free energy gap between these states (AG)
is large, which is confirmed by calculations (Table 2,
AG, = 90 meV for the assumed tpg value of 0.2 ns). On
the other hand, the two negative bands at ~545
and ~600 nm in the slow charge recombination SADS are
red shifted relative to those in the fast charge recombina-
tion SADS. This spectral shift explains the “differential-
like” shape of the 1.6-ns DADS (Fig. 5h).

The lifetimes estimated from the target analysis (t, —
1) are presented in Fig. 6 in the compartmental model
schemes. They allow direct estimation of the branching
ratio that determines what percentage of the RCs in equi-
librated state PTBx/(PTHz), recombine (with lifetime 7.)
and what percentage evolve to the relaxed state (PYHR),
(with lifetime t.)—values are given in the schemes
(Fig. 6). Moreover, together with the values of AG, esti-
mated from the same femtosecond experiment (Table 2),
the lifetimes obtained from the target analysis (t. and t.)
allow independent estimation of the molecular lifetimes 7,
and tpg (Fig. 2) from the following formulae:

oAGI/KT

T = Pite = 1 GAGURT T

1

TpB — (1 —Pl)Te :W‘Eda

where (1 — P;) and P;are the probabilities of occupation of
the states P*B, and (P*H}),, respectively, in the P"Bx/
(P*HJ), equilibrium, k is the Boltzmann constant, and T is
the absolute temperature.

Comparative analysis of the results obtained
from the nanosecond and femtosecond experiments

The nanosecond and femtosecond measurements gave
consistent raw results, although both the relative ampli-
tudes A;—A, and lifetimes 7,—1, of the two charge recom-
bination phases obtained from the two techniques were
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somewhat different (Table 1). In the case of the fem-
tosecond measurements, the amplitudes of the two phases
were similar to one another for the WT RC, with the fast
phase dominating over the slow phase to a moderate extent
for the YLH RC or to a large extent for the ELL RC. The
slow phase largely dominated over the fast phase for the
GML RC (see also Fig. 5e-h). Similar tendency in A/A;
proportions were observed in the nanosecond experiments
(Table 1). Some differences may be explained by different
temporal resolution and temporal windows in these two
techniques, as well as a worse signal-to-noise ratio in the
nanosecond experiment. Probably for the same reasons, no
fast component was resolved for GML RC in the
nanosecond experiment.

Analysis of the model molecular parameters obtained
from the nanosecond and femtosecond data (Table 2) leads
to the following observations. Treating the free energy gaps
as free parameters (case b in the nanosecond experiment),
both techniques indicate similar initial free energy gaps
(AG)) between the states PTBx and (PTHy), for WT (77
and 60 meV), ELL (22 and 15 meV), and YLH RCs (79
and 49 meV). The significant value of AG; for the YLH
RC estimated from the femtosecond experiment seems to
exclude the possibility that the weak temperature depen-
dence of charge recombination is caused by isoenergeticity
of P*B and (PTHy); in this case (option a). Oppositely,
the small value of AG; for the ELL RC makes both options
(a and b) likely. According to both femtosecond and
nanosecond results, all three molecular parameters shown
in Table 2, 715, AG;, and 1pg, co-determine the overall
charge recombination kinetics. The femtosecond results,
characterized by better temporal resolution, indicate that
the protein relaxation is accelerated in all three mutants
relative to WT RC, with this relaxation being particularly
fast for YLH RC, 1 ns versus 3.1 ns for WT. Ranges of the
tpg values extracted from the femtosecond experiments
(from 0.11 ns for YLH to 0.32 ns for ELL) agree well with
those published before (Heller et al. 1996; Katilius et al.
1999).

Conclusions

The observed variety of charge recombination dynamics in
the mutant RCs is caused by three factors undergoing
modulation by the introduced mutations: (1) the initial free
energy gap between the states PTB, and PTHy, (2) the
intrinsic rate of PTBy — PBa charge recombination, and
(3) the dynamics of protein relaxation in response to the
appearance of the charge separated states. The main factor
responsible for the particularly fast charge recombination
in the ELL RC is small initial free energy gap between
PTB, and P"H,, whereas large initial free energy gap

@ Springer

between these two states is responsible for particularly
slow charge recombination in the GML mutant. The YLH
RC showed a similar average decay of the charge separated
states to that of WT RCs, despite a particularly fast Pt~
B, — PBj charge recombination which was compensated
for by an increased efficiency of protein relaxation. In all
the mutant RCs, no significant temperature dependence of
the protein relaxation could be concluded from the model
calculations, in line with a previous report on WT RCs. The
question of whether the free energy gap between P B, and
PTHj states is temperature dependent or not was not
definitely answered for the WT, ELL, and GML RCs.
Model calculations for YLH RCs indicate that this free
energy gap decreases at low temperature but still undergoes
the temporal evolution. An identification of the structural
rearrangements underlying the mutation-specific variations
in protein dynamics is a real challenge and will be the
subject of future work.
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