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ABSTRACT: Energetics, protein dynamics, and electronic coupling are the key
factors in controlling both electron and energy transfer in photosynthetic bacterial
reaction centers (RCs). Here, we examine the rates and mechanistic pathways of
the P'H,~ radical-pair charge recombination, triplet state formation, and
subsequent triplet energy transfer from the triplet state of the bacteriochlorophyll
dimer (P) to the carotenoid in a series of mutant RCs (L131LH + M160LH (D1),
LI3ILH + MI97FH (D2), and L131LH + MI60LH + MI97FH (T1)) of
Rhodobacter sphaeroides. In these mutants, the electronic structure of P is
perturbed and the P/P" midpoint potential is systematically increased due to
addition of hydrogen bonds between P and the introduced residues. High-
resolution, broad-band, transient absorption spectroscopy on the femtosecond to
microsecond timescale shows that the charge recombination rate increases and the
triplet energy transfer rate decreases in these mutants relative to the wild type
(WT). The increase of the charge recombination rate is correlated to the increase
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in the energy level of P*H,~ and the increase in the P/P* midpoint potential. On the other hand, the decrease in rate of triplet
energy transfer in the mutants can be explained in terms of a lower energy of P and a shift in the electron spin density
distribution in the bacteriochlorophylls of P. The triplet energy-transfer rate follows the order of WT > L131LH + M197FH >
L131LH + M160LH > L131LH + M160LH + M197FH, both at room temperature and at 77 K. A pronounced temperature
dependence of the rate is observed for all of the RC samples. The activation energy associated to this process is increased in the
mutants relative to WT, consistent with a lower *P energy due to the addition of hydrogen bonds between P and the introduced

residues.

1. INTRODUCTION

Proper photoprotection is critical for maximizing productivity
in photosynthetic organisms.l’2 Various photoprotective
mechanisms are employed to prevent the generation of
reactive oxygen species under excess illumination.” ® Car-
otenoids play a key role in these photoprotective processes, in
addition to their importance in light harvesting.>” In the light-
harvesting (LH) complexes of higher plants, photoprotection
is achieved by dissipating excess excitation energy of
chlorophylls via pathways, including triplet energy transfer to
the carotenoid® and nonphotochemical quenching of chlor-
ophyll fluorescence, through interactions with carotenoid.” In
photosynthetic bacterial reaction centers (RCs), the triplet
state of the primary donor, P (a bacteriochlorophyll dimer),
can be generated upon excess illumination and is quenched by
triplet energy transfer to the carotenoid (Car).”™"*

In RCs, there are a series of co-factors involved in energy
and electron transfer, including the primary donor (P), two
bacteriochlorophyll monomers (B, and By), two bacterio-

pheophytins (H, and Hp), two quinones (Q, and Qg), a
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carotenoid, and a nonheme iron. With the exception of the
carotenoid, these co-factors are arranged in two quasi-
symmetrical chains known as the A and B chains. Electron
transfer occurs exclusively through the A chain under normal
conditions (Figure 1a).''® The asymmetric carotenoid
molecule is present in the B chain in van der Waals contact
with Bg.">'” The charge-separated radical pair, '(P*H,"), is
formed in 2—3 ps upon photoexcitation of P in wild-type
(WT) RCs."*7*° When H, ™ to Q, electron transfer (occurring
in a 200 ps timescale) is blocked, '(P*H,”) can either
recombine to the ground state or undergo a singlet—triplet
spin dephasing process to form the triplet state of the radical
=23 The triplet

radical pair then recombines to generate *P (see kinetic
)22

pair, *(P*H, "), through hyperfine interactions.”

scheme in Figure 1b
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Figure 1. (a) Arrangement of the co-factors in reaction centers and the pathways of electron transfer, charge recombination, and triplet energy
transfer between the co-factors (left side). The relative positions of the point mutations that introduce hydrogen bonds between the amino acid
residues and P are shown (right side). The increase in the P/P* midpoint potential of the mutant reaction centers with increasing the number of
hydrogen bonds between P and amino acid residues is shown below the structures. (b) The relative energetics of charge-separated states increases
with increasing the P/P* midpoint potential causing a decrease in the rate and yield of charge separation (P* — P*B,~ — P*H,” in quinone-
depleted RCs). The kinetic pathway of triplet P formation and subsequent triplet energy transfer is also shown.

The °P generated is efficiently (nearly 100% in WT RCs)
quenched by the carotenoid (here, sphaeroidenone in 15,15’
cis conformation), which has a lower triplet state energy than
3p.*** This quenching prevents the interaction of P with
oxygen and the generation of reactive oxygen species. The
triplet energy transfer is thought to occur via a Dexter
mechanism requiring relatively strong electronic orbital
overlap.”®*” A bacteriochlorophyll, By, is located between P
and carotenoid”**>*® and is presumably involved as an
intermediate in the triplet energy transfer. However, there is
no direct evidence for participation of *By during the process.
The rates and mechanistic pathways of *P — By — *Car
triplet energy transfer in WT and By co-factor-modified mutant
RCs have been studied previously using transient absorption,
time-resolved electron paramagnetic resonance (EPR), and
other spectroscopic techniques.'”'***7** This work has
implied that the triplet energy transfer occurs through a
thermally activated mechanism, where the intermediate state,
*By, is nearly 100 cm™" higher in energy than triplet state of *P
in WT.">'** Recently, we have explored the details of the
triplet energy transfer mechanism in WT and the @ mutant,
M182HL RC, where By is replaced by a bacteriopheophytin,
using high-resolution broad-band transient absorption spec-
troscopy. * From the spectral and kinetic analyses, it was
shown that By, has substantial electronic coupling to both *Car
and °P and that this likely mediates the rapid and efficient
triplet energy transfer observed in WT. In the ® mutant, the
triplet energy of the bridging intermediate is increased by
replacement of the co-factor By by a bacteriopheophytin, and
the reaction rate decreased significantly, consistent with the
idea that *By acts as a thermally activated bridging state (triplet
bacteriopheophytin is expected to be at higher energy than the
triplet monomer bacteriochlorophyll normally present in the
By pocket); no triplet energy transfer was observed at low
temperature (77 K) in the ® mutant.

Previous work has primarily focused on the mechanistic
implications of changing the energetics of either *By or *Car
via mutation or substitution, and the effects of perturbing these
energies are reasonably well understood.'”'"***%3%%> How-
ever, perturbation of the electronic structure and triplet
energetics of P on triplet energy transfer has not been
systematically explored. The electronic spin density on P is
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asymmetrically distributed between the two bacteriochlor-
ophylls, as shown earlier by EPR and ENDOR studies.”* This
asymmetric spin density distribution may also affect the triplet
state delocalization of P and the electronic coupling between
3P and the monomeric bacteriochlorophylls of RCs.”

In this work, a systematic study of the rates and kinetic
pathways of charge recombination, triplet state formation, and
triplet energy transfer in WT and in a series of three different
RC mutants of Rhodobacter sphaeroides (L131LH + M160LH
(D1), L131LH + M197FH (D2), and L131LH + M160LH +
M197FH (T1)) is presented. These double (D1 and D2) and
triple (T1) mutants introduce new hydrogen bonds with
p,>%37 altering its electronic spin distribution and raising the P/
P* midpoint potential from 505 mV in WT to 635, 710, and
765 mV in the D1, D2, and T1 mutant RCs, respectively
(Figure 1a).>**° The energetics of the charge-separated states
(P*B,~, P*H,", etc.) relative to the ground states of P, B, and
H (Figure 1b) increases with increasing P/P* midpoint
potential,’” and these mutants have been useful in studying
the rate vs driving force dependence of charge separation and
recombination processes.'”" The spin density distribution of
the bacteriochlorophylls in P also changes when hydrogen
bonds are added to P in the mutant RCs.*' = Here, the triplet
state formation and triplet energy transfer processes in the D1,
D2, and T1 mutant RCs are explored and compared to the
results in WT RCs. First, the effect of systematically altering
the energetics of the P'H,~ radical-pair charge-separated state
on the rate and yield of *P formation is measured. *P is formed
during the decay of *(P*H,"), and the competition between
singlet radical-pair recombination and singlet—triplet spin
dephasing determines the yield of *P. The temperature-
dependent rates and pathways for the decay of *P (either by
triplet energy transfer or by direct decay to the ground state of
P) are then compared between the WT and mutant RCs,
focusing on the effects of changes in the spin density
distribution and the triplet state energetics induced by the
mutations.

2. MATERIALS AND METHODS

The construction, isolation, and purification of the mutants,
LI3ILH + MI60LH (D1), LI3ILH + MI97FH (D2),
L131LH + M160LH + MI197FH (T1), and the carotenoid-
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Figure 2. Contour plots of transient absorption changes in the Qx absorption region of (a) quinone-depleted WT and (b) quinone-depleted
L131LH + M160LH + M197FH (T1) mutant RCs recorded at room temperature after excitation at 865 nm.
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Figure 3. (a, b) Time-resolved absorption difference spectra of quinone-depleted WT and L131LH + M160LH + M197FH (T1) mutant RCs at 1,
30, and 100 ns time delays recorded at room temperature after excitation at 865 nm. (c) Kinetic traces of the WT, L131LH + M160LH (D1),
L131LH + M197FH (D2), and T1 RCs monitored at 860 nm showing the recovery of P bleaching during the radical-pair charge recombination, *P
formation and subsequent triplet energy-transfer processes. Inset: the left panel shows the kinetics (1—50 ns) dominated by charge recombination
(traces are normalized to the same initial amount of P bleaching at 1 ns) and the right panel shows the kinetic traces (normalized to the same
amount of P bleaching corresponding to *P population at 30 ns) in the time region 30—300 ns dominated by triplet energy transfer. (d) The kinetic
traces of WT-NC and T1-NC reaction centers monitored at 860 nm showing the recovery of the P bleaching due to radical-pair charge

recombination and the direct decay of °P to the ground-state P.

less mutants, M71GL (WT-NC) and L131LH + M160LH +
M197FH + M71GL (T1-NC), have been described
previously.””** To block electron transfer to Q, and generate
3P, both Q, and Qg were removed from the RCs'**° (90—95%
removal of Q, as measured by light-minus-dark spectroscopy).
The quinone-depleted RCs were suspended in 15 mM Tris—
HCI (pH 8.0) buffer containing 0.045% lauryl dimethylamine
oxide, 1 mM ethylenediaminetetraacetic acid, and 150 mM
NaCl. For transient absorption measurements, the RC samples

were loaded into a 2 mm cuvette with a final absorbance at 800
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nm of ~0.8. For low-temperature measurements, the RC
samples were dissolved in 3:1 (v/v) glycerol—buffer mixture."*

A detailed description of the ultrafast pump-probe
absorption spectroscopy setup has been reported previously.'®
Briefly, a regenerative optical amplifier (consisting of a
Tsunami Oscillator and a Spitfire amplifier, Spectra-Physics)
was used to generate 1 mJ laser pulses at a repetition rate of 1
kHz (100 fs pulse duration, 800 nm). Part of the pulse energy
(600 yJ) was used to pump an optical parametric amplifier
(OPA-800, Spectra-Physics) to generate the excitation pulses
at 865 nm for room-temperature measurements and at 870 nm
for measurements at 77 K. The broad-band transient
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Figure 4. Kinetic traces of carotenoid ground-state bleaching and the *Car absorption increase monitored at 480 and 600 nm, respectively, for RCs
from (a) WT and (b) the triple mutant (T1, L131LH + M160LH + M197FH). (c) Comparison of the evolution of the kinetics of the carotenoid

bleaching signal (at 480 nm) between RCs from WT, (L131LH + M160LH) and (L131LH + M197FH).

absorption changes were measured using a spectrophotometer
that included a charge-coupled device as a detector (DU420,
Andor Technology). The polarization of the pump pulses was
set to the magic angle (54.7°) with respect to the probe pulse
polarization. Transient spectra were recorded between 500 and
760 nm at delay times from 100 fs to 7 ns.

For transient absorption measurements in the nanosecond
to microsecond time region, a commercial spectrometer (EOS
VIS—NIR, Ultrafast Systems, Sarasota, FL) was used. This
system has a broad-band probe light that covers the entire

wavelength region from 400 to 910 nm.

was generated from the same ultrafast laser system, as
discussed above.

3. RESULTS AND DISCUSSION

3.1. Ground-State Absorption Spectra. The ground-
state absorption spectra of all of the mutant RCs, D1, D2, T1,
WT-NC, and T1-NC, are compared with WT RCs in Figure
S1. The mutants have spectra similar to WT, consistent with
prior studies.>® Thus, the energy of the singlet-excited state of
P does not change as a result of the mutations. In mutants WT-
NC and TI1-NC, the carotenoid is not present due to the
change of glycine to leucine at M71 (M71GL) and as a result a
significantly reduced absorption is observed in the 450—550
nm region (sphaeroidenone under the growth conditions
used).** The absence of the carotenoid in these mutants also
causes a slight blue shift of the Qy absorption of B,/Bg (at 800

nm) compared to WT (at 802 nm)."”

3.2. Nanosecond Transient Absorption Data at Room
Temperature. The dynamics of P*H,~ charge recombination,
triplet state formation, and triplet energy transfer in the
quinone-depleted WT and mutant RCs were monitored using
transient absorption spectroscopy in the spectral range 410—
910 nm with a time resolution of 1 ns. The two-dimensional
pseudocolor contour plots for WT and the mutant T1 between
450 and 740 nm (the Qy absorption region) are shown in
Figure 2. The corresponding plots for the other mutants (D1,
D2, WT-NC, and T1-NC) are shown in Figure S2. Initially
(within 1 ns), following photoexcitation, the accumulation of
'(P*H,")/*(P*H,") results in the appearance of negative
bands at 545 and 600 nm corresponding to a decrease in
ground-state absorbance for H, and P, respectively. There are
also positive bands at 665 and 700 nm that correspond to the
absorbance of P and H,", respectively. These bands largely
disappear as '(P*H,")/*(P*H,”) decays and °P appears.

Triplet energy transfer from °P to the carotenoid results in
the appearance of the *Car absorption band at 600 nm and a
decrease in the ground-state carotenoid band at 480 nm. The
Car ground-state absorbance decrease and the *Car absorption
increase are absent in the WT-NC and TI1-NC mutants

consistent with the absence of triplet energy transfer in these

The pump pulse

carotenoid-less RCs (Figure S2c,d). The data for WT RCs are
consistent with the previously reported data."*

The differences between the spectral evolution of WT and
D1, D2 and T1 mutants can be better understood by
considering spectra at several characteristic delays (1, 30, and
100 ns) from the data (see Figures 3a,b and S3). At 1 ns,

reaction centers are predominantly in the '(P*H,™)/*(P*H,™)
state, and there is prominent loss of ground-state absorbance at
860 and 600 nm (P), 760 and 545 nm (H,) as well as broad

absorption increases between 660 and 700 nm due to the
absorption by H,~ and P".'"* These absorbance changes
largely disappear by 30 ns due to the decay of
{(P*HL)/A(PTH, D).

‘What remains of the ground-state bleaching of P at 30 ns is
largely due to *P. By 100 ns, *P has almost completely decayed
via triplet energy transfer to the carotenoid.”>*” The 100 ns
spectrum of the carotenoid-containing RCs shows carotenoid
ground-state bleaching between 450 and 550 nm as well as
>Car absorption at 600 nm as expected for the *Car
state.'">>*® The 3Car decays by 3 us at room temperature
for all of the carotenoid-containing RC samples (Figure S4).

As expected, in the WT-NC and T1-NC mutants, the spectra
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lack characteristics of *Car formation (Figure S5)."* The 3P
population (residual P bleaching in 30 ns spectra) in these
carotenoid-less RCs decays by 30 us (Figure SS).

A comparison of the P bleaching amplitudes in the 30 ns
spectra between WT and the mutants shows a significantly
lower yield of *P in the T1 mutant (Figure S6a). However, no
significant difference in the yield of *P is observed between the
WT and double mutants D1 and D2 (the relative amplitude of
P bleaching in the 30 ns spectra is similar for WT, D1, and D2
in Figure S6a). The poor yield of *P in the T1 mutant
compared to WT is also reflected in a comparison of the 30 ns
spectra of the WI-NC and T1-NC (Figure S6b). In these
comparisons, the spectra were scaled in such a way that the
initially populated '(P*H,~) state at 1 ns delay time is similar
for all RCs."” Because of the poor yield of °P in the T1 mutant,
the yield of *Car also becomes much lower in the carotenoid-
containing version of the T1 mutant than in WT, D1, or D2
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Figure S. Time-resolved absorption difference spectra of quinone-depleted WT (a, c) and quinone-depleted T1 triple mutant, L131LH + M160LH
M197FH (b, d) reaction centers at 77 K. The spectra are recorded at several time delays in the nanosecond to microsecond range after the

excitation of samples at 880 nm.

mutants containing carotenoid (see the comparison of the
amplitudes of the carotenoid bleaching band at 450—550 nm
and *Car absorption band at 600 nm in the 100 ns spectrum,
Figure S6¢).

Figure 3c,d shows the P bleaching decay traces at 860 nm for
all of the RC samples. Initial 1—30 ns traces suggest a faster
'(P*H,")/*(P*H,~) recombination process for the D1, D2,
and T1 mutants than WT (inset, left panel of Figure 3c). The
residual signal (at 30 ns), which represents the *P population,
decays completely to zero within 100—200 ns for the
carotenoid-containing RCs. However, in WT-NC and TI1-
NC, the °P signal decays almost 2 orders of magnitude more
slowly (20—30 us) due to the absence of triplet energy transfer
(Figure 3d). This supports a nearly 100% yield of triplet energy
transfer from *P to the carotenoid in the carotenoid-containing
WT and mutants at room temperature. The evolution and
decay kinetic traces of carotenoid ground-state bleaching (at
480 nm) and *Car absorption (at 595 nm) show clear
differences in the dynamics of triplet energy transfer between
WT and the mutants (D1, D2, and T1) (Figure 4), which is
consistent with that observed from the decay kinetics of the
ground-state bleaching of P in Figure 3c.

3.3. Nanosecond Transient Absorption Data at 77 K.
As studied previously, the *P — *Car energy transfer in WT
RCs is strongly dependent on temperature.'* The low-
temperature (77 K) transient absorption spectra of the WT,
D1, D2, and T1 mutant RCs at several characteristic time
delays in the nanosecond (1, 50, and 500 ns) to microsecond
(S and 10 ps) region are compared (Figures S and S7). The
spectral features of the WT are consistent with previously
reported low-temperature spectra.14 At 77 K, the
'(P*H,")/*(P*H,™) population observed at 1 ns decays
completely by 50 ns for both the WT and mutant samples,
judging from the recovery of the H, ground-state absorbance
at 545 nm. The 50 ns spectrum contain prominent P bleaching
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at 870 nm primarily due to *P. However, some *Car is evident
as carotenoid ground-state bleaching at 480—500 nm and *Car
absorption increase at 600 nm. This is obvious in the 50 ns
spectrum of WT."* In the 50—500 ns time range, the P
ground-state bleaching at 870 nm (due to the *P) gradually
recovers due to triplet energy transfer at 77 K.

For the carotenoid-containing WT and the D2 mutants, the
3P decays almost to zero by 500 ns (Figures Sa,c and S7a,c).
Note that the small residual absorbance decreases, which are
associated to By (at 800—812 nm) and P (At 870 nm) in the
500 ns and microsecond spectra, are due to the effects of *Car
on the P and By, ground-state transitions.'* In contrast, the 500
ns transient absorption spectra of the carotenoid-containing T1
and D1 mutant (Figures Sd and S7d) have a significant
amount of actual P ground-state bleaching (at 870 nm) due to
residual *P. For D1, this residual *P decays with the same
kinetics as *Car (on the S5 us timescale) (Figure S7d).
However, in T1, the residual *P (present at 500 ns) decays
partly in correlation with the decay of *Car, and the rest decays
directly to the ground-state P (in the 100—200 s time range)
without involving triplet energy transfer (Figure Sd). This is
consistent with heterogeneous kinetics of triplet energy
transfer in D1 and T1 mutants.

In the low-temperature spectra of the carotenoid-less
mutants (WT-NC and T1-NC), there is essentially no decay
of *P (residual signal at SO ns) in the S0—500 ns time range.
The *P in these RCs decays to the ground state more slowly on
the 100—200 yus timescale due to the absence of triplet energy
transfer (Figure S8). This is consistent with a near 100%
efficient triplet energy transfer for WT, D1, and D2 at 77 K,
similar to that observed at 298 K. However, for T1, the
efficiency is reduced as some population of *P directly decay to
the ground state.

The kinetics of P ground-state bleaching recovery monitored
at 870 nm (Figure 6a) were compared between the WT and
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Figure 6. Kinetic traces of quinone-depleted RCs from WT as well as the L131LH + M160LH (D1), L131LH + M197FH (D2), and L131LH +
M160LH + M197FH (T1) mutants monitored at 77 K. (a) Absorbance changes at 870 nm showing the recovery of P ground-state bleaching due
to either singlet radical-pair charge recombination or energy transfer depleting °P formation. (b) Absorbance changes at 480 nm showing the

formation and decay of ground-state bleaching due to *Car.

mutant RCs at 77 K. The initial bleaching recovery for the T1
mutant has a rapid phase on the 1—2 ns time range. This fast
decay arises from the decay of some P* to ground-state P. The
intrinsic lifetime of P* in the absence of electron transfer is in
the range of 150—200 ps for WT RCs at room temperature.”’
Nagarajan et al.”>° earlier reported that for the M210YF mutant
RCs, where the free-energy gap between P'B,~ and P'H,~ is
increased by the mutation, the intrinsic lifetime of P* became
more than 300 ps at room temperature and in the nanosecond
range at low temperature. Rapid recovery of P bleaching in the
1-2 ns time is also observed for the T1-NC mutant (Figure
S9a). However, the H, bleaching recovery time in the T1-NC
mutant at 545 nm (Figure S9b) is essentially identical to WT-
NC, suggesting that at 77 K the decay kinetic traces of
Y(P*H,")/*(P*H,") are similar for all of the RC samples
irrespective of the P/P* midpoint potential. This is consistent
with the previous reports, which suggested that the slow
component of the '(P*H,")/*(P*H,~) decay is independent
of the P/P* midpoint potential.>'

There are significant differences in the P ground-state
bleaching recovery traces of the WT, D1, D2, and T1 mutants
(Figure 6a) beyond S0 ns at 77 K. The decay traces in this
time region, which primarily represent the decay of °P by
triplet energy transfer, become slower in the mutants than in
WT following the order of WT (fastest) > D2 > D1 > Tl
(slowest). This trend is similar to that observed at room
temperature. The kinetic traces of carotenoid ground-state
bleaching at 480 nm (Figure 6b) show differences in the rate
and yield of *Car formation for these samples that are
consistent with *P decay (Figure 6a).

3.4. Global Fitting Analysis and the Evolution-
Associated Difference Spectra (EADS). Global fitting
analysis of the full transient absorption data was performed
using a sequential kinetic model [A — B — -+ ] for all of the
samples at room temperature and at 77 K. A three-step kinetic
model adequately fits the data sets of the carotenoid-
containing RCs, except the low-temperature (77 K) data of
T1, which required an additional component for satisfactory
fitting. Figures S10 and S11 show the obtained EADS and
lifetime components associated to the dynamics (nanosecond
to microsecond time) of the carotenoid-containing RCs (WT,
DI, D2, and T1 RCs) at room temperature and low
temperature, respectively (Table S1). On the basis of the
spectral signature (as described in the analysis of the time-
resolved spectra), the three EADS are attributed to the decay
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of '(P*H,™)/*(P"H,"), the P to *Car triplet energy transfer,
and the decay of 3Car. The additional fourth component
(longest 110-us EADS) obtained for the T1 mutant at 77 K
can be attributed to the direct decay of *P to the ground-state
P (Figure S11d).'+*

As seen in Figure S10a, the first EADS representing
'(P*H,7)/*(P*H,") has a decay time of 12 ns in WT
consistent with a previous report.'* The decay time decreases
to 10 ns in D1 and D2 mutants and S ns in T1 mutant (Figure
S10b—d). This decrease of the '(P*H,~)/*(P*H, ™) decay time
(or the increase of the recombination reaction rate) is
consistent with the increase of P/P* midpoint potential of
the mutant RCs."”

As the temperature is lowered, the decay time of
Y(P*H,")/*(P*H,™) is known to increase for the WT RC,
primarily due to the slowing of '(P*H,~) — (P, H)g,s singlet
recombination reaction.'* At very low temperature (77 K), the
'(P*H,")/*(P*H,") state has a similar decay time in the range
of 17-22 ns for all samples (Figure S11), suggesting a
negligible influence of the P/P" midpoint potential on the
slower phase of the decay (Table S1) consistent with the
previous reports.lg’51

The decay of '(P*H,™)/*(P"H,~) results in the accumu-
lation of *P as evidenced in the second EADS with prominent
P bleaching (860 nm at room temperature and 870 nm at 77
K) and complete recovery of the H, bleaching (at 545 nm).
On the basis of the residual P bleaching signal in these EADS,
the yield of *P was estimated and is presented in Table S1. At
room temperature, the °P state decays by triplet energy transfer
with lifetime components of 25, 55, 36, and 60 ns for the
carotenoid-containing WT, D1, D2, and T1 RCs, respectively
(Figure S10, Table S1). A similar trend is also observed at 77 K
with triplet energy transfer lifetime components of 75, 250,
116, and 290 ns for the WT, D1, D2, and T1 mutant RCs,
respectively (Figure S11, Table S1). The increase in the
timescale of triplet energy transfer (or the decrease of the rate)
with decreasing temperature is more dramatic in the mutant
RCs, particularly D1 and T1, than in WT.

The EADS with a lifetime of 1.4 ys at room temperature and
4.9—5.3 ps at 77 K observed for the carotenoid-containing RCs
have the spectral characteristics of *Car. As expected, the decay
time of *Car is the same for all samples and weakly dependent
on temperature.14

For the carotenoid-less WT-NC and T1-NC RCs, only two
EADS components corresponding to the decay of
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Figure 7. Kinetic scheme based on a dynamic heterogeneity model including time constants and yields of each reaction pathway at 298 K (red) and
77 K (light blue). This is based on global fitting analysis described in the Supporting Information and summarized in Table S1. The initial kinetic
components and the yield of charge separation were obtained from fs-transient absorption data analysis (data not shown) and they are consistent

with previous reports (refs 18, 19, and 40).

'(P*H,7)/*(P*H,") and the direct decay of *P to the ground
state are obtained from the global fitting analysis (see Figure
S12) of both the room-temperature and low-temperature data.
As seen in Figure S12, the °P in these RCs decays directly to
the ground state without triplet energy transfer in the range of
15—20 us at room temperature and 110—150 ps at 77 K. At 77
K, the °P — P decay is slightly faster in the T1-NC mutant
(110 ps) than in the WT-NC mutant (150 us). The difference
in the decay time of *P between WT-NC and T1-NC mutant
RCs without triplet energy transfer could be related to the
decrease in °P energy in the hydrogen-bonded T1-NC mutant
RCs (Figure S12). It was earlier pointed out by Robinson et
al.>” that triplet states lying relatively close to the ground
singlet state decay more rapidly by the radiationless
intersystem crossing process to the ground state. Boxer et
al.*® earlier reported that P in the absence of triplet energy-
transfer decays by intersystem crossing at low temperatures.
However, at higher temperatures, an additional pathway can be
activated through the reformation of the *(P*H,") followed by
recombination that ultimately leads to the ground state of P.*
The results also suggest that the *P — P decay time is almost
2—3 orders of magnitude slower than the time for triplet
energy transfer (Table S1).

It is worth mentioning that at room temperature the P
bleaching amplitude in the 1.4 pus EADS of the carotenoid-
containing RCs (representing the °P population) becomes
almost zero (Figure S10) suggesting a near 100% efficiency of
triplet energy transfer for all samples at room temperature.
However, at low temperature (77 K), there are some P
bleaching signals remaining in the 5 ps EADS of D1 RCs
(almost 10—15% of the total *P population) and T1 RCs
(almost 40—45% of the total °P population, Figure S11). In the
D1 mutant, the residual °P decays with the decay time of *Car,
whereas in the T1 mutant this residual *P population decays in
part with the decay of *Car and the rest decays directly to the
ground-state P without triplet energy transfer as evidenced by
the 110 ps EADS of T1 at 77 K. The results suggest a
pronounced kinetic heterogeneity associated to triplet energy
transfer dynamics of the D1 and T1 mutants at low
temperatures.

On the basis of this global fitting analysis, kinetic models are
presented in Figure 7 that compare the overall dynamics and
heterogeneity, including '(P*H,™)/*(P*H,~) recombination,

3P formation, and *P — *Car energy transfer between WT and
the T1 mutant. The rates and yields of each reaction step are
also summarized in Table S1 for all of the RC samples studied
here.

3.5. Activation Energy Determination. From the
analysis of the triplet energy-transfer rates at several different
temperatures (in the range of 77—298 K), the activation
energies were calculated for the WT and mutant RCs samples.
Figure 8 shows the Arrhenius plots (In kyiptet energy transter VS 1/T)
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Figure 8. Arrhenius plot (In(krgr) vs 1/T) of the triplet energy
transfer rate in quinone-depleted WT and mutant reaction centers.
The activation energy values associated to the triplet energy transfer
processes in different reaction centers were calculated from slope of
the linear plot.

for all samples. The activation energy determined for the triplet
energy transfer in WT RCs is around 80 cm™. Laible et al."
using time-resolved EPR measurements reported an activation
energy of 105 cm™ for WT RCs. An activation energy of 125
cm™" was recently reported based on the transient absorption
data analysis of WT, but in that study, the authors used only
the longest time component resulting from a multiexponential
fit of the triplet energy transfer kinetics at low temperature."*
In contrast, in the current study, the average lifetime of the P
decay through triplet energy transfer was used to determine the
activation energy. For the D1 and T1 mutants, the triplet
energy transfer is kinetically heterogeneous at lower temper-
atures. A minor population of *P (around 10%) that decays
slowly with the decay of *Car in 4.9—5.1 s timescale (Figure
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S11) was taken into account for averaging the lifetime of *P for
the D1 and T1 mutants at those low temperatures. The
calculated activation energies for the mutant RCs are 103, 204,
and 213 cm™ for D2, D1, and T1 mutant RCs, respectively.
Considering the series from WT through T1, the activation
energy increases by 133 cm™', whereas energy of the
'(P*H,")/*(P*H,") state increases by 260 meV as hydrogen
bonds are added surrounding P in the mutant RCs.

3.6. Comparing Triplet Energy Transfer between WT
and Mutants. The rate of triplet energy transfer is slower in
the mutants compared to WT at both room and low
temperatures (Figures S10 and S11, and Table S1). Past
studies have concluded that the triplet energy-transfer rate is
determined by an energetically unfavorable transfer of triplet
energy from P to By, as evidenced previously by the dramatic
slowing of this rate when By is replaced with a
bacteriopheophytin.'**” The effect of mutations in the current
study is most easily explained as a decrease in the energy of the
°P state going from WT — D2 — D1 — T1. Stabilizing the
energy of the *P state relative to the ground state would result
in an increase in the energy difference between the *P and the
3By states and hence decrease the rate of energy transfer.
Among the double mutants, the *P energy is presumably
stabilized more in D1 (L131LH + M160LH) than in D2
(L131LH + MI197FH). The decrease of *P energy in the
mutants compared to WT can be attributed to the influence of
the environment of P on the electronic structure of its triplet
state.”

The changes in the P/P* midpoint potentials resulting from
the individual mutations are found to be additive in the
multiple mutants.” If one assumes that the energy changes of
the triplet states are also additive, then one would calculate
changes of 9, 17, and 107 cm™ in the activation energy of the
triplet energy transfer due to the mutations at M197, L131,
and M160, respectively. On the basis of this analysis, it appears
that the mutation at the M160 position increases the activation
energy to a greater extent than observed for the mutations at
the M197 and L131 positions. Because the M160 mutation site
is close to By, the mutation of Leu to His may alter the energy
of the triplet state of By (°By), as previously pointed out by
Hoff and co-workers.®” Thus, apart from the decrease of the p
energy, an increase in the energy of *By may also contribute for
increasing the activation energy of the *P — *By — Car triplet
energy transfer for mutation at the M160 position.

Moreover, mutation-induced changes in the electronic spin
distribution of the excited *P* state may influence the triplet
energy-transfer rate by changing the electronic coupling.
Richert et al. recently demonstrated the importance of
electronic spin distribution symmetry in enhancing the triplet
state delocalization in linear zinc porphyrin oligomers.*
Several recent theoretical and experimental studies using the
carotenoid-less mutant strain R26 of R. sphaeroides have
demonstrated that the electronic spin density of P in its triplet
excited state, *P*, is almost symmetrically distributed over the
two moieties of P (P, and Py,) with a minor charge-transfer
character (slight excess in the L side). 34756 The electronic spin
density distributions of the triplet excited state of *P* in the
mutant RCs are not known. Previously, from ENDOR studies
of the WT and mutant RCs, it was suggested that for the
radical cationic state of P (P**), the mutations L131LH and
MI60LH each cause significant spin density shifts.”’ In the
M160LH mutant RCs, the spin density distribution of the

unpaired electron of P™* is highly asymmetric with 85% of the
spin density localized on P.°>” On the other hand, in the
L131LH mutant RCs, the spin distribution of P** is localized
more on Py (53% localized on Py).”” In contrast, for the
M197FH mutant RCs, the spin density distribution of the P**
is very similar to that observed for the WT RCs (69% on P,
side).”” From LD-ADMR study of the L131LH and M160LH
mutant RCs of R. sphaeroides, Vrieze et al.*” earlier pointed out
that the change in the distribution of the unpaired electron in
the triplet excited state (*P*) qualitatively follows the same
trend as the localization of spin density of the P*® of the same
mutant varies with respect to that of the WT RCs. Therefore,
considering the large changes in the spin density distribution in
the P of the M160LH and L131LH mutants relative to the
WT, a large change in the rates of triplet energy transfer would
be expected for the mutants, particularly M160LH containing
mutants.

3.7. Singlet and Triplet Recombination Reaction
Rates in Mutants. The P*"H,~ state includes contributions
from both '(P*H,”) and 3(P*H,”). The measurements
described above provide insight into the relative rate constants
for recombination of the singlet and triplet forms for P*H,".
The decay of total population of '(P*H,™)/*(P"H, ) can be
represented by the followmg reaction kinetic scheme.'*

(P’ Ho) & ' H, )l
kT
kg N

(P’ H)Ground State

As reported earlier, the interconversion between the two
virtually degenerate states, '(P*H,~) and *(P"H,”), has an
oscillation frequency (a)lsc) in the range of 15 MH,, (a half-life
period of 33 ns) for WT.>® The oscillation process is relatively
slow compared to the recombination reaction rates, ks (1/19
ns~! for WT) and k; (1/(2—10) ns™! for WT)."* Therefore,
the experimentally observed decay rate of the total population
of '(P*H,")/*(P*H,") can be approximated as the sum of two
exponential decay rates, k, and a rate limited by w;,.. The time
constants associated to these two individual decay steps can be
estimated using the experimentally observed decay time (7,y;)
of the total population of '(P*H,™)/*(P*H,") (for example, 12
ns in WT, 10 ns in D1 and D2 mutants, and S ns in T1
mutant) and the yield of *P (®1) (for example, 36% in WT,
28% in D1, 31% in D2, and 20% in the T1 mutant) using the
following equation

Trecombination (S/T) = obs/q)recombination (S/T)

where @, onpimation (S/T) is the relative yield of the individual
recombination reaction steps (singlet/triplet).'*** Thus, the
estimated time constant for the singlet recombination reaction
(P*H,") = (P, H)g,S is found to be decreased from 19 ns in
WT, to 14 ns in D1 and D2 mutants, and 6 ns in T1 mutant
(see Table S1) at room temperature. The above calculation
also provided the time constant for the overall process of
triplet conversion '(P*H,~) < *(P*H,”) — °P. In the WT
RC, the estimated time constant for this process is 33 ns, which
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correlates well to the half-life period of '(P*H,~) < *(P*H,")
oscillation.”® This time constant is similar for the double (33
ns) and triple mutant (25 ns) RCs.

4. CONCLUSIONS

The rate of triplet energy transfer between P and the
carotenoid decreases in L131LH + M160LH (D1), L131LH +
M197FH (D2), and L131LH + M160LH + M197FH (T1)
mutants with additional hydrogen bonds to P. This is
consistent with a decrease in the energy of °P in the mutants
that increases the energy gap between °P and the bridging *By
state, making it thermally less accessible. As the temperature
decreases from 298 to 77 K, the triplet energy transfer time
increases (i.e., rate decreases) dramatically in the D1 and T1
mutants, consistent with an increase of activation energy for
this process in the mutants relative to the WT. The increase of
the activation energy is 133 cm™ for the T1 mutant relative to
the WT RCs due to the stabilization of *P energy. The extent
of these energetic changes is small compared to the much
larger destabilization (by almost 260 meV) of the energy of
P*H," state of the mutant associated to the changes of the P/
P" midpoint potential. In addition to these energetic
considerations, the rate changes can also be attributed to the
significant changes in the spin density distribution of the
bacteriochlorophylls of P induced by the mutation, which also
could lead to slower triplet energy-transfer processes.
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