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ABSTRACT

From the crystal structures of reaction centers (RCs) from purple photosynthetic bacteria, two pathways for
electron transfer (ET) are apparent but only one pathway (the A side) operates in the native protein-cofactor
complex. Partial activation of the B-side pathway has unveiled the true inefficiencies of ET processes on that
side in comparison to analogous reactions on the A side. Of significance are the relative rate constants for forward
ET and the competing charge recombination reactions. On the B side, these rate constants are nearly equal for the
secondary charge-separation step (ET from bacteriopheophytin to quinone), relegating the yield of this process
to <50%. Herein we report efforts to optimize this step. In surveying all possible residues at position 131 in the
M subunit, we discovered that when glutamic acid replaces the native valine the efficiency of the secondary ET
is nearly two-fold higher than in the wild-type RC. The positive effect of M131 Glu is likely due to formation of
a hydrogen bond with the ring V keto group of the B-side bacteriopheophytin leading to stabilization of the
charge-separated state involving this cofactor. This change slows charge recombination by roughly a factor of

Transmembrane electron transfer

two and affords the improved yield of the desired forward ET to the B-side quinone terminal acceptor.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The bacterial photosynthetic reaction center (RC) is a transmem-
brane protein-cofactor complex that converts light energy into
chemical potential for use in cellular processes. Of the three protein sub-
units (L, M and H), homologous L and M comprise an integral core and
bind a bacteriochlorophyll (BChl) dimer (P) that is the primary electron
donor, two monomeric BChls (B), two monomeric bacteriopheophytins
(H) and two quinones (Q). These cofactors are arranged in two branches
(A and B) in pseudo-C, symmetry (Fig. 1A) [1-4]. Despite the similarity
between the branches, in the wild-type (WT) RC only the A-side
cofactors participate in rapid multi-step electron transfer (ET) that
results in nearly quantitative formation of P*Qja from P* in less than a
nanosecond. Subsequent P*Qa — P*Qg ET occurs on the microsecond
timescale.

Site-directed mutagenesis has been used with great success over the
last 25 years to explore the factors responsible for unidirectional A-side
ET in the RC. Mutant RCs that perform B-side charge separation - albeit
generally in low yield - have enriched our understanding of the mech-
anism of primary A-side charge separation and framed views of how ET
from P* to the B-side cofactors is normally suppressed [5-25]. The
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general working model (Fig. 1B) is that the P*Bj state is positioned
between P* and P*Hp supporting two initial ET steps, P* — PTBy —
P*Hp, that occur on the ~0.5 to ~5 ps timescale [26-36]. On the B
side, P* — P*Hg ET is much slower (~100-200 ps) with P*Bg thought
to be higher in free energy than P* and supporting ET by a one-step
superexchange mechanism. Distinctions also exist between the intrinsic
properties of PTHx and PYHg. PYHa — PTQa ET occurs in 200 ps. In
the absence of ET, P*Hj lives for 10-20 ns and decays by charge recom-
bination (CR) to form the ground and triplet excited states [28,34]. In
comparison, P*Hg — P™Qg ET is much slower (~4 ns time constant)
and P"Hg has a shorter intrinsic lifetime (~3 ns) [23]. This combination
results in ~45% yield of P"Hz — P™Qg ET compared to 100% formation
of P*Qa on the A side. Therefore, even if a high yield of P* conversion to
P*"Hg is achieved in a mutant, translation of that increase through to a
high yield of P™Qg is not assured. To achieve this end, the mutant
RC would also require changes that increase the rate constant for
PTHz — P™Qg ET and/or reduce the rate constant for P*Hg CR.

We have adopted a directed molecular evolution approach to engi-
neering the RC to enable efficient B-branch ET that employs rapid, effi-
cient, semi-random methods for constructing RC mutants Rhodobacter
(Rb.) capsulatus. This is coupled to a high-throughput millisecond
screening assay (ms assay) that measures the yield of P*Qg formed
solely via the B-branch cofactors [37]. In this work we report on two
groups of mutant RCs, seeking mutations that increase the rate of
P*Hg — P*Qg ET and/or decrease the rates of the competing CR
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Fig. 1. (A) Positions of the substituted amino acids relative to the cofactors in the RC, from the Rb. sphaeroides crystal structure 1PCR [4]. Native amino acids are shown. Sites that comprise
the YFHV background mutations are in green. The M131 site that was subject to extensive mutation here is in blue. The M144 and M145 sites also studied here are in cyan. See Table 1 for

additional details. (B) Model free energy diagram for WT RCs.

processes of P*Hg . The first mutant set targets residue M131 near Hg
(Fig. 1A), where a Val is the native amino acid in Rb. capsulatus (Thr in
Rb. sphaeroides). All amino acids were substituted at M131 (“saturation
mutagenesis”), mutants denoted V(M131)X. The motivation for explor-
ing M131 is that the C; symmetry-related residue on the A side is a Glu
(at L104) that forms a hydrogen bond with Ha [1] and previous work
has suggested that an Asp at M131 (or at M133 in Rb. sphaeroides)
forms a hydrogen bond to Hg [10,25,38,39]. The second group couples
substitution of all 20 amino acids at M131 with mutations of
M144Met to Ile and M145Ala to Ser (designated “IS”). Residues
M144-145 are located somewhat between Hg and Qg (Fig. 1A) and
the IS substitutions were identified by Youvan and coworkers in a
photocompetent phenotypic revertant of a strain carrying multiple-
site mutations in the Qg binding pocket [40,41].

We find an increased yield of P* Qg from B-side ET in RCs carrying
amino acid substitutions at M131, for the IS pair alone, and for some
substitutions at M131 paired with the IS mutations. Of these, five mu-
tants were selected for further investigation of ET to and between the
B-side cofactors using ultrafast transient absorption (TA) spectroscopy
in order to determine the origin of improved P*Qg production.
Among the selected mutants, we find that the yields of initial P* —
P*Hg ET are essentially identical and the relative higher/lower yields
of P*Qg derive from a rebalancing of the rate constants for the compet-
ing P"Hg — P™Qp ET and P"Hy CR processes.

2. Material and methods
2.1. Preparation of mutants and RCs

The V(M131)X and V(M131)X+IS mutations were created in deriva-
tives of a specifically engineered expression plasmid, pBBRKW2HTsLsM
[37]. This plasmid contains strategically-placed, unique restriction
enzyme sites in the L and M genes that enable rapid cassette-based
mutagenesis of regions near the RC cofactors. Each V(M131)X mutation
was carried on a cassette flanked by EcoRV and Xmal restriction enzyme
sites and the M(M144)I-A(M145)S mutations were carried on a frag-
ment bearing Xmal and AfIll ends. In a small subset of mutant plasmids,
a synthetic cassette encoding the native Trp residue at M250 was used
to replace a region flanked by unique Nhel and Ncol sites. All mutations
were verified by sequencing of candidate plasmids. RCs were expressed
in Rb. capsulatus host strain U43 following conjugal transfer of mutant
plasmids. RC expression screening and RC purification followed methods

described previously [37]. Purified RCs were suspended in 10 mM Tris
(pH 7.8), 0.1% Deriphat 160-C for all spectroscopic experiments.

2.2. Millisecond screening assay

The P*Qz yield in the mutant RCs was determined using a dedicated
apparatus of local design for studies spanning ~ 100 ps to ~5 min [37]. Sam-
ples, ~100 pl in volume and having Agesnm = 0.05 & 0.005 in a 2 mm
pathlength, were arrayed and screened in 96-well plates. RCs were excited
with a single ~7-ns excitation flash at 532 nm (provided by a Q-switched
Nd:YAG laser) and the magnitude and decay of bleaching of the ground
state absorbance of P were probed at 850 nm (provided by a
continuous-wave diode laser). As controls, RCs from WT and the YFHV
mutant (defined in Section 3.1) were included on every screening plate.
The WT RC provides the reference of ~100% P™Qg formation (from
P*Qa ) and the YFHV RC gives ~22% yield of P* Qg formation via B-side ET.

2.3. Ultrafast transient absorption (TA) spectroscopy

Ultrafast TA experiments employed ~130-fs excitation and white
light probe flashes at 10 Hz and an apparatus described previously [8].
Data were acquired in ~220-nm spectral windows. For experiments
that probed 480-700 nm, RCs had Agesnm = ~0.9-1.0 (2-mm
pathlength). Experiments probing 830-1050 nm utilized RCs with
Agssnm = ~0.5-0.6 (2 mm pathlength). To ensure that fresh sample
was excited on each laser flash, 2.0-2.5 ml of RCs were flowed rapidly
through a 2-mm pathlength cell and an ice-cooled (~10 °C) reservoir.

24. Extended-timescale ultrafast TA measurements

TA measurements on the ~0.5 ns to 450 ps timescale utilized 1 kHz,
~130-fs excitation flashes at 865 nm provided by an amplified (Spitfire
Ace) Ti:sapphire (MaiTai) laser system (Spectra Physics) coupled to a
Topaz (Light Conversion) optical parametric amplifier. An EOS detection
system (Ultrafast Systems Inc.) provided ~1 ns white light probe light
flashes that are slaved to the 1 kHz clock of the ultrafast laser system.
The instrument response function (if viewed as a Gaussian) of the EOS
detection system is ~0.5 ns. TA spectra (400-800 nm window) were
averaged into “bins” (100-ps minimum width) with 450 ps being the
longest delay time possible at a 1 kHz repetition rate. RC samples used
for these experiments were stirred rapidly and contained terbutryn
(tb), a competitive inhibitor of Qg binding. In particular, 10-13 pL of a
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40 mM tb stock solution in ethanol was added to 0.40-0.50 ml of ~25
UM RCs to obtain a final concentration of ~1 mM tb (~40:1 ratio of tb:
RCs), keeping the ethanol concentration at <3%. Steady-state
oxidation of the samples during the 1 kHz experiments was prevented
by adding ~2.5 pL of 400 mM ascorbic acid stock to give a final
concentration of 2 mM.

2.5. Spectrochemical redox measurements

The P/P*™ midpoint potentials of selected mutant RCs were
determined as described previously [42].

3. Results and discussion
3.1. Mutant RCs

The V(M131)X and V(M131)X+IS mutants bear a core set of
mutations (Fig. 1A; Table 1) that have been shown previously to en-
hance B-side ET at the expense of A-side ET [8,15,37]. In the “YFHV”
and “YFH” mutants that were used as templates for the insertion of
the mutations at M131 and/or at M144-145, Y denotes change of
the native Phe at L181 to Tyr (near Bg) and F denotes substitution
of the native symmetry-related M208 Tyr to Phe (near Ba). The H
designation indicates substitution of the native Leu at M212 (near
Ha) with His, resulting in incorporation of a BChl (denoted P) in
place of Hp [43]. This allows unambiguous spectroscopic resolution
of P*Hg Qx bleaching [5,8,15] in mutants chosen from the ms
assay for more in-depth studies. For RCs in Deriphat/Tris, the combi-
nation of the YFH mutations provides ~40% P* — P*Hg ET, along
with ~50% yield of P* — PTR~ and ~10% P* internal conversion to
the ground state [44]. The same is true of the YFHV RC, where the
V designation refers to replacement of Trp at M250 by Val, a substi-
tution that prevents RCs from incorporating Qa [45,46]. Two of the
V(M131)X+YFHV mutants did not produce RCs (Q and Y) whereas
six of the V(M131)X+ISYFHV mutants failed to produce RCs (P, L,
A, S, F and R).

3.2. Ground state absorption spectra of mutant RCs

Ground state spectra of the isolated RCs are shown in Fig. 2A and B.
The P absorbances near 865 nm are relatively similar among the mu-
tants, while some differences exist in the Q and Q, absorbance regions
of Hg. At first glance, spectra of purified RCs containing K and Y substitu-
tions at M131 (in the ISYFHV background) appear to indicate that these
RCs may lack Hg since there is no resolved 760-nm peak (Fig. 2A). In
fact, the Qy absorption of this cofactor has been red-shifted and is not re-
solved from the Q, absorption of > near 780 nm [43]. The spectra of RCs
containing the H and W substitutions at M131 in combination with
ISYFHV have a similar appearance, but to a lesser degree (not shown).
In the M131X+YFHV mutants, red-shifted Q, absorptions for Hg are
noted in the RCs carrying K, H, W, F, and R substitutions (Fig. 2A).
Less pronounced are analogous spectral shifts in the set of mutants
that were chosen, based on the ms assay results presented below

Table 1
Key mutant RC designations.®
RC Mutations
WT none
YFHV F(L181)Y-Y(M208)F-L(M212)H-W(M250)V
ISYFHV M(M144)I1-A(M145)S-YFHV
E+YFHV V(M131)E-YFHV
E+ISYFHV V(M131)E-ISYFHV
[+ YFHV V(M131)I-YFHV
[+ISYFHV V(M131)I-ISYFHV

2 L(M212)H results in incorporation of a BChl (denoted ) in place of Ha; W(M250)V
results in the absence of Qa from the RC.

(Section 3.3), for extensive spectroscopic characterization (Fig. 2B).
Here, the substitution of E or I at M131 has limited influence on the
Q, absorption of Hg and can be seen to red-shift its Q absorption;
this shift is more pronounced in the YFHV background relative to the
ISYFHV background.

3.3. P*Qz yields determined from the millisecond screening assay

The ms screening results for the yield of formation of P*Qg in the
sets of V(M131)X+YFHV and V(M131)X+ISYFHV mutant RCs are
shown in Fig. 3 along with WT, YFHV, and W(M250)V controls. Because
the mutant RCs do not bind Q4 (again, owing to the presence of the
W(M250)V mutation; Table 1), the only long-lived charge-separated
state that can be present is PTQg formed via B-side ET [37]. The WT
RC screened in the ms assay provides the control of 100% formation
of P*Qg via A-side charge separation and P*Qax — P"Qgz ET.
The orange-filled bars in Fig. 3 give the results for RCs carrying 17
amino acids at M131 in the YFHV background. Glu at M131 (mutant
E+YFHV, left-most orange bar) significantly improves the yield of
P"Qp compared to the native Val (control sample YFHV, yellow bar).
The Asn, Gly, Asp and Ile substitutions are also better than or compara-
ble to the native Val in promoting B-branch formation of P*Qg, and
several other amino acids rank just slightly below Val in supporting
B-side ET.

The blue-outlined (open) bars in Fig. 3 show the results of screening
15 amino acid substitutions at M131 in a background where the IS pair
of mutations [M(M144)I+A(M145)S] has been added to YFHV.
Compared to YFHV, the assay indicates that a higher yield of PTQg is
obtained in the ISYFHV mutant RC. The same comparison holds for
adding the IS mutations to the V(M131)I+YFHV construct to give mu-
tant I+ISYFHV. For a given residue at M131, the P"Qjp yield goes
down upon addition of the IS substitutions in about half of the cases
and goes up or stays the same in half. For the four top performing resi-
dues at M131 (E, N, G, D), addition of the IS substitutions results in
significantly lower P* Qg yield.

3.4. Millisecond assay considerations

3.4.1. Photochemical recycling

In the ms assay, it is possible for ‘recycling’ of the RC photochemistry
to occur when fast (ps-ns timescale) CR processes return RCs to the
ground state, which can then be re-excited during the 7-ns excitation
flash. For example, upon excitation P*p~ is formed on the A side in
~50% yield in the YFHV background (Fig. 4A). The lifetime of P*R~ in
the absence of Qa is ~1 ns [43,47,48] providing the opportunity for
recycling. RCs that return to the ground state via P* internal conversion
(~10% yield for YFHV; Fig. 4A) may also be re-excited. Ultrafast studies
have revealed that in many mutant RCs there is an ~30% ‘inactive’
fraction/population of P* (discussed in Section 3.5.2) wherein P* decays
to the ground state via internal conversion in 100-200 ps; a fraction of
these RCs may not be inactive on a subsequent excitation event. Because
of recycling via any of these avenues, it is thus possible to obtain higher
yields of charge separation in the ms assay than obtained from
experiments employing ultrashort ps-fs laser flashes.

Based on the inventory of mutants screened to date and results
presented here, our current assessment is that the general relative
ordering of the yield of P*Qg in mutant RCs is assayed reliably by the
ms screen with recycling adding no more than ~10% to the measured
PTQg yields. The W(M250)V mutant (Fig. 3) is a negative control that
lacks Q4 but is otherwise WT. It should give no or only a very small
yield of P*Qjg (due to a few percent inherent B-side yield, recycling,
or residual Q4 content). In general, mutants with the lowest yields of
P*Qg formation have the greatest potential to be recycled, meaning
that the poorest mutants may in fact have even lower actual P*Qp
yields than indicated. Conversely, the mutants with the highest yields
are the least affected by recycling.
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Fig. 2. Ground state spectra of RC complexes carrying mutations in the vicinity of Hg and a set of mutations (YFHV; Table 1). The spectra are for mutant RCs that are representative of the
two sets generated (A) and those studied in detail (B). The spectrum of the H mutant carrying the L(M212)H substitution is given in both parts for comparison. Regions that shift with

amino acid substitution are indicated by dashed (Q region) or dotted (Qy region) lines.

3.4.2. Qg occupancy

In the WT RC, after receiving two electrons from successive A-side
charge-separation events and acquiring two protons, Qg migrates out
of the complex as the quinol Q gH,. Unlike its tightly-bound counterpart
Qa, Qg binding is labile by natural design. We have determined that WT
and YFHV control RCs have >90% occupancy of the Qg site as prepared
via our standard methods (Section 3.5.5). All the mutant RCs are puri-
fied similarly and the ms assay is performed on all RCs “as is” with the
view that if a mutant exhibits a low yield of B-side formation of PTQg,
it is not considered a “hit” in our quick ms screening assay.

In optimizing and understanding our assay, however, we have
explored the extent to which adding either UQ4 or UQg under a variety
of conditions might increase the P™Qjy yield compared to the same RC
with no UQ additions (i.e., prepared “as is”). In Rb. capsulatus RCs,

100£ i Il \WT Control* i
40T [ ]YFHV Control P4
i EZAW(M250)V Control**
I V(M131)X+YFHV
, [ V(M131)X+ISYFHV
®
30 i
o
-
]
E i
o
> 20 4
X

10

*ENGDIVPCLAKMSTHWF**RQY
Amino Acid

Fig. 3. P" Qg yields in the V(M131)X+YFHV (orange bars) and V(M131)X+ISYFHV (blue
outline bars) mutant RCs relative to controls WT (solid black bar), YFHV (solid yellow bar)
and W(M250)V (black-hashed bar) obtained from the millisecond screening assay. In the
WT RC, P*Qz forms in 100% yield via initial A-side charge separation and P*Qy — P* Qg
ET.

both the Q, and Qg sites are occupied by ubiquinone-10 (UQ;q)
molecules, which have ten repeating isoprenyl units attached to the
functional headgroup; UQ4 and UQg have correspondingly fewer
isoprenyl units attached to the same headgroup. A sampling of mutants
has been used for this effort (ones reported here, previously, or as yet
unpublished). Most of this effort has involved use of UQg. To date, we
have not been able to discover consistent conditions for UQg addition
that lead to appreciable increase in magnitude of the P*Qg signal in
the ms assay. Nor would such readily be expected given differences in
positions of mutation. In some cases, there is evidence that added
quinone (UQ4 especially) may bind in the Q4 pocket, which leads to a
very undesirable false positive effect in the ms assay (PTQjp that derives
from ET to Q4 and subsequent ET from Q4 to Qp).

Clearly lack of change in the amplitude of PTQg formation upon
addition of quinone cannot distinguish between whether an RC has
full Qg occupancy to start with or whether the occupancy is low and ex-
ogenous quinone fails to be incorporated under the conditions tested.
Depending on the site(s) of the mutation(s), knowledge of the exact
occupancy of the Qg site is needed for those mutants that score high
in the ms assay and are investigated further in ultrafast studies. Such
is the case here and determinations of Qg occupancy for a subset of six
mutants will be described below (Section 3.5.5) in the context of data
analysis to determine the rates and yields of PTHg — PTQg ET.

3.5. Ultrafast spectroscopic analysis of the six mutant RCs

Based on the ms assay results, six mutant RCs were selected for
ultrafast TA studies: YFHV (the starting template mutant), ISYFHV,
E+YFHV, E4+ISYFHV, I+YFHV and I+ISYFHV (Table 1). The yield of
P*Qz in all five of the new mutants is about the same as or larger
than found for YFHV (Fig. 3). The ultrafast measurements confirm this
basic result and unravel changes to the properties of the B-side
charge-separated states that lead to the E4+YFHV mutant producing
the most P™Qg . Analysis of the ultrafast measurements requires the
considerations presented in the following subsections that ultimately
lead (Section 3.5.6) to the conclusion that mutations described here
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text and Egs. (1)-(3) for definitions of ket and Kcg.

that result in an enhanced yield of P*Qg primarily do so by slowing
P*Hg CR.

3.5.1. General model for RC photochemistry

In the simplest picture (Fig. 4A), mutation(s) may alter the competi-
tion of processes/rates at two branching points to afford a higher yield of
P*Qg . One possibility is that initial P* decay produces relatively more
P*Hp compared to P* decay by internal conversion or by ET to the A
side to form P . The second is a more favorable biasing of P*Hg —
P*Qg ET over PTHg CR to form the ground state or triplet excited
states. For simplicity, we define kgr as the rate constant for P*Hg —
P*Qg ET and Tgr as the associated time constant (Eq. (1)). We define
ker as the “effective rate constant” for the combination of all other pro-
cesses by which PTHg decays by CR, where Tcy is the associated time
constant (the ‘CR lifetime’) for the decay of the state in the absence of
ET (Eq. (2)). When PTHg can decay by both ET and CR (i.e., when Qg
is present), the lifetime of the state (Tyg) is given by Eq. (3) and the
associated yields by Egs. (4) and (5).

Ter = 1/kgr = 1/<THB_] _TCR_1> 1)
T = 1/Ker 2)
Tup = 1/kpg = 1/ (Kr + Ker) 3)
der = Ker * Typ 4)
dr = Keg * Thp (5

In RCs with native A-side cofactors, the routes by which P"H, de-
cays in the absence of ET to Q4 include spin rephasing in the initially
produced singlet form of the PTHx radical-pair state (i.e., [PTHx] ")
to produce the triplet radical pair (i.e., [P"Hx ] ) and subsequent col-
lapse (by CR) to give the triplet excited state of P (denoted PR) in parallel
to the decay of the singlet radical pair (by CR) to the ground state. Fig. 5
shows (potential) analogous processes for the B-side state P"Hg as well
as for P*3~ on the A side. Analysis of the complex decay pathways and
kinetics for the radical-pair states is beyond the scope of this work.
However, we will show data indicating triplet excited state formation
that support the model of the radical-pair dynamics depicted in Fig. 5.
Otherwise, our results and discussion are framed in terms of Fig. 4, a

simplified form of Fig. 5, in order to focus on general trends and
differences found in the competition between kgt and kcg among the
six mutants under study.

The relative free energies of the charge-separated states in WT RCs
shown in Fig. 1B reflect a generally agreed-upon model derived in part
from indirect measurements. One readily measured value that affects
the free energies of the states relative to P* is the P/P™ midpoint poten-
tial. Previous work has shown that, compared to a Phe, a Tyr at either
L181 or M208 lowers the P/P* midpoint potential by ~25 mV [49].
Swapping FY for YF at L181/M208 in the YFH RC results in only a
~10 mV lower P redox potential compared to WT (Table 2), in agree-
ment with prior studies on the YF mutant [49]. Since M131, M144 and
M145 are not located near P, we expect that among the mutants report-
ed here, the redox potential of P will (1) not vary significantly, and
(2) not be significantly different than WT. For the five new selected
mutants, the P/P* midpoint potentials vary between 466 + 5 mV and
475 4+ 2 mV averaging only ~15 mV lower than 488 + 8 mV for WT
(Table 2, column 2). These values are consistent with the YF-swap and
only minor additional effects upon residue changes at M131 (E or I) or
at M144-M145 (IS pair) are noted. Thus, for the six mutants chosen
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Fig. 5. An elaborated scheme of processes observed in this study for the YFHV RC that

includes spin rephasing and formation of the triplet radical pair and subsequent formation
of the triplet excited state of P denoted PX.
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Table 2 Table 3

Properties of WT and selected mutant RCs.” P* lifetimes and relative populations determined from stimulated emission decay.?
Sample P Oxidation Potential (mV) Qg Occupancy (%) Sample® Tp+ ‘Active’ ‘Active’ Tp+ ‘Inactive’ ‘Inactive’
WT 488 + 8 04 (ps) Fraction (ps) Fraction
YFH 478 + 5 92 YFH® 32 0.65 210 0.35
ISYFH 475 + 2 90 ISYFH 32 0.81 307 0.19
E+YFH 469 + 1 67 E+YFH 30 0.84 154 0.16
E+ISYFH 466 + 5 47 E+ISYFH 27 0.80 159 0.20
I4+YFH 471 £ 7 91 [+YFH 23 0.73 220 0.27
I+ISYFH 469 £+ 5 78 [+ISYFH 27 0.74 178 0.26

¢ Error bars on the oxidation potentials are obtained from replicate (N > 2) measure-
ments. The Qg occupancy has an error of 4 5% of the reported value. Mutant nomenclature
as given in Table 1.

for ultrafast studies, the basic model in Fig. 4 is reasonably adopted. The
V(M131)E mutation likely lowers the free energy of P*Hg by
50-100 mV (discussed in Section 3.5.6).

3.5.2. P* — P*Hp charge separation

Fig. 6 shows ultrafast TA spectra in the visible (parts A and C) and
near-infrared (parts B and D) regions for RCs containing the ISYFH and
E-+ISYFH mutations. The TA spectra acquired 0.5 ps after excitation
are identical to those obtained for WT and are assigned to P*. In
the near infrared, the P* spectrum features bleaching of the long-
wavelength absorption band of P at 865 nm and stimulated emission
from P* extending to ~1000 nm. For all six mutants, the P* stimulated
emission decay kinetics fit well to a function consisting of the instru-
ment response plus two exponentials plus a constant. Representative
data and fits are shown in the insets to panels B and D in Fig. 6. The
fits can be generally summarized as revealing (1) a shorter component
(~70% amplitude) ranging between 20 and 30 ps and (2) a longer
component (~30% amplitude) ranging between 150 and 300 ps. For
each mutant, values returned by the fits are given in Table 3, columns
2-5. In the visible region, bleaching of the Q, band of Hg at ~530 nm

2 The time constants have a typical error of 4 10% of the reported value.

> Nomenclature for RC mutations as given in Table 1, except that these experiments were
done on mutants that do not contain the W(M250)V mutant that prevents binding of Qa.

¢ Taken from ref [44].

in the mutant RCs develops with a time constant also in the range of
20-30 ps (Table 4, column 2), in very good agreement with the shorter
of the two stimulated emission decay components (Table 3, column 2).
On the other hand, the appearance (development) of bleaching of the
530 nm band of Hg does not contain a clear ~200-ps component.
Thus, the ~200-ps component found here, as found previously in
many mutants, does not appear to be associated with (appreciable)
charge separation but rather (primarily) with P* internal conversion
to the ground state. Underscoring this analysis is a mutant in which
no charge separation takes place at all and P* decays solely by internal
conversion with a time constant of ~200 ps (in Deriphat; ~100 ps in
LDAO) [21]. These observations are the basis of a model we have devel-
oped of ‘active’ and ‘inactive’ populations (fractions) of P*. These popu-
lations are present in ~70:30 active:inactive ratio in many (but not all)
of the YF-containing mutants we have studied to date and other
mutants as well [25,44,50]. These mutants have in common goals to
raise the free energy of P*Bx (ideally placing it above P*) and lower
that of P™Bg (ideally positioning it below P*), thereby narrowing the
span of the free energies of P* and the charge-separated states and
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Fig. 6. TA spectra and kinetics for RCs containing the ISYFH (A and B) and E+ISYFH (C and D) mutations. The Qy region data (A and C) were acquired at the times indicated following a 130-fs,
850-nm excitation flash. The listed times for the traces in (A) also apply to (B) and those for (C) also apply to (D). In (B) and (D) the TA spectra were acquired using 130-fs, 590-nm excitation
flashes. The insets in (B) and (D) show the data (filled circles) averaged in a 10-nm interval centered on the stimulated emission isosbestic point at ~910 nm. The solid lines are a fit to the
instrument response function plus two exponentials plus a constant. The presence/absence of the W(M250)V mutation has no effect on the early photochemical events.
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Table 4
P* lifetime, P*Hg yield and position of the Q, band of Hg in mutant RCs.?
Sampleb P* Lifetime Active Yield of PTHg Hp Qy Bleaching
Fraction (ps) (%) (nm)
YFHV 27 46 528
ISYFHV 28 31 527
E+YFHV 29 38 534
E+ISYFHV 27 34 533
[+YFHV 23 40 527
[4+ISYFHV 20 37 527

2 Results pertain to the P* photochemically ‘active’ fraction. The time constants and
yields have a typical error of 4 10% of the reported value.
 Nomenclature for RC mutations as given in Table 1.

making the photochemistry more sensitive to static/dynamic effects of
the protein.

The presence of a nominally inactive P* population adds a facet of
complexity (another fitting component) to the data analysis
procedures. With all six mutants having similar P* lifetimes in the active
fraction of ~20 to ~30 ps, similar yields of P*Hg in the active fraction are
expected. Such is found, averaging to 38% yield of P*Hg in the active
fraction (Table 4, column 3). This value is in good agreement with
those reported previously for YFH and YFHV RCs [8,44]. The results
presented in this section thus show that initial P* — P"Hg ET takes
place with nearly equal time constants (~70 ps) and yields (~40%) in
the six mutants. (Note that this description is with respect to the P* ac-
tive fraction, which will be the focus of the results and discussions from
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Fig. 7. (A) TA spectra of state P*Hy (plus a contribution of P*{3~) comparing the ground
state Qx band bleaching and anion absorption features of Hg. The spectra were taken at
roughly equivalent delay times ranging from 190-250 ps. (B) TA spectra acquired on the
ns to us timescales following a 130-fs flash at 865 nm. The spectra at 1 ns for YFHV and
E+YFHV are for state P*Hg (plus a contribution of P*37). The spectrum at 20 ns can
be assigned to the triplet excited state P® and the spectrum at 200 ns to the triplet excited
state of the carotenoid (formed by energy transfer from PX), which has a lifetime of 4.5 ps
and thus has decayed completely by 40 ps.

this point on, unless otherwise noted.) These results imply that the dif-
ferences in P*Qg yield found in the ms assay are rooted nearly entirely
in the competition between P*Hg — P™Qg ET versus P*Hg CR in the
mutants, as discussed below (Section 3.5.6).

3.5.3. Evidence that Glu (M131) forms a hydrogen bond with Hg

Fig. 7A compares matched (to the same P* amplitude at 0.5 ps) TA
spectra for the six mutants. The spectra in Fig. 7A were acquired at a
delay time (~200 ps) that is equal to roughly seven 1/e multiples of
the lifetime of P* in the ~70% “active” fraction and one 1/e multiple of
the lifetime of the ~30% “inactive” P*. Except for the two mutants
carrying the V(M131)E mutation, the spectra in Fig. 7A are essentially
identical to those we have reported previously at analogous delay
times for YFH and YFHV RCs [8,12,37]. Since P*Hy lives for several
nanoseconds (Section 3.5.6) these spectra largely - but not uniquely -
reflect the TA spectrum of P*Hg . There is a small contribution of the
TA spectrum of P* (from the inactive P* fraction) plus TA changes due
to P™3~ that forms on the A side in the active fraction in ~50% yield
(Fig. 4). The contribution of P*3~ (bleaching at ~600 nm and a broad
anion band between 620 and 720 nm [43,47]) “washes out” the features
of a true PTHy spectrum at wavelengths longer than ~610 nm that
have been documented in prior studies [21]. However, the hallmark
features of PTHg are readily distinguished in Fig. 7A. For the YFHV,
ISYFHV, [+YFHV and [+ISYFHV RCs, bleaching of the Qyx ground state
absorption of Hg occurs at 527 nm (compared to the bleaching of Ha
at 542-543 nm in WT) along with a relatively narrow Hg anion absorp-
tion at ~640 nm (compared to a broad absorption band for Hu at
~665 nm in WT).

The TA spectra of E+YFHV and E+ISYFHV RCs clearly differ from
the spectra of the other four RCs. Both RCs containing the V(M131)E
mutation reveal a 6-7 nm red shift in Q band of H, with the bleaching
at 533-534 nm rather than 527 nm. The anion band absorption is posi-
tioned near 690 nm, also clearly red-shifted compared to the other four
mutants. Similar but smaller shifts of these features have been reported
previously for mutants with an Asp at M131, and these changes were
assigned to formation of a hydrogen bond between M131Asp and the
ring V keto group of Hg [10,25]. The same assertion can be made regard-
ing the Glu substitution at M131 in the E4-YFHV and E+ISYFHV mu-
tants studied here. Interesting comparisons can be made concerning
Ha and the C; symmetry-related residue Glu L104 on the A pathway.
Glu L104 forms a hydrogen bond with Ha, which has a Qy band at
542 nm and an anion band at 665 nm. Replacement of L104Glu by Leu
removes this hydrogen bond and blue shifts the Qx band of Hp, but
not fully to the position of Hg at 527-528 nm [51,52]. (Functionally,
replacing the A-side L104Glu with Leu lengthens the time constant for
P*Hxy — PTQa ET only slightly with no reduction of yield of P*Qj re-
ported [51].) Likewise, formation of a (putative) hydrogen bond be-
tween Glu or Asp at M131 and Hg does not reposition the Q
absorption of Hg to that of Ha at 542-543 nm. Rather, in Rb. capsulatus,
these two situations - the ring V keto group of non-hydrogen bonded
Ha and the ring V keto group of glutamic acid-hydrogen bonded Hg -
meet in the middle between 530 and 535 nm. Clearly one can invoke
participation of water molecules and other differences in the local envi-
ronments and global electrostatics experienced by these pigments that
could affect the strengths of the hydrogen bonds [53] and/or other inter-
actions as the causes of differences in the electronic structures and spec-
tra of Hy and Hg.

3.5.4. P"Hg decay pathways in the absence of Qg

The PTHg CR pathways and dynamics were probed via ultrafast
studies of the six mutant RCs to which terbutryn had been added to dis-
place Qg. Representative time-resolved spectra obtained using the EOS
spectrometer are shown in Fig. 7B for the YFHV and E+YFHV mutants.
The spectra acquired at 1 ns are largely due to P*Hg and have features
that agree with those seen in the ~200 ps spectra in Fig. 7A obtained
using standard ultrafast techniques. In particular, the V(M131)E
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mutation causes a red shift in the position of both the Hg Q4 bleaching
and peak of the Hg™ anion band compared to the positions of these
features for the YFHV mutant.

The time evolution of the spectra in Fig. 7B not only gives a measure
of the P*Hg lifetime in the absence of ET (~4-9 ns; Section 3.5.6) but
also follows the decay pathways of PTHg at longer times for the YFHV
mutant. At 20 ns, the Hg bleaching at 530 nm and the Hp anion band
have substantially decayed as has most of the combined P and p Q4
bleaching at ~600 nm. The 20-ns spectrum is similar to that reported
previously for the triplet excited state of P (denoted P®) in WT RCs,
which forms from P*Hx when ET from Ha to Qa is blocked [54], as de-
scribed above (Section 3.5.1; Fig. 5). State PR likely forms in the YFHV
mutant at least in part via spin rephasing and CR from PTHg and per-
haps via similar events involving P*3~ on the A pathway. In the YFHV
mutant, state PR has a lifetime of ~100 ns and decays primarily by ener-
gy transfer to the carotenoid molecule situated near Bg (Fig. 1A), again
analogous to what happens in WT RCs. The spectrum at 200 ns is
assigned largely to Car" (carotenoid triplet) and shows the expected
derivative-like shape [55,56]. Car" has an ~4.5 pis lifetime, again agreeing
well with the WT RC carotenoid triplet state lifetime measured previ-
ously [55,56]. Generally similar results are found for the other five mu-
tants investigated in detail. Further assessment of the spin rephasing
events in the P*Hg and P™3 ™~ radical pair states (Figs. 4 and 5) in the
mutants is beyond the scope of this work.

3.5.5. Qg occupancy in the six mutant RCs

Knowledge of the Qg occupancy in the six selected mutants is a re-
quired element for determination of ket and keg (Fig. 4) via the ultrafast
studies. These rate constants are readily obtained from the lifetime of
P*Hg in the presence and in the absence of Qg (Egs. (1)-(3)). Deter-
mining the P*Hg lifetime in the presence of Qg requires RCs in which
the Qg site is fully occupied or that we know and correct for the fraction
of RCs in which Qg is absent.

The Qg occupancy can be assayed by the yield of P* Qg formed via ET
from PTQx . The mutant RCs constructed for this study lack Qa due to
the presence of the W(M250)V mutation. To restore the WT Q4 binding
site, allowing determination of the extent of Qg occupancy, derivatives
of the six mutant RCs under detailed study were prepared in which
cassette-based mutagenesis was used to restore the native Trp residue
at M250 (mutants designated E+4YFH, 14+YFH, ISYFH, E+ISYFH,
[4+ISYFH); the YFH mutant was already in hand from previous work.
RCs with the native Trp at M250 are expected to contain Qa.

PtQs — P™Qp ET occurs with a time constant on the order of
1-100 ps and P* Qg formed in this way (i.e., from the A side) decays pri-
marily with a time constant of ~0.7 s (albeit in a pH-dependent manner
along with a small-amplitude longer phase) [57,58]. If the Qp site is not
fully occupied, P*Qx in the Qg-less fraction will decay by CR to the
ground state with a time constant of 100-200 ms [59]. To determine
the fraction of each RC sample that is Qg-less, the P-bleaching recovery
for E+YFH, 14+YFH, ISYFH, E+ISYFH, I+ISYFH, YFH, and WT RCs
was assayed (using the ms screening apparatus) for detection of a
100-200 ms component. Fig. 8 shows representative data for YFH and
E-+ISYFH, each time profile being the average of two replications spaced
~10 min apart to allow time for excited RCs to fully recover to
the ground state between excitation flashes. The data in the insets of
Fig. 8 show very little of the 100-200 ms component for YFH (high
occupancy of the Qg site) and a significant 100-200 ms phase for
E-+ISYFH (some loss of Qg).

The Qg occupancy was quantitated by fitting the P-bleaching decay
profiles (e.g., Fig. 8) for each of the six mutants to the sum of three ex-
ponentials and a constant. Two components within the ranges of 1.0-
1.5 s and 30-40 s give consistently good fits for the bi-exponential
decay of P*Qg . The third exponential reflects the 100-200 ms decay
of PTQa . For samples such as E+ISYFH with a significant Qg-less frac-
tion, the fits return a time constant of ~150 ms with this component
being a free fitting parameter. In the case of E+ISYFH (Fig. 8B), the fits
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Fig. 8. P-bleaching decay profile (open circles) at 850 nm for the YFH (A) and E+ISYFH
(B) RCs following excitation with a 7-ns 532-nm excitation flash. The insets show the
data on an expanded scale. The solid line is a fit to a function containing three exponen-
tials. The amplitude of the 100-200 ms component is 8% in YFH and 53% in E+ISYFH
and reflects the fraction of RCs in which Qg is absent.

returned a relative amplitude of 0.53 for this component, indicating
47% Qg occupancy. For samples such as YFH with very high Qg occupan-
cy, the fits would typically not reliably find such a low-amplitude phase
so the time constant of the third component was fixed at 150 ms and the
associated amplitude simply fit, yielding >90% Qg occupancy in all such
cases (Table 2).

3.5.6. Rates and yields of P*Hg decay via electron transfer versus charge
recombination

The rate of P"Hg — PTQg ET (Kkgr in Fig. 4A and B) and what we
term the “effective rate” of P"Hg CR (kcgr) were determined from the
P*Hg lifetime in the presence of Qg (Tyg) and in the absence of Qg
(Ter) (Egs. (1)-(3)). Kinetic profiles for appearance and disappearance
of bleaching of the Q4 band of Hg in all six mutants in the presence
(red open circles) and absence (blue solid circles) of the Qg-displacing
terbutryn are given in Fig. 9. The Hg Qx bleaching is at ~527 nm
for YFHV, ISYFHV, I4+YFHV and I4+ISYFHV and is shifted to ~534 nm
for E+YFHV and E+ISYFHV (see Fig. 7A). As discussed above
(Section 3.5.2), as PTHg forms, bleaching of the Q, band of Hg develops
with a time constant of 20-30 ps (again, reflecting the P* lifetime in the
“active” fraction) in all six mutants. This signal manifests as the initial
fast decrease in absorbance (i.e., appearance of bleaching) in all the ki-
netic traces in Fig. 9. As P"Hg decays, the bleaching of the Q, band of
Hg decays on the several nanosecond timescale.

Simple visual inspection of Fig. 9 shows (1) a faster P*Hg decay in
all mutant RCs in the presence of Qg than in its absence, and (2) much
slower P"Hg decay for the two mutant RCs containing Glu at M131
(parts C and D). The first point reflects the obvious fact that P*Hg —
P*Q5 ET can and does occur in the samples that contain Qg but cannot
occur when this process is inhibited by terbutryn. The second point is
particularly apparent for the samples lacking Qg (containing terbutryn)
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Fig. 9. Representative data (open and closed circles) and non-linear fits (solid lines), of the appearance and decay of bleaching of the Q band of Hp (with respect to the featureless
560-570 nm transient absorption; Fig. 7A) acquired with Qg present at the occupancies obtained via our standard RC purification protocols (blue) and with Qg displaced by terbutryn (red).

and qualitatively indicates that the putative hydrogen bond between Hg
and Glu (M131) increases the value of Tcg (and decreases kcgr). The
second point is a major finding of this work — that the replacement of
the native Val with Glu at M131 significantly slows P*Hg CR.

Quantifying these observations rests on obtaining the values of Tyg
(P*Hg lifetime when Qg is present) and Tcg (PTHg lifetime in the ab-
sence of Qp) and from them Tgr (Eq. (1)). Determining these lifetimes
has complications arising from (1) the difficult timescale involved for
ultrafast TA measurements including the limited time span (~3.5 ns,
Fig. 9), (2) the above-noted presence of a fraction of Qg-less RCs in
some samples, and (3) the presence of other lifetime components
(e.g., decay of P*B ™) on the same general timescale. Methodical data
analysis was required to address these issues and obtain the most
reliable values for comparison of the six mutant RCs. For each mutant
RC, two steps to obtain Tcg and Ty were performed as follows.

Table 5
P*Hg lifetimes and P*Hg — P*Qg ET yields (dgr).?

First, for an RC to which terbutryn has been added, the time profile of
the Qy bleaching measured by ultrafast TA (i.e., each red trace in Fig. 9)
was fit with a multi-exponential function to account for the 20-30-ps
decay of P* (and formation of P"Hg'), the target decay of P*Hg, and
the simultaneous decay of other states on this timescale (P*3~ on the
A side and P* in the inactive population). The red lines through the Q
time-profile data in Fig. 9 reflect a typical fit for each of the six mutants.
Similar fitting was done for the decay of the Hg anion band at ~640 nm
(for YFHV, ISYFHV, I+YFHV and I4+ISYFHV) or 690 nm (for E4+YFHV
and E+4ISYFHV). The decay profiles in the same two wavelength
regions (Qy bleaching and anion absorption) acquired by the EOS
measurements provided a second type of data set with an extended
time range. These data were fit similarly to a multi-exponential function
that accounted for decay of the same states on the 0.1 to 100 ns time
scale and the evolution of P? and Car” extending to many microseconds.

Sample® P*Hg Tcg (ns)© P*Hg Tug (ns)¢ P*Hg — P"Qg Ter (ns)® PTHg — PTQz Pgr P"Hg charge recombination ®dcg
YFHV 4.0 2.2 4.9 0.45 0.55
ISYFHV 3.7 1.6 2.8 0.57 0.43
E+YFHV 9.0 2.5 35 0.72 0.28
E+ISYFHV 9.0 3.2 5.0 0.64 0.36
[-+YFHV 4.0 1.9 3.6 0.52 0.48
[+ISYFHV 3.6 2.1 5.0 0.42 0.58

? The measured time constants in columns 2 and 3 have an error of 4 20% of the values listed.

> Nomenclature for RC mutations as given in Table 1.

¢ Measured lifetime of P*Hp in RCs with terbutryn replacing Qg (Eq. (2)).
4 Measured lifetime of P*Hg in RCs with Qg present (Eq. (3)).

e

Time constant for P"Hg — P"Qg ET calculated from the values in columns 2 and 3 (Eq. (1)).


image of Fig.�9

L. Kressel et al. / Biochimica et Biophysica Acta 1837 (2014) 1892-1903 1901

The resulting best-fit values for the PTHg lifetime when only CR can
occur (Tcg) from the two wavelength regions and the two types of
data sets (“standard” ultrafast TA extending to 3.5 ns and ultrafast EOS
measurements extending to many microseconds) were averaged. The
resultant value is given in Table 5, column 2.

In the second step, the ultrafast TA data acquired for each mutant RC
in its “as purified” condition were also fit using a multi-exponential
function (blue lines, Fig. 9). Here the fitting function included an
additional component accounting for the fraction of Qg-less RCs in
each sample. The time constant of this component was fixed at the Tcg
value derived above (Table 5, column 2) and its amplitude was fixed
according to the fraction of Qg-less RCs (Table 2, column 3). The values
of Ty so determined from the decay of bleaching of the Q, band of Hy
and for the decay of the Hg anion band were averaged (Table 5, column
3). The time constant for P*Hz — P*Qg ET (Tgr; Eq. (1)) and the
associated yields for ET (dgr ; Eq. (4)) and PTHg CR (deg; Eq. (5))
were then calculated (Table 5, columns 4, 5 and 6).

These results confirm what is apparent from examination of the raw
data sets in Fig. 9 — that the inherent lifetime of P"Hg (decay only by
CR; Tcr) in the two mutants carrying the Glu substitution at M131
(E4+YFHV and E+4ISYFHV) is about two-fold longer compared to the four
mutants that have Ile or the native Val at M131 (~9 ns versus ~4 ns). This
relatively long ~9 ns ‘CR lifetime’ of PYHg is striking and closer to the
10-20 ns lifetime of P*Hj in the absence of ET to Q4. The calculated Tgr,
the time constant for P*Hy — P™Qg ET, for the six mutants ranges
between 2.8 and 5.0 ns with no clear pattern in relation to the mutations.

Comparing the mutants, it is clear that a Glu at M131 results in a
significantly higher yield of P"Hg — P™Qg ET than occurs when Ile or
the native Val is at this position. In fact, on an absolute basis, substitution
of a Glu at M131 results in a remarkable ~70% yield for this ET process
(Fig. 4B), still below the roughly 100% attained on the native A side for
the analogous reaction, but very high. The data in Table 5 indicate that
a major, if not the major, origin of this result may be the hydrogen
bond apparently created between M131E and Hg and significant atten-
dant slowing of the CR processes of P"Hg, thus allowing PTHg — P* Qg
ET to compete more successfully. This result can be anticipated to be
obtained in the case of other amino acid substitutions at M131 that
form a hydrogen bond to Hg such as Asp and possibly Lys or His.

Many laboratories have reported significant effects on spectral, redox,
photophysical, and ET properties of RC cofactors caused by the addition or
removal of hydrogen bonds. Based on calculations on hydrogen bonding
to the ring V group of bacteriopheophytin, and the effects of adding/
removing hydrogen bonds to P in the RC [60-62], the addition of a hydro-
gen bond to H is expected to lower the free energy of P*Hg (stabilize the
state) by as much as ~100 mV. This shift could affect the rate of CR in a
number of ways, as has been discussed previously for P"Hg decay [12,
23] and for P*Hj decay [28,63-67] or PTR~ decay [43,47,48] on the A
side. Such studies suggest that the manner in which the free energy posi-
tion of PTHg  affects its CR rate is likely more complex than simply the free
energy gap from the ground state and thus the position on the (Marcus)
rate versus free energy curve. Instead, this CR process, like the decay of
PTHp or PTR~ on the A side, likely involves thermal and/or quantum me-
chanical mixing with a higher energy state (e.g., P*Bg ') that has an inher-
ently faster deactivation rate. The effects on ET versus CR on the A and B
branches will not parallel exactly owing to specific differences, including
generally higher free energies of analogous charge-separated states on
the B side versus the A side, different free energy spacing of the states,
and different reorganization energies.

The decrease in the rate constant for CR and the increase in the yield
of ET due to the V(M131)E mutation are also accompanied by an appar-
ent partial loss of Qgp, at least under our normal RC purification proto-
cols. At first glance these two effects would seem to offset each other
in progress towards the goal of attaining the highest possible yield of
B-side charge separation to produce P™Qg. Yet, these results may not
reflect the level of occupancy of the Qg site when the RC is present in
its native membrane environment.

3.6. Conclusions

Time-resolved spectroscopy encompassing 15 orders of magnitude
was used to characterize excited-state, charge-separation and charge-
recombination dynamics in a set of six RCs bearing mutations near Hg
and/or Qg. These mutant RCs are found to have similar P* lifetimes
and yields of initial B-side P* — P"Hg charge separation. However,
the mutations elicit varying effects on the CR lifetime of P*Hg, the
rates and yield of P*Hz — P*Qg ET, and Qg binding. Specifically, we
have shown that mutation of the native Val at M131 to a Glu most likely
results in formation of a hydrogen bond between the introduced Glu
and Hg, as inferred from the red-shifted position of the Q band and
anion band of Hg. Additionally, we find that a Glu at M131 slows the
CR processes of P*Hg by a factor of two and thus boosts the yield of
P*Hz — P*Qj ET to ~70%.

This study shows that the balance between ET to produce P™Qz and
unwanted CR can be markedly improved by a single amino acid change.
Interestingly, the substitution with greatest effect uncovered via satura-
tion mutagenesis in a directed-evolution and fast-screening approach is
the incorporation near Hg of a Glu at M131. This site is related by pseudo
C2-symmetry to L104 that houses Glu near the photoactive Hp in the
native RC. It is noteworthy that such a symmetry effect should not be
viewed as an expected norm, given the many differences between the
A and B sides when viewed locally or globally. For example, in a prior
study focused on the first step of B-side charge separation (branched
decay of P*), random mutation of sites near Bg revealed that substitu-
tions with the greatest impact on initial ET to the B side were ionizable
or polar residues [37]. Some of these residues would have been the least
favored choices based on current knowledge of A-side (or B-side)
architecture using a traditional site-directed approach generating select
mutants one at a time. Thus, the results described herein add to those of
prior work on B-side transmembrane charge separation and represent
another step towards attaining a fundamental molecular-level under-
standing of how intricate differences in protein-cofactor interactions
on the A- versus B-sides of the RC underlie differences in functionality.
Such knowledge will be useful for the design of efficient, bioinspired
multistep ET sequences for solar-energy conversion.
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