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Abstract

In photosynthetic reaction centers (RCs) of purple bacteria, conserved histidine residues [His L173 and His M202 in Rho-
dobacter (Rba.) sphaeroides] are known to serve as fifth axial ligands to the central Mg atom of the bacteriochlorophyll
(BChl) molecules (P, and Py, respectively) that constitute the homodimer (BChl/BChl) primary electron donor P. In a number
of previous studies, it has been found that replacing these residues with leucine, which cannot serve as a ligand to the Mg
ion of BChl, leads to the assembly of heterodimer RCs with P represented by the BChl/BPheo pair. Here, we show that a
homodimer P is assembled in Rba. sphaeroides RCs if the mutation H(M202)L is combined with the mutation of isoleucine
to histidine at position M206 located in the immediate vicinity of Pg. The resulting mutant H(M202)L/I(M206)H RCs are
characterized using pigment analysis, redox titration, and a number of spectroscopic methods. It is shown that, compared to
wild-type RCs, the double mutation causes significant changes in the absorption spectrum of the P homodimer and the elec-
tronic structure of the radical cation P*, but has only minor effect on the pigment composition, the P/P* midpoint potential,
and the initial electron-transfer reaction. The results are discussed in terms of the nature of the axial ligand to the Mg of Py
in mutant HM202)L/I(M206)H RCs and the possibility of His M202 participation in the previously proposed through-bond
route for electron transfer from the excited state P* to the monomeric BChl B, in wild-type RCs.
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In plant cells, algae, and phototrophic microorganisms, the
harvested light energy is converted into the energy of chemi-
cal bonds as a result of photosynthesis. A key initial step of
this process is the light-driven charge separation that occurs
in a specialized cofactor—protein complex—the photosyn-
thetic reaction center (RC). The RC of the purple bacterium
Rhodobacter (Rba.) sphaeroides consists of three protein
subunits and ten cofactors integrated in the protein matrix
and arranged in two membrane-spanning branches, A and
B, around an axis of quasi twofold symmetry (Blankenship
2014). Both branches have a common cofactor, a dimer (P)
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of two strongly interacting bacteriochlorophyll (BChl) mol-
ecules (P, and Py) that serves as a primary electron donor,
and each of the two branches includes a monomeric BChl
molecule (B, or Bg), a bacteriopheophytin (BPheo) mol-
ecule (H, or Hp), and a quinone molecule (Q4 or Qg). The
RC structure also contains a non-heme iron atom located
between Q, and Qg, and a carotenoid molecule that is asym-
metrically placed near By. In the wild type (Wt) RC, only the
A cofactor branch is active in photoinduced charge separa-
tion. The charge separation process is initiated by excitation
of P to its lowest singlet excited state (P*), which transfers
an electron to the monomeric BChl B, forming the initial
short-lived state P*B,~ within~3 ps at 293 K. Within~ 1 ps,
the electron is then transferred from B,~ to the BPheo H
to produce the radical pair P*H, ™. A subsequent electron
transfer to the primary quinone acceptor Q, forms the state
P*Q," in about 200 ps with essentially 100% yield (Wood-
bury and Allen 1995; Parson 2008).

It is well known that the protein environment of P has a
significant effect on its composition and spectral and redox
properties (Bylina and Youvan 1988; Kirmaier et al. 1991;
Lin et al. 1994; DiMagno et al. 1998; Spiedel et al. 2002;
Vasilieva et al. 2012). In particular, important interactions
of the P dimer with surrounding amino acid residues are
two coordination bonds formed between the central Mg ions
of BChls P, and Py and His L173 and His M202, respec-
tively (Fig. 1). Based on site-directed mutagenesis studies
performed with purple bacteria RCs from Rba. capsula-
tus (Bylina and Youvan 1988), Blastochloris viridis (Pon-
omarenko et al. 2009), and Rba. sphaeroides (McDowell
et al. 1991), it has been found that the replacement of His
L173 or His M202 with Leu not acting as a ligand for the Mg
ion led to the assembly of the so-called heterodimeric RCs,
in which the special pair is represented by the BChl/BPheo
pair. The absorption spectrum and redox properties of the
heterodimeric special pair are drastically different from those
of P in the Wt RC, and the rate of primary charge separation
in the heterodimeric complexes is significantly reduced (Kir-
maier et al. 1988; McDowell et al. 1991). Previously, con-
servation of the BChl/BChl homodimer in His-substituted
RCs was demonstrated in Rba. sphaeroides single mutants,
in which His M202 was changed for Gly, Ser, Cys, or Asn
(Goldsmith et al. 1996; Nabedryk et al. 2000), as well as
in the single H(L173)G and double HM202)G/H(L173)G
mutants (Goldsmith et al. 1996).

Our recent measurements have shown that the homodi-
mer P appears to be retained also in the mutant Rba.
sphaeroides RC with the double substitution H(L173)
L/I(L177)H, as indicated by the P/P* midpoint potential
value, the results of the pigment analysis, and the pres-
ence of the long-wavelength Q, band of P in the absorp-
tion spectrum measured at 90 K (Vasilieva et al. 2012). In
this mutant, the replacement of His L173 with Leu was
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Fig.1 View of the geometry and environment of the primary donor
dimer P BChls (P, and Pgp) and the monomeric BChl B,, as deter-
mined in the crystal structure of the Wt Rba. sphaeroides RC
(Vasilieva et al. 2012; PDB: 3V3Y). In the double mutant HM202)
L/I(M206)H studied in this work, His at position M202 and Ile at
position M206 are replaced with Leu and His, respectively. Dashed
lines show distances in angstroms

combined with the replacement of Ile with His at position
L177, shifted by one turn of the protein alpha-helix from
His L173. The double substitution was accompanied by
an unusually large (46 nm) blue shift of the Q, absorp-
tion band of P. Here, we show that a heterodimer primary
electron donor also fails to assemble in the mutant contain-
ing a symmetric double amino acid substitution HM?202)
L/I(M206)H on the other side of the Rba. sphaeroides RC.
Instead, the homodimeric structure of P is retained in the
H(M202)L/I(M206)H mutant, although its properties are
somewhat different from those of P in the Wt. The study of
this mutant is of significant interest from the point of view
of obtaining further insight into the role of the nearest
amino acid environment in the organization and structural
stability of P. In addition, this mutation offers a potential
possibility to address a hypothesis of the possible involve-
ment of His M202 in the initial charge separation event as
an integral element of a through-bond route for electron
transfer from P* to the B, molecule (Yakovlev et al. 2002,
2005). Based on the RC crystal structure (Ermler et al.
1994; Potter et al. 2005), it has been proposed that a chain
of polar atoms N-Mg(Py)-N-C-N(HisM202)-HOH (water
A)-O=(B,) could provide a direct electron-transfer link
between the primary reactants (Yakovlev et al. 2002,
2005). While the influence of the removal of the bound
water A on the rate of primary electron transfer is known
from the time-resolved absorption measurements (Pot-
ter et al. 2005; Yakovlev et al. 2005; Gibasiewicz et al.
2016), as far as we know, no transient absorption data
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are available for the initial electron-transfer reaction in
mutant RCs which do not have His M202, but contain the
P homodimer.

Here, we present a detailed characterization of isolated
H(M202)L/I(M206)H mutant Rba. sphaeroides RCs using
pigment analysis, steady-state visible/near-IR absorption
spectroscopy, mid-IR light-induced Fourier transform infra-
red (FTIR) spectroscopy, electron paramagnetic resonance
(EPR) spectroscopy, and femtosecond transient absorption
spectroscopy.

Materials and methods

Site-directed mutagenesis and reaction center
purification

Mutations were introduced using PCR oligonucleotides
as described previously (Khatypov et al. 2005). Nucleo-
tide changes were confirmed by DNA sequencing. Altered
pufM genes were re-cloned into the broad-host-range vector,
a derivative of pRK415, containing a 4.2 kb EcoRI-Hin-
dIII restriction fragment that included the pufLMX genes.
The resulting plasmids were transferred into the Rba.
sphaeroides strain DD13 through conjugative crossing to
give transconjugant strains with RC-only phenotypes (Jones
et al. 1992). The control strain comprised DD13 comple-
mented with a pRK415-derivative plasmid containing a Wt
copy of the pufLMX genes. Details of the growth of the
mutant bacterial strains were described earlier (Khatypov
et al. 2005). RCs were isolated according to (Fufina et al.,
2015) and resuspended in 20 mM Tris—HCI, pH 8.0/0.1%
LDAO/180 mM NaCl buffer. For FTIR and transient absorp-
tion spectroscopy measurements, RCs were dissolved in a
20 mM Tris—HCI (pH 8.0) buffer with 0.1% Triton X-100
as a detergent.

Pigment composition analysis and redox potentials
determination

Pigment extraction and analysis of pigment composition
of RCs were performed as described in detail previously
(Vasilieva et al. 2012). P/P* midpoint potentials were deter-
mined by chemical titrations using potassium ferricyanide
and sodium ascorbate as described previously (Vasilieva
et al. 2012).

Steady-state electronic absorption spectroscopy

Room-temperature electronic absorption spectra of RCs
were recorded with a Shimadzu UV 1800 spectrophotom-
eter. Absorption spectra at 100 K were measured with a
Shimadzu UV-1601PC spectrophotometer using an optical

liquid nitrogen cryostat of the local design and a cuvette
with an optical pathlength of ~2 mm. For low-temperature
measurements, glycerol was added to the sample to a final
concentration of 60% (v/v). Sodium ascorbate was added
to a final concentration of 1 mM in order to keep the pri-
mary donor in the reduced state.

FTIR spectroscopy

Light-induced difference FTIR spectra were recorded
as described previously (Zabelin et al. 2009) on Bruker
IFS66v/s Fourier transform infrared spectrometer equipped
with an MCT (D313/6) detector and a KBr beamsplitter.
The spectral resolution was 4 cm™!. Concentrated sus-
pension of RCs (5 pl, ~0.25 mM) solubilized in 20 mM
Tris—HCI buffer (pH 8.0) containing 0.1% Triton X-100
was applied to a CaF, plate, partially dehydrated using an
argon gas jet, and covered with another CaF, plate. Light-
induced difference (light minus dark) P*Q~/PQ FTIR spec-
tra were recorded at room temperature under steady-state
continuous illumination of the samples (720-1100 nm, ~ 2
mW/cm?). Illumination cycles were repeated several times
to achieve an acceptable signal-to-noise ratio.

EPR spectroscopy

EPR spectra were recorded with an EMX6 spectrometer
(Bruker, Germany) at room temperature under the follow-
ing spectrometer settings: mw power, 2 mW, modulation
amplitude, 0.4 mT. The dark spectrum was subtracted from
the spectrum under illumination (4> 640 nm). To improve
the precision of parameter determination, the difference
spectrum was fitted with a Gaussian function.

Transient electronic absorption spectroscopy

Femtosecond transient absorption spectra were measured
essentially as described previously (Zabelin et al. 2019a),
with the exceptions that the pump spectrum was centered
at about 870 nm for Wt and at 840 nm for the double
mutant, and the relative polarization between the pump
and probe pulses was set to the magic angle (54.7°).

The transient absorption datasets were analyzed glob-
ally (van Stokkum et al. 2004) using the Glotaran software
(Snellenburg et al. 2012). The program includes mathe-
matical description of spectral dispersion of the maximum
of the instrument response function (IRF). The half width
at half maximum of the IRF was estimated to be ~35—40 fs
for both investigated spectral regions.
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Fig. 2 Electronic ground-state absorption spectra of Rba. sphaeroides
RCs from the Wt (dashed line) and the mutant [(M206)H/H(M202)L.
(solid line). Spectra were measured at room temperature (main panel)
and 100 K (inset) and normalized at the maximum of the BPheo Qy
band near 760 nm

Results

Figure 2 shows the normalized electronic ground-state
absorption spectra of Wt (dotted line) and mutant I[(M206)
H/H(M202)L RCs (solid line), measured at room tem-
perature (main panel) and 100 K (inset). The spectrum
of Wt RCs corresponds well to the spectrum published
for Rba. sphaeroides RCs (McDowell et al. 1991). It can
be seen that introduction of the double mutation I(M206)
H/H(M202)L leads to significant changes in the spectral
properties of the RC. At room temperature, the long-wave-
length band at 866 nm in the spectrum of Wt RCs, which
is attributed to the low-energy Q, exciton transition of
the homodimer primary electron donor P, in the mutant
is strongly shifted to the blue, and is discernible only as a
shoulder on the long-wavelength side of the band at about
800 nm. The intensity of this latter band, which is assigned
mainly to the Q, transitions of the two monomeric BChls
(B, and By) with possible contribution of the high-energy
exciton transition of the P dimer, is slightly decreased in
the spectrum of the mutant compared to Wt. In the region
of the Q, optical transitions, a band peaking at 599 nm
in the spectrum of Wt includes contributions from all
BChl molecules (P,, P4, B, and By). In the spectrum of
mutant RCs, maximum of this band shifts to 596 nm. At
100 K, the band with longest wavelength in the spectrum
of mutant RCs is resolved as a separate peak at 857 nm, the
intensity of which is significantly smaller than that of the
low-energy exciton transition of P at 888 nm in the spec-
trum of Wt. This 31-nm blue absorption shift corresponds
to a 50-meV increase in the P/P* energy difference.

The pigment composition in the Wt and mutant RCs was
determined by performing analysis of acetone/methanol
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(7:2) extracts. Similar BChl/BPheo ratio of 1.9+0.1 was
found for both RCs.

The P/P* midpoint potential was determined to be
approximately 485 mV for the Wt RC and 470 mV for the
RC HM202)L/I(M206)H (estimated error + 10 mV), with
the value for the Wt being in agreement with the previous
data (Moss et al. 1991; Williams et al. 1992).

Figures 3 and 4 present the mid-IR (4500-1200 cm™")
P*Q7/PQ FTIR difference spectra corresponding to the
photo-oxidation of the primary electron donor and photo-
reduction of quinone acceptors (Q, and Qg) in isolated RCs
of Wt (a) and of the double mutant H(M202)L/I(M206)H
(b). The negative and positive features in the spectra mainly
reflect the disappearance of the neutral forms of P and the
appearance of their radical ions, respectively. We note that
the frequency range between 3700 and 3100 cm™" is satu-
rated due to the strong background absorption of water and
is excluded from Fig. 3. The amide I frequency region of the
spectra (around ~ 1650 cm™) (Fig. 4) is also distorted due to
the water absorption and is not analyzed in this paper.

The P*Q7/PQ FTIR difference spectrum of the Wt RC
(Figs. 3a, 4a) is similar to the spectra of previously well-
characterized native Rba. sphaeroides RCs (Breton et al.
1992; Johnson et al. 2002; Zabelin et al. 2009). In this
spectrum, the broad band centered at~2680 cm™! has been
assigned to a specific electronic transition that corresponds
to the hole transfer between the two halves of the oxidized

1 n 1 n 1
4000 3000 2000
Wavenumbers, cm'

Fig.3 Light-minus-dark FTIR difference spectra, reflecting photo-
oxidation of the primary electron donor and reduction of quinone
electron acceptors in Rba. sphaeroides Wt RCs (a) and H(M202)
L/I(M206)H RCs (b), measured at room temperature in the region of
4500-1200 cm™". The spectra are normalized by the amplitude of the
differential signal in the region of 1749-1747/1739 cm™!. The region
at~3700-3100 cm™' is saturated due to the strong absorption of the
sample and water and is excluded from the figure
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Fig.4 Expanded comparison of the low-frequency region (1800—
1200 cm™!) of the FTIR P*Q~/PQ spectra for Rba. sphaeroides Wt
RCs (a) u HM202)L/I(M206)H RCs (b), replotted from Fig. 3

P dimer and characterize the electronic coupling of P, and
P BChls in the P* state (Breton et al. 1992; Reimers and
Hush 2003). The spectrum includes also three vibrational
(phase-phonon) bands at~ 1550, 1477 ,and ~ 1290 cm™! due
to deformations of the porphyrin macrocycles of BChls P,
and Py (Reimers and Hush 2003). The phase-phonon modes
are formally symmetry forbidden in monomeric BChl, but
they intensify due to the coupling with the hole transfer
electronic transition in the dimer (Reimers and Hush 2003).
Notably, all these IR bands are spectroscopic indicators of
the dimeric structure of P* (Nabedryk et al. 1992, 1993,
2000). (Although the P*Q7/PQ FTIR spectra are expected
to contain contributions from quinone modes, the intense P
and P* bands dominate over the signals due to Q and Q~as
suggested by Nabedryk et al. 1993). From comparison of
the spectra in Figs. 3 and 4, it is clear that similar IR fea-
tures are also present in the FTIR spectrum of the H(M202)
L/I(M206)H mutant. However, upon mutation (Fig. 3b), the
broad positive band significantly decreases in intensity and
its maximum upshifts to~2740 cm™! (the FTIR spectra were
normalized according to Malferrari et al. 2015 on the basis
of the differential signals at 1749-1747/1739 cm™! attributed
to the 13°-ester C=0 mode of BChl Nabedryk et al. 1993).
The phase-phonon peaks in the spectrum of the mutant show
maxima at 1544, 1484, and 1317 cm™" and decrease in inten-
sity compared to Wt.

In the 1760-1650 cm™' range, the FTIR difference spec-
tra (Fig. 4) show differential signals associated mainly
with high-frequency shifts of the ester and keto carbonyl
modes of the primary donor upon its photo-oxidation
(Nabedryk et al. 1993). In the Wt RC, a positive peak at
1749 cm™! and a negative peak at 1739 cm™! are assigned
to at least one of the two 13*-ester C=0 groups of the pri-
mary donor in the P* and P states, respectively (Fig. 4a)
(Nabedryk et al. 1993; Johnson et al. 2002). Figure 4b
shows that a differential signal of similar shape is observed
for the H(M202)L/I(M206)H RC at 1747(+)/1739(-)
cm™!, indicating that the local environment of the ester
carbonyls in the double mutant remains close to that in Wt
in both the neutral and the cation state of P.

The FTIR spectrum of the double mutant is noticeably
perturbed compared to the Wt spectrum in the frequency
region of 13'-keto carbonyl modes (Fig. 4). The negative
peak at 1684 cm™!, accounting for both P, and Py contri-
butions in Wt, is downshifted to 1680 cm™! in the mutant.
Positive signals observed in the spectrum of Wt at~ 1713
and 1704 cm™! and assigned to the free 13'-keto-C=0
groups of P,* and Pg*, respectively (Nabedryk et al. 1993)
shift to 1714 and 1697 cm™, respectively, in the spectrum
of the mutant. Along with the splitting of the P,* and Pg*
peaks, a reversion in the relative amplitude of these peaks
is observed in the mutant as compared to Wt.

Light-induced EPR signal of the H(M202)L/I(M206)
H mutant primary donor in isolated RCs is character-
ized by the g-factor of 2.0026 +0.0001 and linewidth
AB=1.18+0.01 mT. The somewhat high microwave
power used to record the spectra had little effect on the
linewidth, as confirmed by the light-induced P* signal of
the Wt RCs taken under the same conditions demonstrat-
ing the well-known AB=0.95+0.01 mT value (data not
shown).

The dynamics and mechanism of charge separation in
Wt and the double HM202)L/I(M206)H mutant were stud-
ied using femtosecond time-resolved difference absorption
spectroscopy at room temperature. The experimentally
measured entire sets of transient absorption spectra for
Wt and H(M202)L/I(M206)H (not shown) were analyzed
globally using a sequential, irreversible kinetic model
(1 >2—3—...) and a parallel kinetic model with inde-
pendent decays (van Stokkum et al. 2004). Two exponential
kinetic components and a non-decaying component satis-
factorily fit the data.

The evolution-associated difference spectra (EADS)
and the corresponding time constants resulting from apply-
ing the sequential model to Wt and the double mutant are
shown in Figs. 5a, b and 6a, b, respectively. It can be seen
that the EADS for the two RCs show clear similarities but
also exhibit some differences, in particular, reflecting dif-
ferences between the ground-state absorption spectra of the
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Fig. 5 Evolution-associated difference spectra (EADS, a, b) and decay-associated difference spectra (DADS, ¢, d) obtained from global analysis
of the transient absorption data in the 500-720 nm (a, ¢) and 740-1000 nm (b, d) regions for Rba. sphaeroides Wt RCs

RCs (Fig. 2). The EADS obtained for Wt are in agreement
with the published data (see, for example, Sun et al. 2016).

The EADS associated with the lifetime of 3.4 ps for
Wt and 4.2 ps for mutant RCs show spectral features typi-
cal for the excited state P* (Figs. 5a, b, 6a, b, black lines).
Both spectra demonstrate broad negative band in the Q,
region which includes contribution from the P bleaching
at~865 nm for Wt and ~ 840 nm for mutant RCs along
with stimulated emission from P* at~900 nm (panels b).
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The negative band at~600 nm is present in the Q, spectral
regions on the background of the weakly structured absorp-
tion of P* in the range 500—720 nm (panels a). The P* state
evolves into the charge-separated state P*H, ™ characterized
by 197 ps and 217 ps EADS for the Wt and mutant RCs,
respectively, demonstrating the negative band at~ 600 nm,
bleaching of the Q, absorption band of the BPheo H, at
545 nm, and appearance of the absorption bands of the radi-
cal anion H, ™ at~670 and 960 nm. The EADS of the mutant
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Fig. 6 Evolution-associated difference spectra (EADS, a, b) and decay-associated difference spectra (DADS, ¢, d) obtained from global analysis
of the transient absorption data in the 500-720 nm (a, ¢) and 740-1000 nm (b, d) regions for HM202)H/I(M206)H mutant RCs

RCs also contains the BPheo radical anion band at 915 nm,
which is not seen in the Wt spectrum due to overlap with the
P bleaching at~ 865 nm. Bleaching of the P absorption band
is observed at 838 nm in the Q, region of the mutant spec-
trum (Fig. 6b, red line) in accordance with the different spec-
tral position of the long-wavelength band of P in the ground-
state absorption spectra (Fig. 2). Both spectra also contain
electrochromic shift in the region of ~800 nm (Figs. Sa, b,
6a, b, red lines). The state P*H,~ further evolves into the

non-decaying state P*Q,~ with a time constant of ~ 200 ps
in both RCs. The almost equal amplitudes of the P bleach-
ing at~865 nm in the 197 ps EADS and the non-decaying
EADS (Fig. 5b) correspond to essentially 100% yield of the
P*H,~ —P*Q, electron transfer in Wt. A slightly reduced
amplitude of the P bleaching at~ 840 nm in the non-decaying
P*Q,~ EADS as compared to that in the 217 ps EADS sug-
gests that some ground-state recovery of P and a decrease
in the P*Q,~ yield (by about 10%) are observed in the
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double mutant (Fig. 6b). Interestingly, there is a pronounced
decrease in the amplitude of the negative signal at 545 nm
relative to that at~600 nm in the 217 ps EADS of the double
mutant (Fig. 6a), while the amplitudes of these features are
close to each other in the 197 ps EADS of Wt (Fig. 5a). In
principle, this might reflect a smaller yield of P*H, ™ in the
double mutant than in Wt (see, however, below).

Some additional information about the possible effects of
the double mutation on the yields of electron-transfer reac-
tions involved in charge separation can be extracted from the
decay-associated difference spectra (DADS) obtained from
global analysis using a parallel kinetic model (Figs. 5c, d,
6¢c, d). The DADS corresponding to 3.4 ps in Wt and 4.2 ps
in double mutant contain positive bands at 545, 760, and
810 nm and a negative band at~ 670 representing the forma-
tion of the P+HA_ state (Figs. 5c, d, 6c¢, d, red lines). The
broad negative band at~900 nm shows the decay of stimu-
lated emission of P*. Both spectra instead of a bleaching
demonstrate band shifts centered at~600 nm (i.e., there is
no ground-state recovery of P) suggesting a practically 100%
yield of P*H, ™ in both Wt and the double mutant. There-
fore, it is likely that the aforementioned difference in the
amplitudes of negative signals at 545 nm and ~ 600 nm in the
217 ps EADS of the double mutant is due to another reason,
for example, a change in the absorption properties of H,. In
the Wt RCs, 197 ps DADS reflect the spectral changes asso-
ciated with the electron-transfer reaction P*H,~™ —P*Q,
including the decay of the 545 nm Q, ground-state bleach-
ing and radical anion-positive absorption bands at 670,
914, and 965 nm. It is noteworthy that in addition to the
features associated with electron transfer from H,™ to Q,,
the mutant DADS with 217 ps lifetime include a negative
signal at 840 nm indicating a ground-state recovery of P.
This implies that, unlike Wt RCs, in HM202)L/I(M206)H
RCs, recombination of P*H, ~ to the ground state effectively
competes with forward electron transfer from H,~ to Q,
resulting in a lower quantum yield of the PTQ, ™ state.

Summarizing, the transient absorption measurements
show that (i) the sequence of electron-transfer reactions
P*—P*H,~ —P*Q," is preserved in the double mutant,
(i) the double mutation does not significantly affect the P*
lifetime, and (iii) the yield of the P*Q,~ state is slightly
decreased in the double mutant.

Discussion

Homodimer structure of the primary electron donor
in the H(M202)L/I(M206)H mutant RC

Both absorption spectra and results of pigment analysis

come to an agreement that in the mutant RC the special
pair is the BChl homodimer. The long-wavelength Q, band
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of P is clearly visible in the 100 K absorption spectrum of
the mutant RCs (Fig. 2, inset), although it shifts to the blue
and decreases in intensity compared to Wt, apparently due
to some changes in the structure and/or interactions of the
homodimer, caused by the double amino acid substitution.
The spectral position of the Q, band of P depends on various
factors such as formation of charge transfer states (Parson
and Warshel 1987), conformation of acetyl carbonyl groups
(Parson and Warshel 1987; Thompson et al. 1991), forma-
tion of hydrogen bonds (Thompson et al. 1991), electrostatic
interactions (Thompson et al. 1991; Johnson et al. 2003),
and small changes (~0.1 /0%) in spacing between the two
BChls of the dimer (Gudowska-Nowak et al. 1990; Thomp-
son et al. 1991; Parson and Warshel 1987). A similar BChl/
BPheo ratio of 1.9+0.1 determined here for both Wt and
double mutant RCs suggests that these RCs have the same
pigment composition (i.e., four BChls and two BPheos per
RC) and that the BChl homodimer is most likely retained in
the mutant RC.

In the absence of crystallographic data, valuable informa-
tion on the nature and electronic structure of the primary
electron donor in the double mutant HM202)L/I(M206)H
can be obtained by comparing its light-induced FTIR dif-
ference spectrum for the primary donor oxidation with the
P*Q7/PQ FTIR spectrum of Wt that contains the homodimer
P (Figs. 3, 4). Previously, it has been shown that the hole
transfer electronic transition localized in the FTIR spectrum
of Wt RCs at~2680 cm™! (Fig. 3a), as well as vibrational
(phase-phonon) bands at~ 1550, 1477 ,and ~ 1290 cm™!
(Fig. 4a), is not observed in the FTIR difference spectrum
of isolated BChl radical cation (Nabedryk et al. 1993, 2000),
thus being markers of the dimeric structure of the oxidized
primary donor (Breton et al. 1992). In addition, these IR
features are not observed in the spectra of heterodimer
mutants in which His M202 (or His L173) is replaced by Leu
(Nabedryk et al. 1992). The presence of the P* electronic
band at~2740 cm™! (Fig. 3b) and associated phase-phonon
bands at 1544, 1484, and 1317 cm™" in the FTIR spectrum of
H(M202)L/I(M206)H (Fig. 4b) demonstrate that the double
mutant contains a homodimer with the charge on P* distrib-
uted between the two coupled BChl molecules.

However, a decrease in the intensity (and change in posi-
tion) of the electronic and phase-phonon bands in the spec-
trum of H(M202)L/I(M206)H compared to Wt (Figs. 3, 4)
suggest that the electronic structure of P is different in these
RCs. Apparently, the double mutation is accompanied by a
decrease in the extent of electronic coupling between the two
BChls of P* and/or a more asymmetric charge distribution
over these BChls (Breton et al. 1992; Reimers and Hush
2003). The fact that the relative amplitude of the 13'-keto
C=0 peaks of P, and Pz" in the double mutant is reversed
compared to Wt (Fig. 4) can be interpreted as indicating a
stronger charge localization on P,* in the mutant than in Wt
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(Malferrari et al. 2015). These data, as well as small shifts
of the 13!-keto carbonyl frequencies in the double mutant
with respect to those in Wt (ranging from ca.+ 1 to—7 cm™;
Fig. 4) probably reflect small mutation-induced rearrange-
ment of P BChl macrocycles and/or of their substituents
(Nabedryk et al. 2000; Spiedel et al. 2002).

The linewidth of the HM202)L/I(M206)H mutant EPR
signal (1.18 mT) exceeds considerably that of the Wt RCs
and is close to the 1.22-1.26 mT value obtained for the het-
erodimer primary donor of the H(M202)L mutant (Huber
et al. 1990; Rautter et al. 1995). It indicates a highly asym-
metrical spin density distribution in the double mutant and is
in agreement with the weakly coupled dimer of the primary
donor molecule.

Possible candidates for the axial ligand to Pg
in the double mutant H(M202)L/I(M206) H RC

As outlined in Introduction, the replacement of His M202,
the fifth axial ligand to Mg of the P; BChl in the homodimer
P of the wild-type strain of Rba. sphaeroides, with Leu leads
to the formation of the BChl/BPheo heterodimer (McDowell
et al. 1991). In this context, the preservation of the overall
BChl/BChl homodimer structure of the primary electron
donor when a combination of substitutions H(M202)L and
I(M206)H is introduced into the mutant RC is rather surpris-
ing and suggests the presence of a ligand to Py. Apparently,
there are three potential candidates for the role of the fifth
ligand to the Mg ion of Py in the HMM202)L/I(M206)H dou-
ble mutant RC.

One possibility is that the Mg of the Py BChl in the dou-
ble mutant is coordinated by the new His side chain intro-
duced at position M206. According to Camara-Artigas et al.
(2002), the crystal structure of the HM?202)L heterodimer
RC from Rba. sphaeroides showed that, compared to Wt
RCs, His to Leu substitution resulted in small shifts of resi-
dues M196 and M206, a rotation of the side chain of Ile
M206, and a loss of the bound water molecule (water A in
Fig. 1). Based on this structure (PDB: 1KBY), modeling of
His at M206 using PyYMOL (DeLano 2002) does not sug-
gest that the side chain of His M206 could be in a suitable
position to serve as an axial ligand to the Mg atom at the
center of the Py macrocycle (not shown). In fact, when the
His M206 residue is directed toward P, its imidazole group
is positioned at an acute angle to the macrocycle plane of
Pj. It is most likely that a scenario with a coordinating inter-
action between His M206 and the Mg of Py could be real-
ized only if the double mutation leads to rather strong (or
even gross) changes in the position/conformation of the P
dimer and/or in the surrounding protein. Our data do not
seem to provide evidence for such alterations. Although the
electronic absorption spectrum (Fig. 2) and the P*Q~/PQ
FTIR spectrum (Figs. 3, 4) of HM202)L/IM206)H RCs

show significant differences with the corresponding spec-
tra of Wt RCs, these results cannot be used as indisputable
indication of the specific large-scale structural changes in
the double mutant RC. Indeed, blue shifts of different sizes
were previously described for the Q, absorption band of P
in purple bacteria RCs resulting from various perturbations
of the P environment, such as changes caused by the type
and concentration of the solubilizing detergent used (Wang
et al. 1994; Miih et al. 1996, 1997), the hydration state of
the RC (Malferrari et al. 2015; Zabelin et al. 2019b), as well
as by various point mutations (see, for example, Bylina and
Youvan 1988; Kirmaier et al. 1991; DiMagno et al. 1998).
Regarding IR data, our recent measurements have shown that
the P*Q7/PQ FTIR spectrum of the L(M196)H mutant Rba.
sphaeroides RCs (Zabelin et al. 2019a) demonstrate features
similar to those observed here for the HM202)L/I(M206)
H RCs, while the crystal structure of the L(M196)H RC did
not reveal global alterations in the conformation of the P
dimer (Fufina et al. 2015). It was shown that mutation of His
L168 to Phe led to a significant blue shift of the Q, band of
P and was accompanied by a strong intensity decrease and
a downshift of the broad electronic transition at 2600 cm™!
along with some decrease in intensities of the phase-phonon
bands, whilst only relatively small changes were found in the
crystal structure of the H(L168)F mutant RC (Spiedel et al.
2002). These changes include a small shift in the position
of the P, BChl relative to Py, as well as a change in the con-
formation of the acetyl carbonyl group of P, (Spiedel et al.
2002). It is worth noting that the unexpected assembly of the
P homodimer observed in the HM202)L/I(M206)H mutant
is not unprecedented. It has been reported (but apparently
not described in detail) that the homodimer P assembled in
Rba. sphaeroides double mutant in which the H(M202)L
mutation was combined with the distant L(M214)H mutation
located near the BPheo H, molecule (see Heller et al. 1995).
As already mentioned above, Vasilieva et al. (2012) has pro-
posed that the homodimer P is retained in the structure of
the mutant Rba. sphaeroides RC containing symmetric dou-
ble substitution H(L173)L/I(L177)H. Properties of the RC
H(L173)L/I(L177)H were largely similar to those of the RC
H(M202)L/I(M206)H, and the blue shift of the Q, band of P
was even more pronounced (46 nm at 90 K). Similar changes
in the P environment caused by symmetric double mutations
suggest analogous mechanism for replacing the natural axial
ligands of P, and Py with alternative ligands.

Another possibility is that the Mg ion of Py in the dou-
ble mutant is coordinated by the carbonyl oxygen of the
3!-acetyl C=0 group of P, BChl if this group is undergo-
ing out-of-plane rotation, as it has been discussed for the
H(M202)G homodimer mutant in which His at M202 is
replaced with non-coordinating glycine (Goldsmith et al.
1996). In the Wt RC, the His L168 residue has been shown
to donate a strong hydrogen bond to the 3'-acetyl carbonyl
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of P, (Murchison et al. 1993; Spiedel et al. 2002). There-
fore, it seems reasonable to expect that the rotation of the
P, acetyl carbonyl group would lead to removal (or strong
weakening) of this hydrogen-bonding interaction and, as a
result, to a large change in the redox potential of P. In fact,
the removal of this hydrogen bond in the H(L168)F mutant
led to a decrease in the P/P™ mid-point redox potential in
purified RCs by 80-95 mV (Murchison et al. 1993; Lin et al.
1994). The results of our redox titration measurements did
not show a significant difference in the P/P* midpoint poten-
tial between the H(M202)L/I(M206)H mutant and Wt. In
this regard, it is interesting to note that using FT-Raman
spectroscopy, Goldsmith et al. (1996) showed that the acetyl
carbonyl groups of both BChls of the P homodimer in the
H(M202)G mutant remained in a conformation similar to
that in Wt.

Finally, it is possible that coordination of Mg in Py of the
H(M202)L/IM206)H double mutant is provided by a water
molecule incorporated into the mutant structure. Although
the model substitution of Ile M206 with His in the crystal
structure of the HMM202)L heterodimer RC (Camara-Artigas
et al. 2002) using PyMOL (DeLano 2002) did not suggest
the presence of a cavity to accommodate a water molecule
(not shown), a cavity might be created in the H(M202)
L/I(M206)H RC as a result of structural alterations caused
by the double mutation. It is conceivable that due to the
close proximity of His M206, the Leu M202 side chain in
the double mutant adopts geometry when it is no longer
located over the center of the Pz macrocycle [as is observed
in the RC crystal structure of the H(M202)L heterodimer
Camara-Artigas et al. 2002], making room for a new water
molecule. The ability of water molecule to serve as an
adventitious axial ligand to the Mg atom of the P; BChl
has previously been proposed for the homodimer mutants in
which His M202 was replaced with a number of amino acid
residues (such as Gly, Ser, Cys, or Asn) (Goldsmith et al.
1996; Nabedryk et al. 2000).

Primary charge separation in H(M202)L/I(M206)H
mutant RCs

The results presented show that the combination of amino
acid substitutions HM?202)L/I(M206)H leads to a signifi-
cant shift of the low-energy component of the Q, optical
transition of P to higher energies (50 meV at 100 K) and
noticeably affects the electronic structure of the radical cat-
ion P*, but have a relatively small influence on the oxidation
potential of P. Despite the changes in the spectroscopic and
electronic properties of P and P*, the primary photochemis-
try in the double mutant RC is basically similar, although not
identical, to that observed in the Wt RC (Figs. 5, 6). Specifi-
cally, the rate of the initial electron transfer from P* to H,
(most likely via B,) to form the P*H, ™ radical pair in the
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mutant is essentially unchanged compared to Wt. This sug-
gests that the mutation is not accompanied by a significant
change (at least an increase) in the inherent rate of P* deacti-
vation to the ground state via internal conversion. Notably, a
small but distinct decrease in the yield of the PTQ,~ state is
observed for the mutant, while (in agreement with the pub-
lished data) this state is formed with a nearly 100% yield in
Wt. The reason for this difference remains to be understood.
Most likely, unlike the situation in Wt, deactivation of the
P*H, " state to the ground state in the mutant effectively
competes with the forward electron transfer from H, ™ to Q.
At present, we can only speculate that the introduced amino
acid substitutions modify the energetics of the P*B,~ and
P*H, " states, leading to enhanced charge recombination
of P*H, ™ to the ground state via the thermally activated
short-lived P*B,,~ state. The inherent time constants for the
decay of P*H,~ and P*B," to the ground state in Wt RCs
were estimated to be ~20 ns (Chidsey et al. 1984; Budil et al.
1987; Ogrodnik et al. 1988) and ~ 1 ns (Kirmaier et al. 1991,
1995; Shkuropatov and Shuvalov 1993), respectively. The
observed decrease in the P/P* midpoint potential of the dou-
ble mutant by about 15 mV compared to Wt should lead to
uniform changes in the free energy of all charge-separated
states in the RC, including P*B,~ and P*H, . The relative
increase in the P/P* energy difference by 50 meV in the dou-
ble mutant is expected to increase the driving force for the
P*—P*B A electron-transfer reaction. However, it cannot
be excluded that the double mutation might affect the redox
potentials of B, and/or H,, making the free energy levels
of P*H,~ and P*B, " closer to each other. In this case, the
short-lived P*B,~ could be accessible for thermal repopula-
tion from the relaxed state P*H A »and, as a result, deactiva-
tion of P*H, ™ to the ground state would be more efficient in
the double mutant than in Wt.

With regard to the mechanism of charge separation in
purple bacteria RCs, an interesting hypothesis exists that
the initial electron-transfer reaction occurs via a set of con-
nected atoms, which provide through-bond electron transfer
between the primary reactants, P and B, (Yakovlev et al.
2002, 2005). The key elements of the putative through-bond
electron-transfer route are water A and His M202 (Yakovlev
et al. 2002, 2005). According to the RC crystal structure
(see, for example, Fig. 1), water A is within hydrogen-bond
distance from both oxygen of the 13'-keto carbonyl of B,
and nitrogen of the imidazole of His M202 that coordinates
the Mg ion of Py. It has been shown that steric exclusion
of water A from the structure of the membrane-bound
G(M203)L mutant RCs of Rba. sphaeroides has a strong
effect on the rate of primary electron transfer at room tem-
perature, increasing P* lifetime in the mutant to 20—-40 ps
compared to~5 ps in the Wt (Potter et al. 2005; Gibasiewicz
et al. 2016). A slowing down of the initial electron-transfer
reaction was also observed for purified G(M203)L RCs at
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90 K (Yakovlev et al. 2005). These data are consistent with
a through-bond electron tunneling from P* to B, ; however,
alternative explanations are also possible, such as the effect
of water A on the B,/B,~ mid-point potential (for further
discussion see Potter et al. 2005; Yakovlev et al. 2005).
Based on theoretical calculations, it was proposed that the
reversible rotation of His M202 and the associated dis-
placement of the water A protons toward Gly M203 and the
13'-carbonyl of B are coupled to the P* —P*B,,~ electron-
transfer reaction in the Rba. sphaeroides RC (Eisenmayer
et al. 2013).

The results of our measurements are not conclusive for
answering the question of whether the proposed through-
bond connection is important for the initial electron transfer
in the RC. However, the fact that the rate and yield of the
initial electron transfer are practically not affected by the
H(M202)L/I(M206)H double mutation strongly suggests
that the presence of His M202 is not critical for the primary
charge separation process. It is possible that if the puta-
tive through-bond electron-transfer route functions in Wt,
its loss due the removal of His M202 in the double mutant
is effectively compensated by competitive (through space)
electron tunneling routes through the atoms of the closest
approach between P* and B,. It can also be assumed that in
the absence of His M202, the functional through-bond con-
nection in the double mutant RC might be completed by an
alternative ligand (see above). The absence of a significant
effect of the double mutation on the initial electron transfer
may indicate that water A remains in the structure of the
H(M202)L/IMM206)H RC, while it is absent in the crystal
structure of the HM202)L heterodimer RC (Camara-Artigas
et al. 2002).

Conclusions

Unlike a single mutation H(M202)L, replacing His M202
with Leu does not prevent the assembly of the BChl homodi-
mer in the HM202)L/I(M206)H double mutant. Apparently,
other structural elements of the double mutant RC (e.g., His
M?206) or an incorporated water molecule may serve as the
fifth axial ligand to Mg of Py, while retaining the overall
BChl/BChl homodimeric structure and the basic functional
properties of the primary electron donor. The fact that the
double mutation has only a minor effect on the electron-
transfer reaction P* — (P*B, ™) —»P"H, ™ suggests that water
A is preserved in the structure of the double mutant RC, and
that His M202 is not essential in controlling the optimal rate
and yield of the initial charge separation reaction in Wt RCs.
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