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Abstract

Hybrid complexes incorporating synthetic Mn-porphyrins into an artificial four-helix bundle domain of bacterial reaction centers
created a system to investigate new electron transfer pathways. The reactions were initiated by illumination of the bacterial reaction
centers, whose primary photochemistry involves electron transfer from the bacteriochlorophyll dimer through a series of electron
acceptors to the quinone electron acceptors. Porphyrins with diphenyl, dimesityl, or fluorinated substituents were synthesized con-
taining either Mn or Zn. Electrochemical measurements revealed potentials for Mn(III)/Mn(II) transitions that are ~0.4 V higher
for the fluorinated Mn-porphyrins than the diphenyl and dimesityl Mn-porphyrins. The synthetic porphyrins were introduced into
the proteins by binding to a four-helix bundle domain that was genetically fused to the reaction center. Light excitation of the bac-
teriochlorophyll dimer of the reaction center resulted in new derivative signals, in the 400 to 450 nm region of light-minus-dark
spectra, that are consistent with oxidation of the fluorinated Mn(II) porphyrins and reduction of the diphenyl and dimesityl Mn(III)
porphyrins. These features recovered in the dark and were not observed in the Zn(II) porphyrins. The amplitudes of the signals
were dependent upon the oxidation/reduction midpoint potentials of the bacteriochlorophyll dimer. These results are interpreted as
photo-induced charge-separation processes resulting in redox changes of the Mn-porphyrins, demonstrating the utility of the hybrid
artificial reaction center system to establish design guidelines for novel electron transfer reactions.
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Introduction

The controlled flow of electrons in cells is crucial for many
key biological reactions, including photosynthesis and respi-
ration. Replication of these processes in artificial complexes
provides both an understanding of the natural systems and a
platform for studying novel reactions. Towards this end, the
convergence of progress in the design of de novo proteins,
synthetic constructs, and modifications of existing proteins
presents an opportunity for the creation of hybrid artificial
photosynthetic reaction centers. Each of these elements
contributes to the goal of achieving a new electron transfer
pathway that is well-defined, reversible, and triggered using
light.

The four-helix bundle is a workhorse in the field of pro-
tein design. Four-helix bundles are capable of binding a
wide range of cofactors, including metal clusters and por-
phyrins (Farid et al. 2013; Lu et al. 2018; Lombardi et al.
2019). The robust configuration is stable under a variety of
conditions including either aqueous or membrane environ-
ments, and the polypeptide is easily expressed and isolated.
In the de novo design of a photosynthetic complex, Dutton
and coworkers have demonstrated the utility of four-helix
bundles for tightly binding porphyrins and for combining
multiple components that are found as cofactors in photo-
systems, such as porphyrins, metal clusters, and tyrosine
residues (Ennist et al. 2022). While the addition of exter-
nal oxidants and reductants can change the redox states of
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bound cofactors, currently the field has had limited success
in achieving efficient and reversible chemical reactions by
redox-active cofactors.

Porphyrins are versatile photoactive compounds and
cofactors in proteins. Control of their characteristic spectra,
photoelectrochemical, and redox properties can be achieved
by judicious substitution of metalloporphyrins. The redox
properties extend over a wide range, depending on the
choice of the central metal and substituents. Biological elec-
tron and proton-transfer processes can be reproduced with
these synthetic systems. Molecular dyads and triads incor-
porating porphyrins have been used as mimics of photosyn-
thesis, and can also include analogs of the side chains of
amino acids such as histidine and tyrosine (Mora et al. 2018;
Yoneda et al. 2021; Arsenault et al. 2022). Incorporation
of such constructs into artificial proteins extends the range
of these bioinspired systems by the addition of interactions
with the polypeptide side chains or other bound cofactors.
For four-helix bundles, the molecules can be encased in a
hydrophobic interior with a hydrophilic exterior, allowing
manipulation in aqueous solutions and the ability to dock
with biological proteins. In particular, artificial proteins pro-
vide a bridge between synthetic porphyrins and biological
photosynthetic proteins to enable participation in energy and
electron transfer.

Among the photosynthetic proteins, bacterial reaction
centers have proven useful for probing the factors that con-
trol electron transfer in large biological complexes (Williams
and Allen 2009). In reaction centers, after light is absorbed
by the bacteriochlorophyll dimer, P, an electron is trans-
ferred through one of the branches of cofactors to the pri-
mary quinone, Q,, followed by transfer to the secondary
quinone, Qg (Woodbury and Allen 1995; Niedringhaus et al.
2018). Accompanying the transfer of a second electron is
the uptake of two protons, with the resulting quinol released
into the membrane and replaced with an exogenous quinone
(Okamura et al. 2000; Wraight 2006). On the donor side,
the oxidized bacteriochlorophyll dimer can be reduced by
a number of secondary electron donors in addition to the
native cytochrome c,. For example, by using mutations to
adjust the redox potential of the dimer and to create binding
sites, transition metals such as Mn can reduce the oxidized
dimer (Espiritu et al. 2020).

Hybrid complexes with protein domains having novel
molecules as bound cofactors have been employed as a
strategy for producing functional proteins that recognize
molecular features or are capable of performing energy
transfer (Mancini et al. 2017; Grayson et al. 2017; Liu et al.
2020; Yang et al. 2021). In previous work, we have shown
that Mn or protoporphyrin IX cofactors bound to de novo
proteins can dock on the periplasmic surface of the reac-
tion center and reduce the oxidized bacteriochlorophyll
dimer, P* (Olson et al. 2016, 2017; Espiritu et al. 2020;
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Allen et al. 2022). In this study, we utilize a hybrid fusion
framework with a de novo protein genetically fused to the
reaction center to investigate the potential for new electron
transfer reactions. MPB?2 is a reaction center that has been
modified to contain a domain consisting of a single-chain
four-helix bundle fused to the C-terminus of the M subunit
as described previously (Calhoun et al. 2003; Allen et al.
2022). In addition, the reaction centers are highly oxidizing
due to the alterations of L131 Leu to His, M160 Leu to His,
and M 197 Phe to His (Lin et al. 1994a). These reaction cent-
ers have the ability to perform light-induced electron transfer
from the excited state of P to Q, but also possess the addi-
tional feature of a porphyrin near P that could participate
in electron transfer with P (Fig. 1). Our model is based on
one porphyrin bound to the four-helix bundle of the fusion
reaction center. The available structural information shows
that one porphyrin will bind to four-helix bundles of this size
(Mann et al. 2021; Ennist et al. 2022). In addition, we have
previously shown that protoporphyrin IX does not interact
with the reaction centers in the absence of the four-helix
bundle (Allen et al. 2022).

By using reaction centers as a base in a hybrid complex,
novel redox reactions involving synthetic porphyrins can be
initiated using light excitation of the bacteriochlorophyll
dimer. Key to the placement of synthetic porphyrins in the
hybrid reaction centers is the design, synthesis, and charac-
terization of porphyrins with specific properties. Computer
modeling was used to screen for the viability of binding
porphyrins to the four-helix bundle of the fusion protein.

porphyrinogg.

s

Fig.1 Model of the MPB2 hybrid reaction center, based on the
fusion of a four-helix bundle to the reaction center through the C-ter-
minus of the M subunit, with binding of a porphyrin to the four-helix
bundle. In the reaction center portion, absorption of light results in
excitation of the bacteriochlorophyll dimer, P, and subsequent elec-
tron transfer through the cofactors (red) to the primary electron
acceptor, Q,, as shown by the curved arrow. The presumed placement
of the four-helix bundle generated by this computer model shows the
position of the porphyrin near P. For clarity, only the L and M subu-
nits (light gray) are displayed

Modeling showed that porphyrins with a variety of substitu-
ents could be placed into the four-helix bundle with proper
coordination from His ligands without steric hindrance.
With this position, the porphyrin location is comparable to
those identified in X-ray structures of porphyrin-containing
bundles (Mann et al. 2021; Ennist et al. 2022). This place-
ment of synthetic porphyrins in the hybrid reaction cent-
ers provides the opportunity to investigate novel electron
transfer processes. Specifically, we tested eight different
metalloporphyrins containing either Mn or Zn. Four of the
porphyrins had fluorinated substituents and were compared
to the nonfluorinated counterparts (Fig. 2). Optical spec-
troscopy and redox measurements were used to examine the
properties of the synthetic porphyrins. The porphyrins in
the hybrid reaction centers were characterized by optical
spectroscopy to examine their participation in light-induced
electron transfer.

Materials and methods

Preparation of porphyrins, four-helix bundle,
reaction centers, and fusion proteins

Eight metalloporphyrins were synthesized
(Fig. 2). Four porphyrins had fluorinated substitu-
ents: Mn(III) 5,15-bis(perfluorophenyl)-10,20-
bis(trifluoromethyl)porphyrin (Mn(III) (CF;),(pheFs),porph-
yrin), Mn(III) 5,10,15,20-tetrakis(trifluoromethyl)porphyrin
(Mn(III) (CF;),porphyrin), Zn(II) 5,15-bis(perfluorophenyl)-
10,20-bis(trifluoromethyl)porphyrin (Zn(II) (CF;),-
(pheFs),porphyrin), and Zn(II) 5,10,15,20-tetrakis(triflu-
oromethyl)porphyrin (Zn(Il) (CF;),porphyrin). These
were compared to four nonfluorinated porphyrins:
Mn(III) 5,15-diphenylporphyrin (Mn(III) (phe),porphyrin),
Mn(I1I) 5,15-dimesitylporphyrin (Mn(III) (mes),porphyrin),
Zn(II) 5,15-diphenylporphyrin (Zn(II) (phe),porphyrin), and
Zn(II) 5,15-dimesitylporphyrin (Zn(II) (mes),porphyrin).
The Supplementary Information contains a detailed descrip-
tion of the preparation of these eight porphyrins. Briefly,
the meso-free and meso-CF; substituted dipyrromethanes
were synthesized by standard procedures, and the porphy-
rins were prepared by condensation of the dipyrromethanes
with the corresponding aldehydes or direct condensation of
pyrrol-alcohol (Wijesekera 1996; Shimizu et al. 2006). The
free base porphyrins were metalated following published
procedures (Chizhova et al. 2018).

The single-chain four-helix bundle, PB1, is a water-sol-
uble protein with a His tag for purification (Calhoun et al.
2003; Allen et al. 2022). The MPB2 reaction centers contain
a single-chain four-helix bundle fused to the C-terminus of
the M subunit as described previously (Allen et al. 2022).
The C-terminal residue of the M subunit, which is located
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CF5
Mn(lll) (CF3)2(pheFs)oporphyrin

Mn(ll1) (phe),porphyrin

Fig.2 Chemical structures of the four synthetic Mn-porphyrins,

(phe),porphyrin and Mn(III) (mes),porphyrin

shortly after the transmembrane helix E, is connected to the
four-helix bundle with a Gly linker that has the sequence
GGNGGN. After the C-terminal residue of the four-helix
bundle is a cleavable His tag for purification. Reaction cent-
ers containing mutations that alter the P*/P midpoint poten-
tial have been described previously (Lin et al. 1994a). The
region surrounding P in the MPB2 reaction center contains
three mutations, L131 Leu to His, M160 Leu to His, and
M197 Phe to His, that raise the P*/P midpoint potential to
0.76 V vs. SHE (Lin et al. 1994a). The genes for the PB1
protein and MPB2 fusion protein were expressed in Escheri-
chia coli and Rhodobacter sphaeroides, respectively (Fig.
S40). The construction of the genes has been described pre-
viously (Allen et al. 2022). The PB1 protein was purified
by affinity chromatography, and the His tag was removed
by protease cleavage. Reaction centers were isolated using
the detergent lauryl dimethylamine oxide to solubilize the
protein from the cell membrane, purified using affinity or
ion exchange chromatography, and then concentrated and
exchanged into the appropriate buffer, generally 15 mM
CHES pH 9.4 and 0.05% Triton X-100. To block electron
transfer from Q, to Qp, 100 pM terbutryn was added.

@ Springer

CF;

CF3
Mn(Ill) (CF3)4porphyrin

Mn(lll) (mes),porphyrin

Mn(III) (CF;),(pheFs),porphyrin, Mn(IIl) (CF;),porphyrin, Mn(III)

Binding of porphyrins to four-helix bundle protein
and fusion reaction centers

The porphyrins were dissolved in dimethyl sulfoxide at
1 mM concentrations prior to addition to the proteins. The
Mn-porphyrins were bound to the PB1 four-helix bundle
by incubating 20 pM porphyrin with 10 pM PB1 protein
in 15 mM CHES pH 9.4 for 0.5 to 1 h by rocking at room
temperature. In some cases, the sample was washed by
sequentially diluting and concentrating the sample using a
3000 Da centrifugal filter (Amicon), followed by dilution
into 15 mM CHES pH 9.4. For the MPB2 fusion reaction
centers, measurements were performed on samples where
the porphyrins were added by incubating 2 pM reaction
centers with 6 pM Mn-porphyrin or 1 pM Zn—porphyrin
for at least 30 min at room temperature in 15 mM CHES
pH 9.4, 0.05% Triton X-100, and 100 uM terbutryn. For
measurements with the wild-type reaction centers and
reaction centers with altered P*/P midpoint potentials,
samples contained 2 uM reaction centers and 10 uM Mn-
porphyrin bound to the PB1 four-helix bundle in 15 mM
CHES pH 9.4, 0.05% Triton X-100, and 100 uM terbutryn.
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Spectroscopy

Optical measurements were performed using a Varian
Cary 6000i spectrophotometer, with illumination from an
Oriel lamp through an 860 nm interference filter. Light-
minus-dark spectra were taken using a dark baseline, and
light-induced absorption changes were identified during
a 90-s sweep from 1000 to 350 nm or a 60-s sweep from
650 to 350 nm during illumination. Subsequent difference
spectra were measured in the dark. The kinetics of the
absorption changes at specific wavelengths were measured
using 90-s illumination, except where indicated otherwise.

Results

Redox states of the Mn-porphyrins
and Zn-porphyrins

Four Mn-porphyrins were studied, Mn(III)
(CF;),(pheFs),porphyrin, Mn(III) (CF;) porphyrin,
Mn(III) (phe),porphyrin, and Mn(III) (mes),porphyrin
(Fig. 2 and Supplementary Information). The absorp-
tion spectrum of the Mn(III) (CF;),(pheFs),porphyrin in
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Fig.3 Summary of the electrochemical properties of the synthetic
porphyrins. Values are shown for Mn(IlI) (CF;),(pheFs),porphyrin
and Zn(Il) (CF;),(pheFs),porphyrin (red), Mn(Ill) (CF;),porphyrin
and Zn(II) (CF;),porphyrin (blue), Mn(Ill) (phe),porphyrin and
Zn(1I) (phe),porphyrin as well as the free base porphyrin (green), and
Mn(I1I) (mes),porphyrin and Zn(II) (mes),porphyrin as well as the
free base porphyrin (purple). These values were determined from the

dichloromethane has major peaks at 332 nm and 349 nm,
with smaller peaks at 420, 469, 569 and 610 nm; while
the Mn(III) (CF;),porphyrin spectrum has major peaks
at 348, 420 and 464 nm and smaller peaks at 572, and
616 (Fig. S27, S29). The absorption spectra of the Mn(III)
(phe),porphyrin and Mn(III) (mes),porphyrin in dichlo-
romethane have a major peak at 470 nm, with smaller
peaks at 367, 395, 515, 569, and 601 nm and a weak band
near 752 nm, consistent with a Mn(III) state (Figs. S8B,
S10B).

Using cyclic voltammetry, the Mn-porphyrins in
dichloromethane were found to be redox active with
E,,,(Mn(III)/Mn(II)) values of +0.33,4+0.29, — 0.05, and
—0.09 V versus SHE for Mn(III) (CF;),(pheF;),porphyrin,
Mn(I1II) (CF;)porphyrin, Mn(III) (phe),porphyrin, and
Mn(IIT) (mes),porphyrin, respectively (Figs. 3, S30-S39).
No peaks were observed corresponding to an oxida-
tion/reduction transition near 0 V in the corresponding
Zn-porphyrins. For all porphyrins, additional peaks were
evident that are assigned to the porphyrin ring and not to
a change of the redox state of the metal (Harriman et al.
1979; Porhiel et al. 2000; Lin et al. 2002).
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cyclic voltammograms of the individual porphyrins (Figs. S30-S39).
All the potentials are E,j,, unless E ., is indicated, for irreversible
processes (*). Although only the first oxidation and reduction poten-
tials are important for this work, the E}, and E, are included for
the waves observed at higher and lower potentials to more completely
characterize the electrochemistry of these porphyrins
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Fig.4 Spectra of MPB2 fusion reaction centers and PBI
four-helix bundle with different porphyrins. a Light-minus-
dark absorption spectra of MPB2 fusion reaction centers with
Mn(II) (CF;),(pheFs),porphyrin and Zn(II) (CF;),(pheFs),porphyrin
(red), Mn(I) (CFj)4porphyrin and Zn(I) (CF;),porphyrin (blue),
Mn(III) (phe),porphyrin and Zn(I) (phe),porphyrin (green), and
Mn(III) (mes),porphyrin and Zn(II) (mes),porphyrin (purple), as
well as no porphyrin and the PB1 four-helix bundle with Mn(III)
(phe),porphyrin but no reaction center (black). The signals show a
red-shift consistent with oxidation of Mn(II) (CF;),(pheFs),porphyrin
and Mn(II) (CF;),porphyrin and a blue-shift consistent with reduction

Porphyrin binding to four-helix bundles and fusion
reaction centers

The initial screening for binding of the Mn-porphyrins
was done using the purified single-chain four-helix bun-
dle protein designated PB1 to avoid the spectral con-
gestion of reaction centers (Fig. 4). The optical spec-
trum of the PB1 four-helix bundle with bound Mn(III)
(CF;),(pheFs),porphyrin showed a major peak at 451 nm,
and minor peaks at 367, 567, and 605 nm. The PB1 four-
helix bundle with bound Mn(III) (phe),porphyrin had a
major peak at 460 nm, and minor peaks at 375, 390, and
560 nm. Upon the addition of sodium dithionite, the peaks
of the Mn-porphyrins shifted, for example, the major peak
of Mn(III) (CF;),(pheFs),porphyrin shifted from 451 to
430 nm, reflecting the reduction from Mn(III) to Mn(II).

@ Springer

of Mn(III) (phe),porphyrin and Mn(III) (mes),porphyrin in the light,
but no significant differences for the Zn(II) porphyrins compared to
reaction centers without porphyrin, and no change in the porphyrin
in the four-helix bundle with no reaction center upon exposure to
illumination at 860 nm. b Absorption spectra of the four-helix bun-
dle PB1 with Mn(III) (CF;),(pheFs),porphyrin in PB1 (solid red) and
Mn(III) (phe),porphyrin (solid green). The spectra shift upon addi-
tion of 0.4 mM sodium dithionite (dashed red) and 0.6 mM sodium
dithionite (dashed green). Subtraction of these spectra results in a cal-
culated oxidized-minus-reduced difference spectrum (second panel)
and reduced-minus-oxidized difference spectrum (fourth panel)

The other Mn-porphyrins showed similar shifts upon
reduction. Thus, the distinctive spectra of the reduced and
oxidized states of the Mn-porphyrins provided an optical
signature for detecting a light-induced redox change when
bound to reaction centers. After addition of either Mn(III)
(CF3),(pheFs),porphyrin or Mn(III) (CF;),porphyrin to
solutions containing the PB1 protein or MPB2 reaction
centers, a slow shift of the absorption peaks was observed
over~ 1 h in the dark, indicating reduction to the Mn(II)
porphyrin redox state.

For the electron transfer measurements, the porphy-
rins were bound to the fusion reaction centers desig-
nated MPB2 that contain a four-helix bundle domain
linked to the C-terminus of the M subunit of the reac-
tion center. The porphyrin binding to the MPB2 fusion
reaction center followed similar procedures to the four-
helix bundle alone, with the addition of a detergent to
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keep the reaction centers in solution. The absorption
spectra of the fusion reaction centers after the addition
of Mn-porphyrin showed the presence of new peaks
(Fig. S41). For the fluorinated Mn-porphyrins, the peak
at 430 nm is consistent with the reduced state, Mn(II)
(CF3),(pheFs),porphyrin and Mn(II) (CF;)porphyrin.
The peak at 463 nm for Mn(III) (phe),porphyrin and
Mn(III) (mes),porphyrin indicates the presence of the
Mn(III) oxidization state. The addition of Zn-porphyrins
to the fusion reaction centers resulted in new peaks in the
MPB?2 spectrum at 418 for the fluorinated Zn(II) porphy-
rins and 422 nm for Zn(II) (phe),porphyrin and Zn(II)
(mes),porphyrin.

Light-induced redox changes of Mn-porphyrins
bound to fusion reaction centers

Light-minus-dark spectra were measured to characterize the
porphyrin redox changes upon light excitation of P in the
MPB?2 fusion reaction centers using continuous illumination
through an 860 nm interference filter. After the baseline was
recorded in the dark, light-minus-dark spectra were meas-
ured during a 90 s illumination, then the spectra were meas-
ured again in the dark at various times after illumination. In
the presence of either Mn(II) (CF;),(pheFs),porphyrin or
Mn(II) (CF;),porphyrin bound to the MPB2 fusion reaction
centers, a distinctive red-shift derivative signal was observed
in the visible region, appearing as a loss of absorption at
430 nm and a positive peak at 450 nm, in the light-minus-
dark spectra (Fig. 4). These spectra match the predicted
optical signal for oxidation of the Mn(II) porphyrins to
Mn(IIl) porphyrins. In contrast, a blue-shift derivative sig-
nal was observed for Mn(III) (phe),porphyrin or Mn(III)
(mes),porphyrin bound to the MPB2 fusion reaction centers,

having a peak near 430 nm and a minimum at 460 nm and
matching the predicted optical signal for reduction of these
Mn(III) porphyrins to Mn(II) porphyrins.

For the fusion reaction centers in the absence of Mn-por-
phyrin, a small broad absorption increase with minor peaks
was observed in the visible region of the spectrum after illu-
mination (Fig. 4). The small features are associated with the
P*Q," charge-separated state, which also has characteristic
features in the near-infrared region arising from the oxidized
dimer and reduced quinone (Fig. S42). The light-minus-dark
spectra obtained after the addition of the four Zn(II) porphy-
rins were similar to those when no porphyrin was added.
The excitation region centered at 860 nm does not overlap
with any of the absorption bands of the porphyrins, and no
significant spectral changes were observed after illumination
of the Mn(III) (phe),porphyrin bound to the PB1 four-helix
bundle in the absence of the reaction center (Fig. 4).

Kinetics of Mn-porphyrin redox change
and recovery

The time dependences of the optical signals associated
with redox changes of the Mn-porphyrins bound to the
MPB2 fusion reaction centers were characterized by
monitoring the 430 nm (or 427 nm) absorption signals
(Fig. 5). For Mn(II) (CF;),(pheFs),porphyrin and Mn(II)
(CF;),porphyrin bound to MPB2 reaction centers, illumi-
nation resulted in a rapid decrease of the absorption at
430 nm that fully recovered in the dark. This change is
associated with the oxidation of Mn(II) to Mn(III) vide
infra. Light-induced absorption changes were compared at
different wavelengths for Mn(II) (CF;),(pheFs),porphyrin
bound to MPB2 reaction centers (Fig. 6). A loss of the
reduced state of the Mn-porphyrin was observed by the

o
o
N
I

o

|
o
o
N

Absorbance 430 nm

5 10 5

Fig.5 Kinetics of light-induced changes of MPB2 fusion reaction
centers containing Mn(II) (CF;),(pheFs),porphyrin (red), Mn(II)
(CF3),porphyrin  (blue), Mn(II) (phe),porphyrin (green), and
Mn(III) (mes),porphyrin (purple). The time dependence of the opti-
cal signal was measured at 430 nm, except for samples with Mn(III)
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(phe),porphyrin, which was measured at 427 nm. The decrease at
430 nm is attributed to oxidation of the Mn(Il) porphyrins, while
the increase corresponds to reduction of the Mn(IlI) porphyrins. The
samples were illuminated at 860 nm for 90 s (orange bar)
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Fig.6 Kinetics of light-induced changes in MPB2 fusion reaction
centers with Mn(II) (CF;),(pheFs),porphyrin measured at three dif-
ferent wavelengths, 451, 430, and 770 nm, during illumination (left)
and in the dark after illumination (right). The signals at each wave-
length are normalized to the largest optical change during illumina-
tion. The samples were illuminated at 860 nm for 90 s

absorption decrease at 430 nm while a gain of the oxidized
state was observed as an increase in absorption at 451 nm.
The reduction of the primary quinone was evidenced by
the increase in absorption at 770 nm, arising from an
electrostatic interaction between the reduced quinone and
active bacteriopheophytin monomer (Woodbury and Allen
1995; Niedringhaus et al. 2018). The kinetic data were fit
with exponential terms (Fig. S43). The absorption changes
in the light, representing the overall accumulation of the
light-induced state, occurred with a time of approximately
2 s. For each wavelength, the absorption changes fully
recovered in the dark. The decay time was approximately
10 s, although a second component with a time on the
order of minutes was present. This longer component was
also observed in MPB2 reaction centers with no porphyrin,
and is typical of charge recombination after continuous
illumination. Similar kinetics at these wavelengths were
observed for Mn(II) (CF;),porphyrin bound to MPB2 reac-
tion centers.
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In contrast, the MPB2 reaction centers with either
Mn(III) (phe),porphyrin or Mn(III) (mes),porphyrin
showed significantly different behaviors. During illumi-
nation, an initial increase in the absorption near 430 nm
was followed by a slower increase. This change is associ-
ated with the reduction of Mn(III) to Mn(II) vide infra.
When illumination was ended, the absorption continued to
increase in the dark for up to a few minutes. After reach-
ing a maximum, the signal decreased over several minutes
for the sample with Mn(I1I) (phe),porphyrin bound to the
MPB?2 reaction centers. The signal decreased more slowly
in the dark for samples with Mn(III) (mes),porphyrin
bound to the MPB2 reaction centers.

Dependence of Mn-porphyrin redox reaction
on the P*/P midpoint potential

To investigate the influence of the P*/P midpoint potential
on the redox changes of the Mn-porphyrins, the absorption
changes were measured for samples that contained the por-
phyrins bound to the PB1 four-helix bundle and added to
reaction centers with no four-helix bundle fusion domain
(Fig. 7). In these experiments the four-helix bundles with
bound Mn-porphyrin were docked to the reaction centers.
The samples contained either high-potential reaction centers,
which have a P*/P midpoint potential of 765 mV, or wild-
type reaction centers, which have a P*/P midpoint potential
of 505 mV vs. SHE (Lin et al. 1994a). The high-potential
LH(L131)+LH(M160)+ FH(M197) reaction centers have
the same three mutations near P as the MPB2 fusion reac-
tion centers. For these reaction centers and reaction centers
with intermediate P*/P midpoint potentials, the amplitudes
of spectral changes associated with the P*Q,~ charge-sep-
arated state are inversely proportional to the P*/P midpoint
potential, as observed both in the kinetic measurements and
the light-minus-dark spectra (Fig. S44), resulting from the
previously described changes in quantum yield (Williams
and Allen 2009).

The kinetics of the absorption changes at
453 nm measured for samples that contained the
Mn(II) (CF;),(pheFs),porphyrin bound to the PB1 four-
helix bundle and added to reaction centers with no four-
helix domain were similar to those for the same porphyrin
bound to the MPB2 fusion reaction centers (Fig. 7). For
the high-potential reaction centers, absorption changes were
observed that are significantly larger than those observed
in the absence of the Mn-porphyrin. For wild-type reac-
tion centers, the changes with the Mn-porphyrin were much
smaller than those observed for the high-potential reaction
centers, and were of similar amplitudes to the reaction cent-
ers without the Mn-porphyrin.

The samples with Mn(III) (phe),porphyrin bound to
the four-helix bundle and added to high-potential reaction



Photosynthesis Research (2024) 162:225-238

233

CF3

a ROF >\/\Nv RS
P W pF no porphyrin

= N N
F F<\/“~\{J\/ FF

CF3

0.02 |- high potential high potential
€ 0011
8 L
3
§ 002|  Widtype wild type
5 L
& 0011
< -
0 ......$ Y’\
L l 1 | 1 | 1 |
2 4 2 4
Time (min)

Fig.7 Time dependences of the absorbance at 453 nm or 427 nm
during and after illumination for samples with wild-type and
high-potential LH(L131)+LHM160)+FH(M197) reaction cent-
ers, having P*/P midpoint potentials of 505 and 765 mV vs. SHE,
respectively. The samples contained either reaction centers and the
Mn-porphyrin bound to the PB1 four-helix bundle or reaction cent-
ers alone with no porphyrin a Absorbance changes at 453 nm for
samples with reaction centers and Mn(II) (CF;),(pheFs),porphyrin
bound to the PB1 four-helix bundle (red) compared to reaction cent-
ers only (black). The samples were illuminated at 860 nm for 12 s

centers showed a pattern of an absorption increase at
427 nm in the light and a further increase followed by a
slow decrease in the dark (Fig. 7), similar to that observed
for the Mn-porphyrins bound to the MPB2 fusion reaction
centers (Fig. 5). Decreasing the illumination time to 10 s
or 1 s for the samples with the high-potential reaction cent-
ers resulted in the same type of behavior but with smaller
amplitudes for the shorter illumination times (Fig. S45). The
samples with Mn(III) (phe),porphyrin bound to the four-
helix bundle showed much smaller light-induced changes at
427 nm when added to wild-type reaction centers compared
to high-potential reaction centers, with very little of the
absorption increase in the dark. Measurements performed on
reaction centers with intermediate P*/P midpoint potentials
showed that when either Mn(III) (phe),porphyrin or Mn(III)
(mes),porphyrin were bound to the four-helix bundle and
added to the reaction centers, the amplitudes of the 427 nm
signal increased with increasing P*/P midpoint potentials
(Fig. S44).

Discussion
The bacterial reaction center was used as a springboard to

create novel electron transfer pathways involving synthetic
metalloporphyrins integrated into a de novo four-helix
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(orange bar). b Absorbance changes at 427 nm for samples contain-
ing reaction centers and Mn(III) (phe),porphyrin bound to the PB1
four-helix bundle (green) or reaction centers only (black). The sam-
ples were illuminated at 860 nm for 90 s (orange bar). The changes
for samples with only reaction centers are attributable to formation
and recovery of P*Q,~. Additional changes at 453 nm and 427 nm
in samples containing porphyrins are consistent with oxidation and
recovery of Mn(II) (CF;),(pheFs),porphyrin and reduction and recov-
ery of Mn(III) (phe),porphyrin, respectively

bundle polypeptide. Optical signals of synthetic Mn-porphy-
rins bound to the four-helix bundle that was fused to the bac-
terial reaction center were consistent with reversible redox
changes of the Mn-porphyrins following light absorption
by the reaction centers (Figs. 4, 5). The light-induced red
shift revealed oxidation of Mn(II) (CF;),(pheFs),porphyrin
and Mn(II) (CF;),porphyrin in contrast to the reverse behav-
ior, namely a blue shift, that shows a reduction of Mn(III)
(phe),porphyrin and Mn(III) (mes),porphyrin. These pro-
cesses were driven by excitation of the bacteriochlorophyll
dimer P and did not occur for Zn-porphyrins. The results are
consistent with electron transfer between the reaction center
cofactors and the Mn-porphyrins being determined by the
energetics of the charge-separated states (Fig. 8). The large
average difference of 0.4 V in the Mn(III)/Mn(II) midpoint
potential between the fluorinated Mn(II) porphyrins and the
diphenyl and dimesityl Mn(III) porphyrins sets the electron
transfer into two distinct pathways, either from the Mn(II)
porphyrin to the oxidized bacteriochlorophyll dimer, P*, or
from the excited state of the bacteriochlorophyll dimer, P*,
to the Mn(III) porphyrin.

Consideration of the energetics indicates that the bound
Mn(II) porphyrins and Mn(III) porphyrins can serve as
either electron donors or acceptors, respectively. In con-
trast, the Zn(II) porphyrins, which lack redox transitions
within the range of the reaction center cofactors, cannot
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Fig.8 Energy scheme for proposed pathways of light-induced elec-
tron transfer (curved arrows) for the hybrid reaction center with a
Mn-porphyrin bound to a fused four-helix bundle, showing oxidation
and reduction of two different Mn-porphyrins. In both cases, light
produces the excited state, with the P/P* transition at 865 nm corre-
sponding to the excited state being 1.43 eV above the ground state,
followed by electron transfer to the primary quinone Q,, producing
the P*Q,~ charge-separated state. In highly oxidizing reaction cent-
ers, the formation of P*Q,~ occurs in 250 ps and PTQ,~ recombines
in 40 ms (Woodbury et al. 1995). Under continuous illumination,

participate in such electron-transfer reactions. The observa-
tion of both oxidation and reduction of the Mn-porphyrins
suggests that the Mn-porphyrins are positioned at a distance
suitable for electron transfer, with the direction being pri-
marily determined by the redox properties. Because the
potentials of porphyrin cofactors depend on the protein
environment, binding to the four-helix bundle may shift
the energies. For example, alteration of the exterior charges

@ Springer

250 ps

Mn(1ll) porphyrinP*Qy
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P*Q," charge recombination also takes place on a time scale of min-
utes. a For the Mn(Il) (CF;),(pheFs),porphyrin, after formation of
the P*Q,~ state, electron transfer from the Mn(Il) porphyrin would
result in the Mn(III) porphyrinPQ,~ charge-separated state. This
state was observed to recombine to the ground state in~10 s. b For
the Mn(IIl) (phe),porphyrin, electron transfer from the excited state
to the Mn(III) porphyrin would generate the Mn(Il) porphyrinP*Q,
charge-separated state. The ground state was observed to recover over
several minutes

among the four helices results in shifts of approximately
100 mV in heme potentials (Farid et al. 2013). However,
the differences in the potentials are likely to be retained.
Similarly, the P*/P midpoint potential in the MPB2 reaction
centers is assumed to be close to that of the high-potential
LHL131)+ LH(M160)+FH(M197) reaction center with
no four-helix bundle domain. The relative differences in
the midpoint potential values of the cofactors inform our
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interpretation of the results for the hybrid fusion reaction
centers with bound Mn-porphyrins.

The extent of the reversible redox change of all four
Mn-porphyrins was dependent on the P*/P midpoint
potential, which is correlated with the rates of the elec-
tron transfer steps that involve P* (Fig. 7). The energy
levels of the charge-separated states of the reaction center
are related to the P*/P midpoint potential, which can
be changed over a range of ~0.3 V by mutations of the
reaction center (Lin et al. 1994a). In the high-potential
LH(L131)+LHM160)+FH(M197) reaction centers, where
the P*/P midpoint potential is increased by 0.26 V compared
to the wild-type value of 0.5 V, the free energy difference
for the initial charge separation from P* to the bacteriopheo-
phytin H, is decreased, while that for charge recombination
is increased, with correlated changes in the electron trans-
fer rates (Williams and Allen 2009). For wild-type reaction
centers, the formation of P* is followed by electron transfer
to the bacteriopheophytin H, in 3 ps and then to the pri-
mary quinone Q, in 200 ps, forming the charge-separated
state P*Q,~ (Woodbury and Allen 1995; Niedringhaus et al.
2018). As a result of the increase in the P*/P potential in the
high-potential reaction centers, the time constant for elec-
tron transfer to H, increases to 50 ps, so the total time for
electron transfer from P* to P*Q,~ is 250 ps (Woodbury
et al. 1995). In wild type, the forward electron transfer time
constant of 3 ps compared to the time constant for recovery
to the ground state of ~ 160 ps gives a near unity value for the
quantum efficiency. In the high-potential reaction centers,
the slower forward electron transfer rate is closer to that of
the decay of P* back to the ground state, resulting in a yield
of ~50%. Charge recombination from the P*Q,~ state occurs
in 100 ms in wild type and in 40 ms in the high-potential
reaction centers, respectively.

Oxidation of Mn(ll) porphyrins

In the presence of bound Mn(II) (CF;),(pheFs),porphyrin
or Mn(II) (CF;),porphyrin, the optical changes reveal a new
electron transfer step that mimics features of the reduction
of P* by cytochrome c,. In R. sphaeroides, the water-sol-
uble cytochrome reduces P* after binding to the reaction
center. In the fusion reaction centers, the Mn-porphyrins
bind to the four-helix bundle domain at the extended C-ter-
minus of the M subunit. Modeling places the bundle on the
periplasmic surface of the reaction center with the heli-
ces perpendicular to the two-fold symmetry axis (Espiritu
et al. 2017). The Mn-porphyrin would then be in a simi-
lar location as the heme of cytochrome ¢, and would have
a comparable distance to the bacteriochlorophyll dimer.
The Mn(III)/Mn(II) (CF;),(pheFs),porphyrin and Mn(III)/
Mn(II) (CF;),porphyrin redox potentials of 0.33 and 0.29 V
vs. SHE, respectively, are close to the 0.35 V midpoint

potential for cytochrome c,, resulting in similar free energy
differences for electron transfer, assuming comparable val-
ues for the potentials of the Mn-porphyrins when bound to
the protein (Lin et al. 1994b). The free energy difference
would increase as the P*/P potential increases, in agreement
with the observation that the extent of Mn(II) porphyrin oxi-
dation is dependent upon the P*/P potential (Fig. 7). Thus,
consideration of the distances and energetics supports the
ability of the bound Mn(II) porphyrins to donate an electron
to reduce P* (Fig. 8A).

The comparable kinetics at the wavelengths associated
with the oxidized Mn-porphyrin and reduced quinone in the
light and dark are consistent with the formation and decay
of the charge-separated state Mn(III) porphyrinQ,~ (Fig. 6).
The time of electron transfer from the Mn(II) porphyrin to
P* likely occurs on a microsecond to millisecond time scale,
although this rate could not be measured by the continuous
light irradiation experiments reported here. In comparison,
the rate of electron transfer from the heme of cytochrome c,
to P* takes place in approximately 1 and 0.1 ps in wild type
and the highly oxidizing reaction centers, respectively (Lin
et al. 1994b). The time for Mn(II) porphyrin oxidation must
be faster than the competing P*Q, "~ charge recombination
time of 40 ms in order for the signal to be observed. The
observed formation of the Mn(III) porphyrinQ,~ state in a
few seconds upon illumination reflects the accumulation of
this state after fast continuous generation of the P*Q,~ state
balanced with the 10 s time for charge recombination from
the Mn(III) porphyrinQ,~ state. This slower charge recom-
bination relative to P*Q,~ charge recombination probably
reflects the longer distance between the porphyrin and the
quinone compared to the bacteriochlorophyll dimer and the
quinone.

Reduction of Mn(lll) porphyrins

For Mn(III) (phe),porphyrin and Mn(III) (mes),porphyrin,
excitation of the hybrid reaction center by light results in
a reduction of the Mn-porphyrins. The redox potentials of
these Mn-porphyrins in solution are much lower than the
redox potentials of the fluorinated Mn-porphyrins, and the
difference between the types of porphyrins is assumed to be
retained when bound to the protein. In this case, the Mn(III)/
Mn(II) (phe),porphyrin and Mn(IITI)/Mn(II) (mes),porphyrin
midpoint potentials in solution were — 0.05 and — 0.09 V
vs. SHE, respectively. These values are very similar to the
Q4/Q,~ midpoint potential, which has been measured to
be — 0.05 V vs. SHE, with a P/P*Q," free energy differ-
ence of — 0.52 eV (Dutton et al. 1973; Kleinfeld et al. 1985;
Allen et al. 1998). Thus, the P*Mn(Il) porphyrin charge-
separated state resulting from reduction of the Mn-porphyrin
would have an energy level comparable to that found for the
P*Q, " charge-separated state (Fig. 8B).
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The spectroscopic measurements show a light-driven
reduction of the bound Mn(III) porphyrins in a fully revers-
ible process. The stability of the charge-separated states over
several minutes would allow these states to build up during
prolonged light exposure even if the yield from any given
excitation is low. An unusual aspect of the kinetics is the
continued reduction in the dark for a short period before
decaying. These results can be explained with a scheme in
which electron transfer occurs from P*, the excited state of
the dimer, to the Mn(IIl) porphyrin, with the delayed dark
reduction being due to repopulation of the excited state
from a long-lived P*Q," charge-separated state (Fig. 5).
This route is hampered by the energetic barrier to repopula-
tion of the excited state and the competition with existing
pathways from the excited state. The electron transfer could
proceed from P* or the intermediate charge-separated state
involving the bacteriopheophytin cofactor (P*H,"), as the
energetic arguments are similar (vide infra). An alternative
model for the reduction of the Mn(III) porphyrin would be
by direct electron transfer from Q,~ to the Mn(III) porphy-
rin. After light excitation, the reduction of the porphyrin
would continue as long as Q,~ remained. However, this reac-
tion would have both a small free energy difference and a
long distance. The Mn-porphyrin and the quinone are well
buried within the protein, resulting in a much longer path-
way for electron transfer from Q,~ to the Mn(III) porphy-
rin than the route from P* to the Mn(III) porphyrin bound
to the four-helix bundle on the donor side of the reaction
center. In either the direct or indirect process, reduced Mn-
porphyrin accumulates because of the prolonged presence of
the PtQ _ state, which is due to continuous illumination and
slow P*Q,~ charge recombination. A number of experiments
have identified P*Q,~ charge recombination occurring in a
multi-exponential process after continuous light exposure
(van Mourik et al. 2001; Andréasson and Andréasson 2003;
Manzo et al. 2011; Malferrari et al. 2013; Serdenko et al.
2016). The accumulation of the long-lived states gave rise
to the idea of dark-adapted and light-adapted reaction center
conformations that are proposed to be related to the proto-
nation of amino acid residues near P (Kalman and Mardéti
1997; Deshmukh et al. 2011a, b; Allen et al. 2022).

The repopulation of the P* state has long been observed
by delayed fluorescence, which refers to light emitted for
a short time after exposure to an excitation light. Delayed
fluorescence results from the continued presence of a popu-
lation of the excited state through equilibrium with a charge-
separated state (e.g., Dau and Sauer 1996). This phenomenon
occurs in reaction centers from photosystem II (reviewed in
Goltsev et al. 2009) and from purple bacteria (Arata and Par-
son 1981; Woodbury et al. 1986; McPherson et al. 1990;
Turz6 et al. 2000). In general, the lifetime of the delayed
fluorescence in reaction centers corresponds to the lifetime
of the charge-separated state, and so the observation of a
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continued reduction of Mn(III) (phe),porphyrin and Mn(III)
(mes),porphyrin for a few minutes after illumination would
be reflective of continued P* generation from reaction cent-
ers that exhibit a very slow rate of recombination from the
P*Q, " charge-separated state. Time-resolved fluorescence
measurements show that the delayed fluorescence in bacterial
reaction centers is dependent on the free energy difference
between the excited state and the charge-separated states,
with the extent of delayed fluorescence being increased in
reaction centers with high midpoint potentials (Taguchi et al.
1992; Williams et al. 1992; Peloquin et al. 1994; Woodbury
et al. 1995; Onidas et al. 2013). However, the large free
energy difference limits the population of P* and hence the
amount of reduced Mn-porphyrin, which would depend upon
the balance between the various electron transfer rates. The
competing forward electron transfer and decay pathways have
electron transfer time constants on the order of 100 ps, so
by assuming that at least 0.1% of the time, the electron goes
to the Mn-porphyrin, a limit of 0.1 ps can be estimated for
the time constant for electron transfer to the Mn-porphyrin.
This case illustrates the complexity of deciphering electron
transfer involving multiple electron acceptors.

Conclusions

Although defining the factors required for the control of
electron transfer in biological systems is a formidable chal-
lenge, the ability to create new reactions and direct them
toward specific ends would advance the design of artificial
proteins capable of efficient redox and associated proton-
coupled electron-transfer processes. The fusion of a de
novo protein containing redox-active synthetic porphyrins
to bacterial reaction centers presents a singular opportunity
to probe electron transfer by a strategy not available from
examination of the de novo proteins or synthetic porphyrins
alone. By using reaction centers as a base, redox reactions
involving the synthetic porphyrins can be triggered using
light excitation of the bacteriochlorophyll dimer. The versa-
tility of this platform provides a new direction for the design
of hybrid complexes to probe proton-coupled electron trans-
fer and achieve hybrid artificial photosynthetic constructs
able to drive novel redox reactions for energy production.
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