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Abstract

In this paper we report the design of hybrid reaction centers with a novel redox-active cofactor. Reaction centers perform
the primary photochemistry of photosynthesis, namely the light-induced transfer of an electron from the bacteriochlorophyll
dimer to a series of electron acceptors. Hybrid complexes were created by the fusion of an artificial four-helix bundle to the
M-subunit of the reaction center. Despite the large modification, optical spectra show that the purified hybrid reaction cent-
ers assemble as active complexes that retain the characteristic cofactor absorption peaks and are capable of light-induced
charge separation. The four-helix bundle could bind iron-protoporphyrin in either a reduced and oxidized state. After bind-
ing iron-protoporphyrin to the hybrid reaction centers, light excitation results in a new derivative signal with a maximum
at 402 nm and minimum at 429 nm. This signal increases in amplitude with longer light durations and persists in the dark.
No signal is observed when iron-protoporphyrin is added to reaction centers without the four-helix bundle domain or when
a redox-inactive zinc-protoporphyrin is bound. The results are consistent with the signal arising from a new redox reaction,
electron transfer from the iron-protoporphyrin to the oxidized bacteriochlorophyll dimer. These outcomes demonstrate the
feasibility of binding porphyrins to the hybrid reaction centers to gain new light-driven functions.
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1 Introduction

The incorporation of synthetic molecules into proteins
results in new directions to probe the cellular functions of

Themed issue on artificial, semiartificial, and hybrid natural proteins and also enables the design of functional
photosynthesis. artificial proteins [1-6]. The design of artificial proteins has
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found in nature [7, 8]. The inclusion of synthetic molecules
that facilitate specific functions in hybrid proteins with arti-
ficial and natural domains remains a scientific challenge.

Natural proteins that perform catalysis or electron transfer
reactions often possess metal and tetrapyrrole cofactors as
found for many key oxidation/reduction reactions in nature,
such as biosynthetic processes, nitrogen fixation, and photo-
synthesis. The design of artificial proteins with these types
of cofactors requires manipulation to create metal ligands
and suitable binding pockets [9-12]. One design that has
proven to be a stable and robust scaffold for the binding of
cofactors is the four-helix bundle, and several groups have
established experimental conditions to tightly bind a range
of metal clusters as well as hemes and other tetrapyrroles
[13—-17]. For example, we have examined the ability of four-
helix bundles to bind Mn centers [18-20]. Tetrapyrroles can
be bound tightly to four-helix bundles with dissociation con-
stants less than 1 pM with their positioning determined by
the incorporation of coordinating His residues [13]. We are
using these studies to provide a foundation for the utiliza-
tion of four-helix bundles capable of binding tetrapyrroles
to investigate electron transfer reactions.

Previously, we have examined the ability of four-helix
bundles with bound metal cofactors to transfer electrons to
bacterial reaction centers. Reaction centers are membrane-
bound pigment-protein complexes that perform the primary
photochemistry in bacterial photosynthesis [21, 22]. In the
reaction center from Rhodobacter sphaeroides, light absorp-
tion by a bacteriochlorophyll dimer, P, initiates the transfer
of an electron from P through intermediate electron accep-
tors to the primary quinone, Q,, and then the secondary
quinone, Qg. To have the chemical capability to drive metal
oxidation, P was modified in the highly-oxidizing T1 reac-
tion centers by the replacement of three amino acid residues,
Leu M160, Leu L131 and Phe M197 with His, resulting
in the addition of three new hydrogen bonds to the conju-
gated system of P [23]. The T1 reaction centers were able to
oxidize, as second-order processes, dinuclear Mn-clusters
bound to four-helix bundle proteins [18, 20]. The bundle
was modeled as transiently docking to the periplasmic sur-
face of the reaction center at a location similar to that of the
natural secondary donor, cytochrome c,, driven by a range
of electrostatic and hydrophobic interactions between the
two proteins.

In this paper, we demonstrate that a redox-active porphy-
rin cofactor can be incorporated into a hybrid bacterial reac-
tion center modified to possess a four-helix bundle domain
(Fig. 1). The basis for the design of our four-helix bundle is
the due ferri (DF) protein family of artificial proteins that
form four-helix bundles with central metal cofactors, specifi-
cally in this case from a single polypeptide chain [24-26].
Linking the bundle protein genetically to the C-terminus
of the M subunit of the reaction center should position the
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Fig. 1 Features of the hybrid protein MPB2. An artificial four-helix
bundle is linked to the reaction center protein. Exogenous porphyrins
can be incorporated into the added domain, which includes a C-ter-
minal His-tag to ensure the purification of the intact fusion protein.
The reaction center cofactors form an electron transfer chain that is
initiated by light, resulting in an oxidized bacteriochlorophyll dimer,
whose redox properties are adjusted with modifications to nearby
amino acid residues

four-helix domain on the periplasmic surface, close to the
bacteriochlorophyll dimer. Because the hybrid protein,
termed MPB2, is isolated without a bound cofactor in the
four-helix bundle domain, an exogenous cofactor, such as a
porphyrin, can be added. The initiation of electron transfer
by light produces an oxidized bacteriochlorophyll dimer that
could interact with a redox-active porphyrin. Since porphy-
rins have rich optical spectra, their electronic states were
monitored using optical spectroscopy to identify new elec-
tron transfer reactions in the hybrid reaction centers.

2 Methods

2.1 Preparation of four-helix bundle and fusion
proteins

To construct the genes for the PB1 single-chain four-helix
bundle and the MPB2 fusion of the reaction center with the
four-helix bundle, restriction fragments encoding the four-
helix bundle and the C-terminal extension of the M subu-
nit were synthesized and inserted into previously described
plasmids (Fig. S1). The PB1 portion was inserted into
the expression vector pET30a+ and expressed in E. coli
BL21(DE3) (Novagen). The MPB2 fragment was incorpo-
rated into the M subunit gene, and then into a broad-host-
range plasmid with the rest of the puf operon, and expressed
in a strain of R. sphaeroides in which the wild-type genes
had been deleted [27].

The MPB2 fusion protein was isolated using Ni-affinity
chromatography [28, 29]. In some cases, the MPB2 reac-
tion centers were further purified by protease cleavage and
anion exchange chromatography. The wild-type reaction
centers and previously described T1 reaction centers were
isolated using ion-exchange chromatography [23, 30]. The
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PBI1 protein was isolated using Ni-affinity chromatography
followed by protease cleavage as previously described [19,
20]. The concentration of the final PB1 protein consisting
of 115 amino acid residues was determined using a calcu-
lated extinction coefficient of 8480 M~! cm™! at 280 nm.
Sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) with a 4-15% gradient Mini-PROTEAN
TGX precast gel (BioRad, USA) was used to assess the
purity and sizes of the isolated proteins. Amicon 3000 Da
and 45,000 Da molecular weight cutoft filters were used for
washing and buffer exchange of the PB1 and MPB2 pro-
teins, respectively. Stocks of iron protoporphyrin IX (porcine
hemin, Sigma-Aldrich), and zinc protoporphyrin IX (Alfa
Aesar) were made in DMSO, and then added to solutions of
the PB1 or MPB2 proteins and incubated at room tempera-
ture for 30 min in an N, atmosphere, following the general
guidelines in published protocols [13-15, 17, 31].

2.2 Spectroscopic measurements

Steady-state and transient absorption measurements were
performed using either a Cary 50 BIO or a Cary 6000i spec-
trophotometer (Agilent Technologies, Inc., USA). Light-
induced spectral changes were measured with the reaction
centers illuminated using sub-saturating light from a 1000-W
tungsten bulb with an 860 nm interference filter as previ-
ously described [30]. Samples were typically illuminated
for a total of 90 s as the wavelength was swept from 1000 to
350 nm. Prior to the measurements, the buffer was changed
to 15 mM 2-(cyclohexylamino)ethanesulfonic acid (CHES)
pH 9.4 for the PB1 samples and to 15 mM CHES pH 9.4,
0.8% octyl-p-p-glucopyranoside for the MPB2 samples.
Reaction centers were measured at 2 pM with the por-
phyrins at 2-10 pM. The PB1 protein was used at 10 pM
with 10-20 pM porphyrin. For spectra of proteins with
reduced iron-protoporphyrin, 100 pM sodium dithionite was
added. Some measurements were made in the presence of
100-300 pM terbutryn.

Circular dichroism spectroscopy was performed on a
J-815 spectropolarimeter equipped with a thermostatic cell
holder (JASCO, Japan). The spectra were measured from
260 to 190 nm using a 0.1 cm path length quartz cuvette
at 4 °C. The scan rate was 50 nm/min with 0.5 nm incre-
ments. The PB1 protein concentration was 7.5 pM in
7.5 mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic
acid (HEPES) pH 7.5. For reaction centers, the protein
was in 5 mM Tris pH 8 and 0.05% LDAO and the concen-
tration was adjusted in the 0.07-0.4 pM range to achieve
spectra with amplitudes of 10-15 millidegrees at 190 nm.
The spectra were analyzed using the programs SELCON 3,
CDSSTR, CONTINLL, and K2D3 [32-35]. Only the data
in the 190-240 nm range were used for analysis.

3 Results

3.1 Design and construction of reaction center
fusion

In the hybrid protein, we have fused a four-helix bundle with
a porphyrin binding site to the reaction center. For com-
parison, we have also isolated separately the four-helix bun-
dle and the reaction center forming the base of the fusion
protein. The hybrid protein contains a modified M subunit
sequence that is followed by a short linker and a four-helix
bundle (Fig. 2). The Gly linker has the sequence GGNGGN
[36] and continues from the C-terminal residue of the wild-
type M subunit, shortly after the transmembrane helix E of
the reaction center. Modeling and energy minimization show
that the linker can form a loop resulting in the placement of
bundle domain on the periplasmic surface with two helices
of the four-helix bundle near the bacteriochlorophyll dimer.
The single-chain four-helix bundle sequence was based on
the DFsc protein [24, 37, 38]. The His ligands shown to
bind metal and porphyrin cofactors are found in two of the
helices. A C-terminal cleavable His-tag is used for isolation
and to ensure that the purified reaction centers contain the
extension.

The reaction center hybrid designated MPB2 has the
mutations L131 Leu to His, M160 Leu to His, and M197
Phe to His found in the highly-oxidizing T1 reaction cent-
ers as well as a cleavable His-tag present at the end of the
four-helix bundle sequence of the extended C-terminus. The
four-helix bundle protein designated PB1 contains the same
sequence as in the M subunit of the MPB2 reaction centers
starting from immediately after the linker but lacking the
C-terminal cleavage site and His-tag.

3.2 Binding of iron-protoporphyrin to four-helix
bundle in reaction center fusion

After expression in R. sphaeroides, solubilization from
the membrane, and purification by Ni-affinity chromatog-
raphy, the average yield of the fusion protein MPB2 reac-
tion centers was found to be approximately 30% of that

helix A B [o] D E linker ligands His-tag

M subunit 4-helix bundle

..GFNATMEGIHRWAIWMAVLVTLTGGIGILLSGTVVDNWYVWGONHGMAPLNGEGNGGNGDE -
LRELLKAEQQAIKIYKEVLKKAKEGDEQELARLIQEIVKAEKQAVKVYKEAAEKARNPEKRQV -
IDKILEDEEKHIEWLKAASKQGNAEQFASLVQOILODEQRHVEEIEKKNENLYFQGHHHHHHH

Fig.2 Diagram of the M subunit fused to the artificial four-helix bun-
dle and C-terminal sequence of the reaction center M-subunit fusion.
The locations of the linker (pink), cofactor ligands (green) and His-
tag (blue) are indicated relative to the helices (yellow)
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obtained for preparations of wild-type reaction centers.
The purified hybrid reaction centers had typical absorption
spectra with bacteriopheophytin and bacteriochlorophyll
absorption bands, including an absorption band centered at
865 nm that is associated with P. These absorption bands
match the wavelength positions and amplitudes charac-
teristic of the T1 reaction centers, indicating that they
retained a normal arrangement of the cofactors (Fig. 3a).
The sizes of the three protein subunits of the reaction
center, L, M, and H, were evaluated using SDS-PAGE.
The L and H subunits had comparable sizes but the band
associated with the M subunit of the MPB2 reaction cent-
ers was shifted compared to wild type, corresponding to
the additional ~ 15 kDa domain (Fig. S2a).

Light excitation of T1 reaction centers results in the for-
mation of the charge-separated state that has characteristic
spectral differences compared to the ground state, includ-
ing loss of absorption of the 865 nm band. These spectral
changes are also present when the MBP2 reaction centers
were illuminated, demonstrating that the hybrid reaction
centers are active (Fig. 4a). The yield of electron transfer
as reflected in the extent of the absorption change of the
P band was comparable to other reaction centers with the
mutations that result in high P/P* midpoint potentials [39].

The secondary structures of the purified four-helix bun-
dles and fusion reaction centers were characterized using
circular dichroism (Fig. S2b). The four-helix bundle had a
spectrum similar to previous measurements and yielded a
large a-helix component [19, 37]. The reaction centers with-
out the fusion bundle showed spectra with a~55% a-helix
component as previously reported [40, 41]. The MPB2 reac-
tion centers had a slightly higher a-helix content than the
non-hybrid reaction centers, consistent with the additional
sequence region folding as a four-helix bundle.

Binding of iron-protoporphyrin was tested with the PB1
four-helix bundle. The PB1 protein allows measurement of
the porphyrin optical spectra alone, as the MPB2 fusion pro-
tein contains overlapping absorption bands from the bac-
teriopheophytin and bacteriochlorophyll cofactors (Fig. 3).
After incubation of iron-protoporphyrin with the PB1 pro-
tein, the sample (PB1-FeP) yielded distinctive spectral fea-
tures that are typical of the oxidized and reduced states of
tetrapyrroles bound to four-helix bundles and other proteins
[13, 42]. The spectra of the PB1-FeP protein were similar
before and after washing the sample, while the spectrum
of samples of the iron-protoporphyrin in the buffer with-
out the PB1 protein lost all spectral features after washing,
showing that the iron-protoporphyrin binds tightly to the
PBI1 protein. The spectrum of the PB1-FeP protein has a

a — I/I1PBZ 0.5r PB1-FeP C ool PB1-FeP
= — oxidized oxidized — reduced

= — MPB2-FeP 0.4 — reduced 0.1

© 1.0 o) 8 L
Y 2 <

5 g0 g of
RS 3 002 2
§ 0.5 '<?: . 2:—0.1 u
= 0l -0.2f

1 1 1 0L 1 1 1 1 1
400 600 800 400 500 600 400 500 600

Wavelength (nm)

Fig.3 Absorption spectra of reaction centers and four-helix bundle
with iron-protoporphyrin. a Normalized spectra of isolated T1 and
MPB?2 reaction centers, and MPB2 reaction centers with iron-pro-
toporphyrin bound (MPB2-FeP). b Spectra of the four-helix bundle
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Soret band at 403 nm and a smaller band at 605 nm consist-
ent with a bound iron-protoporphyrin in the oxidized state.
The fully reduced state of the porphyrin was generated by
the addition of dithionite, and in this case the Soret band
shifted to 424 nm, with resolved bands at 535 and 570 nm.
These spectra were subtracted to predict the oxidized-minus-
reduced spectrum, producing a derivative shape with a peak
at 390 nm and a minimum at 429 nm, and providing a clear
spectral marker for a redox change of a tetrapyrrole bound
to the MPB2 hybrid protein.

For the binding of iron-protoporphyrin to the MPB2 reac-
tion centers (MPB2-FeP), the iron-protoporphyrin absorp-
tion bands were not distinctive (Fig. 3a). The spectrum of the
MBP2-FeP reaction centers did not change after washing to
remove unbound porphyrin. Subtraction of the spectrum of
the MPB2 reaction centers with iron-protoporphyrin from
MPB?2 reaction centers without iron-protoporphyrin yielded
the spectral contributions of iron-protoporphyrin in the oxi-
dized and reduced states, showing similar peaks to those for
PB1-FeP protein (Fig. S3).

3.3 Light-induced optical changes

In the presence of light, wild-type reaction centers perform
charge separation by electron transfer from the excited state
of P to the primary and secondary quinones. Accompanying
the formation of the charge-separated states are changes in
the absorption spectra compared to the ground state. These
spectral changes are revealed by light-minus-dark optical
spectra whose major features are an absorption decrease
of the P band near 865 nm, associated with the formation
of P*, and electrochromic shifts of the three peaks in the
near-IR region due to the presence of the reduced quinone
(Q,), along with smaller changes in the visible region, as
was observed for the MPB2 reaction centers in the presence
of terbutryn (Fig. 4a).

When iron-protoporphyrin was bound to the MPB2
reaction centers (MPB2-FeP), a new signal in the visible
region was observed, with a derivative shape having a mini-
mum at 429 nm and a maximum at 402 nm, in addition to
the spectral features associated with the formation of the

charge-separated state (Fig. 4a). The shape and position of
this signal were similar to the calculated oxidized—reduced
spectrum of the PB1-FeP protein (Fig. 3c). The derivative
feature overlaps a broad rise at 450 nm that was observed
in the absence of the porphyrin. Small increases in the
Q, electrochromic shifts were also observed in the MPB2-
FeP reaction centers compared to the MPB2 reaction centers.

After the end of the illumination, charge recombination
back to the ground state results in a reduction in the ampli-
tudes of the spectral features associated with the charge-
separated state (Fig. 4a). However, the derivative feature
associated with iron-protoporphyrin persisted with only
minor changes in amplitude after five minutes in the dark
(Fig. 4b). Signals associated with the charge-separated state
that remain in the MPB2 reaction centers after five minutes
in the dark, both with and without iron-protoporphyrin, are
indicative of a fraction of the reaction centers with slow
charge recombination after the continuous illumination con-
ditions. Additionally, in some cases small broad losses of
absorption centered at approximately 780 nm and 870 nm
were observed after illumination, indicating an apparent
light-induced degradation of the tetrapyrrole pigments (Fig.
S4).

To test the stability of the 402/429 nm signal, the spec-
trum of the MPB2-FeP reaction centers was measured under
prolonged illumination. Illumination of the MPB2-FeP reac-
tion centers for 90, 180, 270, and 360 s resulted in succes-
sive increases in the amplitude of the derivative signal at
402/429 nm, while the amplitudes of the other absorption
bands did not show large changes (Fig. 4c). Thus, the yield
of the derivative signal at 402/429 nm could be accumulated
with additional light exposure.

The fused four-helix bundle was required for the observed
light-induced changes in the MPB2-FeP reaction centers, as
demonstrated by comparison with T1 reaction centers. The
T1 reaction centers have the same base reaction center as the
MPB2 reaction centers but the T1 reaction centers do not
contain the four-helix bundle domain, and hence no binding
site for a porphyrin. In the light, the T1 reaction centers have
a spectrum corresponding to the presence of P*Q™ (Fig. 5a).
This spectrum matches the features of wild type, with smaller
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amplitudes due to the higher redox potential for P in T1 reac-
tion centers compared to wild type. The addition of iron-pro-
toporphyrin to the T1 reaction centers resulted in only minor
changes in the light-minus-dark spectrum. For the T1 reac-
tion centers both with and without iron-protoporphyrin, the
spectra recovered after 10 min in the dark. Thus, the addition
of iron-protoporphyrin to highly oxidizing reaction centers is
insufficient to observe the derivative signal at 402/429 nm.

In contrast to the results with iron-protoporphyrin, light-
minus-dark measurements performed on MPB2 reaction
centers with zinc-protoporphyrin resulted in only very
minor alterations of the spectra (Fig. 5b). The presence of
this redox-inactive porphyrin being insufficient to observe
a derivative signal indicates that a change in redox state
is required, supporting the interpretation that the deriva-
tive signal at 402/429 nm arises due to redox changes of
iron-protoporphyrin.

In the MPB2-FeP reaction centers, under continuous illu-
mination, several electron-transfer turnovers can take place
because of the ability of reaction centers to accumulate two
electrons on the secondary quinone and one electron on
the primary quinone, so that P* can be regenerated after
reduction of P* by the bound iron-protoporphyrin or by
P*Q~ charge recombination. Addition of terbutryn blocks
electron transfer to the secondary quinone, and hence only
one electron can be transferred to the primary quinone. In
the MPB2 reaction centers without terbutryn, the predomi-
nate spectral change due to the addition of iron-protoporphy-
rin was the presence of the derivative signal at 402/429 nm
(Fig. 5¢), similar to the signal observed in the presence of
terbutryn (Fig. 4a).

In light-minus-dark spectra, the amplitude of the deriva-
tive signal at 402/429 nm increased with repeated light
exposure (Fig. 4c). The kinetics of this phenomenon was
observed by monitoring the absorption at 429 nm (Fig. 6).
For both MPB2 and MPB2-FeP reaction centers, imme-
diately after the start of illumination a small increase in
absorbance was observed. However, after this initial increase
the two samples had contrasting behavior. For the MPB2
reaction centers without iron-protoporphyrin, the absorb-
ance increased, while the absorbance for MPB2-FeP reac-
tion centers decreased with a time constant of approximately
1 min. At the end of illumination, both samples showed a
small decrease, which was followed by a decrease for the
MPB2 reaction centers while the absorbance of the MPB2-
FeP reaction centers changed very slowly.

4 Discussion
In nature, reaction centers absorb light to reduce quinones

through a series of proton-coupled electron transfer pro-
cesses that have proven to be amenable to manipulation.
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Fig.6 Kinetics of the signal associated with oxidation of the iron
porphyrin measured at 429 nm in MPB2-FeP reaction centers. In
the absence of iron-protoporphyrin, a small rise was observed in the
light, but when iron-protoporphyrin was bound to the reaction cent-
ers, a steady decrease at 429 nm in the light was observed

Previous studies have used mutagenesis to examine the role
of the protein environment in establishing these electron
transfer properties [39, 43]. In some cases, alterations of the
amino acid residues coordinating cofactors have resulted in
the binding of different cofactors, for examining the altera-
tion of a His that coordinates P results in the incorporation
of a bacteriopheophytin-bacteriochlorophyll heterodimer
[44—46]. Our laboratory is making use of an alternative
strategy of altering the protein to provide binding sites for
new cofactors that could potentially introduce new electron
transfer reactions. In earlier studies, Mn-binding sites were
incorporated near a highly-oxidizing P resulting in reaction
centers capable of binding redox-active Mn-cofactors that
could rapidly reduce P* [29, 30]. While useful for the exami-
nation of new metal cofactors, those studies were limited to
configurations allowed by the alterations of existing amino
acid residues.

In this study, we have taken the approach of introducing
a large new protein domain, consisting of over 100 amino
acid residues that form a four-helix bundle with a linker that
directly fuses the bundle to the C-terminus of the M-subunit
of the reaction center (Fig. 2). The resulting MPB2 reac-
tion centers were isolated using a His-tag located at the
C-terminus of the bundle ensuring that the purified protein
contained the entire modified M-subunit, precluding the pos-
sibility of post-translational processing in the periplasm. The
absorption and light-minus-dark optical spectra indicate that
the purified reaction centers are functional, with the same
configuration of cofactors and electron transfer activity as
typically found in wild-type and the highly-oxidizing T1
mutant reaction centers (Figs. 3 and 4). The availability of
the purified MPB2 reaction centers with a four-helix bundle
domain on the donor side provided the capacity to introduce
novel cofactors at designed binding sites.

Both the PB1 four-helix bundle protein and the MPB2
reaction centers containing the four-helix bundle fusion



Photochemical & Photobiological Sciences

show optical spectra that correspond to iron-protoporphy-
rin even after washing off the protein, indicating that the
iron-protoporphyrin is bound to the four-helix bundle. Illu-
mination of the MPB2-FeP reaction centers resulted in the
appearance of a derivative signal at 402/429 nm, which per-
sisted after the end of illumination (Fig. 4). The derivative
signal did not appear in either reaction centers that lacked
the four-helix bundle or in MPB2 reaction centers with zinc-
protoporphyrin, confirming that the signal results from a
redox active iron-protoporphyrin bound to the added four-
helix bundle domain (Fig. 5). The 402/429 nm derivative
signal corresponds to the oxidation of iron-protoporphyrin,
making it likely that the MPB2 reaction centers bind a mix-
ture of oxidized and reduced iron-protoporphyrin. This
feature can be interpreted as an electron being transferred
from iron-protoporphyrin to reduce P*, producing a stable,
oxidized iron-protoporphyrin. Alternatively, the signal may
result from oxidation of a different pigment in the reac-
tion center in a reaction that requires the presence of the
bound iron-protoporphyrin, for example one that results in
the creation of an oxygen radical. While elucidation of the
precise mechanism would require additional experiments,
the spectroscopic results provide clear evidence that iron-
protoporphyrin binds to the four-helix domain of the MPB2
reaction centers as a redox-active cofactor that participates
in the light-induced electron transfer processes.

Although the iron-protoporphyrin bound to the four-
helix bundle appears to act as a secondary donor to the
reaction center, it is much less efficient than the native
secondary donor in R. sphaeroides, cytochrome c¢,, which
is a mobile electron carrier that transiently docks onto the
reaction center. Based upon the three-dimensional structure
of cytochrome ¢, bound to the reaction center, the heme
cofactor reduces P* from a distance of 8.4 A between clos-
est atoms [47]. The (cytochrome c,)**/(cytochrome c,)**
midpoint potential is about 350 mV, while the P/P* midpoint
potential of wild-type reaction centers is about 500 mV, pro-
viding a sufficient energy difference for rapid electron trans-
fer with a rate of electron transfer of 10° s~! from the bound
cytochrome c, to reduce P* [23]. For iron-protoporphyrin
bound to four-helix bundles, the midpoint potentials for
conversion between ferrous porphyrin and ferric porphyrin
range from —90 to —290 mV [13, 14, 42]. Assuming a value
in this range for the midpoint potential of iron-protoporphy-
rin bound to MPB2, the energy difference should be more
than sufficient for electron transfer from iron-protoporphyrin
to P*. However, based on the small amplitude of the optical
changes, the yield of the formation of the oxidized iron-
protoporphyrin was relatively low.

Oxidation of the iron-protoporphyrin occurs after the
production of the P*Q™ charge-separated state. The experi-
ments were performed using continuous illumination at
860 nm that generates the excited state of P, which is

followed by the formation of the P*Q™ charge-separated
state. Since the porphyrins absorb only in the visible
region, they are not excited by the 860 nm light. The rate
of iron-protoporphyrin oxidation competes with charge
recombination from the quinones, which has a time of
approximately 40 ms in the reaction centers with a high
P/P* midpoint potential [23]. In addition, continuous
illumination of reaction centers results in the production
of recovery kinetics that become slower and multiphasic
compared a single laser flash [48]. Complex P* decays
were also seen for electron transfer from Mn(II) bound
to a four-helix bundle that was not attached to the reac-
tion center [20]. Computer modeling places the four-helix
bundle on the periplasmic surface of the reaction center,
with the binding site for the porphyrin at a position com-
parable to the heme-binding site of cytochrome ¢, [20].
The rate may be limited by the iron-protoporphyrin hav-
ing an unfavorable orientation when bound to the MPB2
reaction centers resulting in a larger edge-to-edge dis-
tance to P compared to the favorable orientation of bound
cytochrome ¢, or energetic limitations due to a large reor-
ganization energy. Thus the observed slow accumulation
of the oxidized iron-protoporphyrin signal in the light
may reflect a number of parameters that control electron
transfer. Despite the slowness of this process, the spectral
changes are observable due to the very slow decay of the
iron-protoporphyrin signal, resulting in a continual build-
up of the oxidized state during illumination.

Because both proteins are highly pliable, the combina-
tion of the four-helix bundle with the reaction center opens
the door to an array of novel functions. For example, the
fusion of an extramembrane a helix to the L subunit of the
reaction center resulted in the formation of coiled-coils that
enabled the directed assembly of reaction centers into mul-
timers [49]. Artificial proteins have been designed with a
variety of cofactors participating in specific, self-contained
functional features [3, 15, 16]. Similarly, artificially expand-
ing the reaction center template has been accomplished by
the attachment of molecules to the surface to enhance light
capture and energy transfer [S0-54]. Energy transfer has also
been demonstrated for the fusion of a fluorescent yellow pro-
tein and a light-harvesting protein with the reaction center
[55, 56], as well as a four-helix bundle with a bound fluo-
rescent cofactor fused to a light-harvesting protein [57]. The
fusion of four-helix bundles to reaction centers described
here is a unique enhancement of the natural electron transfer
functions by allowing redox reactions that are initiated by
light. For the MPB2-FeP protein, the redox processes of the
porphyrin bound to the four-helix bundle are driven by light
excitation of the partner protein rather than the introduc-
tion of external chemical oxidants. Such a capability could
be useful in hybrid proteins employed in electronic devices
[58].
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In conclusion, our results demonstrate the feasibility of
using the fusion of protein domains to create new functions
in proteins. The versatility of the four-helix bundle to tightly
bind different porphyrins provides a general platform for
the design of hybrid complexes capable of a range of light-
driven functions.
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