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One of the outstanding questions concerning the early Earth is
how ancient phototrophs made the evolutionary transition from
anoxygenic to oxygenic photosynthesis, which resulted in a sub-
stantial increase in the amount of oxygen in the atmosphere. We
have previously demonstrated that reaction centers from anoxy-
genic photosynthetic bacteria can be modified to bind a redox-
active Mn cofactor, thus gaining a key functional feature of photo-
system I, which contains the site for water oxidation in cyanobac-
teria, algae, and plants [Thielges M, et al. (2005) Biochemistry
44:7389-7394]. In this paper, the Mn-binding reaction centers are
shown to have a light-driven enzymatic function; namely, the abil-
ity to convert superoxide into molecular oxygen. This activity has
a relatively high efficiency with a k.,; of approximately 1 s~ that is
significantly larger than typically observed for designed enzymes,
and a K, of 35-40 puM that is comparable to the value of 50 uM
for Mn-superoxide dismutase, which catalyzes a similar reaction.
Unlike wild-type reaction centers, the highly oxidizing reaction
centers are not stable in the light unless they have a bound Mn. The
stability and enzymatic ability of this type of Mn-binding reaction
centers would have provided primitive phototrophs with an envir-
onmental advantage before the evolution of organisms with a
more complex Mn,Ca cluster needed to perform the multielectron
reactions required to oxidize water.

In photosynthesis, the primary conversion of light energy into
chemical energy is performed by the evolutionarily related
pigment-protein complexes, reaction centers in purple and green
bacteria and photosystems I and II in cyanobacteria, algae, and
plants (1, 2). In the purple bacterium Rhodobacter sphaeroides,
the reaction center is composed of two core protein subunits,
identified as the L and M subunits, which each have five trans-
membrane helices and are related by an approximate twofold
symmetry axis. These protein subunits surround the cofactors,
which are arranged in two branches with the same twofold sym-
metry axis. In addition, reaction centers have a third subunit,
identified as the H subunit, which has a single transmembrane
helix and a large extramembrane domain. Light excitation of
the primary electron donor P, a bacteriochlorophyll dimer, is fol-
lowed by electron transfer steps predominately along one branch
of cofactors to Q4, the primary quinone, and then to Qg, the sec-
ondary quinone, forming the charge-separated state P*'Qg~". In
the cell, the oxidized bacteriochlorophyll dimer is reduced by a
water-soluble cytochrome ¢, allowing a second electron transfer
to Qg in a proton-coupled process. The electrons and protons
associated with the oxidized cytochrome ¢, and reduced quinone
(quinol) are coupled to the cytochrome bc; complex resulting in a
net proton transfer across the cell membrane that is used to cre-
ate energy-rich compounds. Photosystem II has a significant
structural homology to this type of reaction center, with a core
of two protein subunits surrounding two branches of cofactors
and a similar electron transfer pathway from the primary electron
donor to the quinones. However, the Mn,Ca cluster and a redox-
active tyrosine serve as the secondary electron donors rather than
a water-soluble electron carrier. The ability of the Mn,Ca cluster
to collect four electron equivalents provides photosystem II with
the unique ability to oxidize water.
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To experimentally address the molecular evolution of photo-
synthesis, in particular the development of the Mn, Ca cluster that
performs water oxidation and played a critical role in the creation
of an oxygen-rich atmosphere (3), reaction centers from Rb.
sphaeroides are being modified to simulate the functional proper-
ties of photosystem II, specifically the binding of a Mn cofactor
(4). Protein engineering of novel metal centers that can carry out
specific reactions is a challenging area of rational structure-based
design (5-8). One of the metals commonly found in proteins, Mn,
is usually coordinated in an approximate octahedral geometry by
aspartate, glutamate, and histidine side chains (7-10), as is true
for the manganese cluster of photosystem II (2). Previously, re-
action centers from a mutant identified as M2 were shown to ex-
hibit tight binding of Mn with a dissociation constant of 1 pM (4).
The three-dimensional structure of the M2 mutant was deter-
mined by X-ray diffraction revealing a mononuclear manganese
ion bound at the designed Mn-binding site to carboxylate and his-
tidine side chains (4). Also studied here is the M8 mutant that has
the additional substitutions of Val M192 to Glu and Glu M173 to
His, which are designed to provide a binuclear Mn-binding site as
found in enzymes such as catalase. In both mutants, light excita-
tion results initially in the charge-separated state Mn?* P Qp™
followed by the bound Mn?* rapidly becoming oxidized as it
transfers an electron to P*" in a first-order reaction. To drive this
electron transfer, the Mn-binding reaction centers have addi-
tional mutations designed to enhance the oxidation capability,
as wild-type reaction centers have too low an oxidation/reduction
midpoint potential to oxidize Mn (11, 12).

Redox-active Mn cofactors, such as found in the Mn-binding
reaction centers, are found in several metalloenzymes, in parti-
cular Mn-superoxide dismutase. Superoxide is formed through a
variety of processes, and its presence can result in cellular da-
mage. To minimize such damage, virtually all aerobic organisms
from bacteria to humans possess the enzyme superoxide dismu-
tase that reacts with superoxide in the environment. In Mn-super-
oxide dismutase, three histidines, an aspartate, and a bound
hydroxide molecule coordinate a mononuclear Mn cofactor that
cycles between the Mn?>* and Mn?* states as it converts super-
oxide into molecular oxygen and hydrogen peroxide (9, 10). As
a test of whether the Mn cofactor in the modified reaction centers
has the ability to react with superoxide, thus functionally mimick-
ing the Mn cofactor of Mn-superoxide dismutase, the possible
loss of superoxide was determined using an optical assay while the
production of molecular oxygen was measured using an oxygen-
sensing microelectrode. The implications of these results on the
evolutionary development of photosystem II are discussed.
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Results and Discussion

To access the possible reactivity of the Mn-binding reaction cen-
ters with superoxide, the concentration of superoxide in the pre-
sence of the reaction centers was measured using an optical assay.
Superoxide and uric acid are produced by xanthine oxidase from
oxygen and xanthine, and activity is identified by the reduction of
the optical signal associated with a dye that is formed by reacting
with superoxide. In the presence of light, Mn, and the Mn-binding
reaction centers, essentially all of the generated superoxide was
removed (Fig. 1). However, the amount of superoxide was un-
changed, within error, when no Mn was present or when the sam-
ples were kept in the dark. The loss of superoxide was observed
only for the Mn-binding reaction centers, and no activity was ob-
served for wild-type reaction centers or a control mutant, which
has the Mn-binding site but a wild-type potential that is too low to
oxidize manganese. Thus, the Mn-binding reaction centers have
the enzymatic ability of superoxide dismutase to react with super-
oxide with the exception that light is required for oxidation of the
bound manganese.

The reduction of Mn and the loss of superoxide should result
in production of molecular oxygen by the Mn-binding reaction
centers as occurs in the reaction mechanism of superoxide dismu-
tase. Using an oxygen-sensing microelectrode, the concentration
of molecular oxygen was measured with superoxide being gener-
ated using xanthine oxidase. For all measurements, the baseline
level of oxygen showed a steady decrease due to the conversion of
molecular oxygen into superoxide by xanthine oxidase (Fig. 2). In
the light, the Mn-binding reaction centers with Mn showed a
pronounced increase in oxygen compared to the measured level
without Mn (Fig. 2). No measurable difference in oxygen concen-
tration was observed when the Mn-binding reaction centers were
in the dark. The oxygen increase was observed only for the Mn-
binding reaction centers and not for wild-type reaction centers or
the control mutant. Thus, the Mn-binding reaction centers are
capable of the production of molecular oxygen in the light and
with bound Mn.
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Fig. 1. Assay showing the ability of the Mn-binding reaction centers to react
with superoxide. Spectra are shown for control mutant reaction centers, Mn-
binding reaction centers, and wild-type reaction centers (solid spectra). Ac-
tivity is observed only for the Mn-binding reaction centers in the presence of
light and manganese. No change within experimental error is observed
for wild type or the control mutant. The control mutant has the Mn-binding
site but cannot oxidize Mn because it has an oxidation/reduction midpoint
potential similar to wild type. In this assay, superoxide is generated by the
reaction of xanthine with xanthine oxidase. The superoxide converts an in-
dicator reagent (see Materials and Methods) into a formazan dye that has an
absorption maximum at approximately 440 nm. The maximum absorption
under each condition is shown (dashed spectra). If superoxide dismutase
activity is present, the dye is not formed and a low absorption is observed
(dotted spectra). Shown are the data for the M8 mutant; the data for the M2
mutant are provided in Fig. S1.
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Fig. 2. Assay showing the production of oxygen from the Mn-binding reac-
tion centers. (A) At —200 s (i.e., 200 s before illumination), xanthine oxidase is
introduced into the solution, initiating the production of superoxide from
molecular oxygen and resulting in a steady decrease in the oxygen concen-
tration. From 0 to +300 s, the samples are illuminated. Only the Mn-binding
reaction centers show a measurable increase in oxygen with Mn present
compared to the absence of Mn. Both the Mn-binding reaction centers
and reaction centers from the triple mutant are highly oxidizing and show
a pronounced decrease in oxygen in the light, presumably due to photodam-
age. (B) The difference in the O, concentration for samples with and without
Mn. When Mn is bound to the Mn-binding reaction centers, P is rapidly re-
duced by the bound metal forming Mn3* that subsequently can react with
superoxide to form O,. For wild-type reaction centers, the triple mutant, the
control mutant, solutions with no reaction centers, and solutions without
superoxide, no measurable difference is observed. Shown are the data for
the M8 mutant; the data for the M2 mutant are provided in Fig. S2.

The enzymatic mechanism was elucidated by systematically
varying each experimental observable (namely, the light intensity
and concentrations of reaction centers, manganese, and super-
oxide) while monitoring the difference in oxygen production with
and without manganese. Evident in the oxygen production is a
fast initial phase, with a time constant of 5 s, followed by a slow
phase, with a time constant of 110 s (Fig. 2). The extent of oxygen
production associated with the fast phase is directly proportional
to the reaction center concentration as expected if the reaction
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centers are acting as an enzyme (Fig. 34). The slow phase
increases with protein concentration, although with a weaker de-
pendence. For both phases, oxygen production requires light with
the extent increasing as the light intensity increases (Fig. 3B).
These results demonstrate that the oxygen production has two
components that both arise from the light-induced activity of the
Mn-binding reaction centers.

As the amount of manganese increased, the oxygen production
associated with the fast phase increased to a maximum
O, /protein ratio of approximately 3:1 corresponding to three
rapid electron transfers that form the state QA“QBZ", which
is the fully reduced state until Qg exchanges with a quinone pool
(Fig. 3C). In the absence of exogeneous quinone, additional
charge-separation reactions are not possible and the fast phase
ends. The average value of 2.7 for the O, /protein ratio at high
Mn concentration is lower because of incomplete occupancy of
the Qg site; the addition of ubiquinone prior to the measure-
ments results in a 15% increase of this ratio consistent with full
occupancy. To verify this assignment of the fast phase, terbutryne
was added to block electron transfer from Q,~ to Qg. In this
case, a maximal value of approximately 1 for the O, /protein ratio
was observed that is consistent with the fast phase stopping after
one electron transfer and formation of the Q,~ Qg state. Thus,
the initial phase corresponds to the rapid electron transfer within
the reaction center until the inability to further reduce the qui-

T T T T T T T T T
L o) i L o o
7o A o 140l B -
60 o ©300s - 120 o 300s
S 50+ 4 £ 100} g
~ 40F 1 8k B
e} o}
< 30F s 2 sl © ° [
20+ P o_ 40 ° o -
o ® 30s L4 30s
101 1 20 .
°
1 1 Il 1 1 1 1 1 1 1
2 4 6 8 10 12 0.5 1.0 15 20
[RC] uM Light intensity (mW/cm?2)
C T T T T D T T T T
. - terbutryne R 12r 7
S — Sio 10 i
[] o
o [ ] 3
. s 8r 7
= 2F " 4 =
& / + terbutryne > 6 R
< / =] S
TP 2R 18 4T .
5 >
| 2 B
!
[ 1 1 1 L 1 0 1 1 1 1
2 4 6 8 10 0 40 80 120 160
(MnCI2J/[RC] [027]1uM

Fig. 3. Oxygen production under different experimental conditions. (A) In-
creasing the reaction center concentration increases the extent of both the
fast phase (measured at 30 s, closed circles) and slow phase (measured at
300 s, open circles) of the oxygen production when comparing the samples
with and without manganese. A protein concentration of 10 pM is used for
measurements shown in B-D. (B) Increasing the light intensity increases the
extent of oxygen production. For most measurements, a subsaturating inten-
sity of 1 mW/cm? is used. (C) The addition of manganese proportionally in-
creases the amount of oxygen production associated with the fast phase until
a maximal amplitude of approximately 3:1 for the AO,/protein ratio is
reached. When electron transfer to Qg is blocked by terbutryne, this ratio
decreases to approximately 1:1. (D) The extent of oxygen production asso-
ciated with the fast phase was directly related to the concentration of super-
oxide according to a Lineweaver-Burke dependence yielding average values
of 35 uM, 1.3 57", and 4 x 10* M~"' s~ for Kp,, keat, and Ky, /kcat, respectively,
when averaged for three independent sets of measurements for the M8 mu-
tant. For the M2 mutant, these values are 40 uM, 1.1 57", and 3x 10 M~"s™"
for K, Keat, and Ky, /Kcat, respectively.
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nones results in the slow phase, which presumably is limited by
charge recombination that requires several minutes (4).

The dependence of the amount of the substrate, superoxide,
on the oxygen release was obtained by adjusting the delay time
between the injection of xanthine oxidase and the start of the il-
lumination. Increasing this time delay allows the xanthine oxidase
to convert more molecular oxygen into superoxide, as evidenced
by the steady decrease of molecular oxygen with time in the dark
(Fig. 2A4). Increasing the amount of superoxide resulted in an in-
crease in the amount of molecular oxygen produced associated
with the fast phase (Fig. 3D). A fit according to the Lineweaver—
Burke relationship yielded K, values of 40 and 35 pM and k.,
values of 1.1 and 1.3 s7!, for the M2 and M8 mutants, respec-
tively, with estimated errors of 5 pM and 0.5 s~! for K,,, and &y,
respectively, based upon averages for three independent sets of
measurements. The similarity of the parameters for the two mu-
tants shows that the values are independent of the specific nature
of the Mn ligands. Although the value of k., is small compared to
many enzymes [for example, Mn-superoxide dismutase has a va-
lue of 4,000 s~ (13)], the value of 1 s7! is larger than the 107 to
10~* s7! values reported for artificial enzymes (14-16) and the
0.01 to 0.22 s~! rates obtained for an artificial oxo-protein with
phenol oxidase activity (17). Comparable values of 0.02 to 1.4 s~!
are observed only for designed catalysts that have been modified
using directed evolution (18). The value of 35-40 pM for K, for
the Mn-binding mutants is comparable to the measured value
of 50 pM for Mn-superoxide dismutase (13), indicating that
the Mn-binding reaction centers can tightly bind superoxide.
The ke, /Ky, ratio of 3—4x 10* M~!s™! is much smaller than
the 8 x 10 M~! s~! value observed for Mn-superoxide dismutase
where the reaction has been proposed to be diffusion limited with
superoxide binding being facilitated by favorable electrostatic
interactions between superoxide and the entry channel to the
Mn cofactor (13).

The superoxide activity measured for the Mn-binding reaction
centers shares functional features with the enzymatic conversion
process found in superoxide dismutase (Table 1). In Mn-superox-
ide dismutase, the oxidation state of the metal cycles between
Mn3**+ and Mn?*, converting superoxide into molecular oxygen
and hydrogen peroxide (19, 20). For the Mn-binding reaction
center, the Mn reduction reaction also produces molecular oxy-
gen from superoxide. However, the Mn oxidation reaction differs
between these two proteins. In Mn-superoxide dismutase, the
metal-oxidation reaction converts superoxide into hydrogen per-
oxide and is coupled to the transfer of two protons. The Mn-
binding reaction center does not perform this proton-coupled re-
action because Mn is oxidized using the energy from the absorbed
light. For any Mn-enzyme to catalyze both superoxide reduction
and oxidation, the manganese must have a midpoint potential be-
tween —160 and 4890 mV (19, 20). Because the Mn-binding re-
action centers have an oxidation/reduction potential of 625 mV
for the Mn cofactor (11), both reactions are energetically favor-
able. Thus, this functional difference must arise from another as-
pect, most likely the inability of the Mn-binding reaction center to
couple the reaction to proton transfer as required for the reaction
in Mn-superoxide dismutase (19, 20).

To determine if the light-induced loss of oxygen evident for the
Mn-binding reaction centers without Mn (Fig. 24) is due to
photodamage, the impact of light and superoxide on the reaction
centers was determined using an optical activity assay (Fig. 4). For
wild type, a brief illumination at 865 nm results in a light-minus-
dark spectrum characteristic of the P*'Q, ™ state that increases
slightly in amplitude after a 2-min illumination due to the use of
subsaturating light. No further change is observed after addi-
tional exposure up to 5 min, indicating that the wild-type reaction
centers are stable under prolonged illumination. Similar spectra
are obtained for the control mutant that can bind Mn but has a
wild-type potential that is too low to oxidize Mn. In the absence of
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Table 1. Comparison of the reaction with superoxide for Mn-superoxide dismutase and the Mn-binding reaction center

Mn-superoxide dismutase

Mn-binding mutant

Mn reduction
Mn oxidation

Mn3* + O3 - Mn?* + 0,

MnZ* 4+ O3 + 2H* - Mn3* + H,0,

Mn3* + 03 - Mn?* + 0,
Mn%*PQg - Mn?**PTQz; — Mn3*PQ;

Mn, the Mn-binding mutants show a similar spectrum after a brief
illumination, although the amplitude is reduced 10-fold because
of the low quantum yield for these mutants (21, 22). However,
longer light exposures result in pronounced loss of activity, as
evident by absorption losses centered near 760 and 800 nm that
correspond to loss of the bacteriopheophytin and bacteriochlor-
ophyll pigments, respectively. This absorption loss becomes very
pronounced if the samples are exposed to superoxide or illumi-
nated for time periods beyond 2 min. Because the triple mutant
also shows absorption loss near 760 and 800 nm, this pigment loss
is likely associated with the highly oxidizing P*". In striking con-
trast, only small absorption losses are observed for the Mn-bind-

Wild type

/
\ / Mn-binding
\_/ + superoxide

Change in absorbance (a.u.)
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Fig. 4. Stability of reaction centers under illumination. The ability of the
reaction center to perform charge separation after different times of illumi-
nation was determined by measurement of the light-induced absorption
changes. Shown are the light-minus-dark spectra after illuminations of 20 s
(solid) and 2 min (dashed). Reaction centers from wild type and the control
mutant, which has the Mn-binding site but a potential similar to wild type,
show spectra characteristic of the P*" Q, ™ state. In the absence of bound Mn,
the Mn-binding reaction centers have the same spectral features as wild type
for 20-s illumination, but longer exposure results in significant loss of absorp-
tion near 760 and 800 nm associated with loss of the bacteriopheophytin and
bacteriochlorophyll pigments. A similar behavior is observed for the reaction
centers from the triple mutant that is highly oxidizing but does not have a
Mn-binding site. The light-induced pigment loss of the Mn-binding mutant is
increased in the presence of superoxide. However, when manganese was pre-
sent, the Mn-binding reaction centers showed a relatively stable spectrum
characteristic of the P Q, " state, with P being reduced by the manganese.
Shown are the data for the M8 mutant; the data for the M2 mutant are pro-
vided in Fig. S3.
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ing reaction centers in the presence of Mn, which has the light-
minus-dark spectral features of the P Q, ™ state because P*" is
reduced by the bound manganese. Thus, the binding of the man-
ganese cofactor not only serves a protective role against reactive
oxygen species but also minimizes photooxidation damage in
highly oxidizing reaction centers.

These results provide insight into the evolution from anaerobic
to oxygenic photosynthesis. The core cofactors and subunits of
photosystem II and the bacterial reaction center have similar
three-dimensional structures (4, 23), with the D1 and D2 subunits
of photosystem II and the L and M subunits of bacterial reaction
centers being derived from a common ancestor. The evolutionary
transition from primitive anaerobic phototrophs to organisms
capable of oxygenic photosynthesis is thought to have triggered
the great oxidation event approximately 2.4 Gyr ago, in which
molecular oxygen emerged as a significant constituent of Earth’s
atmosphere (24-29). This transition would have required the
development of a highly oxidizing complex with a Mn cluster cap-
able of water oxidation. Creation of a highly oxidizing protein
complex could have been achieved through a combination of
altered interactions between the bacteriochlorophyll dimer and
the surrounding protein as well as the incorporation of more
highly oxidizing tetrapyrroles, such as chlorophyll d (29-31). The
incorporation of appropriate metal ligands through a few amino
acid substitutions that were similar to those in the Mn-binding
reaction centers would have provided a metal-binding site and
consequently resulted in the production of molecular oxygen
from any superoxide that was present at that time. The ability of
two different mutants, the M2 and M8 mutants, to bind Mn and
produce molecular oxygen with very similar reaction parameters
suggests a flexibility in the amino acid substitutions that gave rise
to metal binding and activity.

Given the complex nature of the four-electron water oxidation
process, the development from anoxygenic to oxygenic photosynth-
esis has been proposed to be enabled by a catalytic intermediate
containing a Mn cofactor (30-37). A complex mechanism has been
developed in cyanobacteria and plants to recover from the damage
that occurs due to the presence of the highly oxidizing primary
donor (38). The bound Mn cofactor would have stabilized the
highly oxidizing reaction centers against damage from both photo-
oxidation and superoxide. Such reaction centers would have been
capable of converting superoxide into molecular oxygen, and so
provide protection against reactive oxygen species. At that time,
the oxygen level of the atmosphere has been estimated to be de-
creased by 10~ compared to the present atmospheric level (24, 28,
29), yielding a concentration of dissolved oxygen of 3 nM. Essen-
tially all of the dissolved oxygen would have been in radical forms
due to the intense UV radiation at the Earth’s surface in the ab-
sence of an ozone layer. The presence of reactive oxygen species
could have been mitigated by the enzymatic activity of highly oxi-
dizing reaction centers with a Mn cofactor, and so such complexes
could represent an intermediary in the evolutionary transitional
period.

The pathway used by primitive anaerobic phototrophs is un-
known, but the versatility of pathways exhibited by purple and
green bacteria may have been exploited during evolution. The
metabolic incorporation of an external electron donor to reduce
the bound Mn cofactor would have required involvement of a
suitable electron acceptor, such as NAD or NADP, as utilized by
some purple bacteria when ferrous iron is the donor or in the
noncyclic pathway with sulfide donors in green bacteria (36).
In a model of the transition from a single photosystem complex
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to two coupled complexes (35), the ancient phototrophs have
been proposed to be initially capable of expressing either a photo-
system I or a photosystem II equivalent complex depending upon
local environmental factors. In this case, the involvement of
superoxide as a new electron donor with the resulting oxygen
production may have triggered the simultaneous production of
both complexes giving rise to the Z-scheme of oxygenic photo-
synthesis.

In summary, our results demonstrate that modifications of
bacterial reaction centers can produce a highly oxidizing protein
with a tight Mn binding site that is redox active. After light-in-
duced electron transfer from the primary donor to the electron
acceptors, the bound Mn is oxidized and can react with superox-
ide to produce molecular oxygen. The reaction has similarities to
the metal-reduction step in superoxide dismutase but a novel
light-driven process replaces the metal-oxidation step. This newly
created light-driven enzyme serves as a useful model for under-
standing the involvement of intermediates in the evolutionary de-
velopment of photosystem II.

Materials and Methods

Protein Isolation. Mutants were constructed and purified as previously de-
scribed (4, 21, 22). The strains were grown semiaerobically in the dark for
3 to 4 d at 30°C. The Mn-binding mutant M8 has three changes near P to
increase the oxidation/reduction potential, Leu L131 to His, Leu M160 to
His, and Phe M 197 to His, and three changes that create the Mn-binding site,
Arg M164 to Tyr, Met M168 to Glu, and Gly M188 to Asp. The highly oxidizing
triple mutant has only the three changes near P, Leu L131 to His, Leu M160 to
His, and Phe M197 to His. The Mn-binding control mutant has only the three
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changes that create the Mn-binding site, Arg M164 to Tyr, Met M168 to Glu,
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ments were performed by use of an oxygen-sensing microelectrode (Ocean
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