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ABSTRACT: The transfer of an electron from exogenous manganese (II) ions to the bacteriochlorophyll
dimer, P, of bacterial reaction centers was characterized for a series of mutants that have P/P+ midpoint
potentials ranging from 585 to 765 mV compared to 505 mV for wild type. Light-induced changes in
optical and EPR spectra of the mutants were measured to monitor the disappearance of the oxidized
dimer upon electron donation by manganese in the presence of bicarbonate. The extent of electron transfer
was strongly dependent upon the P/P+ midpoint potential. The midpoint potential of the Mn2+/Mn3+

couple was calculated to decrease linearly from 751 to 623 mV as the pH was raised from 8 to 10,
indicating the involvement of a proton. The electron donation had a second order rate constant of
approximately 9× 104 M-1 s-1, determined from the linear increase in rate for Mn2+ concentrations up
to 200µM. Weak dissociation constants of 100-200 µM were found. Quantitative EPR analysis of the
six-line free Mn2+ signal revealed that up to seven manganese ions were associated with the reaction
centers at a 1 mMconcentration of manganese. The association and the electron transfer between manganese
and the reaction centers could be inhibited by Ca2+ and Na+ ions. The ability of reaction centers with
high potentials to oxidize manganese suggests that manganese oxidation could have preceded water
oxidation in the evolutionary development of photosystem II.

Energy conversion in photosynthesis takes place in
membrane-bound pigment-protein complexes known as reac-
tion centers in bacteria and photosystems I and II in plants,
algae, and cyanobacteria. In these complexes, the (bacterio)-
chlorophyll molecules that form the primary electron donor
absorb light energy and are rapidly oxidized to a cation
radical following electron transfer to a series of acceptors.
The generated electrical potentials are converted into trans-
membrane ion potentials by migration of the oxidizing and
reducing equivalents to the cytochromeb6 f and bc1 com-
plexes, resulting in an electrochemical potential that is
utilized for ATP synthesis.

The bacterial reaction center and photosystem II show
structural homology, but the two systems function differently
at the electron donor side of the membrane. In reaction
centers fromRhodobacter sphaeroides, the secondary donor
to the oxidized primary donor P+ is a water-soluble cyto-
chromec2 molecule (1). In photosystem II, the secondary
donor is a redox active tyrosine, YZ, that in turn oxidizes
the manganese cluster, with oxygen liberated after four
oxidation equivalents are transferred (reviewed in ref2).
Wild-type reaction centers are not able to oxidize tyrosine

or manganese. The wild-type P/P+ midpoint potential1 is
∼0.5 V (3-5), at least 0.25 V lower than the observed
oxidation-reduction potentials of tyrosines in solution or in
other proteins (for review see ref6) and 0.13-0.42 V lower
than the midpoint potential of the Mn2+/Mn3+ couple in
different bicarbonate complexes (7). The high midpoint
potential of∼1 V for the primary donor in photosystem II
is a key functional attribute in the oxidation of water.

By changing the hydrogen-bonding pattern of the bacte-
riochlorophyll dimer in reaction centers, the P/P+ midpoint
potential can be altered (5). Single mutations that introduce
an additional hydrogen bond to P increase the midpoint
potential by 0.06-0.125 V. For example, the mutant with
the change Leu to His at L131, called the LH(L131) mutant,
has a P/P+ midpoint potential 0.085 V higher than wild type.
Mutants with several changes show additive increases in the
midpoint potential. The introduction of three hydrogen bonds
in the triple mutant, LH(L131)+LH(M160)+FH(M197),
results in a midpoint potential of 0.76 V. In this work, we
investigate whether Mn2+ can serve as a secondary electron
donor to P+ in mutants with altered midpoint potentials. Since
bicarbonate has been proposed to play a role in the
photoactivation of the manganese cluster of photosystem II
(8-11), the influence of bicarbonate on this reaction was
tested.
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MATERIALS AND METHODS

Protein Isolation.The mutants containing alterations in
the genes encoding the L and M subunits of reaction centers
from Rb. sphaeroideshave been previously described (5).
Cells were grown semiaerobically, and the reaction centers
were prepared as described earlier (12), except that Triton
X-100 was used for the ion exchange chromatography step
instead of LDAO, and EDTA was removed by a long (24 h)
dialysis.

Optical Spectroscopy.A Cary 5 spectrophotometer (Vari-
an) was utilized to measure the light-induced optical differ-
ence spectra. Illumination of the samples was achieved by
using an Oriel tungsten lamp with an 860( 15 nm
interference filter. The spectral changes were measured in
the near-infrared region between 700 and 1000 nm. A single
beam spectrometer of local design (13) was used to measure
the kinetics of the primary donor recovery. The reaction
centers were excited at 532 nm with a 5 nslaser pulse width
using a ND:YAG laser (Continuum). The observation
wavelength was set to the maximum of the Qy transition of
the dimer band, at approximately 865 nm depending on the
mutant. A nonlinear least-squares method was used to fit
the data. For the steady-state optical measurements, the
reaction centers were at a concentration of 1.5µM in 15
mM buffer (Hepes, Tris, or Ches depending on pH), 15 mM
NaHCO3, 0.05% Triton X-100, 20 mM NaCl, and 100µM
terbutryne. In the flash-induced optical measurements, 10-
fold excess ubiquinone was added, and terbutryne was absent,
for better decomposition of the kinetic phases. The optical
measurements were carried out at room temperature.

EPR Spectroscopy.The EPR measurements were per-
formed using a Bruker E580 X-band spectrometer with a
magnetic field modulation frequency of 100 kHz, an
amplitude of 0.4 mT, a microwave power of 10 mW, and a
microwave frequency of approximately 9.64 GHz. Samples
were placed in a quartz flat cell, which was mounted in a
Bruker TE102 rectangular standard cavity, at ambient tem-
perature. The spectra were obtained by averaging several
scans. Reaction centers were concentrated for the EPR
measurements in a Centricon micro-concentrator (Amicon)
up to 300 µM. No bicarbonate was used for the EPR
measurements carried out without illumination because the
complexation of Mn2+ with bicarbonate reduces the intensity
of the six-line free Mn2+ signal.

RESULTS

Spectral Changes due to Manganese.In the absence of
manganese, the light-minus-dark optical spectra of the
mutants were similar to wild type. For example, the light-
induced changes in the optical spectrum of the triple mutant
LH(L131)+LH(M160)+FH(M197) exhibited characteristic
features associated with both the oxidized dimer and the
reduced primary quinone (Figure 1A). These changes include
an absorption decrease in the dimer band centered at 865
nm, an electrochromic blue shift on the bacteriochlorophyll
monomer region around 800 nm due to the positive charge
on the oxidized dimer, and an electrochromic red shift on
the bacteriopheophytin band around 760 nm as a result of
the negative charge on the reduced quinone.

Addition of 1 mM MnCl2 in the presence of excess
bicarbonate (HCO3-) changed the light-induced optical

spectrum of the triple mutant dramatically (Figure 1A). The
features associated with the oxidized dimer are no longer
present, and only signals characteristic of the reduced primary
quinone are evident, indicating that Mn2+ serves as a
secondary electron donor to P+. The reaction was ac-
companied by formation of a brown precipitate, most
probably due to formation of Mn (IV)-oxide or Mn (IV)-
carbonate as a result of disproportionation of the product
Mn3+ to Mn2+ and Mn4+. Addition of manganese had no
effect on the light-induced spectrum of wild-type reaction
centers (data not shown). The effect of Mn2+ could be
suppressed by addition of Ca2+ or Na+ in excess concentra-
tion (data not shown for Na+).

The presence of P+ was monitored by measurement of
light-induced EPR spectra of the triple mutant in the absence
and presence of externally added Mn2+ ions (Figure 1B).
Without manganese, the characteristic spectrum of the cation
radical of the bacteriochlorophyll dimer was detected in the
g ) 2.0 region. In the presence of excess Mn2+, the P+ signal
diminished. Addition of Ca2+ canceled the effect of Mn2+.

FIGURE 1: Effect of Mn2+ and Ca2+ on the near-infrared light-
minus-dark difference absorption spectra (A) and EPR spectra (B)
of the LH(L131)+FH(M197)+LH(M160) triple mutant at pH 9.0.
Upper traces in both panels are the spectra without MnCl2, middle
traces are those with excess MnCl2 and the lower traces are those
with MnCl2 and CaCl2. The lack of the characteristic optical and
EPR features of the oxidized dimer in the presence of Mn2+ (middle
traces) likely results from the reduction of P+ by manganese.
Addition of Ca2+ in excess concentration suppresses the effect of
Mn2+ (bottom traces), restoring the features observed in spectra
without Mn2+. Conditions: 1.5µM reaction centers for the optical
measurements and 50µM reaction centers for the EPR measure-
ments suspended in 0.05% Triton X-100, 15 mM Ches, pH 9.0, 15
mM NaHCO3, 100µM terbutryne. Middle traces:+1 mM MnCl2;
bottom traces: +1 mM MnCl2 +20 mM CaCl2. Illumination
conditions were as described in Materials and Methods. The drift
in the baseline of the light-minus-dark EPR spectra in the presence
of manganese is due to the large background signal of Mn2+ (see
Figure 5).
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Similarly, the amplitude of the Mn2+ signal decreased after
illumination when reaction centers were present (data not
shown). The changes in the EPR spectra are consistent with
electron transfer from manganese to the oxidized dimer, in
accordance with the optical measurements.

The extent of the alteration due to manganese in the light-
minus-dark optical spectrum was dependent on the concen-
tration of bicarbonate. In the absence of externally added
bicarbonate only partial (40%) reduction of P+ was observed
when manganese was added (Figure 2). As the bicarbonate
concentration was increased, the amount of P+ decreased,
with the maximum effect achieved at 15 mM bicarbonate.
In the absence of manganese, bicarbonate had no effect on
the spectrum.

Rate of Manganese Oxidation by P+. The recovery of the
oxidized dimer after a saturating laser flash was measured
at 865 nm in QB reconstituted samples at pH 9.4. In the
absence of Mn2+, a major component with a rate of 5 s-1

and a minor component (6%) with a rate of 15 s-1 were
measured for the LH(L131)+FH(M197) double mutant
(Figure 3A). Under these conditions, P+ decays predomi-
nantly through charge recombination from P+QB

-, so the
major component was assigned to this electron-transfer
reaction. The minor component was attributed to charge
recombination from P+QA

- in reaction centers that lack QB

due to incomplete reconstitution. These designations were
confirmed by the observation that in the presence of
terbutryne, which displaces QB, the component with the rate
of 15 s-1 predominated, and the component with the rate of
5 s-1 was not observed. The charge recombination rates are
faster than those found in wild-type reaction centers because
both the P+QB

- and the P+QA
- charge recombination rates

are dependent upon the P/P+ midpoint potential (14).
The addition of Mn2+ had a clear effect on the decay rate

(Figure 3A). In the presence of Mn2+, the kinetic traces were
decomposed into three exponential components (Figure 3B).
Two of these components had rates corresponding to the

P+QA
- and P+QB

- charge recombination rates. These rates
were independent of Mn2+ concentration, and the relative
amplitudes of these components decreased as the Mn2+

concentration increased. The fastest component had a rate
that increased from approximately 17 to 30 s-1 as the Mn2+

concentration increased to 200µM (Figure 3B). Above 200
µM, the rate for this component was independent of the Mn2+

concentration. The relative amplitude of the fastest compo-
nent was correlated with the Mn2+ concentration (Figure 4A).
This component was assigned as arising from reduction of
P+ by Mn2+.

A bimolecular rate constant for Mn2+ oxidation was
determined in the region where the rate increased linearly
with Mn2+ concentration (Figure 3B). The fit of the regres-
sion lines yielded values of 9.58× 104 and 9.16× 104 M-1

s-1 for the LH(L131)+FH(M197) and (LH(M160)+FH-
(M197) double mutants, respectively. The effect of Mn2+

was less evident in the other mutants due to either a smaller
amount of P+ reduction or a smaller difference between the
charge recombination rate from the quinones and the rate
associated with oxidation of Mn2+.

Dependence of P+ Reduction on Manganese Concentra-
tion. The changes in the steady-state, light-minus-dark optical

FIGURE 2: Dependence of the P+ reduction by Mn2+ on bicarbonate
concentration. The light-minus-dark optical difference spectra of
reaction centers from the LH(L131)+FH(M197)+LH(M160) triple
mutant at different bicarbonate concentrations in the presence of 1
mM MnCl2 (solid lines) are compared to the spectrum of reaction
centers without both Mn2+ and bicarbonate (dashed line). The extent
of the oxidized dimer, monitored as the absorption change at 865
nm, decreases with increasing bicarbonate concentration. The dimer
band position is indicated with a vertical dashed line for guidance.
Conditions as in Figure 1. FIGURE 3: Kinetics of Mn2+ oxidation in reaction centers from the

LH(L131)+FH(M197) double mutant. (A) Representative kinetic
traces of the P+ recovery after flash excitation monitored at 865
nm with and without added Mn2+. (B) In the presence of Mn2+,
P+ reduction can be resolved into three components. The fastest
component is assigned to P+ reduction by Mn2+ (squares). For
concentrations less than 200µM, the rate of this component was
linearly dependent upon the Mn concentration, yielding a second-
order rate constant of 9.58× 104 M-1 s-1. The rates of the other
two components were independent of the Mn2+ concentration and
are attributable to charge recombination from P+QA

- (circles) and
P+QB

- (triangles). At Mn2+ concentrations of 100 and 133µM,
the P+QA

- charge recombination contribution (closed circles) could
not be resolved, so the fit was required to have a component with
a rate of 14.7 s-1, and at lower Mn2+ concentrations this component
could not be resolved. The Mn2+ concentration shown, [Mn2+]r, is
the relative concentration for 1µM reaction centers. Conditions as
in Figure 1, except pH 9.4 and no terbutryne added.
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spectra due to manganese were measured for two mutants
for a range of Mn2+ concentrations. The fraction of P+, as
determined by the extent of absorption at 865 nm, was found
to decrease as the manganese concentration increased for
the LH(L131)+FH(M197) double mutant at pH 9.4 (Figure
4A). This dependence of the fraction of P+ on the manganese
concentration could be fit assuming that the manganese
bound only weakly, with an apparent dissociation constant
of approximately 126µM. In the kinetic measurements
described above, the fraction of the fast component was
found to increase with increasing manganese concentration.
This dependence could also be fitted with an apparent
dissociation constant of approximately 122µM. Thus, two
independent measurements were found to yield essentially
the same dissociation constant.

The fraction of P+ in the presence of different manganese
concentrations was also determined from light-minus-dark
optical spectra for the LH(L131)+FH(M197)+LH(M160)
triple mutant at different pH values (Figure 4B). At pH 9.4,
the dependence could be fitted with an apparent dissociation
constant of 106µM, comparable to the apparent dissociation
constant determined for the double mutant. The dependence
of the fraction of P+ on the manganese concentration was
similar at pH 8.0, 9.0, and 9.4.

Determination of Mn2+ Binding by EPR Spectroscopy. The
association of Mn2+ with reaction centers was assessed by
changes in the amplitude of the Mn2+ EPR signal in the

presence of reaction centers (15). The peak-to-peak amplitude
of the characteristic six-line Mn2+ spectrum in theg ) 2.00
region was measured to determine the amount of free
manganese (Figure 5). The amplitude of the Mn2+ signal
diminished 2-fold after the addition of reaction centers. The
2-fold reduction in Mn2+ concentration corresponds to a loss
of 500µM Mn2+ from solution, presumably due to binding
to the protein. Since the reaction centers are at a concentration
of 73 µM, at most seven Mn2+ are associated with each
reaction center. This calculation represents a maximal limit
due to uncertainties in estimating the amount of Mn2+

associated with the detergent micelles and a limited stability
of Mn2+ in the detergent solution. The bound Mn2+ could
be released from the reaction centers by the addition of 20
mM CaCl2. Similar effects were seen with the use of NaCl.
The effect of Ca2+ or Na+ may be to generally alter the
electrostatic nature of the surface rather than competing with
Mn2+ at specific sites.

Oxidation/Reduction Midpoint Potential of the Mn2+/Mn3+

Couple.The reduction of P+ by manganese was measured
in reaction centers with midpoint potentials ranging between
505 and 765 mV. The extent of the light-induced optical
difference spectrum at 865 nm was measured upon addition
of 1 mM MnCl2 at pH values ranging from 7.0 to 10.4. Under
these conditions, the use of 1 mM MnCl2 represents an excess
concentration based upon the apparent dissociation constants
described above. The oxidation of Mn2+ by P+ was found
to be strongly dependent on the P/P+ midpoint potential
(Figure 6A). At each pH, the fraction of P+ remaining was
found to decrease as the P/P+ midpoint potential of the
mutants increased. For each mutant, the fraction of P+

remaining decreased as the pH increased from 8 to 10. The
pH range could not be extended, as above pH 10 the
reversibility and the reproducibility of the measurements

FIGURE 4: Dependence of the fraction of P+ in reaction centers
from mutants with highly oxidizing bacteriochlorophyll dimers on
added Mn2+ concentration. The P+ content was determined from
light-minus-dark difference spectra for the LH(L131)+FH(M197)
double mutant (A) and the LH(L131)+FH(M197)+LH(M160)
triple mutant (B). The fraction of the fast component in the recovery
kinetics of the flash-induced oxidized dimer (A, right axis) increases
in the same manner as P+ decreases upon changing the Mn2+

concentration at pH 9.4. For the triple mutant, the measurements
were made at pH 8.0 (squares), pH 9.0 (triangles), and pH 9.4
(diamonds). The data were fit with the binding equation: fraction
of P+ ) 1 - {A/(1 + KD/[Mn2+]r)}, whereA is the amplitude of
the change,KD is the dissociation constant and [Mn2+]r is the relative
concentration of added MnCl2 for 1 µM reaction centers. The
resulting KD values are 126 and 122µM determined from the
steady-state and kinetic measurements, respectively, for the double
mutant at pH 9.4, and 170, 124, and 106µM at pH 8.0, 9.0, and
9.4, respectively, for the triple mutant. The average error of the fit
is ( 20 µM. Conditions: as in Figure 1 except the pH was varied
and the reaction center concentrations were 1 or 1.5µM.

FIGURE 5: Room-temperature X-band EPR spectra of MnCl2. (A)
A solution of 1 mM MnCl2 in 0.05% Triton X-100, 15 mM Ches,
pH 9.0, and 20 mM NaCl displays a six-line Mn2+ signal. (B) The
addition of 73 µM reaction centers from the triple mutant
significantly reduced the amplitude of the Mn2+ EPR signal. (C)
Addition of both 73µM reaction centers and 30 mM CaCl2 resulted
in an EPR signal with an amplitude comparable to that of 1 mM
MnCl2 alone.
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became poor, mainly due to the instability of the manganese
compounds, while below pH 8 no spectral features associated
with oxidation of manganese were observed.

The increase in the observed manganese oxidation as the
P/P+ midpoint potential (Em

P/P+
) increases likely arises from

the resultant increase in the free energy difference (∆G°)
for the oxidation reaction. The free energy difference is
related to the difference betweenEm

P/P+
and Em

Mn2+/Mn3+
, the

Mn2+/Mn3+ midpoint potential, by

wheren is the number of electrons, in this case 1, andF is
the Faraday constant. The free energy difference, assuming
the equilibrium [P+Mn2+] T [PMn3+], also determines
the equilibrium constant, or equivalently the ratio
[PMn3+]/[P+Mn2+]. This ratio can be obtained from the
experimental measurement of the fraction of P+ remaining,
assuming that [P+] + [P] ) 1. The dependence of∆G° on
the fraction of P+ remaining is given by

where R is the gas constant andT is the temperature.
Combining eqs 1 and 2 yields the following relationship:

This equation has the form of the Nernst equation and
provides a means of relating the fraction of P+ remaining to
the P/P+ and Mn2+/Mn3+ midpoint potentials.

At each pH, the data were fit with eq 3 to yield
Em

Mn2+/Mn3+
. The value ofEm

Mn2+/Mn3+
decreased with increas-

ing pH, from 751 mV at pH 8.0 to 636 mV at pH 10.0
(Figure 6B). The calculated values ofEm

Mn2+/Mn3+
show a

dependence of-63 mV/pH. This calculation does not include
a small correction due to the weak pH dependence ofEm

P/P+

observed in wild-type reaction centers (16, 17). Assuming
that the mutants have the same dependence ofEm

P/P+
on pH

as wild type, correcting the values ofEm
P/P+

for this depen-
dence results in a slight increase in the dependence of the
calculatedEm

Mn2+/Mn3+
on pH to-69 mV/pH. In either case,

the pH dependence ofEm
Mn2+/Mn3+

is comparable to a depen-
dence of-60 mV/pH, which would indicate the participation
of one proton in the redox reaction.

DISCUSSION

Elevating the P/P+ midpoint potential in bacterial reaction
centers should render them capable of reactions that are not
possible in wild type. For example, reaction centers with
highly oxidizing bacteriochlorophyll dimers have been shown
previously to be able to oxidize tyrosine (18, 19). In this
work, reaction centers with elevated midpoint potentials
exhibited spectral changes that indicate that these reaction
centers are capable of oxidizing manganese. The electron
donation reaction was highly dependent upon the midpoint
potential of the dimer, the pH, and the concentrations of
Mn2+ and bicarbonate. The effects of these parameters on
the electron transfer are discussed below, as well as the
implication of the results for other relevant biological
systems, especially the evolutionarily related photosystem
II.

Spectral Changes in the Presence of Manganese.The
presence of manganese had no effect on the optical light-
minus-dark difference spectrum of wild type. In striking
contrast, mutants with increased midpoint potentials show
the loss of the absorption changes associated with the
oxidized electron donor when manganese is present. For
example, upon illumination of the triple mutant without the
presence of Mn2+ (Figure 1) the optical spectra show the
characteristic changes associated with both the oxidized
dimer and the reduced quinone (20). In the presence of excess
Mn2+, the spectra lack the features of the oxidized dimer
and are identical with the spectra assigned to the QA

-/QA

transition (21). The optical changes in the presence of Mn2+

are characteristic of the presence of a secondary electron
donor to P+. Similarly, in the presence of manganese, the
P+ signal is absent from the EPR spectra. Together these
results demonstrate that P+ is reduced in the presence of
Mn2+ in these reaction centers.

Midpoint Potential Dependence.Measurements of mutants
with different P/P+ midpoint potentials show that the electron
transfer from manganese to the oxidized dimer is a well-
defined reaction that is dependent upon the driving force.
At any given pH, the free energy difference for electron
transfer is given by the difference in the midpoint potentials
of the manganese and P (eq 1). Thus, the largest extent of
P+ reduction by manganese is observed for the triple mutant,

FIGURE 6: Determination of the Mn2+/Mn3+ redox midpoint
potential. (A) The fraction of P+ in light-minus-dark spectra in the
presence of excess Mn2+ at pH 8.0 (closed circles), pH 8.5 (open
circles), pH 9.0 (closed squares), pH 9.4 (open squares), and pH
10.0 (closed triangles) was determined for reaction centers from
wild type and the mutants LH(L131), FH(M197), LH(M160)+FH-
(M197), LH(L131)+FH(M197), and LH(L131)+FH(M197)+LH-
(M160), having P/P+ midpoint potentials (Em

P/P+
) of 505, 585, 630,

700, 710, and 765 mV, respectively (5). At each pH, the value of
Em

Mn2+/Mn3+
was determined from a fit using eq 3. (B) The values of

Em
Mn2+/Mn3+

were found to have a linear dependence on pH, with a
slope of-63 mV/pH. Conditions: 1.5µM reaction centers, 0.05%
Triton X-100, 15 mM buffer (Tris or Ches depending on pH), 15
mM NaHCO3, 100µM terbutryne. MnCl2 was used at a concentra-
tion of 1 mM.

∆G° ) -nF(Em
P/P+

- Em
Mn2+/Mn3+

) (1)

∆G° ) -RT ln
[P]

[P+]
(2)

Em
Mn2+/Mn3+

) Em
P/P+

- RT
nF

ln
[P]

[P+]
(3)
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which has the highest P/P+ midpoint potential and cor-
respondingly the largest free energy difference. In contrast,
the wild type, with the lowest P/P+ midpoint potential, shows
no reduction, as expected from the unfavorable energetics
of the reaction. For each mutant, the extent of P+ reduction
increased as the pH increased, and an approximately 60 mV/
pH dependence of the manganese midpoint potential was
determined. This pH dependence suggests the involvement
of a proton in the electron-transfer reaction, which, since
the protonational changes associated with the reduction of
P+ are small (16), probably results from the loss of a proton
from the manganese-bicarbonate compound to the bulk
solution upon oxidation of Mn2+ to Mn3+.

Association between Manganese and the Reaction Center.
The results indicate that manganese becomes associated with
the reaction center at high concentrations but is not tightly
bound. The linear dependence of the rate of P+ reduction
on the manganese concentration at concentrations less than
200 µM suggests a second-order mechanism in which the
reaction rate is determined by the diffusion of Mn2+ to P+

(Figure 3B). At higher concentrations, the independence of
the rate on manganese concentration indicates an association
of the manganese with the reaction center. The relatively
high dissociation constants of 100 and 200µM determined
from several measurements (Figure 4) are consistent with
the manganese not being tightly coordinated to the reaction
center. It is likely that manganese ions can interact electro-
statically at several locations on the reaction center surface
most probably involving carboxylic residues. In addition to
providing a Mn2+ ion close to P+, the association of the
manganese with the reaction center is expected to alter the
Mn2+/Mn3+ midpoint potential, making oxidation more
favorable. The EPR measurements showing a loss of free
manganese when reaction centers are present indicate that
there are several such sites on the reaction center (Figure
5). One of these sites may be near the secondary quinone as
indicated by changes in electron-transfer rates involving the
quinones in the presence of Mn2+ in high concentration (22).
The periplasmic surface near the dimer could also have such
sites; however, achieving a tight binding site will require
additional modification of the bacterial reaction center.

Comparison of the Rate of Manganese Oxidation with
Other Systems.In photosystem II, the bound Mn cluster is
oxidized by the intermediate electron carrier, YZ

• with a rate
of up to 2× 104 s-1 (23). Preparations of photosystem II in
which the manganese cluster has been removed have also
been used to characterize the kinetics of manganese oxidation
(24, 25). In these preparations, manganese oxidation occurs
with a second-order rate of∼6 × 106 M-1 s-1 (15). The
second-order rate of∼9 × 104 M-1 s-1 measured for the
high potential reaction centers (Figure 3B) is much slower.
The faster rate in photosystem II probably reflects a diffusion
that is enhanced by electrostatic interactions at the manganese
binding site. The significantly larger driving force for
photosystem II compared to 0.05-0.12 eV for the reaction
center mutants probably also contributes to the difference
in rate. In Ru-Tyr-(Mn)2 model systems, which resemble
the P680-YZ-(Mn)4 triad, manganese oxidation by the
tyrosyl radical is on the tens of milliseconds time scale,
although the driving force is not the rate-limiting step
(reviewed in ref26).

Role of Bicarbonate.The Mn2+/Mn3+ midpoint potential
is approximately 1.2 V for the hexa-aquo complex, clearly
too high to be oxidized by the high potential reaction center
mutants, while manganese-bicarbonate complexes have
potentials that are significantly lower than the aquo form
(9, 27). Thus, the greater extent of P+ reduction by Mn2+ in
the presence of excess bicarbonate (Figure 2) may be due to
the electrochemical stabilization of Mn3+ upon coordination
with bicarbonate. The partial reduction of P+ by Mn2+

without added bicarbonate may be to some extent due to
the availability of ambient bicarbonate dissolved in the
buffers at concentrations that can be estimated to be 4-50
µM under these conditions (27, 28). In photosystem II,
bicarbonate has an effect on electron-transfer involving two
different sites. At the acceptor site, bicarbonate facilitates
the transfer of an electron between the primary and the
secondary plastoquinone (29). At the donor site of photo-
system II, bicarbonate enhances the photoinduced assembly
of the manganese cluster, suggesting that bicarbonate binds
directly to the manganese ions (10, 11).

EVolutionary Implications.Manganese could serve as an
electron donor in photosynthetic organisms (Figure 7), and
this may have been an intermediate step in the evolution of
water oxidation at a manganese complex (8, 30-32).
Manganese is often found in surface layers of sediments,
and its widescale availability would have provided primitive
photosynthetic organisms with an electron source and a
special ecological niche. Many different microorganisms,
including bacteria, cyanobacteria, algae, yeast, and fungi can
either oxidize or reduce manganese, and such activity plays
a major role throughout natural environments ranging from
fresh and marine waters to deep sea vents and desert climates
(33). Manganese oxidation pathways in biological systems
are diverse, and some are indirect; for example, manganese

FIGURE 7: Comparison of the midpoint potentials of primary and
secondary electron donors in bacterial reaction centers (RC) and
photosystem II (PSII). Genetically modified bacterial reaction
centers (denoted asRC) with elevated P/P+ midpoint potentials
(shaded potential range) can utilize manganese compounds as
secondary electron donors. Reaction centers that utilize manganese
as a secondary electron donor may have been an evolutionary
precursor to photosystem II.
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oxidation occurs due to the production of hydrogen peroxide
in some bacteria. To date, the capability of manganese
oxidation has not been demonstrated in anoxygenic photo-
synthetic bacteria; however, support for the concept of direct
metal oxidation is provided by the ability of a number of
bacteria to oxidize iron under photosynthetic conditions (34).

The achievement of a highly oxidizing donor provides the
reaction centers with a sufficient oxidation potential for water
oxidation, but the conversion of H2O to O2 requires the ability
to collect four electron equivalents. In the water-oxidizing
complex, these equivalents are collected at the manganese
cluster. To mimic this functional ability of the water-
oxidation complex, it would be necessary to bind a metal
cluster near the dimer such that it can serve as a secondary
donor. Because many properties of the manganese cluster
in photosystem II remain elusive, the development of a metal
cluster that can perform this new electron-transfer process
is a challenge.
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