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ABSTRACT: The transfer of an electron from exogenous manganese (ll) ions to the bacteriochlorophyll
dimer, P, of bacterial reaction centers was characterized for a series of mutants that Havedpant
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/@idpoint potential. The midpoint potential of the KiMn3*

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 9x 10* M~1 s71, determined from the linear increase in rate foraoncentrations up

to 200uM. Weak dissociation constants of 16200 uM were found. Quantitative EPR analysis of the
six-line free Mi#™ signal revealed that up to seven manganese ions were associated with the reaction
centers ta 1 mMconcentration of manganese. The association and the electron transfer between manganese
and the reaction centers could be inhibited by'Cand 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 Il.

Energy conversion in photosynthesis takes place in or manganese. The wild-type P/Pnidpoint potentidl is
membrane-bound pigment-protein complexes known as reac—~0.5 V (3—5), at least 0.25 V lower than the observed
tion centers in bacteria and photosystems | and Il in plants, oxidation—reduction potentials of tyrosines in solution or in
algae, and cyanobacteria. In these complexes, the (bacterio)ether proteins (for review see réf and 0.13-0.42 V lower
chlorophyll molecules that form the primary electron donor than the midpoint potential of the MiMn3" couple in
absorb light energy and are rapidly oxidized to a cation different bicarbonate complexe§)( The high midpoint
radical following electron transfer to a series of acceptors. potential of~1 V for the primary donor in photosystem ||
The generated electrical potentials are converted into trans-is a key functional attribute in the oxidation of water.

membrane ion potentials by migration of the oxidizing and By changing the hydrogen-bonding pattern of the bacte-

reducing equivalents to the cytochrorhef andbc, com-  jochiorophyll dimer in reaction centers, the P/Ridpoint
plexes, resulting in an electrochemical potential that is potential can be altered), Single mutations that introduce
utilized for ATP synthesis. an additional hydrogen bond to P increase the midpoint

The bacterial reaction center and photosystem Il show potential by 0.06-0.125 V. For example, the mutant with
structural homology, but the two systems function differently the change Leu to His at L131, called the LH(L131) mutant,
at the electron donor side of the membrane. In reaction has a P/P midpoint potential 0.085 V higher than wild type.
centers fronRhodobacter sphaeroidethie secondary donor  Mutants with several changes show additive increases in the
to the oxidized primary donor*Pis a water-soluble cyto-  midpoint potential. The introduction of three hydrogen bonds
chromec; molecule (). In photosystem I, the secondary in the triple mutant, LH(L13H-LH(M160)+FH(M197),
donor is a redox active tyrosine,zYthat in turn oxidizes  results in a midpoint potential of 0.76 V. In this work, we
the manganese cluster, with oxygen liberated after four investigate whether Mri can serve as a secondary electron
oxidation equivalents are transferred (reviewed in 2ef donor to P in mutants with altered midpoint potentials. Since
Wild-type reaction centers are not able to oxidize tyrosine bicarbonate has been proposed to play a role in the

photoactivation of the manganese cluster of photosystem Il
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Protein Isolation.The mutants containing alterations in
the genes encoding the L and M subunits of reaction centers
from Rb. sphaeroidefave been previously describes).(
Cells were grown semiaerobically, and the reaction centers
were prepared as described earli#?)( 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) 5
dialysis.

Optical SpectroscopyA Cary 5 spectrophotometer (Vari-
an) was utilized to measure the light-induced optical differ- 750 800 850 900 950
ence spectra. lllumination of the samples was achieved by Wavelength (nm)
using an Oriel tungsten lamp with an 868 15 nm , ; : ,

interference filter. The spectral changes were measured in [vn no Mn2* B

the near-infrared region between 700 and 1000 nm. A single
+ Mn2+

+M

3
oo,
LI L

=}
1 1

+ Mn2+ + Caz+_

oy

oo

<
1|

beam spectrometer of local desidiB[ was used to measure
the kinetics of the primary donor recovery. The reaction
centers were excited at 532 nm i 5 ndaser pulse width
using a ND:YAG laser (Continuum). The observation
wavelength was set to the maximum of thet€ansition 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

Aldy"/dH)

reaction centers were at a concentration of AN6 in 15
mM buffer (Hepes, Tris, or Ches depending on pH), 15 mM
NaHCGQ;, 0.05% Triton X-100, 20 mM NacCl, and 1QtM

terbutryne. In the flash-induced optical measurements, 10-
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Ficure 1: Effect of Mr?™ and C&" on the near-infrared light-
minus-dark difference absorption spectra (A) and EPR spectra (B)

fold excess ubiquinone was added, and terbutryne was absengf the LH(L1311-FH(M197+LH(M160) triple mutant at pH 9.0.

for better decomposition of the kinetic phases. The optical
measurements were carried out at room temperature.
EPR SpectroscopylThe 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 TEq, rectangular standard cavity, at ambient tem-

Upper traces in both panels are the spectra without yYjmaiddle
traces are those with excess Mp@hd the lower traces are those
with MnCl; and CaCJ. The lack of the characteristic optical and
EPR features of the oxidized dimer in the presence of'Mmiddle
traces) likely results from the reduction off By manganese.
Addition of Ca&" in excess concentration suppresses the effect of
Mn2+ (bottom traces), restoring the features observed in spectra
without Mr?*. Conditions: 1.5:M reaction centers for the optical
measurements and 30M reaction centers for the EPR measure-
ments suspended in 0.05% Triton X-100, 15 mM Ches, pH 9.0, 15
mM NaHCG;, 100uM terbutryne. Middle traces:#1 mM MnCly;

perature. The spectra were obtained by averaging severaPottom traces: +1 mM MnCl, +20 mM CaCj. lllumination

scans. Reaction centers were concentrated for the EP

onditions were as described in Materials and Methods. The drift
n the baseline of the light-minus-dark EPR spectra in the presence

measurements in a Centricon micro-concentrator (Amicon) of manganese is due to the large background signal & Nsee

up to 300 uM. No bicarbonate was used for the EPR

measurements carried out without illumination because the

complexation of MA™ with bicarbonate reduces the intensity
of the six-line free MA" signal.

RESULTS

Spectral Changes due to Manganebethe absence of

Figure 5).

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 Kmnserves as a
secondary electron donor to"PThe reaction was ac-
companied by formation of a brown precipitate, most

manganese, the light-minus-dark optical spectra of the probably due to formation of Mn (IV)-oxide or Mn (IV)-

mutants were similar to wild type. For example, the light-

carbonate as a result of disproportionation of the product

induced changes in the optical spectrum of the triple mutant Mn®* to Mn?®" and Mrf*. Addition of manganese had no

LH(L131)+LH(M160)+FH(M197) exhibited characteristic

effect on the light-induced spectrum of wild-type reaction

features associated with both the oxidized dimer and the centers (data not shown). The effect of ¥Mncould be
reduced primary quinone (Figure 1A). These changes includesuppressed by addition of €aor Na' in excess concentra-
an absorption decrease in the dimer band centered at 86%ion (data not shown for N3.

nm, an electrochromic blue shift on the bacteriochlorophyll

The presence of Pwas monitored by measurement of

monomer region around 800 nm due to the positive charge light-induced EPR spectra of the triple mutant in the absence

on the oxidized dimer, and an electrochromic red shift on

and presence of externally added Mrons (Figure 1B).

the bacteriopheophytin band around 760 nm as a result ofWithout manganese, the characteristic spectrum of the cation

the negative charge on the reduced quinone.
Addition of 1 mM MnCkL in the presence of excess
bicarbonate (HC@) changed the light-induced optical

radical of the bacteriochlorophyll dimer was detected in the
g = 2.0 region. In the presence of excess?Mrthe P signal
diminished. Addition of C& canceled the effect of M.
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Ficure 2: Dependence of the'Reduction by Mi&* on bicarbonate ™ 151 P ZQA |
concentration. The light-minus-dark optical difference spectra of © e o
reaction centers from the LH(L13t}H(M197HLH(M160) triple 1L i
mutant at different bicarbonate concentrations in the presence of 1 PO — PQ
mM MnCl; (solid lines) are compared to the spectrum of reaction 5L . A B

centers without both Mit and bicarbonate (dashed line). The extent
of the oxidized dimer, monitored as the absorption change at 865 I R B
nm, decreases with increasing bicarbonate concentration. The dimer 0 200 400 600
band position is indicated with a vertical dashed line for guidance. [Mn*], (uM)

Conditions as in Figure 1. Ficure 3: Kinetics of Mr#* oxidation in reaction centers from the
o ) ) LH(L131)+FH(M197) double mutant. (A) Representative kinetic
Similarly, the amplitude of the M signal decreased after traces of the P recovery after flash excitation monitored at 865
illumination when reaction centers were present (data not nm with and without added M. (B) In the presence of M,
shown). The changes in the EPR spectra are consistent witiP’" reduction can be resolved into three components. The fastest

- : . component is assigned to"Reduction by MA" (squares). For
electron transfer from manganese to the oxidized dimer, in concentrations less than 2@/, the rate of this component was

accordance with the optical measurements. ~linearly dependent upon the Mn concentration, yielding a second-
The extent of the alteration due to manganese in the light- order rate constant of 9.58 10* M—1 s1, The rates of the other

minus-dark optical spectrum was dependent on the concen-two components were independent of the?Mooncentration and
tration of bicarbonate. In the absence of externally added re attributable to charge recombination fromQ ~ (circles) and

. . . PtQg~ (triangles). At Mi#* concentrations of 100 and 13aM,
bicarbonate only partial (40%) reduction of ®as observed 4 P-Qa~ charge recombination contribution (closed circles) could

when manganese was added (Figure 2). As the bicarbonateot be resolved, so the fit was required to have a component with
concentration was increased, the amount bfdecreased, arate of 14.7 3., and at lower MA™ concentrations this component

with the maximum effect achieved at 15 mM bicarbonate. could not be resolved. The Mhconcentration shown, [Mr];, is

In the absence of manganese, bicarbonate had no effect orthe relative concentration forM reaction centers. Conditions as
in Figure 1, except pH 9.4 and no terbutryne added.

the spectrum.

Rate of Manganese Oxidation by Prhe recovery of the ~ PtQa~ and P Qg™ charge recombination rates. These rates
oxidized dimer after a saturating laser flash was measuredwere independent of M concentration, and the relative
at 865 nm in @ reconstituted samples at pH 9.4. In the amplitudes of these components decreased as th& Mn
absence of M#, a major component with a rate of 51s concentration increased. The fastest component had a rate
and a minor component (6%) with a rate of 15 svere that increased from approximately 17 to 38 as the MAa"
measured for the LH(L13#)FH(M197) double mutant concentration increased to 20 (Figure 3B). Above 200
(Figure 3A). Under these conditions; Blecays predomi-  uM, the rate for this component was independent of théMn
nantly through charge recombination fromi@~, so the concentration. The relative amplitude of the fastest compo-
major component was assigned to this electron-transfernent was correlated with the Mihconcentration (Figure 4A).
reaction. The minor component was attributed to charge This component was assigned as arising from reduction of
recombination from PQ," in reaction centers that lackegQ  P* by Mn?",
due to incomplete reconstitution. These designations were A bimolecular rate constant for Mh oxidation was
confirmed by the observation that in the presence of determined in the region where the rate increased linearly
terbutryne, which displacesgQthe component with the rate  with Mn?" concentration (Figure 3B). The fit of the regres-
of 15 s ! predominated, and the component with the rate of sion lines yielded values of 9.58 10* and 9.16x 10* M !

5 s 1 was not observed. The charge recombination rates ares* for the LH(L13114+-FH(M197) and (LH(M160)FH-
faster than those found in wild-type reaction centers because(M197) double mutants, respectively. The effect of ¥n
both the PQg~ and the PQ,~ charge recombination rates was less evident in the other mutants due to either a smaller
are dependent upon the P/midpoint potential 14). amount of P reduction or a smaller difference between the

The addition of MA" had a clear effect on the decay rate charge recombination rate from the quinones and the rate
(Figure 3A). In the presence of Mh the kinetic traces were  associated with oxidation of Mn.
decomposed into three exponential components (Figure 3B). Dependence of PReduction on Manganese Concentra-
Two of these components had rates corresponding to thetion. The changes in the steady-state, light-minus-dark optical
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Ficure 4: Dependence of the fraction of"Rn reaction centers ) . ) )
from mutants with highly oxidizing bacteriochlorophyll dimers on 3200 3400 3600 3800
added MA" concentration. The Pcontent was determined from Field (G)

light-minus-dark difference spectra for the LH(L13-H(M197)

double mutant (A) and the LH(L13BFH(M197)+LH(M160) FIGURE 5: Room-temperature X-band EPR spectra of Mn(A)
triple mutant (B). The fraction of the fast component in the recovery A solution of 1 mM MnC} in 0.05% Triton X-100, 15 mM Ches,
kinetics of the flash-induced oxidized dimer (A, right axis) increases PH 9.0, and 20 mM NaCl displays a six-line Kfnsignal. (B) The
in the same manner as*Riecreases upon changing the Vn a.ddlltllon of 73 uM reaction centers from the trlple mutant
concentration at pH 9.4. For the triple mutant, the measurementsSignificantly reduced the amplitude of the MnEPR signal. (C)
were made at pH 8.0 (squares), pH 9.0 (triangles), and pH 9.4 Addltlon of bpth 73uM reaction centers and 30 mM CaCeésulted
(diamonds). The data were fit with the binding equation: fraction N an EPR signal with an amplitude comparable to that of 1 mM
of P* = 1 — {A/(1 + Kp/[Mn2*],)}, whereA is the amplitude of ~ MnCl alone.

the changep is the dissociation constant and [k is the relative

concentration of added Mngfor 1 uM reaction centers. The  presence of reaction centefs). The peak-to-peak amplitude

r?sugingthD Va'gfj at(e 126 and lth deterrrtyineld ?OTh thc‘f o2 the characteristic six-line Mri spectrum in thgy = 2.00
steady-state and kinetic measurements, respectively, for the dou : ;
mutant at pH 9.4, and 170, 124, and 10@ at pH 8.0, 9.0, and ereg|on was mgasured to determme the amzoun_t of free
9.4, respectively, for the triple mutant. The average error of the fit Manganese (Figure 5). The a_rr_1pI|tude of _the Maignal
is + 20 uM. Conditions: as in Figure 1 except the pH was varied diminished 2-fold after the addition of reaction centers. The
and the reaction center concentrations were 1 ouM5 2-fold reduction in MiA" concentration corresponds to a loss
of 500uM Mn?* from solution, presumably due to binding
spectra due to manganese were measured for two mutantgo the protein. Since the reaction centers are at a concentration
for a range of MA" concentrations. The fraction of"Pas of 73 uM, at most seven M are associated with each
determined by the extent of absorption at 865 nm, was foundreaction center. This calculation represents a maximal limit
to decrease as the manganese concentration increased fqfue to uncertainties in estimating the amount of 2Mn
the LH(L131)}+FH(M197) double mutant at pH 9.4 (Figure  associated with the detergent micelles and a limited stability
4A). This dependence of the fraction of Bn the manganese  of Mn2* in the detergent solution. The bound Mrcould
concentration could be fit assuming that the manganesepe released from the reaction centers by the addition of 20
bound only weakly, with an apparent dissociation constant mm CacCb. Similar effects were seen with the use of NaCl.
of approximately 126uM. In the kinetic measurements The effect of C&" or Na- may be to generally alter the
described above, the fraction of the fast component waselectrostatic nature of the surface rather than competing with
found to increase with increasing manganese concentration\n2+ at specific sites.
This dependence could also be fitted with an apparent o,jqation/Reduction Midpoint Potential of the RfVIn®*

dissociation constant of approximately 1281. Thus, tWo —  cqple The reduction of P by manganese was measured
independent measurements were found to yield essentiallyj, yeaction centers with midpoint potentials ranging between
the same dissociation constant. 505 and 765 mV. The extent of the light-induced optical
The fraction of P in the presence of different manganese (difference spectrum at 865 nm was measured upon addition
concentrations was also determined from light-minus-dark of 1 mM MnCl, at pH values ranging from 7.0 to 10.4. Under
optical spectra for the LH(L13¥)FH(M197)}LH(M160) these conditions, the use of 1 mM Ma@presents an excess
triple mutant at different pH values (Figure 4B). At pH 9.4, concentration based upon the apparent dissociation constants
the dependence could be fitted with an apparent dissociationdescribed above. The oxidation of Ktnby P+ was found
constant of 10&M, comparable to the apparent dissociation to be strongly dependent on the P/Bniidpoint potential
constant determined for the double mutant. The dependencqFigure 6A). At each pH, the fraction of‘Fremaining was
of the fraction of P on the manganese concentration was found to decrease as the P/Bnidpoint potential of the
similar at pH 8.0, 9.0, and 9.4. mutants increased. For each mutant, the fraction bf P
Determination of M Binding by EPR Spectroscaphhe remaining decreased as the pH increased from 8 to 10. The
association of MA" with reaction centers was assessed by pH range could not be extended, as above pH 10 the
changes in the amplitude of the ®MEPR signal in the reversibility and the reproducibility of the measurements
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Ficure 6: Determination of the Mi/Mn3t redox midpoint
potential. (A) The fraction of Pin light-minus-dark spectra in the
presence of excess Minat pH 8.0 (closed circles), pH 8.5 (open

circles), pH 9.0 (closed squares), pH 9.4 (open squares), and p
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This equation has the form of the Nernst equation and
provides a means of relating the fraction df l@maining to
the P/P and Mr#*/Mn3" midpoint potentials.

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

EMM The value ofEM™M"*" decreased with increas-
ing pH, from 751 mV at pH 8.0 to 636 mV at pH 10.0

(Figure 6B). The calculated values &™ ™" show a
dependence of 63 mV/pH. This calculation does not include

a small correction due to the weak pH dependencErPﬁ
observed in wild-type reaction centerls( 17). Assuming

that the mutants have the same dependencﬁﬂgf on pH

as wild type, correcting the values Ef;/m for this depen-
dence results in a slight increase in the dependence of the

calculatedEM™ ™" on pH to —69 mV/pH. In either case,

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

DISCUSSION

y Elevating the P/Pmidpoint potential in bacterial reaction

10.0 (closed triangles) was determined for reaction centers from centers should render them capable of reactions that are not

wild type and the mutants LH(L131), FH(M197), LH(M160FH-
(M197), LH(L1314FH(M197), and LH(L131}FH(M197}HLH-

(M160), having P/P midpoint potentialsE"'"") of 505, 585, 630,

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

EMnZ*/Mn?r
m

EMnHIMnaJr
‘m
slope of—63 mV/pH. Conditions: 1.xM reaction centers, 0.05%

Triton X-100, 15 mM buffer (Tris or Ches depending on pH), 15

mM NaHCG;, 100uM terbutryne. MnCJ was used at a concentra-
tion of 1 mM.

possible in wild type. For example, reaction centers with
highly oxidizing bacteriochlorophyll dimers have been shown
previously to be able to oxidize tyrosinég 19). In this

work, reaction centers with elevated midpoint potentials

was determined from a fit using eq 3. (B) The values of exhibited spectral changes that indicate that these reaction
were found to have a linear dependence on pH, with a 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

became poor, mainly due to the instability of the manganeseijmplication of the results for other relevant biological
compounds, while below pH 8 no spectral features associatedsystems, especially the evolutionarily related photosystem

with oxidation of manganese were observed.

Il
The increase in the observed manganese oxidation as the

P/Pf midpoint potential Eﬁ’w) increases likely arises from
the resultant increase in the free energy differens&°)

for the oxidation reaction. The free energy difference is

related to the difference betwed}” and EM™"™"' the
Mn2t/Mn3" midpoint potential, by

Mn2+/Mn3+
- Em )

AG® = —nF(E" (1)

wheren is the number of electrons, in this case 1, &is

Spectral Changes in the Presence of Mangandse
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 Mff (Figure 1) the optical spectra show the
characteristic changes associated with both the oxidized
dimer and the reduced quinorf). In the presence of excess

the Faraday constant. The free energy difference, assumingin®*, the spectra lack the features of the oxidized dimer

the equilibrium [PMn?f] < [PMn®'], also determines
the equilibrium constant, or equivalently the ratio
[PMn*t])/[P*Mn?*]. This ratio can be obtained from the
experimental measurement of the fraction dfremaining,
assuming that [F] + [P] = 1. The dependence #G° on
the fraction of P remaining is given by

P
AG® = —RTIn [—+]

(2)
[P]

where R is the gas constant and@l is the temperature.

Combining egs 1 and 2 yields the following relationship:

P
e RT [P]

EMnZJ“/Mn3+ _
) LN

3

and are identical with the spectra assigned to the/Qa
transition @1). The optical changes in the presence of?Mn
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' Rs reduced in the presence of
Mn?* in these reaction centers.

Midpoint Potential Dependenckleasurements 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,
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which has the highest P/Pmidpoint potential and cor- Potential (V)
respondingly the largest free energy difference. In contrast,
the wild type, with the lowest P/Pmidpoint potential, shows 03]

2+ 4— cytochrome ¢ 2*/cytochrome ¢3*

no reduction, as expected from the unfavorable energetics ¢¥tochrome ¢
of the reaction. For each mutant, the extent bfr€duction N

increased as the pH increased, and an approximately 60 mV/ RC —mt25
pH dependence of the manganese midpoint potential was 2+

Mn''(OH)* Mn!l (OH)2*

determined. This pH dependence suggests the involvement \9‘— RC Mnl(HCO,),MMn (HCO, )}
of a proton in the electron-transfer reaction, which, since 10.7]

the protonational changes associated with the reduction of L.RC B (YA

Pt are small 6), probably results from the loss of a proton ) «— H,0/0,

from the manganesebicarbonate compound to the bulk _ ; R ”
solution upon oxidation of Mi to Mn3*, H,0-Mn, ¢ Mn (HCO,)"/MnT(HCO,)

MRV
Association between Manganese and the Reaction Center. N e
The results indicate that manganese becomes associated witt PS Il
the reaction center at high concentrations but is not tightly

bound. The linear dependence of the rate dbfrduction

on the manganese concentration at concentrations less thar 13|
200 uM suggests a second-order mechanism in which the
reaction rate is determined by the diffusion of Mrio P* —
(Figure 3B). At higher concentrations, the independence of FIGURE 7: Comparison of the midpoint potentials of primary and

the rate on manganese concentration indicates an associatioRécondary electron donors in bacterial reaction centers (RC) and
photosystem 1l (PSIl). Genetically modified bacterial reaction

OT the_man_ga_nese with the reaction center. The rglatlvely centers (denoted aRC) with elevated P/P midpoint potentials
high dissociation constants of 100 and 208 determined  (shaded potential range) can utilize manganese compounds as
from several measurements (Figure 4) are consistent withsecondary electron donors. Reaction centers that utilize manganese

the manganese not being tightly coordinated to the reaction@s @ Seco”da;]y electron ﬂonor may have been an evolutionary
center. It is likely that manganese ions can interact electro- Précursor to photosystem |i.

statically at several locations on the reaction center surface . . . .
Y Role of BicarbonateThe Mr?*/Mn®" midpoint potential

most probablyr;rlvolving carboxglic residues. In addition to is approximately 1.2 V for the hexa-aguo complex, clearly

providing a Mrif" ion close to P, the association of the ' S : . T

manganese with the reaction center is expected to alter thetn?ﬁtglngtz towt;]e”SX'rgZﬁ;azgg?cggbr;ﬁgingilnzgfetigosn ﬁgc';er
P AT ) . T ,

Mn**/Mn" midpoint potential, making O_X|dat|on more potentials that are significantly lower than the aquo form

favorable. The EPR measurements showing a loss of free 9, 27). Thus, the greater extent of Peduction by M&* in

manganese when reaction centers are present |nd|cat§ that é présencé of excess bicarbonate (Figure 2) may be due to

there are severallsuch sites on the reaction center_(Flgureihe electrochemical stabilization of Mhupon coordination

5). One of these sites may be near the secondary quinone 83ith bicarbonate. The partial reduction oft Py Mn2

indicated by changes in electron-transfer rates involving the )

Linones in the presence of Mnin hiah concentration? without added bicarbonate may be to some extent due to
q P 9 Q). the availability of ambient bicarbonate dissolved in the

T_he penplasmm surfacg near 'ghe dlr_ner. coulq alsq have TQ’UChbuffers at concentrations that can be estimated to-bg04
sites; howevert .ach_levmg a tight b'f‘d'”g site will require uM under these conditions2{, 28). In photosystem I,
additional modification of the bacterial reaction center. bicarbonate has an effect on electron-transfer involving two
Comparison of the Rate of Manganese Oxidation with different sites. At the acceptor site, bicarbonate facilitates
Other Systemdn photosystem I, the bound Mn cluster is  the transfer of an electron between the primary and the
oxidized by the intermediate electron carrieg; With a rate secondary plastoquinong9). At the donor site of photo-
of up to 2x 10* s7* (23). Preparations of photosystem Il in  system |1, bicarbonate enhances the photoinduced assembly
which the manganese cluster has been removed have alsef the manganese cluster, suggesting that bicarbonate binds
been used to characterize the kinetics of manganese oxidatiortiirectly to the manganese ionsQ( 11).
(24, 25). In these preparations, manganese oxidation occurs Eyolutionary ImplicationsManganese could serve as an
with a second-order rate of6 x 10° M~ s7* (15). The electron donor in photosynthetic organisms (Figure 7), and
second-order rate of9 x 10* M~* s™* measured for the  this may have been an intermediate step in the evolution of
high potential reaction centers (Figure 3B) is much slower. water oxidation at a manganese compleg B80—32).
The faster rate in photosystem Il probably reflects a diffusion Manganese is often found in surface layers of sediments,
that is enhanced by electrostatic interactions at the manganesend its widescale availability would have provided primitive
binding site. The significantly larger driving force for photosynthetic organisms with an electron source and a
photosystem Il compared to 0.65.12 eV for the reaction  special ecological niche. Many different microorganisms,
center mutants probably also contributes to the differenceincluding bacteria, cyanobacteria, algae, yeast, and fungi can
in rate. In Ru-Tyr—(Mn), model systems, which resemble either oxidize or reduce manganese, and such activity plays
the Rso—Yz—(Mn), triad, manganese oxidation by the a major role throughout natural environments ranging from
tyrosyl radical is on the tens of milliseconds time scale, fresh and marine waters to deep sea vents and desert climates
although the driving force is not the rate-limiting step (33). Manganese oxidation pathways in biological systems
(reviewed in ref26). are diverse, and some are indirect; for example, manganese

1.1

A4

Mn''mmn!! (aguo)
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oxidation occurs due to the production of hydrogen peroxide 11.

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 conditid3%).(

The achievement of a highly oxidizing donor provides the
reaction centers with a sufficient oxidation potential for water
oxidation, but the conversion of,B to O, 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

16

donor. Because many properties of the manganese clusterig,

in photosystem Il remain elusive, the development of a metal

cluster that can perform this new electron-transfer process 19.

is a challenge. 20
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