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ABSTRACT: The energetics of a Mn cofactor bound to modified
reaction centers were determined, including the oxidation/reduction
midpoint potential and free energy differences for electron transfer. To
determine these properties, a series of mutants of Rhodobacter sphaer-

oides were designed that have a metal-ion binding site that binds Mn>*
with a dissociation constant of 1 uM at pH 9.0 (Thielges et al. (2005)
Biochemistry 44, 7389—7394). In addition to the Mn binding site, each
mutant had changes near the bacteriochlorophyll dimer, P, that resulted
in altered P/P " oxidation/reduction midpoint potentials, which ranged
from 480 mV to above 800 mV compared to S0S mV for wild type. The
bound Mn®" is redox active and after light excitation can rapidly reduce
the oxidized primary electron donor, P". The extent of P" reduction
was found to systematically range from a full reduction in the mutants
with high P/P" midpoint potentials to no reduction in the mutant with
a potential comparable to wild type. This dependence of the extent of
Mn”* oxidation on the P/P" midpoint potential can be understood
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using an equilibrium model and the Nernst equation, yielding a Mn>*/
Mn®" oxidation/reduction midpoint potential of 625 mV at pH 9. In the presence of bicarbonate, the Mn*"/Mn>* potential was
found to be 90 mV lower with a value of 535 mV suggestingthat the bicarbonate serves as a ligand to the bound Mn. Measurement of

the electron transfer rates yielded rate constants for Mn®

oxidation ranging from 30 to 120 s~ ' as the P/P" midpoint potentials

increased from 670 mV to approximately 805 mV in the absence of bicarbonate. In the presence of bicarbonate, the rates increased

for each mutant with values ranging from 65 to 165 s reflecting an increase in the free energy difference due to the lower Mn

2+/

Mn>* midpoint potential. This dependence of the rate constant on the P/P" midpoint potential can be understood using a Marcus
relationship that yielded limits of at least 150 s~ and 290 meV for the maximal rate constant and reorganization energy, respectively.
The implications of these results are discussed in terms of the energetics of proteins with redox active Mn cofactors, in particular, the

Mn,Ca cofactor of photosystem II.

xidation and reduction reactions involving metal-ion cofac-

tors such as manganese, iron, and copper play important
roles in the function of many proteins. A critical parameter for the
ability of a metal-ion cofactor to participate in such reactions is
the oxidation/reduction midpoint potential of the metal. Because
the midpoint potentials of metal cofactors in proteins can vary
widely depending on factors such as the ligands and the pH,
they can be tailored to fit a range of reactions. However, direct
measurements of this key parameter for manganese in proteins
have proven to be difficult; for example, determination of the
midpoint potential of the metal cofactor of superoxide dismutase
has been limited due to factors such as poor equilibration of the
metal center with the electrodes. Measurements have been
possible only with the use of proper mediators involving equili-
bration times that can be up to several hours." For metals with
oxidation potentials above that of water, the potentials cannot be
measured directly. For example, the site of water oxidation in
oxygenic photosynthesis takes place at the Mn4Ca cluster that is
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located in photosystem IL In this case, the potentials of the
Mn,Ca cluster have never been directly measured and are only
inferred based upon models of the electron transfer rates.” *
In anoxygenic photosynthesis, purple bacteria contain a
pigment—protein complex termed the reaction center that is
the site of the primary photochemistry, namely, the conversion of
light energy into a charge-separated state.’ Upon excitation, the
primary electron donor, P, which is a bacteriochlorophyll dimer,
transfers an electron through a series of acceptors to the primary
quinone, Q,, followed by transfer to the secondary quinone. In
wild type, the oxidized donor, P, is reduced by an exogenous
cytochrome c¢,, after which it can be excited again leading to
the transfer of a second electron to the secondary quinone
in a process that is coupled to the uptake of two protons.
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Figure 1. Three-dimensional structure of M2 mutant. Shown are the amino acid residues that have been altered to introduce a Mn binding site, Tyr
M164, Glu M168, and Asp M288 (blue), and residues that result in an increase the P/P™ midpoint potential compared to wild type, His L131, His M 160,
His M197, and Tyr M210 (green). Also shown are the bacteriochlorophyll dimer P and bound Mn (red). All of the mutants characterized have the same
Mn binding site but different mutations near P resulting in a range of P/P" midpoint potentials for the mutants. Data are from PDB file 129].”

The secondary quinone carries the electrons and protons to the
cytochrome bc; complex in a cycle that generates the proton
gradients needed for the creation of energy-rich compounds.
Photosystem II follows a similar electron transfer pathway from
the primary electron donor to the quinones; however, the
MnyCa cluster serves as the secondary electron donor rather
than an exogenous secondary electron donor. Despite this key
functional difference, the core of the reaction center has a strong
structural homology to the core of photosystem II and can be
manipulated such that it gains a Mn cofactor serving as a
secondary donor.® To achieve this function, reaction centers
from Rhodobacter sphaeroides were altered such that they became
highly oxidizing by introducing histidines that can serve as
proton donors to the conjugated system of P.”® Specifically,
three amino acid residues, Leu L131, Leu M160, and Phe M197,
were altered to histidine, with each change increasing the
oxidation/reduction midpoint potential of P, E,(P/P"), by
60—120 mV while reFIacing Tyr M210 with Trp increases the
potential by 44 mV’~'* (Figure 1). The combination of the four
substitutions increases E,(P/P") by approximately 300 mV
compared to a value of 500 mV for wild type.

The highly oxidizing reaction centers were modified to bind a
single Mn>" at a site corresponding to the Mn,Ca cluster in
photosystem IL”'" In this mutant, identified as the M2 mutant,
the bound Mn>" is redox active and can rapidly reduce P in a
first-order reaction. To probe the energetics of the Mn cofactor, a
series of reaction center mutants were designed with each
containing the Mn binding site found in the M2 mutant defined
by the following three substitutions: Arg M164 to Tyr, Met
M168 to Glu, and Gly M288 to Asp (Figure 1). With these
changes, the mutants should be capable of binding Mn at the site
where the metal-ion can serve as an efficient electron donor. The
extent of metal oxidation depends upon the relative oxidation/
reduction potentials of the bound Mn and P. In order to fully
oxidize the bound Mn>", the oxidation/reduction midpoint
potential of P, E,,,(P/P "), must be well above E,,(Mn*"/Mn>").
If E,(P/P") is small compared to E,(Mn>*/Mn>*), then no
oxidation of the bound Mn”" will be observed. Thus, the extent
of Mn>" oxidation provides an opportunity to determine the
En(Mn®"/Mn>*) potential by monitoring the oxidation state of

P for mutants with different E,,(P/P™") potentials. Therefore, in
addition to changes designed to bind Mn, the mutants have
various combinations of the amino acid substitutions near P that
increase E,(P/P") compared to wild type: Leu L131 to His, Leu
M160 to His, Phe M197 to His, and Tyr M210 to Trp (Figure 1).
Since the effect of these mutations is additive, the use of
combinations of these four alterations near P should result in a
wide range of E,,,(P/P™") potentials for the mutants.

Bicarbonate and other anions play important roles in facilitat-
ing the binding of iron or manganese to proteins. For example,
transferrins, a family of iron transport proteins, require bicarbo-
nate or phosphate as a synergistic anion for iron binding.'*'*
Zwitterions also influence the assembly and catalytic properties
of the tetranuclear manganese complex of photosystem IL'>'¢
Upon the basis of the involvement of anions in metal binding in
other proteins, the influence of anions on the Mn cofactor of the
modified reaction centers was characterized and found to alter
both the Mn binding affinity and electronic structure.'” Since
bicarbonate influences the Mn binding, it should also affect the
energetics associated with the Mn cofactor.

The energetics of Mn oxidation were characterized using 10
mutants with the same three mutations that create the Mn
binding site but different mutations near P that alter the E,,,(P/
P") potential. The E,,,(P/P™") potentials were electrochemically
measured for each of the mutants and compared to the potentials
found for mutants with the corresponding alterations near P but
without the Mn binding site. By monitoring the extent of light-
induced P" in each mutant using steady-state optical spectroscopy,
the E,,(Mn>"/Mn>") potentials in the absence and presence of
bicarbonate were estimated. The different E,,,(Mn>"/Mn>") and
En(P/P") potentials result in a range of driving forces for
Mn oxidation and charge recombination for the mutants. These
electron transfer rates were measured using transient optical
spectroscopy and related to the corresponding free energy
differences using the Marcus equation.'®

B METHODS

Construction of Mutants, Protein Isolation, and Sample
Preparation. The construction of the mutants was performed by
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combining site-directed mutagenesis and manipulation of re-
striction fragments as previously described,”'” with the altered
genes expressed in the R. sphaeroides deletion strain ALM1.1.*°
Cells were grown semiaerobicall;f and the reaction centers were
prepared as described earlier.”'® For spectroscopic measure-
ments, after solubilization, the reaction centers were purified
using DEAE Sephacryl ion exchange chromatography equili-
brated with 0.05% Triton X-100 instead of 0.1% lauryl dimethy-
lamine oxide. After the chromatography, the reaction centers
were dialyzed against 15 mM Tris-HCI pH 8 and 0.05% Triton
X-100 to remove EDTA.

P/P* Oxidation—Reduction Titrations. The E(P/P")
potentials were determined from electrochemical titrations
of reaction centers using a system and analysis described
previously.” Each titration was performed in both the oxidative
and reductive direction to ensure reversibility. The reaction
centers were prepared in 20 mM Tris-HCI pH 8, 0.1% Triton
X-100, and 60 mM KCI (Aldrich-Sigma Chem. Co.). The
mediators were 10 mM potassium hexacyano ferrate(III)
(Aldrich-Sigma Chem. Co.), 0.15 mM potassium tetracya-
nomono(1,10-phenanthroline)ferrate (II) tetrahydrate, and
0.4 mM dicyanobis(1,10-phenanthroline)iron(II) dihydrate, of
which the latter two were synthesized according to Schilt.”' At
any given ambient potential, the amount of P* present was
determined by measurement of the amplitude of the P absorp-
tion band, which is at 865 nm in wild type and the mutants. The
relative amount of P*, F(P™), for each potential, E, was fitted
using the Nernst equation:

" -1
F(P) = (1+e—<E—Em<P/P )>-<nF/RT>) (1)

where F is Faraday’s constant, n is the number of electrons, and
(nF/RT)™" has a value of 0.03894 mV ' at 298 K when n
equals 1.

Measurement of Transient and Steady-State Absorption
Changes. A Cary S spectrophotometer (Varian) was used to
measure the steady-state optical absorbance changes induced by
continuous illumination. The light excitation was achieved using
an Oriel tungsten lamp with an 860 nm interference filter. The
binding of Mn*" was characterized by measurement of the fraction
of P" in reaction centers in the presence of 0 to 1 mM MnCl,. For
each MnCl, concentration, the fraction of P* was measured from
light-induced changes in the absorption spectrum from 700 to
1000 nm. For these measurements, the reaction centers were in
15 mM 2-[n-cyclohexylamino]ethane sulfonic acid pH 9 and
0.05% Triton X-100 with 100 uM terbutryne present to block
electron transfer from Q4 to the secondary quinone.

The kinetics of the Mn>" oxidation in the millisecond time scale
were measured with a single beam spectrometer of local design.”* A
ND:YAG (Continuum) laser with a S ns laser pulse excited the
reaction centers at 532 nm, and the transient change in absorption at
865 nm was monitored to determine the amount of P*. The
transient optical measurements were performed with 100 xM
terbutryne to block electron transfer between the primary and
secondary quinones. The recoveries were fit to one or two expo-
nentials using a nonlinear least-squares method in order to determine
the rate constants for charge recombination and the Mn*" oxidation.

B RESULTS

P/P" Oxidation—Reduction Midpoint Potential. To deter-
mine the E,(P/P") potentials, electrochemical measurements
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Figure 2. Electrochemical oxidation/reduction titrations of reaction
centers. The fraction of P was determined by monitoring the optical
absorption at 865 nm for different ambient potentials. Shown are the
data for the M2-1 (open down triangles), M2-2 (closed down triangles),
M2-3 (open circles), M2-4 (closed circles), M2-S (open diamonds),
M2-6 (closed diamonds), M2-7 (open squares), M2-8 (closed squares),
M2 (open up triangles), and M2-9 (closed up triangles) mutants.
Titrations were performed in both oxidative and reductive directions
to ensure reversibility. The lines represent fits of the data to the Nernst
equation (eq 1). The E,(P/P") potentials for each mutant are
summarized in Table 1. The individual titrations are shown separately
in Figure 1 of the Supporting Information with the oxidative and
reductive data identified.

were performed on the mutants containing the Mn binding site
changes, namely, Met M168 to Glu, Gly M288 to Asp, and Arg
M164 to Tyr, as well as alteration of amino acid residues near P.
The measured midpoint potentials for the mutants ranged from
480 mV to greater than 800 mV compared to 505 mV measured
for wild type (Figure 2). In general, alteration of single amino
acid residues near P resulted in an E,,(P/P™") increase of 35 to
100 mV compared to wild type, double mutations near P
increased the midpoint potential by 120 to 180 mV, and a
combination of three mutations near P raised the midpoint
potential by 255 mV (Table 1). For the M2-9 mutant, only a
limit of at least 800 mV could be established, as the measure-
ments could not be reliably performed above that ambient
potential. The mutant containing only the three changes asso-
ciated with the Mn binding site and no alterations of the amino
acid residues near P was found to have a decreased E,,(P/P")
potential of 480 mV, which is 25 mV less than wild type.

Each titration was performed in both an oxidative and a
reductive direction (Supplemental Figures S1—S10, Supporting
Information), with the oxidative and reductive titrations being
equivalent within the error of the measurements. For the mutants
with the higher E,,,(P/P™) potentials, full titrations could not be
performed as poising the ambient potential above 800 mV
resulted in a noticeable loss of the integrity of the sample.
Therefore, for these mutants titrations were performed only to
a maximum ambient potential of 800 mV. For each titration, the
error of the fit was dependent primarily upon the completeness
of the titration. Typically, the fits of the titrations using eq 1 had a
least-squares error of 1—2 mV, while the error found for mutants
with higher E,(P/P") potentials was 4—6 mV. As examples, fits
of individual titrations of the M2-2, M2-6, and M2 mutants
yielded least-squares errors of 1.3, 2.3, and 0.63, R factors of
0.999, 0.998, and 0.989, and residuals of 0.0003, 0.000S, and
0.0021, respectively. Despite a few titrations having some scatter
of individual data points, the fits are highly constrained and the
error of the one free parameter, namely, the E,,,(P/ PT) potential,
is low. More accurate estimates for the errors associated with the
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Table 1. P/P" Midpoint Potentials of Manganese-Binding
Mutants

strain redox mutations” En(P/PT) (mV)®

M2-1 none 480

M2-2 Leu M160 to His 540

M2-3 Leu L131 to His 5SS

M2-4 Phe M197 to His 605

M2-5 Leu L131 to His 625
and Leu M160 to His

M2-6  Phe M197 to His 650
and Tyr M210 to Trp

M2-7 Leu M160 to His 670
and Phe M197 to His

M2-8 Leu L131 to His 690
and Phe M197 to His

M2 Leu L131 to His, Leu M160 to His, 760
and Phe M197 to His

M2-9 Leu L131 to His, Leu M160 to His, >800

Phe M197 to His, and Tyr M210 to Trp

“In addition to the listed alterations, all mutants contain three substitu-
tions designed to provide a Mn binding site: Arg M164 to Tyr, Met
M168 to Glu, and Gly M288 to Asp. " The estimated error is &5 mV for
the mutants, except for M2 that had error of £10 mV due to its higher
E.(P/P™) potential, and the M2-9 mutant for which only a lower limit
could be established.

E..(P/P™) potentials were determined from standard deviations
of measurements that were performed two to six times each for
each mutant. These standard deviations for the E,(P/P")
potentials of the mutants ranged from 1.0 to 6.4 mV, with the
standard deviations being generally more accurate for mutants
with complete titrations than those with incomplete titrations, as
was found for the standard errors associated with the individual
titrations. For example, standard deviations of 1.3, 3.8, and 4.0
mV were obtained for the M2-2, M2-6, and M2 mutants,
respectively. Upon the basis of these measurements, the esti-
mated errors of the E,,,(P/P") potentials are &5 mV for most
mutants and £10 mV for mutants with E,,,(P/P") potentials
above 700 mV.

A second possible independent parameter in the Nernst
Equation (eq 1) is n, representing the number of electrons
transferred during the reduction/oxidation titration. For the fits
described above, n was set equal to a value of 1. When n was
treated as a free parameter, the least-squares fits of the different
titrations yielded values ranging from 0.9 to 1.2, with fits of the
full titrations yielding values of 1.0 = 0.1. Within the error of the
measurements, the E,,(P/P™) potentials obtained with  allowed
to be a free parameter are the same as found with the constraint
that n equals 1. Although noninteger values are allowed mathe-
matically, the physically reasonable values must be integer,
representing in this case the possible oxidation states of P. The
different electronic states of P have been well characterized using
a variety of spectroscopic techniques.” These studies have
established the formation of the singly oxidized (cation radical)
P state due to light exposure or an increase in the ambient
potential by chemical or electrochemical means. Therefore, the
values reported for the E,,(P/P") potentials are those deter-
mined with 7 fixed at a value of 1.

The E,,(P/P™) potentials of the mutants are expected to be
approximately independent of pH as the E,,,(P/P™") potential of
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Figure 3. Effect of Mn on light-minus-dark optical spectra of the M2
and M2-1 mutants. For both the M2 and M2-1 mutants, in the absence
of Mn, the steady-state light-minus-dark optical spectra show peaks
characteristic of the P"Q,  charge-separated state, namely, an absorp-
tion decrease at 865 nm, and electrochromic shifts at 765 and 800 nm
(black traces). In the presence of 10 4M Mn, the features associated with
P are not present although the features associated with Q,~ remain for
the M2 mutant (top red), while the M2-1 spectrum is essentially
unchanged (bottom red).

wild type decreases by ~10 mV as the pH increases from 8.0 to
9.5.2*7%5 To check that the alterations near P do not alter this pH
dependence, the E,,(P/P™) potentials were measured at pH 9.5
for the mutants with single changes, namely, Leu to His at L131,
Leu to His and M160, and Phe to His at M197. In all cases, the
potential decreased by the same amount as wild type within the
error of the measurements (data not shown) as is also true for
mutations of Tyr M210 based upon extensive investigations.1 126729
To investigate the impact of the Mn binding site on the pH
dependence, the E,,(P/P") potential was measured at pH 9 for
the M2-1 mutant, which has the Mn binding site but no alterations
of residues near P compared to wild type. At pH 9, the potential
was found to be 7 &= 5 mV lower than measured at pH 8, showing
the same pH dependence as found for wild type. This pH
dependence of the E,,(P/P") potential is supported by proton
release measurements of the M2 and other Mn binding mutants."®
The Mn binding site has several ionizable amino acid residues
(Figure 1). The binding of Mn results in a large proton release,
approximately 1.4 protons per reaction center, and a pronounced
pH dependence for Mn binding. However, only a small proton
release is found upon Mn*" oxidation, which is comparable to the
proton release found in reaction centers without the Mn binding
site.'® The comparable proton release for the Mn binding
mutant and wild type is consistent with a weak dependence of the
E..,(P/P") potential upon the pH value for all of the Mn binding
mutants.

Optical Spectra and Mn Binding. Each of the mutants
exhibited an optical absorption spectrum characteristic of reac-
tion centers, with near-infrared bands at 760, 800, and 865 nm,
due to the bacteriopheophytins, monomeric bacteriochloro-
phylls, and P, respectively (data not shown). In the presence of
light, the steady-state spectrum showed features that are char-
acteristic of the formation of the charge-separated state P*Q, ",
including an absorption decrease near 865 nm due to P* and
electrochromic shifts in the 770—800 nm region due to Q,~ and
P (Figure 3). For all of the mutants and wild type, the spectra
recovered fully after switching off the light. In the presence of
Mn”?, the light-minus-dark spectra changed to different degrees
in the various mutants. For the M2 mutant, the spectrum showed
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the features associated with Q,~ but the extent of P™ as
determined from the absorption decrease at 865 nm was
dependent upon the concentration of Mn>", with no P* evident
at high concentrations of Mn>". The addition of Mn”" led to a
partial loss of the P" feature but a contribution from P" to the
spectrum was always evident even at high Mn*" concentrations
for several mutants. For the M2-1 mutant, there were no changes
when Mn*" was present at any concentration.

The Mn binding measurements were performed at pH 9.0 as
the dissociation constant sharply increases with decreasing pH
below pH 8.5 due to the involvement of protonatable residues in
the metal binding.'”'” A small increase in the apparent dissocia-
tion constant was observed above pH 9, presumably due to the
formation of insoluble manganese hydroxide and manganese
carbonate compounds, which would act as a sink for the added
manganese and lower the apparent activity. The effect became
noticeable above pH 9.4, setting this pH value as the upper limit
for the measurements.

This dependence of the spectral features on the Mn*"
concentration can be fitted assuming that the Mn-ion binds to
the reaction center and serves as a secondary electron donor.’
The dissociation constant of manganese binding to the reaction
center, Kp, is related to the concentration of added Mn*", [Mn],

and total concentration of reaction centers, [RC]:”*°

Ry

(IMn] + [RC] + Kp) — 1/ ([Mn] + [RC] + Kp)* — 4[RC)[Mn]
- 2[RC]

(2)

where the fraction of reaction centers with bound metal, Ry, was
found by monitoring the bleaching of the P band at 865 nm.
Assuming the complete oxidation of Mn>" bound to reaction
centers, the fraction of reaction centers without bound metal ion
is given by the ratio of the absorption change at 865 nm for
reaction centers with manganese, AA%,?S, and in the absence of
manganese, AAS®:

AA86S

For each of the mutants, Mn>" titrations yielded the same Kp
of 1 uM for Mn*" binding at pH 9. The consistency of the Mn**
binding for all of the mutants shows that the Mn>" binds at the
designed metal binding site with the same binding affinity.
Although the mutants have the same binding affinities for Mn,
the effectiveness of Mn”" at high concentrations in reducing P~
was different for each mutant. The dependence of the effective-
ness of Mn>" as a secondary electron donor to P" can be
modeled as being due to the difference between E,,(P/P") and
En(Mn*"/Mn>"). Light excitation leads to the formation of the
charge-separated state P"Q,~ when transfer between the two
quinones is blocked by the presence of an inhibitor such as
terbutryne. When Mn”" is bound, a subsequent electron transfer
takes place from the metal to reduce P, which competes with
charge recombination:

h AG®
Mn?* PQ, —Mn?* P*Q — Mn?" P*Q, = Mn®" PQ

(4)

The amount of Mn®* produced is dependent upon the free
energy difference AG®. Since the last step in eq 4 is a simple one
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Figure 4. Determination of E(Mn>"/Mn*") potentials. (A) The
amount of P™ at high Mn concentrations was determined for mutants
with different E,(P/P™) potentials. The resulting fits using eq 6 (solid
lines) gave En(Mn**/Mn*") potentials of 535 mV with bicarbonate
(open circles) and 625 mV without bicarbonate (closed circles).

electron redox reaction, AG® can be expressed in terms of the
difference in the midpoint potential for Mn, E,,(Mn*"/Mn*")
and the midpoint potential for P, E,,(P/P™):

AG® = nF[E,(Mn*" /Mn*") — E, (P/P")] (5)

where F is Faraday’s constant and n, the number of electrons, is
equal to 1. In order to fully oxidize the bound Mn*", the value of
AG® must be large corresponding to E,,(P/P™) being well above
the value of E,,(Mn”>"/Mn>"), and no oxidation will be observed
when AG° is positive due to E,(P/P") being smaller than
E,.(Mn*t/Mn*").

Thus, the amount of P at high Mn>" concentrations, A(P),
is obtained by the relative values of these two midpoint potentials
as given by a modified form of the Nernst equation:

2 3+ + -1
A(PY) = (1+e—<<Em<Mn+/Mn ) = En(p/P >>/<nF/RT>) (6)

By determining A(P™) from the Mn®" titrations and the E,,,(P/
P™) potential through the electrochemical titrations, the value of
E(Mn*"/Mn>") can be directly accessed.

Using eq 6, the E,(Mn®"/Mn>") potential at pH 9 was
determined to be 625 mV (Figure 4). Although there is some
scatter to the data points relative to the fit, the E,(Mn>*/Mn>")
potential is the only free parameter and the least-squares error is
45.5 mV, with an R factor of 0.952 and a residual of 0.008. When
the number of electrons is fixed at two, the fits are significantly
worse than those obtained for the one electron value, showing
that the metal undergoes only a one-electron oxidation step (fits
not shown). Allowing 7 to be a free parameter in the fitting with
the E,,(Mn>"/Mn®") potential yields a value of 1.0 & 0.2,
consistent with a one electron oxidation of the metal from Mn®*
to Mn>*.

To determine any influence that bicarbonate may have on the
En(Mn®*/Mn") values, the E,,(Mn*"/Mn®") potential was
also determined in the presence of 15 mM bicarbonate. The
value of A(P") measured in the presence of bicarbonate was
found to be smaller for each mutant compared to the value
without bicarbonate. Following the analysis described above, the
lower values of A(PT) for each mutant results in a smaller
Enm(Mn>*/Mn*") value of 535 + 6 mV at pH 9, with an R
value of 0.93566 and a residual of 0.0058 (Figure 4). The
addition of bicarbonate does not change the E,,,(P/ P ") potential
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of wild type within the error of the measurements (data not
shown). Thus, the presence of the bicarbonate results in a 90 mV
decrease in the E,,(Mn>"/Mn>") value.

Electron Transfer Rates. In the absence of any metal, the
light-induced charge-separated state P* Q, ™ recovered with rate
constants ranging from 8.5 s~ " for the M2-1 mutant to 77 s~ " for
the M2-9 mutant. The rate constants are correlated with the
E..(P/P") potentials, as an increase in the midpoint potential
corresponds to an increase in the free energy difference for
charge recombination.” For each mutant, the PTQ,~ — PQ,
charge recombination rate was found to slightly increase as the
pH increased from 7 to 9 as found in wild type and other
mutants.”

For mutants with the low E,,,(P/P™") potentials, the addition of
Mn”" did not measurably alter the kinetics of charge recombina-
tion. For these mutants, no or very small changes in the fraction
of P* were observed in the steady-state measurements, which
would correspond to only small changes in the contribution of
the amplitude of the P* recovery compared to the contribution
from charge recombination. Alternatively, no change in the
observed rate of P* recovery would be observed if the rate of
Mn*" oxidation is comparable to or slower than the rate of
P"Q, "~ charge recombination. However, for the mutants with
E.(P/PT) fotentials significantly above the estimated E,-
(Mn*"/Mn>") potential, the overall recovery of P* was found
to be faster in the presence of added Mn*". For these mutants
with high E,,,(P/P") potentials, the recoveries were described
with two exponential terms: a slower term that arises from
P'Qs~ — PQu charge recombination, with the same rate
constant as found in the absence of Mn>", and a faster term
that is assigned to reduction of P" due to electron transfer from
bound Mn>". Both of these terms were first-order as the fitted
rate constants had no dependence on the Mn*" concentration as
has been previously reported for the M2 mutant.” The rate
constant of Mn>" oxidation showed a pronounced dependence
on the E,,(P/P") potential with faster rate constants being
observed for mutants with higher potentials. In the absence of
bicarbonate at pH 9.0, the rate constants of the component
assigned to Mn oxidation were found to be 30, 40, 90, and 120
s~ " for the M2-7, M2-8, M2, and M2-9 mutants, respectively. In
the presence of bicarbonate the rate increased for each mutant
with measured rate constants of 65, 50, 100, and 165 s~ * for the
M2-7, M2-8, M2, and M2-9 mutants, respectively.

H DISCUSSION

The energetics of the bound Mn cofactor were probed
through characterization of a series of mutants with both a Mn
binding site and alterations near P (Figure 1). The optical spectra
were essentially unchanged compared to wild type indicating that
the arrangement of cofactors is the same. All of the mutants have
the same Mn binding site and were found to bind Mn with a Kp,
of 1 uM. The measured E,,(P/P") potentials of the mutants
ranged from 480 to over 800 mV (Figure 2). This range of
potentials provided the opportunity to relate the ability of the Mn
cofactor to oxidize P to the E,,,(P/P™") potential while keeping
the Mn binding site fixed. For mutants with low E,(P/P")
potentials, the addition of Mn>" had little or no effect on the
light-induced P, but for mutants with high E,,,(P/P ") potentials
the amount of P was greatly diminished when Mn*" was added
(Figure 3). The E,,(Mn>"/Mn>") potentials determined using
these spectral changes were 625 mV without bicarbonate and

TN Y T S TN IS Y O T N T
450 500 550 600 650 700 750
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Figure S. Marcus relationship for charge recombination. The depen-
dence of the rate constant of PTQ,~ charge recombination on the free
energy difference for mutants containing the Mn binding site (closed
circles) and without the Mn binding site (open circles). The line is a best
fit of the data obtained from mutants without the Mn binding site using a
Marcus relationship (eq 7) with a ky, and 4 equal to 22.5 s~ ' and 820
meV respectively as reported previously.”** The rate constants obtained
from the mutants with the Mn binding site are plotted but were not used
in the fit.

535 mV with bicarbonate (Figure 4). For the mutants with high
E(P/P") potentials, the rate of recovery of the P* absorption
band after illumination increased in the presence of Mn>" due to
electron transfer from the Mn*™, allowing the determination of
the rate constants of Mn”>" oxidation. Below, the energetics
associated with the oxidation of the bound Mn>™ are discussed,
including the relationship between the free energy differences
and rates of charge recombination and Mn oxidation.
Oxidation/Reduction Midpoint Potentials of P. The E,,,(P/
P") potentials were determined using an electrochemical cell
(Figure 2) and found to range from 480 mV to 760 mV
(Table 1). For the corres;)onding mutants without the alterations
associated with the Mn”" binding site, the midpoint potential
ranges from 505 for wild type to 765 mV.”® Comparison of the
E(P/P™) potentials for mutants with and without the metal-ion
binding site, but identical alterations of residues near P, shows the
potentials are systematically lower by ~20 mV due to the
presence of the Mn binding site. The Mn>" binding site is 10
A from P and the 20 mV lowering of the E(P/P") potential is
likely due to the introduction of residues forming the Mn binding
site. Similar decreases have been observed after the introduction
of amino acid residues with carboxylic side chains at comparable
distances from P.*® For the M2-9 mutant, only a limit of at least
800 mV was established due to a lack of stability of this highly
oxidizing mutant. However, a E,,(P/ P") potential of ~805 mV
is likely based upon the 44—45 mV increase observed both for
the M210 mutation compared to wild type'' and for the double
mutant Phe M197 to His and Tyr M210 to Trp compared to the
single mutant Phe M197 to His (Table 1). The consistency of the
E(P/P") potentials for mutants with and without the Mn*"
binding site shows that the properties of the reaction center are
generally not affected by the addition of the Mn binding site.
Dependence of the Rate of Charge Recombination on the
Free Energy Difference. For the mutants containing the changes
near P without the alterations to incorporate the Mn*" binding
site, the rate constant of PTQ,~ — PQ, charge recombination
systematically increases with increasing E,,,(P/P ") potential.”*' For
wild type, P Q4 charge recombination has a AG® of —520 meV*
and the changes in the E(P/P") potential relative to wild
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type are assumed to cause corresponding changes in the value of
AG® in the mutants. For the mutants without the Mn binding
site, the dependence of this rate constant on the E,(P/P")
potential has been previously fitted using a Marcus relationship
yielding a reorganization energy of 820 meV "' (Figure 3).
The mutants with the Mn binding sites follow the same
dependence of the rate constants of P"Q,~ — PQ, charge
recombination on the E,,(P/P") potentials. The exceptions to
this agreement are the M2-6 and M2-9 mutants that each
contains the mutation of Tyr M210 to Trp, which has a much
faster recombination rate due to alteration of the energetics of
the BChl monomer and bacteriopheophytin.'"**** These
results suggest that the introduction of the Mn binding site
has only minor effects on the cofactors and their electron
transfer properties.

Dependence of the Rate of Mn Oxidation on the Free
Energy Difference. The availability of mutants that bind Mn
with different E,,(P/P™) potentials provides the opportunity to
determine the Marcus relationshig for the metal-ion oxidation.
The free energy difference for Mn”" oxidation is determined by
the difference in the E,,(P/P") and E,,(Mn>*/Mn>*") potentials
(eqS). At any given pH, since all of the mutants under study have
the same Mn binding site, the E,(Mn>"/Mn>") values are
assumed to be the same with only the E,,(P/P") potentials
changing due to the mutations. Thus, each mutant has a different
AG° and correspondingly should have a different rate constant,
k, according to the Marcus relationship:

ko= ke (AGY + 47/ (4kaT) (7)

where A is the reorganization energy, kg is the Boltzmann
constant, T is the temperature, and ky,,, is the maximum possible
rate constant. The rate constant of Mn oxidation could only be
determined from the P*Q, ™ recovery from mutants with high
En(P/P") potentials when the rate of Mn oxidation was
measurably faster than the rate of P"Q,~ — PQ, charge
recombination.

For the mutants with high E,,,(P/ P) potentials, namely, M2-
7, M2-8, M2, and M2-9, the rate constants were measured in the
absence and presence of bicarbonate. The rate constants system-
atically increase as AG® increases from —45 meV to —180 meV,
assuming that the E,,(P/P™) potential of the M2-9 mutant is 803
mV as discussed above. The increase in the rate constants for
each mutant in the presence of bicarbonate can be attributed as
primarily arising from the lower E,,(Mn>"/Mn**") potentials
that result in higher AG® values ranging from —135 to —270
meV, assuming that bicarbonate does not alter other electron
transfer characteristics.

A fit of the rates measured both in the absence and presence of
bicarbonate yields a k,,, of 170 s 'anda reorganization energy
of 290 meV (Figure 6). Because of the limited number of
measurements, a unique fit could not be unambiguously deter-
mined. In particular, since the rate increases with increasing AG°
throughout the entire range of the data, the value of 290 meV
represents only a lower limit for the reorganization energy. For
the separation distance of ~10 A between the bound Mn and P
cofactors,” a kyay of 10% to 10° s~ " is predicted based upon
electron transfer rates between cofactors with a similar separation
distance in proteins.>* For example, cytochrome ¢, bound to the
reaction center has a similar distance of ~10 A to P but a much
faster observed rate of 10°s ™! and an estimated k., of 10" s~ .3
The slow rate of 170 s~ may reflect the involvement of an
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Figure 6. Marcus relationship for Mn oxidation. The dependence of the
rate constant of Mn>" oxidation on the free energy difference for
mutants measured in the absence (closed circles) and presence of
bicarbonate (open circles). The line is a best fit usin§ a Marcus
relationship (eq 7) with a ky,,, and A equal to 152.5 s™~ and 290.5
meV, respectively. Because of the limited range of AG® for these rate
constants, these parameters represent lower limits only.

unresolved rate-limiting step. For the M2 mutant, Fe** can also
be bound to the metal binding site and is redox active, reducing
P with a rate constant of 175 s~ >’ Since the oxidation rate
constants for both metals are comparable, the slowness of the
reaction compared to the predicted rate is not due to specific
characteristics of either metal. The relatively slow rate could
reflect the electron transfer being coupled to a rate-limiting
proton transfer process that is required to stabilize the change
of charge of the Mn cofactor; however, the proton release upon
metal oxidation is small."> More likely, the observed rate may
reflect a significant difference between the free energy difference
and reorganization energy. Specifically, a reorganization energy
of 1500 meV rather than 300 meV would result in a k,, of
~10" s~ " (eq 7) and suggest that the reorganization energy is
significantly greater than the current estimate of at least 290 meV.
This situation implies that the Mn binding site undergoes a large
reorganization upon oxidation to Mn>" that effectively limits the
rate of electron transfer.

Role of Bicarbonate. In solution, Mn>" is very stable result-
ing in a high oxidation/reduction midpoint potential of the
Mn**/Mn®" couple of 1200—1500 mV for the aqua ions. By
exchanging one or two coordinating water molecules with
bicarbonate in the hexa-aquo complex, bicarbonate can bind
directly to metal forming Mn>*(HCO3) " and Mn*" (HCO5),,
respectively. The formation of such complexes are dependent on
the bicarbonate concentration as the associations are weak and
high bicarbonate concentrations are required.***” The electro-
static stabilization by the coordination with bicarbonate signifi-
cantly lowers the oxidation/reduction midpoint potential of the
Mn*"/Mn*" couple in aqueous solutions by 300 and 600 mV
compared to the hexa-aquo complex when one or two bicarbo-
nates are bound, respectively.***” For the M2 mutant, Mn binds
with a dissociation constant of ~1 uM at pH 9 both with and
without bicarbonate.'” As the pH is lowered without bicarbonate,
the value of the dissociation constant sharply increases but is
approximately independent of pH in the presence of bicarbonate.
Bicarbonate probably coordinates the bound metal either as a
bidentate or monodentate ligand and facilitates manganese
binding by removing the re%uirement of proton release for metal
binding to the M2 mutant."”*” Bicarbonate has also been shown
to be necessary for the binding of Fe’* to the M2 mutant.*’ In
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the presence of bicarbonate, the E,,(Mn>"/Mn>") potential of
the bound Mn cofactor was found to decrease from 625 to 535
mV (Figure 4). These results are consistent with both bicarbo-
nate and Mn>" binding to the reaction center with the bicarbo-
nate ligand lowering the E,,(Mn>*/Mn*") potential due to the
favorable electrostatic interactions.

Oxidation/Reduction Potentials of Mn Cofactors in Pro-
teins. Proteins commonly make use of metal cofactors to drive
redox reactions in biological organisms. For proteins containing
Fe and Cu cofactors, there is an abundance of information
concerning the electronic states of the metals, including the
catalytically relevant oxidation/reduction midpoint potentials of
the metals. In contrast, our knowledge of the electronic struc-
tures of Mn binding proteins is limited, partially because for
many enzymes Mn”" serves only a structural role and does not
change oxidation state during the catalytic cycle. Below, we
briefly compare our results for the E,,(Mn>*/Mn>") potential
with those known for other proteins with redox-active Mn
cofactors.

The best-characterized redox-active Mn enzyme is Mn super-
oxide dismutase, which catalyzes the conversion of superoxide
into molecular oxygen and hydrogen peroxide.*>*' This enzyme
contains a mononuclear Mn cofactor that cycles between the
Mn”>* and Mn®" states during catalysis with an oxidation/reduc-
tion midpoint potential ranging from 290 to 390 mV depending
upon the source of the enzyme. In addition to studies of the wild-
type superoxide dismutase, alteration of the residues near the
metal binding site produced mutants with potentials ranging
from 365 to 435 mV." Closely related to these enzymes are the Fe
superoxide dismutases that have a strong structural homology
with the active site having the same metal coordination to three
His, one Asp, and one solvent molecule.**** The Fe superoxide
dismutases have a lower oxidation/reduction midpoint potential
of 220 mV in wild type, but when Mn is substituted into this
metal binding site, the measured midpoint potential increases to
over 960 mV, presumably due to changes in the hydrogen bonds
involving the metal ligands.****

Mn peroxidase is a major component of the lignin-degrading
metabolism of fungi and contains a Mn cofactor with one
coordinating liégand provided by a propionate group from a
nearby heme.** Mn®" is converted into Mn>" during catalysis
and can be stabilized using chelators,”” but determination of the
oxidation/reduction midpoint potential of the Mn cofactor has
been elusive.** The Mn cofactor of some other enzymes, such as
Mn dioxygenase,*”*° Mn lipoxygenase,”" and oxalate decarboxy-
lase,>>*® can also be poised in different oxidation states that have
been proposed to represent intermediate states of the Mn
cofactor, but the midpoint potentials have not been determined.
Several enzymes make use of a dinuclear Mn cofactor to facilitate
catalysis.”*>® For example, the enzyme Mn catalase facilitates the
disproportionation of hydrogen peroxide into water and molec-
ular oxygen. The Mn cofactor of Mn catalase has been character-
ized by a variety of spectroscopic techniques poised in the
(Mn*"),, (Mn**Mn>"), and (Mn>"), states by the addition
of substrates such as hydrogen peroxide or hydroxylamine;
however the energetics of these states, including the oxidation/
reduction midpoint potentials, have not been established.>*®

In contrast to the situation with Mn cofactors in proteins, a
tremendous knowledge has been gained concerning the proper-
ties of Mn in synthesized compounds that are designed to mimic
features of Mn cofactors in proteins.*>>” For a wide array of
compounds, the energetics of the electronic states, including the

oxidation/reduction potentials of the associated Mn electronic
states, have been determined. For example, synthetic mono-
nuclear Mn>* complexes can have potentials ranging from
—1100 to +800 mV.>* " However, questions remain concern-
ing the application of these results to Mn cofactors in proteins,
for example, how the inhomogeneous protein environment can
alter the energetics of Mn cofactors.

The measured E,,(Mn>*/Mn®") potentials of 535 and
625 mV for the Mn binding reaction centers with and without
bicarbonate fall within the range observed for superoxide dis-
mutase as these values are higher than those measured for the
wild type Mn superoxide dismutase but lower than the potential
of Mn substituted into Fe-superoxide dismutase. The sensitivity
to bicarbonate shows that chan§es in the Mn binding site can
have large effects on the E,,(Mn”™"/ Mn>") potential, consistent
with the effect of ligands on the potentials observed for synthetic
clusters. The approach described in this paper provides an
experimental means of addressing outstanding questions con-
cerning the impact of the protein environment on the metal
cofactor potentials by measuring the E,,,(Mn>"/Mn>*) potential
under different experimental conditions. In particular, mutagen-
esis of the amino acid residues forming the metal binding site can
be used to assess the impact of different protein—metal interac-
tions, such as changes of metal coordination and electrostatic
interactions, on the tuning of metal potentials to optimize
oxidation/reduction reactions.

Implications for the Water Oxidation Complex. The bac-
terial reaction center and photosystem II have similar core
structures, with both complexes having the key cofactors in-
volved in the electron transfer events being surrounded by two
core subunits, namely, the L and M subunits for the bacterial
reaction center and the D1 and D2 subunits in photosystem
I1.>%* This structural homology allowed the Mn cofactor of the
M2 mutant to be designed at a position analogous to the Mn,Ca
cofactor of photosystem IL%° In photosystem II, the electron
transfer reactions are more complex than those found in bacterial
reaction centers, as the oxidized primary electron donor of
photosystem II, P680™, is initially reduced by Y in a proton-
coupled reaction followed by oxidation of the Mn4Ca cofactor.
The energetics associated with these reactions cannot be directly
measured as they lie near or above the oxidation/reduction
midpoint potential of water. However, estimates have been made
based upon consideration of the electron transfer rates of these
cofactors, yielding values of 1100—1250 mV for the oxidation/
reduction midpoint potential of P680/P680 ™", 970—1050 mV for
Y,/Y; ", and 700 mV for the initial oxidation step of the Mn,Ca
cofactor, namely, the So/S; transition.®>%* Despite the relatively
small free energy difference of ~100 meV for electron transfer
from Y, to P, the electron transfer is thought to proceed with a
rate constant of 107 to 10° s~'.°* The much faster rate of P680™"
reduction in photosystem IT compared to P" reduction in the M2
mutant probably reflects a much smaller reorganization energy of
~100 meV for photosystem II that matches the free energy
difference, making the observed rate nearly equivalent to Ky
There are many structural differences between the Mn cofactors
in the M2 mutant and photosystem II that could contribute to
this difference in reorganization energy. In J)articular, the Mn,Ca
cluster in photosystem II is deeply buried,*” which would tightly
restrain the allowed positions of the surrounding protein, while
the Mn cofactor of the M2 mutant is close to the surface of the
protein” and open to rearrangements of the surrounding protein
after metal oxidation.
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The MnyCa cofactor of photosystem II has been well char-
acterized through a wide array of spectroscopic techniques, but
the molecular mechanism of water oxidation remains unsettled.*®
One question that continues to be debated is the involvement of
bicarbonate in the assembly and function of the Mn,Ca
cofactor.">'**~% Bicarbonate has been proposed to function
in a variety of roles, such as an electron donor,*” ligand for the
Mn,Ca cofactor,’®® and substrate for the water oxidation
process.”*”® A bicarbonate molecule has been inconsistently
included in the three-dimensional structures of the binding site
of the Mn,Ca cofactor, which is currently limited in quality due
to the limited resolution of the models and radiation damage
during X-ray exposure.”' > Comparison of several properties of
the S states in photosystem II samples with and without
bicarbonate led to the conclusion that the redox potentials of
the S states were unaffected by the presence of bicarbonate.””
The MnyCa cofactor assembles in an unusual self-assembly
process driven by the absorption of light by P680.°7* Our
results are consistent with the model that bicarbonate facilitates
the photoassembly by stabilizing the formation of an intermedi-
ate state, namely, a mononuclear Mn>" cofactor.®

In addition to providing a platform for understanding how
proteins modulate the energetics of Mn cofactors, the ability of
the modified reaction centers to bind metals has implications for
the evolutionary development of photosynthetic systems.
The initial photosynthetic organisms present on the early
Earth probably performed simple anoxygenic photochemistry
involving low energy reactions as found today in purple
bacteria.”**”*"7? In order to perform water oxidation, the
primitive photosystems would have needed to become strong
oxidants, couple the electron transfer with proton transfer, and
develop the Mn,Ca cofactor.®”® During the evolutionary
development of oxygenic photosynthesis, the primitive complex
could have gained a metal-binding site with only a limited
number of amino acid alterations as found in the M2 mutant.
In order for the manganese to serve as an eflicient secondary
electron donor, it would have been necessary to match the
oxidation/reduction midpoint potentials of the Mn cofactor
and the primary electron donor. The results of this paper show
that the midpoint potential of the Mn cofactor could have been
initially tuned by use of nonprotein ligands such as bicarbonate
until the binding site gained ligands from peripheral protein
subunits of photosystem II, especially the CP43 subunit. In
addition, the primitive highly oxidizing reaction centers may
have had functional properties, such as the ability to use reactive
oxygen species as secondary electron donors, until they gained
the capacity for water oxidation with the advent of the manganese
cluster; work is underway to examine the possibility of this
function in the M2 mutant.
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