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Effect of Anions on the Binding and Oxidation of Divalent Manganese
and Iron in Modified Bacterial Reaction Centers
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†Department of Physics, Concordia University, Montreal, Quebec, Canada; and ‡Department of Chemistry and Biochemistry, Arizona State
University, Tempe, Arizona

ABSTRACT The influence of different anions on the binding and oxidation of manganous and ferrous cations was studied in
four mutants of bacterial reaction centers that can bind and oxidize these metal ions. Light-minus-dark difference optical and elec-
tron paramagnetic resonance spectroscopies were applied to monitor electron transfer from bound divalent metal ions to the
photo-oxidized bacteriochlorophyll dimer in the presence of five different anions. At pH 7, bicarbonate was found to be the
most effective for both manganese and iron binding, with dissociation constants around 1 mM in three of the mutants. The pH
dependence of the dissociation constants for manganese revealed that only bicarbonate and acetate were able to facilitate
the binding and oxidation of the metal ion between pH 6 and 8 where the tight binding in their absence could not otherwise
be established. The data are consistent with two molecules of bicarbonate or one molecule of acetate binding to the metal binding
site. For ferrous ion, the binding and oxidation was facilitated not only by bicarbonate and acetate, but also by citrate. Electron
paramagnetic resonance spectra suggest differences in the arrangement of the iron ligands in the presence of the various
anions.
INTRODUCTION

Bacterial reaction centers (BRC) from purple photosynthetic

bacteria are arguably among the most widely studied

membrane proteins that perform electron transfer reactions.

The BRCs were the first membrane proteins whose structures

were revealed at atomic resolution, and this structure served

for many years as a model for photosystem II (PS II) before

that structure was finally determined (1–4). Comparison of

these structures shows similarities between the core subunits

of PSII and BRC—namely, five transmembrane alpha

helices in their D1, D2 and L, M subunits, respectively—

that incorporate the array of cofactors arranged in a twofold

symmetry. Upon excitation by light, both the BRC and the

PSII transfer an electron across the membrane from the

primary electron donor to the quinones via an essentially

unidirectional path involving intermediate electron acceptors

along one of the branches (5,6). Upon the transfer of two

electrons, the secondary quinone becomes doubly reduced

and doubly protonated and is replaced by a new quinone

and the cycle repeats. This quinone chemistry is a vital

step in establishing a vectorial proton transfer across the

photosynthetic membrane that eventually provides ATP syn-

thase with protons.

To maintain the continuous cycle, secondary electron

donors are needed to reduce the primary electron donor.

For PSII and BRC, these reactions are radically different.

PS II has a unique ability to utilize water as a terminal elec-

tron donor, using a tyrosine residue and a tetranuclear

manganese complex as intermediate electron donors (5).
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Native BRCs utilize cytochromes as secondary donors,

because neither the oxidizing potential of the primary elec-

tron donor (P) nor the metal binding ability of its vicinity

is sufficient to use most metal ions or tyrosine residues as

secondary electron donors.

Based on the structural similarities between PSII and

BRC, a series of genetically modified BRCs were designed

and constructed to enable BRCs to perform reactions observ-

able in PSII. The oxidation potential of P in BRCs was

increased to a level that was suitable for both tyrosine and

manganese oxidation (7–9).The availability of mutants

with highly oxidizing primary electron donors opened the

door for additional changes that would make the BRC

capable of performing reactions not possible in the wild

type. Introduction of tyrosine residues near the special pair

of bacteriochlorophylls in various positions to highly

oxidizing reaction centers resulted in utilization of those

tyrosines as secondary electron donors (8–11). The high

potential alone was sufficient to utilize Mn2þ as a secondary

electron donor to Pþ in a diffusion-controlled, second-order

reaction at pH 9 (9). Because of the lack of high-affinity

binding sites in those BRCs, high (mM) concentrations of

manganese were required to reduce Pþ.

Four different metal binding sites were designed by intro-

ducing carboxyls ~10 Å from P at a location analogous to

the site of the manganese cluster in PSII. Three of the four

mutants showed high affinity for binding manganese, with

dissociation constants ranging between 1 and 10 mM at around

pH 9 (12). The tight binding allowed the Mn2þ to be an effi-

cient secondary electron donor to Pþ, with first-order rate

constants for the metal oxidation exceeding the rate constants

of the competing charge recombination at pH 9 by nearly four-

fold (9,12). It was demonstrated that the KD values for
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manganese binding in these mutants are highly dependent on

pH and tight binding could only be established above pH 8,

whereas the weaker manganese binding at lower pH values

needed to be stabilized by the release of two protons (13). In

the presence of bicarbonate, Fe2þ was bound even at pH 7

with a dissociation constant of 1 mM, and rapid, first-order

electron transfer was observed from the bound Fe2þ to Pþ (14).

Bicarbonate and other anions have been reported to play

important roles in facilitating the binding of iron or manga-

nese to proteins. Various transferrins, a family of iron

transport proteins, require bicarbonate or phosphate as

a synergistic anion for iron binding (15,16). An involvement

of bicarbonate in the assembly of the tetranuclear manganese

complex of PSII has been proposed (17,18). A recent work,

however, showed that bicarbonate is not present in the

assembled oxygen evolving complex (OEC) (19). Hence,

the role of the bicarbonate appears to be limited to the

assembly of the OEC. Based on the involvement of anions

in metal binding in these proteins, the influence of different

anions on properties of the four mutants was investigated.

The binding and the electron transfer between the divalent

metal ions and Pþ was characterized using light-minus-

dark optical and electron paramagnetic resonance (EPR)

spectroscopies in the presence of different anions. The

binding of metal is discussed in comparison with other metal

binding proteins that utilize synergistic anions.

MATERIALS AND METHODS

Construction and growth of the mutants

The design, construction, and growth of the mutants were described earlier

(7,12,20,21). The highly oxidizing potential of P has been achieved by intro-

ducing three hydrogen bonds with His substitutions into the M197, L131,

and M160 positions, with modifications as described in the Supporting

Material.

The mutants were grown semiaerobically in the dark for 3–4 days at 30�C.

The isolation of the BRCs was performed as described earlier (22), with the

following modifications: The ion exchange chromatography was carried out

in 0.05% Triton X-100 instead of in 0.1% lauryl dimethylamine oxide. The

BRCs were dialyzed extensively for 24–48 h using 0.05% Triton X-100,

15 mM Tris-HCl (pH 8) or Hepes (pH 7) to remove EDTA, a potent chelator

for metals. Measurements were carried out after addition of 100 mM terbu-

tryne to block the electron transfer between the quinones. Ferrous sulfate and

manganous chloride stock solutions were prepared before the measurements

using degassed distilled water. Autooxidation of the metals was prevented

by saturating the gas phase above the samples and stock solutions with

nitrogen and by sealing the vessels and cuvettes with parafilm. For the

pH-dependent manganese binding, the following buffers were used to adjust

the pH: Mes (2-(N-morpholino)ethanesulfonic acid), pH 5.6–6.7; Hepes,

pH 7.0–8.0; Tris (Tris(hydroxymethyl)aminomethane), pH 7.6–8.8; and

Ches (2-(N-cyclohexylamino)ethane sulfonic acid), pH 8.6–9.4.

Optical and EPR spectroscopy

Varian (Mulgrave, Victoria, Australia) Cary 5 and 5000 spectrophotometers

were used to measure the light-induced absorption changes generated by

continuous illumination. The light excitation was achieved by using Oriel

tungsten lamps with bandpass interference filters with maximum transmit-

tance at 860 nm. The illumination lasted only while the spectra were recorded
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in the 700–1000 nm spectral range with ~900 nm/min scanning rate. Laser-

flash-induced absorption changes were recorded with either a single beam

spectrophotometer of local design (23) or a miniaturized laser flash photolysis

(LFP-112) system with the NIR sensitive photomultiplier (Luzchem

Research, Ottawa, Ontario, Canada). The BRCs were excited with laser pulses

of 5-ns duration generated by Nd:YAG lasers (Continuum, Santa Clara, CA),

and the kinetic traces were analyzed by decomposition of the recorded traces

into exponentials using Marquardt nonlinear least squares method.

Light-minus-dark EPR difference spectra were recorded at 120 K with

a Bruker (Silberstreifen, Germany) E580 X-band spectrometer equipped

with an Oxford (Oxford Instruments, Oxfordshire, UK) 900 EPL cryostat.

The samples for the EPR measurement were prepared as described earlier

to avoid the presence of excess free metal ions (14). Spectra were measured

first in samples frozen in the dark, and then the light-induced species were

generated by rapidly freezing the samples promptly after the illumination

was turned off. The analysis of the data was adapted in part from Gerencsér

and Maróti (24) and is described in detail in the Supporting Material.

RESULTS

Spectral changes caused by the combined
presence of manganese and bicarbonate

In the absence of any metal ion, the light-minus-dark optical

spectra of the M1 mutant in the near-infrared spectral range

showed distinct features characteristic of both Pþ and QA
�

when terbutryne was present at pH values 7.0 and 9.0

(Fig. 1, a and b, trace 1). These features include the bleaching

of the Qy band of the dimer centered around 865 nm, a hypso-

chromic shift of the band assigned to the bacteriochlorophyll

monomers around 800 nm due to the positive charge on the

nearby Pþ, and a bathochromic shift on the absorption

band of the bacteriopheophytins around 760 nm associated

with the negative charge on the neighboring QA
�. These

features were independent of pH and very similar to those re-

ported for wild-type and the M2-mutant BRCs (8,12). Upon

addition of manganous ions at a concentration of 100 mM, the

spectra underwent significant changes in a very pronounced

pH-dependent manner. While at pH 7.0, essentially no

change was observed because of the addition of the metal

(Fig. 1 a, trace 2); the spectral features characteristic of Pþ

disappeared at pH 9.0 (Fig. 1 b, trace 2), resulting in a spec-

trum characteristic of QA
� (25). These spectral signatures are

consistent with the presence of a bound secondary electron

donor to Pþ at pH 9.0 but not at pH 7.0 (13). Addition of

15 mM sodium bicarbonate to the same assay solutions con-

taining the BRCs and the manganese did not cause any

further changes at pH 9.0 (Fig. 1 b, trace 3), but it eliminated

the spectral signatures of Pþ at pH 7.0 (Fig. 1 a, trace 3). This

observation suggests that the bicarbonate is required for the

binding and oxidation of the manganese at pH 7.0 (13).

Addition of only bicarbonate but not the manganous ion

had no effect on the PþQA
� charge pair, and the recorded

spectra were practically indistinguishable from those labeled

as trace 1 in Fig. 1, a and b, at either pH 7.0 or 9.0 (data not

shown). In all cases, within 15 min after the illumination was

stopped, the absorption changes recovered, indicating that

the light-induced changes were fully reversible.
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FIGURE 1 (a and b) Light-minus-dark difference optical

spectra of the M1 mutant at pH 7 and pH 9 in the absence of

either manganese or bicarbonate ions (trace 1), in the pres-

ence of 100 mM manganese (trace 2), and in the presence of

both 100 mM manganese and 15 mM bicarbonate ions (trace
3). (c and d) Fraction of Pþ as a function of the added Mn2þ

concentration measured in the M1 mutant at pH 7 and pH 9

in the absence (open triangles) and in the presence of 15 mM

bicarbonate (solid diamonds). The data points were taken

from the light-minus-dark difference spectra recorded at

various manganese concentrations as the absorbance

changes at 865 nm as indicated, with the double-headed

vertical arrow on panel a. The solid lines are the best fits

to the data points using Eq. S2 with the following dissocia-

tion constants: 853 mM and 1.5 mM at pH 7, and 6.2 mM and

1.0 mM at pH 9 in the absence and in the presence of 15 mM

bicarbonate, respectively. The vertical dashed lines in

panels c and d drawn at 100 mM manganese concentration

indicate the condition at which the spectra on panels a and

b were recorded. Conditions: 1.5 mM BRC in 0.03 Triton

X-100, 100 mM terbutryne, 15 mM Hepes (pH 7), or Ches

(pH 9).
The manganese concentration was increased systemati-

cally from 0 to 1 mM, and the light-minus-dark difference

optical spectra were recorded in the presence and in the

absence of bicarbonate both at pH 7.0 and 9.0. Using the

method determined earlier for these mutants, the fraction

of Pþ was plotted as a function of the applied manganese

concentration (Fig. 1, c and d) to determine the dissociation

constants (KD) of manganese binding (Eq. S2) (12). In the

presence of 15 mM bicarbonate, the KD was found to

decrease from 830 mM to 1.5 mM at pH 7, and from 6.2 mM

to 1.0 mM at pH 9 in the M1 mutant, compared to results with

the bicarbonate-free systems.

pH dependence of manganese binding
and oxidation in the presence of various anions

In addition to bicarbonate, the effect of other anions, acetate,

borate, phosphate, and citrate on the binding and oxidation of

manganese to the M1 mutant was investigated. Only bicar-

bonate lowered the KD of manganese binding significantly,

acetate and citrate were less effective, and malate and phos-

phate had little effect (Table S1). The pH dependence of the

dissociation constant for manganese binding in the four

mutants was studied in detail in the presence of bicarbonate
and acetate as described in Fig. 1. The values of KD for

manganese binding were strongly dependent on the pH in

the presence of bicarbonate and acetate (Fig. 2). In the

absence of anions, the dissociation constants of three

mutants, M1, M2, and M4, exhibited a strong pH dependence

with high values at pH 7.0 and a steep, two orders of magni-

tude per pH unit decrease between pH 7.0 and ~8.5 (13).

Between pH 8.5 and 9.0, KD was independent of pH, and

the tightest binding was observed with KD varying between

1 and 10 mM depending on the mutant. The fourth mutant,

M3, exhibited large values of KD for all pH values, even in

the presence of the anions. In the presence of 15 mM bicar-

bonate between pH 6.5 and 8.0, the dissociation constants

were lower for the M1, M2, and M4 mutants than those for

the cases without any added anions. For these three mutants,

KD was found to be independent of pH between 6.5 and 9.0,

with values ranging between 1 and 5 mM, suggesting very

strong binding in this wide pH range. Below pH 6.0 the

values of KD increased steeply with decreasing pH. These

values of KD were significantly lower than were those

measured without bicarbonate; for example, at pH 7.0, KD

decreased by close to three orders of magnitude.

The pH dependence was modeled by assuming the

involvement of two amino-acid side chains that change their
Biophysical Journal 96(8) 3295–3304
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FIGURE 2 pH-dependence of the dissociation constant

(KD) for manganese binding in the M1, M2, M3, and M4

mutants in the absence of any added anion (open triangles),

in the presence of 15 mM bicarbonate (solid diamonds), and

in the presence of 100 mM acetate (solid squares). The solid

lines are the best fits using Eq. S3, assuming two interacting

residues with indistinguishable pK values for bicarbonate

and (Eq. S4) assuming one residue for acetate. The open

symbols and dashed lines representing the data without

any added anion are taken from Kálmán and colleagues

(13) for comparison. The following values were obtained

for the dissociation constants (KD
0) for the strongest binding

in the presence of bicarbonate: 1.2, 1.4, and 3.0 mM for M1,

M2, and M4 mutants, respectively. In the same order the

pK(c) values are: 6.43, 6.20, and 6.11. The KD
0 and pK(c)

values in the presence of acetate are: 6.2 mM and 7.9, and

3.0 mM and 8.5 in the M1 and M2 mutants, respectively.

Conditions as in Fig. 1, except that 15 mM Mes, Hepes,

Tris or Ches were used, depending on pH.
protonation state to facilitate binding of the divalent manga-

nese (Eq. S3). The fit yielded values for KD
0 and pK(c) of

1.2 mM and 6.42 for the M1 mutant, 1.4 mM and 6.2 for

the M2 mutant, and 3 mM and 6.11 for the M4 mutant,

respectively. In the presence of bicarbonate the pK(c) values

shifted ~2 pH units toward lower pH values compared to

those with the anion-free cases reported earlier (13). Above

pH 9.0, a small increase in the apparent KD values was

observed in all mutants, and it was more pronounced in the

presence than in the absence of bicarbonate. The most plau-

sible explanation for this effect is that the bicarbonate/

carbonate equilibrium has a pK value of ~10.0 in aqueous

solutions, and, as the pH increases, the carbonate can react

with manganese to form an insoluble manganous-carbonate.

This behavior was more visible in the M1 and M4 mutants,

where, in the presence of bicarbonate, KD
0 was lower than it

was in the absence of it at pH 9.0, whereas, in the M2 mutant,

KD
0 was approximately the same with and without bicar-

bonate (1.4 and 1.2 mM, respectively) at this pH. This pH

dependence suggests that the bicarbonate most likely partic-

ipates in metal binding even at pH values above 8.0. In addi-

tion, the manganese can also form manganous-hydroxide at

high pH values, which is also insoluble. These events can

decrease the activity of the manganese and/or the bicarbonate

and set the upper pH limit for our measurements between pH

9.0 and 9.4.

The effect of acetate on the pH dependence of KD is signif-

icantly different from that of bicarbonate (Fig. 2). Below pH

8 in the M1 and M2 mutants, the presence of 100 mM acetate
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clearly lowered the KD for manganese binding, but acetate

seemed to have a minor effect on KD above pH 8.0 in the

M1 mutant and it appeared to have no effect at all at any

pH in the M3 and M4 mutants. For example, at pH 7.0,

the dissociation constant measured for the M1 mutant had

a value of 39 mM in the presence of acetate compared to

the value of 830 mM in its absence. The KD decreased only

slightly from 22 mM to 13 mM because of the presence of

acetate at pH 8.0. In the M2 mutant above pH 8.0, the pres-

ence of acetate slightly decreased the binding affinity of the

manganese compared to the affinity in the anion-free case.

The pH dependence of KD in the M1 and M2 mutants is

described better with Eq. S4, which assumes the involvement

of only one protonatable residue in the electrostatic stabiliza-

tion of the metal binding, than with Eq. S3, which assumes

the involvement of two protonatable residues.

Dependence of KD on the concentration
of the anions

The dependence of the dissociation constant for manganese

binding on the added bicarbonate or acetate concentration

was measured for the M1 mutant at pH 7.0 (Fig. 3). For

quantitative analysis, the negative logarithm values of the

molar anion concentrations (pA) are used instead of the

concentrations themselves. Without any added anion, the

manganese binding is very weak at pH 7.0, with a KD value

of 830 mM. As the concentration of the anions was increased,

KD began to decrease at 100 mM and 1 mM concentrations of
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bicarbonate and acetate, respectively. The values for KD with

increasing bicarbonate concentration decreased by about two

orders of magnitude/pA with decreasing pA, whereas, in the

presence of acetate, the rate of decrease was closer to one

order of magnitude/pA. At high anion concentrations, KD

values leveled off to values of ~1 mM and ~ 40 mM for bicar-

bonate and acetate, respectively. The pA dependences of KD

were well described, assuming the presence of two bicar-

bonate ions (Eq. S5) or one acetate ion (Eq. S6) facilitating

the binding and oxidation of manganese. The resulting fits

yielded values of 1.2 and 35 mM for KD
0 for bicarbonate

and acetate, respectively. The pAK0 and pAK values were

180 mM and 5 mM for bicarbonate and 1.7 mM and

40 mM for acetate.

Rate of manganese oxidation

The kinetics of the Pþ recovery after a laser-flash excitation

were studied in the M1 and M2 mutants at pH 7.0 and 9.0 in

the presence and absence of acetate and bicarbonate (Fig. 4).

Terbutryne was included to block the electron transfer

FIGURE 3 Dependence of the dissociation constant (KD) of manganese

binding on the negative logarithm of added pA for bicarbonate (diamonds)
and acetate (squares) at pH 7. The KD values were determined as shown in

Fig. 1 in the presence of bicarbonate and acetate at various concentrations.

The data points were fitted with Eq. S5 and Eq. S6, assuming two molecules

of bicarbonate and one molecule of acetate facilitating the metal binding,

respectively. The dashed lines indicate �2 decades/pA and �1 decade/pA

slopes. The fit resulted in KD
0 values of 1.2 mM and 35 mM for bicarbonate

and acetate, respectively. The pAK and pAK0 values are 5 mM and 180 mM

for bicarbonate and 40 mM and 1.7 mM for acetate, respectively. Conditions

as in Fig. 1.
between the primary and secondary quinones. A manganese

concentration of 100 mM was selected to probe the kinetics

of electron donation to Pþ as the dissociation constants

were below 50 mM between pH 7.0 and 9.0 in both mutants.

In the absence of manganese, the kinetic traces could be well

characterized with single exponential functions with rate

constants (kAP) between 23 and 27 s�1 depending on the

mutant and pH. This kinetic component was assigned to

PþQA
� / PQA charge recombination. In the presence of

manganous ions at a concentration of 100 mM, the recovery

of Pþ became faster and biphasic if both of the following two

conditions were met: i), the manganese was bound to the de-

signed binding site in the BRC, and ii), the electron transfer

from the bound metal ion to Pþ was faster than the PþQA
�

/ PQA charge recombination by a factor of at least two.

For example, in the absence of bicarbonate, the kinetics of

Pþ recovery did not change on addition of 100 mM manga-

nese at pH 7.0 (Fig. 4 a), because the metal was only weakly

associated with the BRC (KD z 1 mM) at this pH, but it

became significantly faster at pH 9.0 because of the presence

of a second kinetic component with a rate constant of

~90 s�1 and 87% contribution to the total signal (Fig. 4 b).

This faster kinetic component was attributed to the Mn2þ-

PþQA
� / Mn3þ-PQA

� electron transfer reaction from the

bound manganese, becuase the rate constant was found to

be independent of the metal concentration (12). Any contri-

bution to the kinetic traces from a nonbound manganese

could be ruled out based on an earlier study, in which we

showed that the electron transfer in the diffusion controlled

process at 100 mM manganese concentration is slower than

the PþQA
� / PQA charge recombination of the M1 and

M2 mutants (9). In the presence of bicarbonate, the recovery

of Pþ accelerated even at pH 7.0 on addition of 100 mM

manganese (Fig. 4 c). The faster kinetic component, which

was assigned to the manganese oxidation, had a rate constant

(kMnP) of 48 s�1 and it represented 62% of the total signal. As

the pH was raised from 7.0 to 9.0 in the presence of bicar-

bonate, the rate constant of the fast component increased

by ~2-fold (Fig. 4 d), but this value was only ~10% higher

than the rate constant for manganese oxidation at pH 9.0

without the bicarbonate.

The rate constants increased as the pH increased for both

the M1 and M2 mutants (Fig. 5). In the absence of the

anions, the manganese oxidation could be measured only

above pH 7.8 because of limited manganese binding. The

kMnP values increased by 23–28% as the pH was raised

from pH 8.0 to 9.0 and were generally ~30% larger in the

M2 mutant compared to values in the M1 mutant. As the

pH was raised from 7.0 to 9.0, the rate constant of manga-

nese oxidation increased by a factor of ~2, with a nearly

linear pH dependence in both mutants. In the presence of

acetate, kMnP values could be determined only above

pH 8.0 and were generally lower than those in the presence

of bicarbonate. Interestingly, whereas, in the M1 mutant the

kMnP values for acetate above pH 8.0 were similar to those
Biophysical Journal 96(8) 3295–3304
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FIGURE 4 Kinetic traces of Pþ reduction in the presence

of 100 mM terbutryne monitored at 865 nm in the M2

mutant after a saturating laser flash excitation at pH 7

(a and c) and at pH 9 (b and d) in the absence (a and b)

and in the presence (c and d) of 15 mM bicarbonate, respec-

tively. The kinetics were recorded after a saturating laser

flash. The traces with thin lines were recorded without

any added manganese and could be fitted with single expo-

nentials representing the kinetics of PþQA
�/ PQA charge

recombination with rate constants of 23–24 s�1. The traces

with thick lines, which are vertically shifted for better

comparison, were recorded in the presence of 100 mM

Mn2þ ions, and, except in panel a, the Pþ decay could be

resolved into two kinetic components. The faster compo-

nent was assigned to the Pþ reduction by Mn2þ and the

slower to the PþQA
� / PQA charge recombination. The

kinetic analysis resulted in the following rate constants

and the relative amplitudes: 24 s�1 (100%) for panel a;

23 s�1 (13%) and 91 s�1 (87%) for panel b; 24 s�1

(38%) and 48 s�1 (62%) for panel c; and 23 s�1 (8%)

and 100 s�1 (92%) for panel d. Conditions as in Fig. 1.
without any added anion, in the M2 mutant the rate constants

were higher without any anion than those with added acetate.

This observation agrees with the elevated KD value in the M2

mutant at high pH in the presence of acetate.

FIGURE 5 pH dependence of first-order rate constants of manganese

oxidation in the M1 (left panel) and M2 (right panel) mutants. The rate

constants were determined by the exponential decomposition of the kinetics

recorded in the presence of 100 mM Mn2þ and in the absence of any anion

(open triangles), in the presence of 15 mM bicarbonate (solid diamonds),

and in the presence of 100 mM acetate (solid squares). The rate constants

for PþQA
� / PQA (open circles) are also shown. Conditions as in Fig. 2.
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Iron oxidation in the presence of anions

It has been shown earlier that ferrous ions can be bound to

the M1 and M2 mutants and can serve as efficient electron

donors to Pþ in the presence of bicarbonate at pH 7.0 (14).

One advantage is that the bound oxidized iron, unlike bound

manganese, is expected to have a distinctive EPR signal. In

addition, the driving force for electron transfer from the

ferrous ion should be larger than that for manganese because

of the significantly lower oxidation/reduction midpoint

potential of the Fe2þ/Fe3þ couple compared to that of the

Mn2þ/Mn3þ couple. A disadvantage of using iron is that

pH- dependent studies cannot be performed, because of the

limited solubility and possibly the increased rate of autoox-

idation of the Fe2þ at pH values other than 7.0.

Light-minus-dark X-band EPR difference spectra were

measured for the M1 mutant with added Fe2þ in the presence

of bicarbonate, malate, acetate, phosphate, and citrate, and

without any anions at pH 7.0 (Fig. S1). The line shape of

the EPR signals near g values of 4.3 are characteristic of

that of hexacoordinated high-spin ferric iron, and it showed

distortions from the isotropic line expected from a completely

rhombic Fe3þ. Line broadenings and unresolved splittings

suggest that the signal arises from a bound ferric ion and

indicate that the coordination geometry of the iron in the
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M1 mutant is different in the presence of various anions. The

peak-to-trough line widths ranged between 24 and 51 Gauss

(Table S1). The spectra collected in the dark before the illu-

mination are also shown for comparison, and their ampli-

tudes were found to be between 6 and 17% of the total

signals.

The rate constants for iron oxidation in the presence of

these anions showed a range of values between 96 and 275

s�1 (Table S1). The observed rate constants were indepen-

dent of the iron concentration only for bicarbonate, acetate,

and citrate. A slight increase in the rate constants was

observed as the iron concentration was increased in the pres-

ence of phosphate, malate, and without any anion. Based on

the very similar dissociation constants (KD z 30 mM) and

rate constants for iron oxidation (kFeP z 100 s�1),

as well as on the very similar ferric EPR signals for phosphate,

malate, and without any anion, we concluded that malate

and phosphate most likely do not participate in the binding

at all.

DISCUSSION

In this work, the highly oxidizing reaction centers with de-

signed metal binding sites have been shown to bind

manganese tightly and oxidize the metal in the entire pH

range of 7 to 9 only if bicarbonate was present (Fig. 1).

The binding affinity of the manganese was found to be inde-

pendent of pH between pH ~6.0 and 9.0 in the presence of

bicarbonate in three of the four mutants (M1, M2, and

M4), with dissociation constants between 1 and 3 mM

(Fig. 2). Below pH 6.0, the value of KD increased steeply

and the entire pH dependence was described by the participa-

tion of two titrating residues with very close pK values, rep-

resenting the pK of the entire cluster (pK(c)). For all three

mutants, the fit yielded very similar pK(c) values ranging

between 6.1 and 6.5 (Fig. 2). These pK(c) values were

~2 pH units lower than those reported for the absence of

any anions, indicating that the presence of the bicarbonate

extends the ability of these mutants to establish tight binding

with manganese over three pH units (13). The obtained

pK(c) values were in good agreement with the reported pK

values for the carbonic acid/bicarbonate system in aqueous

disperse systems containing detergent micelles, suggesting

that the bicarbonate/carbonic acid equilibrium governs the

binding of the metals (26). Of the other tested anions, only

acetate altered the pH dependence of KD. The pH depen-

dence of KD could be described by assuming that only one

titrating group participates in manganese binding for the

M1 and M2 mutants, and, in the M3 and M4 mutants, the

effect of acetate on the binding was not significant.

The dependence of KD in the presence of acetate and

bicarbonate on pH (Fig. 2) and on the concentration of the

anions (Fig. 3) strongly suggests that either two bicarbonates

or one acetate are associated with the manganese upon

binding in the presence of these anions. For two bound bicar-
bonates, the charge on the divalent metal is compensated by

the negative charges on the two bicarbonates. The charge

compensation eliminates the need for proton release from

amino-acid side chains and results in KD being independent

of pH. Below pH 6.0, the bicarbonate becomes protonated

and forms carbonic acid, which in turn dissociates to carbon

dioxide and water. Thus, below pH 6.0, the binding becomes

strongly pH dependent, with the necessity of the proton

release. In the presence of acetate, however, it was found

that only one acetate is associated with the binding of the

manganese (Fig. 3), resulting in a pH dependence of KD

that could be described with the release of one proton from

the amino-acid side chains below pH 8.0. The binding of

one acetate per manganese, compared to two bicarbonates

per manganese, may be due to the larger size of acetate

compared to that of bicarbonate, as discussed below.

It has been reported that the manganese can form

MnII(HCO3)þ and MnII(HCO3)2 complexes, depending on

the bicarbonate concentration, by exchanging one or two

coordinating water molecules with bicarbonate in the hexa-

aquo complex (27,28). These associations are weak and

require relatively high (mM) bicarbonate concentrations to

generate them, with reported binding energies of 26 and

44 kJ/mol for the MnII(HCO3)þ and MnII(HCO3)2 complexes,

respectively (27). The electrostatic stabilization by the

coordination with bicarbonate also lowers the oxidation/

reduction midpoint potential of the Mn2þ/Mn3þ couple in

aqueous solutions from 1.2 V in the hexa-aquo complex to

0.92 and 0.63 V if one or two bicarbonates were bound to the

manganese, respectively (27–29). Acetate is known to inhibit

oxygen evolution in PSII, possibly by replacing the Cl�

cofactor. Typically, 400–500 mM acetate is used to inhibit

PSII (30,31).

Binding to the protein should alter the midpoint potential

of the manganese and modify the driving force, with a pH

dependence analogous to the pH dependence of KD. The re-

ported values of the rate constants for manganese and iron

oxidation with and without the anions are consistent with

electron transfer occurring within 15 Å, even if the reorgani-

zation energies are relatively high (32). Based on the extent

of Pþ reduction in BRCs without a metal binding site, the pH

dependence of the midpoint potential for the Mn2þ/Mn3þ

couple in the presence of bicarbonate can be characterized

with a �63 mV/pH slope (9). This midpoint potential likely

represents the potential of the metal in solution, because the

association between the metal and the BRC without the

binding site was weak (KD z 100 mM) and the reactions

were classified as second-order processes. The rate constants

for iron oxidation in the presence of bicarbonate in the M1

mutant at pH 7 are more than fivefold higher than those

for manganese at the same pH (Table S1; Fig. 5). The oxida-

tion/reduction midpoint potential of the Fe2þ/Fe3þ couple at

pH 7.0 is reported as ~0.2 V (33). If one assumes the reorga-

nization energy to be the same as that for manganese, then

the driving force for iron oxidation should be more than
Biophysical Journal 96(8) 3295–3304
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500 meV higher than that for manganese oxidation. Experi-

ments are underway to determine the midpoint potential of

the bound manganese.

Structural requirements accommodating
the anions

X-ray crystallographic analysis identified that in the M2

mutant in the absence of anions the ligands that coordinate

the bound manganese without added anions are Glu-M168,

Glu-M173, His-M193, Asp-M288 and one water molecule

(12). The Tyr-M164 is also in the close vicinity of the metal.

A structural model has been developed for the most probable

positions of the two bicarbonates proposed to bind at the

metal binding site (Fig. 6). The bicarbonate molecules were

positioned in the structure such that the repulsion between

the bicarbonates and the carboxylic oxygen atoms on Glu-

M168, Asp-M288 and Glu-M173 was minimized. The

different line shapes in the EPR spectra of the M1 mutant,

arising from bound ferric ion, suggest slight differences in

the geometry of the metal binding site in the presence of

different anions (Fig. S1). Although we have available struc-

tural information only for the M2 mutant, the role of Asp-

M288 is most probably taken by Glu-M192 in the M1 mutant.

Anions, specifically (bi)carbonate, have been proposed as

facilitators for metal binding in different enzymes, such as

PSII and various transferrins (16,34,35). In PSII the bicar-

bonate was assigned not only as a metal stabilizing ligand

during the photoassembly of the OEC, but also as an evolu-

tionarily important component of the development of PSII

from BRC-like ancestors (29,36). However, only one of

the available 3D structures models the bicarbonate in the

OEC of PSII (37). Functional studies have yielded contradic-

tory conclusions regarding the role of the bicarbonate in the

OEC (19,28). Comparison of the metal binding pockets

shows Glu-M173, His-M193 and Tyr-M164 in the metal-

binding BRC are located at similar positions as Asp-D1-

170, His-D1-190 and Tyr-D1-161 in PSII (Fig. 6). The 3D

structures of various transferrins show the placement of

(bi)carbonate in the iron binding site (38–40). The binding

site of the iron in the C-lobe of ovotransferrin contains

a pair of residues, Tyr-191 and His-250, whose relative posi-

tions are similar to those of the Tyr-M164 and His-M193 pair
of BRC and the Tyr-D1-161 and His-D1-190 pair of PSII.

The other four ligands of the iron are Tyr-92 and Asp-59,

and a (bi)carbonate as a bidentate ligand. It is noticeable

that, for tight binding, all six coordination sites should be

occupied by an approximate octahedral geometry. In the

manganese binding pocket of the BRC, four residues were

identified as the most probable ligands based on the 3D

structure and geometry optimization (12). Two sites were

available beneath and above the bound metal for the anions.

In the case of the bulkier acetate, it seems that there is not

enough space to accommodate the second molecule beneath

the manganese. The binding of the (bi)carbonate molecules

was proposed to be facilitated by Arg-121 in the ovotransfer-

rin and Arg-357 in the CP-43 subunit in the OEC (38,37). It

is unclear, however, what residue might coordinate the bicar-

bonate in the BRC, because there was no arginine near the

binding pocket. Earlier studies for transferrins suggested

that the bicarbonate ion could be hydrogen-bonded to one

of the tyrosine residues in the pocket (16). This option is

possible, because the Tyr-M164 is below the bound metal

but is too far to serve as a ligand to the metal (Fig. 6 a).

Hydrogen bonding to the Tyr-M164 could anchor the bicar-

bonate in the pocket.

Role of the synergistic anion

The anions enhance the binding of divalent metal ions at pH

values lower than 9.0. The efficiency of manganese binding

is strongly influenced by the pK values of the ligands in the

binding cluster at a given pH; the binding is expected to be

weak if many of the coordinating residues are protonated.

The pK of the cluster without added anions was reported to

be between 7.9 and 8.3 in the M1, M2, and M4 mutants,

and, because of manganese binding, these pK values were

shifted by �1 and �1.5 pH units in the M4 and the M2

mutants, respectively (13). The exact mechanism by which

the anions facilitate the low pH binding is not known. Based

on electrostatic considerations, bicarbonate and acetate ions

are negatively charged and, hence, unable to shift the pK

values of the residues in the cluster toward lower pH values.

It was reported, however, that addition of 24 mM NaHCO3,

a very similar concentration to that used in this study, to an

unbuffered aqueous solution raised the pH of the solution
FIGURE 6 Structures of the metal binding sites in (a)

modified BRC, (b) PSII, and (c) in the C-lobe of ovotrans-

ferrin showing the key residues. The Mn in the BRC and the

OEC in PSII are shown in pink, the iron in the ovotransfer-

rin is orange, and the carbon and the oxygen atoms in the

bicarbonate (BCT) are colored green and red, respectively.

The mononuclear manganese in BRC in the M2 mutant is

coordinated by His-M193, Glu-M173 and two genetically

modified residues shown in blue: Glu-M168 and Asp-

M288. The OEC is coordinated by several residues from

the D1 subunit and from CP43. The residues from CP43

are not shown for simplicity. The corresponding residues of Glu-M173 His-M193 and Tyr-M164 of BRC are the Asp-D1-170 His-D1-190 and Tyr-D1-161.

The mononuclear ferric ion in ovotransferrin is coordinated by Asp-59, Tyr-92, Tyr-191, His-250, and a BCT as a bidentate ligand. Coordinates for the M2

mutant with the proposed bicarbonates, PSII, and ovotransferrin are from Protein Data Bank entry codes 1Z9J, 1S5L, and 1OVT, respectively (12,37,38).
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from 6.5 to 8.3 (27). The bicarbonate ions may increase the

surface pH in a similar manner and facilitate the deprotonation

of the residues in the binding pocket by altering the local pH.

The bound anions probably alter the geometry of the

binding pocket, as suggested by the differences in the EPR

spectra of bound iron in the presence of different anions

(Fig. S1). A slight opening of the binding pocket should

increase the dielectric constant and decrease the electrostatic

interactions between the side chains in the binding pocket,

which can result in a lower pK of the residues in the cluster.

Without added anion, the hexa aquo complex of the metal

ion has two positive charges, and the poor binding to the

BRC at low pH is probably due to repulsive electrostatic

interactions. The only residue in the pocket that can be posi-

tively charged at low pH is M193 His. The pK value of

M193 His was reported to be 7.0, based on this residue

serving as a proton acceptor after oxidation of M164 Tyr

in the YM mutant (8). The addition of two carboxylic side

chains near M193 His in the M1 and M2 mutants is expected

to elevate the pK of M193 His and, hence, favor the posi-

tively charged state of M193 His at pH 7.0. Bound bicar-

bonate may serve to neutralize the positive charge on

M193 His and to provide a more favorable electrostatic envi-

ronment for metal binding. Likewise, bicarbonate may facil-

itate the binding of the metal ions in PSII and ovotransferrin.

The ultimate advantage of the presence of the anions in the

metal binding pocket is to extend the ability of the metal

binding toward physiologically relevant pH values.
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