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ABSTRACT: The pH dependence of binding and oxidation of Mn2+ in highly oxidizing reaction centers
with designed metal-binding sites was characterized by light-minus-dark optical difference spectroscopy
and direct measurements of proton uptake/release. These mutants bind a Mn2+ ion that can efficiently
transfer an electron to the oxidized bacteriochlorophyll dimer, as described earlier [Thielges et al. (2005)
Biochemistry 44, 7389-7394]. The dissociation constant,KD, significantly increased with decreasing pH.
The pH dependence ofKD between pH 7 and pH 8 was consistent with the binding of Mn2+ being stabilized
by the electrostatic release of two protons. The strong pH dependence of proton release upon Mn2+ binding,
with a maximal release of 1.4 H+ per reaction center, was interpreted as being a result of a shift in the
pKa values of the coordinating residues and possibly other nearby residues. A small amount of proton
release associated with Mn2+ oxidation was observed upon illumination. These results show that functional
metal-binding sites can be incorporated into proteins upon consideration of both the metal coordination
and protonation states of the ligands.

Manganese is an essential trace element and can have
many different functions in proteins. Because manganese is
redox-active under physiological conditions, it often plays
an important role in biological redox reactions, for example,
in enzymes such as manganese superoxide dismutase,
manganese peroxidase, manganese-containing ribonucleotide
reductase, and manganese catalase. In these enzymes the
redox activity of the manganese center is established
primarily through the coordination of the manganese to the
protonatable amino acid residues histidine, aspartate, and
glutamate, with water also usually present (1-3).

Manganese plays a critical functional role in photosystem
II but not in the evolutionarily related bacterial reaction center
(4, 5). In both complexes, light initiates a transmembrane
charge separation from the electron donor, the bacteriochlo-
rophyll dimer, P,1 in bacterial reaction centers or the
chlorophyll cofactor P680 in photosystem II, to the quinones,
QA and QB, acting as electron acceptors, in a process that is
coupled to the transfer of protons (6, 7). However, three key
characteristics of photosystem II provide this complex with
the unique ability to oxidize water to molecular oxygen. First,
P680 is highly oxidizing with an oxidation/reduction mid-
point potential over 1 V. Second, the electron transfer process
from the manganese cluster to P680 is coupled to proton
transfer through the involvement of a redox-active tyrosine.

Finally, photosystem II contains a manganese cluster that
can collect the four electron equivalents needed for water
oxidation.

Modifications of reaction centers fromRhodobacter
sphaeroideshave been performed in order to incorporate
these key functional features. By systematically changing
the hydrogen-bonding pattern of P, the P/P+ potential was
elevated substantially to create highly oxidizing reaction
centers (8). Tyrosine residues were incorporated in the highly
oxidizing reaction centers at positions corresponding to the
redox-active tyrosines of photosystem II and found to be
capable of coupling electron and proton transfer (9-13).
These highly oxidizing reaction centers were able to oxidize
manganese(II) but only as a second-order diffusion-controlled
process (14). Four different manganese-binding sites were
designed at a location analogous to that of photosystem II
in reaction centers that also contained the alterations produc-
ing a highly oxidizing electron donor (15). The three-
dimensional structure solved for one of these mutants showed
that the manganese was bound at the designed site (Figure
1). Different dissociation constants were found for manganese
binding in the mutants using steady-state absorption mea-
surements. The bound manganese was capable of efficiently
reducing P+ in a first-order process, and the relative
amplitude of this component yielded dissociation constants
that agreed with those determined using the steady-state
experiments. In this study, the pH dependence of manganese
binding and oxidation in these mutants was correlated with
the pH dependence of the amount of protons released upon
manganese binding. Also, the proton uptake/release upon
oxidation of the bound manganese was measured and related
to the protonation states of the residues at the manganese-
binding site.
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MATERIALS AND METHODS

Construction of Mutants, Protein Isolation, and Sample
Preparation.The construction of the control and the M1-
M4 mutants has been described previously (15). Each of
these mutants contains three amino acid substitutions that
produce a highly oxidizing reaction center, Leu L131 to His,
Leu M160 to His, and Phe M197 to His, as well as the
mutation Arg M164 to Tyr that introduces a Tyr near the
manganese-binding site. In addition to these four changes,
the M1-M4 mutants contain the following substitutions:
Met M168 to Glu and Val M192 to Glu in the M1 mutant,
Met M168 to Glu and Gly M288 to Asp in the M2 mutant,
Val M192 to Glu and Gly M288 to Asp in the M3 mutant,
and Met M168 to Glu, Val M192 to Glu, and Gly M288 to
Asp in the M4 mutant. The M2-RY(M164) mutant is
identical to the M2 mutant except that it does not contain
the Arg M164 to Tyr substitution. It was constructed by site-
directed mutagenesis and manipulation of restriction frag-
ments as previously described (8), with the altered genes
expressed inR. sphaeroidesdeletion strain∆LM1.1 (17).

Cells were grown semiaerobically, and the reaction centers
were prepared as described earlier, except that the nonionic
detergent Triton X-100 was used for the ion exchange
chromatography step instead of lauryl dimethylamine oxide
(18). Any EDTA remaining in the preparation was removed
by extensive dialysis. The assay solution for the pH
dependence measurements contained 0.03% Triton X-100,
0 or 30 mM NaCl, and 15 mM 2-(N-morpholino)ethane-
sulfonic acid, N-(2-hydroxyethyl)piperazine-N′-2-ethane-
sulfonic acid, tris(hydroxymethyl)aminomethane, or 2-(N-
cyclohexylamino)ethanesulfonic acid depending on pH.
Measurements were performed in the presence of 100µM
terbutryne to block electron transfer from QA

- to QB unless
otherwise stated.

Measurement of Absorption Changes.A Cary 5 spectro-
photometer (Varian) was used to measure the optical
absorbance changes induced by continuous illumination. The
light excitation was achieved using an Oriel tungsten lamp
with an 860 nm interference filter. The illumination lasted
no longer than 30 s at any given time, and the intensity was
set to approximately one-third of the saturating value of the
wild type. The spectra were recorded using a fast scanning
rate of 900 nm/min.

Proton Uptake/Release Measurements.The buffer [15 mM
tris(hydroxymethyl)aminomethane hydrochloride] was re-
moved by a long (24-48 h) dialysis against 0.05% Triton
X-100 and 30 mM NaCl, pH 8.0. The pH of the buffer-free
solution was set by adding aliquots of diluted HCl and NaOH
solutions. The light-induced pH changes were measured
using two independent methods. First, the pH changes were
determined by measuring with a Cary 5 spectrophotometer
the absorption changes of pH-sensitive dyes (bromocresol
purple, pH 5.6-7.0;o-cresol red, pH 7.0-8.5; ando-cresol
phthalein, pH 8.6-9.6) at approximately 586 nm, where the
PQA f P+QA

- transition has an isosbestic point. A magnetic
stirrer was mounted under a custom cell holder in order to
get a rapid distribution of added buffer or acid. Second, the
pH changes were directly measured with a semimicro
combination glass pH electrode (Corning Ross, 8103)
connected to a pH meter (Orion SA 720). A differential
amplifier of local design was used to amplify and electroni-
cally filter the signals. For direct measurements of the light-
induced pH changes, excitation of the samples was achieved
as described earlier (19).

The proton release associated with the binding of the
manganese ions in the dark was measured with a pH
electrode according to the method introduced by Gerencse´r
and Maróti (20). The net H+ binding/release was determined
at each pH value as the difference of the dye/electrode
responses between the buffer-free and buffered (15 mM)
samples. The following buffers were used: 2-(N-morpho-
lino)ethanesulfonic acid, for pH 5.6-6.7; N-(2-hydroxyeth-
yl)piperazine-N′-2-ethanesulfonic acid, for pH 7.0-8.0;
tris(hydroxymethyl)aminomethane, for pH 7.6-8.8; and
2-(N-cyclohexylamino)ethanesulfonic acid, for pH 8.6-9.6.
To determine the buffering capacity of the entire system, a
known amount of strong acid (HCl) was added during
extensive stirring of the sample solution. Absorption of
carbon dioxide was prevented by the use of degassed
solutions and saturating the gas phase over the samples with
nitrogen gas. The samples contained 100µM terbutryne to
block electron transfer to QB. The total and photoactive

FIGURE 1: Structural representation of the reaction center from the
wild type (upper) and the M2 mutant (lower) as viewed from the
periplasmic side. The M2 mutant shows the Mn2+-binding pocket
with the Mn2+ ion (purple sphere), the nearby residues Tyr M164
(yellow), Glu M168 (red), Glu M173 (red), His M193 (yellow),
Asp M288 (red), and Glu M292 (red), and two bound water
molecules (gray spheres). The corresponding region in the wild
type contains residues Arg M164 (blue), Met M168 (yellow), Glu
M173 (red), His M193 (yellow), Gly M288 (yellow), and Glu M292
(red). Also shown in both structures are the backbone (brown) and
P (green). For the residues shown, negatively charged residues (Glu
and Asp) are indicated with red, the positively charged residue (Arg)
is in blue, and neutral residues are in yellow. Coordinates for the
wild type are from PDB file 1M3X, and coordinates for the M2
mutant are from PDB file 1Z9J. The structural representation was
made using PYMOL (16).
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concentrations of the reaction centers were determined by
monitoring the absorbance at 802 nm and the light-induced
absorption changes at 865 and 450 nm, using the following
extinction coefficients:ε802 ) 288 mM-1 cm-1, ∆ε865 ) 112
mM-1 cm-1, and∆ε450 ) 4.9 mM-1 cm-1 (21-23). The ionic
strength of the assay solution was optimized at 30 mM in
order to obtain stable readings of the pH with a glass
electrode and also to suppress possible electrochromic effects
of the charge-separated states on some dye molecules. This
level of ionic strength did not impair significantly the binding
of manganese to the reaction centers.

Models and Fitting of the ObserVed pH Dependences.The
fraction of P+ at different pH values was measured by the
extent of the light-induced absorption change at 865 nm. The
value of the dissociation constantKD was determined using
the following equation introduced previously (20) and
modified for use with these mutants (15):

where∆A, ∆A0, and∆A∞ are the absorption changes at 865
nm in the presence, in the absence, and in the highest
concentration of Mn2+ ions, respectively, and [Mn] and [RC]
are the total concentrations of Mn2+ and reaction centers,
respectively. The ratio∆A∞/∆A0 is included because the
reduction of P+ by bound Mn2+ may not be complete at all
pH values.

The pH dependence of the values ofKD obtained using
eq 1 was fitted using a previously introduced model that
assumes metal binding to the ionized form of two protona-
table amino acid residues (20, 24):

where pKa1 and pKa2 are the negative logarithm values of
the proton dissociation constants for the two protonatable
amino acid residues andKD

0 is the dissociation constant at
high pH values where both residues are deprotonated. If the
pKa1 and pKa2 values are equivalent within the error of the
fit ((0.5 pH unit), then the model can be simplified using a
single pKac value that is characteristic of the entire cluster:

The pH dependence of proton release due to manganese
binding can be fitted assuming a downshift,δpKac, in the
pKac values ofN residues of a cluster as a result of the
electrostatic interaction with the divalent Mn2+ cation. The
number of protons per reaction center, H+/RC, released from
N residues is given by

RESULTS

Light-Induced Manganese Oxidation.In the absence of
Mn2+, light excitation results in the state P+QA

- in reaction
centers as measured by the light-minus-dark optical spectrum
in the 700-1000 nm region (Figure 2A). In the presence of

Mn2+ at high pH, the relative amount of P+ is decreased as
measured by the absorption change at 865 nm while the
features associated with QA

-, notably the electrochromic shift
around 760 nm, remain largely unchanged. Thus, light
excitation results in formation of P+QA

-, followed by a loss
of P+ due to oxidation of bound Mn2+, with the extent
measured by the decrease of the absorption change at 865
nm. The fraction of P+ present for different manganese
concentrations was used in eq 1 to determine the dissociation
constantKD. These measurements were made at pH values
ranging from 6.0 to 9.5 (Figure 2B).

Above pH 8.6, the M2 mutant had aKD value of
approximately 1µM, and the M1 and M4 mutants had larger
KD values of approximately 10µM, consistent with the values
at pH 9 reported previously (15). TheKD values of the M3
and M2-RY(M164) mutants were similar to the control
mutant. As the pH decreased, theKD value increased, for
example, reaching a value of over 100µM below pH 7.5
for the M2 mutant (Figure 2B). The fraction of P+ remaining
at the highest Mn2+ concentrations in each titration also
increased as the pH decreased. The dissociation constant
increased by almost 2 orders of magnitude in the M2 as well
as the M1 and M4 mutants as the pH was decreased from 8
to 7 (Figure 3).

FIGURE 2: (A) Light-minus-dark difference optical spectra of the
M2 mutant at pH 9.4 in the presence and in the absence of
manganese. (B) Fraction of P+ as a function of the added Mn2+

concentration at representative pH values measured in reaction
centers from the M2 mutant at pH 6.0 (circles), pH 7.0 (squares),
pH 7.4 (diamonds), pH 8.0 (triangles up), pH 8.6 (hexagons), and
pH 9.4 (triangles down). The solid lines are the best fits to the
experimental data points using eq 1. Below pH 7.0, the change in
P+ was too small to apply the fit. The dissociation constants
obtained from the fits are 665µM (pH 7.0), 57µM (pH 7.4), 7.6
µM (pH 8.0), 1.3µM (pH 8.6), and 2.1µM (pH 9.4). Conditions:
1.5µM reaction centers in 0.03% Triton X-100, 100µM terbutryne,
and 15 mMN-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid,
tris(hydroxymethyl)aminomethane, or 2-(N-cyclohexylamino)-
ethanesulfonic acid, depending on pH.

∆A/∆A0 ) 1 - {[Mn] + [RC] + KD -

x([Mn] + [RC] + KD)2 - 4[RC][Mn]}/2[RC] +
∆A∞/∆A0 (1)

KD ) (1 + 10pKa1-pH + 10pKa1-pH10pKa2-pH)KD
0 (2)

KD ) (1 + 10pKac-pH + (10pKac-pH)2)KD
0 (3)

H+

RC
) N

1 + 10pH-(pKac+δpKac)
- N

1 + 10pH-pKac
(4)
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The pH dependence ofKD was well described using eq 3,
indicating a change in the protonation state of two residues
(Figure 3). The fit yielded values forKD

0 and pKac of 1.2µM
and 8.30 for the M2 mutant, 6.0µM and 8.05 for the M1
mutant, and 6.5µM and 7.90 for the M4 mutant. Assuming
the involvement of only one protonatable residue yielded
pH dependences that agreed only at high pH values with
the measured data. A small increase in the apparentKD value
was observed in the M1, M2, and M4 mutants 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 its
activity. The effect became noticeable above pH 9.4, setting
this pH value as the upper limit for the measurements. The
data for the M3 and control mutant could not be reliably
fitted as the dissociation constants remained high (>200µM)
even at alkaline pH values, suggesting only weak, nonspecific
manganese binding as reported earlier for other mutants
without a specific manganese-binding site (14).

Proton Release upon Manganese Binding in the Dark.A
significant proton release was measured due to Mn2+ binding
to the M2 mutant in the dark at pH 7.9 (Figure 4A). The
amount of proton release increased significantly with in-
creasing Mn2+ concentration up to a concentration of 60µM
Mn2+. Under the same conditions the proton release by the
control mutant showed only a moderate increase with
increasing manganese concentration, presumably due to a
weak and nonspecific association of manganese with the
protein (14). Subtraction of the proton release by the control
mutant from the proton release by the M2 mutant yields the
proton release exclusively associated with the Mn2+ binding;
this proton release increased from 0 to a maximum value of
1.4 H+/RC at a concentration of 60µM manganese.

The pH dependence of the proton release was measured
for the M1, M2, M4, and control mutants (Figure 4B). The
proton release from the control mutant slowly increased with
increasing Mn2+ concentrations. In contrast, the release from
the M1, M2, and M4 mutants reached a maximal value at a

Mn2+ concentration that depended upon the pH. The
concentration of the Mn2+ required to reach the maximal
proton release was 600µM at the lowest pH value of 6.0,
decreasing to 60µM at pH 7.9. Concentrations of 60-40
µM were needed between pH 7.9 and pH 8.4. The maximal
proton release associated with the binding to each of the sites
was calculated by subtracting the release in the control
mutant at the corresponding Mn2+ concentration, and the pH
dependence of the proton release associated was fit using
eq 4 (Figure 4C). Assuming anN value of 2, the fit yielded
a pKa shift from 8.50 to 7.01 in the M2 site and a shift from
8.43 to 7.36 in the M4 site. Allowing contributions of more
than two residues in the model by settingN as a free
parameter in eq 4 resulted in a slight improvement of the
fit, yielding a value of 2.77 forN with a pKa shift from 8.40
to 7.20 for the M2 mutant and a value of 2.20 forN with a
shift of 8.28 to 7.49 for the M4 mutant (fit not shown). The
proton release in the M1 mutant was similar to that measured
in the M4 mutant.

Light-Induced Proton Uptake/Release.The pH dependence
of proton uptake/release after illumination in the M2 and
control mutants was measured with and without different
secondary electron donors (Figure 5). Upon illumination,
both the M2 and control mutants are in the state P+QA

- in
the absence of any secondary electron donor. Under these
conditions, for the M2 mutant, the light-induced proton
uptake was found to be small between pH 6.2 and pH 8.0
and then to increase to 0.3 H+/RC as the pH was increased
to 9.5 (Figure 5A). In the control mutant, the proton uptake
increased gradually with increasing pH in a manner similar
to that reported earlier for wild-type reaction centers, R-26
reaction centers, and a different high-potential mutant (19,
25, 26). The observed proton uptake in the P+QA

- state arises
from a combination of proton uptake on the cytoplasmic side
due to the formation of QA- and proton release at the
periplasmic side due to the formation of P+. Since no
modifications were made at the cytoplasmic side of the
protein, the proton uptake associated with QA

- formation
should be the same in the M2 and control mutants. Subtract-
ing the proton uptake measured for the M2 mutant from that
of the control mutant yields a proton release associated with
the presence of the metal-binding site in the M2 mutant. This
proton release had a maximum value of-0.15 H+/RC at
pH 8 and approached zero at both ends of the investigated
pH range (Figure 5B).

In the presence of ferrocene, a fast secondary electron
donor to P+, the P+QA

- state generated by illumination is
rapidly converted to the PQA- state by electron transfer from
ferrocene to P+. The proton uptake in the presence of
ferrocene was very similar for the M2 and control mutants,
increasing from 0.25 to 0.40 H+/RC as the pH increased
(Figure 5C). The agreement of the proton uptake for this
state in both mutants reflects the lack of interaction between
the Mn2+-binding site and QA-. Ferrocene has been shown
earlier not to contribute to the observed proton uptake/release
upon oxidation (25). Subtracting the proton uptake generated
in the presence of ferrocene (Figure 5C) from the proton
uptake measured without ferrocene (Figure 5A) yields a net
proton release that is due to P+ (Figure 5D). The proton
release by P+ is seen to be larger in the M2 mutant between
pH 7 and pH 9 than in the control mutant by approximately
0.1-0.15 H+/RC.

FIGURE 3: pH dependence of the dissociation constant (KD) for
manganese binding in the M1 (diamonds), M2 (triangles up), M3
(triangles down), M4 (squares), and control (cross hairs) mutants.
The data points were determined for all mutants using the method
shown in Figure 2. The solid lines represent the best fits using eq
3, which assumes two protonatable residues with indistinguishable
pKa values. The dissociation constants at high pH (KD

0), where the
residues would be deprotonated, are 1.2, 6.0, and 6.5µM for the
M2, M1, and M4 mutants, with pKac values of 8.30, 8.05, and 7.90,
respectively. The dashed lines represent the pH dependence ofKD
generated by a form of eq 3 assuming only one protonatable amino
acid residue.
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In the presence of 60µM MnCl2, light induces a net proton
uptake in the M2 and control mutants (Figure 5E). The light-
induced proton uptake in both mutants is very similar in the
entire investigated pH region, although different redox states
are involved in these two mutants. In the control mutant,
the MnCl2 concentration is far below the limit where the
Mn2+ could serve as the secondary electron donor to P+ at
any pH (Figure 3), and the measured proton uptake is the
same within the experimental error as was measured without
Mn2+ (Figure 5A). In the M2 mutant, the Mn2+ can serve as
a secondary electron donor, and the observed proton uptake
(Figure 5E) is different from that measured for the P+QA

-

state (Figure 5A) and the PQA
- state (Figure 5C). The proton

release due to the oxidized state alone (Figure 5F) was

calculated by subtracting the values of the proton uptake due
to QA

- as measured in the presence of ferrocene (Figure 5C)
from the data in the presence of Mn2+ (Figure 5E). The
proton release from the M2 mutant is seen to be comparable
to that of the control mutant throughout the entire pH region.

DISCUSSION

In bacterial reaction centers with elevated dimer midpoint
potentials, P+ can be reduced by Mn2+ in a second-order
reaction (14). In those reaction centers the Mn2+ can only
reduce P+ efficiently at high (millimolar) concentrations due
to the lack of a high-affinity binding site. The development
of a set of metal-binding sites in high-potential mutants

FIGURE 4: Proton release associated with the binding of Mn2+ to reaction centers in the dark. (A) Dependence of the proton release upon
the added manganese concentration in the M2 (filled triangles) and the control mutant (cross hairs) and the difference between them (open
triangles) at pH 7.9. The proton release at the M2 binding site saturates at 60µM Mn2+ concentration (dashed line). (B) pH dependence
of the maximal proton release in the M1 (filled diamonds), M2 (filled triangles), and M4 (filled squares) mutants as well as the release from
the control mutant (cross hairs). (C) pH dependence of the calculated proton release from the M1 (open diamonds), M2 (open triangles),
and M4 (open squares) binding sites. The solid curves are fits using eq 4, which assumes shifts in pKac, a single pKa value forN coordinating
residues, due to electrostatic interaction with the divalent manganese cation. ForN ) 2, pKac andδpKac values of 8.50 and-1.49 were
obtained for the M2 mutant and values of 8.43 and-1.07 were obtained for the M4 mutant. Conditions: as in Figure 2 except+30 mM
NaCl and(buffers (see Materials and Methods). For panel C, the Mn2+ concentration ranged from 600 to 40µM (see text).

FIGURE 5: pH dependence of measured (upper panels) and calculated (lower panels) proton uptake/release in the control (cross hairs) and
M2 (triangles) mutants in different light-induced states. (A) Proton uptake measured in the P+QA

- state generated in the absence of a
secondary donor. (B) Calculated difference between the proton uptake in the M2 and control mutants in the P+QA

- state. This proton
release is characteristic of the metal-binding site without manganese. (C) Proton uptake in the PQA

- state generated in the presence of 200
µM ferrocene. (D) Calculated difference between the proton uptake in the absence (panel A) and presence (panel C) of ferrocene for both
mutants. The difference is the proton release associated with the formation of P+. (E) Proton uptake in the presence of 60µM Mn2+. (F)
Calculated difference between the proton uptake in the presence of manganese (panel E) and in the presence of ferrocene (panel C).
Conditions: as in Figure 4 except no Mn2+ in panels A and C and+200 µM ferrocene in panel C.
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enables Mn2+ oxidation to occur at concentrations of 1-10
µM at pH 9 (15). In this work, these highly oxidizing reaction
centers with designed manganese-binding sites were shown
to have a pronounced pH dependence in their ability to bind
and oxidize Mn2+. The relationship between the binding and
oxidation of Mn2+ and the accompanying proton transfer
reactions can yield insight into the characteristics of the
binding site.

The binding of manganese to the reaction center was found
to be strongly pH dependent, withKD values for the M2
mutant increasing from 1µM to nearly 1 mM as the pH
decreased from 9 to 7 (Figure 3). The pH dependence ofKD

could be described by the participation of two titrating
residues with pKa values that are very close to each other,
with the fit yielding a pKa value of 8.3 (Figure 3). A similar
pH dependence was observed for the M1 and M4 mutants
(Figure 3). The effect of the protonation state of amino acid
residues on the binding was corroborated by proton release
measurements showing that at least two residues are required
to release protons upon Mn2+ binding at pH 8 (Figure 4).
The proton release upon binding can be explained as being
the result of a downshift in the pKa of this cluster of residues
from a value of 8.5 to 7.0 as the manganese binds to the
reaction centers (Figure 4C). The similarity of pKa values
derived from the pH dependence of the dissociation constant
and the proton release is consistent with the model that the
binding is dependent upon the protonation state of two
residues serving as manganese ligands. The proton release
could also include contributions from other nearby residues
electrostatically interacting with the divalent cation. Similar
conclusions were made for a metal-binding site near QB that
has a strong affinity for the binding of Ni2+ and Cd2+ but
not Mn2+ or other divalent metals (20, 26). As has been
previously discussed (27), it is difficult to determine the
actual number of residues involved in electrostatic proton
uptake or release because either a small number of residues
with large pKa shifts or a large number of residues with small
shifts will satisfy any model. Although the identity of the
proton-releasing residues is not known, the most likely
candidates are those involved in the coordination of the
manganese (Figure 1). Few other protonatable residues are
found near the manganese-binding site.

X-ray crystallographic analysis revealed that, in the M2
mutant, the metal is coordinated by Glu M168, Glu M173,
His M193, Asp M288, and a bound water molecule (Figure
1) (15). Although Glu M173 and His M193 are present in
the wild type, manganese does not bind tightly. The lack of
tight binding by manganese to the M2-RY(M164) mutant,
which is identical to the M2 mutant except for the Arg to
Tyr mutation at M164, shows the effect of a salt bridge
interaction seen in the wild-type structure between Arg M164
and Glu M173, making Glu M173 unavailable as a ligand.
In the wild type, the periplasmic surface has a broadly
distributed net negative charge (Figure 6). This net negative
charge facilitates the binding of cytochromec2 (28). In
contrast, the M2 mutant shows a distinct localized negatively
charged surface feature that is centered on the binding site
created by the introduction of the Glu M168 and Asp M288
residues. This negatively charged pocket would be most
pronounced at high pH. At low pH values, the residues would
become protonated, greatly decreasing their contribution to
the negatively charged surface feature. The decreased charge,

coupled with the requirement that the protons associated with
the manganese ligands must be released, could lead to the
significant increase in the value ofKD at low pH values.

A small amount of proton release associated with the
oxidized state is observed in both the M2 and control mutants
at all pH values (Figure 5). It has been shown in earlier
studies that proton release at the periplasmic side of the
reaction center due to the formation of P+ is very limited
above pH 8 (19, 25, 26). The proton release due to P+ in the
M2 mutant is increased slightly compared to the control, most
likely because of proton release from the introduced car-
boxylate groups in response to P+, although other nearby
residues may additionally have altered electrostatic interac-
tions in the M2 mutant. This increase is presumably due to
a partial release of protons either directly from the introduced
carboxylates or from residues near the carboxylates that
become protonated in the mutant due to shifts in their pKa

values arising from electrostatic interactions with the car-
boxylates. The amount of proton release due to Mn3+ at high
pH in the M2 mutant is similar to the proton release due to
P+ in the control mutant, indicating that the change in
position of the charge from P to the Mn-binding site does
not alter the electrostatic response of the protein. The lack
of a large amount of proton uptake in the M2 mutant in the
presence of manganese at high pH indicates that the
manganese remains bound after illumination. If the manga-

FIGURE 6: Electrostatic surface representation of the periplasmic
side of the reaction center. Negatively charged regions are indicated
with red, positively charged ones with blue, and neutral areas with
white. In the wild type (upper), the surface has a predominately
negatively charged aspect. In the M2 mutant (lower), the region
where the binding site is located shows a pronounced increase in
negative charge, while other areas of the electrostatic surface are
largely unchanged. Coordinates for the wild type are from PDB
file 1M3X, and coordinates for the M2 mutant are from PDB file
1Z9J. Surface representation made using PYMOL (16). View is
the same as in Figure 1.
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nese did not remain bound, an uptake of the two protons
that were observed to be released upon binding of the
manganese in the dark would be expected (Figure 4).
However, the results do not distinguish between the Mn3+

remaining bound and a rapid exchange with Mn2+ in solution.

In addition to altering the binding affinity, lowering the
pH apparently results in an incomplete manganese oxidation
reaction, as evidenced by the increase in the fraction of P+

present at high concentrations of manganese (Figure 2B).
The incomplete reaction is likely due to a decrease in the
free energy difference at lower pH values. At high Mn2+

concentrations, all of the reaction centers should have bound
manganese; however, a fraction of reaction centers will be
in the state Mn2+ P+QA

- after illumination if the free energy
difference for the transfer of an electron from the manganese
to P+ is close to zero or positive. For example, at pH 7.0 the
fraction of P+ remaining at high Mn2+ concentration is
approximately half, suggesting that the free energy difference
is substantially decreased compared to its value at pH 9.4.
Since the P/P+ midpoint potential in the wild type and the
carotenoidless R-26 mutant is only slightly pH dependent,
with an average slope of-6 mV/pH between pH 7 and pH
10 (25, 29), the pronounced pH dependence probably arises
from a change in the oxidation/reduction midpoint potential
of the manganese. For manganese in solution, the midpoint
potential exhibits a strong pH dependence with a slope of
close to-60 mV/pH (14).

In summary, the binding of Mn2+ to the M2 site on the
reaction center was shown to be strongly dependent upon
the protonation state of the residues at the binding site, as
demonstrated by the pH dependence of the dissociation
constant and the proton release upon binding. At low pH,
two residues are modeled as being protonated, resulting in
weak binding of Mn2+. At pH 8, the residues are poised such
that Mn2+ binding is accompanied by the release of two
protons. At high pH, the residues are deprotonated, and Mn2+

readily binds. These results show that both the configuration
and the protonation state of the residues designed to serve
as ligands need to be considered in the construction of new
metal-binding sites in proteins.
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