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ABSTRACT. The binding and oxidation of ferrous iron were studied in wild-type reaction centers and in
mutants that have been modified to be both highly oxidizing and able to bind manganese [Thielges et al.
(2005)Biochemistry 447389-7394]. After illumination of wild-type reaction centers, steady-state optical
spectroscopy showed that the oxidized bacteriochlorophyll dimerculd oxidize iron but only as a
second-order reaction at iron concentrations above/A0In the modified reaction centers,; Rvas
reduced by iron in the presence of sodium bicarbonate with dissociation constanisdfl for two
mutants with different metal-binding sites. Transient optical spectroscopy showed tedsPrapidly
reduced with first-order rates of 170 and 278 for the two mutants. The dependence of the amplitude

of this rate on the iron concentration yielded a dissociation constantlofiM for both mutants, in
agreement with the steady-state determination. The oxidation of bound iroh Wwga$confirmed by the
observation of a light-induced EPR signal centered @lues of 2.2 and 4.3 and attributed to high-spin
Feit. Bicarbonate was required at pH 7 for low dissociation constants for both iron and manganese binding.
The similarity between iron and manganese binding in these mutants provides insight into general properties
of metal-binding sites in proteins.

In photosynthesis, the energy of light is converted into not have a sufficient oxidation/reduction midpoint potential
chemical energy through a chain of electron-transfer reactionsto oxidize tyrosine or manganese, the Pifidpoint potential
involving a series of pigmentprotein complexes embedded was increased to over 0.8 V as a result of a set of mutations
in the membranel( 2). Purple bacteria perform anoxygenic near P §). These modified reaction centers were able to
photosynthesis with the primary photochemistry occurring oxidize tyrosine residues introduced at different locations in
in an integral membrane protein termed the reaction center.the reaction center6}. In combination with the mutations
Light excites the bacteriochlorophyll dimer (Plgadingto  that produce highly oxidizing reaction centers, several
the transfer of an electron from P to a series of acceptors, mutations were introduced to provide possible manganese-
including the primary and secondary quinone acceptoxs, Q binding ligands at a location in the reaction center that is
and @, respectively. The light-induced formation of the comparable to that of the manganese cluster of photosystem
oxidized bacteriochlorophyll dimer, ‘P is followed by | (7—-9). Four combinations of different possible manganese
reduction by secondary electron donors such as a water-jigands were introduced in the M1, M2, M3, and M4 mutants
soluble cytochromec,. Plants, algae, and cyanobacteria and compared to a control mutant that had a high midpoint
perform oxygenic photosynthesis with the primary photo- potential but lacked the manganese-binding site. The M2
chemistry occurring in photosystems | and Il. The primary utant was found to tightly bind manganese with a dis-
electron donor of photosystem II, P680, is the most oxidizing gyciation constant of &M, while the M1 and M4 mutants
agent in nature with an oxidatiop/reductio_n midpoint potential bound manganese less tightly and the M3 mutant only bound
of ~1.1 V (3). The high midpoint potential of P680 allows 1, ganese nonspecifically as was also found for the control
electron frran.sfer through a tyrosine residue from the site of mutant. The bound manganese was shown to be capable of
water o>_<|d_at|c_>n, the manganese cluster. . serving as a secondary electron donor to the oxidized

The similarity of the core structures of the reaction center bacteriochlorophyll dimer, P The dissociation constant for

apc(’j .zggtgﬁy;teg]rtlIh.?e;pg]emqgfﬁlrgncaizr'g Fgg't.rowggt:.ctm’ manganese binding increased sharply with decreasing pH due
provi pportunity i W xiatl "Y' to the release of up to 1.5 protons upon manganese binding
of photosystem Il in the reaction center frdRinodobacter ©)

sphaeroideg4). Since P in the wild-type reaction center does )
Several metalloproteins have been reported to be able to
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spectroscopy as well as electron paramagnetic resonance — T T T 7

(EPR) spectroscopy. A

+500 uM Fe2*

MATERIALS AND METHODS

Construction of the Mutants and Protein Isolatiddon- 5
struction of the mutants iR. sphaeroidefas been previ-
ously described? 12). The highly oxidizing triple mutant +100 uM
contains the changes Leu L131 to His, Leu M160 to His, Fe2
and Phe M197 to His that introduce three additional hydrogen
bonds to P 12). In addition to these three mutations, the
control mutant has an Arg M164 to Tyr substitution that is
located near the metal-binding site. The metal-binding sites
were constructed by introducing carboxylate residues near
the dimer on the periplasmic side of the proteif). (The
metal-binding mutants contain all four mutations found in u
the control mutant, and in addition M1 has the mutations
Met M168 to Glu and Val M192 to Glu and M2 has the
mutations Met M168 to Glu and Gly M288 to Asp. The ”
strains were grown semiaerobically, and reaction centers were no Fe
isolated and purified as described earlier, except that the
detergent lauryl dimethylamine oxide was replaced with
Triton X-100 in the ion-exchange chromatography stE}).( ! ! !

1 L 1 L Il

750 850 950
Wavelength (nm)

T

T
+500 M Fe** B

AABGS

After isolation, the samples were dialyzed fed8 h against 0 500 1000
0.03% Triton X-100 and 15 mMN-(2-hydroxyethyl)- Time (ms)
piperazineN'-2-ethanesulfonic acid, pH 7. FiIGURE 1: Iron oxidation in wild-type reaction centers measured

Optical SpectroscopyMeasurements were performed in u_sing optical spectroscopy. (A) Changes in the light-minus-dark
the presence of excess terbutryne, unless otherwise statecﬁ_'ffe'rence optical spectra in the presence of 0, 100, andu300

. eSQ. Conditions: 1.5«M reaction centers, 0.03% Triton X-100,
to block electron transfer from Q to Qs. Ferrous iron 15 mM N-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid, pH

sulfate solutions were prepar_ed jus_t prior to use. In Most 715 mM NaHCQ, and 100uM terbutryne. (B) Kinetics of P
measurements, 15 mM sodium bicarbonate was added.reduction measured by the change in absorption at 865 nm following

Manganese chloride was added to the samples for thea saturating laser flash. Without added iron rBcovers via charge
il recombination from the reduced secondary quinone with a rate

measurements of manganese blnqmg' constant of 1.25%. In the presence of 5QeM FeSQ, the observed

A Cary 5 spectrophotometer (Varian) was used to measurerecovery rate of P increases to 6.6-$ due to reduction by the

the optical absorbance changes induced by continuousiron. Conditions as in panel A except without terbutryne.
illumination. The light excitation was achieved using an Oriel ) ) o o
tungsten lamp with an 860 nm interference filter. The Data Ana!yS|s.The dissociation c_onstant_of metal blndl_ng
illumination lasted no longer than 30 s, and the intensity was [0 the reaction center was determined using an analyis (
set to one-third of the intensity needed to saturate wild-type P2S€d upon a previous investigation of metal binding in
reaction centers. The spectra were recorded using a scannin§0t€ins (5). The fraction of reaction centers with bound
rate of 900 nm/min. Flash-induced absorption transients wereMetal, Ru, can be expressed in terms of the dissociation
measured at 865 nm by a single beam spectrophotometer ofPnstant of metal bindingo, the concentration of added
local design 14). The reaction centers were excited at 532 Metal, [M], and the concentration of reaction centers, [RC],
nm with a 5 nslaser pulse using a ND:YAG laser @S
(Continuum), and the kinetic traces were analyzed using R, =
exponential decomposition. 5
EPR Spectroscopyserrous iron sulfate was added at a  ([M] +[RC] + Kp) — \/([M] + [RC] + Kp)” — 4[RC][M]
final concentration of &M to a solution containing reaction 2[RC]
centers at a concentration ofiM in the presence of 15 Q)
mM NaHCGQ;, 0.03% Triton X-100, and 15 mMN-(2- o
hydroxyethyl)piperazind¥'-2-ethanesulfonic acid, pH 7. N the steady-state measurements; Ry is given by the
After 15-20 min incubation, the reaction centers were fraction of P*, and in the transient measuremeRigis given
concentrated together with the bound iron in Centricon PY the fraction of the fast component. The protein concentra-
microconcentrators (Amicon) to a protein concentration of tion used is these measurements wdsuM, which places
~50 M. After concentration, 20 mM NaHCEand 300uM a lower limit of ~1 uM for the determined value dfp.
terbutryne were added, followed by the addition of 50% RESULTS
glycerol as a cryoprotectant agent. The light-induced radicals
were trapped by immersing the samples into liquid nitrogen  Iron Oxidation by Wild-Type Reaction Centeffie ability
immediately after illumination at room temperature as of wild-type reaction centers to oxidize iron was measured
described elsewheré)( Spectra were recorded at 120 K using optical spectroscopy (Figure 1). In the absence of any
using a Bruker E580 X-band spectrometer equipped with secondary electron donor, light induces the formation of the
an Oxford Model 900 EPL cryostat. state PQa~ in the presence of terbutryne, as evidenced by
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the absorption decrease near 865 nm due*tcaR electro-

chromic shift of the bacteriochlorophyll monomer near 800

nm, and an absorption increase at 760 nm due 40. @t

low iron concentrations, no changes of the spectrum were 0.00
detected. In the presence of high concentrations of iron, the <
absorption decrease at 865 nm diminished as the iron

concentration increased, with the spectrum at BRDiron

being characteristic of £ alone. These optical changes

indicate that F& serves as a secondary electron donor to -0.01

P but only at very high concentrations. The reaction was

accompanied by the appearance of a brown precipitate, 750 850 950
especially at high iron concentrations, due to the formation Wavelength (nm)

of an insoluble ferric iron compound, which impaired the
optical quality of the samples. The high ferrous iron
concentration needed to achieve substantial rereduction of
P* indicates that the iron was not bound tightly.

The recovery of P after a saturating laser flash excitation
was measured at 865 nm. In the presence of terbutryne, no
changes in the Precovery rate of 103 due to PQa~
charge recombination were observed with increasing iron
concentration (data not shown), indicating that the iron 00
oxidation rate is slower than theé ®,~ charge recombination '
rate in wild-type reaction centers. In the absence of iron and il
terbutryne, P recovers with a 1.25738 rate constant due to 0.01 0.1 21 10100
charge recombination from Q. At iron concentrations (Fe™] (uM)
below 100uM, the measured rate was unchanged. At higher FIGURE 2: Iron binding and oxidation in mutant reaction centers

concentrations, the observed rate increased with increasin .t”h(:ied. by %teél‘(dy'?.tatle d‘?f?tica' Spec”‘)tsco.pyth(A) Changesfig Te
. . © L Ight-minus-dark optical airrerence spectra In the presence or 0, 1,
iron concentrations up to a characteristic rate of 66at 2 and 20:M FeSG measured for the M1 mutant in the presence

5OQﬂM iron (Figure 1B). The highl_y oxidizing triple mutant,  of bicarbonate at pH 7. The absorption band at 865 nm decreased
which also lacks a metal-binding site near P, showed a similar with increasing ferrous iron concentration due to the oxidation of
behavior (data not shown). iron by P". (B) Fraction of P at different iron concentrations for

Iron Oxidation in the Mutant Reaction CenterShe the M1 (squares), M2 (diamonds), and control (circles) mutants.
bindi f &+ din the M1. M2 d trol The lines are fits of the data using eq 1 yielding dissociation
Inding o was measured in the ' » and control - -gnstants of 1.3, 0.8, and 48M for the M1, M2, and control

mutants by determining the fraction of Rt different Fé* mutants, respectively. Conditions as in Figure 1A.
concentrations using steady-state optical spectroscopy (Figure
2). In the absence of iron, the light-induced spectra were iron. As the amount of iron increased, the amplitude of the
consistent with formation of the state ® . As iron was fast component increased, and correspondingly the amplitude
added in micromolar concentrations to the M1 and M2 of the slow component decreased. The rates of both
mutants in the presence of bicarbonate at pH 7, the amountcomponents were found to be independent of the iron
of P* decreased, with the spectral contributions of P concentration, showing that these were first-order electron-
eliminated in the presence of 20M iron. The dependence transfer reactions. The fast component was assigned to the
of Pt on the iron concentration yielded a dissociation oxidation of the bound iron by Pwith rate constants of 275
constant of~1 uM for the M1 and M2 mutants and 46 and 170 s* for the M1 and M2 mutants, respectively. The
for the control mutant. dependence of the amplitude of the fast component on the
The recovery of P after a saturating laser flash was iron concentration was used to determine the dissociation
measured for the mutants with electron transfer to the constant for binding in the M1 and M2 mutani@.(A tight
secondary quinone blocked by the addition of terbutryne binding was found between the reaction center and the iron
(Figure 3). In the absence of iront Elecays through charge  with a dissociation constant af1 uM for both mutants, in
recombination from @ with a rate constant of 23 %in agreement with the steady-state determination.
all of these mutants. This charge recombination rate is faster EPR Characterization of Iron Binding and Oxidation.
than the rate of 1073 rate observed for wild-type reaction Light-induced EPR spectra at 120 K were measured for the
centers due to the increase in the PfRidpoint potential M1 mutant with and without added ferrous iron (Figure 4).
compared to wild typel). For the control mutant, the™P In the absence of iron, the predominant signal is centered at
recovery did not change until the iron concentration was the g = 2.0 region and arises from™R17). The reduced
above 10uM. Above 10uM, the small changes could be semiquinone is not seen at 120 K as it is only measurable
fitted as arising from an additional decay component that below 10 K due to broadening arising from the magnetic
increased from 65 to 954 corresponding to a second-order coupling of the quinone to the non-heme iron situated
rate constant of 2« 10®° M~ s L. For the M1 and M2 between the quinones. In the presence of added ferrous iron
mutants, the observed rate of the kinetic traces becamethe light-induced spectrum is considerably different, with the
distinctly biphasic after iron was added to the reaction signal atg = 2.0 significantly reduced and two new signals
centers, with the presence of a fast component in addition observed, a broad signal@t= 2.2 with a line width of 235
to the slow 23 s component observed in the absence of G and a relatively narrow signal gt= 4.3 with a line width
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F Ci generated in the presence of light with and without iron. In the
- . absence of iron, the dominant signal ag &alue of 2.0 is due to
= r TTRL". ] P*. In the presence of iron the"Rignal decreases, and new signals
) r o * o ] emerge ag values of 2.2 and 4.3, indicating the presence of high-
% 100 L i spin Fé*. The samples were illuminated at room temperature, and
~ E E the light-induced signals were trapped by rapid freezing in liquid
B r ] nitrogen for measurement at 120 K. Conditions: 100 kHz magnetic
& - 7 field modulation frequency, 0.4 mT modulation amplitude, 10 mW
& & opepof i microwave power, 1.2 mT/s sweep rate, and 9.41 GHz microwave
I i frequency.
10 Bruwd ol v ol vl 1

bound iron will require additional experiments, but the
0.01 01 1 10 100 _ . L _
201 (UM presence of thg = 4.3 signal indicates that the dominant
[Fe™ 1 (uM) species is a high-spin ferric iron with rhombic symmetry.
FiGURE 3: Kinetics of iron oxidation in mutant reaction centers Effect of Bicarbonate on Metal Bindinghe binding of
measured by transient optical spectroscopy. (A) Representativejron to the M2 mutant was measured at pH 7 with and

kinetic traces of P recovery after a laser flash excitation as . : : .
measured by the absorption changes at 865 nm for iron concentra-WIthOUt 15 mM bicarbonate using steady-state optical

tions of 0, 1, and 15M FeSQ for the M1 mutant. The traces ~ SPectroscopy as described above. Kgevalue was~1uM
were decomposed into two kinetic components with the slow in the presence of bicarbonate and was larger a¢M0n
component assigned to charge recombination from the reducedthe absence of bicarbonate (data not shown). For comparison,
primary quinone and the fast component to the oxidation of the ,easurement of manganese binding to the M2 mutant

bound iron by P. (B) Fraction of the fast kinetic component as a . .

function of the added iron concentration for the M1 (squares) and resulted inKp vaI_ues of~1 and 92]7“M in the presencg .
M2 (diamonds) mutants. The lines represent fits using eq 1, yielding @nd absence of bicarbonate, respectively. Manganese binding
dissociation constants of 1.2 and uM for the M1 and M2 has been shown to have a pronounced pH dependence for

mutants, respectively. (C) Rate constants of the fast (closed this K, measured in the absence of bicarbon&)e Due to
symbols) and the slow (open symbols) kinetic components of the the jimited solubility of iron at higher pH values, the
P recovery as a function of the iron concentration for the M1 - ving i Id onlv b f d H
(squares) and M2 (diamonds) mutants. Conditions as in Figure 1A, Méasurements involving iron could only be performed at p

7. However, measurements of manganese binding performed
at pH 9 yielded aKp value of ~1 uM with and without

of 44 G. The signals aj = 2.2 and 4.3 are assigned to the Picarbonate.
presence of high-spin Fe A signal was also observed git

= 4.3 for samples without added iron; this most likely arises DISCUSSION
from the binding of ambient iron that is oxidized after Both the binding of manganese and the oxidation of bound
illumination. Although theg = 4.3 signal in principle can  manganese by *Pgenerated in the light were previously
arise from both free and bound ferric irons, the presence of demonstrated in a series of modified bacterial reaction centers
the intense signals only after illumination is a strong in which binding sites were introduced by addition of
indication for oxidized iron being bound to the binding site. carboxylate residues near the surface of the profBinli

The precise identification of the electronic structure of the this report, two of these mutant reaction centers, from the
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M1 and M2 strains, have been shown to also be able to bindThis difference in the rate of iron oxidation could reflect a
iron with a dissociation constant ofl uM, determined using  difference between the two mutants in the free energy
two independent measurements. The bound iron serves as difference, the reorganization energy, or the coupling of the
secondary electron donor, reducing h a first-order FETPTQa~ to FETPQy~ electron-transfer reaction. The free
process. The oxidation of the iron was confirmed by EPR energy difference is dependent on the difference between
measurements that showed the presence of signals from @he P/P and Fé'/Fe*" midpoint potentials. The P/P
high-spin Fé*. The features of the iron binding enhance our midpoint potential in the M1 and M2 mutants is most
understanding of the metal-binding capabilities of these probably very similar, as indicated by the negligible differ-
mutants as discussed below. ences in the observed rate constants foQP charge
Three types of reaction centers without binding sites were recombination. However, a difference in the iron coordination
examined, the wild type, a highly oxidizing triple mutant in the M1 and M2 mutants could easily alter theFEe*"
with mutations near P that raise the PfRidpoint potential, midpoint potential, the precise distance between the iron and
and a control mutant that contains the mutations in the triple P, or the reorganization energy associated with the iron
mutant plus a change introducing a tyrosine residue near theoxidation, with resulting changes in the rate.
binding site. Neither the wild type nor the triple mutant Bicarbonate was shown to play a critical role in facilitating
showed iron oxidation except at very high iron concentra- metal binding at pH 7. The effect of bicarbonate at different
tions, indicating that the binding was nonspecific. Similarly, pH values is most clearly seen in the binding of manganese.
only very weak binding of manganese was observed for In the absence of bicarbonate, g for manganese binding
reaction centers when no metal-binding site was pre§nt ( shows a strong pH dependence, with a large increase in the
In steady-state measurements of iron binding, the control dissociation constant at lower pB)(Modeling this behavior
mutant showed spectral changes at relatively lower iron indicates that below pH 8.5 manganese binding requires the
concentrations of 4@M, yielding a dissociation constant release of up to two protons, while above pH 8.5 the
of 46 uM compared to 172 and 160M for wild type and coordinating ligands are deprotonated prior to binding, and
the triple mutant, respectively. In kinetic measurements at the manganese binding becomes pH independent. In the
an iron concentration of 500M, the second-order rate of presence of bicarbonate, the binding at pH 9 matches that
iron oxidation based upon the observed rates dfdEcay observed without bicarbonate, while at pH 7 g value
was approximately 15 times faster for the control mutant does not change relative to the value at pH 9, in contrast to
than for the wild type and triple mutant. The Arg M164 to the increase observed in the absence of bicarbonate. Thus,
Tyr mutation found in the control, M1, and M2 mutants but bicarbonate probably facilitates manganese binding by
not the triple mutant has been shown previously to be removing the requirement of proton release upon metal
required for the strong manganese binding in the M2 mutant binding between pH 7 and pH 8.5. The binding of iron to
(9), and it is likely that this mutation enables the participation the mutants could only be measured at pH 7 due to the
of Glu M173 in the metal-binding site, as Arg M164 and limited solubility of the ferrous iron sulfate solutions at higher
Glu M173 form a salt bridge in the wild type. However, the pH values. The lower dissociation constant observed for iron
M164 Arg to Tyr mutation alone does not provide a tight binding at pH 7 in the presence of bicarbonate compared to
binding site for manganese or iron. binding in the absence of bicarbonate implies that bicarbonate
The amino acid residues Tyr, Asp, Glu, and His are facilitates iron binding in a similar manner.
commonly found as ligands for non-heme iron cofactors and In non-heme proteins, synergistic anions, such as bicar-
dinuclear iron cofactors in proteins such as transferrin and bonate, can coordinate bound metal ions either as bidentate
ribonucleotide reductasd.§ 19). In the M2 mutant, man-  or monodentate ligands depending on the stereochemical
ganese has been shown to bind to two introduced carboxylaterequirements of the metal ion and the nature of the anion-
groups, Glu M168 and Asp M288, as well as Glu M173, binding crevice 18, 20). In these proteins, the syngeristic
His M193, and a bound water molecule with Tyr M164 being anion is bound through hydrogen bonds and electrostatic
also near the binding sit§). The M1 and M2 mutants both  interactions, and sometimes a close interaction with an
bound iron, indicating that the carboxylate residues intro- arginine residue. Bicarbonate probably also binds to the
duced in the M1 and M2 mutants are required for iron reaction center at the metal-binding site. The metal-binding
binding. On the basis of the structure of manganese boundsite in the M1 and M2 mutants would provide several
to the M2 mutant, iron likely binds to Glu M168 and His possible hydrogen-bonding interactions for bicarbonate bind-
193 in both the M1 and M2 mutants. The nearby amino acid ing. Binding of bicarbonate would be consistent with
residues, such as Tyr M164 and Glu M173, also may manganese binding at pH 9 having different dissociation
participate in the iron binding as they do in manganese constants in the two mutants in the absence of bicarbonate
binding in the M2 mutant. The binding sites for the M1 and but the same dissociation constant in the presence of
M2 mutants differ in that the M1 mutant has the alteration bicarbonate. If bicarbonate only facilitated binding but did
of Val M192 to Glu and M2 has Gly M288 changed to Asp. not actually bind, then it would be expected that the
These differences between the M1 and M2 mutants appeardissociation constants would be different for the two mutants.
to play only a minor role in determining iron binding in the For both iron and manganese at pH 7 with bicarbonate, the
presence of bicarbonate. binding was similar in the M1 and M2 mutants, indicating
The first-order kinetics of iron oxidation confirmed that that the bicarbonate provides some of the ligands.
the iron was bound to the mutants. Despite having the same The ability of iron to be oxidized by the reaction centers
dissociation constant of1 uM, the rate of iron oxidation  has implications for the evolutionary development of pho-
was appreciably faster in the M1 mutant than in the M2 tosynthetic systems. On the basis of these results, ferrous
mutant, with rate constants of 275 and 170 sespectively. iron can function as a secondary electron donor to wild-type
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reaction centers fronR. sphaeroidesThe physiological
significance of this is suggested by the ability of some strains
of purple non-sulfur bacteria to oxidize ferrous iron to ferric
iron during photosynthetic growt2{). Direct biological
oxidation of ferrous iron by primitive anoxygenic photosyn-

thetic organisms is one of the scenarios to explain the origin 11.

of banded iron formations that were created before the
oxygenic atmosphere emerged on Earth as a result of the
evolutionary development of primitive cyanobacter2®)(

In a speculative pathway to oxygenic photosynthesis, once
the P/P midpoint potential increased, primitive reaction
centers with a metal-binding site could have used manganese
as an efficient secondary electron donor until they gained
the capacity for water oxidation with the advent of the
manganese cluste4,(23).
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