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ABSTRACT: The absolute values of the one-electron redox potentials of the two quinopes @) in
bacterial photosynthetic reaction centers fr®nodobacter sphaeroidegere calculated by evaluating

the electrostatic energies from the solution of the linearized PoifBoltizmann equation at pH 7.0. The
redox potential for @ was calculated to be betweerll73 and—160 mV, which is close to the lowest
measured values that are assumed to refer to nonequilibrated protonation patterns in the redax .state Q
The redox potential of quinonegQds found to be about 160220 mV larger for the light-exposed than

for the dark-adapted structure. These values of the redox potentials are obtained if Asp-L213 is nearly
protonated (probability 0.751.0) before and after electron transfer from @ Qs, while Glu-L212 is
partially protonated (probability 0.6) in the initial state,@g® and fully protonated in the final state
Qa%Qs~. Conversely, if the charge state of the quinones is varied framgP to Q°Qg~ corresponding

to the electron transfer from Qto Qs, Asp-L213 remains protonated, while Glu-L212 changes its
protonation state from 0.15"Ho fully protonated. In agreement with results from FTIR spectra, there is
proton uptake at Glu-L212 going along with the electron transfer, whereas Asp-L213 does not change its
protonation state. However, in our simulations Asp-L213 is considered to be protonated rather than ionized
as deduced from FTIR spectra. The calculated redox potentialao$i@ws little dependence on the
charge state of Asp-L213, which is due to a strong coupling with the protonation state of Asp-M17 but
increases by 50 mV if Glu-L212 changes from the ionized to the protonated charge state. Both are in
agreement with fluorescence measurements observing the decay @f SP a wide pH regime. The
computed difference in redox potential o @ the light-exposed and dark-adapted structure was traced
back to the hydrogen bond ofgQuith His-L190 that is lost in the dark-adapted structure and the charge

of the non-heme iron atom, which is closer tg i@ the light-exposed than in the dark-adapted structure.

The bacterial photosynthetic reaction center (Ri@m complex sequence of events, the RC converts light energy
Rhodobacter sphaeroidesnsists of three subunits, the L, into electrostatic energy that is stored as proton gradient.
M, and H chain, and four bacteriochlorophydl, two The electronic excitations of the light harvesting chro-

bacteriopheophytira, and two ubiquinones as cofactors. mophors are transferred to the SP where the charge separation
These cofactors embedded in subunit L and M are arrangedprocess occurs. Thereby, an electron is transferred on a
in two branches (A and B) that are related b@asymmetry picosecond time scale to the bacteriopheophytin a of the
with an axis going through the center of the special pair (SP) A-branch and from there on a subnanosecond time scale to
(a strongly interacting dimer of bacteriochlorophg)l and the ubiquinone of the A-branch (Q and finally on the

the non-heme iron atom. In general, only the A-branch is microsecond time scale to the ubiquinone of the B-branch
electron-transfer active, although recently with blue light (Qg). After this first electron-transfer process, a second
excitation electron transfer along the B-branch for an RC electron is transferred from o Qs, and Q takes up two

with both quinones removed was observed, tép (n a protons forming a dihydroquinoneg®8,, which leaves the
binding pocket.
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1 Abbreviations: AA mutant, double mutant E(L212)A and D(L213)A; . .
CHARMM, Chemistry at Harvard Molecular Mechanics; FTIR, Fourier frozen in the dark ). The structural differences were

transform infrared; LH1, light harvesting complex 1; LPBE, linearized €lucidated from the dark-adapted and light-exposed crystal
Poissor-Boltzmann equation; MC, Monte Carlo; MD, molecular  structures 7). On the basis of these observations, the idea

dynamics; PDB, protein data bank;aQubiquinone in the active ; ;
A-branch of the RC; @ ubiquinone in the inactive B-branch of the of conformational gating of the electron transfer fronT Qe

RC; R. sphaeroidesRhodobacter sphaeroideR. capsulatusRhodo- to QaQs~ was put forward eXDerimenta”ﬁX and t_heo!'Eti'
bacter capsulatusRC, reaction center; SP, special pair. cally (9, 10). The two crystal structures differ mainly in the

10.1021/bi026781t CCC: $25.00 © 2003 American Chemical Society
Published on Web 03/12/2003



Redox Potential of Quinones in Reaction Center Biochemistry, Vol. 42, No. 13, 2003883

that Asp-L213 is protonated in the,Qg~ State, whereas
experiments on kinetic datd§—20) and FTIR spectrald,
16) implied an ionized Asp-L213.

The majority of experimental and theoretical work focuses

Qg dark

His-L190 His-M219

§ §"U on the difference of the redox potentials between a@d
- X:? o Qg that is driving the electron-transfer reaction. In this work,
- 3_’% we are computing the values of the absolute in situ redox

©Fe potentials of both quinones in the RC froR sphaeroides

;;EZS Qs light L separately as a function of the charge states of the acidic
i R Qs residues Glu-L212 and Asp-L213 that are in the vicinity of
(.8’ 1912 Qs. Those separate redox potential values exhibit more
information than the reaction energy of electron transfer.
ASP-'-213“ ' Alternatively, we also study the protonation state of Glu-
“e® Glu-H173 L212 and Asp-L213 as a function of the charge state of the
Asp-M17 010 Asp-L210 two quinones. This information can be used to gain more

insight about the role of the protonation pattern of titratable
Ficure 1: Side chains of residues relevant for the electron transfer groups on the mechanism of the electron transfer fram Q

between the quinones and the coupled proton transfer in RC from . . .
R. sphaeroidesin the light-exposed structure sQs at a position and @ in the RC. Furthermore, we can gain more confidence

proximal to the non-heme iron. In the dark-adapted structure, it is i OuUr results from electrostatic energy computations on
at the distal position. In this work we focus on Glu-L212 and Asp- quinone redox potentials and specific protonation pattern in
L213. RCs by comparing them with more detailed experimental
data.
conformation of @. In the dark-adapted structure, where
the electron cannot be transferred from @ Qg, Qg is MATERIALS AND METHODS
displaced by abdib A relative to the light-exposed structure
and has undergone a prope”er twist by ‘j_a'a'gure 1) The Coordinates.For our computations, we used the |Ight-
ga’[ing mechanism requires that the electron recedesyat Q exposed and dark-adapted Crystal structures of the RC from
until Qs undergoes a conformational change from the dark- R. sphaeroideat a resolution of 2.6 A (PDB 1AIG) and 2.2
adapted to the light-exposed structure. It is an open questior® (PDB 1AlJ), respectively 9), and the structure of the
whether the reduced {dnduces the conformational change double mutant E(L212)A and D(L213)A (AA mutant) of RC
at Qs or whether the conformational change a @curs  from R. sphaeroide¢PDB 1K6N) (69). The atomic coor-
spontaneously by thermal fluctuation and is stabilized after dinates were prepared in the same way as in previous
reducing the @. In the light-exposed structure, a network applications §). Since there are no hydrogen atoms in the
of hydrogen bonds involving two chains of water molecules crystal structures, they were generated, and their positions
exists in the vicinity of @ connecting the protein surface Were energetically optimized with CHARMM2(), while
with Qg and providing a channel for the proton uptake by the positions of all non-hydrogen atoms were fixed and all
Qs (7, 12). titratable groups were kept in their standard charge state and
The interactions of the residues Glu-L212 and Asp-L213 the quinones in their oxidized neutral charge state. We are
(Figure 1) with @ are crucial for the first electron transfer ~Using the notion (protonation) charge state for a titratable
from Qa to Qs, Which is followed by a proton uptake process molecular group if its atomic partial charges are fixed, while
at Qs. Except for Ser-L223 whose OH group is protonated referring to protonation state comprises fluctuations of
and generally not titratable, the protonation states of the charges at a specific protonation probability of that group.
acidic residues in the neighborhood of &e known to have Generally, there is no explicit experimental information
a strong influence on the energetics of the electron-transferavailable on the position of the hydrogen atoms of water
process between the two quinones. Several experimentaimolecules found in the crystal structures of proteins.
approaches have been used to estimate the protonation stat8enerating these coordinates by modeling depends critically
of the acidic residues in the vicinity ofgdy kinetic studies on the protonation pattern of titratable residues, and often
on point-mutated RC4@, 13) and by recording FTIR spectra more than one conformation is possible. To avoid this
(14, 15). However, the interpretation of experiments probing ambiguity, we did not treat water molecules explicitly.
the protonation state of the key residues Glu-L212 and Asp- Hence, all water molecules in the crystal structures were

L213 for the different redox states,QQgs and QQz~ removed. However, the effect of water molecules was
remains ambiguous, despite vigorous quests to identify theconsidered implicitly by the high dielectric constant of the
titration behavior of the individual residues. solvent used for the resulting cavities in the protein. There

To reveal the mutual dependence of the protonation statesare a number of studies to evaluate electrostatic energies in
of the key residues Glu-L212 and Asp-L213 on the redox protein—water systems based on solution of the linearized
states of the quinones, it is crucial to understand details of Poissor-Boltzmann equation (LPBE), which considered the
the electron-transfer reaction mechanism. For instance, it wasinfluence of explicit water molecules. Generally, the agree-
pointed out that previous analyses of the time dependencement with experimentallg, values of titratable group2®)
of electron-transfer data may be oversimplifielb); Fur- and of redox active cofactor23) did not improve. On the
thermore, there are still discrepancies regarding the proto-other hand, we successfully explained,pvalues in myo-
nation state that depend on the method of analysis. Fromglobin (24), redox potentials of hemes in cytochromé?5),
molecular dynamics (MD) simulatiori?), it was concluded  quinones in bacterial RCS9,( 26), and tryptophans and
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tyrosines in photolyase2f) without considering water
molecules explicitly, which justifies the approach in the
present study.

observe an equal amount of the redox active group to be
oxidized and reduced. Redox potentials that are determined
in this way refer to a fixed protonation state of the

Atomic Partial ChargesAtomic partial charges of the  surrounding titratable groups. To gain information on how
amino acids were adopted from the all-atom CHARMMZ22 the protonation pattern of titratable residues differs for
(28) parameter set. These atomic partial charges are morespecific redox states of cofactors, as for instange@° or
appropriate than charges from the CHARMmM21.3 parameter Qa°Qg ™, the redox states of these groups are fixed, while
set of Molecular Simulation Incorporated used in previous titrating all other residues.
work (9), where nonpolar hydrogens were represented The standard deviation in the protonation probability of a
implicitly by extended atoms. Instead of attaching an explicit single titratable group estimated from the MC sampling
hydrogen atom on one of the oxygens of the protonated procedure was much smaller than 0.01 protons. For each
carboxyl group of glutamate or aspartate, the charges of thesecomputation of protonation pattern, the sum of standard
two oxygens were both increased symmetricallyHiy5 unit deviations of protonation probabilities from all titratable
charges to account implicitly for the presence of the proton. groups was about 0.02 protons, similarly as in former
A similar procedure was used for the basic groups of applications 26, 36). The error in the electrostatic energy
arginines and lysines, where instead of removing a proton values resulting from a grid resolution of 0.3 A that we used
explicitly in the deprotonated state the charges of all protons was estimated to be smaller than 10 meé)(
at the corresponding basic group were diminished sym- The machinery to compute redox potentials of cofactors
metrically by a total unit charge. For cofactors and residues in proteins that we employed in the present application was
whose charge states are not provided in the CHARMM22 used successfully before for a number of systems considering
parameter set, the same atomic partial charges were used athe redox potentials of hem&%g) as well as tryptophan and
in previous work 9). Controlled variations of the charge state tyrosine @7) in proteins. Since we did not treat water
of selected titratable groups as applied to Glu-L212, Asp- molecules explicitly in our electrostatic approach, water
L213, and the two quinones were achieved by linear molecules were treated as not titratable, which is appropriate
interpolation of the atomic partial charges of these molecular for pH values in a large regime extending from 1 to 13. As
groups between the fully ionized (reduced) and fully pro- a consequence, the redox potential of quinone in solution
tonated (oxidized) charge state. possesses no pH dependence.

Computation of Protonation Pattern and Redox Potentials.  The reaction energiG° of electron transfer from Qs
The computation of the energetics of protonation pattern is to QaQg~ can be obtained from the difference of the redox
based on the electrostatic continuum model by solving the potentialsEn(Qa) andEqx(Qg) of the two quinones multiplied
LPBE with the program MEAD from Bashford and Karplus by the unit chargege as follows:

(29). The ensemble of protonation patterns was sampled by
AG°(Qn Qg —~ QuQs ) = AdEn(Qa) — En(Qe)] (2)

a Monte Carlo (MC) method where we used our own

programKarlsberg(30). The detailed procedure that we used

is described in ref§ and26. The dielectric constant was set Redox Potential of Ubiquinone in Solutidieasurements
ate = 4 inside the protein and= 80 for water. Discussions  of the redox potential of ubiquinone in aqueous solution yield
about the appropriate choice of the dielectric constant for a value in the range 6£100 to—120 mV @7) versus normal
proteins can be found in re&l—35. All computations were  hydrogen electrode. A lower value 8230 mV was obtained
performed at 300 K with pH 7 and an ionic strength of 100 in earlier work by using a rough estimate onBgJ. These
mM. The LPBE was solved using a three-step grid-focusing values are artificially high because of an inevitable proton
procedure with a starting grid resolution of 2.5 A, a second uptake by reduced quinone, which occurs in protic solvents.

grid resolution of 1.0 A, and a final grid resolution of 0.3
A

The MC sampling yields the probabilitieAd] and [Ared
for the charge states of the redox-active grédupVith these

In aprotic solvents, protonation of reduced quinone is not
possible yielding a much lower value of the redox potential
of ubiquinone. We considered ubiquinone in dimethylfor-
mamide (DMF) with dielectric constaat= 37 as reference

probabilities, the redox potentials can be calculated from the system where the ubiquinone redox potential was measured

Nernst equation for a one-electron couple

_ g 4 RT A
E_E+F|n[Ared]

where F is the Faraday constanE is the actual redox
potential of groupA, andE® is the standard redox potential.
To minimize the statistical error in evaluating the redox
potential from the Nernst eq 1, we applied a bias redox
potential to the redox-active growpsuch that we have an
equal amount of both redox stateAff] = [Ard). The
resulting bias potential is just the value of the redox midpoint
potential, which we calculated for the quinones in the A-
and B-branchEn(Qa) and E,(Qg)). This also corresponds

1)

to be—360 mV @39), although the electrolyte whose presence
is needed in DMF to measure redox potentials may influence
this result. The redox potential of a quinone in protein
environment was obtained by calculating the electrostatic
energies of the quinone in the reference system and the
protein environment and by adding the difference of these
electrostatic energies to the experimental value of the redox
potential in the reference system.

Redox Potentials of Quinones in RA$e in situ redox
potential of ubiquinone in the (Bsite was measured by redox
titration of RCs fromR. sphaeroideto be —50 mV pH
independent in isolated RC4(—42) or betweert-50 mV
at low pH @2) and—180 mV at high pH in chromatophores
(4, 43, 44) where the RC is imbedded in the light harvesting

to a standard procedure to determine redox potentialsl (LH1) complex. However, in other measurements based

experimentally by varying the solvent redox potential to

on flash-induced production of SPthe redox potential of
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Table 1: Protonation States of Glu-L212 and Asp-L213 in RC fRRnsphaeroides

Qn Qs QaQs™

method Glu-L212 Asp-L213 Glu-L212 Asp-L213
experimental
photovoltagé protonated protonated
kinetic study ionized ionized
FTIR® partially ionized mostly ionized protonated mostly ionized
theoretical

: ionized ionized

molecular dynamics protonated ionized protonated protonated
electrostatic comp.©l
dark-adapted structure mostly ionized partially ionized
light-exposed structure partially ionized mostly ionized protonated protonated
electrostatic comp.f2 protonated ionized protonated protonated

2 See refs4. P See refs18—20. ¢ See refsl4 and16. Proton uptake by Glu-L212 has been estimated to be @8H" at pH 7.9 See refL7. The
results were derived by MD simulation starting from the crystal structure of Ermler et1l.Ysing fixed charge states with both Glu-L212 and
Asp-L213 ionized or Glu-L212 protonated and Asp-L213 ionized, the structures obtained by MD simulation were quite similar to the dark-adapted
structure 7). ¢ See refd. Protonation probabilities of Glu-L212 and Asp-L213 in the staie@?° are 0.27 and 0.75 in the dark-adapted structure
and 0.81 and 0.37 in the light-exposed structure, respectiv8e ref10. Proton uptakes by Asp-L210 and Asp-L213 were involved in the
conformational change from the dark-adapted structure to the light-exposed one, whereas no proton uptake by Glu-L212 was observed.

Qa was found to be pH dependent also in isolated RCs. The obtained at high pH4, 43, 44). Interestingly, the redox
measured values varied betweeB00 and—100 mV at pH potential of Q is shifted to a considerably higher value of
10 and—100 and 0 mV at pH 8.146), similar to the pH +160 mV in isolated RCs if @is lacking 61). Within the
dependence observed in chromatophodke8, 44). More above framework this can be understood since in the absence
recent studies of proton uptake of the RC going along with of Qg the Q\™ redox state has ample time to equilibrate with
Qa reduction that are based on delayed fluorescence mea+espect to conformation and protonation states.
surements clearly demonstrated the pH dependence of the |n the light-exposed structure, the carbonyl oxygen gf Q
redox potential of @ also in isolated RC46). Reaction  distal from the non-heme iron forms simultaneous three
energies of the electron transfer from @ Qs estimated  branched hydrogen bonds with the amide nitrogen of lle-
by the charge recombination rate in different labs vary from 224 (N—0O distance 3.0 A) and Gly-L225 @NO distance
—52 to—78 meV @, 47—49). Combining these values with 3.3 A) and the OH group of Ser-L223 (@D distance 3.2
the range of measured in situ redox potentialsE(Qa), A), while the proximal carbonyl oxygen ofgJorms a single
we can conclude that the value Bf,(Qg) is in the range  strong hydrogen bond with the Nnitrogen of His-L190
from 0 to +30 mV or —130 to —100 mV for the in situ  (N—O distance 2.8 A)7). In the dark-adapted structure, only
redox potentiaEn(Qa) of —50 and—180 mV, respectively.  a single hydrogen bond from the amide backbone of lle-
Note that the crystal structures obtained under light-exposed| 224 to the distal carbonyl oxygen ofg@N—O distance
conditions refer to continuous illumination, whereas the 3.1 A)was observed’( 11). Hydrogen bond interaction with
measurements on the reaction rate of the electron transfeithe carbonyl oxygens of the ubiquinone is likely to stabilize
from Qa to Qs may refer to different conditions of illumina-  the redox state &, thus raising the value of the redox
tion that can have an influence on the measured redoxpotential En(Qg) (52). As a consequence, the redox state
potentials. Qa°Qs~ is stabilized more in the light-exposed than in the
Interestingly, the slope of the pH dependencéEgfQa) dark-adapted structur®,(9) rendering the electron transfer
in chromatophores adopts the valt€0 mV/pH, which is from Qa to Qs downhill in energy for the light-exposed
typical for a proton uptake coupled redox reaction in solution structure only.
according to Nernst law. At high pH values corresponding  Density functional theory calculations of quinones in

to low values of the redox potential ofxQn both chro- photosystem | suggested that one strong hydrogen bond with
matophores and isolated RCs, the degree of proton uptakeone carbonyl oxygen atom of the phylloquinone can account
going along with the formation of £ is likely to be small. for an increase in redox potential of about 250 nBB)(

The pH dependent proton uptake may also go along with Interestingly, this value is of the same magnitude as the
subtle conformational changes that occur in the redox stateestimated shift of£,(Qg) from the solution value of-360
Qa. mV to values between130 and—100 mV that are estimated
The proton uptake process of RCs is likely to be much by assuming that the redox potential of Qorresponds to
slower than the time scale needed for the actual electron-the lowest measured value 6f180 mV obtained at high
transfer process from QQg to QuQs~ (40, 50). Hence, pH.
Arata et al. 4, 43) assumed that the proton uptake by the  Protonation States of Glu-L212 and Asp-L2Table 1
RC after formation of @ is only partially accomplished = summarizes experimental and theoretical results on the
before the electron is transferred fromy @ Qs. This protonation state of the two key residues Glu-L212 and Asp-
effectively corresponds to a higher pH value in the neighbor- L213 for the electron transfer from Qo Qs. Agreement
hood of Q.. Therefore, the appropriate value of the effective on the protonation state of those two residues was reached
redox potentialEn(Qa) relevant for the electron-transfer (i) for Asp-L213 in the state @ Qg° where it is considered
process from @ to Qs was assumed to be-180 mV, to be ionized and (i) for Glu-L212 in the state @s~ where
corresponding to the lowest measured redox potentialof Q it is found to be protonated (see Table 1).
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Regarding proton uptake by Glu-L212 and Asp-L213 with -350

the formation of @, no agreement has been reached yet. . .Qulight 0.8 w
The light-induced photovoltage changes upon formation of el Y

Qg indicated that Glu-L212 contributes to proton uptake 2300 | \

only at high pH and that it remains essentially protonated at .,

pH 7 in both redox states QQg® and Q°Qs~ (54). From el N

FTIR difference spectroscopy on mutated RCs it was 50 | "\ Qe light 06

concluded that Glu-L212 participates in the reduction gf Q
with a fractional proton uptake by 0:®.4 H" at pH 7 (L4,

15). Kinetic studies 18—20) and FTIR spectroscopyl4,

15) suggested no proton uptake by Asp-L213, although MD
simulations have conversely implied proton uptake by this
residue 17). Electrostatic energy computations with a -150 | .
continuum solvation model showed different results, @o ( Qx light "
10). In one study with no explicit water, it was found that AR
the main protonation changes occur at both residues, Glu- _4g0 | el
L212 and Asp-L2139). In another study, where selective A
explicit water molecules were considered to describe the Qe light 1.0
protonation pattern in RCs, a proton uptake by Asp-L210 _50 . . . .
and Asp-L213 was observed(), whereas no evidence for 0.0 0.2 0.4 0.6 0.8 10
proton uptake by Asp-L210 was found in FTIR studigS)(

-200

Em[mV]

protonation charge state of Asp-L213
RESULTS AND DISCUSSION Ficure 2: Dependence of quinone redox potentials of RC flem
sphaeroiden protonation charge state of Asp-L213 that varies
Computed Redox Potentials of the Quinones in the Light- from zero to full protonation. Results are shown for light-exposed
Exposed Structure Influenced by the Charge States of Glu-(light) and dark-adapted (dark) structures at pH 7. The solid (dashed)

. lines depict the redox potential dependence af (Qg). For the
L212 and Asp-L213The dependence of the redox potential redox potential of Q, the protonation charge state of Glu-L212

of the ubiquinones on the protonation charge state of Glu- was fixed to be at 0.6 protons (upper curve) and 0.8 protons (lower
L212 and Asp-L213 at pH 7 was investigated by varying curve). For Q in the dark-adapted (dark) structure, the protonation
the net charges of these two acidic residues, while the chargecharge state of Glu-L212 was fixed to be at 1.0. FeriQ the
states of all other titratable residues were allowed to fluctuate 1ght-éxposed structure (dashed lines), the protonation charge state
during the titration procedure (Figure 2). Accordingly, we of Glu-L212 was fixed to be at 0.6 protons (upper curve), 0.8
) ' protons (middle curve), and 1.0 protons (lower curve).
calculated the value dE,,(Qa) as a function of the proto-
nation charge state of Asp-L213 withs @ the neutral charge
state while constraining the net charge of Glu-L212 at three
different values to be fully protonated (1.0) and partially
protonated (0.6 and 0.8). In the same way, we monitored
the redox potentialE,(Qg) as a function of the protonation
charge state of Asp-L213 withQn the neutral charge state
while constraining Glu-L212 to be fully (1.0) and partially
protonated (0.6 and 0.8). The charge state of Glu-L212 was

varied only in this limited range since all known experimental ;
o . values of E;(Qa) corroborate with the measured redox
data 04, 16, 54) exclude a mainly ionized Glu-L212 in the potential of—180 mV obtained for chromatophores at high

redox state_: QQBO’ while the prgtonation state OT ASD'.LZB pH (4, 43, 44) and with the values between200 and—100
? Iesshdleﬂmte, and therefore, its charge state is varied OVer v at pH 10 in isolated RC4E). Since we take the same
the whole range. (light-exposed) structure with oxidized\€Xo compute both
Considering Glu-L212 to be fully protonated in the redox redox states of Q we neglect subtle conformational changes
state Q°Qs~ agrees with experimental findings (see Table that may be coupled to proton uptake by the RC and occur
1). In the present computations, we found that Glu-L212 yjth a transition to the reduced state,Q As a result of
should only be partially protonated at 0.6 kather than 0.8 these computational constraints, the stabilization of the
H* in the redox state £ Qg° to obtain agreement with the  reduced state £ is underestimated in our computations
measured redox potential fora@f —180 mV (see Figure  resulting in a redox potential whose value is lower than under
2). equilibrium conditions where the reduced state @& fully
Constraining Glu-L212 and Asp-L213 to be fully proto- relaxed. This effect also occurs if the electron is transferred
nated in the redox state,®s~ yields a downhill reaction  from Qs to Qg fast enough to avoid these conformational
energy of—70 meV for the electron transfer fromaQo changes. The same may be true for the measured values of
Qe. But, if Glu-L212 is only partially protonated by 0.8"H the redox potential of @at high pH, where proton uptake
(0.6 H"), the redox potentialE,(Qg) shifts down by about  may be reduced. Note that proton uptake of the RC going
60 mV (120 mV) as compared to value for fully protonated along with a reduction of Qis mainly due to electrostatic
Glu-L212, regardless of the protonation charge state of Asp-interactions with the acidic cluster close tg (®6—60).
L213 (Figure 2). As a consequence, the electron transfer from Our computational results fd£,(Qg) indicate that Asp-
Qa to Qs becomes isoenergetic (or even uphill) and no longer L213 should be mainly protonated in the (state to render

downhill in energy. Hence, it is necessary that Glu-L212 is
almost fully protonated in the redox statea®Qg~ to render
the first electron transfer from £Xo Qs downhill in energy.
That is in full agreement with the FTIR measurements.

If the charge state of Asp-L213 is varied from fully ionized
to protonated and the charge state of Glu-L212 is fixed at
0.6 H' (0.8 H"), the redox potentidEn(Qa) increases from
—1731t0—160 mV (—161 to—144 mV) only. The calculated
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the redox potentiaEn(Qg) larger thanEy(Qa), which is 1.0

needed to guarantee that the electron transfer frtaQ 09 L Aep 213

Qg is energetically downhill. A protonated Asp-L213 in the 08 |

Qg state is in agreement with results from MD simulations '

where it was concluded that Asp-L213 must be protonated £ 07T Glu-L212
before the conformational change from the dark-adaptedto @ 06 |

the light-exposed structure can occlif), Our results suggest £ o5 |

that any protonation charge state of Asp-L213 above 0.6, S o4l

which guarantees that the electron transfer frogt@)Qs is g

energetically downhill, is acceptable (Figure 2). Since the 03t

dependence of the computed redox potential afa@ the 02

protonation charge state of Asp-213 is small, a protonation 01 F Asp-M17

charge state of Asp-L213, which is lower for the initial 0.0 \\.
Qa Qg than for the final state Dz, would also render ' 00 02 04 06 08 10

the electron-transfer reaction to be downbhill in energy. But
it would not agree with results from FTIR spectr&d(16)
and kinetic studiesl8—20) where no proton uptake at Asp-

reaction coordinate

Ficure 3: Protonation state of Asp-L213, Glu-L212, and Asp-M17
as a function of the charge state of the two quinones. The reaction

213 was observed. coordinate varies from zero corresponding to the charge state
On the basis of these computations, the protonation chargeQa~Qs and unity corresponding to the charge staigQg . The
state of Asp-L213 is estimated to be about 6:1%0 in the intermediate values of the reaction coordinate correspond to

. : fractional charges at the two quinones, which sum up to a unit
redox state @ to satisfy the experimental value Bf(Qs). negative charge. In this computation, the charge states of the

From our computations dEn(Qa) in the redox state g, quinones were varied deterministically, while all other residues
no clear restrictions can be derived with respect to the including Asp-L213, Glu-L212, and Asp-M17 were titrated.

protonation charge state of Glu-L212 and Asp-L213. How-

ever, the calculated redox potenttal(Qa) agreed better with  employed for the charge states of all titratable residues in
the experimental data considering a protonation charge statehe RC except for the two quinones. While shifting the
of 0.6 instead of 0.8 for Glu-L212. This is also in agreement negative charge from Lo Qs, the protonation of Asp-L213
with FTIR results, where at Glu-L212 a proton uptake of (Asp-M17) changes only moderately from 0.9 to 1.0 (0.0 to
0.3-0.4 H" was found going along with the electron transfer 0.1). But at the same time, the protonation state of Glu-L212
(14, 16). Assuming that no proton uptake occurs at Asp- varies considerably from 0.15 to 1.0. This is partially in
L213, the reaction energy of electron transfer is according agreement with FTIR spectroscopy, where it was found that
to our computation betweer-50 and —70 meV for a Glu-L212 changes its protonation state from 0.6 to 1.0, while
protonation charge state of Asp-L213 between 0.75 and 1.0,Asp-L213 does not change its protonation state but remains
respectively. If for instance the protonation charge state of unprotonated in contrast to our computatiotd, (16).
Asp-L213is at 0.8 HFl in the initial and final state of electron Comparison of E(Qa) in Light-Exposed and Dark-
transfer from Q to Qg and there is a proton uptake of 0.4 Adapted Structure, a Functional Link betweep &d Q.

H* at Glu-L212, the computed values of the redox potentials In the light-exposed structure, the redox poterfialQ,) is
Em(Qa) andEx(Qg) are—160 and—100 mV, respectively.  about 50 mV higher than in the dark-adapted structure. This
The electron-transfer energy calculated from the difference increase of the redox potenti@,(Qa) would lead to a

of the in situ redox potentials of the quinones-i60 meV, corresponding decrease of the driving force of the electron-
which is also in good agreement with the experimental transfer reaction if the redox potenti&},(Qg) would not
values, particularly if one compares it with the value-7 change as well. However, the corresponding upshift in the
meV measured between pH 6 and 84B)( redox potential of @is about 200 mV, which is considerably

Protonation States of Glu-L212 and Asp-L213 as a larger than that of @ As a consequence, if Asp-L213 is
Function of the Redox Charge States of the Quinombs. fully protonated in the @ state, the calculated reaction
redox potential of @ is determined as the redox potential energy of the electron transfer fromy@ Qs decreases from
of the external solvent that provides an equal amountgdf Q about+110 meV in the dark-adapted structure+@0 meV
and @~. Under these conditions, we cannot obtain the in the light-exposed structure, yielding a net positive driving
protonation pattern for the limiting situations wherg 19 force for the electron transfer in the light-exposed structure.
fully oxidized or reduced. To achieve that, we alternatively ~ The increase of the redox potentih(Qa) between the
investigated the dependence of the protonation states of alldark-adapted and the light-exposed structure is mostly due
titratable residues in RC on the charge states oBQd to the interaction of Q with Qg and with Glu-L212 and
by shifting the negative unit charge continuously from Q other acidic residues close tas@However, the strength of
to Qs while fixing the total charge at both quinones to equal the electrostatic interaction of Glu-L212 witha@ smaller
a negative unit charge. With this procedure that models the than with @ since Glu-L212 is much closer togQhan to
electron-transfer reaction fromy@o Qg, significant changes  Qa with distances of about 5 and 15 A, respectivedg)( It
of the protonation states were found for Glu-L212, Asp-L213, remains to be clarified whether the difference in the
and Asp-M17 only (Figure 3). This justifies the present study, interaction of Glu-212 with @ between the dark-adapted
which is focused on the protonation charge states of Glu- and the light-exposed structure is related to direct electrostatic
L212 and Asp-L213 to investigate their influence on the interactions between Qand Glu-L212 or an indirect
quinone redox potentials. Note that for the computed resultsinteraction. The latter type of interaction would be mediated
exhibited in Figure 3 no constraining conditions were by titratable residues whose protonation probabilities vary
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Ficure 5: Correlation of the protonation state of Asp-M17 with

Asp-L213 in the light-adapted structure (upper line) and the dark-

. . adapted structure (lower line) at pH 7. The protonation charge state

by changing the protonation charge state of Glu-L212. In of Asp-1.213 was varied as in Figure 2, with Glu-L212 fixed at its

our computations, no significant change of protonation fully protonated charge state in the redox statgs@ - (solid line)

pattern occurred by changing the protonation charge stateand Q°Qg~ (dashed line).

of Glu-L212 from 0.6 to 0.8. _

To quantify the amount of direct electrostatic interactions GlU-L212 @6). In the dark-adapted structure, the same shift
between Glu-L212 and Qin the dark-adapted and light- ©f Em(Qa) was obtained with Asp-L213 fully protonated,
exposed structures, we computed the changgn(®s) by while all oth.er .reS|dues in our computation were titrated,
varying only the protonation charge state of Glu-L212 Whereas forionized Asp-L213 the calculated shifEg{Qa)
between 0.6 and 0.8 in the dielectric environment of the RC, Was only 23 mV (Figure 4). Also, in the dark-adapted
while all atomic partial charges in the RC except for Glu- Structure with ionized Glu-L212, then(Qa) did not change
L212 and Q were set to zero. As a result of these upon proton uptake by A_sp-L213. The largest depender_wce
computations, we obtained a shift in the redox potential of Of En(Qa) on the protonation of Asp-L213 was observed in
Qa between the two charge states of Glu-L212, which is the th(_a dark-adapted structure with fully protonated Glu-L212
same for the dark-adapted and the light-exposed structure (Figure 4).
namely 13 mV. Since our computations with variable  The insensitivity ofEn(Qa) on the protonation of Asp-
titratable groups provided values of the redox potential of L213 might be due to charge compensation by the strong
Qa, which exhibited a different albeit small shift by varying coupling of the protonation states of Asp-L213 and Asp-
the charge state of Glu-L212 between the dark-adapted andM17. The coupling is stronger in the light-exposed than in
the light-exposed structure (see Figure 2), an indirect the dark-adapted structure, although the effedE@fQa) in
electrostatic interaction must be present as well. the presence of protonated Glu-L212 appears only by 4 mV

The above-described interaction of Glu-L212 with ® larger change upon the protonation process of Asp-L213in
in agreement with a study of the pH dependence of the freethe darl_<-adapted structure than the light-exposed structure.
energy of the state S®,~ (46). There it was found by pH In th_e Ilght-exposed structure, we found that Asp-M17 is
titration that the redox potential of Qincreases by about  fully ionized (protonated with 0.860.88 H') if Asp-L213
50 mV upon proton uptake at Glu-L212 and other residues 1S fully protonatgd (fully |c_)n|zed). Note that the charge state
from the acidic cluster at & This indicates that the ©f Qa ha; practically no influence on the qorrelatlon of the
interaction energy between the titratable groups around Glu-Protonation of Asp-L213 and Asp-M17 (Figure 5).

L212 and Q is about 50 meV providing a functional link Comparison of E(Qg) in Light-Exposed and Dark-
between the @ and the @ sites B87). However, since the  Adapted StructureHere we like to investigate the factors
distance between Qand @ is large (17 A), influences that lead to a different redox potential og@ the light-
other than these electrostatic interactions were also consid-exposed and the dark-adapted RC at pH 7 while Glu-L212
ered, as for instance, interactions with the non-heme ironand Asp-L213 are fully protonated. In the dark-adapted
complex @6). structure, the value oEn(Qg) is less than—300 mV.

In the light-exposed structure, we fouBgl(Qa) to increase Interestingly, this value is close to the redox potential value
by about 50 mV, independent of the charge state of Asp- of —360 mV measured for ubiquinone in DMF that is used
L213 if the protonation of Glu-L212 increased from com- as reference system for our computations. If both GIuTL212
pletely ionized to fully protonated while all other residues and Asp-L213 are fully protonated, the redox potential of
in our computation were titrated (Figure 4). These results Qs is =88 mV in the light-exposed structure that is 224 mV
corroborate experimental observations on the reaction energyligher than in the dark-adapted structure (Table 2).
of charge recombination between oxidized SP apd ftom One may speculate that the correlation of the redox
which it was concluded that the value &f,(Qn) is not potential of @ in the dark-adapted RC with the DMF
sensitive to the charge state of acidic residues other thansolution value is due to the presence of cavities and water

-120 b

Ficure 4: Variation of the redox potential of Qwith proton uptake
by Glu-L212/Asp-L213 simulated at pH 7.
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Ficure 6: Locations of water molecules aroung @ the dark-adapted (left) and light-exposed (right) structure. Quinane Qituated

on the left side in both of the structures. The oxygen atoms of crystal (artificially added) water molecules within the distance of 20 A (10
A) from the @ ring atoms are displayed in white (black) spheres. There ar@B2ctystal waters selected in the dark-adapted (light-
exposed) structure and 18)(could be added in the dark-adapted (light-exposed) structure.

Table 2: Factors Determining the Difference in the Redox Potential a_ldapted structure where additional water molecules would

of Qg between Light-Exposed (Light) and Dark-Adapted (Dark) fit.
Structuré As explained in Materials and Methods, all water mol-
Em(Qs) [MV] ecules were removed in our computations of electrostatic

dark  light A(light — dark) energies. Their influence was taken into account implicitly

wild type “312 —s88 224 since in ca\(ities gppearing after removing the water mol-

zero charge of imidazole from —375 —270 105 ecules the dielectric constant was set to 80. To check whether

His-L190 the redox potential of @adopts a lower value in the dark-
zero charge of Fe —398 253 145 adapted than in the light-exposed structure because of the
zero charge of His-L190 and Fe —461 —435 26

: . larger exposure to water located in the cavities, we computed
* Computations were done at pH 7 with fully protonated Glu-L212  the redox potential of @in the dark-adapted structure setting

and Asp-L213. Note that in the last columi(light — dark), the sum . . .
of the first and last term equals the sum of the second and third term the dielectric constant in the volume covered by crystal and

demonstrating the additivity of energies computed in the frame of €Xtra water molecules at = 4, which is the same value
LPBE. used for the interior of the protein. The atomic partial charges
of the water molecules were set to zero. Surprisingly, we
observed a downshift of the redox potential af 6y only 7

mV in the presence of fully protonated Glu-L212 and Asp-
L213. Hence, differences in the interaction of With water

molecules near g This is corroborated by the fact that there
are many more water molecules found in the dark-adapted

than in the light-exposed crystal structure of the RC (Figure in nearby cavities cannot explain the shift in the redox

6). However, the excess of water molecules in the dark- yotential between the dark-adapted and the light-exposed
adapted crystal structure may also be explained by the highergi cture.

resolution, which is 2.2 A for the dark-adapted and 2.6
for the light-adapted structure. The latter value may be too
low to find all water molecules. Therefore, we checked both
crystal structures for additional cavities in the neighborhood
of Qg that are not filled with crystal water by adding extra

The oxygen atom of @distal to the non-heme iron is
involved in hydrogen bonds in both the dark-adapted and
the light-exposed structure. In the light-exposed structure,
the oxygen atom of @proximal to the non-heme iron forms
o . a hydrogen bond with the His-L190 that ligates with the non-
water molecules within a distance of at most 10 Afrom any o e iron. This hydrogen bond is absent in the dark-adapted
of the quinone @ ring atoms using an overlay technique gy ctyre. The positively charged iron that polarizes the
similarly as done befores@). As a result, we succeeded in  jmigazole ring of His-L190 strengthens the hydrogen bond
adding 18 water molecules in the dark-adapted structure,|eading to an upshift of the redox potentigh(Qs). The
while only three additional water molecules were fitted in jnfluence of the hydrogen bonding on the redox potential of
the light-adapted crystal structure. Except for one water Qs was investigated by turning off the atomic charges of
molecule in the light-adapted structure, all of these additional the imidazole ring of His-L190 in both (light-exposed and
water molecules were placed near to the surface of the RCdark-adapted) structures while keeping the low dielectric
at the end of the exit channel through which the quinoge Q constant ok = 4 in the volume covered by these atoms. As
is expected to move out of the pocket as dihydroquinone a consequence, the difference in the computed redox
QgH: (see Figure 6). This clearly demonstrates that there potentials of @ was reduced from 224 to 105 mV (Table
are only small cavities close to quinone @ the light- 2). Alternatively, by turning off the atomic charges of the
adapted structure, whereas a larger cavity appears in the darknon-heme iron, the difference in the redox potentials pf Q
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decreased to the new value of 145 mV. The influence from Calculating the redox potentials of the quinones in the AA
His-L190 and non-heme iron is additive (Table 2). Turning mutant RC with Glu-M236 constraint to be protonated while
off the charges of both components yields a downshift of titrating all other residues, the contribution of the deproto-
the redox potential of ®in the light-exposed and dark- nated Glu-M236 to the downshift of the redox potentials was
adapted structure leading to a difference in the redox potentialestimated to be 20 mV for Qand 30 mV for Q.

that is reduced to 26 mV. In conclusion, the difference in  Note that although the AA mutant crystal structure was
redox potential of @ between the light-exposed and the dark- obtained under dark-adapted conditions, the electron transfer
adapted structure is due to the influence from the hydrogenis downhill in energy as opposed to the wild-type RC under
bond with His-L190 and the shorter distance betwegn Q the same conditions. Hence, it may be concluded that the
and the non-heme iron, which is 6.7 A (10.5 A) between conformational changes occurring in the AA mutant com-
the proximal oxygen of @ and the non-heme iron in the pensate for uphill reaction energy in the dark-adapted
light-exposed (dark-adapted) structure. structure. In contrast to the wild-type RC, no significant

Effects of Mutations of Glu-L212 and Asp-L213 to Ala on changg of the Protonziltion pattern was observed upon the
the Quinone Redox Potentiala.the double mutant E(L212)A formation of Q.~ or Q™. To check this more carefully, we

modeled an AA mutant structure by replacing the side chains
a_lnd D(L213)A (AA mutant) of RC fronR. capsulatusthe of both Glu-L212 and Asp-L213 by Ala using the dark-
first electron transfer from Q to Qg occurs, but the

photocycle is interrupted at this poir@3) presumably since adapted (light-exposed) wild-type structure. Thereby, we

. ignored the conformational changes occurring in the AA
the quinone cannot be protonated because of the lack of th utant structure. The redox potentials calculated for the
side chains of Glu-L212 and_Asp-L213. Recently, the_crystal modeled AA mutants are in the dark-adapted (light-exposed)
structure of the AA mutant in the RC froRR. sphaeroides ¢t cture—192 and—333 mv (120 and—112 mV) for
was solved revealing an expandeg Cavity that is larger ¢, and @, respectively. For the dark-adapted structure of
than one would expect just from a replacement of the side the modeled AA mutant, these calculated values are close
chains of Glu-L212 and Asp-L213 by Al&4). In the AA to the corresponding values of the dark-adapted structure
mutant structure, the carbonyl oxygen of Qistal to the  from the wild-type RC. For the light-exposed structure of
non-heme iron forms only a single hydrogen bond with the the modeled AA mutant, the reaction energy of electron
amide nitrogen of lle-L224 (NO distance 2.9 A) instead  transfer is now only marginally downhill in energy, and the
of the 3-fold hydrogen bond in the wild-type RC. The value of E,(Qg) [En(Qa)] differs by 24 mV (53 mV) from
hydrogen bond of the proximal carbonyl oxygen af @ith the corresponding values of the wild-type RC with Glu-L212
the N nitrogen of His-L190 is considerably weaker than in fully protonated (protonation charge state of Glu-L212 at
the wild-type RC (N-O distance of 3.3 A in the AA mutant  0.6) and Asp-L213 fully protonated.

instead of 2.8 A in the wild type). The same is the case for  proton Uptake at @ Besides the role of Glu-L212 and
the corresponding hydrogen bond of @ith His-M219  Asp-1213, it is also worthwhile to consider the protonation
changing its lengths from 2.9 A in the wild type to 3.2 Ain  state of the acidic cluster composed of six carbonic acids in
the AA mutant RC. Although the structure of the AA mutant - the vicinity of Qs (66) in connection with the proton transfer
RC was obtained under dark-adapted conditions, iQ  to Qs that is connected with the electron transfer between
located in a proximal position with respect to the non-heme the quinones (Figure 1). This cluster consists of Asp-L210,
iron as it is for the light-exposed structure of the native RC Asp-M17, Asp-H124, Asp-H170, Glu-H173, and Asp-L213.

(7). Furthermore, the chain segment of residues 20713 These acidic residues have been suggested to be involved
is displaced by 0.5 A and of residues L2213227 by 0.3~ in rapid proton-coupled electron transfer tg @7—70). In
0.7 A with respect to the native RC. a description of the pathway for the first proton transfer to

We calculated the redox potential in the AA mutant crystal I(\D/IE:;L'7it Z\vas fzrigOSAed trgiéhe p(;oston iLSZtngnSfe”ﬁd (;/_ia ,?\sp-
structure fronR. sphaeroide¢PDB 1K6N) (9) for Qa and » ASP- s ASP- >, and ser- 1) to the distal
Qs to be —276 and—200 mV, respectively. These redox carbonyl oxygen of the quinone. In our study, _GIu-H173 did
potentials are for both quinones.@nd G in the AA mutant not change its protonation state upon formation gf Qut

) . . remained fully protonated ,while the charge states of Glu-
RC by about 100 m\/ more negative thar_1 in the light-exposed L212 and Asp-L213 were varied extensively. This supports
structure of the wild type RC. A major reason for the

o o . results from FTIR studies combined with data from site-
downshift in the redox potentials is the weakening of the directed mutations at Glu-H1734, 16)

hydrogen bond of the carbonyl oxygen proximal to the non-
heme iron. The redox potential difference of the two quinones
is with 76 mV only slightly larger than in the light-exposed
structure of wild-type RC. This result corroborates kinetic
studies of pH dependence, which led to the conclusion that
the redox potential difference between @d @ is larger

Asp-L210 and Asp-M17 play an important role in the
proton transfer to the £xsite, and it has been proposed that
they act parallel in the proton-transfer chain to achieve an
efficient proton uptake of @ (72, 73). In our computation,
we did not see any significant change of protonation at Asp-
. : . L210 and Asp-M17 upon formation ofgQ. Asp-L210 was
in the AA mutant RC than in the native RC from. ionized in both redox states ofsgQwhereas the protonation
capsulatug(65). state of Asp-M17 depends on Asp-L213 and is ionized if

The most significant change in the protonation pattern of Asp-L213 is protonated. But, even if Asp-L213 is fully
residues close to the quinones refers to Glu-M236, which is ionized, Asp-M17 is not able to reach the fully protonated
always (in all quinone redox states) protonated in the wild- state (Figure 5). This result is consistent with FTIR spectra
type RC and always deprotonated in the AA mutant RC. on point-mutated RCs that showed at least partially ionized
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charge states of these two residues around pH 7 and nCACKNOWLEDGMENT

changes of their charge states upon formation gf (35).
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ionized in our computation, regardless of the charge states
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of Glu-L212, Asp-L213, and Asp-M17. The protonation state REFERENCES

of Asp-M17, however, exhibited a strong coupling with the

protonation of Asp-L213 but not with any other titratable

residue regardless of the protonation of Glu-L212. This
coupling is demonstrated in Figure 5 for fully protonated

Glu-L212, which corresponds to the situation just before the
uptake of the first proton by the reduce@ Q(74).

1

3.

CONCLUSION

The in situ absolute redox potentials of the quinones in
the RC fromR. sphaeroidesvere calculated by solving the
LPBE and compared with experimental data. We investigated
the influence of the charge states of the residues Glu-L212
and Asp-L213 in the vicinity of @ on the redox behavior
of Qa and @. In our computations, the absolute value of
the redox potential of Qwas found to be betweenl173
and —160 mV, which agrees with the lowest values of the
redox potential measured fora@h RC fromR. sphaeroides
This low value may relate to conditions where the protonation
pattern and conformation of the RC has no time to adjust to 12.
the reduced state Q. That is fulfilled for intact RCs where
the electron is transferred fromaQo Qg before significant
proton uptake may occur.

The redox potential of @ showed little dependence on
the charge states of Asp-L213 in both the light-exposed and 14
the dark-adapted structures. The redox potential ef Q
exhibits a strong dependence on the charge states of Glu-
L212 and Asp-L213. Especially in the light-exposed struc-
ture, there is a dramatic shift of the redox potential by about
180 mV at pH 7, while the charge state of Asp-L213 is
changed in the presence of a fully protonated Glu-L212. The
lack of the hydrogen bond of Qwith His-L190 and the
larger distance of @from the non-heme iron in the dark-
adapted structure shifts the redox potential gft@a value
close to the redox potential of ubiquinone in DMF used as 19
a reference system. This explains the discrepan&(®g) 20.
between the dark-adapted and the light-exposed structure,
too.

The value of the redox potentigl,(Qa) agrees better with
the experimental value of the in situ redox potential when 22
the protonation charge state of Glu-L212 is taken to be 0.6
H* than with a larger protonation. To obtain agreement with 23
the measured value d&.,(Qg) and the reaction energy of
the electron transfer from £Xo Qg, the protonation charge
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state of the quinones. Hence, there is no proton uptake at ,g
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spectroscopy and Kkinetic studies, although from these
measurements it was concluded that Asp-L213 should be
fully ionized rather than protonated as found in our computa-
tions.
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