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ABSTRACT: Numerical calculations of the free energy of the first electron transfer in genetically modified
reaction centers frorRhodobactefRb) sphaeroidesandRb. capsulatusvere carried out from pH 5 to

11. The multiconformation continuum electrostatics (MCCE) method allows side chain, ligand, and water
reorientation to be embedded in the calculations of the Boltzmann distribution of cofactor and amino acid
ionization states. The mutation sites whose effects have been modeled are L212 and L213 (the L
polypeptide) and two in the M polypeptide, M43(44) and M231(233In capsulatugRb. sphaeroidgs

The results of the calculations were compared to the experimental data, and very good agreement was
found especially at neutral pH. Each mutation removes or introduces ionizable residues, but the protein
maintains a net charge close to that in native RCs through ionization changes in nearby residues. This
reduces the effect of mutation and makes the changes in state free energy smaller than would be found
in a rigid protein. The state energy ofaQQs and QQg~ states have contributions from interactions
among the residues as well as with the quinone which is ionized. For example, removing L213Asp, located
in the @ pocket, predominantly changes the free energy of the@Q state, where the Asp is ionized in

native RCs rather than thexQg~ state, where it is neutral. Side chain, hydroxyl, and water rearrangements
due to each of the mutations have also been calculated showing water occupancy changes duking the Q
to Qg electron transfer.

In photosynthetic bacteria, the conversion of light into transfer of two successive electrons tg €6 A, from the
chemical free energy takes place in the reaction center proteinprotein surface, is coupled to its double protonation with the
(RCs)! The energy of an absorbed photon initiates a uptake of two protons from the cytoplasm via the protein
transmembrane charge separation reaction. The initial excita-matrix. The dihydroquinone, M., is then released from the
tion of the primary electron donor, a dimer of bacteriochlo- RCs and replaced by an oxidized ubiquinone from the
rophylls (P), situated near the periplasmic side of the protein membrane. InRhodobacter(Rb.) sphaeroidesand Rb.
results, within 200 ps, in the reduction of the primary quinone capsulatusRCs, Q and @ are both ubiquinone-10. Thus,
electron acceptor, Q situated on the cytoplasmic side of their different functional behaviors must arise from their
the protein. Q then reduces the secondary quinong,i® different protein environment$). For example, ®is more
<100 us (1—3). In isolated RCs, neither £ nor Qs is closely surrounded by ionizable residues thaniq@-11).
protonated 4). However, semiquinone formation causes  pigh.resolution three-dimensional structures are available
substoichiometric proton uptake by ionizable residues which 5 Rcs fromRb. sphaeroide€.2 A resolution) 9, 12) and
change their ionization states in response to the ”egativeRps.piridis (2.3 A resolution) {1, 13). The protein possesses
charge on @ and/or @ (5, 6). Qu acts as a one electron 4 |east three polypeptides, L, M, and H, with molecular
carrier, while @ functions as a two electron gaté)(The masses between 30 and 35 kDa. The L and M subunits carry
all pigments and cofactors involved in the primary charge
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Numerical calculations based on the three-dimensional The functional properties of RCs with mutations at the
structure of wild-type RCs have been used to explore the site of either of two acidic residues, L213Asp and L212Glu,
relative importance of individual residues in modulating the have been extensively investigatedRi. capsulatug31)
free energy of the first electron transfer fromyQto Qg andRb. sphaeroide€32, 33) RCs. Similar results are found
(—AGpg) and in defining the pathways for proton uptake in both species. IiRb. sphaeroided 213Asp (situated 5 A
and delivery 22—27). Computational analysis of mutant from Qg) was shown to be of crucial importance for the
proteins adds to the picture of how RCs work providing an delivery of the first proton to @ (34, 35). Its removal
atomic level explanation for the measured results. For exam-changes the free-energy gap betweenm @ and QQs~
ple, removing an important residue within a cluster of strong- states stabilizing the produciGag = —110 meV), by about
ly interacting groups may have little effect on the measured 50 meV from that found in WT RCsAGag = —60 meV)
reaction, because other residues can compensate for its ab34, 35). The removal of L213Asp also changes the pH
sence. In addition, spectroscopic data alone cannot determinelependence of the free energy. In native RCs the reaction is
if a mutation that changes the reaction driving force modifies pH independent (pH 68) and became less favorable at
the reactant or the product states or both. Appropriate cal-higher pH and more favorable at low pH, while in RCs
culations can distinguish between these alternatives and caracking L213Asp, the free energy is practically pH indepen-
more accurately highlight the role of the individual residues. dent until high pHs. Theoretical calculations have found that
Both the static influence of the protein in tuning the electro- L213Asp is ionized at physiological pH in the ground and
static environment of the quinones and the ionizable residuesQa~ Qg states and is protonated in thg @~ state 23, 25,
as well as the role of protein reorganization following the 26).
formation of each new redox state can be conside?&y ( L212Glu, situatd 6 A from Qs, is involved in the transfer

Simultaneous calculation of both ionization and conforma- of the second proton to the doubly reduced quin@3:36—
tion states has been attempted by a number of mett&®is (  38). In contrast to the L213Asp> Asn mutation, changing
and reviews §6—68). The earliest methods averaged interac- L212Glu to the neutral Gin has little effect on the free-energy
tions between different possible side chain atomic positions gap for the Q™ to Qs electron-transfer reaction. In addition,
(69) and then used the obtained ionization states in standardat neutral pH, the amplitude of the proton uptake oxn Q
molecular dynamics calculation&8), or they averaged the  reduction in the L212Glu—~ GIn mutant was found to be
ionization states calculated for different structuré® (1). the same as in the WT RCs. These results led to the
New methods combine conformation changes and calcula-suggestion that L212Glu is protonated at neutral pH in
tions of ionizable state2b, 30, 72). Recently, an iterative  isolated RCs 37, 38). Such a high W, for L212Glu is
mobile cluster approach was used to calculate multiple-site reasonable if the nearby L213Asp is ioniz&¥)( Previous
ligand binding to flexible macromoleculeg9). The multi- MCCE calculations found that L212Glu is protonated in the
conformation continuum electrostatics (MCCE) procedure ground state. However, data from FTIR suggest that L212Glu
allows multiple positions of hydroxyl and water protons, is partially ionized in the ground stat89). Experimental
alternative side-chain rotamers, water positions, and liganddata obtained in differerRb. Sphaeroidesutants lacking
positions in the calculation of the pH dependence of the L212Glu have shown that the proton uptake gnr€duction
ionization equilibria of titratable group2%, 30). is sensitive to mutations at L2142 41). Thus, the role of

The recent analysis of WRb. sphaeroidewith the L212Glu seen in FTIR experiment89, 42, 43) and in
MCCE method has provided a good match with experimental current MCCE calculations is the most significant disagree-
data for the—AGag and protein uptake on the formation of ment between calculations and experiment. This discrepancy
Qa~ or of Qg~. The MCCE method combines calculation of can be caused by protein rearrangement that is not included
the ionization states and conformation changes of the proteinin the model.
as a function of the cofactor ionization state and 23, ( Replacing L212Glu or L213Asp with other residues yields
30). Side chains, cofactors, and buried water molecules havephotosynthetically incompetent strain®l). Some photo-
preassigned alternate positions and charges. Each of theseompetent phenotypic revertants derived from strains lacking
choices for a given residue charge and position is called aL213Asp and L212Glu carry compensating mutations that
conformer. Acidic and basic residues have ionized and are situated 1815 A away from Q@ (44). Second-site
neutral conformers. Neutral acids, hydroxyl residues, and mutations ofRb. capsulatusRCs lacking L212Glu and/or
waters have conformers with different proton positions. L213Asp which are considered in this paper are M43(44)-
Buried waters can have their oxygens in alternate positions Asn — Asp and M231(233)Arg— Leu (31, 45) [Residue
within a binding site. Each microstate of the protein has one numbering: Rb. capsulatugRb. sphaeroide# different)].
conformer for each residue, cofactor, and water. Monte Carlo Each compensatory mutation substitutes a residue that
sampling calculates the probability of realizing each of the reduces the charge change introduced on removing the two
initially suggested conformers in a Boltzmann distribution acidic residues. This result highlights the importance of
of microstates. The strength of the MCCE method is that electrostatic interactions in thes@ite of RCs 81, 46). The
atomic positions and ionization states are allowed to come mutated strains which are considered here are (i) single
to equilibrium in a single, self-consistent calculation. Previ- mutants L212EQ (L212Gl¢> GIn), L212EA (L212Glu—
ous work showed that for many residues several atomic Ala), M43(44)ND [M43(44)Asn— Asp], and M231(233)RL
positions are significantly occupied in the Boltzmann dis- [M231(233)Arg — Leu]; (ii) double mutant L212EA
tribution of RC microstates26). A cluster of strongly L213EA (“AA™); (iil) and phenotypic revertants carrying
interacting residues (L210Asp, L212Glu, L213Asp, and second-site suppressor mutations AAV43(44)ND and AA
SerL223) was found to play an important role in the electron + M231(233)RL. To interpret further the results of modeling
transfer from Q~ to Q. the AA double mutant, calculations were also carried out



5942 Biochemistry, Vol. 39, No. 20, 2000 Alexov et al.

for single mutant L213DA (L213Asp~ Ala); this mutant concentration is zero. One DelPhi run provides three energy
has not yet been constructed. Results can be compared witlierms for each conformer)( (1) the loss of reaction field
the L213Asp— Asn mutant 84, 35). The numerical analysis  (desolvation) energhGnj for each conformer in its position

focuses on transfer of the first electron from Qo Qs. The in the protein; (2) the polar interaction enery$,q;, which
calculations use coordinates of RC frd®b. sphaeroideas is the sum of all pairwise electrostatic energies between the
no structure is available for theb. capsulatufkC. side chain of thath conformer and the backbone and the
side chains with no conformational degrees of freedom; (3)
METHODS the pairwise interactions betweeand other conformerg)(

in the proteinAG.. AGn;, and AG,,; are collected into
two vectors of lengthM, where M is the number of
conformers AG}, is collected into @ x M matrix.
Nonelectrostatic Lennard-Jones and torsion energies for
each conformer were calculated as described previously using

MCCE Method The MCCE procedure requires three main
steps: (1) generating a coordinate file containing alternative
ionization and positional conformers; (2) calculating self-
and pairwise electrostatic and nonelectrostatic energies for

each conformer; (3) calculating the equilibrium population :
of all conformers and the free energy of the protein in (he same parameter2y). For theith conformerAGnonei

different redox states. The method has been described inncludes the torsion energy and Lennard-Jones interactions
detail for calculations of the free energy of the electron with parts of the protein without conformational degrees of

transfer from Q- to Qs from pH 5 to 11 in WTRb. freedom. The pairwise Lennard-Jones energies of interaction
sphaeroidesRCs @5). between conformei and j result in aM x M matrix
(AGIerne)'

(1) Generation of the Coordinate Fil&dhe MCCE method
requires a single composite protein data file with all
conformers present. The coordinate file was build up as
described in ref25. This provides 1726 conformers for
generating different ionization states and atomic positions. M

Although extra side chains were taken from available AG =S 6 (i 2.3k T(OH — DK_.)1 + [AG.... +
alternative crystal structures, the method is not restricted to (Y D123 T(PH = PKsop)] + [AGrn,

The energy of a given microstate is the sum of electrostatic
and nonelectrostatic energies for the conformers included in
the microstaten:

this technique. A more recent implementation of the MCCE M M

method (Alexov, E., Karpman, D., and Gunner, M. R., in AGpoIi + AGoal} T ) 04(i) 6n(j)[AG2, +
preparation) generates side-chain rotamers automatically ' i= i=

providing library rotamers for residued {—49). Addition- AGEOHQ] (1)

ally, more detailed charge set distribution can be used for
cofactors 7). These were not added here. Rather, the same,herek, T is 0.59 kcal/mol (25.8 meVM is the number of
structure used in reR5 was retained to allow direct  conformersg, (i) is 1 for conformers that are present in the
comparison with previous studies of WT RCs. microstaten and O for all othersy(i) is 1 for bases:-1 for
Mutations were introduced in the structure by generating acids, and 0 for polar groups and wateysy; is the g, of
additional side chains at the appropriate positions on the WT theith group in solution. The free energy of transferring the
backbone. Coordinates of the mutated amino acids were buliltwater into the protein was taken as 5.3 kcal/mol, which
using the Turbo-Frodo programd?). Thus, in addition to  corresponds to the 1.5 mM solubility of water in cyclohexane
the L212Glu side-chain coordinates, the generated file plus the cost of opening a cavity in the protein (0.7 kcal/
contains additional atom coordinates for L212GIn and mol) (54).

L212Ala. One extra conformer at position L213 for the  (3) Monte Carlo CalculationsThe number of microstates
L213A mutant was introduced. At position M43(44)Asn, two g MM, L, where N is the sites with conformational
extra conformers for ionized and neutral Asp were added. flexibility (528) andL; the number of conformers per site
Finally in addition to the conformer of the native M231- (ranging from 2 to a maximum of 20 for some waters). It is
(233)Arg, one extra conformer accounts for the side chain ¢jearly impossible to obtain the desired thermodynamic
of Leu. This brings the total number of conformers to 1732. parameters by a statistical mechanical analysis that would
Calculations on a given mutant protein only use the ap- require enumerating all microstates. Rather 40 million steps
propriate conformers of each residue. of Monte Carlo sampling were carried out to determine the
(2) Calculation of Conformer Self- and Pairwise Energies. Boltzmann distribution of conformers for each mutant, in
The energy of each microstate is made up of self-and each RC redox state, at each pH.
pairwise electrostatic and nonelectrostatics energies for all The simulation of each redox state for each mutant is
conformers contained in the microsta®®,30). These values  achieved by restricting particular conformers in a given
are calculated prior to Monte Carlo sampling. Monte Carlo calculation. Thus, all conformations are in-
Electrostatic energies are calculated with the program cluded in the energy vectors and matrixes described above.
DelPhi 60, 51) using the finite-difference technique to solve However, an individual conformer for a particular residue
the PoissorBoltzmann equation. Parse charges and atomic or cofactor can be required or disallowed in a given
radii (52) are used and cofactor charges were taken from ref simulation. In the ground state of a WT protein, no
53. The iron atom has a charge ©2. The histidine ligands  microstates with @, Qg, or P having charge are allowed. In
are considered to have the charge distribution of neutral addition, all alternate residue type conformers that are
histidine. The charges on the quinones are taken from refincluded for the analysis of the mutants are disallowed. All
24. The dielectric constant values of 4 and 80, respectively, other conformers can then be formed into possible mi-
are used for the protein and the bulk water. The salt crostates.
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The Q" Qs/QaQs~ equilibrium constant was obtained
from calculations where all microstates have eithgr Qr
Qg™ but never both. In the calculations, P was constrained
to be P as it is in measurements of the equilibrium constant
by the charge recombination techniq&)( The pH of the
calculations was varied by changing its value in eq 1. No
explicit restriction on allowed conformers was made as the
pH changes. Calculations were also performed at pH 7 with
the protein in the following redox states: the ground state:
all cofactors neutral; ¥, Qg, Qa is negatively charged,;
PQa~Qs, P has a positive charge and @ negative charge;
P’QaQs~, Qg is negative; and PQaQs™, P has a positive
and @ a negative charge. Calculations for each mutant
protein restricted the conformers included in the sampled
microstates. For example, where L212Glu is changed to Gin,
neutral or ionized conformers of Glu are forbidden while a
conformer of Gln at L212 must be occupied. Monte Carlo
sampling thus allows all other side-chain position and
ionization conformers to come to equilibrium in each mutant,
in each redox state, at each pH.

(4) Calculation of the Free Energy—AGag) of the
Electron Transfer from @ to Qs. The free energy of the
electron transfer from £ to Qs was calculated from the
equilibrium constantKeq), which is given by the ratio of
occupancies of the § (pg) and the Q™ (pa) states in a
Monte Carlo run where one quinone but not both is reduced
in each microstate. The distribution of reduced quinone is

Biochemistry, Vol. 39, No. 20, 200943
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Ficure 1. pH titration of the free energy of the first electron transfer

from Qa~ to Qg. Experimental data are taken from ré&f¢0), 55

(O), and65 (<) in Rb. sphaeroideand ref56 (a) Rb. capsulatus
The broken lines represent the envelope of the experimental data.

therefore dependent on the relative energy of the entire The calculated curve for AGag for the WT RCs @) (25).

ensemble of microstates that contain the electron on a

particular quinone. Thus

AGE = 2)

—kgTIn K= —ksTIn 22
Pa

Three Monte Carlo runs were carried out at each pH for

whole set of modified RCs is consistent with a negligible

deviation from formula 5 for any mutant.

RESULTS

Previous MCCE calculations have explored how the

each mutant. The results were averaged and standardrotein structure in WIRb. sphaeroide®Cs controls the

deviations calculated to provide the error bars for values of
—AGag. The errors come from the uncertainty of the Monte

free energy of the first electron transfer fromyQto Qs
(—AGag) as a function of pHZ5). The comparison between

Carlo method especially in large systems with rough energy the calculated-AGas and the range of the experimental

landscapes as in the system considered here.
The AAGpg difference between WT and particular mutant
is given by
AAG,g = AGpg — AGHg2™ (3)
(5) Determining—AG,g- All procedures concerning the
construction of theRb. capsulatusnutants, isolation, and

genotypic characterization of the phenotypic revertant strains,

curves measured Rb. sphaeroideandRb. capsulatuRCs

is displayed in Figure 1. It can be seen that in native RCs
the —AGag is approximately 60 meV at physiological pH,
and it is practically pH independent in the pH range8

This is consistent with the proton uptake on the first electron
transfer from Q™ to Qs being close to zero. Major ionization
changes on electron transfer were found to be associated with
L213Asp and L210Asp. L213Asp is fully ionized in the Q

and fully protonated in the Qs states. The proton is taken

and purification of the reaction centers have previously beenfrom L210Asp, which is mostly protonated in the. Qand

described 8, 44, 56).

The —AG,y values were deduced from the measure-
ments (at 865 nm) of the™PQa~ (kap) and P Qg™ (ksp)
charge recombination rates as given by, (58)

—AGRY = KT In(Kyplkgp — 1) (5)

In RCs wherekgp is small, charge recombination froni P
QaQs~ to the ground state may occur by direct electron
transfer from @~ to P, rather than through the™PQa~
state 69). The calculated-AG,g value may be underesti-

fully ionized in the QQg~ states. Thus, the proton rear-
rangement occurs inside the protein, without requiring proton
uptake from solution.

The results presented here discuss the calculations of the
—AGag in several mutated RCs, comparing calculated and
experimental values. This comparison of the pH dependence
of —AGag Will be divided into three pH regions: (1) 3%
(low), (2) 6-8 (physiological, intermediate), and (3)-&1
(high). All structures of RCs have been determined in crystals
obtained at neutral pH (usually—&). Therefore, the most
reliable calculations can be expected in this pH range.

mated in these cases. However, as will be seen, comparisorNevertheless, the calculations have been carried out over the

of experimental and calculated values -6AGag for the

wide pH range to try to account for all the available
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Ficure 2: Calculated versus experimentalAGag for WT and
mutant RCs. Residues are labeled Rfp. capsulatusequence
numbers, where differerRb. sphaeroidesumbers are in paren-
theses.

experimental data. This tests if the residue side chain,
cofactor, water, and hydroxyl flexibility in these MCCE
calculations can account for the modifications of the protein
structure at low and high pHs (see B&for a more complete
description of the errors in analysis at the extremes of pH).
The results of the calculations of theAGag at pH 7 are

Alexov et al.

Conformation and ionization changes in the first electron
transfer from Q™ to Qs are also the same as those in WT
RCs (Table 2).

The calculated pH dependence -6AGpg in the mutant
and the WT is the same, because in the WT RCs, L212Glu
remains neutral above pH 11. It may be that partial ionization
of L212Glu in WT RCs at a pH above 9.5, missed in the
calculations, accounts for the experimentally observed dif-
ference at high pH between the WT and the L2126t
GIn mutant. Although as will be seen the calculations for
several other mutants also show more pH dependence at high
pH then is experimentally seen.

L212Glu — Ala Mutant. In the L212Ala mutant, the
experimentak-AGag (Figure 3a) at neutral pH is60 meV
less favorable than in WT RC56). In the L212Ala mutant,
the experimental and calculatedAGpg values are in good
agreement in the low and medium pH ranges (Figure 3b,
Table 1). At high pH, however, the calculations show
somewhat more pH dependence than is measured.

Ala or GlIn at position L212 produces different effects on
—AGag. Experimentally, the Ala mutant decreaseAGag
by about 45 meV more than GIn. The electrostatic interac-
tions of L212 GI§ or L212GIn with nearby residues were
obtained from the input files for the calculation of microstate
energies in the Monte Carlo sampling. These interactions
will be absent in the L212Glu~ Ala mutant. The pairwise
interactions between L212Glwr L212GIn and Q, Qs ™,
and the nearby residues L213Asp, L210Asp, and H173Glu

plotted against the experimental data in Figure 2. It can be contribute only~11 meV to—AGpg. Therefore, much of

seen that the best fit is a line with slope almost 1 and with

the difference betweer AGpg in the L212Glu— Ala and

constant shift of about 15 meV. Three mutant substitutions L212Glu— GIn mutants cannot be assigned to a significant
make the first electron transfer more favorable, while four change in a few local interactions. Rather it appears to be
mutant substitutions destabilize the reaction. Although all due to small contributions dispersed over many residues. No
mutations introduce or remove a potentially charged group, difference in conformer occupancy of WT RCs and the

the —AGag changes by only about60 meV compared to
the native RC. As will be seen, the effects of the mutations
are reduced by the protein rearrangements.

L212Glu— GIn Mutant.Previous experimental measure-
ments achieved with the L212Gk+ GIn mutant showed
that —AGpg is only slightly changed~+20 meV at pH 7)

mutant was found at ground state and physiological pHs
(Table 1).

Although the substitution of the dipole of Gliby Ala
destabilizes the Qg state relative to the (g~ state, no
changes of more than 10% are calculated in conformer
occupancies between ground and the Qs states (Table

compared to native RCs in the low and intermediate pH 2). The ionization and conformation changes in the first
ranges 88). As displayed in Figure 3a and Table 1, in this electron transfer from  to Qs were the same as in WT
pH region, there is a good agreement between the calculatedRCs (Table 2).

and the experimentat AGag values. Similar-AGpg values L213Asp— Ala Mutant. The L213Asp— Ala single
were measured iRb. sphaeroides212Glu— GIln mutants mutant has not been constructed, therefore no experimental
(33, 37). However, above pH 9 in the mutant, the experi- data are available, but the results can be compared qualita-
mental —AGag remains pH independent while in the tively to the L213Asp— Asn mutant 84, 35), where the
calculations the mutant behaves like WT RCs. The experi- reaction is found to be-80 meV more favorable than in the
mental observation that AGag for the WT and L212Glu WT RCs 60). However, the theoretical calculations were
— GIn RCs differ only slightly at pH 7 led to the suggestion carried out with Ala here for comparison with the “AA”
that L212Glu is protonated at this pH in the ground, Qg double mutant (L212Alat+ L213Ala) discussed below
and QQg~ states 87). This is consistent with the previous (Figure 3c). At pH 7, in the L213Asp~ Ala RCs, the
MCCE calculations of WT RCs26). The small difference  calculated—AGag is ~25 meV smaller than that calculated
in the —AGag values in the mutant results from replacing for WT RCs (Table 1,) and it is pH independent below pH
the uncharged protonated Gloy GIn. Detailed analysis of 9. Above pH 9,—AGag decreases.

the protein ionization and conformation distribution in the ~ Two major differences in ionization states were found
mutant and WT RCs suggest there are almost identical comparing WT and the mutant RCs in the ground state at
pairwise interaction energies of the dipoles of GIn and°Glu physiological pHs (Table 1). L213Asp, which is fully ionized
with Qa~ and @, as well as with the surrounding residues. inthe WT RCs, is removed in the mutant. Its negative charge
Indeed no group is calculated to change its distribution of is then transferred to L210Asp (75%) and to L212Glu (15%),
positions or charge by more than 10% when GIn is which are 25% ionized (L210Asp) and fully (L212Glu)
substituted for Glu in the ground state at pH 7 (Table 1). neutral in WT RCs. Thus, in the mutant, L210Asp is fully
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and dash-dotted line from ref37 (Rb sphaeroideRCs). (b)L212Glu— Ala. Experimental data are shown by the bold line. (c) L213Asp

— Ala. (d) M231(233)Arg— Leu mutant. (e) The M43(44)Astr Asp mutant. (f) L212GIu-L213Asp— Ala—Ala (AA) mutant. (g) AA

+ M231(233)Arg—Leu revertant RC. (h) AA+ M43(44)Asr—Asp revertant RC. Experimental data forb from ref31 (Rb. caplulatus

RCs).

ionized and L212Glu is partially ionized in the ground state The pH independence dGag at physiological pHs shows
at pH 7. The net charge of the cluster of three residues isthat there is no proton uptake from solution.

—1.25in WT and—1.15 in mutant RCs. M231(233)Arg— Leu Mutant. M231(233)Arg — Leu
The electron transfer from Q to Qg is calculated to be  mutation was identified in &b. capsulatuphotocompetent
more favorable in the mutant than in WT RCs. Residue phenotypic revertant derived from the photosynthetically

ionization and conformation in the Qg state are little incompetent L212Glu-L213Asp> Ala—Ala double mutant
changed on removing Asp which is neutral whep Q@ strain. Experimentally, at pH 7, the single M231ArgLeu
reduced. In contrast, in theaQQg state, L213Asp is fully mutation results in a 40 meV less favorableAGpg
ionized. Thus, removing L213Asp changes the ionization of compared to the WT RCs. At pH 7, in the mutantAGag
surrounding residues in the ground ang Qg but not the is measured to be 20 meV and calculated to be 15 meV
QaQg™ states. Thus, the calculated\Gag notably increases  (Figure 3d). At high pH, the calculations suggest th&Gag
in the mutant mostly because the L213AspAla mutation should have a similar pH dependence to that found in WT
destabilizes the reactantaQQg state, rather than stabilizes RCs.
the product, QQs™ state. In the @ Qg state, the carboxyl In the previous calculations with WT RCs, M231(233)-
group of L213Asp makes a strong hydrogen bond to the Arg is fully ionized in the ground, @ Qg, and QQs " states
hydroxyl of L223Ser £0), which is lost in the mutant. The  as are the nearby H232(230)Glu and H125(122)Glu. M231-
calculations suggest that the loss of the hydrogen bond(233)Arg forms salt bridges with H232(230)Glu and H125-
destabilizes the Q Qs state in the mutant compared to the (122)Glu, keeping them ionized even at low pH. Thus, this
WT. In the QQg™ state, the L223Ser makes a hydrogen bond cluster has a net charge ofl. When the Arg is changed to
to Qs”, which is not affected by the removal of L213Asp. Leu, in the ground state, H232(230)Glu binds a proton while
Table 2 provides the changes calculated to occur uponH125(122)Glu remains mostly ionized (Table 1). Thus, the
formation of the Q Qg and Q Qg™ states. L212Glu binds  net charge on the cluster is unchanged although the charge
0.15H"/RC to become fully protonated in the,Qg~ state. distribution varies44). This is similar to the behavior found
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Table 1: Comparison of lonization and Conformation States Calculated for Each Mutant and for the Native Structure

residues undergoing

AAGAB — AGABnative —

pH dependence afGag

ionization differences conformation AGag™ " (pH 7) (meV) experiment theory
mutant znative— zmutant(nH 7) changes (pH 7) experiment theory L | H L | H
wild-type 0 0 + 0 + + 0 +
by by
definition) definition)
L212GIn none none —-20 - 25 + 0 + 0 +
L212Ala none none —60 —70 + 0 - + 0 ~+
H130Lys
L210Asp,—0.75 L217Arg ND +25 ND ND ND 0 0 =+
L213Ala L212Glu,—0.15 L223Ser
M43(44)Asn
M233 (231)Leu H232(230)Glut-1.0 none —40 —70 0 0 ND 0 0 +
L210Asp,—0.15 L217Arg —-30 —25 + 0 ND + 0 +
M43(44)Asp L213Asp;+0.60 L223Ser
M43(44)Asp,—0.45
H130Lys
AA L217Arg +55 +40 0 0 0 0 0 0
L210Asp,—0.75 L223Ser
M43(44)Asn
AA+ H125(122)Glu+0.15 L217Arg
M233 (231)Leu H232(230)Glut1.0 L223Ser +25 +30 0 0 0 0 0 O
L210Asp,—0.75 M43(44)Asn
AA+ L210Asp,—0.55 H130Lys
M43(44)Asp M43(44)Asp,0.45 L217Arg +35 +5 0 0 0 0o 0 +
L223Ser

aBold values: residue charge increases by acid loosing a proton or base gaining a proton. The pH depeA@agds given in the three
regions discussed: low (L), intermediate (I), and high (H) pH regions. (0) No pH dependenceattion more favorable with increasing pH:)(
reaction less favorable with increasing pks)(weak pH dependence, (ND) not determined.

in the L213Ala mutant where removing a negative charge

In the M43(44)Asn— Asp mutant, the calculations suggest

on one acid allows two nearby, protonated acids to becomethat the introduced Asp is 45% ionized and that L213Asp

partially ionized. M231(233)Arg and H232(230)Glu are

2.7 A apart lying about 15 A from g This ion pair will
look like a dipole from the vantage point of the distant. Q
Thus, removing M231(233)Arg can be seen as removing a
dipole not a charge.

M231(233)Arg, H125(122)Glu, H232(230)Glu, and M234-
(236)Glu do not change conformation or ionization states
on the electron transfer from Q to Qg in the WT RCs
(Table 2). Removing the charge of M231(233)Arg plus
H232(230)Glu changes-AGpg largely because of the
asymmetry of the interactions of Arg and Glu with QThe
interaction energy between M231(233)Argnd @~ is 70
meV, while the interaction of H232(230)Glland @~ is
only +40 meV. Thus, the removing the ion pair M231(233)-
Arg—H232(230)Glu destabilizes theaQg~ state. In addi-
tion, on electron transfer from Q to Qg, some proton
transfer from H232(230)Glu to H125(122)Glu occurs, which
will also influence the—AGgg.

M43(44)Asn—~ Asp MutantThe M43Asn— Asp mutation
in Rb. capsulatugvas found in a photocompetent phenotypic
revertant derived from the photosynthetically incompetent
L212Glu-L213Asp— Ala—Ala double mutant strain. Wild-
type Rbs.viridis RCs have an Asp at the M44 position and
an Asn at L213. A difference o030 meV was observed
between the-AGag measured in the M43Ass Asp single
mutant and WT RCs (Figure 3e}4). The calculations show
a similar AAGag of ~25 meV. The calculated and experi-
mental pH dependence 6fAGag are similar in the low and

and L210Asp are, respectively, 60% less and 15% more
ionized than in the native structure (Table 1). Therefore, the
introduction of the Asp near the preexisting cluster results
in a redistribution of charge, but little change in the total
RC charge.

The M43(44)Asn— Asp mutation replaces a dipole by a
potentially negatively charged group. The group has a small
fractional charge in the Qg state and is fully protonated
in the Q.Qg~ state. In the @ Qg state, in the mutant, the
calculations show an average charge-@f.8 on L213Asp
(=1 in the WT), —0.15 on L210Asp (0 in the WT), and
—0.15 on M43(44)Asp. In the mutant, there is a redistribution
of part of the negative charge on L213Asp further froar Q
In the Q.Qg~ state, M43(44)Asp is calculated to be fully
protonated. Since M43(44)Asn and the protonated M43(44)-
Asp have practically the same pairwise interaction energies
with the rest of the protein, the mutation is expected to have
little effect on the free energy level of theaQg~ state.
Therefore, the less favorable AGas value measured in
experiments appears to result from the stabilization of the
Qa Qg state in the mutant.

The difference in ionization and conformation changes in
WT RCs and in the mutant that occur on the electron transfer
is shown in Table 2. The proton uptake is now significant at
pH 7 resulting in pH dependence of theAGag. As in WT
RCs, a fraction of a proton is transferred from the L210Asp
to the coupled acids L213AsiM44Asp (Table 2).

L212Glu-L213Asp— Ala—Ala Double Mutant (AA)The

intermediate pH ranges (Figure 3e). There are no measurel212Glu—L213Asp— Ala—Ala double mutation is calcu-

ments at high pH.

lated to stabilize the g~ state relative to the £ Qg state
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Table 2: Conformation and lonization Changes Calculated for the First Electron Transfer for Each of the Mutants and for Native RCs

PQ:Qe— P Qa Qs P"Qa Qs — P QaQs™
mutant ionization conformation ionization conformation
native none M43(44)Asn, L210Asp,—0.70 L217Arg,
M232Glu L213Asp,+0.90 H130Lys,
L223Ser,
M43(44)Asn
L212GIn none M43(44)Asn, L210Asp,—0.70 L217Arg,
M232Glu L213Asp,+0.90 H130Lys,
L223Ser,
M43(44)Asn
L212Ala none M43(44)Asn, L210Asp,—0.60 L217Arg,
M232Glu L213Asp,+0.90 H130Lys,
L223Ser,
M43(44)Asn
L213Ala none L212Glu, L212Glu,+0.15 L212Glu,
L217Arg, L222Tyr,
L223Ser, L217Arg,
M232Glu L223Ser,
M232Glu
M231(233) Leu M234(236)Glu;-0.40 L212Glu, L210Asp,—0.40 L217Arg,
H125(122)Glu+0.35 M232Glu, L213Asp,+0.90 H130Lys,
M43(44)Asn L223Ser,
M43(44)Asn
M43(44)Asp L210Asp;+0.15 L217Arg L210Asp,—0.35 L217Arg
L213Asp,—0.50 L213Asp,+0.70
M43(44)Asp,+0.30 M43(44)Asp,+0.15
AA none L217Arg, none L217Arg,
L223Ser, L222Tyr,
M43(44)Asn, L223Ser,
M232Glu M43(44)Asn
AA + M233 (231)L H125(122)Glu, 0.85 L217Arg, none L217Arg,
L210Asp,—0.10 L223Ser, L222Tyr,
M234(236)Glu,—0.80 M43(44)Asn, L223Ser,
M232Glu, M43(44)Asn,
H130Lys M232Glu
AA + M44 (43)D L210Asp,—0.20 L217Arg, none L217Arg,
M43(44)Asp,—0.40 M232Glu, L222Tyr,
H130Lys L223Ser

aOnly changes larger than 10% (with respect to the initial state) are shown. If no numerical value is given, residue changes conformation and
not ionization state. Numerical values show the change in average residue ionization in the Boltzmann distribution of accepted microstates. Bold
values indicate an increase in fractional ionization as acids loose a proton or bases bind a proton.

by about 40 meV, in good agreement with the measured is observed between the pH independence of the experimental

value of 55 meV %6) (Figure 3f, Table 1). However, in this

and calculated—AGag curves (Figure 3g). However, the

mutant, the rate of charge recombination is so slow that it experimental and calculatedAGag values differ by about

may underestimate theAGag value 69). Neither calculated

nor measured-AGag shows pH dependence.

of L213 and L212, now L210 is fully ionized in all states at
physiological pHs (Table 1). The calculation of the distribu- the model.
tion of the conformer occupancies shows that, at pH 7,

20—30 meV at all pHs. This is clearly the least accurate fit

of the experimental data in the intermediate pH region.

The major difference in ionization states between WT RCs Possible explanations for this discrepancy is the significant
and the mutant was found to be at L210Asp. In the absencerearrangement of charged groups near to the M233(231)

observed experimentalls{), which are not embedded into

The calculations show that the mutations present in this

ionization and conformation changes for the AA mutant are phenotypic revertant RC change the energy of bath@
and Q Qg™ states compared to the WT RCs. As men-
mutant. The only difference was calculated at high pH, where tioned above, the L213Asp> Ala destabilizes the Q Qs
state by removing the hydrogen bond to L223Ser, while the
the absence of both L212Glu and L213Asp, no protons are QaQg~ state is destabilized by replacing M231(233)Arg by
Leu and by neutralization of the H232(230)Glu counter
charge. Bringing both effects together in the AAM231-

the same as those calculated for the L213Asp\la single
L212Glu begins to titrate in the L213Asp Ala mutant. In

bound from the solution on electron transfer from Qo
Qs (pH 6—11) (Table 2).

AA + M231(233)Arg— Leu Resertant. In this revertant
RC, —AGpg was measured to be30 meV smaller than in
the AA double mutantg6) but was computed to be decreased

(233)Arg— Leu revertant RC, yieldAGpg similar to WT
RCs (Table 1).

The analysis of the distribution of the ionization and

only by 10 meV. In both cases, a reasonably good agreementconformation states shows that there are several major
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Ficure 4: Calculated conformational and ionization differences between the native stru@tamed(the mutant in the ground state at pH

7. The highly occupied conformers in the native structure are shown in green and highly occupied conformers in the mutant are shown in
red. Waters affected by the mutation are shown as balls. These changes are in Table 2. (a) The-l2Z2P¥Nap-M231(233)Arg—
Ala-Ala-Leu [AA + M231(233)RL] revertant RC. (b) The L212GHL213Asp—M43(44)Asn— Ala-Ala-Asp [AA + M43(44)ND] revertant

RC.

differences in the ground state in this triple mutant (Table than in the AA RC. Experimentally, a value 6fAGag 20

1). The changes are almost additive and are approximatelymeV was determined3(). Experimentally—AGag shows

the sum of those calculated for AA and M231(233)Arg little pH dependence, becoming slightly less favorable from
Leu mutant. However, a small proton redistribution was pH 4 to 10. The calculated values-6AGag decrease sharply
calculated between H122GIlu and M236Glu, that is not seenabove pH 7 (Figure 3h), predicting that reaction becomes
in either the single or double (AA) mutants. The most unfavorable above pH 10.

occupied conformers calculated for the WT and AA The effects of the three different mutations measured in
M231(233)Arg— Leu revertant RCs in the ground state, at the AA + M43(44)Asn— Asp revertant RC are roughly
pH 7 are shown in Figure 5a. Most of the changes are additive @4). Thus, the AA mutations make AGag more
associated with the salt bridge H125(122)6M231(233)- favorable, while M43(44)Asr> Asp mutation makes it less
Arg—H232(230)Glu, which now is broken because of the favorable. The result of these two opposing effects is that
removal of M231(233)Arg. In addition, the absence of the—AGag in AA + M43(44)Asn— Asp revertant is close
L213Asp causes reorientation of the side chain of L217Arg. to that found in WT RCs (Table 1).

No ionization changes are calculated to occur on the Q Two groups become charged in the absence of L213Asp.
to Qs electron transfer (Table 2). Upon the formation of In the mutant, L210Asp takes 55% the charge while M43-
either semiquinone, the largest conformation changes are(44)Asp takes 45%. Thus, the net charge remains unchanged
calculated for L223Ser, M43(44)Asn, and L217Arg. In but it is distributed differently compared to WT RCs.
addition to these groups, a large number of waters changeConformation and ionization changes in the AAM43-
their orientation and position. Conformers on the diagonal (44)Asn— Asp mutant are shown in Figure 5b. This triple
do not change occupancy. Those on the right of the diagonalmutation causes significant side-chain rearrangement and
are less probable in RCs withgQ while points on the left protonation changes. Since, L213Asp is fully ionized in WT
are more populated in theaQg~ state. The deviation from  RCs in the ground and the QQg states, replacing it with
the diagonal is minimal near conformer probabilities of O Ala changes significantly the free-energy level of the Qg
and 1. Most off-diagonal elements are residues with severalstate. Additionally, replacing M43(44)Asn by Asp, which is
conformers with similar occupancy and thus comparable calculated to be partially ionized in theaQQg state in the
energies. The protein undergoes many small conformationmutant, also affects the energy of this state. Thus, the AA
and ionization changes upon quinone reduction, each of themmutations destabilize the QQg state and the M43(44)Asn
contributing to the reaction free energy in addition to — Asp substitution stabilizes it, by providing a residue that
significant changes in a few residues. accepts 45% of the charge of the missing L213Asp. The

AA+ M43(44)Asn— Asp Reertant. At pH 7, the—AGpg overall effect is an almost WFAGug value in the AA+
calculated for this revertant is about 35 meV less favorable M43(44)Asn— Asp revertant RC.
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Ficure5: lonization and conformation changes upon the first electron transfer fromoQs. Solid squares represent changes in occupancy

of protein conformers and open circles represent water conformers. The points on the diagonal do not undergo conformation changes while
points to the right of the diagonal lower their occupancy and points to the lest increase their conformer occupancy upon quinone reduction.
(a) The L212Glu-L213Asp—M231(233)Arg— Ala-Ala-Leu [AA + M231(233)L] revertant RC. (b) The L212GhL213Asp—M43(44)-

Asn — Ala-Ala-Asp [AA + M43(44)D] revertant RC.

Table 3: Water Conformational Changes

mutant water occupancy changes from WT water occupancy chariges s — PTQaQg~ "
L212EQ slight change in P1 channel (largest change, W5) all channels but (P2, P3 are more active)
L212EA slight change in P1 channel (largest change, W5) all channels but (P2, P3 are more active)
L213DE significant changes in P2 and P3 channels only all channels but P1 is more active
M231(233)RL significant changes in P1 and P2 channel channel P1 is more active
M43(44)ND significant changes in P2 channel only all channels but most active channel is P1
AA most of the changes within P2 and P3 channels channel P1 is more active

(W6, 200,201) and P1 (W5)

AA + M231(233)RL significant changes in P1 and P2 channel channel P1 is more active
AA + M43(44)ND significant changes in P2 and P3 channels channel P1 is more active

aSecond column provides changes of water occupancy in the ground state in given mutant compared to WIThiRCsolumn compares
changes in water occupancy on the first electron transfer in mutant and WT RCs. Water numbering ®om ref

The mutations do not affect significantly the free energy the membrane [called “P11@, 62, 63)]. Two other channels
of the Q.Qs~ state compared to the WT. Inthe WT, L212Glu lead to @ running parallel to the membrane [‘P2” and “P3"-

and L213Asp were calculated to be protonat28 25, 26). (62, 63)].
In the AA + M43(44)Asn— Asp revertant RC, M43(44)- The occupancies of the water sites previously calculated
Asp is calculated to be protonated in the @~ state.  in WT RCs @5) are compared to those calculated here in

Therefore, the substitution of these three groups causes onlthe mutant RCs. Waters in the mutants were found to have
small changes in the free-energy level of theQR™ state  about 50% average occupancy, similar to that found in the
compared to WT RCs. WT RCs.

Figure 6b illustrates the calculated ionization and confor- ~ Combining the waters in the 1AIG and 1AI1J RC structures
mation changes occurring upon electron transfer fron Q 126 water sites were identified. No extra waters were added
to Qg in the RCs from the AA+ M43(44)Asn— Asp strain. on introducing the various mutations. However, most waters
Several groups undergo conformational changes, but noidentified in the crystal structure were allowed to have a large
ionization changes were calculated (Table 2). Except for number of orientations and positions. Waters also have a
L223Ser and L217Arg, all other significant changes are conformation outside the protein. Thus, the initially proposed

associated with waters. waters can change their occupancies due to a given mutation
Water Moleculesn numerical calculations, waters were mimicking water bindings, translation, and rotation within
found to play a significant role in determining theAGag the site.

(25). The number of water molecules identified by the X-ray  In the ground state, the water distribution calculated for
structures is quite larged( 10, 12). There is a growing  each mutant was compared to the water occupancy of the
consensus that they can be grouped into several distinctWT RCs. The results are shown in Table 3. The L212GIn
channels in the different X-ray structures. Water molecules and L212Ala substitutions do not cause significant differ-
are arranged as a channel leading t§ Qerpendicular to ences in water occupancy compared to the WT RCs. There
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are only small changes in water distribution within the P1 [L213Asp, M43(44)Asp] or in both @ Qs and Q Qg states
channel in the vicinity of @ The picture is quite different  [M231(233)Arg), its addition or subtraction causes changes
for the L213Asp— Ala mutant (Table 3), where most of in the ionization within a particular cluster of strongly
the changes are within the P2 and P3 channels. Most of theinteracting groups. lonization changes within the cluster keep
changes in M43(44)Asr> Asp mutant are also associated the net charge unchanged, reducing the effect of the mutation.
with waters forming the P2 and P3 channels. The AA double Each new protein charge distribution does chand&g
mutant has the same effect as the L213AspAla single compared to WT RCs by a modest, but easily measurable
mutant, because the L212Ala substitution does not causeamount. However, the change would be much larger without
significant water rearrangement. The AAM231(233)Arg protein rearrangement that maintains the net charge of the
— Leu revertant RC has sites of mutations near both the P1protein. For example, the substitution of L213Asp, which is
[M231(233)] and the P2 and P3 (L213) channels. As a result, calculated to be ionized in the native structure in the ground
waters that change position are found in both channels (Tableand the Q Qg states, by a nontitratable residue causes
3 and Figure 5a). Finally, the mutations present in the AA ionization of L210Asp, keeping the charge within thg Q
+ M43(44)Asn— Asp revertant RC mostly cause rearrange- pocket close to what it is in the native structure. For the
ments within the P2 and P3 channels (Table 3 and Figure M231(233)Arg— Leu mutant, removal of the positive charge
5b). is compensated by neutralizing H232(230)Glu in the ground
Most of the changes associated with the first electron and Q™ Qg states and by additional charge redistribution in
transfer in the L212Glu~ Gln and L212Glu—~ Alamutants ~ the QiQs™ states again keeping the charge of the cluster
are quite similar to the WT and involve members of all three Practically constant.
water channels (Table 3), with most changes associated with [N each mutant, the change #AGag can be caused by
the P2 and P3 channels. Replacing either L213Asp by Ala changes in the free-energy levels of either of the semiquinone
or M43(44)Asn by Asp yields large changes in the P1 states. The effect of a given mutation depends on the initial
channel (Table 3). This is also true for the AA double mutant role that the native side chain has on the free-energy levels

and for the revertants. of the Q:"Qe and QQs~ states rather than its position
relative to Q or Qs. Thus, several mutations have the largest
DISCUSSION effect on the Q- Qg state despite the residue being close to
Qg. For example, initial analysis of the L213Asp Ala
The free energy of the electron transfer from™@nd Q mutant proposed that the more favorablAGus resulted

(—AGpg ) has been calculated in eight mutants where from removing a chamg 4 A away from Q. However,
ionizable amino acids have been added or removed. Substi{ 213Asp does not contribute significantly to the energy of
tutions of residues at sites close tg 212Glu, L213Asp)  the Q.Qg~ state, because it is fully protonated in this state.
as well as substitutions at more distant sites that were Rather, it makes a significant contribution to the free energy
identified in phenotypic revertants [L231(233)Arg, M43(44) of the Q; pocket in the Q Qg state 23, 34, 35) (Figure
Asn] were considered. Previous calculations on WT RC fit 3p),

experimental-AGag (25) with an error of~20 meV (pH Triple-mutant, revertant RCs show larger ionization and
5—11). A detailed atomic model for the protein which allows  conformational changes, which again maintain the net charge
motions of @, side chains, waters, and hydroxyls during of the system. The AA+ M43(44)Asn — Asp strain
the energy calculations was use#5) The same WT  produces smaller ionization changes than AM231(233)-
structure, method, and parameters were used here to calculatarg — Leu, because one acid (L213Asp) is removed while
the effects of the different mutations whose side chains another is added [M43(44)Asp]. The negative charge on
replaced the native one. Previous experiments with RCs from| 213Asp in ground and Q Qg states is now distributed
the L212Glu-L213Asp— Ala—Ala double mutant and the  petween M43(44)Asp and L210Asp. The smaller ionization
two phenotypic revertants, in which the M43(44)AsnAsp changes in AA+ M43(44)Asn— Asp compared to the AA
and M231(233)Arg— Leu mutations compensate for the lack + M231(233)Arg— Leu RCs are caused by the difference
of L212Glu and L213Asp, considered the energetics and thejn the third site of mutation. M43(44) site is within AA
dynamics of the electron and proton-transfer proces2@s ( cluster of residues, while M231(233) is relatively far away
However, these experiments could not identify the ionization from this cluster. Thus, the AA+ M43(44)Asn— Asp
states or motions of side chains and water molecules thatrevertant changes residues within a single cluster (AA cluster)
could be changed in mutant RCs. The calculations repre-while AA + M231(233)Arg— Leu changes residues within
sented here provide information that helps understand thetwo clusters causing larger ionization and conformation
changes caused by each of the mutations. changes.

Each mutation adds or subtracts an ionizable group from The electron transfer in the mutants which replace
the protein. The formal pairwise interactions of these L213Asp with a neutral residues without introducing an Asp
residues, if charged, with £ range from 330 meV for  at M43(44) lack pH dependence at high pH in experiment
L212Glu and 300 meV for L213Asp to 70 meV for M231- and calculation. As seen in previous calculations on WT RCs
(233)Arg. However, measured and calculatetiGags in the (23, 25, 26), Asp L213 is ionized in the Q Qg state and
mutants vary by less thah60 meV. Two mechanisms play must bind a proton when the electron is transferred go Q
a role in reducing the\AGpg. First, with exception of the  This proton is primarily donated by L210Asp at physiological
more distant M231(233)Arg, all other residues subject to pH. At high pH, changes in ionization states of other residues
mutation are neutral in the AQg~ state. So, these large contribute some of the proton needed by L213Asp, but some
pairwise interactions with g never contribute to-AGag. RCs in the ensemble must bind a proton from solution.
In addition, when the group is ionized in thea@;g Removing L213Asp thus removes the requirement for proton
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binding, diminishing the pH dependence of the reaction.
M43(44)Asn lies near & When an Asp is substituted at

this site, it is partially ionized in the £ Qg state and neutral

in the Q.Qg ™~ state. This restores some of the pH dependence

of the reaction—AGag at high pH.

The calculations fail to capture the pH independence in i(i“)

the high pH region of the L212Gk+ GIn and L212Glu—

Ala mutant RCs. When a site is reduced within a protein,
the product state can be stabilized by protein rearrangement
or by proton binding. These MCCE calculations, with a
limited number of side-chain conformers, may lack sufficient
conformational flexibility to capture motions available in the

protein that stabilize the Qg™ state without proton uptake.
In addition, as described previousl®5) proton uptake can
occur even at distant sites at pHs near a residuesvfany

residues titrate above pH 9. Small errors in their calculated
pKs can therefore lead to significant errors in proton uptake

at high pH.

The calculations also differ from experiment in the analy-

sis of the AA + M231(233)Arg— Leu mutant. In the

calculations, the reaction is more favorable than measured.

What is notable is that the experimentally determin@dsag
is rather close to the numerical sum of tAAGpg of the
AA mutant, which destabilizes the \QQg state and the

M231(233)Arg— Leu single mutant which stabilizes the

QaQs~ state. In contrast, the calculations show changes in
the triple mutant that are not found in either parent single or
double mutants (see Table 2). It may be that changes in the

protein, not captured in the model isolate the L212, L210,
and L213 cluster (AA) from the M231(233)Arg, H232(230)-

Glu, and H125(122)Glu cluster resulting in the observed

independence of the effects of AA and Arg mutations.

Both mutations accelerate proton transfer by more than

50-fold compared to the AA mutard®) and were originally

suggested to occur near proton transport channels involving
water molecules56) The high-resolution structures of the

Rb. sphaeroideRC (9, 12, 62, 63) show that the M43(44)

and M231(233) sites are near specific water channels. The

numerical calculations performed for the WT R@5(
showed that the electron transfer fromy Qo Qs states does

involve changes in the occupancy of conformers of water
molecules in or close to these channels. In the different 31-
genetically modified RCs, the electron transfer appears to
be accompanied by significant modifications of the positions
and/or orientations of water molecules in the various water 33,
channels. Such a possible coupling between the motions of
water molecules along the channels and the electron transfer 34-

35.

process has recently been suggest.
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