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ABSTRACT: The electron transfer between the two quinongsa@d (¢ in the bacterial photosynthetic
reaction center (bRC) is coupled to a conformational rearrangement. Recently, the X-ray structures of the
dark-adapted and light-exposed bRC fr&inodobacter sphaeroidegere solved, and the conformational
changes were characterized structurally. We computed the reaction free energy for the electron transfer
from Q, to Qg in the X-ray structures of the dark-adapted and light-exposed bRCRionsphaeroides

The computation was done by applying an electrostatic model using the PeBsltmmann equation

and Monte Carlo sampling. We accounted for possible protonation changes of titratable groups upon
electron transfer. According to our calculations, the reaction energy of the electron transfer fram Q

Qg is +157 meV for the dark-adapted anrth6 meV for the light-exposed X-ray structure; i.e., the electron
transfer is energetically uphill for the dark-adapted structure and downhill for the light-exposed structure.
A common interpretation of experimental results is that the electron transfer betweemn® @ is

either gated or at least influenced by a conformational rearrangement: A conformation in which the electron
transfer from Q to Qg is inactive, identified with the dark-adapted X-ray structure, changes into an
electron-transfer active conformation, identified with the light-exposed X-ray structure. This interpretation
agrees with our computational results if one assumes that the positive reaction energy for the dark-adapted
X-ray structure effectively prevents the electron transfer. We found that the strongly coupled pair of
titratable groups Glu-L212 and Asp-L213 binds about one proton in the dark-adapted X-ray structure,
where the electron is mainly localized at,nd about two protons in the light-exposed structure, where
the electron is mainly localized atQThis finding agrees with recent experimental and theoretical studies.
We compare the present results for the bRC fiRim sphaeroideto our recent studies on the bRC from
Rhodopseudomonadridis. We discuss possible mechanisms for the gated electron transfer f{oto Q

Qg and relate them to theoretical and experimental results.

Electron-transfer reactions in proteins can be coupled to cal energy by coupling photoinduced electron transfer to
structural rearrangements<3). In these cases, the electron- proton uptake from cytoplasm. The X-ray structures of the
transfer rate does not depend on the reaction free energypRC fromRhodopseudomonas (Rparjdis (6—9) and from
which contradicts the classical Marcus theody §). Such Rhodobacter (Rb.) sphaeroidés0—14) enabled a more
electron-transfer reactions are gated or at least influenceddetailed understanding of the various functional processes
by processes that are not the actual redox event, for examplein the bRC. The present work considers the light-exposed
by conformational transitions or protonation reactions. The and dark-adapted X-ray structures of the bRC Rif.
electron transfer between,Qand @ in the bacterial sphaeroides(14). Three polypeptides, the L, H, and M
photosynthetic reaction center (bR@ apparently such a  subunits, form this protein complex. They bind nine cofac-
gated reaction2). tors: four bacteriochlorophylls, two bacteriopheophytins, two

The bRC is a pigmentprotein complex in the membrane ubiquinones (UQ), and one non-heme iron. The cofactors
of purple bacteria. It converts light energy into electrochemi- are arranged in the two branches A and B related 16 a
symmetry and extend from the special pair to the quinones.
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Rhodopseudomonasdridis. UQ from the quinone pool.

10.1021/bi000413c CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/02/2000



10488 Biochemistry, Vol. 39, No. 34, 2000 Rabenstein et al.

sphaeroidesvith a resolution of 2.2 and 2.6 A, respectively
(ref 14, PDB entries laij and laig, respectively). We
considered only the first reaction center in the unit cell (H,
L, and M chain together with their cofactors) and ignored
the other (N, O, and P chain in laig; R, S, and T chain in
1aij). All water and detergent molecules were removed. The
influence of water was considered exclusively by a higher
dielectric constant in cavities and outside of the protein,
because the orientation of the water molecules is not known,
which makes their electrostatic effects uncertadd)( We
used an extended atom representation for the nonpolar
hydrogen atoms, except for the quinones, the bacteriochlo-
rophylls, and the bacteriopheophytins, for which all hydro-
gens were treated explicitly. Polar hydrogens were also
Ficure 1: Structural arrangement of the quinone binding pockets. treated explicitly, with the exception of the ac@c hydrogens
View of the two quinones, Rand @, the non-heme iron, and  Of Protonated glutamates and aspartates, which were repre-
selected amino acid side chains from the X-ray structl# The sented by symmetrical charge adjustment of the two carboxyl
two different binding sites of @ are shown: the distal binding  oxygen atoms as described in 2df Coordinates of explicitly

site in the dark-adapted X-ray structure and the proximal binding treated hydrogen atoms were generated with Char8h (

site in the light-exposed X-ray structure. The exact coordinates of = . .
all other atoms shown are taken from the light-exposed X-ray The positions of hydrogen atoms were energetically opti

structure, but there are no significant deviations from the coordinates Mized, while the heavy atom positions were fixed. For this
of the dark-adapted X-ray structure. The electron transfer from optimization, all titratable groups were in their standard

Qu to Qg will only occur when @ binds at the proximal site. ~ protonation (i.e., aspartate, glutamate, the C-termini unpro-
[Drawn with the Molscript program7g).] tonated, arginine, cysteine, histidine, lysine, tyrosine, and the

In previous studies, we investigated several electron- N-términi protonated), and both quinones were in their
transfer and binding reactions of photosynthetic proteins by 0Xidized (uncharged) state. We used the same atomic partial
various theoretical method&%—23). In this work, we focus ~ charges as in refl. After the placement of polar hydrogen
on the electron transfer from;Qto Qs in the light-exposed atoms, Ser-L_223 |s_weak|y hydrogen-bonded to Asp-1213,
and in the dark-adapted X-ray structuredRiif. sphaeroides butnotto @, n the I|_ght-exposed X-ray structure. Ser-1.223
(14). The rate of this electron transfer at low temperatures 90€S not participate in any hydrogen bond in the dark-adapted
is dramatically increased in bRC frozen under illumination X-ay structure. , ,
compared to bRC frozen in the da@dj. This effect suggests Calculation of Protonation Patterns?l’hg theoretical
that the dark-adapted and the light-exposed bRCs differ in Packground of the calculation of protonation patterns by
their conformation, and the dark-adapted state has to undergg®!Ving the PoissonBoltzmann equation and sampling the
a conformational change before electron transfer can takeP0SSible protonation states with a Monte Carlo (MC) method

place efficiently. This conformational change may occur 1S réviewed in ref3l The detailed procedure follows the
much slower than the electron transfer, which would lead to description in re21. As reported therg, we used quhford S
conformational gating of the reactiod)( Conformational Mead program 33’ 34) for the solution of the PO'S.SGﬂ
gating occurs also in other electron-transfer prote®yagd ~ Boltzmann equation. However, for the MC sampling, we
was proposed for the bRC on the basis of a driving force US€d instead of Beroza's Mcti prograB0f our own program
assay2). Indeed, the X-ray structura4) of the dark-adapted ~ Karlsberg 85), which implements the same MC method as
bRC shows that Qis displaced by approximaieb A and Mcti but is equipped with a set of additional features. These
has undergone a 18Cpropeller twist compared to the features will be reported in detail elsewhere (manuscript
structure of the light-exposed bRC (Figure 1). The binding SuPmitted). Here, we needed only a subset of them, which
site of Q in the dark-adapted bRC is referred to as the distal COMPrises triple moves for increased sampling efficiency
binding site (with respect to the non-heme iron), whereas (22, biased MC 86), and inclusion of redox groups for the

the binding site of @ in the light-exposed bRC is referred ~c@lculation of the redox potentials of the quinones (see
to as the proximal binding site. next section). The Karl_sbe_rg program is freely available
In the present study, we calculate the energetics of theUnder the GNU public license from our webserver
electron transfer from [ to Qs and the protonation pattern (http.//I|e.cher_me.fu-berlln.de/karlsbergl).
of the titratable groups of the bRC in the dark-adapted and .A" cglculatlons were done for_ a pH value of 7.0. The
light-exposed X-ray structures by applying a well-established d!electn_c constant in the protein was set do= 4. A
continuum electrostatic method®25—-31). We used this discussion of the choice of this value is givenin @&29,
method previously to investigate the coupling of protonation and 37—39. For the _solvent, we used a dielectric constant
and electron-transfer reactions in the bRCRys. viridis of ¢ =80 and a lonic strength of 10(.) mM. The P0|sson_
(21, 22). The main goal of our present work is to investigate Boltzmann equation was solved using a three-step grid-

the conformational gating hypothesis and to understand howaCL.JSIng propedurg with a starting grid resolution .Of 2.5 A
the protein accomplishes the conformational gating. an |r|1te.rmedf|aot% %\”d resolution of 1.0 A, and a final grid
resolution of 0.3 A.

MATERIALS AND METHODS Calculation of the Redox Potential Difference of the
Structure.In our calculations, we used the dark-adapted Quinones.We treated the quinones as redox-active com-
and light-exposed X-ray structures of the bRC fréth. pounds. The possible protonation ofg Qollowing the
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Ficure 2: Possible electron-transfer reactions and conformational gating in the bRC. The initial reaction is the light excitation of the
special pair P to P after which a charge separation follows in the sub-microsecond time regime, resulting in the*QRt€®d The

electron is then transferred from,Qto Qs in the time scale of several hundred microseconds. According to the conformational gating
hypothesis, this process involves a conformational transition, after which the actual electron transfer occurs at a much faster rate. Recombinatio

occurs from the state’®, Qg to PQ\Qs with a time constant of about 100 ms. All states can in principle adopt the two conformations

considered in the present study: one where the electron transfer fiono Qg is possible and one where it is hindered. We assume that

the electron-transfer active conformation is represented by the light-exposed X-ray structure and the electron-transfer inactive conformation
by the dark-adapted X-ray structure. The hindering of the electron transfer can be mediated kinetically or thermodynamically (or both). The
kinetics is not investigated in the present study, but the thermodynamic result is that the electron transfer is uphill by 157 meV for the
dark-adapted X-ray structure, whereas it is downhill by 56 meV for the light-exposed X-ray structure. Due to the experimental conditions,
the bRC was in the ground-state R@ for the determination of the dark-adapted X-ray structure and in the charge-separated state

PtQaQg for the determination of the light-exposed X-ray structure. Hence, the conformational equilibrium prefers the electron-transfer
inactive conformation in the state RQg and the electron-transfer active conformation in the stat@.R®g . The conformational

equilibrium constant in the state’®, Qg is unknown. The upper limit of 62 meV for the conformational transition in this state is deduced
from comparison of experimental and calculated results (see text for details). The upper tirhbfneV for the conformational transition

in the state PQAQg results from the thermodynamic cycle connecting the stat€¥ g and PQAQy in the two conformations.

electron transfer1) was not considered here. In principle, RESULTS AND DISCUSSION

a redox-active group can be treated in the same way as a

titratable group. The titratable group depends on pH value, Energetics of the Electron Transfer fro@j, to Qs

Whi.Ch is replaced by the solution redpx potential for a redox- Review of Experimental ResultShe experimental values
active group 81, 40). Here, we consider the two qUINONES 4t the electron-transfer energy are determined by measuring
as one extended re.dc.».(-actlve g.]roup with only Mo possible the recombination rates of the bRC stateQP Qs and
redox states: the initial state ,(@s and the final state P*QaQ, to the ground-state P{@s. For the PQAQy
QaQs - The transition between these two states does Nnotgecay, direct recombination is negligibkl-43). Instead,
depend on the solution redox potential and corresponds t0it is assumed that the staté®Q; is in equilibrium with

Sqn internal eltec;rt%n t;/lagsfer. Tlh's trzrfltsnu,z/rllcwas mcl:_luded N the state PQ, Qs and recombination occurs nearly exclu-
€ move set of the samping. Aer sampiing, we sively from P'Q, Qg (Figure 2). Therefore, if the equilib-
calculated the free energy difference of the two states by . . .
. L rium between the states,@s and QQg is reached fast
using the equation: V= -
compared to the recombination rate from@ Qg to the
ground state, the equilibrium constéys can be calculated

AG = —kgTIn O (1) from the measured recombination rates with the equation
1-00 (44—46):
where Xand 1— XOare the average occupancies of the _ Kap

Kas ()

final and initial state, respectivelyks is the Boltzmann

constant, and is the absolute temperature. The calculated
energy value is derived from electrostatical terms. Thus, it Ka
does not include any van der Waals interactions.

_@—1

p is the recombination rate from the stateé QR Qs,
measured in a bRC where electron transfer gaslocked.

If the free energy differencAG is not close to zero, the kgp is the effective recombination rate from the state
probability (X(is close to zero or unity and thus even a small P*Q,Qp . From the equilibrium constariag, the reaction
statistical error of the MC sampling leads to a large statistical energy of the electron transfer from;Qto Qs can be
error of AG. To solve this problem, we applied a bias to the calculated similarly to eq 1. By this method, the electron-
sampling of the two redox state8€). We chose the bias  transfer energy was determined by different groups to be
iteratively such that the probabilitg[reached a value close  —78 meV at pH 7.847), —71 meV at pH 8.044), nearly
to 0.5, which minimized the statistical error of the calculated constant,—67 meV, from pH 6.0 to pH 8.546), or —52
energy. At the end, the bias was removed from the calculatedmeV at pH 8.1 46).
values to get the original result, but with a strongly reduced  Computational ResultsFor the reaction energy of the
statistical error. In two separate MC samplings, we applied electron transfer from D to Qs at pH 7, we computed a
also a very large negative or positive bias to obtain value of—56 meV for the light-exposed X-ray structure and
protonation patterns with a virtually fixed redox state of the a value of+157 meV for the dark-adapted X-ray structure
quinones @ Qs or QuQg , respectively. (Table 1). According to our computation, the electron transfer
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Table 1: Summary of the Computed Results at pH 7.0 for the Dark-Adapted and Light-Exposed X-ray Structure

protonation probabilities

Qr Qs —~ QaQy Qx Qs Qg equilibrium

structure energy (meV) proton uptake L210 L212 L213 L210 L212 L213 L210 L212 L213
dark (1aij) +157 0.15+ 0.03 0.01 0.27 0.75 0.01 0.60 0.85 0.01 0.27 0.75
light (1aig) —56 0.33+ 0.02 0.02 0.81 0.37 0.00 1.00 0.99 0.00 0.98 0.93

aShown are the energies for the electron transfer frgqmtQ Qs and the protonation probabilities for selected titratable residues in the fixed
redox states PQs and QQg and in the equilibrium distribution between the two states. L210 and L213 are aspartates, and L212 is a glutamate.
The standard deviation of the single-site protonation probabilities is smaller than 0.001 protons.

is energetically uphill in the dark-adapted X-ray structure reproduce the experimental value for the electron-transfer
and downhill in the light-exposed X-ray structure. From a energy. However, without conformational flexibility, they
thermodynamic point of view, we can therefore support the calculated the electron transfer to be uphill by 165 meV.
assumption that the dark-adapted X-ray structure representsThey reported similar results of R. Lancaster and M. R.
the electron-transfer inactive conformation of the bRC and Gunner for the bRC fronRps.viridis (unpublished results
the light-exposed X-ray structure the electron-transfer active cited in ref48).

conformation. The implication of this finding for the con- It is obvious to ask why our own studies reproduce the

formational gating mechanism is discussed in the next SeCtiO”experimental energy value successfully and all other studies
(Conformational Gating). The calculated value for the fail. In the past, we proposed as the main reason for our
reaction energy of the electron transfer in the light-exposed g ccess our detailed charge model for the cofactors of the

X-ray structure is in good agreement with the experimentally prc derived from quantum chemical calculations. In par-
determined values. However, this value implies that the bRC ticylar, the charges for the non-heme iron center and the

adopts completely the electron-transfer active conformation quinone in their different redox statefl( 22) differ

in both states Q Qg and QQ; , since we have exclusively  sjgnificantly from those of the simplified charge model used
considered the light-exposed X-ray structure, which is in the other studies3, 48, 51). Alexov and Gunner question
assumed to represent the electron-transfer active conformathat assumption and emphasize the fact that the past studies
tion. In reality, both states may consist of a mixture of 3| used different bRC structure48). Without doubt, even
electron-transfer active and inactive conformations as denoteq"noderate conformational Changes can have a |arge effect on
in Figure 2. The possible influence of the distribution of electrostatic energie®?). R. Lancaster and M. R. Gunner
electron-transfer active and inactive conformations on the ysed for their calculation of the electron-transfer energy in

experimentally determined electron-transfer energy is dis- the bRC fromRps.viridis (unpublished results cited in ref

cussed in the next section (Conformational Gating). 48) a new X-ray structure with a better define@ Qinding
Comparison to Earlier Computation$he energetics of  sjte (refs8 and 9; PDB code 2prc), which was, however,
the electron transfer from Qto Qs in the bRC fromRb. not publicly available at the time we did our studies. To use

sphaeroidesindRps.viridis was investigated several times  the improvements of the new structure anyhow, we applied
by electrostatic approaches similar to that used in the presentwo well-defined modifications A1) to an older X-ray
study. The first of these studies was done by Beroza et al. structure (ref7; PDB code 1prc) according to information
(36) on the bRC fronRb. sphaeroidesHowever, they failed already published at that timé&Z, 53). By this way, the

to reproduce the experimental value of the electron-transferstructure we used for our studie®l( 22) was very similar
energy. The electron transfer was calculated to be uphill by to that used by R. Lancaster and M. R. Gunner. As soon as
170 meV. Three years later, we did our own studies on the the new X-ray structure8({ 9) was publicly available, we
bRC of Rps.uviridis, the first without conformational flex-  repeated our calculation using this structure. Within less than
ibility (21), as we did it also in the present study, and the 10 meV, we got the same energy as with our modified
second with conformational relaxatio®d). In both studies,  structure (unpublished results). Hence, for the bRC fRps.

we could reproduce the experimental value of the electron- siridis, the structural differences cannot explain the differ-
transfer energy faithfully. Recently, Alexov and Gunnés)( ences in the computational results. However, for the studies
studied the electron transfer from, Qo Qs also based on  on the bRC fronRb. sphaeroidestructural differences may
the light-exposed and dark-adapted X-ray structutdy s be more significant. Beroza et aB) used another structure
we did it in the present study. Alexov and Gunner took the (PDB code 4rcr) than Alexov and Gunndi8f and us in the
backbone conformation from the dark-adapted X-ray struc- present study. Although the latter two studies are based on
ture. They generated the side-chain conformers and thethe same X-ray structured4), the actually used structures
binding position of @ according to both, the dark-adapted differ. We placed polar hydrogens using the Hbuild facility
and the light-exposed structures, and several additional bRCof the program Charmm3@) with a subsequent energy
structures fromRb. sphaeroidesand Rps. viridis. They minimization @1). Alexov and Gunner used the program
included also different conformers of polar hydrogens that Proteus $4) to place polar hydrogens. We used the original
are part of a titratable group. The possible combination of light-exposed and dark-adapted X-ray structure, whereas
conformers were sampled using a generalized MC methodAlexov and Gunner used for their calculation with a single
(49, 50). In their calculation, explicit water molecules were protein conformation the backbone from the dark structure,
also included in different orientations, which were also which is, however, nearly identical to the backbone of the
sampled by the MC method. By this method, they included light structure. They selected for each side chain and for Q
conformational flexibility in their calculations and could the conformer with the highest population in their calcula-
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tions with conformational flexibility for the ground state of electron transfer from P to Qs will occur nearly exclu-
the quinones (@Qg). This selection procedure leads to a sively in the electron-transfer active conformation. In the
structure that will be energetically optimized for uncharged ground-state PRz, the bRC is preferentially in the electron-
quinones and may prefer one of the two statés@g and transfer inactive conformation. Hence, a conformational
QaQg more than the other. transition is necessary to allow the electron transfer from
To probe our assumption that the different charge models Qx to Qs. This transition is the rate-determining step.
are the most important reason for the different results, we To determine the two conformations experimentally, X-ray
repeated our calculation using the charge model of Alexov structures were solved of the dark-adapted bRC, which is in
and Gunner 48, 51) for the quinones, resulting in an the ground-state PAQs, and of the light-exposed bRC, which
electron-transfer energy 6f6 meV, thus an increase of the was frozen immediately after illumination and therefore in
electron-transfer energy by 50 meV. This is a significant shift the state PQAQg (14). The most striking difference be-
but can only partially explain the difference between the tween the two X-ray structures is the displacement gf Q
calculated energy in this study and the energy calculated forfrom a binding site proximal to the non-heme iron to a distal
the rigid case in ref48. However, the charges of the binding site. In the light-exposed X-ray structures inds
polypeptides are also different in all three studies and may at the proximal binding site, whereas in the dark-adapted
cause additional significant differences in the electrostatic X-ray structure it binds at the distal binding site (Figure 1).
energy. We used the charges from the Charmm parameteHowever, the electron density at the proximal binding site
set provided by Molecular Simulations Inc., which closely suggests a partial occupancy of & the proximal site even
resemble those of the Charmm 19 parameter 32}t ffut in the dark-adapted X-ray structure. It was proposed that the
are also available for several amino acids in nonstandarddark-adapted and light-exposed X-ray structures represent
protonation. Alexov and Gunne4§ 51) used Parse charges the electron-transfer inactive and active conformations,
(55), which tend to be more localized and to have larger respectively. Thus, in the state’®.Qj the equilibrium
absolute values than the Charmm charges we used. Berozgetween electron-transfer inactive and active conformations
et al. @6) used charges from the Discover force fiefb) prefers the electron-transfer active conformation, and in the
In addition to different charge models and different ground-state PR it prefers the electron-transfer inactive
structures, there are a number of other possible differencesconformation. The detected partial occupancy gfadthe
in the conditions and techniques of solving the Poisson proximal binding site shows that the preference of the
Boltzmann equation. Most evident is the resolution of the equilibrium for the electron-transfer inactive or active
employed grid. We used a grid with a lattice constant of 0.3 conformation is less pronounced in the ground state than in
A, whereas Alexov and Gunner used a relatively coarse grid the state PQAQ, (Figure 2).
with a lattice constant of 0.83 A. Also, the inclusion of
explicit water molecules can have a significant effect. Alexov
and Gunner included explicit water molecules in their
calculation with conformational flexibility. This is reasonable
since the water molecules can adopt different orientations
in such a calculation. In a calculation with a rigid conforma-
tion, the inclusion of explicit water molecules is dangerous
if the correct orientation is unknown. However, it is not clear
whether Alexov and Gunner included explicit water mol-
ecules in their calculation for the rigid protein. In ré8,
there are contradicting statements in connection with Figure
9 that “waters were deleted” and “waters are rigid”.

This finding is in agreement with kinetic measurements
that found the electron-transfer rate frory @ Qs to be at
least biphasicg7, 58). The fast phase can be assigned to
the electron transfer in the electron-transfer active conforma-
tion and the slow phase to the conformational transition from
the electron-transfer inactive conformation to the electron-
transfer active conformation. However, the quantitative
results of the two kinetic studie$7, 58) are very different
and seem to be highly sensitive to the details of the
experimental procedure. The fast rate component of the total
reaction yield, which is according to our interpretation
identical to the occupancy of the electron-transfer active
conformation in the ground state, was measured to be 25%
by Tiede et al. §7) and 60% by Li et al. §8). A strong

Review of Experimental Result€onformational gating  preparation dependency was explicitly reported and discussed
(1) was proposed for the bRC @&tb. sphaeroidesn the (57). The reported distributions are, however, not very
basis of experiments in which the driving force for the differentin terms of free energy. This means that very subtle
electron transfer from ) to Qs was varied 2). In this changes of conditions may have a strong influence on the
experiment, @ was replaced by quinones other than UQ observed distribution for both experiment and calculation.
that have different redox potentials. The electron-transfer rateWe conclude, that the free energy difference between
from Q. to Qs was not changed significantly by this electron—transfer active and inactive conformations is close
replacement. The reaction energy of the electron transfer ist0 zero and its exact value depends on the experimental
relatively small so that the electron-transfer process occursconditions.
in the normal regime, where the classical Marcus thedry ( Computational Resulté\s mentioned above, we computed
5) predicts a strong dependency of the electron-transfer ratethe reaction energy of the electron transfer frojn @ Qs
on the reaction energy. The observed independency of theto be uphill by 157 meV in the dark-adapted X-ray structure.
electron-transfer rate on the reaction energy can be explainedVe can therefore support the assumption that the dark-
by a conformational gating mechanism. According to the adapted X-ray structure is electron-transfer inactive. Our
conformational gating mechanism, the bRC can adopt two viewpoint is exclusively thermodynamic. There may also be
conformations: an electron-transfer active conformation and kinetic reasons for the inhibition of the electron transfer in
an electron-transfer inactive conformation (Figure 2). The the dark-adapted X-ray structurgd, but we did not consider

Conformational Gating



10492 Biochemistry, Vol. 39, No. 34, 2000 Rabenstein et al.

kinetics in the present study. In the following, we assume and inactive (inact) conformations of the stateQ® Qs

that the amount of electron transfer betweena@d G in with the corresponding equilibrium consta6g, (Figure 2):
the dark-adapted X-ray structure is negligibly small.

From the results above, we concluded that the equilibrium _[P'Q.Qpact AGpg
between electron-transfer active and inactive conforma- Kas = PO o, ] 2 —e ©)
tions prefers strongly the active conformation in the state A Qe
P*QaQg and only weakly the inactive conformation in the G
ground-state Pg (Figure 2). The value of the conforma- _ [P"Qa Qe acJ N F(— AGconf) 4
tional equilibrium constant in the state"®, Qg is un- conf [P"Qx Qs J—e KT @

known, but it would have implications for the detailed
mechanism of the conformational gating. Depending on the
value of the equilibrium constant, the gating mechanism is
between the following two limiting cases:

Both equilibria are reached fast compared to the recom-
bination rate from PQ, Qg to the ground statet). In our
) o ) calculation, we evaluated the equilibrium constdg,

(i) The eqU|I|b.r_|um constant could be the same in the states hereas the above-described experimental method to mea-
PQ:Qs and PQj Q. Electron transfer from D to Qs will sure the equilibrium of the states'®, Qs and P QaQj5

only occur i.n the small frgction of bRCs in the electron- yields an equilibrium constanKe, that describes the
transfer active conformation. After electron transfer, the equilibrium of the states &Y, Qs and PQsQ, in both

equilibrium between electron-transfer active and inactive
conformations readjusts by a conformational transition, and
further electron transfer occurs with the effective rate of the
conformational transition. In this mechanism, thg@®duc-
tion “pulls” the bRC into the electron-transfer active

conformations, the electron-transfer active and inactive. Since
the occupancy of the state ®,Qy in the electron-transfer
inactive conformation is neglected here, the expression of
the experimentally determined equilibrium constant simplifies

conformation. Hence, we call this mechanisipul transi- o
tion. 4 .—
P ac AG
(ii) The equilibrium constant could be the same in the K., ,=— .7[ QnQ% — E = r(— ?ex')) (5)
states PQ, Qg and PQaQg ; i.e., already the reduction of PQaQs J+ [P QaQs ]

Qa (or other light-induced events going along with thg Q

reduction) triggers the transition to the electron-transfer active ~ The connection between the three equilibrium constants
conformation 2). In this case, the conformational transition 1S

from the inactive to the active conformation would also occur K

without the electron transfer from;Qto Qz. The bRC is K —— P (6)
“pushed” into the electron-transfer active conformation, N Kag — Kexp

whether the electron transfer from,Qto Qg will actually ) o )

occur or not. We call this mechanisnpash transition Since Using eq 1, the equilibrium constants in eq 6 can be
the electron-transfer reaction that leads from the state Converted into free energy, yielding the following expression
P*QaQs to the state PQ, Qg is in the sub-millisecond for the free energy of the conformational transition in the

time regime, the much slower conformational transition is State PQj Qe:

still the rate-limiting step and the electron-transfer reaction AG. . — AG

is therefore still gated. This rate limitation can only be AG. .= kTIn[exp(M) _ 1] )
_ conf

circumvented by fixing the bRC in the state”®, Qs, KT

waiting until the conformational transition to the electron- AG.. is the experimentally determined reaction ener

transfer active conformation has occurred, and then releasing exp P y ) 9y

the fixation, so that the electron transfer can proceed ungated.mc the electron wransfer from Q1o Qs derived fromKe,

This procedure is, however, only@edankenexperimeand and AGag is the calculated reaction energy of the electron
could probably n(’)t be doné in reality. transfer from Q to Qg for the fixed electron-transfer

Th ilibrium constant between th lectron-transfer active conformation derived froidas.
activg aer?c;J inacltjive izn?oarlmatignseis the itaet*:QCFY g c;n "' Since the differences betwedBoandAGsp are within
) A B experimental and computational uncertai can onl
be calculated from the difference between the calculated ande <> P i Fcont y

) X i be estimated roughly. The experimental values A@Bey,
experimentally measured reaction energies of the electronrange from—78 to —52 meV @4—47). The uncertainty of

transfer from @ to Qs as shown in the following: We oy computational result is very difficult to estimate because
neglect, as mentioned above, the electron transfer betweenne intrinsic error of our electrostatic model is unknown.
Qa and @ in the electron-transfer inactive conformation. However, we assume, on the basis of our and others
We also neglect the occupancy of the stat®RQg in the experiences, that our electrostatic model is sufficiently
electron-transfer inactive conformation compared to the accurate to be applied successfully. We would call an
occupancy of the same state in the electron-transfer activeelectrostatic calculation of reaction energy successful if it
conformation. With these assumptions, two equilibria reproduces experimental result with an error of aha60
remain: one is the equilibrium between ®, Qs and meV, which is equivalent ta-1 pK unit. We assume this
P*QaQg in the electron-transfer active conformation with value to be the uncertainty of our computational result due
the corresponding equilibrium constafits, and the other  to the potential error of the underlying model (but not due
is the equilibrium between the electron-transfer active (act) to errors in the computation itself). Hence, the value for the
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differenceAGey, — AGag is in the range from-82 to +64 to the proximal binding site is most important for the
meV. A negative value of this difference is not possible, so conformational gating process. They concluded this from
that the remaining range is from 0 #664 meV. A value of  their finding that the electron transfer from,Qto Qs is

0 meV corresponds to an infinitely negative value Aoy, uphill if they do not include conformational relaxation in
which means that the electron-transfer inactive conformation their calculation (see above). However, in our studies without
is unpopulated in the state'®, Qg (when equilibrium is conformational flexibility forRb. sphaeroidesthis study)
reached) and the conformational gating is done by a pushand Rps. viridis (21), we obtained energy values for the
transition as described above. A valueig64 meV for the electron transfer from P to Qs that are in good agreement
differenceAGexp, — AGag corresponds to a value fvGeon with experimental values. The introduction of conformational
of +62 meV or an equilibrium distribution of about 90% relaxation for the bRC fronRps.viridis did not change our
electron-transfer inactive conformation and 10% electron- results fundamentally2@).

transfer active conformation in the staté@, Qs. Such a

distribution is, at least in terms of free energy, very similar Protonation Patterns of the Titratable Groups

to those observed by the kinetic experiments for the ground
state 67, 58). This means that the distribution of the electron-
transfer active and inactive conformations is similar in the

ground-state PAIJs and in the state RY, Qs, o thatthe yjqfer from Q to Qs at pH 7.0 is close to zero. Also, the
conformational gating is done by a pull tranS|t|'o.n. pH independence of the electron-transfer energy in the pH
We conclude that the free energy of the transition between yange between 6 and 855 implies no proton uptake. Other
electron-transfer active and inactive conformations in the measurements of proton uptake, however, suggest an uptake
state PQ, Qg is smaller than 62 meV. Following the of about 0.5 protong2, 63) upon electron transfer fromQ
thermodynamic cycle in the right part of Figure 2, we can to Qs. The direct measurement of proton uptake is supposed
calculate the free energy of the transition between electron-to be less reliable than the measurement of the pH depen-
transfer active and inactive conformations in the state dency of the electron-transfer energy.
P*QaQz to be smaller than—151 meV, which is in Also, the protonation behavior of individual titratable
agreement with previous conclusions. However, from our groups is controversial. On one hand, there are several FTIR
results we cannot decide whether the conformational gating studies 64—68) that suggest that no significant proton uptake
is me_qliated preferentially via a push transition or a pull of carboxylic groups occurs uporfQformation in the bRC
transition. from Rb. sphaeroide4—66) as well as fromRps.viridis
Comparison to Earlier Computationdn the already (67, 68), with the only exception of Glu-L212 in the bRC
discussed study of Alexov and GunnéB) the dark-adapted  from Rb. sphaeroidesvhich takes up 0:30.4 proton 64,
and light-exposed X-ray structures were not considered 65). Especially, Glu-H173 and Asp-L213 were reported not
separately, but in one calculation where the different side to contribute significantly to proton uptakég). On the other
chain, @, and water conformers were sampled together with hand, there are other studies on wild-type and mutant bRCs
the titration states by a generalized MC method. They from Rb. sphaeroidesnvestigating electron-transfer rates
included the two binding modes of thegQdistal and (69) and the pH-dependent proton uptakéd,(71) and
proximal, in the sampling. For the state @AQy , Qs was electrogenic event$() upon ¢ formation. The measure-
completely localized at the proximal binding site, and the ments of pH-dependent proton uptak®,(71) and electro-
distal binding side was not populated in agreement with the genic eventsgl) assign a K value of about 9.5 to Glu-
light-exposed X-ray structureld). For the ground-state L212, resulting in an essentially protonated Glu-L212 at
PQuQes and the state R, Qs, the distal binding site was  neutral pH, which does not change its protonation state. The
occupied to 20% and the proximal binding site to 80%. This discrepancy between these results and the FTIR studies may
is in contradiction with the dark-adapted X-ray structure, be resolved by assuming a nonclassical titration behavior of
which suggests that in the ground state the preferred bindingGlu-L212 61). This assumption is reasonable, because Glu-
site of Q is the distal site14). However, as discussed above, L212 is part of a strongly coupled cluster of titratable groups.
the conformational transition from the electron-transfer However, the study of Paddock et é89) suggests that also
inactive to the active conformation, which means mostly the at pH 7.5 Glu-L212 is always protonated and Asp-L213 is
movement of @ from the distal to the proximal binding site, a more probable candidate for proton uptake. The reason
is energetically very easy and may even be triggered by for this contradiction may be the uncertainties in interpreting
certain experimental conditions. The movement gfv@as experimental results. Especially the common assignment of
recently observed in a molecular dynamics simulatis®),( measured results to certain residues by mutation studies may
where it was triggered by a change of the protonation patternbe wrong if the mutation causes unexpected conformational
of the residues Glu-L212 and Asp-L213 (see next section). and electrostatic effects in the bRC. For the FTIR studies,
So the contradiction of the computational results of Alexov another explanation was suggested on the basis of observed
and Gunner and the X-ray structure does not necessarilyIR signatures for highly polarizable hydrogen bond networks,
mean that there is a severe problem with the computationalsuggesting that the protons taken up upon quinone reduction
model. In agreement with our results, the electron transfer tend to reside more on the bound water molecules of the
to Qg bound at the distal site was reported to be unfavorable, network than on carboxylic groups themselves, which would
but a value of the reaction energy was not provided. Alexov make them invisible for FTIR measuremengs,(72).
and Gunner proposed that possibly several smaller confor- Computational ResultsAccording to our computations,
mational changes and not the transition @ff(@m the distal the bRC fromRb. sphaeroidetakes up 0.33 proton in the

Review of Experimental ResultsAccording to some
experiments measuring directly the proton uptet@ 61),
the proton uptake of the whole bRC due to the electron
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light-exposed X-ray structure and 0.15 proton in the dark- protonation changes occur at Glu-L212 and Asp-L213. With
adapted X-ray structure upon electron transfer frojn @ the exception of Asp-L213, this is in agreement with the
Qs. The total proton uptake of the dark-adapted X-ray FTIR results 64—66). If the protonation of Glu-L212 and
structure is not relevant, because electron transfer will not Asp-L213 is compared in the stateg Qg and QQg for
occur in this structure. The total proton uptake of the light- the light-exposed X-ray structure, Asp-L213 takes up 0.5
exposed X-ray structure is in reasonable agreement with theproton and Glu-L212 is mostly protonated in both states with
experiments that suggest such a proton uptée§3) but a takeup of only 0.2 proton. These results are in agreement
does not support the experiments that did not find any protonwith the non-FTIR results5{, 69—71). However, if the state
uptake 60, 61). The proton uptake of the bRC due to the Q; Qg for the dark-adapted X-ray structure is compared
electron transfer from P to Qg is determined experimen-  with the state QQy for the light-exposed X-ray structure,
tally by comparing the proton uptake of the native bRC and which means that the conformational transition is included

of a bRC where electron transfer from,Qto Qs is in the comparison, Glu-L212 takes up 0.7 proton and now
blocked. In both cases, the bRCs are excited by a single flashAsp-L213 is mostly protonated in both states with a takeup
from the ground state to the stat¢e@Qp and P Q, Qs, of only 0.2 proton. These results are more in agreement with

respectively. The blocking is usually accomplished by the FTIR results §4—66). Besides the already discussed
replacing Q by a redox-inactive compound like terbutryn. possible reasons for the described contradictions (see section
This replacement may, however, significantly change the Review of Experimental Results above), now another
protonation behavior of the bRC upon reduction af §ince explanation comes into mind. It seems to be critical for the
the Q reduction also affects the environment of 82). In experimental result whether under certain experimental
addition, the transition from the electron-transfer inactive to conditions the measurement includes or excludes the con-
the active conformation consists mainly of the movement formational transition. So it may be rewarding to further
of Qg from the distal to the proximal binding site. Sincg Q  investigate the events that trigger the conformational transi-
is exchanged by a different compound, the characteristicstion (2).
of the conformational transition, which is anyway strongly Comparison to Earlier Computationtn a recent molec-
dependent on the experimental conditions, will be modified. ular dynamics study also based on the dark-adapted and light-
Our results show a significantly different protonation be- exposed X-ray structured4), Grafton and Wheeler inves-
havior for the dark-adapted and light-exposed X-ray struc- tigated the protonation states of Glu-L212 and Asp-L213
tures (see also below). Hence, an explanation for the different(59). They found in agreement with our own results that
experimental results may be a modification of the confor- Q3" binding at the proximal binding site is only possible
mational transition and thus of the protonation behavior, when both residues are protonated, whereas binding of the
depending on the compound used for blocking the electron neutral @ at the distal site is most consistent with one
transfer and other experimental details. residue protonated and the other unprotonated. In agreement
In Table 1, the protonation probabilities of the aspartates with non-FTIR experimental result§9), they propose that
L210 and L213 and of the glutamate L212 are shown. Thesethe proton binds preferentially at Glu-L212 and not at Asp-
three residues constitute a strongly coupled cluster of L213.
titratable groups in close proximity togQThey are the only The most significant difference in protonation patterns
groups with nonstandard protonation probability within a petween this study and that of Alexov and Gunner already
distance of 10 A from @(see also Figure 1). The protonation discussed abovég) is the protonation of Glu-L212 and Asp-
pattern of such a coupled cluster can be altered dramatically| 210. While we calculated a protonation change of Glu-
by small energy changes if thé&Kpsalues of the individual | 212 of 0.2-0.7 (depending on including the conformational
titratable groups are not too different and no net protonation transition or not) in reasonable agreement with FTIR results
or deprotonation of the whole cluster occurs. This effect has (64—66), in ref 48 Glu-L212 was found to be always
to be kept in mind for the following discussion of the detailed protonated. According to ref8, a large protonation change
distribution of protons within the cluster. The equilibrium is localized at Asp-L210, which is a|Ways near|y unproton-
between the redox states, Qg and Q Qg is for the dark- ated in our study.

adapted X-ray structure strongly inclined to the staleQ® Two studies on the bRC dRps.viridis applied similar
and for the light-exposed X-ray structure to the state methods as the present one. The first was done by Lancaster
QaQg . Hence, the entries in the column “equilibrium” of et al (51), and the second is our own studgl). FTIR
Table 1 are similar to those of the,@ state for the dark-  difference spectra for Qminus @ show large differences
adapted X-ray structure and similar to those of theQp between the bRCs frorRb. sphaeroidesind Rps. viridis

state for the light-exposed X-ray structure. When the electron- (66). According to the FTIR result${, 68), the protonation
transfer reaction between,Qand @ is equilibrated, the  of Glu-L212 on the bRC oRps.viridis does not change
cluster of the three strongly coupled residues Asp-L210, Glu- upon @ formation. Asp-L213 is replaced by the nonti-
L212, and Asp-L213 contains two protons in the light tratable, neutral residue Asn. So itis interesting to investigate
structure but only one proton in the dark structure. The proton the differences in the protonation pattern between the bRCs
uptake of the coupled cluster is for both the light-exposed from Rb. sphaeroidesand Rps. viridis. The study of
and dark-adapted X-ray structures more than twice as largeLancaster et al51) shows protonation changes localized at
as the total proton uptake of the whole bRC. Hence, more the residues Glu-H177, Glu-L212, and Glu-M234. The
than half of the proton uptake of the cluster is compensated protonation change of carboxylic groups is in contradiction
by numerous small protonation changes in the network of with the FTIR experiments that suggest no proton uptake of
titratable groups farther away fromgQThe only large carboxylic groups at allg7, 68). However, the reported
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protonation changes are all small (0.15 proton per titratable REFERENCES

group or less). In our own study2l), Glu-L212 is in
agreement with the experiments always protonated. The
change of protonation is mainly localized at Glu-H177, which
corresponds to Glu-H173 in the bRC Bb. sphaeroides
Glu-H177 takes up 0.5 proton uporf,formation, which
does not agree with the FTIR resulé¥(68). However, also

in this case it might be possible that, for a highly polarizable
hydrogen bond network involving Glu-L212 and Glu-H177,
protons reside in part also at bound water molecules, which
could make them invisible for FTIR measurements concen-
trating on the carboxylic group$8, 72).

CONCLUSION

We calculated the energy of the electron-transfer process
from Q, to Qs in the bRC fromRb. sphaeroides$or the
light-exposed and dark-adapted X-ray structures. For the
light-exposed X-ray structure, we got an energy value 56
meV, which is in agreement with experimental values. For
the dark-adapted X-ray structure, the electron transfer was
calculated to be uphill by 157 meV. Thus, from a thermo-
dynamic point of view, we can support the assumption that
the dark-adapted X-ray structure represents the electron-
transfer inactive conformation and the light-exposed X-ray
structure the electron-transfer active conformation of a
conformational gating model. The main difference between
the two X-ray structures is the binding position of (Frigure
1). We disagree with the assumption that numerous confor-
mational changes independent from theliihding position

and not represented in the X-ray structures are necessary for 19,

the electron transfer and responsible for the conformational

gating mechanism, because we did not need to consider such 20.

conformational variability in our calculation to get agreement
with experimental values. There are numerous differences

between our present and recent studies on one hand and other

theoretical studies on the other hand, which may explain why
the other studies failed to reproduce experimental values
without considering conformational flexibility explicitly. The
most important differences are a cruder charge model for
the cofactors, a different charge model for the polypeptides,
a larger grid spacing in the electrostatic calculation, and the
use of a different structure.

We also calculated protonation patterns for thg @

and the QQy states, which in most details agree with
experiments. Our results suggest that triggering of the
transition from the electron-transfer inactive to the electron-
transfer active conformation of the bRC will significantly
change the protonation behavior of the whole bRC and of
individual titratable groups. The question of whether this
triggering takes place during a measurement under certain
experimental conditions was not considered for the inter-
pretation of experimental results so far. A careful investiga-
tion of the triggering of the conformational change may
resolve some of the contradictions between experimental
results for the same quantities determined by different
methods or under different experimental conditions.
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