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ABSTRACT. Bacterial reaction centers (RCs) convert light energy into chemical free enierthe double
reduction and protonation of the secondary quinone electron acceptoig @e dihydroquinone gMH..

Two RC mutants (M266His~ Leu and M266His— Ala) with a modified ligand of the non-heme iron

have been studied by flash-induced absorbance change spectroscopy. No important changes were observed
for the rate constants of the first and second electron transfers between the first quinone electron acceptor,
Qa, and @. However, in the M266HL mutant a destabilization-e#0 meV of the free energy level of

Qa~ was observed, at variance with the M266HA mutant. The superposition of the three-dimensional
X-ray structures of the three proteins in thg @gion provides no obvious explanation for the energy
modification in the M266HL mutant. The shift of the midpoint redox potential af @~ in M266HL

caused accelerated recombination of the charges in'tQg Pstate of the RCs where the native @as

replaced by a low potential anthraquinone (AQAs previously reported for the native RCs, in the M266HL

we observed a biphasicity of the"RQa~ — PAQa charge recombination. Interestingly, both phases
present a similar acceleration in the M266HL mutant with respect to the wild type. The pH dependencies
of the proton uptake uponAQ and @~ formations are superimposable in both mutants but very different
from those of native RCs. The data measured in mutants are similar to those that we previously obtained
on strains modified at various sites of the cytoplasmic region. The similarity of the response to these
different mutations is puzzling, and we propose that it arises from a collective behavior of multiple acidic
residues resulting in strongly anticooperative proton binding. The unspecific disappearance of the high
pH band of proton uptake observed in all these mutants appears as the natural consequence of removing
any member of an interactive proton cluster. This long range interaction also accounts for the similar
responses to mutations of the proton uptake pattern induced by eitheor@s~. We surmise that the
presence of an extended protonated water H-bond network providing protonsigor€sponsible for

these effects.

Bacterial reaction centers (Rgsonvert light excitation electronic excitation of a dimer of bacteriochlorophylls, P,
energy into chemical free energy in a similar way as the situated on the periplasmic side of the RCs produces its
photosystem Il of oxygen evolving complexes.(RCs are electronic excited singlet state of lowest energy P*. Within
membrane proteins composed of three subunits, L, M, andabout 200 ps an electron is sent from A& intermediate
H, with a total molecular weight of about 100 kDa. The initial  carriers (a monomer of bacteriochlorophyll and a bacte-
riopheophytin, H) to a ubiquinone acceptor namegd, Q
"The authors want to thank the Balaton (France-Hungary) and |ocated on the cytoplasmic side of the complex. The electron
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33169 15 30 27. Fax: 33 1 69 15 55 80. to the secondary quinone acceptors, Which is located
*University of Paris XI. _ opposite to @ with respect to the RC pseudo-symmetry axis.
| Jﬂﬁlszais?tl;tg?rgz%%fgly contributed to the present work. Qa and @ are chemically identical species (i.e., ubiquinone-
o Max Planck Institute of Biophysics. 10). However, Q functions as a one-electron acceptor and
¥ CEA/Cadarache. _ _ is firmly bound to the M subunit, whereas @ only bound

i et SO R on A ot oo, 1 in s semiquinone form () while the other orms

Pro L209— Phe mutant; LDAON,N-dimethyldodecylaminai-oxide;  (Qe and QHy) are loosely attached. The overall reduction

P, primary electron donor, a non-covalently linked bacteriochlorophyll cycle of @ to QsH; involves two successive electron transfer

dimer; Q. and @, primary and secondary quinoné&s; Rhodobacter —
RC, reaction center; Triton X-100, octylphenol polyethylene glycol (ET) steps from @ and the uptake of two protons from

ether; UQ, ubiquinone; 2,3-dimethoxy-5-methyl-6-hexaisoprenyl-1-4- the cytoplasmic medium, followed by the replacement of
benzoquinone; WT, wild type. QgsH2 by an oxidized quinone. A non-heme Fe atom lies
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three triazine inhibitors, keeping unchanged the dissociation
constants for @ and for the specific stigmatellin inhibitor
(22), whose binding sites closely overlap3. These data
are also consistent with the initial hypothesis of the Fe-
quinone structural motif playing a role in connecting events
in both quinone pocketsly).

To investigate further the role of the Fe ligands with regard
to the kinetics and energetics of interquinone ET, we report
here a study of the ET and proton uptake processes of two
variant proteins modified at the M266 site: M266HisAla
(M266HA) and M266His— Leu (M266HL). We show that
while the removal of M266His has little effect on the ET
rates, the energetic parameters and especially the patterns
. of proton uptake stoichiometries in thexQ(denoted H/
FiIGURE 1. Representation of the Fe-quinone region in the RC from Qa~ for brevity) and @~ (H*/Qg™) states are markedly
R. sphaeroidesThe 3D structure is taken fronsg). affected compared with the wild type."HQ,~ and H/Qg™

pH dependences are reminiscent of those that we previously
midway between @ and Q. As shown in Figure 1, this  reported for variants modified at the L212Glu, the L212Glu/
atom is bound to 4 His residues (two provided by the L |213Asp, and the L209Pro position24-31) and remark-
subunit, L190 and L23, and two by the M subunit, M219 ably restored to a wild-type level when M249Ata Tyr
and M266) and one glutamic acid, M234. The two-electron mutation (which takes place nearby,)Qs added to the
reduction of @ is accompanied by the uptake of two protons | 212GIlu/L213Asp— Ala/Ala mutations 29). We analyze
from the water bulk (see2f and @) for reviews). The  our data in the framework of a model of delocalized
reducing power thus created is then delivered to the cyto- anticooperative proton uptake and suggest a role of the water
chrome b/cl complex by diffusion of gBl, within the network, in line with previous work209).
membrane. At variance with the early electron transfer (ET)
steps whose high rates reflect events taking place at the “topMATERIALS AND METHODS
of the Marcus curve”4, 5), the Q to Qg ET is biphasic ) i . i
and possesses high activation energies (4.5 and 11 kcal/mo| Bacterial Strains and Growth Conditionghe design of
for the fast (-5—10 us) and slow phases{L00-150 us), theR. sphaerolldeS\MId type” or mutant strains harborl_ng
respectively) 6). Indeed, this ET process has been suggestedth€ PulL mutation on pRK404 were previously described
to be kinetically gated by protein rearrangements and/or (22): The cells were grown in Erlenmeyer flasks filled to
protonation eventsé12). Since the iron atom is situated 2070 Of the total volume with malate yeast medium supple-
between the quinones, it has been questioned whether thdnented with kanamycin (20g/mL) and tetracycline (2g/
iron and/or its close environment play an active role in these ML)- The cultures were grown in the dark at 30 on a
events. From a study of time-resolved IR spectroscopy, it 9Yratory shaker (100 rpm). o
has been Suggested that the oxidation Qf @/as de'ayed Biochemical Techn|que§he RC purlflcatlon from the WT
with respect to the formation ofgQ, implying the occurrence ~ and the M266HL and M266HA mutants has previously been
of an intermediary Component inthe ET procesg).('rhe described 22) For the pH titration of kinetic parameters,
redox state of the non-heme iron is unchanged'(Fia the ~ buffers (10 mM) were used as follows: R-norpholino)-
overall transition from Q Qg to QaQs~ (14, 15), but the ethanesulfonic acid (MES; Sigma) between pH 5.5 and pH
Fe atom still appeared as an attractive candidate for the6.5; 1,3-bis[tris(hydroxymethyl)methylamino]propane (Bis-
kinetic intermediate postulated by Remy and Gerw#8).(  1'is propane; Sigma) between pH 6.3 and pH 9.5; Tris HCI
A recent EXAFS study X6) has disproved the possibility ~ (Sigma) between pH 7.5 and pH 9.0; 3-(cyclohexylamino)
that it could act as an electron transfer intermediate in a Propanesulfonic acid (CAPS; Calbiochem) above pH 9.5.
“push—pull” mechanism initiated by the reduction ofaQ Flash Induced Absorbance Chang&he homemade flash-
(13). Whether the IR changes really reflect the involvement induced absorbance change apparatus has previously been
of a proper ET intermediate or, perhaps more plausibly, a describedZ6). This apparatus was used to study the electron
charge rearrangement (e.g., proton redistribution), the resultsand proton transfer reactions triggered by a short saturating
suggest that the formation ofQ may trigger changes in  flash from a YAG laser at 532 nm.
the @ region, pointing to a role of the Fe environment in ET Kinetics.The rate constant values of the @~ —
this respect. This region of the protein has previously been PQ; (kgp) and PQa~ — PQu (Kap) charge recombinations
hypothesized to play an important role as regards the were measured at 430 nm. The kinetics of the first electron
communication between the two quinone environments. transfer from Q- to Qgz were measured at 750 nm, in the
There are many examples showing that the environment ofelectrochromic band-shift of the bacteriopheophytigg).(
one quinone (e.g., ligands of thez@ocket, mutations)  The kinetics of the second electron transfep Qg™ —
affects the other quinone (e.g., its energetics, recombinationQ,QgH,, were measured at 450 nm (where both semiquino-
properties, proton uptake patterri)7¢-20). nes have similar absorption changes), following two saturat-

Mutations at the sites M234 (Glu to Lys) Rhodospirillum ing flashes. These experiments were done in the presence
rubrum(21) induce resistance to inhibitor binding inthg Q  of 25uM UQe (coenzyme @ Sigma),~2 uM RCs and (for
protein pocket. Similarly, the M266His to Leu substitution the second electron transfer) 201 reduced horse heart
in Rhodobacter sphaeroidesduces specific resistance to cytochromec added as an electron donor to.P
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Ficure 2: pH titrations of the rate constants of @~ (kap) and
P"Qg~ (kgp) charge recombinations in the RCsi uM) from the
WT (M) and the M266HL [0) and M266HA (O) mutants.

Proton Uptake MeasuremeniBhe RCs were extensively
dialyzed against 50 mM NacCl, 0.03% Triton X-100 during
36 h at 4°C. Under these conditions, the Tris buffer
concentration was decreased below A®. The proton
uptake by the RCs<2 uM) was measured by following the

Cheap et al.

Table 1: Electron Transfer Parameters in the WT and the M266HA
and M266HL RC Mutants (pH 7.5)

Kap Kep —AG°a kas(1) kas(2)

(s (s (meV) (s (s
WT 9 0.95 53 5000 1250
M266HA 8 0.95 50 4000 360
M266HL 8 0.2 92 2500 1250

at pH 6 and~ 11 s* at pH 11. The pH dependenceskap

in the WT and M266HA mutant are also superimposed. In
contrast, thekge recombination rate is much smaller in the
M266HL mutant. At low pH,kgp is about 0.2 st. Charge
recombination from the Qg™ state proceeds through two
competing routes: the direct ET fromgQto P' or, as
predominant in the WTyia thermal repopulation of fQa ™.
The rate constant for the direct recombination has been
estimated~0.12 s! at pH 8 @5). This is still notably lower
than the value found at low pH fdkge in the M266HL
mutant ¢-0.2 s'). Therefore, we may consider thé @~
charge recombination to proceed mostly through th@ P
state and to be controlled by the equilibrium constént
between the PQ,~ and P Qg™ states. Thus the lowdgp

absorption changes at 585 nm of various pH-sensitive dyesvalue in the M266HL mutant suggests an increask,aind

after a saturating laser flash. 20M bromocresol purple,
o-cresol red, op-cresol-phthaleine was used, depending on

of —AG°ag, the free energy gap between thé@~ and
PTQg~ states {AG°as = RT In Ky). It appears that the

the pH region investigated. The signal was corrected by M266His — Leu mutation (at variance with M266His
subtracting the response obtained under the same conditiong\la) increases-AG°ag by about 40 meVAAG°xs = —RT

after the addition of the appropriate buffer to the sample.

|n(K2 M266HL/K2WT) ~ _RTln(45)’\’ —40 meV) The increase

The proton uptake stoichiometries were measured in the of —AG°,s might arise from a lower midpoint potential of

presence of 30@M ferrocyanide and 10@M ferrocene as
an electron donor to P Calibrations were performed by
additions of known amounts of HCI (1 M stock; Merck).
The proton uptake induced by the formation of Qwas
measured in the presence of terbutryn (109), which
prevents quinone binding to thes@ite. The occupancy of
the @ site was routinely restored by the addition of @@
UQs. The observed signalH"o,9 was corrected according
to the equation33)

[HY/Qs 1=
AH o= [HT1Q4 100 + (1 — 0)(1 + K,)
(L — OKJ(L+ Ky

[HT/Qa™] is the proton uptake by the RC in the absence
of Qg. This contribution arises from the fraction of RCs
without Qs activity (0) and from the @-active RCs, which
are found in the @ Qg state because of the ET equilibrium
with QaQg~. Kz denotes the equilibrium constant{Qg~]/
[Qa~Qg]. It was determined from the rates of @z~ — PQs
and PQa~ — PQu charge recombination kinetics monitored
at 430 nm: K, = kap/kgp — 1 (34). K, varied from 45 to 1
ando from 0.03 to 0.5 as the pH was increased from 6 to
10.

RESULTS

pH Dependences of the™®,~ and P'Qg~ Charge
Recombination Kinetic§he pH dependences ki andkgp
are presented in Figure 2. The valuekgf observed in the
M266HA and M266HL mutants are essentially unchanged
as compared to the WT (Table 1). A similar slight increase
of kap with pH was found in the three speciekip ~ 6 1

the Q./Qa~ couple or from a higher midpoint potential of
Qs/Qs~. The former possibility is clearly more likely because
the M266 mutation is closer toQAs described below, this
was confirmed by investigating the recombination kinetics
in RCs where the native Qubiquinone was replaced by the
lower redox potential quinone, 1-amino-5-chloro-anthraquino-
ne.

In native RCs fronR. sphaeroideghe P Q5™ state decays
by the direct and activationless electron transfer frogm Q
to P". However, when Q is replaced by a lower potential
qguinone so that the free energy gap between theu@@ H
(the bacteriopheophytin acceptor) is diminished, charge
recombination occurs essentiallya thermal repopulation
of the P"H™ state 86, 37), which is also the case in native
RCs from, e.g.,Blastochloris viridis, where Q is a
menagquinone. In this caggr becomes temperature-sensitive,
reflecting the activation energy barrier of the process, and
is expressed a38—40)

kap = ky €Xp(=AG?/RT) + ky 2)
whereky is the rate constant of the"H~ decay to the ground
state.AG°y represents the free energy difference between
P*Qa~ and M, a relaxed state of'Pi~, the stabilization of
which occurs in the ms time rangdl 42). Following
previous work kg was taken here as 2 107 st (38—40).
kr is the limit value of the rate constant of "T@x~
recombination reached at low temperature. It has previously
been measured for anthraquinone as 10(40).

In agreement with our previous work, the@,~ charge
recombination process in RCs froRy sphaeroidesvhere
an anthraquinone acts ag @ markedly biphasic43). This
is also verified here in the RC from the M266HL mutant as
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Ficure 3: P"Qa~ charge recombination in the WT and M266HL RC mutants where the native quinone has been replaced by the low
potential 1-amino-5-chloro-anthraquinone. Left panel: The decay kinetics observed in the WT (a) are fitted with the sum of two exponentials
with rates of 4000 st and~560 st and respective relative amplitudes of 25% and 75%. In the M266HL RC mutant (b), the rates and
amplitudes are respectively22 000 s and~5000 st and 40% and 60%. Right panel: Temperature dependence of both phases in the
RCs from the WT (c) and the M266HL mutant (d). The thermodynamic parameters associated with thill)sémd the fast) phases

and derived from the Arrhenius plots are displayed in Table 2. Conditiopd/l RCs, pH 7.8, 100 mM NacCl, 0.05% TX-100, and 281

UQs.

Table 2: Thermodynamic Parameters Associated with th@,P Charge Recombination with 1-Amino-5-chloroanthraquinone (pH 7.5) and
Derived from the Data Presented in Figure 3 (¢, d)

fast phase slow phase
AH°y (eV) —TASm (V) AG°m (eV)  OAG°w (eV)  AH°y (eV) —TASm (V) AG°Mm (eV)  OAG°w (eV)
WT 0.265 —0.057 0.208 0.220 0.041 0.261
M266HL 0.566 —0.400 0.166 0.042 0.204 0.018 0.222 0.039

aM, a relaxed state of 1™, whose stabilization occurs in the ms time rargf@ ¢1). As mentioned in the text, a value o2 10" s ! was taken
for kq (eq 2) and 10§ for ky, the limiting value for PAQa~ charge recombination at low temperature.

shown in Figure 3. The relative amplitudes of both phases respect to WT appears to be of a quite different nature when
at pH 7.8 were also modified (the relative amplitude of the considering the two kinetic phases. In the case of the slow
slow phase i$~60% in the M266HL mutant vs 75% in the phase, the effect is due to about equal modifications-B9
WT). The major effect, however, was the marked accelera- meV of the enthalpic and entropic contributions. For the fast
tion of the kinetics in the mutant as shown in Figure 3 (a, phase, large~{300—350 meV) changes oAH® and TAS’

b). At 20 °C, the rate constants of the fast and slow phasesare observed in opposite directions, which partially offset
in the WT RCs are~4000 s?! and~560 s, respectively, and result in the global 40 meV decrease\@°, very close

while the figures for the M266HL mutant are22 000 s* to that estimated for the slow phase. We have presently no

and~5000 s™. explanation for these findings, which should be taken into
This acceleration (that is not observed in RCs with native account for a better understanding of the origin of the

Qa where recombination proceeds directly fromQo PY) biphasic recombination process.

indicates a diminished free energy barrier betwegra@d pH Dependences of the Rate of the First Electron Transfer

H. By applying eq 2 to the rates of the fast and slow phases,Between @ and Q. The pH dependences of the rate
one estimates a decrease~of0 meV of the energy barrier  constants of the first ETkag(1), are presented in Figure 4
in both cases. This is in nice agreement with the figure found for the WT and for the M266HA and M266HL mutants. The
for the increase oAG°g in the mutant and clearly indicates  trends are similar for the three samples, with a slight decrease
that the free energy modification is essentially due to a more of kag(1) up to pH~8.6 and a steeper decrease at high pH.
negative midpoint potential of Qin the M266HL mutant. As found for the charge recombination, tkgs(1) values

We further investigated the temperature dependence of theare very close for the WT and the M266HA mutant. The
PTQa~ recombination in the anthraquinone-substituted WT M266HL mutant displays rate constant values about 2 times
and mutant RCs. Figure 3 (c, d) shows Arrhenius plots for smaller than the WT on the whole pH range. Above the
the fast and slow phases. Interestingly (see Table 2), theapparent K of 8.6, thekag(1) values decrease with similar
decrease of thAG°y between @Q and H in the mutant with  slopes of~10/pH unit as previously found4).
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FIGURE 4: pH titration ofkag(1) (measured at 750 nm) in the RCs P B e o@m |
(~1 uM) from the WT @) and the M266HL (1) and M266HA O4
(O) mutants. Conditions: 10 mM Tris, pH 7.8, 100 mM NacCl, E 0.2} 1
0.05% TX-100, and 2xM UQe.
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R FIGUBE 6: Stoichiometries of proton uptake by the £Q(a) and
. 000p © LEY LY E PQ;~ (b) states inR. sphaeroideseaction centers isolated from
< o %o 0o o e ﬁq._ the WT @) and the M266HL [0) and M266HA () mutants. The
= 80®q o ”dg& data points presented are combined results obtained with a glass
S 400l LT ] electrode and pH sensitive dyes. Conditions: 0.03% Triton X-100,
2 DE.°D° 50 mM NaCl, buffer and dye depending on pH (see Materials and
= :D " Methods). 30Q«M ferrocyanide and 10@M ferrocene were added
0 as electron donors to'P(a) +100uM terbutryn; (b)+75uM UQe.
L "B
mutants and revertants lacking L212GA6), mutants where
L209Pro was replaced by Glu, Trp, Tyr, Phe, and 130)(

16 7 s o 10 1 and mutants modified at the M234Glu site (L. Gerencser, P.
H Maroti, and P. Sebban, unpublished data).
P The pH dependences of Qg™ for the two M266 mutants

FiGURE 5: pH titration ofkag(2) (Mmeasured at 450 nm) inthe RCs 5 again be superimposed in the whole pH range studied

(~1 uM) from the WT @) and the M266HL [0) and M266HA o _
(O) mutants. Conditions: 10 mM Tris, pH 7.8, 100 mM NacCl, (6-10). Belovy pH 8.5 the H/Qg™ values of the.mutants
0.05% TX-100, 25:M UQg, and 25xM reduced cytc. are notably higher than those of the WT. At high pH, as

observed for Fi/Qa~, the peak observed in the WT (about

pH Dependences of the Rate Constant of Second ElectrorP-8 H/Qg™ in the range pH 9.510) is no longer detected
Transfer between Q and Q;~. The pH dependences of the in the mutants. Instead, a drop of #s~ from 0.6 H" to
rate constant of the second Bkg(2), measured in the WT ~ 0.33 is observed in the pH range 8.50. Again, this drop
and in the M266HA and M266HL RC mutants are presented iS reminiscent of all mutants mentioned above. However,
in Figure 5. All three species display almost constant rates the high H/Qg™ values at low pH have only been observed
in the pH range 6.58 and a steeper decay above pH 8. At in the L209 mutants30).
variance with the first ET process, the M266HL and the WT

curves are very close. The M266HA RC mutant displays DISCUSSION
lower rates at low pH (about 400-scompared with about We report here the electron and proton transfer properties
1500 s* in the other strains). of the RCs from the M266HA and M266HL mutants. The

pH Dependences of the Proton Uptake Stoichiometries. M266 histidine, located close to the primary quinone acceptor
The pH dependences of the proton uptake induced by theQ,, is one of the ligands of the non-heme Fe atom located
formation of Q~ or Qs (respectively H/Qa~ and H/Qg") midway between @and @. While the F&" metal ion does
are presented in Figer6 a and b. WT data were taken from not seem to be involved in the E¥er se(see introduction),
Tandori et al. 80). the particular Q-His-Fe-His-Q@ structure has been proposed

The pH titrations of H/Qa~ are essentially the same in  to play a role for “coupling” the @ and @ regions in various
the two mutants in the pH range-80. The WT data are  respects17). It constitutes a H-bonded chain, included in a
also close to those of the mutants in the pH rang8,6vhere larger H-bonded network. When applying to the RC the
the H"/Qa~ ~ 0.3. There is however a marked divergence simplified molecular dynamics technique described by Sac-
above pH 8. As previously reported, the WT presents a peakquin-Mora and Lavery45), this region of the protein appears
around pH 9 of about 0.45HQ, ™. Instead, a notable drop  to be particularly stiff (S. Sacquin, P. Sebban, B. Frick, R.
of H"/Qa~ is observed in both mutants. This behavior is Lavery, and C. Alba-Simionesco, unpublished data).
reminiscent of previous results with RCs from a number of ~ Table 3 summarizes our results, indicating the cases where
mutants, such as L212GIlu/L213Asp Ala/Ala (AA) (25), significant differences with the WT RCs were observed.
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Table 3: A Summary of the Functional Differences of the Mutants with Respect tb WT

Em(QA) Afasl/Aslow KAB(J-) kAB (2) H+/QA7 H+/Q87
M266HL  —40 mV increased 2-fold slower (any pH)  unchanged .
M266HA  unchanged (based on not measured unchanged slowed ) decreased at high pH increased at low pH,

data of Figure 2) decreased at high pH

a2 Qa = l-amino-5-chloroanthraquinone.

Although the substitution residues, alanine and leucine, aredifferences between the three strains found in the present
both nonpolar, a contrasted picture emerges. On the one handwork cannot be attributed to obvious structural changes in
identical proton uptake patterns (for'HQ,~ and H/Qg™) the crystallized state. More subtle modifications, affecting,
were observed for both mutants, presenting conspicuouse.g., the dynamical behavior or the H-bond network, must
differences with the WT. On the other hand, the responsesaccount for these effects.
of the mutants with respect to the other tested properties were The M266HL mutation, at variance with M266HA, results
clearly different. This raises the question of whether structural in a ~40 mV more negative midpoint potential ofaQStill
differences may clarify these observations. The RCs from larger shifts in the same direction were reported for mutants
the M266HL and M266HA have been crystallized and their of the neighboring residue, M265, which is more directly
3D structures obtained at good resolutions (2.4 and 2.2 A, interacting with Q (46), specifically when the native
respectively) (J. Koepke, V. Linhard, P. Sebban, V. Derrien, isoleucine was replaced by polar residues (T or S)BIn
and G. Fritzsch, unpublished data). The superimposition of viridis, where the residue homologous to M265I is M263,
the two RC structures in the Qegion is shown in Figure  the M263VF mutation in a double mutant strain named T3
7, featuring also that of the WT obtained at high resolution also results in a50 mV shift of En(Qa) (17).
(1.87 A (PDB code 2J8C); J. Koepke, E.-M. Krammer, A.  Similarities between M266HL and the M265I mutants of
R. Klingen, P. Sebban, G. M. Ullmann, and G. Fritzsch, R. sphaeroide®r M263VF in B. viridis (T3) also appear
unpublished data). The three structures turn out to be verywhen considering the .~ recombination kinetics in
close to each other. Indeed, the methoxy groupscadppt anthraquinone-substituted RCs. Under such conditions, the
similar positions in the three RCs and the hydrogen bond recombination rate is controlled by the electron transfer
between the NH group of M260Ala and.Qs unchanged  equilibrium with the bacteriopheophytin (H) and becomes
within 0.05 A. The distances between the iron and the nearestthus sensitively dependent on the free energy gap between
carbonyl of Q are also unchanged. Therefore, the functional H and Q. The biphasic recombination kinetics that are
observed in such RCs reveal the existence of two confor-
M260Ala WMZSgAsn mational states where this gap is different, most probably
M2651le 7- because of different midpoint potentials of @ his behavior
o is also observed in native RCs Bf viridis where Q is a
menaquinone39). In the photosystem Il RCs of oxygenic
photosynthesis, where the recombination also takes the
indirect route through pheophytin, biphasic kinetics were also
M252Trp found @7), so that the existence of a conformational

Fe % .
¢ MZ"’“'*? ;" equilibrium between two forms with high and |0&x(Qa)

M266His

| _A/M222Thr seems to be a general feature in type || RCHe two forms
. are interconvertible, and their proportions can be varied in
N v’}u... several ways, such as the pH, the nature of the occupancy
\"" of the @ pocket (7, 49), illumination @7), mutations in
the Qi and @ regions (7), stiffness of the environment,
and salt concentratios(). This is the case of the M266HL
mutant, where the fraction of the fast phase (low potential
Qan) at pH 7.8 is increased to 0.40, compared with 0.25 in

M252Trp

M222Thr

Q,

- the WT. The shift ofE(Qa) observed in this mutant with
M219His | ' E’MZSS'Asn respect to the WT (as revealed by the slowelQp"
§ 4 recombination) is preserved when the nativeiQreplaced
M260Ala
Fe*s =
s M265Ile 2 The status of this heterogeneityf sphaeroideRCs with native
M266His UQ as Q is not clear. At room temperature, thé®s~ recombination
kinetics appear roughly monophasic, suggesting that the heterogeneous

distribution ofEn(Qa) is suppressed, or thatz@s affected in the same
way (as actually found in the case Bf viridis). On the other hand, a
heterogeneous behavior does appear at subzero temperatures, as revealed

FiGUure 7: Superposition of the 3D X-ray structures of the RCs
from the WT (blue) and the M266HL (red) and M266HA (yellow)
mutants. The WT RC structure (resolution 1.87 A) is taken from J. by biphasic PQa~ recombination kinetics, or the gating lofs(1) (48).
Koepke, E.-M. Krammer, A. R. Klingen, P. Sebban, M., G. For these phenomena, the equilibrium constant depends on the
Ullmann, and G. Fritzsch (unpublished data); the M266HL and temperature and the system is essentially homogeneous a@vdt0
M266HA mutant RC structures (resolution of 2.4 and 2.2 A, s possible that the low temperature heterogeneity observed with native
respectively) are taken from J. Koepke, V. Linhard, P. Sebban, V. Q, and the room temperature heterogeneity observed with AQ-
Derrien, and G. Fritzsch (unpublished data). The two views are substituted @ (43) reflect the same conformational equilibrium with
the same superposition of the three structures but rotated aroundmodified thermodynamic characteristics depending on the nature of
the Fe atom. Qa.



4516 Biochemistry, Vol. 46, No. 15, 2007 Cheap et al.

by low potential anthraquinone. This shift actually affects changes involved in these processes take place in quite
both the high and low potential forms responsible for the different time ranges: the gating concerns thé&00 us

fast and slow recombination phases, respectively. One hasegion, whereas the equilibration of the low/high potential
thus cumulative shifts due to the mutation, the nature of the forms of Q. must be slower than the recombination reaction

quinone, and the RC conformation. However, the fact that (~100 ms).

in AQ-substituted mutant RCs both conformations are
affected to a similar extent (with respect to the WT) is

In contrast to M266HL, mutant M266HA was not modi-
fied with respect to the WT as regards the first electron

probably partly coincidental, since their temperature depend-transfer, bukag(2) was slowed 34-fold at low pH. These

encies are different. The additive effect of the mutation-
induced shifts oE,(Qa) with that caused by the substitution
of AQ for UQ was also observed in the M265IT and M265I1S
mutants ofR. sphaeroidepreviously studied46). However,
this work gives no information with regard to the (presum-
ably) biphasic character of the ®,~ recombination kinetics
with AQ. In the T3 RC mutant fromB. wiridis, with
menaquinone acting as\the mutation-induced shift of Q

differences highlight the different nature of the mechanisms
controlling the rates of the two reactiongg(2) has been
proposed to depend on the product of the proportion of
protonated semiquinon&QgH), by the rate of the electron
transfer properke (61), kag(2) = f[QgH] x ke. The reaction
rate is thus expected to be accelerated when increasing
AG°pg (effect onks) and when raising the K, of Qg™
(increasing @H). An acceleration was indeed observed with

to more reducing potentials was also found to affect both the “polar” mutants at the site M265, which have an

conformational states in a similar way//). Again in analogy
to M266HL, the relative amplitude of the fast recombination

increasedAG°sg (52). On this basis one would expect an
acceleration ofkag(2) for M2666HL and no change for

phase was increased in T3 compared with the WT. The effectM266HA. The observed pattern is actually shifted down with

was actually larger than that observed in Bxesphaeroides
mutant, resulting in an inverted distribution with respect to
the WT. The similarity of the effects found for M266HL
and the mutants of M263 irB. viridis (M265 in R.
sphaeroidekis interesting because, at variance with M265,
M266 is not in direct contact with Q This is in line with
previous findings 17) showing that the energetics oh@nd
the conformational equilibrium of the RC can be modulated
at some distance by the protein matrix in the region linking
both quinone pockets.

The electron transfer reaction betweep @hd @ was
affected differently in our two mutants. For the first electron
transfer, M266HL displays a 2-fold slowdown with respect
to the WT, whereas the driving force for this reactidG°ag,

respect to this prediction, i.e., a slower reaction for M266HA
and no change for M266HL, compared with the WT. This
may be explained by assuming that, in addition to the effect
arising fromAG°sg, a slowing ofkag(2) results from the
substitution of H266 by an aliphatic residue, e.g., by inducing
a decrease of thep of Qg . This is actually consistent with
the effect on the proton uptake discussed below, which
suggests that proton availability in the neighborhood of the
quinones is decreased in both mutants.

In contrast to the other tests, the response of both mutants
was the same as regards the proton uptake inducedsby Q
or Qs~. This suggests that the response is essentially due to
the removal of the histidine and its replacement by nonpro-
tonatable residues. The mutants present the sam@H

was increased in this strain. It is not surprising that the uptake as the WT below pH 8, but the titrations decrease to
increased driving force does not result in an accelerated~0 in the pH 8-10 range, in contrast with the peak observed
reaction. Indeed, previous studies indicated that the rate ofaround pH 9 for the WT. For HQg ™, the proton uptake of

the first electron transfer togdloes not increase withG°g.

the mutants is larger than that of the WT below pH 8.5, but

This suggests that the reaction is not limited by ET, but is a a decrease is again observed at higher pH, in contrast with

gated process/( 8). This does not apply to a fast phasey(
us) which was reported to depend &G°,g and would
represent an initial relaxation of an ET equilibrium, preceding
further stabilization %1). The present kinetic data concern

the WT. This trend is reminiscent of previous reports for
RC mutants bearing mutations in different parts of the-Q
Qg domain @6, 29, 30, 33). It is a striking fact that a number
of different mutations at various locations in the quinone

essentially the slower, gated phases, which are predominanbinding regions of the RC result in a similar modification
in isolated RCs. While this picture accounts for the absence of the proton uptake titration curves (foraQand @),
of an acceleration, it does not predict the observed slowing characterized by the disappearance of the “high pH band”

down that was observed in M266HL. A marked slowing
down of the first electron transfer togQvas also reported
for the M261IS and M2611V mutants &. sphaeroides?2),
where the effect was limited to the pH-11 region.

(i.e., above pH 9). This remarkable behavior has been
observed for different mutants froRhodobacter capsulatus
and fromR. sphaeroidesall sharing the lack of L212Glu
(25, 27, 28). The proton uptake patterns shown in Figure 6

It was proposed that the gating consisted in a large for the M266HL and M266HA mutants are also very similar
rearrangement of the secondary quinone, from a distal toto those measured in 5 mutants of the L209 site: L269P

proximal binding site §3). This view has been challenged,

F, Y, W, E, T 80). We had suggested that the absence of

however, as not consistent with more recent crystallographic L209Pro softens the protein, altering somehow the connect-

((54—57) and J. Koepke, E.-M. Krammer, A. R. Klingen,

ing relays between the Qand the @ environments. In a

P. Sebban, G. M. Ullmann, and G. Fritzsch, unpublished similar way as noticed for the L209 mutants, the substantial

data) and spectroscopic resulE3{60). The gating might

additional amount of H/Qg~ at low pH may reflect a

then involve a more subtle protein rearrangement. As disorganization of the hydrogen bond network due to the
discussed above, the M266HL mutation has an effect on theabsence of M266His.

conformational equilibrium modulating thg,(Qa) and one

On the basis of the works achieved on RC mutants lacking

may speculate that this is somehow related to the gatingL212Glu, it was initially proposed that L212Gper sewas
mechanism. It is clear, however, that the conformational experiencing both the formations o Q(at ~6 A) and of
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Qa~ (at ~16 A). The disappearance of the high pH band 0.6 ——

was therefore interpreted as an indication of a partial or full I A
titration of L212Glu at high pH, whose carboxyli&pwould 05 i i
be located around 96(12). However, this “specific” 0.4 i
attribution of the observed high pH titration to L212Glu was - ;
supported neither by the Fourier transform infrared spec- o 03F 5 1 T
troscopy data nor by theoretical calculations. By following 4 02 | ]
the intensity of the 1728 cm IR band, specifically reflecting E 1 l
the protonation of L212Glu, it was concluded that L212Glu S oap -
was involved in fractional proton uptake accompanying the S ool

formation of @~ over the whole pH range-610 (62—64). g os[
On the other hand, electrostatic calculations suggested that g I B |
L212Glu is mostly protonated from pH 6 to 194 65—69) £ M - SUA ]
and therefore that its contribution to the s~ or H"/Qg™ a ;N / ,( Vo

data is almost negligible. The calculations take into account 0.3 AVANK J.’ \J/\.‘ \ T
the interactions of the acidic residues L213Asp, L212Glu, I ; P

L210Asp, and H173Glu, forming a so-called g@luster” 021 ) 5 V4 \3 7
and acting as a proton provision fogHowever, if these o1 | K ‘-\ Y _
interactions account for a broadening of the pH-titration ) / AN
curves of individual residues, they suggest a quasi absence 0.0 NN N
of proton uptake by L212Glu, a conclusion clearly at odds "2 3 4 5 6 7 8 9 10 11 12
with the FTIR data. As discussed below, we believe that pH

these PoissonBoltzmann calculations may underestimate Ficure 8: Modeling of proton uptake in response to semiquinone

the actual magnitude of the interactions taking place in the formation by a cluster of 4 strongly interacting acidic groups, as
proton uptake cluster. described in the Appendix. The mutual interaction potential between

. . o . . all groups is assumed to be60 mV. The interaction potential of
We would first like to make a qualitative point, showing g groups with the semiquinone is assumed to-#® mV. (a) All

that a model of strongly interacting proton binding groups groups have the same intrinsidkp = 5, in the absence of
may provide an interpretation for the unspecific response of interaction. Curve 1, with all four groups present, curve 2, with
the “high pH band” to a number of mutations involving the only three of them. (b) The groups have different intrins#G'p of
deletion of an acid group or a modified connectivity within g’ro‘hs\"vﬁﬂdpgfg?{ég;gﬂ}g’/gg?gﬂ‘s\?j ;rfhgrgfgun;'vsi‘:&‘g:“' the
the interacting proton acceptor cluster. In one version of such g \as removed.

a model (other possibilities are evoked below), the unpro-

tonated acid groups mutually shift theiKgs toward higher (are) feeling the K, shift caused by the other anionic groups,
values, so that the location of the high pH band is not specific so that the deletion of any group primarily results in the
of any particular group but expresses the cumulated interac-suppression of the high pH band. Curves 4 and 5 show the
tions within the cluster. This is illustrated in Figure 8, based modified uptake pattern when removing the group with the
on calculations described in the Appendix. Our purpose herelowest or the highestiy respectively.

is only to establish a qualitative point, not to propose a The collective behavior illustrated in this simple model
realistic description of the RC. We consider four interacting may account qualitatively for the observations described
groups, with identical (panel A) or different (panel B) above. The deletion of any acidic group in the cluster, or a
intrinsic pKy's. In response to the formation of an anionic weakening of the interactions, will primarily affect the high
semiquinone Q, the Ky's are shifted up. For simplicity,  pH band, which is not the signature of a particular group,
we assume that all groups are shifted to the same extentbut rather that of the cumulated interactions. The collective
Curve 1 in panel A shows the uptake titration in the presence response of the interaction network also accounts for the
of mutual interaction of 60 meV between the 4 groups and similarities found in the responses of both/@,~ and Hf/

40 meV with the semiquinone. The interaction is assumed Qg™ to a number of mutations. A prediction of the model is
to take place between any charged pair of residues withinthat the pH titration curve of the 1728 ¢cmMFTIR band

the cluster; its effect is that proton binding by one residue (ascribed to the protonation of L212Glu induced by the
renders more difficult the binding of an additional proton formation of @) should display a marked shift toward
by another residue. This results in a large broadening of thelower pH values in mutants where other members of the
titration, extending over6 pH units. This is the consequence cluster have been replaced by nonprotonatable residues.
of the anticooperativity for proton binding caused by the There are FTIR data collected on the H173EQ, L210DN,
interaction. In this symmetrical model, proton binding is and L213DN mutants which still show the presence of the
equally shared by each group. Curve 2 shows the uptakel728 cmi® band at neutral pH7Q, 71), but unfortunately
titration when only three groups are present (one group hasthe measurements have not been carried out at high pH where
been “mutated” to a nonprotonatable residue). The result isthe shift should be apparent. Figure 9 shows the residues
the suppression of the highest pH band, with only minor that should be included in the network, which covers a much
changes at lower pH. A similar result is also obtained when more extended region than the localg'@uster”. L212Glu,
assuming that the interacting groups have different intrinsic L213Asp, L209Pro, M266His (and perhaps the iron environ-
pK4's, as illustrated in panel B. The protonation is not any ment as a whole since we found the same effect on the proton
more equally shared by all groups, but it remains that, in uptake pattern for two mutants modified at the M234 site;
the high pH region, the group(s) that bind the first proton is unpublished data) participate in this delocalized cluster.
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transfer in bacteriorhodopsin or cytochromexidase, where
similar long range or collective effects of mutations have
been encountered. In particular, it appears that the H-bonded
network may not be only involved as a transient proton
conducting wire, but may also accommodate protonated
water in a more permanent way. This view, first proposed
in (74) for bacteriorhodopsin and ir7%) for reaction centers,
has been further elaborated from calculation§, 7) and
experimental investigationg 8, 79) in the case of bacteri-

L212Glu E
‘ﬁ \ M249Ala
MI17Asp M234Glu

L209Pro

L210Asp Anticooperative delocalized : e
proton uptake cluster orhodopsin. A similar concept of “proton trap” has also been
H126His N t forward f lecular dynamics studies of cytoch
H124Asp put forward from molecular dynamics studies of cytochrome
_/ c oxidase 80—82). The presence of a Zunded3) or Eigen
H [ proton (HO.+ or HyO4", respectively) was revealed from

) . . the broad IR continuum change during the bacteriorhodopsin
Ficure 9: Hypothesis of a delocalized proton uptake cluster. The hot le 78 79). It h to int t with 9 id
scheme represents the reaction center structureRosphaeroides  Pnotocycle {8, 79). It was shown to interact with 9 residues

in the quinone region (from@)). The involvement in the cluster ~ and result in a broad sharing of the excess proton. As pointed
of, at least, L212Glu, L213Asp, L209Pro, M17Asp, L210Asp, out by the authors, the fluctuation of the protonated water

M266His, and L234Glu has previously been sho@n2s, 30, 33, within the water cluster explains why a large variety of

71, 85). M249Ala is also mentioned here since it has been shown ., ;iations disturb or inhibit the proton release in bacterior-
that when Tyr replaces Ala, its side chain allows it to connect to

the interactive network of water molecules and polar residues that "0dOPsin. In these bacteriorhodopsin or cytochroreidase

spans the region between,@nd Q on the cytoplasmic side of  studies, the behavior of the protonated water and its multisite

the complex29). The M249Ala— Tyr mutation restores the proton  interactions with the protein are clearly very different from

ungakTeht_o the W"dk tyfpe level n thelMMZ(;‘gA:a—’ T}(’jr mut_ar;pk , the usual description in terms of discrete protonatable groups

(29). This network of water molecules and polar residues is likely it ingividual pK.'s. It appears very likely that a similar

to be also part of the proton cluste36). . . . . . .
mechanism is also taking place in the RC in which the IR

As further discussed below, water molecules, notably in signature of protonated water has been detected in response
the Qu environment, may also play a role for propagating to semiquinone formation7g) and the importance of the
the interactions. Indeed, the proton uptake cluster was shownwater network for long range interactions and proton uptake

to include the close environment of M249Ala (situatel has been demonstrate2id}. A strong case for the involve-

A from Qa, ~23 A from L213Asp, and~18 A from ment of protonated water in the semiquinone-induced proton
L212Glu). The M249Ala— Tyr mutation, extending the H  uptake has been recently put forward by Nabedryk and co-
bond network of these water molecules into thee@viron- workers 84). The authors emphasize that no significant IR

ment, restores the native interactions lost in the L212Glu/ signal has been found reflecting light-induced protonation
L213Asp— Ala/Ala mutant @9). This is consistent with ~ of a carboxylic acid, except for the 1728 cinband of
the idea that the interquinone protein space, including the GluL212. Since the protonation of this sole residue cannot
Fet environment, is part of the game. account quantitatively for the extent and pH dependence of
Several laboratories have developed extensive Poisson the proton uptake, this implies that another, non carboxylic
Boltzmann calculations aimed at describing the electrostatic protonatable entity is involved. Most interestingly, this work
and protonation landscape in the R&1(65, 66, 72, 73). It shows that the mutant with swapped L212/L213 residues
appears, however, that these calculations predict lowerbehaves quite differently from the wild type, displaying a
interaction energies between the members of the acidiccomplex pH dependent proton uptake by several carboxylic
cluster than those required in the interpretative model that acids. This points to a specific tuning of the wild type RCs
we propose. In order to observe the unspecific response offor allocating the semiquinone proton uptake specifically to
the high pH band to the deletion of one group, mutual GluL212 and to, presumably, the water network. We thus
interactions of at least60 meV must be present (i.e., the suggest that this water network in the quinone region,
protonation of one acid groufor its replacement by a neutral  reflecting a delicate interaction balance involving many
residue-causes a decrease of thi€,s of the other groups  residues, may be responsible for the collective, anticoopera-
by more than one unit). In essence, our model requires ative behavior governing proton uptake in bacterial RCs.
strongly anticooperative proton binding by the members of
the cluster. Tentatively, we would like to propose that the APPENDIX
calculations developed thus far might for some reason We consider a cluster ofi acidic residues, which are
underestimate the actual degree of interaction taking placeneutral when protonated, anionic otherwise. In the absence
within the proton uptake cluster. Presently, we have no of interaction, the groups have intrinsickKgs denoted
satisfactory physical explanation for this underestimation: pKj ... pKn. A particular protonation configuration of the
we just note that many experimental facts can be qualitatively cluster can be conveniently labeled by a binary number, e.g.,
understood on the basis of our strongly anticooperative {00110% (=13 in base 10), where the 0’'s and 1’s indicate
model. While electrostatic interactions are not sufficient to protonated and anionic groups respectively (in this example
account for the desired degree of anticooperativity, one maywith n = 6, groups 1, 2, and 5 are protonated; there &re 2
speculate about other ingredients. The particular propertiessuch configurations). At a given ambient pH, the relative
of the connecting medium (H-bonded network combining probabilities for groug to be neutral or anionic are in the
water molecules and protein) are probably crucial in this ratio 1:1@H P<. The probability of the above configuration
respect. New concepts have emerged from studies of proton(number 13) is then
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10PHPKe OPHPRe o g PHPKe
P1s(pH) = D

(A1)

where D is the sum of the numerators for all possible

configurations so that the probability is normalized to 1.

We now introduce mutual interactions between charged

groups that we not&; = Ej, expressing them in units of

RT In(10) ~ 60 meV. Their effect is to increase the

corresponding Ky's, i.e., assuming that only groupsndj
are anionic: ' = pK; + Ej, pKj'= pK| + E;. Equation Al
becomes then

10(3PH— pK3—pK4—pKe—Ez4—Ez6—Eue)
P1a(pH) = D

(A2)
The general expression fBrcan be written in the following,
compact way:

1P MEHRBY
P(pH) =
1

Z 1OBi°(M(PH)'Bi)
1=

(A3)

In the above expressioB; is the vector whose elements

are the binary digits of numbeéye.g.,B;3= (0,0, 1, 1, O,

1). M(pH) is then x n matrix whose nondiagonal elements

areE;/2 and diagonal elements are (pHpK;). The role of
the matrix or scalar products (indicated by a dot) vBtls

to select the interaction terms corresponding to all couples

of charged groups.
Noting that configuratiork containsn — =, (By); proto-
nated groups (the sum of the elements of ve@pis the

number of charged groups), the mean number of bound

protons is

2"-1 n

H(pH) =n— I(ZO(F’k(lOH) ;(Bk)i) (A4)

In the presence of an anionic semiquinong @ach group
is subjected to a negative Coulombic interactignthat
affects the effectivel§, of this group, i.e., i~ = pK; + V..

The correspondindgd—(pH) function is obtained using eqs
A3—4 with the modified set I§~. The uptake titration
function is then

U(pH) = H (pH) — H(pH) (A5)
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