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In Rhodobacter sphaeroidégeaction Centers, Mutation of Proline L209 to
Aromatic Residues in the Vicinity of a Water Channel Alters the Dynamic
Coupling between Electron and Proton Transfer Procésses
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ABSTRACT. The X-ray crystallographic structure of the photosynthetic reaction centerRitoodobacter
sphaeroide®btained at high resolution has revealed a number of internal water molecules (Ermler, U.,
Fritzsch, G., Buchanan, S. K., and Michel, H. (19%4jucture 2925-936; Stowell, M. H. B., McPhillips,

T. M., Rees, D. C., Soltis, S. M., Abresch, E., and Feher, G. (1$21nce 276812-816). Some of

them are organized into distinct hydrogen-bonded water chains that congdttteQterminal quinone
electron acceptor of the reaction center) to the aqueous phase. To investigate the role of the water chains
in the proton conduction process, proline L209, located immediately adjacent to a water chain, was mutated
to the following residues: F, Y, W, E, and T. We have first analyzed the effects of the mutations on the
kinetic and thermodynamic properties of the rate constants of the second electron tiaaé2yy &nd of

the coupled proton uptakd{+) at the second flash. In all aromatic mutarkgs(2) andky+ are notably

and concomitantly decreased compared to the wild-type, while no effect is observed in the other mutants.
The temperature dependence of these rates shows activation energy ¥adiiesiilar for the proton

and electron-transfer processes in the wild-type and in most of the mutants, except for the L209PW and
L209PF mutants. The analysis of the enthalpy factors related to the electron and proton-transfer processes
in the L209PF and the L209PW mutants allows to distinguish the respective effects of the mutations for
both transfer reactions. It is noteworthy that in the aromatic mutants a substantial increase of the free
energies of activation is observedG* 200py < AG¥200pF < AG*200pw) for both proton and electron-
transfer reactions, while in the other mutami&* is not affected. The salt concentration dependence of
kag(2) shows, in the L209PF and L209PW mutants, a higher screening of the protein surface potential
experienced by @ Our data suggest that residues F and W in position L209 increase the polarizability
of the internal water molecules and polar residues by altering the organization of the hydrogen-bond
network. We have also analyzed the rates of the first electron-transfer redctigh)), in the 100us

time domain. These kinetics have previously been shown to reflect protein relaxation events possibly
including proton uptake events (Tiede, D. M., Vazquez, J., Cordova, J., and Marone, P. M. (1996)
Biochemistry 3510763-10775). Interestingly, in the L209PF and L209PW mutakig(1) is notably
decreased in comparison to the wild type and the other mutants, in a similar way(2sandky+. Our

data imply that the dynamic organization of this web is tightly coupled to the electron transfer process
that is kinetically limited by protonation events and/or conformational rearrangements within the protein.

The photosynthetic reaction centers (RC) of purple bacteria branches: four bacteriochlorophylls, two bacteriopheophyt-
are membrane- spanning energy-transducing proteins thains, two ubiquinone molecules g@nd @), and a non-heme
convert solar energy into electrochemical energy by perform- iron F&*. Two of the bacteriochlorophylls situated on the
ing a transmembrane charge separation. The reaction centeperiplasmic side of the membrane are organized as a dimer
from Rhodobacter (Rb.) sphaeroidesnsists of three  (P) that acts as the primary photoinduced electron donor.
polypeptides L, M, and H. The L and M subunits bind The transmembrane charge separation is established between
noncovalently to the nine cofactors in 2-fold symmetric P (which is rapidly reduced by a soluble cytochroggeand
the primary electron acceptor quinong.@he electron is
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induced by the formation of the semiquinone state ).

The next photoinduced electron transfer leads to the forma-
tion of a doubly reduced quinone. The second electron-
transfer reaction that is coupled to the uptake of two protons i ,y3¢

from the cytoplasm to @ results in the protonation of the
Qs headgroup itself{, 8). This process may involve the
transient protonation stateg8 (9). The dihydroquinone
(QsHy) is rapidly replaced by an oxidized quinone from the

quinone pool present in the membrane (for reviews, see refs

10-13).
The quinone @is buried within the protein¢15 A from
the protein surface) with no direct contact with the bulk

Tandori et al.
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Ficure 1. Stereoview of the arrangement of the water molecules

phase. The translocation of the protons from the cytoplasm (grey balls) in the vicinity of proline L209 (in black) in the reaction

over long distances through the protein must involve chain

of hydrogen-bonded donors and acceptors, the so—calledT

proton wires {4). The high-resolution structures of the RC
from Rb. sphaeroideand Rhodopseudomonasdridis have

g centers fromRb. sphaeroidegfrom ref 23). Important residues

mentioned in the text are indicated. The figure was produced with
he program TurboFrodd).

as an efficient proton transfer. Water wires appear to be

provided some evidence for such proton wires that may involved in a number of proteins implicated in proton
involve amino acid residues and/or hydrogen-bonded watertranslocation. It has been proposed that water molecules
molecules. Studying RC mutants has identified a few could be involved in the proton-transfer pathway and in the
ionizable residues directly implicated in the proton transfer protonation of the Schiff base of bacteriorhodop&h,(32.

to Q. Studies achieved in RCs froRb. sphaeroideshere

It has also been proposed that water molecules are important

AsplL213 and SerL223 were mutated to nonprotonatable in the cytochrome f complex @3). In the cytochromes
residues have shown that these residues are involved in theoxidase, water molecules were also proposed to participate

transfer of the first proton to £(7, 8, 15, 1§. Similarly,
studies of the GluL212-GIn mutant (6—19) have estab-
lished that GluL212 is implicated in the second proton
transfer to @. Although the importance of these residues in
the proton transfer to Qis clearly established, it has also
been shown that iRb. capsulatuand, more recently iRb.
sphaeroidesthe protein can recover from the important

in the completeness of the proton wir84(-36). The
guestions of which intermediates are involved in the pathway,
and how the proton motions through the protein are governed,
are still open.

To investigate the possible contribution of the water
molecules in the proton conduction processes in the photo-
synthetic reaction center, techniques of mutagene&is (

handicap of the absence of these residues by additionalhave been used in order to modify the continuity of the

electrostatic mutationsl@—21), some of them are situated
at more than 15 A from @ close to the water chains.

previously reported water chain. In the RC froRb.
sphaeroidesthe amino acid residue proline L209 (Figure

However, the lack of a continuous string of hydrogen-bonded 1), located immediately adjacent to the water cluster w55

protonatable residues long enough to connegtdQhe bulk
phase has led to consider the water molecul® @s
contributing to the web of the hydrogen-bond network. In
the RC structure frorRb. sphaeroides chain of 14 ordered
water molecules (initially described in r&3) may give
access for protons to the interior of the protélB,(24. These

and w135 23) was previously substituted by the aromatic
residues PheL209PF and TyrL209P¥7). The substitution

of the neutral residue proline L209 by an aromatic residue
did not have drastic effects (such like photosynthetic
incompetence) as observed when the terminal proton donors,
such as AspL213 or GluL212, are absent. The major effect

molecules are all at hydrogen bond distances and directlyobserved by the replacement of ProL209 with Tyr or Phe

connect @ to the cytoplasm. More recently, the structure
determination of the RC frorRb. sphaeroideat cryogenic

was a decreased rate of the second electron-transfer and the
coupled proton transfer. The modification induced by the

temperatureZ5) has revealed another water chain connecting aromatic residue was suggested to be due to an alteration of
Qs to the surface of the RC ending at the interface of the H the proton pathway, suggesting that in these mutants a

and L subunits at the level of the lipid bilayer headgroups.
While a contribution of ionizable and polar residues to proton

transfer is likely 26), these arrangements of water chain

nonspecific diffusion process for proton transfer may occur.
We present here the effect of the presence of different
side chains at the position L209 (tyrosine, phenylalanine,

molecules create an ideal hydrogen-bonded web from thetryptophane, glutamate, and threonine) on the functional

Qs site to the cytoplasmic surface. An extended three-

properties of the RC. The L209PW mutant initially described

dimensional hydrogen-bonded web has also been identifiedin ref 38 is examined here in more detail. This work is

during the refinement of th&ps. viridis reaction center

focused principally in understanding the influence of the

structure 27). The water molecules are excellent components modified side chain at position L209 on the second electron-

of proton wires 14, 28. Computer simulations of proton

transfer reaction, on the coupled proton uptake process, and

translocations along a linear chain of water molecules havealso on the first -flash electron-transfer process. The influence
been carried out to understand the molecular mechanismsof the ionic strength on the electron kinetics was analyzed

of proton conductionZ9, 30Q. The protons were suggested

in the wild-type (WT) and in the mutant strains. The effect

to be transferred by a semi-delocalized process in which theof temperature on the second electron and proton-transfer

protons are solvated over severad3—5) water molecules.

processes was also investigated. The results are discussed

In these studies, the importance of the connectivity and the in terms of a disorganization of the hydrogen-bonded network
cooperativity of the hydrogen-bond network was pointed out due to the presence of aromatic residues at the position L209
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resulting in decreased electron and proton-transfer capabili-the same buffer. The column was washed in steps with the

ties. same buffer with increasing NaCl concentrations from step
to step. The RCs were eluted at an ionic strength equivalent
MATERIALS AND METHODS to 250 mM NaCl. The ratio of absorbance at 280/802 nm

was in the range 1:51.8 for all RC preparations.

Electron and Proton-Transfer MeasurementsQR~ and
P*Qg~ Charge Recombinationdutant RCs were character-
ized on a homemade spectrophotometer previously described
(45). The decays of the ™, and P Qg™ states were
monitored at 865 nm following a Yag laser saturating flash
at 532 nm. The PQa~ — PQ charge recombination rate
(kap) was determined in the presence of terbutryn (200.

The P'Qg~ — PQ charge recombination rategf) was

Bacterial Strains and Growth Condition&ll Escherichia
(E.) coli strains were grown in LB medium supplemented
with appropriate antibiotics. THeb. sphaeroides ptf MX21,
originally the ATCC 17023 strain used in these studies, was
previously described3Q). Rb. sphaeroideswild-type or
mutant strains harboringufL mutation on pRK404 were
grown in Erlenmeyer flasks filled to 50% of the total volume
with malate yeast medium supplemented with kanamycin (20

#g/mL) and tetracycline (2g/mL). The cultures were grown determined from the slow phase of recovery of the oxidized

n d"’“"”_ess at 30C .on a, gyratory Shake'i?O pm). donor P in RCs where the occupancy of the; Gite was
Genetic MethodsSite-directed mutagenesis was performed (oytinely restored by the addition of 6000xM UQs. The
as described in re87, using the method of Kunkek(). observedksr andksp values allow the determination of the

For mutagenesis, pBSIIkSplasmid, which contains the puf  gne-electron-transfer equilibrium constant betweerr@

operon, was used as a template. The mutagenic oligonuclezng Q Qg statesK», as given by eq 14 12, 46, 4F:
otides were designed usiiRb. sphaeroidesodon prefer-

ences 41). Aﬂe( mutagen_esis, the appro_priate fragment K, + 1= Knplkgp (1)
carrying the desired mutation was cloned into the conjuga-
tion-proficient plasmid pRK404. This plasmid was introduced
into E. coli strain S17-1 42) [recA prores modTp" Sni
pRP4-2-Tc::Mu-Km:Tn7]. Subsequently, the plasmid was
transferred to th&kb. sphaeroides pALMX21 strain, and AG®
the transconjugants were selected for Kamd T& (43). AB
The same procedure was used for the construction of the . , )
deletion strain harboring the natipefoperonE. coligMg3 ~ Whereks is the Bolizman's constant ariflis the absolute
[F~ ara A (lac-proAB) rpsL f80dlacZAM15] and DH1[F ~ emperature.

recAl endAl gyrA96 thi-1 hscR17(i~,mk*) suE44relAl] First EIectron-Transfer Measurementhe rate of the
were used as host strains for all standard cloning steps.Qa Qs — QaQe™ first electron transfer Kus(1)) was

Standard molecular biological methods were performed Measured at 753 nm by monitoring the absorbance changes
according to 44). in the bacteriopheophytin electrochromic band shift in the

Biochemical Techniques. Rb. sphaeroidesAhixX21 presence of excess YQG0—1004M).
strains harboring native or mutations at L209 on the plasmid _ S€cond Electron-Transfer Measuremeiiitse rate constant

PRK404 were grown on a large scale as described above Of the second electron-transfen s~ — QaQs”" (kas(2))

The cells were harvested by centrifugation at 10 000 rpm Was determined by measuring the decay of the semiquinone
for 10 min. The cell pellets were washed in 0.1 M sodium absorption after the second flash at 450 nm in the presence
phosphate (pH 7.5) buffer, harvested, and storedgf°C. of 40 uM horse heart cytochrome and 1 mM sodium
The cell pellet was resuspended in 20 mM Tris (pH 8) buffer ascorbate. For complete reoxidation of, @ 15 min dark

and stirred 20 min in the presence of a spatula tip of DNAse @daptation time was applied to the samples between two
and PMSF (1 mM). Then, the cells were disrupted by SUCCESSIVE measurements. o
sonication, and the intracytoplasmic membranes (chromato- Proton Uptake MeasuremenfBhe proton uptake kinetics
phores) were purified as described in8&f The pellets were (k) after the second flash were measured (in the presence
resuspended in 20 mM Tris (pH 8) and diluted to a final ©f 100uM ferrocene as electron donor to)Rn RCs dialyzed
concentration such thaf\gsp = 50. A first membrane against 50 mM NaCI, 0.03% Triton X-100 during 36 h.
solubilization was done by addition of LDAO (Fluka Under these conditions, the Tris buffer concentration was
Chemie) to a final concentration of 0.35% in the presence kept below 1QuM. The proton binding kinetics by the RCs

of 100 mM NaCl. The suspension was stirred 20 min at 26 Were measured by following the absorption changes at 582
°C in the dark. Nonsolubilized membranes were pelleted by "M (isosbestic point of P absorption) of the pH indicator
centrifugation at 40 000 rpm and at@ for 2 h. RCs were  dye, o-cresol red (4«M). The final proton uptake signal
extracted by addition of LDAO on the resuspended pellet to Was obtained with subtracting the buffered sample from the
a final concentration of 0.8% in similar conditions. The unbuffered signal.

solubilized RCs were separated from the nonsolubilized Salt Titrations of kg(2). Similar conditions were used as
materials by centrifugation f& h at 40 000 rpm and 2C. described above and the pH was adjusted at pHE70605.

To increase the purity of the RCs, a precipitation with 22% The pH of the bulk phase was controlled at each salt
NH, sulfate was done on the supernatant. The RCs containingconcentration. No significant variation of the pH was
a floating pellet was resuspended in 10 mM Tris (pH 8) observed. The ionic strength was increased by adding
buffer and was dialyzed overnight against 20 mM Tris-0.1% successive aliquotsf@ M NaCl stock solution.

LDAO buffer. The RC extract was loaded onto a DEAE ~ Temperature Dependencies qf2) and k+. The tem-
Sepharose CL-6B (Pharmacia) column prequilibrated with perature of the sample was increased using a thermostat

The free energy barrietAGRg) value between the QQg
and the QQg~ states is given by eq 2:

= kT x InK, )
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Table 1: Kinetic and Energetic Characteristics of the Wild-Type and Mutated Reaction CentelRbr@sphaeroidegpH 8.1+ 0.05, 21+
0.5°C)

strains kap 0.3 512 kep£+ 0.1s12 AGRg" £+ 2 me\ kag(1) (s71) & 1094 kag(2) (s71) & 1094 ky+ (s71) &+ 1094

wild-type

(L209P) 10.5 1.2 —52 7875 892 429
L209PT 10.3 1.7 —41 5350 775 675
L209PE 10.4 2.9 —24 5300 606 418
L209PY 10.1 1.5 —44 6620 325 174
L209PF 10.8 1.1 —55 917 79 106
L209PW 10.9 7.5 +20 75 34 42

2 Experimental errors® Calculated from eqgs 1 and 2The kinetic parameters of the aromatic mutants are in bold.

apparatus and the pH of the sample (pH &1.05) was e ® ' ' '
checked at each temperature and readjusted if necessary. 1000 s 0 Rend E

Activation Parameters for the Electronf&2)) and Proton ) ]
Transfer (k+) Processes at the Second Flasgttcording to L a W T
the Eyring model 48), the rate constark; (corresponding s ° s &
to kag(2) or kyr) is correlated to the thermodynamic
parameters of the electron or proton-transfer reactions by
eq 3:

Ty

100 0 a8

5
.
aal

T
ki — kl% « efAH*/kBT % efAS*/kB (3)

10'.‘ o ‘1

.o
d

kan(2) (s7)

YT

where h is Planck’'s constant andH* and AS® are the r o
enthalpy and entropy changes associated to the reaction. The i 5
activation parameters are, therefore, determined by fitting . )
the curves in a (I/T) vs (1M)) plot. AH* and TAS' are, P 8 10 12
respectively, derived by the slope and the intercept of the H
fitting line with the y-axis. p

Depending on the pH range, the pH buffers used were Ficure 2: pH dependence of the second electron-transfer in the
MES (2-[N-morpholino] ethanesulfonic acid), Bistris-propane WT and mutant RCs~2 «M) measured at 450 nm after a second

1,3-bis[tris(hydroxymethyl)methylamino] propane), or CAPS flash: WT @), L20SPE @), L209PT ©), L209PY (f), L209PF
53_0 CIO[he)(( ?/aminstg-l- r)(/)) ane iulfonic] gci(fi)) ) (©) and L209PW [J). Conditions: 50 mM NaCl, 20 mM Tris,
Yy Yy prop : 0.1% LDAO, 40uM cytochromec and 1 mM sodium ascorbate.

The pH buffers used were MES, bisTris-propane, or CAPS,

RESULTS depending on the pH range.
PtQa~ and P'Qg~ Charge Recombination Kinetics and laser flashes, from the decay of the semiquinone signal in
Free Energy Barrier between theaQ@s and the QQs~ the presence of exogenous electron donor (reduced cyto-

Statesln the presence of a competitive inhibitor tg¢,@he chromec) to P". The pH dependencies ¢g(2) for the
P*Qa~ recombination rate constant was found to be es- mutants and for the native RCs are shown in Figure 2. The
sentially the same in the WT and the mutant R&s & WT RCs behavior has been previously describ&d).(It
10.1-10.9 s%; pH 8.1) (Table 1);kap is weakly pH displays a strong pH dependenceKgs(2), especially above
dependent (data not shown). Tke& values measured are pH 8. In the L209PT and L209PE mutants, the pH depend-
shown in Table 1 at pH 8.1. ThAG,; values deduced encies okag(2) are very similar to the WT. In the L209PW
from the measurements kfp andkgp for all strains are listed ~ mutant (Figure 2)kag(2) is substantially decreased (about
in Table 1. At pH 8.1, in most of the mutantAGg; is 40x) compared to the WT. In the L209PY and L209PF
nearly the same as in the WT. However, in the L209PE mutantskag(2) was decreaseddand about 1% at pH 8.1,
mutant, AGRg is decreased by 28 meV compared to the respectively 87). Above pH 8kas(2) has a steeper slope in
WT. In the L209PW mutant, since thé ®s~ recombination the L209PW mutant than in the WT. This behavior was also
is fast, the slow phase is hardly resolved from th&QR" observed in the L209PY and L209PF mutants. In L209PW
recombination. Therefore, a fixed valuelaf (determined RCs,kag(2) is proportional to [H]°°, whereas in native RCs,
independently in the presence of terbutryn) was used for theabove pH 8kag(2) is proportional to [H]%S.

fitting procedure of the PFQg~ recombination decay. In this Salt Concentration Dependence @iR). The effect of
mutant, an decrease oAGzg by about 70 meV was increasing salt concentration &gs(2) is shown in Figure 3
observed. for the mutants and for native RCs. The kinetics was

First and Second Electron-Transferhe first electron- measured from 0 to 600 mM NaCl at pH 7.5. In the WT,
transfer rate constant&sg(1)) measured at 753 nm in all  the rate was constant below 100 mM NaCl but decreased
strains are shown in Table 1 (pH 8.1). A substantial decreaseabove this value. Over the studied salt concentration range,
of thekag(1) value is observed in the L209PF (Pand in kag(2) for the L209PE and L209PT mutants was very similar
the L209PW (10&) mutants compared to WT. In the other to the value measured in the WT. In the L209PY mutant,
mutants, this value is nearly not affected. The second kag(2) starts to decrease at lower salt concentration (40 mM
electron-transfer rates were determined at 450 nm, after twoNaCl). At variance, the L209PF mutant shows only a slight
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" T T A transfer kineticsKy+), measured at the second flash for each
strain, are displayed in Figure 4. These data were acquired
. at pH 8.1, in the temperature range 2780 K. The
1 activation parameters derived from data shown in Figure 4
are presented in Table 2. In the WT and in the L209PT and
L209PY mutants, the calculated enthalpy values for the
electron-transfer procesAf*(kag(2)) are slightly higher by
about 0.06 eV than the respectixé&i* values for the proton-
transfer processAH¥(ky+)). The difference betweeAH*-
(kag(2)) and AH*(k4+) is significantly increased in the
L209PE mutant{0.160 eV). At variance, in the L209PF
and the L209PW mutants, theH*(kag(2)) values are notably
smaller than the correspondingH*(ky+) values. This dif-
ferent behavior arises from the very ladH*(kag(2)) value
L e S in the L209PF mutant (0.13%- 0.015 eV) and from the
10 100 notably high AH*(ky+) value calculated in the L209PW
[NaCl mM mutant (0.52G+ 0.015 eV). It can be noted that the activation
Ficure 3: NaCl concentration dependence of the second electron- €nergy values derived from the Eyring and Arrhenius (data
transfer rate in the WT and mutant RCs: \M®)( L209PE ), not shown) plots systematically differ bgT, as expected.
tgﬁg;gn@hlggggaz\(ir??i’gbzrgg;iﬁ %?g%fogpw ). Similar Although the enthalpic and_entropic factqrs show notab_le
variations among all the strains, the resulting free energies
decrease dfas(2) above 150 mM NaCl. Interestingly, nearly ~ of activation AG") display quite firm values with much less
no variation ofkag(2) is observed in the L209PW mutant variations. The much smaller error bars on the free energies,
up to 600 mM NacCl. reflect the “compensating” effects. Similar large changes in
Temperature Dependence ofs{2) and of the Second AH¥ that are not reflected in changes WG* due to
Flash Proton Uptake (k). The temperature dependencies enthalpy-entropy compensation were previously highlighted
of the second electron-transfer kinetics and of the proton- for the charge recombination processes in the photosynthetic
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Ficure 4: Comparison of the Eyring plots of second electron-transfer (open symbols; 450 nm) and second flash proton uptake (closed
symbols; 582 nm) kinetics in the WT and mutant RCs measured at pH 8D5. Conditions: see in Materials and Methods.
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Table 2: Thermodynamic Parameters Associated to the Second Electron-Transfer and to the Proton Uptake Measured at the Second Flash in
the WT and the Mutant RCs (pH 84 0.05}

AH*(kae(2)) £  TAS(kas(2)) =  AGHkae(2)) £  AH(ks) =  TAS(k) £ AGHka) = 0AH'(Kap(2) — ki) +

strains 0.010 eV 0.010 eV 0.002 eV 0.010 eV 0.010 eV 0.002 eV 0.020 eV
wild-type 0.420 —0.135 0.555 0.360 —0.216 0.576 0.060
L209PT 0.331 —0.218 0.549 0.272 —0.298 0.570 0.059
L209PE 0.486 —0.069 0.555 0.327 —0.259 0.587 0.159
L209PY 0.315% —0.282 0.596 0.248 —0.357 0.605% 0.067
L209PF 0.139 —0.472 0.611 0.387 —0.227 0.614 —0.248
L209PW 0.340 —0.307 0.647 0.520 —0.112 0.632 —0.180

2Values determined from Eyring plots fitted with eq®&Experimental errors: The parameters related to the aromatic mutants are presented in
bold.

RCs from Rps. viridis (49—51). The AG¥(kas(2)) values the position L209 (within 35 A) like GluL212, AspL213,
derived for the WT, the L209PT, and the L209PE RCs are AspL210. These residues have been suggested by the
identical (0.555 eV) within the error bars. Interestingly, calculations$2, 53 to form a highly interacting cluster. The
compared to the WT, in the L209PY, L209PF, and L209PW introduction of a glutamate side chain may have induced a
mutants, theAG*(kag(2)) values are increasing as (Table slight change of the charge distribution within the cluster
2): L209PY (0.596 eV)< L209PF (0.611 eV)< L209PW bringing its negative charge closer t@.Q

(0.647 eV). The same overall trend is observed forAkss- In contrast to the other aromatic mutants (L209PY and
(k) values. TheAG¥(ky+) values are nearly the same for L209PF), in the L209PW mutant, the magnitude A3

the WT (0.576 eV), the L209PT (0.570 eV), and L209PE is strongly reduced to+20 meV. In this mutant, the
(0.587 eV) mutants. At variance, a notable increase of theseestimation ofAGy; is less meaningful since thep value is

values is measured in the aromatic mutants, with/Akg- close to thekap value. It is likely that the nature and the
(ky+) values increasing as: L209PY (0.605 eV)L209PF structure of the environment of the potentially titratable
(0.614 eV)< L209PW (0.632 eV). residues or water molecules are modified in the mutated
protein compared to the WT. Indeed, thePifrp mutation
DISCUSSION may reveal the presence of some (negative) ionizable residues
Proline at position 209 of the L subunit of RC froRb. that are poised (or neutralized) by electrostatic interactions

sphaeroidess situated at the beginning of the “de” non- in the WT. It is also possi_ble that some structural reorganizg-
membrane-spanning helix. This proline is not conserved tions of the above-mentioned cluster have occurred. This
in the homologue protein fronRps. viridis (where the ~ charge rearrangement would result into an increase of the
corresponding analogue residue is an alanine). It is, there-negative charge density in the; @cinity, thereby destabiliz-
fore, likely that ProL209 is not crucial for the structural INg Qs™. A similar explanation was suggested to account
organization of the RC. ProL209 is located in the proximity for the effect of the GluH173GIn mutation fromRb.
to a large network of water molecules (in hydrogen bond SPhaeroideg54).
distances; see Figure 1), which was revealed by X-ray Proton Motion-Coupled to the Second Electron-Transfer.
crystallographic studie®8, 25. Water w55 and w135 (the The L209PE and L209PT mutations do not affect the
water molecules are numbered as in 28f are the closest ~ Kas(2) values, which run closely to the pH dependence of
neighbors to PL209. the WT. The putative negative charge carried by GluL209
Our previous studies achieved on L209PY and L209PF does not apparently alter the hydrogen-bond network in-
(37) showed a significant effect on the rate constant of the volved in the proton delivery to £
proton-coupled second electron-transfer tg. @/e have In contrast, in all aromatic mutant&g(2) is notably
suggested that in these mutants, the aromatic residueslecreased compared to WT as followinkxs(2)(L209PY)
introduced at position L209 have induced a perturbation of > Kkag(2)(L209PF) > kag(2)(L209PW) (see Table 1 and
the proton pathway. To further examine this hypothesis, we Figure 2). In these mutants, the proton uptake rate constants
have investigated the effects of substitution of ProL209 by measured at the second flash are decreased to the same extent
different amino acids (T, E, Y, F, and W) on the kinetics as thekag(2) values (see Table 1). It is well-established that
and energetics of the first and second electron-transfer andthe second electron-transfer is kinetically coupled to the first
of the coupled proton uptake at the second flash. proton-transfer to @ The results obtained here in the
Energetic Effects of the Mutationds shown in Table 1 L209PF and L209PW mutants, suggest that the mutations
at pH 8.1, the equilibrium constant values between the alter at least the pathway of the first proton-transfer. It might
Qa Qs and QQg~ states are similar to the WT in most of be that the introduction of an aromatic residue disturbs the
the mutant RCs, except for the L209PE and L209PW local structure of the hydrogen-bond network, involving
mutants. Both mutants exhibit a smaller magnitude for protonatable residues and/or water molecules making the
AGjg value than in the WT. The decreased magnitude for configuration of the environment less active for proton
AG} by about 28 meV in the L209PE mutant (Table 1) transfer and delivery. This might also be explained by an
may reflect a slightly more negative potential experienced altered energetics for proton transfer due to an unfavorable
by Qz~ compared to the wild-type. Such a small change may (but fast) uphill proton-transfer step whose energy level has
arise from a partial negative charge carried by the glutamatebeen increased.
side chain at pH 8.1. Alternatively, the destabilization may It should be noted that, at pH 8.1 as shown in Figure 4, in
be related to the presence of protonatable residues nearbyhe WT, the L209PT, and L209PE mutants, e values
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are significantly smaller (about-23x) than the respective  mutant. This apparent discrepancy may reveal the presence
kag(2) values. This difference is observed over the entire of an additional K group in the L209PY mutant, which is
temperature range. In the L209PY mutant, the difference more sensitive to the influence of external charges. This
betweenky+ and kag(2) is smaller. More surprisingly, but  group (to which the hydroxyl group present in the tyrosine
directly correlated to differenf\H*(ky+) and AH*(kag(2)) side chain may actively participate) may be situated closer
values (discussed below; Table 2), in the L209PF mutant to the exterior than the group that modulakgg(2) in the
(above 28°C) and in the L209PW mutanky+ is found pH dependence of the WT.
higher than the respectiies(2) suggesting that the two It is noteworthy that in the L209PF and L209PW mutants,
processes are less coupled than expected from the WTkag(2) is nearly salt independent in the studied salt concen-
measurements. This suggests that a nonnegligible amountration range. In both cases, a slight decreask.gf2) is
of protons is taken up from the exterior by the RC before observed at high-salt concentration but with smoother
the second electron arrives o.(@ his proton uptake event  dependencies than in the WT and even than in the L209PY
is coupled to the arrival of the electron on the primary mutant. The observed effect on the L209PF and L209PW
electron acceptor, Q In this case, internal proton-transfer mutants reveals a higher screening of the salt effect inside
may be sufficient to allow the second reduction of ©@ the protein. The apparent increase of the dielectric constant
occur. This feature is under current investigations. in the cytoplasmic part of the protein may result from an
Salt Effect on the Second Electron-Transfer Reaction  increased polarizability of the proteic matrix. The introduc-
the WT, the addition of NaCl has no effect &xs(2) up to tion of aromatic residues may have partly disorganized the
100 mM at pH 7.5. Above this concentratidpg(2) starts hydrogen-bond network to which structured water molecules
to decrease (Figure 3). A decrease of khg(2) value upon participate. This allows a higher mobility of their dipolar
increased salt concentration may be correlated to an effectmoments and may, therefore, explain the important screening
on the surface pH due to a screening of the negative groupseffect of the surface potential in the L209PF and L209PW
of the protein surface. This decreases the surface protonmutants. In the L209PY mutant, the effect is attenuated. This
concentration and thus increases the (local) pH seen by themay be due to the ability of the hydroxyl group to develop
RC (65, 59 (without bringing about a change in the solution hydrogen bonds with its environment, therefore, reducing
pH). Thus, decreasing the surface potential by increasing thethe disorganization effect observed in the two others aromatic
ionic strength helps revealing the presence of internal groups.mutants.
These groups have theirKp shifted to lower pH and First Electron-Transfer Reactionlt has been pointed
consequently modulate ttkgg(2) value. These groups might out, initially by Tiede et al. Z), that the kinetics of the
be involved in the pH dependencelgg(2) in Figure 2. In QA Qs—0QaQs electron-transfer reaction are heterogeneous.
the WT, if we assume that the salt has an influence entirely This effect was measured in chromatophores fr&i.
through the surface potential on the appardftvalues of sphaeroidesn the near-infrared in the bacteriopheophytin
ionizable groups, the comparison of the salt concentration electrochromic band shift at 750 nm. In isolated RCs, a
dependence okag(2) with its pH dependence, suggests a similar effect was detected when,@as replaced by low
shift in surface pH of 0.5 pH units/100 mM NacCl. In the potential quinonesl). Interestingly, in these works, the fast
Rb. sphaeroide®VT, using monovalent cations, a similar component (fewus) was assigned to a “pure” electron-
salt concentration dependence was observed for the secontransfer reaction. At variance, longer componeat$q0us)
flash-induced quinone phase using electrogenic detectionwere assigned to electron-transfer processes kinetically
method 66). The same salt concentration dependence waslimited by protonation and/or conformational events within
obtained for the H binding rate associated to the formation the protein. Additional support to this hypothesis has recently
of the PPQa~ state b5). These authors have modeled high- been providedJ). It is, therefore, of high interest that the
salt effects on the kinetics of Hbinding using a Gouy ProL209—~Phe and ProL209Trp mutations display sub-
Chapman approach, suggesting that the effect occurs via thestantially reducekag(1) rates compared to the WT. This
mobile counterion distribution at the surface of the protein. suggests that the perturbations induced by these mutations
It is reasonable to interpret the effect kug(2) seen here in  are structurally and dynamically coupled to the protonation
a similar manner. and/or conformational process which kinetically limits the
In the WT and in the L209PT and L209PE mutants, the Qa Qs — QaQs~ electron-transfer reaction. Since these
salt concentration dependencies are identical. Thus, themutations are likely to affect not only the network of
apparent K of the ionizable residues implicated in the hydrogen bonds involving water molecule37) but also
variations ofkag(2) are modulated to the same extent in the ionizable and polar groups, we suggest that it exists a direct
WT, the L209PE and L209PT mutants by high concentration coupling between the dynamic structure of this web and the
of cations at the protein surface. The situation is slightly functional capabilities of the protein to rapidly transfer the
different in the L209PY mutant. Here, the slopekat(2) electron from Q™ to Q. It is of importance to note that the
vs [NaCl] is smaller than in the WT. This effect is reversed crystal structure of the L209PF and L209PY mutants reveals
in the titration ofkag(2) vs pH where the slope in the L209PY  no changes in the protein backbone (Kuglstatter, A., Fritzsch,
mutant is steeper than in the WT. This suggests a smallerG., Baciou, L., and Michel, H., unpublished data). This
influence of the surface charge in the RC from the L209PY supports that the modifications of the coupling that we
mutant than in the WT. In addition, it might be noted that in suggest here is not due to major structural protein rearrange-
this mutant, kag(2) starts to decrease at a lower salt ments in the mutants but rather to a local disorganization of
concentration than in the WT. This may appear in contradic- the hydrogen-bond network connectivity.
tion with the similar apparentis observed in the pH Furthermore, the decrease of thg(1) rates measured in
dependence curves kfg(2) in the WT and in the L209PY  the PL209F and PL209W mutants compared to the wild-
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type is reminiscent to what we measure for #ag(2) and that the main effect of the aromatic groups is to operate as
ky+ rates. This suggests that these mutations most likely affecta defect along the hydrogen-bond network.

the first and second electron-transfer reactions kinetically

limited by protonation events. This is under further experi- CONCLUSION

mental investigations. . L
The L209PF and L209PW mutants display kinetic, elec-
A Temp;arztl;)re tDepsn?eknce oft;c]he glectrznérgsgﬁfe:/??d thetrostatic, and thermodynamic properties significantly different
ssociated Froton Uptake on the secon € from the WT and the other mutants analyzed in this work.

; +
‘I;Td 2'” tht:.'jll(_HZOQPT .an.‘lj L2_:_)§PY multants, m? t‘r’:"“?gs OIh t The introduction of these aromatic residues in position L209
s(2) andky- are similar. This result supports the idea tha induce a parallel slowing down of the electron- and proton-

electron- and proton-transfer reactions undergo the same rate I

T L ransfer kinetics observed at the second flash and of the
Ilm(ljtllr_lgoségr\)/\s/. Tht's '? n(_)l_tr;che ;:fas;a fofrttrr:e cht)gtpg’ LdZOQEF electron-transfer kinetics measured on the first flash. This
an mutants. the efiects of tne mutated side ¢ alr‘suggests that these mutations most likely affect electron

are selectively different on th? electron and on the _prqtpn— -transfer reactions that are kinetically limited by protonation
transfer processes. The mutation L209PF causes a S|gn|f|cangvems_ We shall soon report data that support the presently

3 +

delcreqse of thtG'NI-I' (kAB(ﬁ)) vagje, whereza\st tﬁﬁH\g\iﬁ*)Th suggested effect of the aromatic mutations on the proton
value IS essentially unchanged compared 1o the - 'NUS, conduction pathways. Recent numerical calculatids®®) (
the substitution of Pro by Phe specifically affects the electron- have suggested that the\@Qs — QaQs- electron-transfer
:Lanzf:: feacz“of‘ toglgc?n\r/](talrssly, n thedL209PW rgt:ta\%_ process induces motions of structured water molecules

ﬁ.l th(kAZ(|—|2)|<IS on yls gty e(.:fr'eas;al gompared %h' situated nearby the channels revealed in the 3D structure of
whiie the (.“+) value Is significantly increased. This ——y, o protein, in particular the one that we are presently
might b? explained by an energetically unfavorable proton affecting by the L209 mutations. This is in strong support
contdui:nor(;.?fathway Ln :he LZ?}:?;}FN mu2tant. I(;]Atnf ll<_209PE of our work, which suggests that the aromatic mutations at
\Talfuaenis' 2Islo (e;rbesr:acr(\e/e de (VTVZ(;E 2) bL(mZ(ss))rggrke q t(h:r?in thethe L209 site affect the protonation events and/or confor-
L209PW and L209PF mutants. In the L209PE mutant, it is [gggggﬁ' gating kinetically coupled to the electron-transfer
likely that the negative charge that is probably carried by The salt titration and temperature dependenciessf2)

the glutamate side chain facilitates the proton transfer, while
1 impeces he elcton flow. The enihay efect of e 101, USHSSLI e L209PF ane L2090, mutene o
mutation (F, W, or E) on respectively the electron and on togthe cytoplasm anéll angilncreased degree of freedom of
the proton-transfer processes suggest that both events caﬁB > Cytop . 9 S

e participating groups. This suggests that an optimized

be separated thermodynamically. o ,
Remarkably, despite the large changes oAk andAS prganlzanon of the proton donors and z;cceptqrs (wh|c_h
' involve water molecules or protonatable residues) is essential

values, only very weak variations are observed in A
values calcyulate):j for the proton or the electron rocessesto guarantee a fast proton transfer. Water molecules that are
P P more mobile than side chains may ensure the good con-

(Table 2) in the WT, the L209PT, and L209PE mutants. It vity of the | hvd bond K d
is, therefore, noteworthy that, when aromatic residues arenec_tlwty ofthe arge hydrogen bon networ structure an
introduced at the position L208\G* is increased in parallel a high cooperativity for efficient proton conduction. These

. two requirements are disturbed in the aromatic mutants.

(Table 2) for electron and proton-transfer reactions as ) ) .
following AG*(L209PY) < AG*(L209PF)< AG*(L209PW). It will be of great interest to track the mot|ons_ and _
The effect of the aromatic residues on th&* can be rearrangements of structured water molecules and amino acid
ascribed in part to changes in dvnamics of the proton wire r¢S|dues within the hydrogen-bond Web_ln response to the

serl np ges In dy oS P WI different redox states of the RC protein. Such kinds of

and of the degree of connectivity of the hydrogen-bond functi fruct . tigati hould also b th
network implicated in the proton-transfer pathways. The fast unction=structure investigations should also be wor
studying in other similar redox proteins.

proton-transfer kinetics observed in the wild-type compared
to the mutants suggest that structured water and/or Proto- A cKNOWLEDGMENT
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