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ABSTRACT: In Rhodobacter capsulatusve constructed a quadruple mutant that reversed a structural
asymmetry that contributes to the functional asymmetry of the two quinone sites. In the photosynthetically
incompetent quadruple mutant RQ, two acidic residues ngadrZ12Glu and L213Asp, have been mutated

to Ala; conversely, in the @pocket, the symmetry-related residues M246Ala and M247Ala have been
mutated to Glu and Asp. We have selected photocompetent phenotypic revertants (designated RQrev3
and RQrev4) that carry compensatory mutations in both thar@ @ pockets. Near @ the M246Ala

— Glu mutation remains in both revertants, but M247Asp is replaced by Tyr in RQrev3 and by Ala in
RQrev4. The engineered L212Ala and L213Ala substitutions remain in gret@of both revertants but

are accompanied by an additional electrostatic-type mutation. To probe the respective influences of the
mutations occurring near thea@ind @ sites on electron and proton transfer, we have constructed two
additional types of strains. First, “half” revertants were constructed that couple;thiee®@f the revertants

with a wild-type Q. site. Second, the Qsites of the two revertants were linked with the L212Glu-
L213Asp— Ala-Ala mutations of the @site. We have studied the electron and proton-transfer kinetics

on the first and second flashes in reaction centers from these strains by flash-induced absorption
spectroscopy. Our data demonstrate that substantial improvements of the proton-transfer capabilities occur
in the strains carrying the M246Aler Glu + M247Ala— Tyr mutations near @ Interestingly, this is

not observed when only the M246Ata Glu mutation is present in thegpocket. We suggest that the
M247Ala— Tyr mutation in the Q pocket, or possibly the coupled M246Ata Glu + M247Ala— Tyr
mutations, accelerates the uptake and delivery of protons to gren@@ns. The M247Tyr substitution

may enable additional pathways for proton transfer that are located near Q

Photosynthetic organisms convert light energy into chemi- which is situated near the periplasmic side of the membrane,
cal free energy. This conversion is achieved by photochemi- and Q~, which is situated near the cytoplasmic side of the
cal reaction centers, which are embedded in the intracyto-membrane. The electron present op i® then transferred
plasmic membrane of these organisms. The three-dimensionato the secondary quinone acceptay iQ 1—200us (8—10).
structures of these proteifpigment complexes have been The binding sites for @ and @ share structural homology
determined for two different species of purple bacteria, and are related by an axis of approximate 2-fold symmetry.
Rhodopseudomonasidis (1) andRhodobacter sphaeroides  Although both quinone acceptors are the same chemical
(2—7). TheRb. sphaeroidesomplex is about 100 kDa and  species (ubiquinong in Rb. sphaeroideand Rhodobacter
is composed of three polypeptides. The L and M subunits capsulatusthey function in very different ways. Qwhich
are integral transmembrane proteins, but the H protein hasis never directly protonated, functions as a one-electron
only one transmembrane helix; its extrinsic domain es- acceptor. By contrast, after the successive absorption of two
sentially caps the reaction center at the cytoplasmic interface.photons by the system,gaccepts two electrons and two
All the pigments and cofactors present in the compifour protons from the cytoplasm to form the dihydroquinone
bacteriochlorophylls, two bacteriopheophytins (&hd Hs), QsH2. This molecule, which is weakly bound to its site,
two quinone molecules (Qand @), a non-heme iron atom, leaves the reaction center and delivers its reducing power to
and a carotenoid molecuteare bound noncovalently to the the cytochromédc; complex.

L and M chains. Light absorption by the reaction center  The presence of an extensive network of protonatable

results in the excitation of a dimer of bacteriochlorophylls, residues, which extends from the cytoplasm to tegarket,

P, to its lowest electronic singlet state, P*. 4200 ps, a  is an important and original feature of the reaction center

transmembrane charge separation is stabilized between P structure(4, 11-14). This web also involves many water
molecules, as seen in the recent high-resolution reaction
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Ficure 1: Stereoview based on tiRb. sphaeroideseaction center
structure [dark structuré)] showing the locations of the quinones

and the amino acid residues described in the text and in Table 1.
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coupled with a wild-type @ site (RQrev3B and RQrev4B
strains, Table 1). Second, the,-Qite mutations of the
RQrev3 and RQrev4 strains were coupled with the L212Glu-
L213Asp— Ala-Ala mutations (AA) in the @ site, yielding

the AA+3A and AA+4A strains, respectively (Table 1). The
photosynthetically incompetent AA double mutant has been
characterized previousi{i3, 16, 17, 2%

In this paper, we determine the rates of electron and proton
transfer to @ following the first and second flashes in the
reaction centers from these strains. By comparing the effects
of the mutations in the Qsite, we show that the M246Ala
— Glu + M247Ala — Tyr mutations near Qlead to a
notable improvement in the ability of these reaction centers
to transfer protons to theggite. This is not the case when
only the M246Ala— Glu mutation is present. In addition,
our data show that, after the first flash, fast electron transfer
precedes very slow protonation events in the severely
impaired mutants. After the second flash, the transfer of
the second electron is rate-limited by the slowest proton
uptake kinetics.

The wild-type residues are shown and are numbered according toMATERIALS AND METHODS

theRb. capsulatusequence to correspond with the text. For clarity,
the Go atoms of the alanines at M246 and M247 were connected.

Table 1: Genotypes of Strains Included in This Study

Qg site Q. site
strains  L212 L213 L217 M43 M246 M247 phenotype
wildtype Glu Asp Arg Asn Ala Ala PS
Site-Specific Mutants
RQ Ala Ala Glu Asp PS
AA Ala  Ala PS-
RQ Phenotypic Revertants
RQrevd Ala Ala Asp Glu Tyr PS
RQrevd  Ala Ala Cys Glu PS
Constructed Strains
RQrev3B Ala Ala Asp PS
RQrev4dB Ala Ala Cys PS
AA+3A Ala Ala Glu Tyr PS
AA+4A  Ala Ala Glu PS

proton to @ (21, 22. L212Glu has been demonstrated to

Bacterial Strains and Culture The construction of the
RQ quadruple mutant, in which the sequence asymmetries
present at the L212Glu-L213Asp vs M246Ala-M247Ala sites
are reversed, and the description of the isolation and
genotypic characterization of spontaneous phenotypic rever-
tants has been describgd8). The construction of the
L212Glu-L213Asp— Ala-Ala double mutant (AA) has been
reported previously17, 3Q. The genotypes of the strains
used in the present study are listed in Table 1. Since the
RQ revertants carry compensatory mutations in both the L
and M genes, unique restriction sites in plasmids p(829
and pU292232) were used to construct the RQrev3B and
RQrev4B “half” revertants. These strains carry a wild-type
Qa site coupled to a @ site that was derived from the
particular phenotypic revertant. The ABA and AA+4A
mutants were constructed following the same procedure; they
couple the AA mutations in the gsite with the Q site that
is derived from the particular revertant. The RQrev3B and
RQrev4B strains were able to grow under photosynthetic

be an important component for transfer of the second proton¢onditions (PS); the AA+3A and AA+4A strains are

to Qs in Rb. sphaeroides (2326) and inRb. capsulatus (20,

photosynthetically incompetent (PS

27). The symmetry-related counterparts of these residues FOr reaction center preparations, cells were grown semi-
in the Q. binding pocket are nonprotonatable alanines (see aerobically in the dark (34C) in RPYE medium(16).

Figure 1).
To probe the importance of this asymmetry in determining

Purification of reaction centers has been described previously
(33.

the functional properties of the quinones, we constructed a Spectroscopic Measurementhe PP Qs and P Qg™

quadruple mutant ofRb. capsulatusin which residues
L212Glu and L213Asp in the Qsite and the symmetry-
related residues M246Ala and M247Ala in the Gite are

reversed. This mutant is designated RQ (L212Glu-L213Asp-

M246Ala-M247Ala— Ala-Ala-Glu-Asp) (28); it is unable

charge recombination kinetics were followed at 865 nm on
a homemade spectrophotome(@?). The P Qg™ charge
recombination kinetics were measured in the presence of
excess quinone 22 uM RCs;~50—-75uM UQs (Sigma)].

In the strains carrying Qsite mutations, a large fraction of

to grow under photosynthetic conditions. Photocompetent the bound @Q was lost after the detergent purification of
phenotypic revertants (RQrev3 and RQrev4 strains; Table reaction centers. Upon the addition of exogenous quinone,
1) have been isolated from this mutant that carry compensa-reconstitution of the @ site was monitored by measuring

tory mutations in both the Qand the @ pockets. To track
the relative influences of the .2 and Q-site mutations on
the coupled electronproton-transfer process, we have
constructed two additional sets of strains. First, the €ite

the amplitude of the PQa~ charge recombination signal. In
the strains with mutant Qsites, the affinity for Q was
reduced compared to the wild type0.1 uM~1 (34)], but
more than 80% of native Qactivity was restored upon

mutations from the RQrev3 and RQrev4 revertants were addition of~1 uM UQs. In these reaction centers, and in
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the presence of a large excess of exogenous quinogie, Q
was found to be rapidly reoxidizedc<(00 ms), probably
because of electron donation to the external quinone pool.
Under these conditions, addition of terbutryn resulted in the
formation of a slowly decaying Pstate in about 5660%

of the reaction center population. Thus, in these reaction
centers, the FQa~ charge recombination kinetics were
measured in the presence of a very small amount of UQ
(~1—-2 uM) in order to selectively reconstitute theaQ
binding site. The rates for transfer of first electron were
measured at 750 nm, in the electrochromic band shift of the
bacteriopheophytirf9). The rates of transfer of a second
electron were measured at 450 nm, monitoring the disap-
pearance of the Qg™ state(35, 39. These measurements
were made in the presence of 4M cytochromec, 200—
500uM ascorbic acid, and 5075 uM UQs. The multiflash
cytochrome oxidation experiments were done at 550 nm, in
the presence of 2840 uM cytochromec reduced by 256

500 uM ascorbic acid, 5675 uM UQe, and 1uM RC.

Buffers (10 mM) used were as follows: RHmnorpholino)-
ethanesulfonic acid (MES; Sigma) between pH 5.5 and 6.5;
1,3-bis[tris(hydroxymethyl)methylamino]propane (Bis-tris
propane; Sigma) between pH 6.3 and 9.5; and 3-(cyclohexy-
lamino)propanesulfonic acid (CAPS; Calbiochem) above pH
9.5.

Proton-Transfer Measurementslhe kinetics of proton
uptake were determined at pH 7.5 by measuring the
absorbance changes at 580 nm (isosbestic point of the P
absorbance changes) of the pH-sensitive dyeesol red.
The assay solution contained-2 uM reaction centers, 50
mM NacCl, 0.03% Triton X-100, 10QM ferrocene, 50«M
potassium ferrocyanide, 60M UQs, and 40uM o-cresol
red. The reaction centers were extensively dialyzed in order
to keep the buffer concentration below-50 uM. The
absolute calibrations of the stoichiometries of proton uptake
were performed by additions of known amounts of HCI (1
M stock; Merck) as previously describd@7). The net
proton uptake (H/Qg~) was obtained by subtracting the
buffered signal from the unbuffered signal. The occupancy
of the @ binding pocket was calculated from the ratio of
cytochromec oxidation after the second flash to that after
the first flash (measured at 550 nm), and from the relative
amount of the slow phase of charge recombinatiorQg,
measured at 865 nm).

In the AA, AA+3A, and AA+4A strains, the PQg™
charge recombination process was found to be very slow
(= 0.08-0.1 st at pH 7.5) suggesting a very stablg Q
state. Therefore, special care was taken in the double-flas
proton uptake kinetics, cytochrome oxidation turnover, and

second electron transfer measurements to thoroughly dark-

adapt the samples. The samples were held for more than
h in the dark before illumination. Also, we verified that the
addition of a few micromolar of potassium ferricyanide (to
reoxidize any residual § state) did not increase the
amplitude of the flash-induced™®g~ signal.

RESULTS

Compensatory Mutations in the Phenotypicv&gants.

Valerio-Lepiniec et al.

Table 2: Rates of FQa~ and P Qg Charge Recombination and
Second Electron Transfer Reactiddeasured at pH 7.5

h

1

strain Kap (s7Y) kep (s71) kag(2) (s1)
wild type 7.8+£0.3 0.83+ 0.05 2500+ 200
Site-Specific Mutants
RQ 6.3+ 0.3 0.05+ 0.01 15+0.2
AA 7.6+0.3 0.08+ 0.01 0.5+ 0.1
RQ Phenotypic Revertants
RQrev3 7.8+ 0.3 0.09+ 0.01 30+ 3
RQrev4 8.2+ 0.3 0.90+ 0.05 1.5+ 0.2
Constructed Strains
RQrev3B 8.1+ 0.3 0.17+ 0.08 5+ 0.3
RQrev4B 7.0+£0.3 0.85+ 0.02 3.3+ 0.5
AA+3A 6.9+ 0.3 0.08+ 0.01 3.5+ 0.5
AA+4A 6.6+ 0.3 0.10+ 0.01 0.8+ 0.1

a For conditions, see Materials and Methods.

phenotypic revertants were selected. Both phenotypic re-
vertants carry the L212Ala-L213Ala mutations in the Q
pocket and the single additional mutation M43AsnAsp

(~9 A from Qg) or L217Arg — Cys (~11 A from @),
respectively. At the @ site, the engineered M246Ata

Glu mutation remains in both phenotypic revertants, but the
engineered Asp at position M247 is replaced. In RQrev3,
Tyr replaces Asp, whereas in the RQrev4 strain, the wild-
type Ala was restored by a genotypic reversion. The
M247Asp — Tyr mutation is also present in another
independent phenotypic revertant that we have selected from
the RQ mutant, suggesting that the presence of Tyr in
position M247 is of importance in restoring the function lost
in the RQ mutan(28). The functional capabilities of this
other phenotypic revertant are very similar to those of the
RQrev3 strain presented here (unpublished observations).

P*Qs~ Charge Recombination Rateslhe rates of the
PTQg~ charge recombinatiorkgp) in the reaction centers of
the various strains are presented in Table 2. We have
measured these rates over the pH rangel® (data not
shown). Becausksp is nearly pH-independent in the neutral
pH range in all the strains, we list only the values kgp
obtained at pH 7.5. The rates of the"@~ charge
recombinationKap) were also measured in all strains studied
here (Table 2). They do not vary more thar20% with
that of the wild type. Therefore, changes in e values
reflect changes in the QQg < QaQs~ apparent equilibrium
constantK; = (kap /ksp) — 1] (37). Thekgp values measured
in the RQrev4 and RQrev4B strains are nearly the sdge (
0.9 and 0.85 ¢, respectively) and are substantially
increased compared to the reaction centers from the AA
mutant ksp = 0.08 s1). We have already pointed out the
ignificant electrostatic effect of the L217Arg> Cys
mutation in the RQrev4 reaction cen{88). This mutation
increaseksp about (and decreas&s by) the same value at
pH 7.5 as compared to the value in the AA reaction center
This leads to a decrease in the free energy gap between the
P*Qg~ and PQa~ states in the RQrev4 reaction center of
at least 75 meV. The M43Ast Asp mutation present in
the RQrev3B reaction center does not produce such a
dramatic effect. kgp in this reaction center (0.17°3 is

_Z

S

The mutations carried by the two phenotypic revertants andincreased by only a factor of 2 when compared to that of
the constructed mutants are summarized in Table 1. Fromthe AA mutant. ksp is somewhat decreased in the RQrev3
the PS RQ mutant, the photocompetent RQrev3 and RQrev4 reaction center (0.09°8) as compared to that of RQrev3B.
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1 the involvement of the mutations present in thg gdcket
of the RQrev3 strain in modifying this rate.

The slope of the pH dependencekag(2) provides some
information about the specificity of the diffusion of protons
in the protein. A slope of-1 H'/e™ indicates a diffusion-
limited process for proton transfer. A slope that is less
negative reflects a protein-limited process. In the wild-type
reaction centers, this slope is abet@.63 H/e~ above the
apparent g, of about 8.2. For all other strains, a more
negative slope is observed, suggesting that the transfer of
protons may occur by less specific pathways than in the wild
type. In the pH range 68, the reaction centers of the
RQrev3 strain display a slope similar to that of the RQrev3B
reaction centers~—0.75 H/e”). In the RQ mutant, this
value is about-0.70 H/e". In the AA mutant, this slope
is ~ —0.80 H'/e".

The pH dependencies of tlkgs(2) values for the RQrev4
and RQrev4B reaction centers are presented in Figure 2B
and are compared with the data obtained for the AA mutant
and the wild type. In the pH range-®, thekag(2) values
for the RQrev4B mutant are-37 times higher than those of
the AA reaction centers. At pH 7.%,s(2) is about 3.3 5
in the RQrev4B reaction center. In contrast to the situation
with the RQrev3 family, no improvement of the second
electron-transfer capabilities is detected in the RQrev4
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1e N E reaction center as compared to that of the RQrev4B strain.
i The data from the RQrev4 and RQrev4B reaction centers
T display slopes of about0.70 and—0.72 Ht/e™, respectively.

40 50 60 7.0 80 9.0 10.0 11.0 .
H Note that these strains are photocompetent whereas the RQ
p mutant, which is characterized by simillags(2) values, is
Ficure 2: pH dependence of the rate constant of the second not. Thus, the second electron-transfer step is not the

electron-transfer reaction from,Q to Qz~, measured at 450 nm . ; ;
in reaction centers¥2 uM) from the following strains: (A) RQrev3 limiting one for photosynthetic growth in the RQ mutant (see

(®), RQrev3B (1), RQ @), AA (), and the wild type #); (B), Discussion). o .
RQrev4 @), RQrev4B (), AA (a), and the wild type #). Multiflash Cytochrome PhotooxidationTo characterize
Conditions: 0.05% LDAO or 0.03% Triton X-100, buffers depend- the functional behavior of the reaction centers of the various
ing on pH as indicated in the text, 505uM UQs, 21°C, 40uM strains further, we have measured their patterns of cyto-

cytochromec, and 206-500 M sodium ascorbate. chrome photooxidation after several flashes. These data

Rate Constant for the Second Electron-Transfer Reaction, provide information about the photocycling time of the
kag(2). The pH dependencies of the rate constant for the reaction centers. The measurements were made at 550 nm,
second electron-transfer reactidag(2), measured in the  pH 7.5, in the presence of reduced cytochramelhe data
reaction centers from the RQ, RQrev3B, RQrev3, AA, and were normalized to the amplitude of cytochrome oxidation
wild-type strains are presented in Figure 2A. We have also on the first flash. In the data presented here, the flash spacing
measurekas(2) in the AA+3A and AA+4A strains at pH is 100 ms. Patterns of cytochrome photooxidation for

7.5 (Table 2). reaction centers of the wild type, RQrev3, and RQrev3B are
The pH dependencies &fg(2) for the wild type and the  presented in Figure 3 (upper panel). The pattern for the
AA mutant have previously been measufgg). In the pH RQrev3B reaction centers displays a progressive damping

range 6.5-8.0, kag(2) in the RQ mutant is slightly greater of the amplitudes of the oxidation steps after the third flash.
than in the AA mutant. At pH 7.%xg(2) for the RQ mutant ~ This reflects the inability of the reaction centers from this
is about 1.5 st versus 0.5 s for the AA mutant. Thekag- strain to achieve photochemical cycling within 100 ms. The
(2) values measured at pH 7.5 for the AA family are shown wild-type and, interestingly, the RQrev3 reaction centers are
in Table 2. In the AAF4A reaction centerkag(2) is very fully capable of completing a cycle during each 100 ms
slightly increased (0.878) compared to that of the AA interval (data nearly superimposable).

mutant. In the AAF3A reaction centerkag(2) is more The cytochrome oxidation patterns for the reaction centers
notably increased to a value of 3.55 kag(2) values of of the AA, AA+3A and AA+4A strains are presented in
the RQrev3B mutant are about3 times greater than those Figure 3 (lower panel). A substantial damping of the
measured in the RQ mutant. Interestingly, in the whole pH oxidation steps after the second and third flashes is displayed
range studied, th&,g(2) values in the RQrev3 strain are for the reaction centers from the AA and AAA strains.
notably higher than those of the RQrev3B strain. At pH In the AA mutant, we previously attributed this behavior to
7.5,kas(2) is accelerated approximately 6-fold in the reaction the inability of the reaction centers to form theld state
centers of the RQrev3 straikag(2) = 30 s!] compared to in the interval between the second and the third flashes (100
those of RQrev3B (573), even though these two strains have ms), due to the severe impairment of its proton-transfer
the same protein sequence in thg g@cket. This suggests capabilities(16). The situation is different for the AA3A
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FiGURE 3: Multiflash cytochromec oxidation in reaction centers time (s)

(~1 uM) from the following strains: (upper panel) RQrev3, g e 4: Stoichiometries and kinetics of proton uptake after the
RQrev3B, and the wild type and (lower panel) AA, A#4A, and first and second flashes in reaction centerd{2 uM) from the

AA+3A. The curves are normalized to the amplitude of the 4 yne RQrevaB, and RQreva3 strains. Conditions: 50 mM NaCl,

oxidation step measured after the first flash. Conditions: 10 mM 4 q304 Triton X-100 ;
3 . , pH 7.5, 100M ferrocene, 50@M potassium
Tris, pH 7.8, LDAO 0.05%, 4QM cytochromec, 250-500 4M ferrocyanide, 6QuM UQs, 40 uM o-cresol red; 580 nm. The net

sodium ascorbate, 5075 uM UQs; 550 nm. proton uptake was obtained by subtracting the buffered signal from

. . . . _the unbuffered traces.
reaction centers, where a slight damping exists after the third

flash but the amplitude of the cytochrome oxidation remains Tapje 3: Proton Uptake LifetimasMeasured after the Second
nearly the same on the following flashes. This reflects the Flash, pH 7.5

ability of the reaction centers from this strain to function fast phase slow phase
quasi-normally at a flash repetition rate of 10 Hz. These amplitude  1hke®  amplitude kit
data demonstrate a significant improvement in the function i, (%) (ms) (%) )

of the RQrev3 and AA-3A reaction centers, which carry ,

the M246GIlu-M247Tyr mutations nearsQQas compared to ‘ggjr:\’ge 11%?) 522

the RQrev3B and AA reaction centers, which do not. ROreV3B 80 <20 ~20% 0.12+ 0.03

However, it is clear that the M246Glu mutation is not AA 20 =20 80 0.80- 0.08
respon5|ble for the.obs.:erved effept because no improvement /%, ., 50 =20 <50 018+ 0.02
in cytochrome oxidation rates is seen for the AMA AAFAA ~20% <20 ~80 0.80+ 0.08
reaction center that carries the M246Ata Glu mutation
but does not have the Tyr substitution at M247.

Kinetics of Proton Uptake after the First and Second
Flashes The kinetics of proton uptake measured after two occurs on a slower time scale{00 ms). On the second
flashes for the reaction centers of the wild-type, RQrev3B, flash, uptake complementary to 2is occurs. Most of
and RQrev3 strains are presented in Figure 4. These datdhe kinetics observed on the second flash are ta20(ms),
were obtained at pH 7.5, in the presence of the pH indicator but about 20% of the uptake occurs with a rate of about 120
o-cresol red. In the wild type (Figure 4A), about 0.20 ~ ms (Table 3).

0.05 H/Qg~ are rapidly €1 ms) taken up on the first flash. In the reaction centers from the RQrev3 strain, 0490
Such partial stoichiometry has previously been attributed to 0.05 H/Qg™ is taken up on the first flash (Figure 4C).
proton uptake by residues whos&p are shifted upon = Compared to the RQrev3B strain, the RQrev3 reaction
reduction of @ (39, 49. On the second flash, uptake centers carry the additional M246Glu-M247Tyr mutations
complementary to 2 HQg ™ is observed on a fast time scale. near Q (Table 1), and the proton uptake occurs rapidly on
These data for the wild-typRb. capsulatuseaction center  both the first and second flashes, giving rise to a nearly native
were reported previousl§20, 27. The situation is slightly ~ pattern of proton uptake kinetics on the time scale of Figure
different for the RQrev3B reaction center (Figure 4B). About 4C. [On the second flash, the slowest phase of proton uptake
1.00+ 0.05 H/Qg~ is taken up on the first flash. This larger in the RQrev3 reaction centersi20 ms (data not shown).]
amplitude of proton uptake measured on the first flash, The kinetics of proton uptake measured in the reaction
relative to the wild type, has been reported previously for centers of the AA, AA-4A, and AA+3A mutants are
the L213DN reaction center mutant froRb. sphaeroides  presented in Figure 5. In these three strains, at pH 7.5, the
(22, 47). A small fraction & 5—10%) of the proton uptake  amplitude of proton uptake on the first flash is 18.20
observed in the RQrev3B reaction centers on the first flash H*/Qg™ and is nearly 2 F/Qg after two flashes. In the AA

a Conditions were as in Figures 4 and 5.
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A ' Table 4: Kinetics of Transfer of the First Electfoinom Qa~ to

20 Qs, pH 7.5, 750 nm
"j 1kaa(1) (us)
1.
05 strain fast slow
b ] WT 85+ 10
e A,A RQ 55+ 10
R RQrev3 88+ 10
RQrev3B 844 10 (66%) 2900t 300 (33%)
69 AA 100 + 10
< AA+3A 87+ 10
on AA-+4A 108+ 10 (60%) 320Gt 300 (40%)

a8 For conditions, see Materials and Methods.

strains, the kinetics are exponential. In the wild type, the

2.0
15 time constant for the £ — Qg electron-transfer reaction
10 is about 85us. In the wild-typeRb. sphaeroideseaction
05 centers, more complex kinetics have been reported, including
00 AA+3A the presence of 3840 us and 226-250 us pha§e$9, 10.
e The presence of a faster componemtl(us) with a very
01 2 3 45 6 7 8 9 10 small amplitude has been proposed recefi§). Within
time (s) the resolution of our instrument (a few microseconds), we

Ficure 5: Stoichiometries and kinetics of proton uptake after do not observe heterogeneity of the "fast’ phasdQOus)

the first and second flashes in reaction center$«2 uM) from in the rgaCt'on ?emer of "%ny St_ra'n descr',bed here.
the AA, AA+4A, and AA+3A strains. Conditions were as for ~ Despite the differences in thedge values (i.e., the @ Qs
Figure 4. < QaQs~ equilibrium constants; Table 2), the lifetimes of

the fast components of the first electron-transfer reactions

mutant (Figure 5A), the first flash induces strongly biphasic do not vary more than 2-fold in the reaction centers of all of
kinetics of proton uptake. The fast phase, which representsthe strains studied. As described above for proton uptake,
about 0.35 H/Qg~, has a time constant of several mil- the kinetics measured in reaction centers from the RQrev3B
liseconds (data not shown). The slow phase, which accountsand AA+4A strains show notable biphasicity. In addition
for about 0.65 H/Qg~, has a time constant of about 0.85 s. to the fast phase, &3 ms component with an amplitude of
On the second flash, the same overall kinetic behavior is ~33% or~40%, respectively, has also been detected. We
observed. Inthe AA4A reaction centers, no improvement have also measured the kinetics of all these strains at 770
of the proton-transfer capabilities is observed as a result ofnm (data not shown). It has been suggested that the
the additional M246Ala—~ Glu mutation. On the first flash,  absorbance changes detected at this wavelength may reflect
proton uptake occurs in a biphasic process with time protonation events triggered by or associated with electron
constants similar to those of the AA mutant reaction center. transfer from Q- to Qs (9). At room temperature, no
On the second flash, only 20% of the proton uptake is fast significant differences could be detected between the data
[whereas 80% of the signal has a time constant0f80 s measured at 770 nm vs 750 nm.
(Table 3)].

The AA+3A mutant (Figure 5C) is significantly more DISCUSSION
capable of performing proton transfer compared to the AA  To probe the asymmetry in the reaction center quinone
or AA+4A strains. First, the relative amplitudes of the sites that pertains to the L212Glu-L213Asp versus M246Ala-
fastest £20 ms) phases are increased~60% and=50%, M247Ala pairs of residues, we initially constructed the
respectively, of the total proton uptake on both the first and quadruple mutant RQ (L212Glu-L213Asp-M246Ala-M247Ala
second flashes. In addition, the slow phases are accelerated- Ala-Ala-Glu-Asp). L213Asp and L212Glu have been
when compared to those of the AA and A#A reaction  shown to be involved in the rapid delivery of the first and
centers. On the first flash, the slow phase has a time constantecond protons, respectively, tg @1, 2§. When L212Glu
of about 0.25 s (versus 0.85 s seen for the AA andtAA and L213Asp are mutated to Ala, the mutant strain is
reaction centers). The acceleration is even greater on theincapable of photosynthetic growth because proton delivery
second flash+{ 0.18 s, versus 0.80 s for AA or AR4A) to the @ anions is impaired13, 16, 17, 20, 29 The
(Table 3). This correlates with the overall improvement in  substitution of M246Ala and M247Ala by acidic residues
the function of the AA-3A reaction center, which was also yields a PS strain (30); reaction centers of the
evident from the cytochrome photooxidation measurements M246Glu-M247Asp mutant are characterized by reduced
(Figure 3B). binding of Q. and a 10-fold reduction in the rate of\H~>

Kinetics of Transfer of the First Electron fromaQ to Qa electron transfer (P. D. Laible and D. K. Hanson,
Qs. We have measured the kinetics of transfer of the first unpublished observations). The two phenotypic revertants
electron from Q~ to Qs in order to determine whether the of the RQ strain that are studied here (RQrev3 and RQrev4)
slow protonation events influence the electron-transfer reac-carry changes in both thex@nd @ sites. One of our main
tion. The rate constants measured at 750 nm, pH 7.5, aregoals was to determine whether the mutations in thei@
presented in Table 4. Except for the RQrev3B ancHA®\ assist in the delivery of electrons and/or protons 0 Qo
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this end, we have separated thg-@nd Q-site mutations the AA mutations should be roughly comparable to the
from each other by constructing “half-revertant” reaction fraction of proton uptake in the wild type that can be assigned
centers (RQrev3B and RQrev4B strains; Table 1). We haveto the putative groups which interact strongly with L212Glu
also combined the mutant,Gsites found in RQrev3 and  and L213Asp.
RQrev4 with the L212Ala-L213Ala mutantgite (AA+3A Proton uptake with the first flash is substantially slowed
and AA+4A strains; Table 1). This is the first report that in the AA mutant. In the AA-3A reaction center, an
describes the effects of distant mutations nego@ proton appreciable acceleration of the kinetics of proton transfer is
transfer to @. observed on the first flash compared to the AA mutant
Our data show that the functional capacities of proton (Figure 5). The amplitude of the slow phase decreased from
uptake and delivery to gare strikingly improved in reaction ~ 65% (AA) to 50% (AA+3A), and the lifetime of this phase
centers carrying the M246Ale> Glu + M247Ala— Tyr decreased from 0.85 s (AA) to 0.25 s (ABA). This is
mutations near @ (RQrev3 and AAR3A strains). No not seen in the AA4A reaction center, which displays
improvement is observed in reaction centers where only thekinetics that are very similar to those of the AA mutant.
M246Ala— Glu mutation is present (RQrev4 and AAA The rapid proton uptake with both the first and second
strains). flashes that we have measured in the RQrev3B and RQrev3
In the RQrev3 reaction centekag(2) is increased about  strains (which carry the AA and M43Asr Asp mutations
6-fold compared to that of RQrev3B. This is not observed in the @ site) demonstrates the remarkable ability of
for the RQrev4 reaction center, which haka(2) value M43Asp to assume the roles of both L212Glu and L213Asp.
that is 50% slower than that of the RQrev4B strain (Table This suggested that similar pathways and processes could
2). It was shown previously that the M43Asr Asp be involved for proton transfers on both the first and second
mutation near @ (present in RQrev3 and RQrev3B) is very flashes(20).
efficient in restoring rapid rates of proton transfer and second In all strains, the kinetics for the first electron transfer
electron transfer to reaction centers that lack either L212Glu measured at 750 nm are fasti00 us), except for a slow
(20) or L213Asp(42). Therefore, the further acceleration component of about 3 ms in the RQrev3B and -AMA
of these processes that is seen when the M246Glu andstrains. The fast phase is likely to originate from electron
M247Tyr substitutions are added in the RQrev3 reaction transfer before reorganization of the proté®). The slow
center is surprising. This trend is confirmed by the patterns phase of electron transfer was previously suggested to arise
of cytochrome oxidation after multiple flashes (Figure 3). from electron-transfer rate-limited by rearrangement of the
When the flash spacing is 100 ms, the reaction centers fromprotein (10). In the reaction centers carrying the AA
the RQreva3 strain display nearly native behavior in contrast mutations where the first-flash protonation steps are slow,
to the reaction center of RQrev3B, in which oxidation steps electron transfer occurs at a rate similar to that of the wild
are progressively damped with successive flashes. Thetype. Therefore, the very slow phases of proton uptake
AA-+3A mutant shows quasi-normal steps of cytochrome (>100 ms) reflect protonation events occurring long after
oxidation while the AA+4A mutant does not. The absence electron transfer is completed. These observations show that,
of the effect in the RQrev4 and AP4A reaction centers  at least in these mutants, electron transfer on the first flash
rules out a major role for the single M246Glu mutation in is not rate-limited by the process of partial proton uptake
the acceleration of proton transfer and second electron-near Q.
transfer reactions. In the modified strains that carry the AA mutations, the
Proton and Electron Transfer on the First Flashn amplitude of proton uptake on the first flash (pH 7.5) ranges
isolated reaction centers, the partial proton uptake observedoetween 0.85+ 0.05 and 1.00+ 0.05 H/Qg~. This
on the first flash is due toky, shifts induced by the formation  amplitude is systematically greater than the amount of proton
of Qg™ (39, 40. In the reaction centers of the wild type, uptake that is observed for the wild-type reaction center at
RQrev3, and RQrev3B, rapid monophasic kinetics are the same pHA0.72 £+ 0.05 H/Qg~). Experimental data
measured (Figure 4). In contrast, the strains that are moreobtained inRb. capsulatus (97andRb. sphaeroideseaction
seriously impaired show biphasic kinetics (Figure 5). The centerg43, 49 as well as electrostatic calculatiordb| E.
fast phase of proton uptake is likely to arise from the transfer Alexov and M. R. Gunner, personal communication), have
of protons from the bulk phase to proteic groups that are suggested that L212Glu is mostly protonated at neutral pH.
distant from the L212 and L213 positions; these peripheral The replacement of Glu by Ala, therefore, is not expected
groups are therefore not influenced by the absence ofto cause a significant change in the protonation state of the
L212Glu and L213Asp. The proton-transfer kinetics to reaction centers at pH 7.5. However, the replacement of
peripheral groups should occur with rates comparable to L213Asp, which is ionized at pH 7.821, 22, 24, by Ala
those measured in the wild typs (nilliseconds). The slow  would be expected to cause shifts in th€,p of some of
phase of proton uptake detected in the AAQ(85 s), the residues interacting withgQ The shift of high Kzs (e.g.,
AA+4A (~0.85 s), and AA-3A (~0.25 s) reaction centers  >7.5 in the wild typé closer to 7.5 would allow those
may reflect proton uptake by groups that are influenced by residues to participate in partial proton uptake in the modified
L212Glu and L213Asp and are more significantly affected strains studied here. Th&ps of acidic residues that closely
by their substitution with neutral residues. In the wild type, interact with L213Asp would also be expected to shift to
the residues involved in these phenomena probably interactlower values in its absencdResidues L210Asp and H173Glu,
with L212Glu and L213Asp directly or interact with them which were suggested to interact strongly with L213Asp (E.
indirectly via a web of hydrogen-bonded residues and water Alexov and M. R. Gunner, personal communication), are
molecules. Therefore, on the first flash, the amplitude of likely to be involved in the increased Qs~ values
the slow phase of proton uptake in reaction centers carryingmeasured here in the modified strains.
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Proton and Electron Transfer on the Second Flagh. L212Ala single mutant grows photosynthetically and displays
contrast to what is observed on the first flash, where slow nearly wild-type proton-transfer kineti¢27). Thus, in the
protonation steps follow fast electron transfer, the second AA mutant, the L213Asp~ Ala mutation is responsible for
electron transfer rates are limited by the slowest proton limiting the capabilities of the AA reaction center in the same
uptake events. This is true even when the slow phase ofway that the L213Asn mutation does in tRb. sphaeroides
proton uptake represents only a small fraction of the kinetics reaction center. In the RQrev3B reaction centers, the slow
measured on the second flash. For example, in the RQrev3B(~120 ms) fraction of the proton uptake kinetics on the
strain at pH 7.5kas(2) = 5 s7%, and the slow phase of the second flash is very likely to represent the proton-limited
proton uptake (amplitude 0£20%) has a time constant of portion of the kinetics. Indeed, in the RQrev3 reaction
about 120 ms. Also, in the AA mutant, the slow proton centers, this phase is accelerated relative to that observed
uptake kinetics{0.80 s;~80% of the total) match, within  for RQrev3B; in a similar manner, we observe an acceleration
a factor of 2, thekag(2) value measured at pH 7.5 (0.5 of this phase in the AA-3A reaction centers when compared
Takahashi et al41) and Paddock et a(22) have observed  to the AA and AAt+4A reaction centers. If the acceleration
similar behavior for the L213DN mutant froRb. sphaeroi- of the slow phase of proton uptake in the RQrev3 reaction
des These authors measured rates of secondary electrorcenter reflected a change in an electron-transfer process, it
transfer processes roughly matching the rate of the slowwould arise from a significant increase in the driving force
phase of proton uptake on the second flash. This is consistenfor electron transfer in that reaction center compared to that
with our data and suggests that, in the mutants that areof the RQrev3B strain. The similarity between the values
impaired in proton transfer, the slow phase of proton uptake measured in the two strains does not support any important
on the second flash approximately corresponds to the limiting increase in the free energy level ofaQin the RQrev3
kinetic step for transfer of the second electron t9 Q reaction center compared to that of the RQrev3B strain. The

In the L212Glu— GIn mutant fromRb. sphaeroides (33  difference between thisp values measured in both strains
or Rb. capsulatus (27 in which the delivery of only the  (0.09 and 0.17 §) reflects an increase of the driving force
second proton is slow, theg(2) values are essentially the of less than 30 meV in the RQrev3 reaction center. According
same as that of the wild type. When Ala replaces GIn in to Graige et al(47), if the process were electron-limited we
position L212, the reaction centers recover their ability to should expect an acceleration of the process:b9%. This
deliver the second proton at a rate close to the wild type is far smaller than the 6-fold acceleration that we observe
(27). Our present data obtained in strains carrying Ala in here (from 120 ms te20 ms). [A similar conclusion can
position L212 confirm that the kinetic process coupled with be drawn when the&gp values are compared for newly
the slow second electron transfer is related to the transfer ofconstructed strains that carry only the M246Glu or M246Glu-
the first proton. M247Tyr mutations in the @ site (D. K. Hanson and P.

The improvements of the proton-transfer capabilities that Sebban, unpublished observations). At pH 7.5kiaevalues
were seen on the first flash in strains containing the M246Ala for these reaction centers are 0-5and 0.3 s?, respectively
— Glu and M247Ala— Tyr mutations are displayed even (data not shown), which correspond to changes in the driving
more clearly on the second flash. The acceleration of the force of only ~20 meV between the two strains.] For the
kinetics of proton transfer in the reaction centers of RQrev3, above reasons, the differences in the proton uptake kinetics
as compared to RQrev3B, and ABA, as compared to AA  measured in the reaction centers of the RQrev3 versus
or AA+4A, affects not only the lifetime of the slogw 100 RQrev3B strains, and between those of the3R versus
ms) phase but also the relative amplitude of this phase. Thethe AA or AA+4A strains, reflect changes in the rates of
slow phase of proton uptake ¢ 120 ms) that is present on  proton transfer within the protein.
the second flash in the RQrev3B reaction center (Figure 4) Role of Q-Site Mutations in Acceleration of Proton
accelerates so greatly in the RQrev3 reaction cemter 30 Transfer to Q. These results demonstrate the ability of the
ms; see Results) that it is not observable in the time window M247Tyr (or possibly the coupled M246Ala> Glu and
of Figure 4. Similarly, in the AA-3A reaction centers, the  M247Ala— Tyr) mutations to increase the rate of proton
slow phase of proton uptake represents less than 50% of theransfer to @. The simplest interpretation of these data is
total proton uptake measured on the second flash. It isthat the Tyr substitution at M247 is responsible for the
significantly accelerated t6-0.18 s, compared to what is observed effects. However, with the current set of mutants,
measured for the AA and AA4A reaction centers~0.80 we cannot rule out the possibility that the effects we measure
s; 80% amplitude). are due to a synergistic interaction of M246Glu and

Our data emphasize the acceleration of the proton transferM247Tyr. Since these mutations are situated very naar Q
process that occurs in the reaction centers from the RQrev3(Figure 1) and do not influence the electrostatic potential
and AA+3A strains, respectively, compared to the RQrev3B experienced by &(Table 2), they may accelerate the partial
and AA strains. Indeed, in impaired reaction centers like protonation reactions neargQy opening up additional
those carrying the AA mutations, it is likely that the changes pathways for proton delivery tog) Those pathways must
in the proton-coupled electron transfer rates measured onextend to the region of the reaction center that is near the
the second flash can be attributed to modifications in the Qa site. This possibility is supported by the measurements
efficiency of proton transfer. These reaction centers behaveof proton uptake on the second flash. The substantial
very similarly to those of the L213Asp> Asn mutant from decrease in both the amplitude and lifetime of the slow phase
Rb. sphaeroidesin which transfer of the second electron of proton uptake in the AA3A strain and its disappearance
was shown to be proton-limite@d6). As mentioned above, in the RQrev3 strain suggest that thg ®ite mutation(s)
the L212Glu— Ala mutation ofRb. capsulatusioes not increase the number of groups that are able to deliver protons
impair reaction center function significantly since the to Qs on a rapid time scale. In these reaction centers, the
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mutation(s) may increase the proton concentration ngar Q
perhaps by changing the properties of a large web of
structured water molecules and strongly interacting ionizable
groups(6, 12-15). In the high-resolution structures of the
reaction centers dkb. sphaeroideandRps.viridis, several
water molecules are located in a cavity at the interface of
the H and M subunits with a minimal separation of 5.2 A
from Qa (14, 19. It has been suggested that thg Water
chain could be involved in proton uptakd5 and we
propose that it can facilitate proton transfer t@. QThe
alanines at M246 and M247 are in the middle of a short
o-helix; assuming no major rearrangement of the site, the
side chain of M247Ala (M249 irRb. sphaeroidgspoints
away from Q toward the water-filled cavity in the structure
of the Rb. sphaeroidegeaction center(3, 4, §. The
substitution of the alanines at M246 and M247 by the larger
Glu and Tyr, respectively, would require a slight movement
of the polypeptide backbone, allowing reorientation of side
chains to relieve crowding. When M247Ala is replaced by
Tyr, its hydroxyl oxygen could exclude two of the water
molecules in the cavity “under” Q In this way, M247Tyr
could connect to the network of water molecules that is
present in the wild-type structure, helping to delocalize
protons to the environment ofgQ
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