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ABSTRACT: In the reaction center (RC) dthodobacter capsulatusesidue L212Glu is a component of

the pathway for proton transfer to the reduced secondary quingne\@ isolated phenotypic revertants

of the photosynthetically incompetent (B%.212GIu—GIn mutant; all of them retain the L212GkGIn
substitution and carry a second-site mutation: L227:Bhe, L228Gly-Asp, L231Arg—Cys, or
M231Arg—Cys. We also characterized the L212Ala strain, which is a phenotypic revertant of the PS
L212Glu-L213Asp~Ala-Ala mutant. The activities of the RCs of these straiai of which lack
L212Glu—were studied by flash-induced absorption spectroscopy. At pH 7.5, the rate of second electron
transfer in the L212Q mutant is comparable to the wild-type rate. However, this mutant shows a marked
decrease in the rate of cytochrome oxidation under strong continuous illumination and a very slow phase
(0.66 s1) of the proton transfer kinetics following the second flash, indicating that transfer of the second
proton to @ is slowed more than 1000-fold. The levels of recovery of the functional capabilities in the
revertant RCs vary widely; their rates of cytochrome oxidation were intermediate between those of the
wild-type and the L212Q mutant. The kinetics of proton transfer following the second flash show a
significant recovery in the L212Q@- M231C and L212A RCs (330540 s1), but the L212Q+ L227F

RCs recover this function only partially. Compensation for the lack of L212Glu in revertant RCs is
discussed in terms of (i) conformational changes that could allow water molecules to approach closer to
Qs and/or (ii) the increase in the negative electrostatic environment and the resultant rise in the free
energy level of @ that is induced by the mutations. The stoichiometries 6fQd~ proton uptake

below pH 7.5 in the L212Q mutant, the L2120QM231C revertant, and the wild-type strains are essentially
equivalent, suggesting that L212Glu is protonated at neutral pH in wild-type RCs. This is also supported
by the P Qg™ charge recombination data. Comparison 6f®s~ proton uptake data with those obtained
previously for the stoichiometries of tHQa~ proton uptake [Miksovska, J., MaipP., Tandori, J., Schiffer,

M., Hanson, D. K., Sebban, P. (199Biochemistry 351541115417] suggests that L212Glu is the key

to the electrostatic and perhaps structural interaction between the two quinone sites.

The bacterial reaction center protein complex, whose the dihydroquinone speciesgsR.. The exchange of this
structure is known to atomic resolution for two species, molecule by an oxidized quinone molecule provides the
Rhodopseudomonadridis (Deisenhofer et al., 1985, 1995) reducing power that is further used to produce ATP.
andRhodobacter (Rb.) sphaeroid@dlen et al., 1988; Chang
et al., 1991; Ermler et al., 1994; Arnoux et al., 1995), uses
solar energy to catalyze transmembrane charge separatiorg
reactions. The core complex is composed of three protein
subunits, L, M and H; the L and M subunits bind all of the
cofactors involved in the multistep electron transfer reactions.
Light initiates charge separation between a dimer of bacte-
riochlorophyll molecules, situated near the periplasmic side :
of the reaction center, and the quinone electron acceptortranSfer to Q or Qs does not involve a net proton trans_fer_
complex, which is located near the cytoplasmic face of the to th'e Semiquinones th§m§elves, bgt rather a substoichio-
membrane. These events result in the double reduction and"€t"C proton uptake by |on|zaple residues Wholsg\;alue_s
double protonation of a quinone molecules, @roducing &€ shifted due to the formation of thesQand/or Q@
species (Marh & Wraight, 1988; McPherson et al., 1988).

t Supported by the U.S. Department of Energy, Office of Health [N contrast, the second electron transfer froaT @ Qg™ is
and Environmental Research, under Contract W-31-109-ENG-38, by kinetically coupled to the uptake of the first proton tg Q
U.S. Public Health Service Grant GM36598, by Human Fontier Science to form the (@H)- species. It has recently been suggested

Qg is part of a two-quinone electron acceptor system. The
rimary quinone acceptor of this system,,Qunctions as a
ne-electron carrier and is bound to a relatively hydrophobic
part of the reaction center complex. The secondary quinone
Qs acts as a two-electron acceptor and is more closely
surrounded by a number of ionizable residues that contribute
to its energetic and functional specificity. The first electron

Program Organization Grant RG-329-95 M, and by NATO (CRG.

920725) and NSF/ICNRS (DO/CB 855) grants. that the delivery of the first proton precedes rate-lim_it_ing
*To whom correspondence should be sent. second electron transfer (Graige et al., 1996). Efficient
gjcoeznstgf’ ggigﬂgmygmo'mu'a‘re- delivery of the first proton to @is critically dependent on
I Argonne National Lab)(l)'ratory. the presence of L213Asp (Takahashi & Wraight, 1990;
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from the G carbonyl of Q. ReSUItS_ Obtaine_d W,ith the Table 1: Reaction Center GenotypesRi§. capsulatu$trains Used
L212Glu—GIn mutant fromRb. sphaeroidelave implicated in This Study

L212Glu in the delivery of the second proton to theskK)~

species (Paddock et al., 1989; Takahashi & Wraight, 1992). strain genobpe phenotype
The role of L212Glu is of particular interest because of ‘I’_Vé'gz%ﬁg '(-?2125 L2270 L228G L231R M23IR PFS’S

its unusual electrostatic behavior. Indeed, its apparbat p 51564 1227F O = Ps

was suggested to be high Rb. sphaeroide§d.8; Paddock L212Q+ L228D Q D PS

et al., 1989) and also iRb. capsulatu§10.1; Hanson et al.,,  L212Q+1231C Q c PS

1992a; Mafd et al., 1994). In addition, it plays a role in 2129+ M231C 9 ¢ Ppgi

the electrostatic coupling between the two quinone protein
pockets (Brzezinski et al., 1992; Tiede & Hanson, 1992;
Mardcti et al., 1995; Miksovska et al., 1996).

We previously constructed the L212Glu-L213AsAla-
Ala double mutant oRb. capsulatugHanson et al., 1992b).

This double mutant is incapable of photosynthetic growth, with a Klett—Summerson colorimeter. Pro ey

. 4 . gram “O” (Kley-
asis the L21ZG+UTGIn mutant ofRb. sphaeroidegPaddock . wegt & Jones, 1994) was used for computer modeling of
etal., 1989). We isolated several photocompetent phenotyplcmutam substitutions.
revertants of theRb. capsulatud 212Ala-L213Ala double Absorption SpectroscopyCells were grown semi-aerobi-
mutant strain, and one of them carried a genotypic reversionCally in the dark on RPYE medium (Hanson et al., 1992a)
of the L213Ala codon to Asp while the engineered Ala containing 30ug/mL kanamycin to select the plasmid.

substitution at L.212 remained. We were intrigued that the Reaction centers were isolated as described by Baciou et al.
L212Glu—Ala mutant ofRb. capsulatugs photocompetent, (1993).

while the L212Gla~GIn mutant ofRb. sphaeroidets not,
especially since the two species share 90% sequence homol
ogy in the region surroundinggQ To determine whether
the phenotypes were due to species-specific differences, w
constructed the L212GHtGIn mutant inRb. capsulatuand
found that this mutation, as Rb. sphaeroidesenders this ;)\ o pH 9.5.

strain incapable of photosynthetic growth. _ Charge Recombination KineticsThe P'Qg~ charge
We isolated several independent spontaneous phenotypiGecombination kinetics were measured at 865 nm on a home-
revertants of the L212GtaGIn mutant ofRb. capsulatus  made absorbance-change spectrophotometer as described

(Hanson et al., 1995). None of the revertants carried the Baciou et al., 1993), using a pulsed Yag laser at 532 nm
single base transversion that would restore the wild-type Glu (200 mJ/pulse) for the actinic pulses.

codon. Each carries a second-site substittitio227Leu— Determination of Kinetics and Stoichiometries of Proton

Phe, L228Gly-Asp, L231Arg—Cys, or M231Arg~Cys—in Uptake. The stoichiometries of proton uptake were deter-
addition to the original engineered L212GIn mutation. We mined by using pH indicator dyes (bromocresol purple,
have measured the stoichiometries of proton uptake by thephenol red, cresol red, or chlorophenol red depending on
QB_ state in two of the strains that lack L212Glu. The the pH) at 585 nm (isosbestic point foﬁ Rabsorbance
comparison between the wild-type data and those from the changes) or by using a pH electrode. The assay solution
strains lacking L212Glu shows that this residue must be contained 1M reaction centers, 50 mM NaCl, 0.03% Triton
essentially protonated at neutral pH in the wild type. Our x1qp, 100uM ferrocene, and 6QitM UQs. The buffer
results show that some of the compensatory mutations alterconcentrations were kept below A by extensive dialysis.
the electrostatic environment ofsQand others may have  The amplitudes of proton uptake by the @R~ state
restored function by changing the structure of theb@ding (AH*on0s") Were corrected for the observed proton uptake

pocket. Our data show that efficient second proton transfer after the first flash AH* o) as previously demonstrated
can proceed in these reaction centers in the absence ofyicPherson et al., 1993):

L212Glu.

RCV medium (Weaver et al., 1975) containing kanamycin.
After overnight incubation in the dark, the tubes were
transferred to photosynthetic conditions (anaerobic, light
intensity of 25 W m?, 26 °C). Turbidity was monitored

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

B AH o5 = [0 + a1 — 8)]AH o -
QaQe~ (1 - a)(l - 6)

MATERIALS AND METHODS AHT 1)

Isolation and Genetic Characterization of #etants. The
selection and characterization of the L212Ala strain and where AHqa- represents the proton uptake by the reaction
construction of the L212GIn mutant have been described centers in the absence of added quin@nis,the occupancy
[respectively, Hanson et al. (1993) and Miksovska et al. of the @ site, a is the partition coefficient between the
(1996)], as have methods used for the selection of indepen-Qa~Qs and QQs~ states. Values ofo. and 6 were
dent phenotypic revertants and their genetic characterizationdetermined from the charge recombination process (865 nm)
by complementation mapping (Hanson et al., 1993). In the and the ratio of the cytochromeoxidation observed with
text, the names used for revertant strains bearing suppressothe second vs the first flash, measured at 550 nm.
mutations will contain both the original site-specific The kinetics of proton uptake were determined at pH 7.5
L212Glu—GIn mutation and the second-site mutation, e.g., by measuring the absorbance change at 585 nm in the
L212Q + L227F; the strains used in this study are listed in presence of dye. The measurements were performed with
Table 1. Phenotypic growth rates were determined by using 1—2 uM reaction centers, 50 mM NacCl, 0.03% Triton, 100
dark-grown cultures to inoculate completely filled tubes of uM ferrocene, 50&M potassium ferrocyanide, GM UQs,
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Table 2: Reaction Center Functional PropertiefRbf capsulatustrains Used in This Study

rate constant of proton uptake  rate of cytochrome photooxidation rate of second electron doubling

strain after the second flash, pH 7.5& pH 7.5 (cyt/RC/s) transferkag(2), pH 7.5 (s?) time (h)

wild type 950 475 2300 8.5

L212@ fast phase 780 28 1300 >>30
slow phase 0.66

L212Q+ L2280 nd 245 nd 16.1

L212Q+ M231C° 540 254 800 8.5

L212Q+ L227P fast phase 170 90 700 9.0
slow phase 1.86

L212Q+ L231Cy¢ nd 200 1800 11.9

L212A° 330 135 1000 8.3

a Site-specific mutant, photosynthetically incompetériRhenotypic revertant strains. nd, not determined.

A

L231 1231

L227 Loo7

L228 L228

otz
FE B

L212 L212

s L231

ld

Ficure 1: (A) Stereoview of a molecular model based on Rie sphaeroidegeaction center structure (Chang et al., 1991) showing the
relative locations of L212Glu, £ and various residues that are discussed in the text. Models of substitutions at L227Pfeuand L228
(Gly—Asp) that occur in two of the phenotypic revertants are shown; the placement of these residues in this figure does not take into
account any potential rearrangment of the peptide backbone (see text for discussion). Wild-type residue L231Arg, which is shown in the
figure, is replaced by Cys in another of the phenotypic revertants. [For the relative position of residue M231Arg and the residues with
which it forms a salt bridge, the reader is referred to Sebban et al. (1995b).] (B) Molecular model, usthg spdaeroideseaction center
structure (Chang et al., 1991), showing possible hydrogen bonds formed by residue L231Arg that tether this segment of the L chain to two
different segments of the M chain.

and 40uM o-cresol red. The calibrations were performed was obtained by subtracting the buffered signal from
by adding known amounts of HCI. The net proton uptake unbuffered traces.
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Cytochrome PhotooxidationThese measurements were
made under conditions of strong continuous light (1 Wicm
in the presence of 5 mM UQ A solution of 4 mM
cytochromec was vortexed few seconds with 40 mM sodium
ascorbate to reduce it prior to the experiments. This solution
was loaded onto a PD-10 column containing Sephadex

G-25M gel (Pharmacia). Reduced ascorbate-free cytochrome

c was collected; free sodium ascorbate was retained by the
column. The absence of sodium ascorbate during the
measurements prevents the reduction of part of the exoge-
neous quinone pool (U which could artifactually decrease
the rates of cytochrome oxidation.

RESULTS

Photosynthetic Growth Rates of #gtant Strains. Dou-
bling times for the wild-type, L212Q mutant, and family of
phenotypic revertants are shown in Table 2. Under the
conditions of this experiment, revertant strains L212A and
L212Q+ M231C have essentially wild-type rates of growth.
The L212Q+ L227F revertant strain has only a slightly
slower rate of growth even though the functional capabilities
of its reaction centers are significantly different from those
of the wild type (see below). Doubling times for the L212Q
+ L231C and L2120+ L228D revertant strains are much
longer than that of the wild type. In the case of the latter
strain, this may arise from a very low occupation of the Q
pocket due to steric hindrance induced by the presence of,
Asp in position L228 (Gly in the wild type). No growth of
the L212Q mutant strain was observed during the course of
the experiment¥7 days).

pH Dependence of the Rate of @~ Charge Recombina-
tion. The pH dependencies of the rate of @@~ charge
recombination kinetics kgp) measured in the L212GIn
mutant, the L212Ala revertant, and the L212QM231C,
L212Q+ L227F and L212Q+ L231C phenotypic revertants
are compared in Figure 2 witksp for the wild-type Rb.
capsulatugeaction centers [previously measured; Baciou et
al. (1993)]. At neutral pH, all the strains display higher
values forkgp than the wild type. Since the rates of the
PTQa~ charge recombinatiork{r) are essentially the same
(within 10%) in all revertant strains, the relatikgr values
correspond to the variations in the free energy gap between
the Q~ and @~ states in the different mutant strains.

In general, the rates of s~ charge recombination in
reaction centers of the revertant strains are greater than thaj
of the L212Q mutant, with the greatest rate observed in the
L212A strain. The pH-dependent curves fig of the
L212Q + L227F, L212Q+ M231C, and L212Q+ L231C

Biochemistry, Vol. 36, No. 40, 19972219
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Ficure 2: pH dependence of the rates of@- charge recombina-
tion in reaction centers frorRb. capsulatus wild type (@), the

S L212Q mutant M), and phenotypic revertant strains L212Q
+ M231C (©), L212Q + L227F (»), L212Q+ L231C (), and
L212A (d). Conditions: 0.05% LDAO or 0.03% Triton X-100
buffers depending on the pH, as indicated in the text; BBuM
UQs added.

In the L212Q+ M231C and L212Q+ L231C revertant
reaction centers, the pH titrations &§r could not be
extended above pH 9 and pH 9.5, respectively, because of
the weak binding of @at high pH. Also, with the exception
of the L212A strain, the reaction centers from all strains
lacking L212Glu were very unstable below pH 6, thus the
curves do not extend to low pH.

In the wild type,ksp increases substantially above pH 10.
In contrast, no pH dependence fogpkabove pH 10 is
observed for reaction centers of the L212Q mutant, the
L212Ala strain, or the L212Q+ L227F strain. This
observation supports the hypothesis that the deprotonation
of L212Glu contributes to the destabilization of Qabove
pH 10 in the wild-typeRb. capsulatugeaction centers
Sebban et al.,, 1995a; Miksovska et al., 1996). Similar

bservations have been reported by Paddock et al. (1989)
for the L212Glu—~GIn mutant ofRb. sphaeroides|t is of
interest to note that a lower free energy gap betwegn Q
and @~ is detected in the L212Ala strain as compared to

reaction centers are intermediate between those of the L212Qpe L2120 mutant. This result suggests a greater stabiliza-

mutant and the L212A strain. The curve for the L212Q
L227F strain shows no pH dependence in the pH range
5—11; its greatest rate~20 s! at pH 7.7) is equivalent to
that of the wild type at pH 10.2. The rate of charge
recombination for the L212Q+ M231C reaction center
increases from pH 5.2 to pH 8 with a pH dependence that is
parallel to that of the wild type. Between pH 8 and pH 9,
kep decreases slightly. The highest value kgp (~30 s*

at pH 7.8) is equivalent to that of the wild type at pH 10.7.
The kgp curve for the L2120Q+ L231C reaction center is
independent of pH in the pH range 4.8, it increases from
pH 6 to pH 7.5 and then decreases from pH 7.5 to pH 9.5.
Its maximum value of~40 s is reached at pH 7.4.

tion of Q5= (a more positive environment) when position
L212 is occupied by Glu or GIn as opposed to Ala.

Proton Uptake upon Formation ofgQ. We have previ-
ously reported the pH-dependent curve of the proton uptake
due to the formation of & in the wild-type reaction centers
of Rb. capsulatugFigure 3) (Sebban et al., 1995a). We had
shown that this curve can be fitted reasonably well assuming
the existence of a minimum of five groups. The line drawn
in Figure 3 represents this fit according to:

1

14+ 10(PH*PKaiQB)

H'Qa =3

1+ 10(pH7pKaiQBf)
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Ficure 3: pH dependence of the stoichiometries of proton uptake
by the PQ@- state in reaction centers from the wild-tyh.
capsulatuq®), the PS L212Q mutant strainl), and the L212Q

+ M231C revertant strainX).The line drawn represents the fitting
of the stoichiometry of proton uptake in wild-type reaction centers

Miksovska et al.
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[data from Sebban et al. (1995a)]. The dotted line represents theFicure 4: pH dependence of the rates of second electron transfer

fit corresponding to the group with the highest appardfy pe.,
pKahighQB: 10.10+ 0.15 and KahighQE = 11.60+ 0.4. Condi-
tions: 2uM reaction centers, 50 mM NacCl, 0.03% Triton X-100,
100 uM ferrocene, 56-75 uM UQg, 40 uM dye (bromocresol

from Qa- to Q- in reaction centers fronRb. capsulatus wild
type @), the PS L212Q mutant M), and phenotypic revertant
strains L212Q+ M231C ), L212Q + L227F (»), L212Q +
L231C @), and L212A (). Conditions: 2uM reaction centers,

purple, phenol red, cresol red, or chlorophenol red depending on0.05% LDAO or 0.03% Triton X-100 buffers depending on the
the pH); 585 nm. Data obtained with a glass pH electrode and usingpH, as indicated in the text, 2M cytochromec, 2004M sodium

pH indicator dyes are superimposed.

where pKigs- and Kaig,, respectively, represent th&pof
groupi interacting with @ and @~. The associatediy
shift, ApK4, relates to the coulombic interaction between this
group and the semiquinone species by the following formula:

—0.058 eVAPK, (3)

The group with the highestiy (groupgn) has apparent
values of fKaoe = 10.3 £ 0.3 and [Kag,- = 11.6 £ 0.5
(dashed line in Figure 3). We associated gkgupvith
L212Glu, either directly or indirectly. As shown in Figure
3, the H/Qg~ amplitudes measured in two reaction centers
lacking L212Glu (the L212Q mutant and revertant strain
L212Q+ M231C) fall well below the wild-type values above
pH 8.5. These results show that the interaction betwegn Q
and groupgn described above is lost above pH 8.5 in the
strains that lack L212Glu. Our results for"KDg~ proton

ascorbate; 7aM UQg added; 450 nm.

which was measured previously (Méret al., 1994), is also
shown. The data for the L212Q and L212¢1.231C strains
are the most similar to that of the wild type. The slopes of
the data points for the L212@ M231C and L212Q+
L227F revertant strains parallel that of the wild type, but
the overall rates for these two strains are 4-fold slower. The
rate of second electron transfer is somewhat smaller for the
L212A strain as compared to that of the wild type, and its
slope is the same as that of the wild-type curve in the pH
range 6-8. The slope decreases dag(2) for the L212A
reaction center is the same as that of the wild type at pH 9.
The rates for all strains vary between 2000 and 600Gs
pH 6.5 to 100 to 500% at pH 9.5. The rates determined at
pH 7.5, which show a 3-fold variability among the members
of this set of strains, are summarized in Table 2.

Rates of Proton Transfer,yk In order to probe the
functional recovery of the proton transfer process in the
revertant strains, we have studied the kinetics of proton

uptake parallel results that we have previously reported for transfer after the second flashitk. The kinetics measured

the H"/Qa~ amplitude of proton uptake when the wild type
is compared to four different strains lacking L212Glu
(Miksovska et al., 1996).

Interestingly, there is no significant difference between
the proton uptake data for the L212Q, the L212Q1231C,
and the wild-type strains at pH 7.5. Below pH-7.5,
however, it seems that the amplitude of th&/®s~ proton
uptake in the L212-modified strains may be slightly higher
than in the wild type (if further experiments show this
difference to be significant beyond the experimental error).

Rates of Second Electron Transfer frond @ Qs, Kag(2).
The pH dependencies of the ratégs[(2)] of transfer of the
second electron from £ to Qg~, measured at 450 nm, are
presented in Figure 4 for all the strains. The wild-type curve,

on slow (Figure 5) and fast (Figure 6) time scales were
obtained by following the absorbance changes of the pH-
sensitive dye cresol red at 585 nm, at pH 7.5. The
calibrations of the stoichiometries of proton uptake and the
measurements of the kinetics for the wild-type, the L212Q
mutant, and the L212Q- M231C revertant strains were
achieved as described in the methods. In the case of the
L212A and L212Q+ L227F revertant strains, the'Qg™
amplitudes were normalized to two protons after the second
flash.

In the wild type, the second flash induces a fast (mil-
lisecond time range) uptake of about 1.4 protons. In the
L212Q mutant, however, only about two-thirds of the
amplitude of proton uptake on the second flash appears to
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Ficure 5: Stoichiometries and kinetics of proton uptake after the first and the second flash in the reaction centers from the ®iid-type
capsulatusthe PS L212Q mutant, and the L212A, L212@ M231C, and L212GQ+ L227F revertant strains. Conditions as for Figure 3

+ 500uM potassium ferrocyanide. Dye: cresol red. The data from the L212A and from the L212227F strains are normalized to 2H
taken up per reaction center after the second flash.

occur on the fast time scale, with the remaining portion L212Q + L227F revertant strain.

occurring on a very slow time scale with a rate of 066 Effect of Flash Repetition on the Cytochrome ¢ Oxidation.
0.1 s This behavior has already been observed in the sameRate-limiting processes in the photocycle of the reaction
mutant fromRb. sphaeroideéTakahashi & Wraight, 1992;  centers can be tracked by determiniras a function of the
Paddock et al., 1994). Since we have observed sirkilar rate of flash repetitiorrthe extent of damping of the amount
(2) values in the L212Q mutant and the wild type, it is likely of oxidized cytochrome formed after on the third saturating
that the slow proton uptake measured on the second flash inflash relative to the second onA{A,). We have chosen
the L212Q mutant reflects slow delivery of the second to plot theAs/A; ratio instead of the\s/A; ratio, since the
proton. Interestingly, only the fast phase of proton uptake latter ratio is much less sensitive to the occupancy of the
was observed in the L212A and the L212(M231C strains. Qs site, which varies greatly in reaction centers of the L212Q
However, in the L212Q+ L227F reaction center, an revertant family. The results of the experiment conducted
intermediate situation is observed. The amplitude of the slow at pH 7.8 are shown in Figure 7. The saturating laser flash
phase of proton uptake on the second flash is smaller (aboutrepetition was varied from 1 to 25 Hz (1000 vs 40 ms
one-fourth of the total uptake occurring with the second between flashes, respectively). Clearly, no damping of the
flash), and the rate is accelerated 3-faell(86+ 0.2 s9) A3/, ratio is observed, with the exception of the L212Q
in comparison to the L212Q strain. This suggests only a mutant strain. Theé\s/A; ratio determined at 25 Hz in this
partial recovery of the proton transfer capabilities in the mutant drops to about half of the ratio measured at low flash
L212Q + L227F reaction center. repetition.

The kinetics of the fast portion of proton transfer observed  Rates of Cytochrome Oxidation under Strong Continuous
on the second flash (Figure 6) were found to be biphasic in lllumination. The rates of photooxidation of added cyto-
all of the strains studied. The values presented in Table 2 chromec under continuous illumination measured at 550 hm,
represent the average rates. In the wild type, the rate is 950at pH 7.8, are presented in Figure 8. In the wild type, the
+ 50 s'%; this rate was not substantially diminished in the measured rate is500 cyt/RC/s, similarly to what was
L212Q mutant (78Qt 100 s1). In the L212Q+ M231C previously measured in the reaction centers fréth.
revertant strain, the rate is 540100 s, that of the L212A sphaeroidegPaddock et al., 1994; Tandori et al., 1995). The
revertant is 330t 75 s'%, and a somewhat slower rate of rate of cytochrome oxidation is strongly diminished in the
170 + 50 s! is observed in reaction centers of the the L212Q mutant (28+ 5 cyt,/RC/s). This rate is measured
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derived from fitting of these curves are presented in Table 2. The lines through the curves represent these fits.
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oxidized on the third flash relative to that of the second one: wild Under continuous illumination in the reaction centers from the wild-
type @), the PS L212Q mutant M), and phenotypic revertant type Rb. capsulatusthe PS L212Q mutant, and the family of

time (ms)

strains L212Q+ M231C) ©), L212Q + L227F (), L212Q + phenotypic revertant strains. The measured rate values are presented
L231C (), and L212A (0) ’Conditions as in Figl’Jre 4; UM in Table 2. The values in parentheses represent the oxidation rates,
reaction centers. ’ ' i.e., the amount of cytochrome oxidized per reaction center per

second. Conditions: AM reaction centers, 10 mM Tris (pH 7.8),

. - 20 uM reduced cytochrome, 5 mM UQy; 550 nm.
after 2.5-3 cytochromes have been rapidly oxidized. In- “ y @

terestingly, a whole range of rates is measured in the various

revertant reaction centers; in decreasing order, those rate®inding sites of the strains lacking L212Glu were not fully
are L212Q+ M231C (254+ 20 s1) > L212Q + L228D occupied, even with the addition of 5 mM YQWe have
(245+ 20 s1) > L212Q+ L231C (200+ 15s1) > L212A therefore corrected the cytochrome oxidation rates for the
(135+ 10 sY) > L212Q + L227F (90+ 5s1). The @ reduction in the amount of quinone binding.
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DISCUSSION of the second proton to £ after two flashes. InRb.
sphaeroidesa value of~12 cyt,,/RC/s was measured for
Overview of Results In Rb. sphaeroidest has previously  the same mutant (Okamura & Feher, 1992).
been shown that L212Glu participates in the delivery of the  Rgertant L212Ala At position L212, the native glutamic
second proton to R(Paddock et al., 1989; Takahashi & acid can be substituted effectively by a nonpolar alanine
Wraight, 1992; Shinkarev et al., 1993; McPherson et al., residue. The mutation of GIn to Ala results in a reaction
1994). We shovy here that the situation is similaf in e center in which cytochrome oxidation (135 gyRC/s) and
capsulatusreaction center, but that other residues can second proton transfer kinetics are greatly accelerated relative
substitute for L212Glu to restore a quasi-normal function. g the L212GIn reaction center. If we assume that L212Glu
These compensatory mutations appeared in spontaneougansfers a proton, perhaps obtained from L213Asp (Okamura
photocompetent phenotypic revertant strains isolated from g Feher, 1992: Takahashi & Wraight, 1992), to the
the PS L212GIlu—GIn mutant. Rates of transfer of the neighborhood of the O2 atom OfBQhen GIn at L212 cannot
second electron are not dramatically affected by the absenceying the proton and actually blocks its pathway. On the other
of L212Glu in the L212Q mutant or any of the revertant hand, the smaller Ala side chain could permit a water
strains, which is the expected result if L212Glu is not molecule to occupy the position of the carboxyl group of
involved in the delivery of the first proton tog Our data the normal glutamic acid side chain and thus may substitute
ShOW that the extent Of reCOVery Of the Other funCtIOI’]a| for |t Wh”e the G|n rep'acement prevents rapid de”very
capabilities of the reaction centers from the revertant strains of the second proton to), the Ala substitution allows for
appears to vary quite widely. The mechanisms by which 3 functional reaction center. This role of L212Glu is, to some
the delivery of the second proton is accelerated are probablyextent, analogous to the function of L223Ser in the delivery
different in the various revertant strains; however, they have of the first proton. It was shown that the L223Sekla

some features in common. We begin with a discussion of mytant ofRb. sphaeroideis photosynthetically incompetent,
the effects of the engineered L2126HEIn substitution. but if the smaller residue Gly replaces L223Ser, the
Site-Specific Mutant L212GtiGIn. The involvement of functionality of the reaction centers is restored (Paddock et
L212Glu in the delivery of the second proton tg @ readily al., 1995). Thus, in contrast to its ability to efficiently replace
apparent from the measurements of the kinetics of proton L212Glu, Ala cannot replace L223Ser. This may result from
uptake (Figures 5 and 6), which yield a fast rate for uptake the already smaller side chain size of Ser as compared to
of the first proton but a much slower rate for uptake of the Glu. An alanine substitution at L212 leaves room for a water
second proton. At pH 7.5, the latter step occurs on a time molecule whereas, at L223, an even smaller residue with no
scale of a few seconds, i.e., more than 1000 times slowerside chain, Gly, is required.
than in the wild type. The rate of cytochrome oxidation  Second-Site Compensatory Mutation L227=&he. In
under strong illumination is substantially reduced in this reaction centers where the L212GIn mutation is present, a
mutant. In the case of the wild type, the kinetic bottleneck second mutationL227Leu—Phe—is one type of substitution
for cytochrome turnover probably occurs at the step of the that can restore the photocompetent phenotype. This muta-
replacement of gH, by an oxidized quinone and/or is tion does not change the net charge of the system. The
dependent on the light intensity (S. Osvath and P. Maro reaction center of the L212@Q L227F strain is the least
unpublished data). Since the second electron transfer rateefficient revertant of the family that is characterized here;
of the L212Q mutant is similar (within a factor of 2) to that recovery of the proton transfer capabilities in this revertant
of the wild type, it is likely that the slow cytochrome turnover reaction center is incomplete. The rate of cytochrome
rate observed in the L212Q mutant arises from rate-limiting oxidation in the L212G+ L227F reaction centeef90 cyt,/
delivery of the second proton leading to slow formation of RC/s) is increased only 3-fold as compared to the L212Q
the quinol. This kinetic limitation in the cycling of the mutant. The kinetics of proton uptake are biphasic; the rate
L212Q reaction centers is confirmed by observation of the for the fast phase is reduced 5-fold in comparison to the wild-
damping of the cytochrome oxidation that occurs as the flashtype value. Similar to the observations with the L212Q
repetition rate is increased (Figure 7). The rate of cyto- mutant, a portion of the proton uptake in this strain (25% of
chrome turnover that is measured for the L212Q mutant the amplitude) occurs with a rate that is approximately 500-
under strong continuous illuminatior-28 cyt/RC/s) may fold slower than that of the wild type. The rate for this
seem high as compared to the very slow rate observed forfraction of the proton uptake in the L212Q L227F strain
transfer of the second proton that was measured in Figure 5is accelerated from that of the L212Q mutant, but by only a
(~0.66 s1). However, it was previously pointed out factor of 3.
(Paddock et al., 1989; Shinkarev et al., 1993) that the The most likely hypothesis for the acceleration of the
apparent disparity between the rates of cytochrome turnoverproton transfer process in the reaction center of the L212Q
and the second proton transfer in the L212Q mutant arises+ L227F revertant as compared to the L212Q mutant is a
from the ability to rapidly form the PQ (QgH)~ state, even  conformational change affecting the; Qite. Modeling of
in reaction centers where the delivery of the second proton the replacement of residue L227Leu with Phe suggests that
to Qs is impaired. The transfer of the second proton with this large ring can be accommodated in the structure (Figure
the third flash [where reaction centers are in the @sH)~ 1A). This residue could lie within 3.5 A of L231Arg. It is
state] may be substantially faster than proton uptake follow- possible thatr-orbital interactions between them could pull
ing the second flash since formation of Qtself accelerates  L227Phe toward L231Arg, therefore displacing that segment
the proton uptake kinetics by the §R)~ state (McPherson  of the L chain away from @ This movement of the protein
et al.,, 1994). One may therefore expect that under strongbackbone could allow a water molecule to be accommodated
illumination the apparent cycling rate may be much higher near @. Also, thex— interactions between Phe and Arg
than expected in light of the kinetic bottleneck of the delivery may partially neutralize the positive charge of the arginine
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(Flocco & Mowbray, 1994; Dougherty, 1996), yielding the which was induced by the loss of a structural interchain
30 meV increase in the free energy level of @H 7.5) hydrogen bond between L222Tyr and M43Asp (Sinning et
and the accompanying acceleration of the second protonal., 1989).
transfer to @ that is reminiscent of other strains where Intergenic Suppressor Mutation M231Ar@ys The final
suppressor mutations substitute charged residues. revertant of this series is the L212® M231C strain. Its
In Rhodopseudomonadridis, changes in the free energy functional capabilities are the most efficient of all the
level of semiquinonesHf 30 meV) have been observed in revertants studied here. As in other revertants, the free
strains where mutations were suggested to either establistenergy level of @ is higher than in the wild type. Its rate
(with Qa~; Baciou et al., 1991) or interrupt (withgQ; Baciou cytochrome oxidation is the fastest of the modified strains
et al., 1991) planar— interactions between the rings of a (=254 cyt/RC/s), and the proton transfer kinetics following
phenylalanine residue and the quinone. For a similar the second flash are only approximately 2-fold slower than
interaction to take place in the in L212QL227F revertant  those of the wild type. Unlike the above strains in which
reaction center, a significant structural rearrangement wouldwe expect some local structural changes negrr€covery
have to occur in order to bring L227Phe to a position that is from the loss of L212Glu is effected in this strain by a change
parallel to and withi 3 A of the @ ring. The nature of our  in the electrostatic potential neag@hat is induced by the
results, however, does not suggest a substantial conformadistant M231Arg>Cys mutation. The M231ArgLeu mu-
tional rearrangement for the L212QL227F reaction center,  tation has already been reported by us as a suppressor
primarily because its properties are fairly similar to those of mutation that helps to compensate for the loss of L213Asp
the L212Q reaction center. (Hanson et al., 1992a,1993; Méaret al., 1994; Sebban et
Compensatory Mutations L228GkAsp and L231Arg al., 1995b). M231Arg (M233 ifRb. sphaeroideODkamura
Cys. Two other second-site mutations, L228GhAsp and et al., 1992) forms salt bridges with two acidic residues
L231Arg—Cys, yield functional reaction centers when they H125Glu and H232Gltrat a distance of about 20 A
occur in tandem with the engineered L212Q mutation. Thesefrom Qg in the wild-type Rb. sphaeroideRC structure
mutations may affect both the charge distribution near Q (Chang et al.,, 1991). Breakage of the salt bridges by
and the conformation of thegbinding site. The reaction  mutation of M231Arg to Cys was suggested to cause a
centers from these two strains display relatively fast cyto- realignment of chargecharge interactions within a network
chrome oxidation rates245 and=200 cyt/RC/s, respec-  of polar residues in this region of the reaction center, which
tively). The free energy level of £ in both of these could partially relocate the liberated negative charge much
revertant reaction centers is higher than that of the wild type. closer to @ (Sebban et al., 1995b). The effects of this
Unfortunately, because of the low occupancy of thestpe mutation produce the driving force for protons to be pushed
and because of the bad dye signal in the reaction centergoward Q. It is remarkable that this distant electrostatic
from these strains, we were not able to measure the kineticsmutation is so efficient in restoring the reaction center
of proton transfer with reasonably good ratios of signal to capabilities.
noise. Role of L212Glu in Proton Uptakelnteraction with the
The L228Gly—~Asp mutation introduces a potential nega- Semiquinone SpecieSeveral lines of evidence have previ-
tive charge close to thegocket. Further modeling of this  ously suggested that L212Glu has an unsual electrostatic
change, using the crystal structure of tRb. sphaeroides  behavior. The pH dependences of the rates for first electron
reaction center (Chang et al., 1991), shows that any orienta-transfer, kag(1)) and PQg~ charge recombinationkgp)
tion of the long side chain of Asp at position L228 crowds indicate a group having an appareri§,pof 9.8 (in the
neighboring atoms of the main chaingQor other side oxidized form of @) in reaction centers dRb. sphaeroides
chains. Thus, a conformational change of this chain segment(Paddock et al., 1989); this observation was confirmed for
that forms a part of @ pocket would be required to reaction centers oRb. capsulatusvhere the apparenta
accommodate the Asp substitution. This may provide room of this group is slightly higher (10.1; Hanson et al., 1992a;
for water molecules to approachsQ Mardti et al., 1994). The titration behavior of this group
The L231Arg—~Cys mutation removes an Arg residue and (designated grougy) is dependent, either directly or indi-
replaces it with a neutral one, as seen in the cases of therectly, on residue L212Glu (Paddock et al., 1989; Hanson
M231Arg—Leu (Hanson et al., 1992a, 1993) and M231Arg et al., 1992a; Takahashi & Wraight, 1992; Mt al., 1994;
Cys (see below) suppressor mutations. Unlike the situation McPherson et al., 1994). The observation thatis pH-
for M231Arg, conserved residue L231Arg acts as a structural independent above pH 10 in the L212Q mutant, the L212A
arginine (e.g., Borders et al.,, 1994), forming possible revertant, and the L212@ L227F revertant strains lends
hydrogen bonds with carbonyl oxygen atoms of the protein further support to the hypothesis that L212Glu is involved
backbone of the M chain (M4, M40, and M41) and with the in the high pH region of pH titration of the wild-type electron
side chain of M8Ser (Figure 1B). These hydrogen bonds transfer rates. It also shows that the mutations restoring some
tether this segment of the L chain neag @ two different of the proton transfer capabilities in the revertant strains do
loops of the M subunit that are part of the second sphere of not mimic the electrostatic effect of L212Glu. Additional
residues that isolategfrom the aqueous environment. In evidence which suggests that gregpin the wild type
addition to the loss of the positive charge with the A1Qys involves L212Glu, either directly or indirectly, comes from
mutation, the loss of these hydrogen bonds may lead to ameasurements of the pH dependence of proton uptake in the
major rearrangement in this region of the protein that could reaction centers that lack Glu at L212. The data of the
change the orientations of protonatable groups and waterL212Q mutant and L212Q+ M231C revertant strains
molecules, thereby opening up a substitute proton delivery (Figure 3) show progressive decreases in the amplitudes of
pathway to the quinone. A large conformational change hasH*/Qg~ proton uptake above pH 8 (compared to the wild
been observed in the L222FyiPhe mutant oRps.viridis, type), resulting in a quasi-absence of proton uptake above
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pH 9, again supporting the hypothesis of a higk, ffor proton uptake measurements by flash-induced absorbance
L212Glu. Assuming a classic amino acid titrations (which spectroscopy arises from differences in the two species. The
may not be strictly true), the proton uptake data suggest anslight disagreement between the data measured in aqueous
apparent coulombic interaction energy between L212Glu andsamples containing dyes (direct proton uptake measure-
Qg~ of about 1.5ApK, units; these calculations assume ments), and the data measured by FTIR in very concentrated
classical titration behavior, which can be an oversimplifica- reaction center suspensions remain obscure.

tion in the case of strongly interacting residues. The Compensating for L212Glwersus L213Asp.In Rb.
measurements presented in Figure 3 for the stoichiometriescapsulatuswe have previously studied phenotypic revertants
of proton uptake by the ®)s~ state are suggestive of those of the PS L212Glu-L213Asp~Ala-Ala double mutant
previously obtained for formation of®,~ in strains lacking (Hanson et al., 1992a, 1993; Mdaret al., 1994; Sebban et
L212Glu (Mardi et al., 1995; Miksovska et al., 1996). al., 1995b), and more recently we have characterized a large
Instead of aApK, of 1.5 pH unit, an apparent interaction set of revertants isolated from the P§uadruple mutant
energy of 0.5ApK, unit was found between L212Glu and L212Glu-L213Asp-M246Ala-M247Ate-Ala-Ala-Glu-Asp

Qa~, at high pH, reflecting the greater distance between (Valerio-Lepiniec et al., 1997). All of the second-site
L212Glu and Q~ (=17 A) versus that between L212Glu substitutions that compensate for the engineered L213Asp
and @~ (=5 A). Interestingly, in both cases thé{gign Ala mutation raise the free energy level of @d are of an
measured for the oxidized form of the quinone is the same, electrostatic nature: M231ArgLeu, M5Asn—Asp,

in agreement with the idea that a common group interacts M43Asn—Asp, L217Arg—Cys, and L225Ghk~Asp. Al-

with both Q. and . It must be noted that what we detect though they do not necessarily restore function to the reaction
here could be a direct interaction ogQwith L212Glu, or center by the same mechanism, the mutations described in
alternatively, the electrostatic coupling of the semiquinone this paper that occur in the family of L212Q revertants are
with a cluster of strongly interactive residues that includes in fact similar to those that compensate for loss of L213Asp
L212Glu. In the absence of L212Glu (e.g., in the L212Q in that they too decrease the energy gap betweghdpd

and L212Q+ M231C strains), the appareripof the cluster Qg™ by roughly 36-60 meV.

may decrease resulting in uptake of protons at lower pH, as The loss of L212Glu, even though it results in a PS
could be suggested by the slightly higher amplitude 6f H phenotype, is less destructive for reaction center function
Qg™ proton uptake detected below pH 7 in the modified than is the loss of L213Asp. The absence of L212Glu can
strains (if further measurements establish that the differencebe sufficiently offset in the revertants by substitutions which
is significant beyond the experimental error). Taken as a change the electrostatic and/or structural environmengof Q
whole, the proton uptake data for the formation of boftQ  The loss of L213Asp, however, causes a*-100*fold

and @~ suggest that ionized L212Glu does interact with reduction in the rate for transfer of the first proton (Takahashi
both semiquinones and could be a key residue involved in & Wraight, 1990; Mafdi et al., 1994; Paddock et al., 1994).
the electrostatic connection between both cofactors and bothin Rb. capsulatushe second-site suppressor mutations listed
binding pockets. above accelerate this process by only about 2@ times;

It is interesting to compare thes~ proton uptake data  thus, the rate of transfer of the first proton in these phenotypic
measured at pH 7.5 or below between the wild type and the revertant strains remains more than 100 times slower than
strains lacking L212Glu. In the pH range-7.5, the that of the wild type (Marb et al., 1994; Delcroix et al.,
stoichiometries of proton uptake measured in the wild type, 1995). Similar results have been obtained for a revertant of
in the L212Q, and in the L2126 M231C revertant are the  the L213Asp~Asn mutant ofRb. sphaeroideéSenft et al.,
same within the experimental error, and below this pH, the 1995). The only example of a reaction center where the role
values may be even slightly lower in the wild type than in of L213Asp could be effectively substituted by another
the two strains lacking L212Glu. Since the loss of Glu does residue is the L213Asp-M44AsnAsn-Asp double mutant
not significantly change the amount of proton uptake, this of Rb. sphaeroidegRongey et al., 1993).
evidence strongly suggests that L212Glu is essentially The difference in the level of functional recovery that is
protonated at neutral pH. This hypothesis is also supportedachieved in revertant reaction centers which lack L212Glu
by the comparison of thkgp values, at neutral pH, of the  versus those which lack L213Asp emphasizes the idea that
L212Q mutant, the wild type, and the L212A revertant the electrostatic environment of the quinone acceptors is not
strains. Indeed, these data show that the effect of L212GInthe only important parameter that is required to drive protons
on the energy level of & is about the same as L212Glu from the cytoplasm to & L213Asp is involved in delivery
(protonated), while the energy level ogQin the L212Ala of both the first and second protons and has a large role in
revertant strain is much higher. Our present data arethe connectivity of a web of chargeharge interactions that
consistent with what we have found for proton uptake with occurs in this region of the reaction center complex. The
formation of Q~ where the data from the wild type were continuity of this network, which is composed of ionizable
superimposable at neutral pH to those from the strains lackingresidues as well as structured and mobile water molecules,
L212Glu (Maroti et al., 1995; Miksovska et al., 1996). Data is very important for ensuring fast rates of proton transfer
points for proton uptake with the formation oQand Q™ (Hanson et al. 1992a; Sebban et al., 1995b; Baciou & Michel,
by the L212Q mutant oRb. sphaeroideémeasured at pH  1995; Beroza et al., 1995; Lancaster et al., 1996). The
6.5, 7.5, and 8.5) also fit well with our data (McPherson et relative inefficiency of the L213Asp-less revertant reaction
al., 1994). FTIR measurements achieve®m sphaeroides  centers suggests that L213Asp is involved in many facets
reaction centers have suggested a partly ionized state forof proton transfer such that it cannot be effectively replael
L212Glu at neutral pH (Nabedryk et al., 1995). Since the L212Glu can be-by single substitutions of a water mol-
data of McPherson et al. are obtainedRb. sphaeroidest ecule(s), a residue that causes an increase in the electrostatic
is unlikely that the difference observed between FTIR and potential nearby @ or at a distant site, or a residue that
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causes conformational changes allowing water molecules toMaréti, P., & Wraight, C. A. (1988Biochim. Biophys. Acta 934

penetrate the @binding pocket.
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