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ABSTRACT In photosynthetic reaction centers, a quinone
molecule, Qg, is the terminal acceptor in light-induced electron
transfer. The protonatable residues Glu-L212 and Asp-L213
have been implicated in the binding of Qp and in proton
transfer to Qp anions generated by electron transfer from the
primary quinone Q4. Here we report the details of the con-
struction of the Ala-L212/Ala-1.213 double mutant strain by
site-specific mutagenesis and show that its photosynthetic in-
competence is due to an inability to deliver protons to the Qg
anions. We also report the isolation and biophysical charac-
terization of a collection of revertant and suppressor strains
that have regained the photosynthetic phenotype. The com-
pensatory mutations that restore function are diverse and show
that neither Glu-L212 nor Asp-L213 is essential for efficient
light-induced electron or proton transfer in Rhodobacter cap-
sulatus. Second-site mutations, located within the Qg binding
pocket or at more distant sites, can compensate for mutations
at L212 and L213 to restore photocompetence. Acquisition of
a single negatively charged residue (at position L213, across the
binding pocket at position L225, or outside the pocket at M43)
or loss of a positively charged residue (at position M231) is
sufficient to restore proton transfer activity to the complex. The
proton transport pathways in the suppressor strains cannot, in
principle, be identical to that of the wild type. The apparent
mutability of this pathway suggests that the reaction center can
serve as a model system to study the structural basis of
protein-mediated proton transport.

The reaction center (RC) in the photosynthetic membrane
mediates light-initiated redox chemistry, producing a trans-
membrane charge separation (for review, see ref. 1). The RC
from purple bacteria is the first integral membrane protein
complex for which an atomic structure has been determined
(1-4). Thus, the RC currently serves as the best model for
understanding protein-mediated electron transfer and the
subsequent transfer of protons from the aqueous phase to
buried protein sites.

The RC is a complex of three protein subunits, the inter-
membrane L and M chains and the H polypeptide, as well as
several cofactors (four bacteriochlorophylls, two bacte-
riopheophytins, two quinones, and a nonheme iron atom).
The cofactors are chemically active in light-induced electron
transfer (for review, see ref. 5) and the detailed contribution
of the protein to the electrochemistry of this process is
obscure. An approximate two-fold symmetry relates the L
and M subunits and their cofactors, suggesting two possible
routes of charge separation across the photosynthetic mem-
brane. However, normal photochemistry follows only the
pathway that is primarily associated with the L subunit.
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Upon light activation, an electron is transferred from the
‘“‘special pair’’ bacteriochlorophyll dimer (P) to the L-side
bacteriopheophytin. The final steps involve electron transfer
from the primary quinone (Q4,) to the secondary quinone (Qg)
near the cytoplasmic face of the membrane (1, 2, §, 6).

Although Q4 and Qg in the RCs of Rhodobacter (Rb.)
capsulatus and Rhodobacter sphaeroides are identical ubi-
quinone;o molecules, their binding sites and in situ chemical
properties are quite different (7). As the primary quinone
acceptor, Q4 receives only a single electron from bacte-
riopheophytin and does not become protonated; the electron
is transferred from Q4 to Qp in 20-200 us. Qgp, however,
accepts two electrons from successive light-induced turn-
overs of Qa. Although it has no contact with the aqueous
environment, Q4™ gains two protons from the cytoplasm,
forming QgH,, which diffuses out of the RC (8) and is
replaced by a quinone from the membrane pool; QgH; is
reoxidized by the cytochrome bc; complex.

Clearly, aspects of the protein structure influence both the
chemical properties of the quinones and the electrostatics of
photoinitiated electron and proton transfer. The Qg binding
pocket is significantly more polar than that of Q4 in the
species whose RC sequences are known [the above plus
Rhodopseudomonas (Rp.) viridis, Rhodospirillum (Rs.) ru-
brum, and Chloroflexus aurantiacus]. The most striking
difference is that residues M246 and M247 in the Q4 site are
conserved hydrophobic alanines in all but C. aurantiacus
(9-16), while the equivalent residues in the Qp site are always
either acidic or polar (Glu-L212 and Asp/Asn-L213). Glu-
L212 and Asp-L213 have been shown to be components of
the pathway(s) for proton transfer to Qg in wild-type Rb.
sphaeroides (17-20).

In this paper, we describe the construction and report
additional characteristics of a site-specific double mutant of
Rb. capsulatus, Glu-L212/Asp-1.213 — Ala-1.212/Ala-1.213
(L212-213AA). This strain is incapable of photosynthetic
growth. We also report the genetic characterization of a
surprising array of photocompetent derivatives of this double
mutant strain and a description of some of the biophysical
properties of their RCs. These strains carry reversions or
second-site suppressor mutations, some at distant sites,
which restore electron and proton transfer to RCs that lack
one or both acidic residues at 1.212 and L.213. The spectrum
of mutations carried by these strains demonstrates that there
can be multiple possible pathways for the delivery of protons
to the Qp site within the protein framework of the RC.

Abbreviations: RC, reaction center; P, ‘‘special pair’’ bacteriochlo-

rophyll dimer; Qa, primary quinone; Qg, secondary quinone.
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MATERIALS AND METHODS

Structure Analysis. Quinone binding sites were modeled by
examining the Rb. sphaeroides RC structure (3, 4) with the
program FRODO (21). The residue numbering of Rb. capsu-
latus (9) was used; alignments are those as suggested (12-15).

Mutant Construction. The system of plasmids described by
Bylina et al. (22, 23) was used for site-specific mutagenesis
according to a kit (Bio-Rad) based on the method of Kunkel
et al. (24). The HindIII-Kpn 1 fragment carrying residues
1-253 of the L gene was subcloned into bifunctional vector
pBS*/— (Stratagene) and mutagenized with a 30-mer con-
taining two single-base changes at L.212 and L213. Esche-
richia coli colonies harboring mutant plasmids were detected
by hybridization with the end-labeled oligonucleotide (25).
The mutations were verified by dideoxynucleotide sequenc-
ing of double-stranded DNA (Sequenase, United States Bio-
chemical). The mutant L gene was returned to the puf operon
in plasmids pU29 (22) and pU2922 (23). Mutant plasmids
were transferred to Rb. capsulatus deletion strain U43, which
lacks light-harvesting and RC complexes (26), by conjugation
with E. coli donor strain S17-1 (27). Rb. capsulatus trans-
conjugants were selected by dark aerobic culture on RCV
agar (28) and purified on MPYE agar (29). Plasmids were
selected by kanamycin (30 ug/ml). The ‘‘wild-type’’ is U43
complemented in trans by plasmid pU2922.

The double mutant (U43[pR212A A]) was propagated under
chemoheterotrophic growth conditions (semiaerobic, dark,
34°C) on RPYE medium (30) to avoid selective pressure for
functional RCs. To determine the photosynthetic growth
phenotype, MPYE agar was spotted with 2 ul of strains
grown chemoheterotrophically and then incubated under a
light intensity of 25 W/m? in anaerobic jars (Gaspack sys-
tems; BBL). Spots of mutant, wild-type, and deletion strains
were evaluated within 2 days to exclude the possible contri-
bution of revertants to the observed phenotype (31).

Isolation and Genetic Characterization of Revertants. Pho-
tocompetent (PS*) derivatives of the L.212-213AA mutant
were selected under photosynthetic conditions by incubating
plates spread with a chemoheterotrophically grown culture of
this strain. Revertants were purified through two subsequent
rounds of photosynthetic culture, after which cultures for
analysis were grown chemoheterotrophically to eliminate
selection for additional reversion events. Plasmids were
recovered from the revertants and reconjugated into the
deletion strain to determine whether the PS* phenotype
cotransferred with the plasmid. In the photosynthetic growth
assay (see above) for cotransfer, samples of these ‘‘recon-
structed”’ strains were evaluated by comparison to the orig-
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inal revertant strains. The L and M gene segments were
subcloned into the pBS*/— vector for sequencing.

To map the compensatory mutations, combinations of
revertant and wild-type puf operon segments were engi-
neered by exploiting the unique restriction sites present in
plasmid pU29 (ref. 22, see also ref. 32). Revertant L or M
genes were shuttled into tagged versions of pU29 or pU2922
(Ball, codons L181 and L.182; Bg! I, codon M86). Switching
of segments was monitored by screening for loss of the
appropriate restriction site. Chimeric plasmids were returned
to Rb. capsulatus via conjugation, and the photocompetence
of these strains was determined as described above. Strains
that grew vigorously within 2 days were scored PS+.

Photosynthetic growth rates in liquid culture were deter-
mined by using dark-grown cultures to inoculate tubes filled
completely with RCV/kan medium. After overnight dark
incubation, tubes were illuminated continuously (25 W/m?).
Turbidities were measured with a Klett-Summerson color-
imeter (no. 66 filter).

Kinetic Measurements of Electron Transfer Rates. Chro-
matophores were prepared (33) from chemoheterotrophic
cultures of ‘‘reconstructed”” PS* derivatives and the wild-
type and double-mutant strains. Single-wavelength transients
were measured at room temperature with a single-beam
spectrometer of local design (conditions in figure legends).
Probe light from a 50-W tungsten lamp was passed through a
monochrometer, focused upon the sample, then collected,
and passed through a second monochrometer before detec-
tion with an avalanche photodiode (RCA). Flash excitation
was provided by a 20-nsec 590-nm pulse of 1.5 mJ/cm? from
a frequency-doubled yttrium/aluminum garnet (YAG)-
pumped rhodamine dye laser. Between flashes, the sample
was kept dark. An electronic shutter blocked the measuring
beam until immediately prior to the kinetic measurement.
Absorbance transients were fitted as the sum of multiple
exponentials with a Marquardt nonlinear least-squares fitting
program provided by Seth Snyder (Argonne National Labo-
ratory).

RESULTS

Double Mutant L.212-213AA. The positions of the Glu-L212
and Asp-L213 residues are shown in Fig. 1. The L212-213AA
mutant, which carries two single-base-pair mutations, is
incapable of photosynthetic growth (PS—; Table 1). Optical
and electron paramagnetic resonance spectra showed RCs
that display wild-type characteristics (M. C. Thurnauer, Y.
Zhang, and D.K.H., unpublished data), and the initial elec-
tron transfer rate is similar to that of the wild type (34). These
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Fi1G. 1. Stereo molecular model, using the Rb. sphaeroides structure (3), of the relative positions of residues near Qg (dashed lines) in the
wild type—Glu-L212, Asp-1.213, Gly-L225, Asn-M43, and Arg-M231. Sequence alterations at these sites in mutant, revertant, and suppressor
strains are described in the text. Arg-M231 is involved in conserved ion-pair interactions with Glu-H125 and Glu-H232 (see ref. 30). Numbers

refer to the Rb. capsulatus sequence (9).
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Table 1. Revertants and suppressors of the L212-213AA mutant

Doubling
Amino acid residue time-PS+
growth,
Strain L212 L1213 L1225 M43 M231 hr
Wild type Glu Asp Gly Asn Arg 4.9

Double mutant Ala Ala Gly Asn Arg >168
PS+* derivative

Class 1 rev Ala Asp Gly Asn Arg 53
Class2sup Ala Ala Asp Asn Arg 6.5
Class 3 sup Ala Ala Gly Asn Leu 6.8
Class 4 sup Ala Ala Gly Asp Arg 6.0
Class § sup Ala Ala Gly Asn Arg ND

Class 5 has a chromosomal suppressor (sup); all other mutations
are plasmid borne. ND, not determined; rev, revertant.

data show that the double mutant assembles RCs that func-
tion normally in primary charge separation events.

Isolation of Revertants and Suppressors of the L212-213AA
Double Mutation. After long-term incubation of plates under
photosynthetic conditions, photocompetent derivatives of
the L212-213AA mutant were selected. Several nonindepen-
dent PS+ strains were purified. Genetic and sequence char-
acterization has thus far grouped them into five classes.
Classes 1-4 carry plasmid-borne compensatory mutations
(Table 1). In class 5 strains, the compensatory mutation(s) is
chromosomal and has not yet been characterized. None of
the events replaced Ala-1.212. Our results show that there is
no absolute requirement for polar residues at either L.212 or
L213.

Genetic Characterization of Revertants and Suppressors.
Class 1. Only class 1 carries a reversion of one of the
site-specific mutations, a GCC — GAC transversion at 1.213
(Ala — Asp; Table 1). Ala-1.212 is still present.

Class 2. This class retains the site-specific L.212 and L.213
mutations and carries an intragenic suppressor at L.225. A
GGC — GAC transition substituted Asp for Gly at this site in
the loop before the E helix, opposite .212-1.213 in the binding
pocket (Fig. 1). Modeling of the Asp-L225 substitution
showed that its oxygen atoms could occupy essentially the
same space in the Qg pocket as those of Asp-L213.

For each class of PS+ derivatives, chimeric plasmids were
constructed that established, by complementation, which seg-
ments of plasmid DNA were both necessary and sufficient to
restore photocompetence (see also ref. 32). For classes 1 and
2, the L gene carrying the above mutations was sufficient to
confer photocompetence when combined with a wild-type M
gene. Since photocompetence is a plasmid-borne trait (Table
1), there is no possibility that these strains bear other com-
pensatory mutations in the H gene. Thus, the above mutations
can be directly correlated with the restoration of the PS*
phenotype.

Class 3. Sequence and complementation analysis has
shown that class 3 strains retain the L.212-213AA mutations
and carry an intergenic suppressor at M231 (Fig. 1). A CGC
— CTC transversion substituted Leu for Arg at this position.
Chimeric plasmids that coupled the L gene from these strains
(i.e., L212-1L.213AA) with the wild-type M gene did not confer
the PS* phenotype when transferred to the deletion strain.
The PS* phenotype was observed with plasmids that com-
bined both the L and M genes isolated from these strains with
the rest of the wild-type operon, confirming that the Arg-
M231 — Leu substitution compensates for the loss of Glu-
L212 and Asp-1.213.

Class 4. A second type of amino acid replacement in the M
gene, at residue M43 (Fig. 1), also can act effectively to
restore function to RCs carrying the 1.212-213AA substitu-
tions. Sequence analysis and complementation mapping
demonstrated that the Asn-M43 — Asp replacement results
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in intergenic suppression of the PS~ double-mutant pheno-
type (32).

Kinetics of Q5 Qp — QaQj5 Electron Transfer. The kinetics
of P*Q; Qs — P*QAQj electron transfer were determined in
chromatophores by measuring absorbance transients in the
region of 700-900 nm (35-37). Q4 and Qg induce different
shifts in the optical spectra of RC pigments (35, 36). Elec-
trochromic shifts associated with Q4 and Qg formation in Rb.
capsulatus chromatophores (37) are nearly equivalent to
those measured in Rb. sphaeroides (35, 36). An isosbestic
point for the formation of Q4 occurs near 760 nm, providing
a convenient wavelength for monitoring Qg formation (35-
37). In Rb. capsulatus chromatophores, P* also contributes
to the absorbance transients at this wavelength (37). How-
ever, the kinetics for formation of P* necessarily differ from
those of Qg, and the contribution of P* can be removed by
subtracting normalized absorbance transients measured in
the P absorption bands (37).

Fig. 2A shows 760-nm transients in the wild type and in the
L212-213AA mutant, corrected for the instantaneous rise and
slow decay of P* (37). To various extents, the kinetics were
biphasic, with the major component displaying a time con-
stant of 20 us in the wild type. The relatively rapid (250 us)
decay of this transient seen in the wild type on the longer time
scale (Fig. 2A) is part of a relaxation process that includes
proton movement after Qg formation (37). No reaction on the
microsecond time scale was detected for the double mutant.
Slower transients suggesting a reaction time of ~6 ms were
detected (Fig. 2A). This rate is similar to that seen in
Asp-L213 — Asn mutants of Rb. sphaeroides but slow
compared to the Gln-L212/Asn-1.213 mutants of that species
(19, 20). A complete description of the QaQp < QaQs
equilibrium in the L212-213AA double mutant will be pre-
sented elsewhere.

In contrast to the double mutant, the P*Q;Qps — P*QaQs
reactions in the PS* revertant/suppressor strains occur on
the microsecond time scale (Fig. 2B). The time constants for
the class 3 (38 us) and class 4 (28 us) suppressors most closely
resemble that of the wild type. No relaxation processes on the
400-us time scale were detected at this wavelength in the PS*
derivatives (Fig. 2B).

Q2Qp — QaQgH; Electron Transfer. Proton delivery has
been shown to be the obligatory rate-limiting step in Q4 Qg —
QaQgHj; electron transfer (for review, see ref. 20). The redox
cycling of Qp into and out of the anion state can be detected
by monitoring Q~ absorption at 450 nm, following P* reduc-
tion by exogenous donors (35, 36). Starting from the QaQs
state, a single flash generates Qz and a net increase in
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FiG.2. P*QxQp— P*QaQg electron transfer kinetics measured
by optical transients at 760 nm corrected for contributions due to P*
(37) (7aB is the inverse of the first-order rate constant for this
reaction). Chromatophores were suspended in 10 mM TrisHCI (pH
7.8) and adjusted to Asp; = 0.4-0.5. (A) Wild-type (WT, top and
middle traces) and L.212-213AA double mutant (bottom trace). (B)
Class 1-4 revertant and suppressor strains. Traces are the average of
8-16 transients, measured with a separation of 25 s between actinic
flashes.
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absorbance at 450 nm after P* has been reduced; the 450-nm
signal disappears with electron transfer from Q;Qz —
QAQgH; after a second flash. The resulting binary oscilla-
tions in 450-nm absorbance provide an assay to monitor both
electron and proton transfer in the QsQz — QaAQgH; reac-
tion.

Binary oscillations were observed in the wild type between
pH 6 and pH 9 (Fig. 3A). In contrast, oscillations were not
seen in the 1.212-213A A double mutant in this same pH range.
The observation of a net increase in absorption at 450 nm
after the first flash in the L.212-213AA strain is consistent with
the ability to form a trapped Qg state. However, the lack of
a decrease in this absorbance with subsequent flashes, even
at pH 6 (not shown), indicates that the Q4Qg — QaQsH:
reaction is inhibited, presumably because protons cannot be
delivered to Qg during the lifetime of the Q4 Qg state. Similar
results were obtained with isolated RCs of this double
mutant, where quinone binding and Qg formation have been
demonstrated (30). The same observations have been made
for the GIn-L212/Asn-L.213 mutants of Rb. sphaeroides,
which are defective in proton transfer (19, 20).

All of the PS* revertant/suppressor strains completed the
Q2Qs — QaQsH:; reaction as indicated by detection of
binary 450-nm oscillations. These oscillations were observed
at pH 7.8 in the strains of classes 1-3; a representative trace
(class 3) is shown in Fig. 3A. Oscillations could be observed
only at pH =<7 in the class 4 strain (Fig. 3B), suggesting that
the pK value of its rate-limiting proton donor is shifted to near
7 as compared to a pK value of 9 in the wild type. Steady-state
cytochrome c¢ oxidation experiments corroborated the above
data (data not shown). Both assays demonstrate that the
QaQs — QaAQgH; reaction is inhibited in the double mutant
but is restored in the PS* derivatives.

DISCUSSION

Takahashi and Wraight (18, 19) and Paddock e al. (38) have
proposed models for the sequence of photoinduced proton-
ation steps at the Qg site. They suggested that the primary
proton donor to the Qg anion(s) is Ser-L223, which is within
hydrogen-bonding distance of Qg. This residue, which is not
in contact with the cytosol, is thought to be replenished
through a network of proton donors that connects the Qg site
in the interior of the protein with the aqueous environment
(for review, see ref. 20).
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Fi1G. 3. Absorbance transients measured at 450 nm in the pres-
ence of an electron donor, 300 uM ferrocene, to P*. Chromatophores
were suspended to A4so = 1. (A) Wild-type (top trace), L212-213AA
double mutant (middle trace), and class 3 suppressor (bottom trace),
in 10 mM Tris*HCl (pH 7.8). (B) Class 4 suppressor, in 10 mM
Tris*HCI (pH 7.8) (top trace) and 10 mM Mes (pH 6.0) (bottom trace).
Similar transients recorded with RCs isolated from the strains in A
have been reported (30); the experiment was repeated with native
chromatophores for comparison to other PS+* derivatives. All traces
are single-transient recording, with the exception of the class 4 strain
data at pH 6.0 (average of eight transients, 25 s apart).
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Double Mutant L212-213AA and PS* Derivatives. The
position of the protonatable residues Glu-L.212 and Asp-L.213
in the RC structure (Fig. 1) suggested that they could con-
tribute to the asymmetrical redox properties of ubiquinone;
in the Qp and Q, sites. Replacement of these acidic residues
with Ala residues found at the symmetry-related positions in
the Q4 site generated a PS~ strain of Rb. capsulatus in which
successive electron transfers from Q4 to Qp are blocked (Fig.
3) because protonation of Qg does not occur (30). These
results agree with those obtained for other mutants that have
established roles for Glu-L212 and Asp-L.213 in the proton
transfer network in wild-type RCs of Rb. sphaeroides (17-
20).

At least five genotypes can restore the RC function lost in
the 1.212-213AA double mutant to yield a photocompetent
strain (Table 1). Complementation tests determined that the
sequence combinations found in classes 1-4 are indeed
responsible for regeneration of the PS* phenotype. The
growth assays are corroborated by demonstration of quinone
oscillations, which show that RCs bearing these sequence
changes are capable of cyclic photochemistry. Therefore, the
amino acid substitutions found in the PS* derivatives restore
the proton transfer function that is destroyed by the Ala
replacements at 1.212 and L.213. The second-site suppressor
mutations show that neither Glu-L212 nor Asp-L213 is es-
sential for this function and demonstrate that alternate proton
delivery pathways have been established in these strains as
a result of these substitutions.

Compensation for Loss of Glu-L212 and Asp-L213 in Re-
vertant and Suppressor Strains. The PS* phenotype of strains
in which a nonprotonatable nonpolarizable Ala at 1212 is
coupled with a protonatable Asp at either L213 or L225
(classes 1 and 2, respectively) shows that reacquisition of one
of the protonatable residues lost in the Qg site of the
L.212-213A A mutant is one way of restoring RC activity and
that this protonatable residue can be located at a second site
within the Qg binding cavity.

The Arg-M231 — Leu (class 3) and Asn-M43 — Asp (class
4) suppressors show that distant amino acid replacements,
which alter the charge distribution of the RC, can also
compensate for loss of acidic groups in the Qg site. The amino
acid sequence in the Qg binding pocket in these PS* strains
is identical to that of the PS~ double mutant. In RCs of class
3 strains, suppression of the PS~ phenotype is achieved when
a basic residue, Arg-M231, is lost rather than by the addition
of an acidic residue as seen in classes 1 and 2. The Arg-M231
— Leu mutation restores the pK values of residues involved
in stabilization of Qg (30). The disruption of the ionic
interactions of Arg-M231 with Glu-H125 and Glu-H232 es-
sentially adds a potential negative charge by freeing the acidic
residues for participation in other interactions.

InRCs of class 4 strains, suppression of the PS~ phenotype
is achieved when a nonprotonatable residue (Ala-L.213) is
paired with the Asp-M43, analogous to the configuration
found in RCs of Rp. viridis, Rs. rubrum, and C. aurantiacus
at these sites (Asn-L213/Asp-M43; refs. 12-15). The wild-
type RCs of Rb. capsulatus and Rb. sphaeroides reverse this
combination (9-11). Therefore, it is possible that the proton
transfer pathway to Qg in the suppressor strain of Rb.
capsulatus more closely resembles those of the first three
species that cannot employ Asn-1.213 as the principal proton
donor to Q3™ (32).

Modeling of the Rb. sphaeroides structure suggests that
Asn-M43, Glu-H12S, and Glu-H232 lie well outside of the
shell of amino acids that forms the Qg binding pocket (Fig. 1;
refs. 30 and 32). Asn-M43 is a part of the second layer of
residues that surrounds Qg, and its side chain extends into the
charged interface between the L, M, and H subunits. The
distances from Asp-M43 to Ser-L223 (6.8 A) or to Qs (9.34)
would be too great for direct proton transfer via hydrogen
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bonding. The protonatable residues Glu-H125 and Glu-H232
are also distant from Ser-L223 (=16 A and 20 A, respectively)
and Qg (=14 Aand 18 A, respectively). Direct interaction of
any of these residues with Qg or Ser-L223 could not be
achieved unless gross structural rearrangements occurred as
aresult of these mutations. However, these substitutions do
not appreciably affect the rate of transfer of the first electron
from Qa to Qp (Fig. 2) or RC turnover ability (Fig. 3).
Arg-M231 is not a part of either of the two proton transfer
pathways proposed by Allen et al. (39), nor are Glu-H125 or
Glu-H232. Clearly, determination of the mechanisms by
which suppression is achieved in these strains depends on a
more extensive study of the biophysical properties of their
RCs than is presented in this descriptive survey.

Candidates for the chromosomal suppressor(s) in class 5
strains, all of which retain the Ala mutations, could be
substitutions in the H chain, which forms part of the lower
region of the Qg binding pocket (40). The Rb. sphaeroides
structure (3) shows that conserved residues Asp-H172, Arg-
H179, and Glu-M230 (9, 41, 42) form an ion-pair interaction
similar to that of Glu-H125, Arg-M231, and Glu-H232. Thus,
mutation of Arg-H179 to a neutral residue could yield a class
3-like suppressor, adding a potential negative charge within
8-13 A of Qg. Other potential single-site mutations in H that
could add a negative charge near Qg are Gln-H176 — Glu and
Lys-H133 — Glu.

Historically, protein—Qpg interactions were probed by an-
alyzing herbicide-resistant mutants in bacteria, algae, and
plants; none of those occur at the Gly-L225, Arg-M231, or
Asn-M43 sites. Although the RC structure was known, the
level of understanding of it prior to the isolation of these
suppressor mutants would not have suggested Gly-L225 and
Arg-M231 as likely candidates for site-specific mutagenesis.
Molecular modeling suggests that mutation of Gly-L225 to
Asp in otherwise wild-type RCs would place two negatively
charged side chains (Asp-L.213 and Asp-L225) in such prox-
imity that these mutant RCs might not assemble. Therefore,
the analysis of RCs that carry spontaneous mutations at
L225, M231, and M43 that compensate for site-specific
mutations at L.212 and L1213 should give insight into the
electrochemistry at the Qg site that could not necessarily be
derived from the study of spontaneous or site-specific mu-
tations alone.

Our results demonstrate that there can be multiple routes
for the transfer of protons within the RC to reduced Qg and
that changes in the charge distribution affect the pathway for
Qs protonation. The potential for alternative proton delivery
pathways is predicated on the observations that RCs from
different species are structurally and functionally homolo-
gous in the absence of complete sequence homology. Some
of these interspecies sequence variations near Qg are mim-
icked by the mutations carried by the Rb. capsulatus sup-
pressor strains. Understanding the conformational elements
that lead to these different proton transfer pathways in the
reaction center, where it is possible to generate viable
mutants that assemble impaired complexes, should provide a
model for study of the structural basis of protein-mediated
transmembrane proton transport in a variety of less acces-
sible systems.
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