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Is bicarbonate in Photosystem II the equivalent of the glutamate
ligand to the iron atom in bacterial reaction centers?
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Photosystein 11 of oxygen-cvolving organisms exhibits a bicarbonate-reversible formate effect on clectron transfer between the
primary and sccondary acceptor quinones. Q, and Q. This cffect is absent in the otherwise similar clectron acceptor complex of
purple bactcria, e.g., Rhodobacter sphaeroides. This distinction has led 10 the suggestion that the iron atom of the acceptor
quinonc complex in PS II might lack the fifth and sixth ligands provided in the bacterial reaction center (RC) by a glutamate
residue at position 234 of the M-subunit in Rb. sphaeroides RCs (M232 in Rps. viridlis). By site-directed mutagencesis we have
altered GluM*® in RCs from Rb. sphaeroides, replacing it with valine. glutamine and glycine to form mutants M234EV. M234EQ
and M234EG, respeciively. These mutants grew competently under phototrophic conditions and were tested for the formate-bi-
carbonate effect. In chromatophores there were no detectable differences beiween wild type (Wt) and mutant M234EV with
respect to cytochrome 5-561 reduction following a flash, and no effcct of bicarbonate depletion (by incubation with formate). In
isolated RCs, several clectron transfer activities were cssentially unchanged in Wt and M234EV, M234EQ and M234EG
mutants, and no formate-bicarbonate cffect was observed on: (a) the fast or slow phases of recovery of the oxidized primary
donor (P*) in the absence of exogenous donor, i.c., the recombination of P7Q; or P’ Q. respectively; (b) the kinetics of
clectron trznsfer from Q, 10 Qy; or (¢) the flash dependent oscillations of semiquinone formation in the presence of donor o
P* (O, turnover). The absence of a formatc-bicarbonate effect in these mutants suggests that Glu™** is not responsibie for the
absence of the formatc-bicarbonate effect in Wt bacterial RCs, or at least that other factors must be taken into account. The
mutant RCs were also examined for the fast primary clectron transfer along the active (A-)branch of the pigment chain. icading
to reduction of Q,. The kinctics were resolved to reveal the reduction of the monomer bacteriochlorophyll (; = 3.5 ps). followed
by reduction of the bacteriophcophytin (7 = 0.9 ps). Both steps were essentially unaltered from the wild type. However. the rate
of reduction of Q, was slowed by a factor of 2 (+ = 410 + 30 and 47 + 30 ps for M234EQ and M234EV. respectively, compared
to 220 ps in the wild type). EPR studics of the isolated RCs showed a characteristic g = 1.82 signal for the Q, semiquinone
canpled to the iron atom, which was indistinguishable from the wild type. It is concluded that Glu™** is not essential 10 the
normal functioning of the acceptor quinone complex in bacterial RCs and that the role of bicarbonate in PS H is distinct from
the role of this residue in bacterial RCs.

Introduction

Electron tiow through the quinone electron accep-
tors of Photosystem 11 (PS ID) in oxygen-evolving organ-
isms is inhibited by several monovalent anions, of which
formate is onc of the most active [1]. Addition of
bicarbonate reverses this inhibition producing a large
stimulation of electron transfer from Q,, the primary
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quinone, to Qy, the secondary quinone acceptor of PS
11 {2]. It is considered that bicarbonate rather than
CO, is the species required for the stimulation {3]. The
antagonistic action of formate and bicarbonate on elec-
tron transfer is termed the bicarbonate effect and is
considered to be a manifestation of a genuine bicar-
bonate requirement. However, the effect is difficult to
demonstrate directly by depletion in the absence of
formate [4]. Bicarbonate depletion results in a small
(2-3-fold) decrease in the rate of the first electron
transfer from Qj to Q. a more marked inhibition of
the second electron transfer from Q3 to Qg and a
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significant inhibition of the release of QiH. from the
reaction center.

The site of the bicarbonate cffect has been shown to
be the acceptor quinone complex of PS 1 [4]. However.
in purple bacteria. which possess a functionally very
similar acceptor quinone complex to that of PS . no
bicarbonate cffect could be demonstrated. cither in
isolated reaction centers (RCs) or in chromatophores
of Rhodobacter sphaeroides [3]. The X-ray crvstalio-
graphic structurecs of RCs from Rhodopseudomaonas
viridis [6] and Rb. sphaeroides [7.8)] are known. and the
acceptor guinone complex is scen to include a non-
hacm iron coordinated by four histidines and by a
bidentate ligand interaction with the carboxylate group
of a glutamate residue (M234 in the Rb. sphacroides
sequence). Comparison of the amino-acid sequences of
RC prateins from PS 11 indicates that thc subunit
structure of PS 11 and purple bacterial RCs are roughly
homologous, with D1 and D2 of PS Il equivalent to the
L and M subunits of bacterial RC. Amino-acid sc-
quence differences in the polypeptides of PS 11 and
bacterial RCs also led to the suggestion that the differ-
ent responses to bicarhonate might be Jue to the
provision of the fifth and sixth ligands to the iron atom
by Glu™*** in bacteria and the absence of this linkage
in PS H: in PS 11 this role might then be filled by
bicarbonate [9]. Direct interaction of some cxogenous
ligands with the iron atom of PS 11 is supported by
EPR and Mdssbaucer studies, and modulation of these
effects by HCO; was interpreted as indicating that
bicarbonate could be the fifth, and possibly the sixth,
ligand to the non-hacm iron of the acceptor quinone
complex [10). Some studics have implicated more than
one site of action for HCO; and a salt bridge function
has also been postulated, as partner to an arginine [4].
We attempted to test the first proposal by replacing
GluM** with valine, glutamine and glycine. All ‘hree
mutants behaved similarly to the wild type and none
exhibited a bicarbonate effect. implying that the ab-
sence of GluM™ is not a sufficient requirement for
this cffect.

A preliminary report of this work was presented at
the 35th Annual Meeting of the Biophysical Society.
February. 1991, San Francisco. USA (Biophys. J. 59,
146a.)

Materials and Metheds

Site-directed mutagenesis. Site-directed mutations of
Rb. sphaeroides DNA were generated using two similar
vector and expression systems described more fully
eisewhere [11.12]. All constructions were based on the
Rb. sphacroides reaction center operon (puf), origi-
nally isolated as a 13 kb BamHI fragment in pBR322
(pJWT1; see Ref. 13). Deletion strains for expression of
mutant genes from a plasmid were obtained through

double recombination with a suicide plasmid (pSUP202;
see Ref. 14) containing the flanking DNA regions of
the Rb. spracroides puf operon, with the operon, itself,
replaced by a kanamycin resistance cassette (Km). The
vectors for expression of mutant genes were based on
pRK404, using either a 5.3 kb BamHI/Hindlll frag-
ment [11] containing the Rb. sphaeroides puf operon,
or a 4.5 kb Pstl fragment functioning under the Tc"
promoter of pRK404 [12]. Site directed mutagenesis
was performed by standard techniques [15,16] either on
the entire expression fragment or on smaller subclones.
After sequencing to select and confirm the mutations,
titc expression fragments were cloned into pRK404
(car-ying the tetracycline resistance marker, Te") and
transferred inio a deletion strain of Rb. sphaeroides by
diparental conjugation with the mobilizing strain of E.
coli. S17-1 [14,17]. In one case, for the mutation
GluM™ - Val, the mutated gene was also incorpo-
rated into the genome by double recombination with
the cxpression fragment in the suicide vector, pSUP202.
Successful exconjugants were selected as Ps* Km® Tc¢®.
Maintenance of the mutation even after photo-
heterotrophic growth was established by dot blot analy-
sis. This is consistent with the very similar growth rates
of th¢ M234 mutants compared to the deletion strain
complemented with wild-type reaction-center genes.

The four mutations at position 234 of the M-subunit
are:

M234EG intrans:  Glu — Gly, single base change: parent strain:
Ga

Glu — Val. two base change: paren strain:
ATCC 17023

Glu — Val, single base changc: parcnt strain:
ATCC 17023

Glu — Gln. single base change: parent strains:
Ga and ATCC 17023

M234EV in cis:
M234EV in trans:

M23IEQ in trans:

Buacterial culture. Rb. sphaeroides cells were grown in
Sistrom’s minimal medium [18] supplcmented with
0.2¢¢ casamino acids. Kanamycin (25 ug/ml) and
tetracycline (2 pg/ml) were present for the in trans
mutants. 50 ml cultures were grown acrobically, in the
dark. by vigorous shaking at 30°C, and then inoculated
into 2 litres of medium for continued growth under
semi-aerobic conditions to induce pigmentation and
synthesis of photosynthetic components, including re-
action centers. In some cases, the semiaerobic cultures
were inoculated into 9.5 litres of Sistrom’s medium,
and grown under light for 4 days before harvesting.
Sequencing of the M-subunit gene in plasmids isolated
from light grown cells showed that there was no pri-
mary site reversion or any secondary site mutations
within 150 bases of the M234 codon.

Chromatophore and reaction center preparation.
Chromatophores, for in situ optical measurements,
were prepared from Rb. sphaeroides strain Ga., and



from the various mutants, as previously described [19].
Reaction centers were prepared from Rb. sphaeroides
strain ATCC 17023, strain Ga and the various mutants
derived from these, by detergent fractionation of chro-
matophores with lauryldimethylamine N-oxide
(LDAO). RCs were further purified by (NH,),SO,
precipitation and by DEAE-Sephacel ion exchange
chromatography [19,20]. Secondary acceptor activity
was normally reduced to about 0.3-0.5 Q, per RC.
When desired, supplemental ubiquinone (20 uM) was
added from a 20 mM stock suspended in 30% Triton
X-100.

Optical measurements. Kinetic absorbance measure-
ment in the microseconds to seconds time range were
performed on an unchopped spectrophotometer of lo-
cal design [20], with excitation provided by a xenon
flash lamp (8 us fwhh). Measurements of picosecond
kinetics were performed on the apparatus described by
Holzapfel et al. [21). The excitation pulse width was
less than 200 fs.

EPR measurements. Low-temperature EPR spectra
were obtained using a Bruker 200D EPR spectrometer
equipped with an Oxford Instruments Liquid Helium
dewar system. Samples (0.3 ml of approx. 30 uM RCs)
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were in 3 mm id. quartz tubes and were chemically
reduced by the addition of 5 mM sodium dithionite
immediately before freezing, Derivative spectra were
obtained under ficld modulation (10 kHz) conditions.

Formate-bicarbonate treatment. Bicarbonate was de-
pleted from the cirromatophores and reaction center
samples essentially as previously described 22). Sodium
formate was added to the sample to 100 mM at pH 6.0
and the sample degassed and flushed with CO.-free
N,, prepared by passing N, gas through a column of
CaCl, and ascarite before rehydrating it with distilled
water. The bicarbonate depletion procedure was con-
ducted at 25°C for at least 2 h to ensure complete
depletion.

Results and Discussion

Charge recombinaiion of P Q7 and P~ Q,,

Following a flash. in the absence of sccondary
donors, the decay of P~ in isolated RCs reflects recorn-
bination of the charge separated states. P Gy and
P*Q,Qg. depending on the reconstitution of Q, func-
tion by the addition of ubiquinone. The decay of P~ in
the presence of ubiquinone occurs by recombination of
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Fig. L. P* Q4 and P"Qy recombination kinctics in Wt and M234 mutant reaction centers. Recovery of the oxidized primary donor in the

absence of exogenous donor, measused at 430 nm. Conditions: 2 uM RCs in 100 mM KCt and 1) mM Bistris at pH ¢ 0 20 M ubiguinone-10

was added with 0,03 Triton X-100. (a) No further additions; (b) bicarbonate depleted with 100 mM sodium formate and degassing at pH 6.0:(0)
with 60 4 M terbutryn. Wild type (W1) and mutants M234EG. M234EQ and M234EV. as indicated.



P~ Q.,Qy through cquilibrium with the P*Q state, as
follows [23.24]:

T AT
POy 7= PO, Oy —— P00,

A

TN

K&} is the equilibrium constant for the one clectron
transfer between Q and Qg and ki, is the rate of
recombination of P7Q, . Since the clectron-transfer
cquilibrium is rapid compared to k:)\- the rate con-
stant for recombination of the P Qy; state is given by
[23-25)

. i
kunrl‘u\[l + ’\;ll.]

(Binding of quinone to the Qy site is presumed satu-
rated.) Thus, measurement of the rates of recombina-
tion of P7Q, (k. determined in the absence of
functional Q) and P7Q, (&, . determined in the
presence of excess quinone) allows calculation of K{').

Mcasurement of the charse recombination Kingtics
in isolated RCs showed very wimilar Kinetics ior the fast
P Q. recombination or the slow P Q,, back-reaction
rate in Wt and M234 mutart PCs at pH 6.0 (Fig. 1),

and also at pH 8.0 and 10,0 (not shown). Furthermore,
formatc had no significant ctiect on these kinctics in
any of the RC preparations (compare traces a and b).
Bicarbonate (1) mM) itself had no cffect (data not
shown). Thus, neither the mutational changes nor for-
maic attected the equiliorium sharing of an clectron
between the two quinones.

Even in the presence of added ubiquinone, a small
amplitude of the tast phase of P™ decay is scen in
isolated RCs; this reflects RCs lacking Q. cither be-
cause of incomplete saturation of the Qy,-binding site
or because of damage leading to non-reconstitutibility
[24.25]. The fraction of fast phase was similar in all
preparations, ranging from 129 in Wt and M234EV
mutant RCs to 20% in M234EG and, again, formate
was without effect. Since 20 uM Q-10 is sutficient to
saturate the Q -binding site in Wt RCs [261, this frac-
tion largely reflects non-reconstitutible RCs. Ter-
butryn. a comp~*ive inhibitor of Q,; activity. strongly
suppressed the vlow phase of the back reaction in all
preparations wsec curves ¢ in Fig. 1), Thus, the muta-
tions did not markedlv Gifeet the binding or functional
proper ies of the quinone sites.
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Fig. 2. Kinctics of ¢lectron transfer from Gy 10 Q. Lett: O Qy 19 Q40 clectron transter kinetics in Wi (top) and M234EV (bottom) mutant

reaction centers. measured at 398 nm. Conditions: as for Fig. 1. (a) No further addition: (b bicarbonate depleted with 100 mM sodicm formate

and degassed at pH 6.0, €0) plus 60 427 e butnvn, Right: Q Oy to Q\QuH, clectron transfer kinetics in Wi (top) ard M2342.G (bottom)

mutant reaction centers, measured at 4 v atter the second of two flaskes given 1 s apart. Conditions: 2 M RCs in 10 mM KCland 10 mM

Mops at pH 7.0. 20 &M uhiguinone-10. 16377 Triton X-100. 10 pM ferrocene. (a) No further addition; (b} bicarbonate «opleted with 1(R) mM
sodium formate and degassed ai ptl 6.0,



Direct measurement of electron transfer from @, 1o Q,,
and from Q ; to O

Transfer of the first clectron from Q4 to Q. fol-
iewing a single flash, was detected by measuring the
atsurbance change at 398 nm. The kinetics for Wt and
M234EV mutant RCs, at pH 6.0, are shown in Fig. 2
left panels); identical results were obtained  for
M234EG and M234EQ rutant RCs. The instanta-
seous absorption change is due to P* Q. In Wt RCs,
the subscquent clectron transfer from Q4 to Qy oc-
cerred with a half time of about 150-170 us when
analyzed as a single exponential component. In all the
£4234 mutant RCs, the half-time was similar (170-180
us). Treatment of Wt or mutant RCs with 100 mM
tformate and flushing with N, for about 2 h at pH 6.0
id not change the kinetics of clectron transfer from
Q. t0 Qy (compare traces a and b). The inhibitor
t.rhutryn cffectively blocked clectron transfer in all
O preparations (see curves c). Bicarbonate (10 mM)
had no cifect (data not shown). The Wt and all three
M234 mutant RCs also exhibited similar clectron trans-

signal at 450 nm (Fig. 2. right pancls), preceding the
decay of P due to slow electron donation from fer-
rocene. For Wt RCs. at pH 7. the half time for electron
transfer was 270 gs. In M234EG and M234EV mutant
RCs. the halt-time was 330 us. Formate treatment had
no consistent cifect (< 1537 change) on any prepara-
tion. and bicarbonate (1) mM) had no effect (not
shown).

[t is cvident from these results that neither the first
nor the second clectron transter to Qy; was kinctically
impaircd, or cven detectably altered., in the M234
mutant RCs.

Two-electron gate oscillations of semiquinone formation
and disappearance

In PS 11 and the purple bacteria, export of reducing
cquivalents is achieved through the acceptor quinone
complex where the second quuaone (Qy) functions as a
twe-electron gt ., .osing reducing equivalents out of
the RC only in pans [27].

i

fer kinetics at pH 8.0 (not shown). Itflash: Q\Qy - == 0 Qy «— 0Oy
The kinctics of clectron transter from Q4 to Qy W
sfter the sccond flash, were determined in the pres- dflash: QQpu ——— - Ly QQyll,
nee of a low concentration of ferrocene. sufficient to o
trap PQ,Qy «fier the first flash. Following a second
{lash. the clect:on transfer from Q4 to Qp was seen as Ol
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Fig. 3. Semiguinone oscillations measured at 450 nm. Conditions: 2 uM RCy in 100 mM KCL 10 mM Tris, 10 mM Bis-tris, pH 6.0, 20 uM

whicuinone-10. 1.17¢ Triton X-100, and 300 g M ferrocene. (a) No further additions: (b) bicarbonute depleted by addition of 100 mM sodium

forinaie and degassed at pll 6,02 () plus 60 g M terbutryn. Left panels: Wt RCS; right panels: M234EO mutant RCs. Flashes were given at 1y
intervais.
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(P~ is re-reduced after cach flash and is om.tted from
this scheme.) Q represents the quinone pool of the
clectron transport chain. Binary oscillations in the for-
mation and disappearance of the stable anionic
semiquinonc of Qy are shown in Fig. 3 (top pancls). A
stable semiquinone signal is obscrved after an odd
number of flashes, giving an oscillation with a period of
two (measured at 450 nm). The clectron transfer equi-
libria between Q and Q, generate a small population
of Q.. in which state the RC fails to turnover upon
subsequent activation. This lcads to damping of the
oscillations [23.28]. Very similar oscillatory patterns
were seen for Wt and M234EQ mutant RCs, and
formate treatment did not affect the oscillation of the
semiquinone signal in either type. The differences be-
tween traces a and b are duc to some dilution during
the formate treatment. and to bascline drifts due to
differences in light scattering of the two samples. They
do not reflect a significant change in the functional
parameters of the oscillatory activity. This result indi-
cates that the mutational change at M234 did not alter
cither the first or the second clectron transter equilib-
rium between Q. and Q. or the yield of quinone
reduction. Oscillations in the semiquinone signal were
abolished by 60 M terbutryn in all samples (Fig. 3,
bottom pancls).

Electron flow in chromatophores

In Rb. sphacroides. light-induced charge separation
in reaction centers is followed, in situ. by a cyclic
clectron transfer from Qgy back to P* via the
ubiguinone pool and cytochrome b /¢, complex in the
membrane, and cvtochrome ¢, in the periplasm. Elec-
tron transfer to the b /¢, complex was determined in
Wt and M234EV mutant chromatophores by following
the reduction of cytochrome b-561, measured from the
absorbance differcnce between 561 and 574 nm (Fig.
4. Valinomycin was present to  eliminate  clee-
trochromic shifts associated with the membrane clectri-
cal potential, and antimycin A was added to block the
rapid reoxidation of h-type cytochromes. Ferricyanide
wis added in an attempt to fully oxidize Q. but this
component is notoriously difficult to equilibrate {29].
The fact that cytochrome b reduction was obscrved
after a single flash indicates that Q; was not equili-
brated with the prevailing redox potential, but was
present in a roughly 50:50 mixture of Qy and Q.
essentially the steady-state condition. The extent and
kinetics of reduction of cytochrome b-561 were the
same in both Wt and M234EV mutant samples, and
showed no sensitivity to formate treatment or to addi-
tion of bicarbonate (10 mM, not shown) in either Wt or
mutant chromatophores. However. terbutryn was in-
hibitory, as expected (not shown). At the high ambient
redox potentials used here, the kinetics of cytochrome
h-561 reduction are very slow and non-exponential due
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Fig. 4. Reduction of cytochrome by, in chromatophores, measured
by the absorbance change at 561-minus-574 nm, Chromatophores
were added to 100 mM KCLL 10 mM Tris and 10 mM Bistris (pl1 6.0)
to an absorbance of 2 at 800 nm. Ferricy:nide (=100 uM) was
added to raise the redox potential to 380-400 mV, and 2 pg/ml
valinomycein and 2 pg/ml antimycin A were also present. (a) No
further addition: (b) bicarbonate depleted with addition of 100 mM
sodium formate, and degussed at pH 6. Top panel: Wt chromato-
phores: bottom panel: M234EV mutant chromatophores.

to the sccond-order nature of the reaction [30,31). The
process involves the reduction and rclcase of quinol
from the reaction centers and diffusion of quinol to the
cytochrome b /c, complex. with an overall halftime of
10-20 ms. The essential identity of the Wt and mutant
kinetics strongly indicates that all potentially rate-limit-
ing steps arc unaltered in the mutants.

EPR signals of the Q0 semiquinone

The electron acceptor quinone complex of bacterial
and PS I1 RCs is centered on an iron atom. Although
the iron probably does not play an active redox role in
clectron transfer, it does exchange couple with the
semiquinone species of Q, and Qp to give rise to
unusual and very distinctive low-temperature EPR sig-
nals for Q;-Fe!" and Qp-Fe", centered at g=1.82
[32.33]. It is reasonable to expect these signals to be
sensitive to the structural integrity of the acceptor
quinone complex. The low temperature EPR signals
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Fig. 5. Low-temperature EPR spectra of Q4-Fe!' in Wi and M234
mutant RCs. Samples containing 30 uM RCs. in 100 mM KCLL 10
mM Tris (pH 8.0), were reduced with S mM dithicnit. immediately
before freczing. Spectrometer settings: microwave power = 20 mW,
frequency = 9.300 + (.002 GHz: modulation amplitude = 20 G: tem-
perature = 5 K. Dotted line: Wt RCs: dashed line: M234EV mutant
RCs: solid line: M234EG mutant RCs.

for Qx-Fe!! in Wi, M234EV and M234EG RCs. re-
duced by dithionite at pH 8.0, are shown in Fig. 5.
Similar results were obtained at pH 6.0 and 10.0. There
is no appreciable difference between Wt and the M234
mutant RCs. implying a remarkable conservation of the
coupling and structural parameters of the intcraction.

Primary events

The non-essentiality of the iron atom in acceptor
quinone function has been demonstrated by the cle-
gant cxtraction and reconstitution experiments of De-
bus et al. [34). Removal of the iron, with carcful
retention of the H-subunit, caused only a 2-fold slow-
ing of the first clectron transfer to Qy and a 3-4 fold
slower steady-state turnover rate. The latter includes a
significant decrease in the quantum yicld of Q, reduc-
tion which later mcasurcments showed to be due to an
unexpectedly large effect on the rate of reduction of
Q,, by BPh ", which was slowed from 200 ps to 4 ns
[35]. Sub-nanosecond measurements on M234 mutant
RCs showed no effect of the mutations on the very
carly events leading to reduction of bacteriopheo-

TABLE |

phytin, H .. which have recently been resolved into two
phases reflecting reduction of the accessory bacterio-
chlorophyll. B,. in 3.5 ps, followed by electron transter
to H . with a characteristic time of 4.9 ps [21]. How-
cver, the subsequent clectron transfer to Q,, was 2-fold
slower in M234EQ and M234EV mutant RCs than in
Wt RCs (Table 1.

Replacing glutamate with glutamine, glvcine or va-
line must eliminate one or more of the native ligands
contributed from GluM** to the iron. as well as the
partial compcensation of the ferrous ion charge pro-
vided by an ionized glutamete. It wowid seem reason-
able to expect, therefore, possibly significant structural
alterations in the mutants - cither to obtain suitable
charge compensation and liganding from other ncarby
candidates (there are several acidic groups in this re-
gion of the structure) or to climinate the iron atom
altogether. However. the EPR signals of the Q,
semiquinone in Wt and mutant RCs indicate that any
perturbations of the acceptor quinone complex do not
affect the exchange coupling through the intervening
histidine ligands. This result is partially confounded by
the mild. but dciinite. cffect of the mutations on the
picosccond kinetics of electron transfer from BPh ™ to
Q,. It is difficult to sce, 1n a simple model, how this
can be compatible with no perturbation of the Q ,-Fe"
EPR signal. which should be a rather sensitive probe of
both clectrostatic and structural influences [33]. In PS
11, for example. formate-induced depletion of bicar-
bonate causes a marked narrowing and intensification
of this signal. although it is not affected by some
herbicide resistance mutations in the Qyy pocket {36].

Conclusions

Studies on the bicarbonate effect in oxygen-cvolving
organisms have suggested two roles, possibly associated
with two distinct binding sites [1-410]: (1) as a direct
ligand with Fe". to provide a stable conformation for
functional e¢lectron transfer; (2) as a proton donor to
the plastogquinone reductase site in the D1-D2 protein.
The kinctic behavior of Wt and Glu™** mutant RCs of
Rb. sphacroides s summarized in Table 1. which lists
the hfetimes for all electron transfer steps involved in

Lifetimes () for various electron transfer steps in reaction centers of W and M234 mutants

P Q, P"Qp Q, Q4 O\ 0y Pt B, By »H, H, ~0,
recombination (us) (us) (ps) (ps) (ps)
ms ms
Wi 170 + 15 1125 +£30 225420 300+ 30 35+04 094 0.2 2+ 20
M234EQ [GRE N 1095 + 30 260+ 20 - I5+04 09+ 0.3 RHIERI]
M2EV ISS+ 18 1096 + 30 245+ 20 Je0+ 40 385+04 (L9 + 6.3 47t 20
M2MEG 165+15 11704+ 30 M5+20 i3+ 40 - -
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the turnover of the reaction center. The mutants
showed almost wild-type behavior for all processes and
exhibited no cffect of bicarbonate-depletion (formate
treatment) on eleetron transter from Q4 to Qy and
from Q. to Q. on the two clectron gate operation. or
on the decay of the PTQ, and P Q; states. Experi-
ments on chromatophores  trom  wild-type  Rb.
sphaeroides (Strain Ga) and from mutant M234EV
showed no significant formate /bicarbonate effect on
the light-initiated clectron transfer from Q, to cy-
tochrome b-561, Furthermore, the EPR signal of the
Q,-Fe" spin system suggests that any perturbations
that may accompany the mutational substitutions at
M234 arc very small. These results imply that the
structural integrity and function of the acceptor
guinone complex in bacterial RCs. including the cen-
tral iron-histidine ligand interaction, is not very sensi-
tive to the provision of the fifth and sixth ligands by
GluM*™. 1t scems. therefore. that the requirement for
bicarbonate in PS ., is not accounted for by a simple
bicarbonate / carboxvlate Fe-ligand homology. although
it must be recognized that there arc other primary
structure differences between PS 11 and bacterial RCs,
in this region. A possible involvement in proton trans-
fer is not addressed directly as Glu™M™ is not impli-
cated in such an activity in bacterial RCs. However,
recent site-directed mutagenesis studies on other car-
boxylic residues in the Q) binding site of Rh
sphacroides RCs have revealed a erudial role for Glu'-"
and Asp'*'' in proton transfer activities, and muta-
tional lesions at these sites exhibited behavior reminis-
cent of bicarbonate-depleted activites in PS 11{37). The
relationship between these observations is under fur-
ther study.
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