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In bacterial reaction centers protons can diffuse to the secondary 
quinone by alternative pathways 
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TIIc Int.'ch;itllnlll,, ol i~lOhHi conthtction to lilt.' r¢dtic¢d ~,¢cotldziFy quilloil¢ in bacterial re;iclion centers  were s tudied in wild-type 
alld gcllcliuall~ tllodifictl reaction colliers from blhodol~at't~,r t 'apst lhl tu~,  in lhe 1.212-213AA double mutan t  (L212Glu ~ Ala, 
I 213&sp , Ala). reaction center  ftmction is sc~ercl~ altered, lto~vevcr, a photoconlp¢lell!  rcvcrtant  of  this strain which carries a 
third "compensating" mtllaliou. M231Arg ~ I.cu. at about 15 ,& from the secondary quinonc,  display,~ the normal  proton binding 
function of the rcaclion center.  Furlhcrm(~rc. the apparent  p K  vahncs of group(n) invob, cd in the stabilization of  the semiqu inone  
atliotl ~;,c tcs tolcd I'l~ r that tilutation. Wc COllt'Itldc that 1.212Glu ;.ind 1.213Asp are uol obligatory residues h~r proton donation to 
Oi~ fil Rt~. ca l~ ,h t t , . s .  Wc suggest thai protons  can bc delivered to the Ol~ sits from the cytoplasm via a nctw~.)rk of  proton 
channels  activated b) compensatory mutat ions,  possibly invol~ing ~,,atcr molecules bound  in the interior of  thc reaction ccnter .  

In purple photosynthetic bacteria, light excitation 
energy is converted into electrochemical free energy in 
the reaction center (RC) protein. The first product of 
the R(" ~laa~. is stable for tcns of milliseconds is a 
photooxidized bacteriochlorophyll dimcr, P ' ,  and a 
reduced quinonc in the primary site (Oa).  However. in 
less than a millisecond, before the P 'O,x  state can 
decay, O,x transfers an electron to a secondary quinone. 
Ow The O,x and O~ :;ites arc located near the cyto- 
plasmic side of the membrane but arc shielded from 
the external aqueous medium in part by the L and M 
polypeptidcs, and also the H polypcptidc which caps 
the sites and extends into the aqueous medium. The 
rcdox catalysis at the O~ site is distinct from that 
obsern'cd at the O,x site in that O~ can accept electrons 
from O,x in scqucncc, forming first transiently Q~,  and 
thcn O~ , which rcquires the obligatory binding of two 
protons to form the final product QL~H~. Thc quinol 
molecule can then leave the site, enter the quinonc 
pool. and bc replaced by a quinone to allow the pro- 
ccss to occur again. Onc of the principal questions 
regarding redox catalysis at the Ol~ site is how protons 
are translocatcd from the aqueous mcdium through the 
protein to the O1~ site to form Oi3H.,. 

Correspondence to: I'. Sebban. UPR 41)7, Bat. 24. CNRS. Gil sur 
Yvctlc ql Iq~. l:rancc. 

Site-specific mutagcnesis of RCs has been used in 
an attempt to elucidate this mechanism. Results sug- 
gest that L213Asp and L212Glu may be important in 
donating protons to reduced Q a  in wild-type 
Rhodohacler sphaeroides RCs [1-3]. It was shown that 
when L212Glu and L213Asp were changed, either 
singly or together to the nonprotonable amino acids 
Gin and Asn, rcspcctively, proton binding was severely 
impeded [I-3].  From thcir rcsults, Takahashi and 
Wraight [3] for thc L212Glu-L213Asp ---, GIn-Asn dou- 
blc mutant of Rb. sphaeroMes, and Paddock ct al. [1] 
for the L212Glu --> Gin mutant of Rb. sphaeroMes have 
suggcstcd an obligatory role for L213Asp and L212Glu 
in electron and proton transfer to O~. In the present 
work. wc have characterized a photosym.hetically in- 
competent ( P S )  double mutant, L212Glu-L213Asp -o 
Ala-Ala, of Rhodobacter capsulatus and a photocompe- 
tent (PS +) revertant of this strain that carries the 
L212Ala-L213AIa mutations as well as a compensatory 
mutation, M231Arg--> Lcu, far from Qn. Therefore, 
our data on the revertant strain suggest that L212Giu 
and L213Asp are not obligatory intermediates in the 
pathways for proton donation to Q~. 

The system of plasmids described by Bylina et al. 
[4,5] was used for the construction of the double site- 
spccific mutant L212Glu-L213Asp ~ Ala-Ala. For the 
strains discussed here. Rb. capsulatus deletion strain 
U43 se~'ed as the host [6]. U43 complemented in trans 



by plasmid pU2922 [5] is defined as the 'wild-type'. 
The constructio,J and initial characterization of the 
PS- double mutant strain (U43[pR212-213AA]) and 
the isolation and characterization of the PS ÷ revertant 
strain (U43[pLL7]) will be reported elsewhere (Han- 
son, D.K., Tiede, D.M., Nance, S.L. and Schiffer, M., 
unpublished observations). Mapping of the second-site 
plasmid-borne suppressor mutation was performed as 
described previously [7]. All strains used for RC prepa- 
rations were propagated under chemoheterotrophic 
(semi-aerobic, dark) conditions on either MPYE [8], 
RCV [9] or 'RPYE'  medium (2/3  RCV, 1/3 MPYE). 
Double-stranded DNA sequencing was performed ac- 
cording to directions supplied with a kit (Sequenase, 
United States Biochemical Corporation). 

RCs were prepared essentially as previously de- 
scribed [10,11] except that the concentration of lau- 
ryldimethylamine oxide (LDAO) used to solubilize the 
chromatophore membrane was 1%. The absorbance 
changes related to the P+Q~ decay kinetics were fol- 
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lowed at 865 nm on a homemade spectrophotometer. 
in order to calculate the Q,~QB ~ QAQ~ equilibrium 
constant values, the pH dependences of the rate con- 
stants of P'-QA charge recombination decays (k,w) 
were also measured at 865 nm. 

Cytochrome oxidation in a series of flashes was 
detected at 550 nm in the presence of 40 tzM cy- 
tochrome c 2 and 200 ~M sodium ascorbate. Semi- 
quinone oscillations were detected at 450 nm in the 
presence of 500 #M diaminodaurene (DAD) and 1 
mM sodium ascorbate. 

Depending on the pH range, the pH buffers were 
Mes (2-[N-morpholiao]ethanesulfonic acid), Bistris- 
propane (1,3-bis[tris(hydroxymethyi)methylamino]pro- 
pane) or CAPS (3-cyclohexylamino-l-propanesulfonic 
acid). 

Although the amino-acid substitutions were mod- 
eled by using the Rb. sphaeroides structure, numbering 
of the residues corresponds to the Rb. capsulatus se- 
quence [12]. 
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Fig. 1. Molecular model, using the Rb. sphaeroides structure [13], showing the interactions between the amino acids described in the text. The 
wild-type version is pictured (L212Glu-L213Asp-M231Arg). The quinone molecule is represented by dashed lines: numbers refer to the Rb. 
capsulatus sequence [12]. In tl',: photosynthetically incompetent double mutant strain, L212Glu and L213Asp are replaced by alanines. In the 
revertant strain, L212Ala and L213AIa are still present and a distant amino-acid substitution, M231Arg ---) Leu, disrupts the salt bridges formed 
between M231Arg, HI25Gm and H232Glu. This substitution acts as an intergenic suppressor of the double mutation in the QB site, restoring the 

photosynthetic phenotype. 
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Genetic mapping and I)NA sequencing h;.ts con- 
firmed that the revertant strain described llClC 
(U43[pLL7]) actually carries both of the original site- 
specific mutations (L212Ala-L213Ala) as ~vell as a ~ec- 
ond-,itc suppressor mt, tatitm ;it M231 ( A r g - ,  l,cu) 
that conlpcnsatcs for the h",ss of L212GIu and L213Asp 
{ttanson, D.K, Tiedc, I).M.. Nancc, S.L. and Schiffcr. 
M.. unpublished observations). In the wild-type Rb. 
sphaer<fi&'+' structure, M231Arg is involved in con- 
sctx'cd ion pair interactions with H I25Glu and H232Ght 
(Fig. I [13]). Disruption of these ion pair interactions 
by the M231Arg--* Leu mutation changes the charge 
distribution in this region of the RC by removing a 
positively charged residue, thus freeing up a potential 
negative charge. The oxygen atoms of the carbonyl 
groups of H I25Ghi and H232Glu arc 4-6 A apart and 
their closest distances from the carbony! oxygen (O2) 
oI Qu arc about 14 A and 18 ,,~, respectively. 

Fig+ 2 shows cytochromc oxidation induced by a 
series of near saturating flashes, activating RCs of the 
wild-type, the double mutant and the revertant. The 
ability of the RCs to photooxidizc cxogcnous cy- 
tochrome c, after each of several flashes is related to 
the capacity of the Qx and Ou acccptors. Thus, the 
oxidation pattern displayed by the wild-type RCs corre- 
sponds to an unrestrictcd electron transfer from QA to 
Ou and the quinonc pool. However, cytochrome oxida- 
tkm by the RCs from the PS  double mutant strain arc 
restricted" the amplitudes of the oxidation after the 
first and second flashes arc virtually unaltered, while 
those of the third and subsequent flashes arc dramati- 
cally smaller. Examination of the revertant strain 
yielded the results also shown in Fig. 2. This revcrtant 
yielded results strikingly similar to those from the 
wild-type. Measurement of the steady-state rate of 
cytochromc oxidation in RCs of the revertant had 
previously determined that muhiplc fast turnovers oc- 

AA 550 

L212-213AA 

revertant 

WT 

100 ms 

Fig. 2. Multi-flash cytochrome c oxidation (at 5511 nm) in reaction 
centers isolated from the valid-type, the L212-213AA double mutant 
and the rcvcrtant (L212A-L213A-M231 L) strains of Rb. capsulatlts. 
I11 mM Tris Iptl 7.8). 0A)5c~ LDAO. 200 ,o.M sodium ascorbate. 41) 

p.M cytochmmc ~. 

AA 450 

WT 

L212-213AA 

is  
Fig. 3+ Scmiquin nc oscillations in reaclion ccnlcrs isolated from Ihe 
valid-type, the 1.212-213AA double mutant and the rcvcrtant slrains 
(I,212A-1213A-M23!I,) of Rh. t'apstlhttus. Ill mM Tris (pil 7.8L 

0.115' ; I.DAO. I mM ascorbalc, 5110/aM DAD. 

currcd, indicating rapid equilibration of QBH2 with 
the quinonc pool (Ticde, D.M., Flory, J. and Hanson, 
D.K.,unpublished observations). 

Another more direct way of examining the reaction 
is to follow the formation of the semiquinone in the QA 
and QB sites. Fig. 3 shows, at pH 7.8, that in the 
presence of exogenous donors (DAD) to P+, the wild- 
typc RCs display the typical semiquinone oscillations 
obscrvcd in Rb. sphaeroMes [14,15]. In RCs from the 
PS- double mutant, these oscillations are not ob- 
served. Instead, a slow semiquinone decay is observed 
on each flash, suggesting that QB cannot accept a 
second electron. These results are consistent with those 
derived from the multiple flash cytochrome oxidation 
measurements. The observed signals are likely to re- 
flect the formation of Q7 x and Q~,  which do not 
require proton uptake. However, formation of Q~s- is 
energetically unfavorable without provision of protons, 
hence all further reactions are prevented. This result 
agrees with the work of Takahashi and Wraight [3]. 
However, in RCs from the PS + revertant, the 
semiquinone oscillations are recovered (Fig. 3). The 
oscillations show that proton uptake does occur in the 
revertant with a rate that does not significantly limit 
the reduction of Qu ,  and appea;s comparable to that 
of the wild-type. This observation corroborates the 
steady-state cytochrome oxidation observations de- 
scribed above, and clearly shows that RCs isolated 
from the revertant function well in the absence of 
L212GIu and L213Asp. 
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Fig. 4. p i t  dependence of k lu,. the P* QI~ charge recombination,  in reaction center~, from the wild-type, the L212-213AA double mutant  and 
the revertant (L212A-L213A-M231L) strains of  Rh. cap.s'ulatu~. Buffers are as described in the methods.  0.(|5r; LDAO.  

The recovery of RC function in the revertant 
prompted us to examine the pH dependence of the 
rate constant of P+QB charge recombination decay 

kinettcs (kat,). The kBp value is directly related to the 
amount of semiquinone stabilization. The pH depen- 
dence of k m, therefore k~entifies pK values of groupts) 
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Fig. 5. p H  dependence  of K z. the QA ~ O a  electron transfer  equilibrium constant,  in the wi ld-bp¢ and revertant (L212A-L213A-M231L) 
strains of Rb. capszdalus. Lines are drawn according to equation 1. At higb pH,  the derived p K  values are PKoz, oa  = 10.3_+0.1 and 
pKoAo6  = 11.6 +- 0.3 for the rAid-type; for the revertant,  p K o ; , o  B = 1,0.7 +- 0.3 and p K o : , o  6 = l1.5 +0.3.  At Io~ pH.  in the wild-type, pK ,0~o ,  = 
4.2 +_ 0.2 and  P Ko~,ot, = 5.1 _+ 0.1: in the revertant ,  pKo,~o u = 4.3 + 0.2 and pKo~,o . = 4.8 _+ 0 .L Note the large difference in tile mag:q~udes of  

the K 2 variation in the wild-type versus the revertant  at low pH. The variation of K.~ in the revertant is significantly smaller. 
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involved in the scmi(luinonc stabilization. The pH 
titrations of k ~, for the wild-type, the double mutant. 
and the rcvcrtant arc shown in Fig. 4. 

in the pH range 4-7.  a marked variation ,,)t k~ ,  is 
obsencd  (Fig. 4). in Rb..wluwrokh's. this substantial 
dcstabilization of O~ has previously bccn attributed to 
dcprotonation of L213Asp [2,3]. Above pH II1, dcstabi- 
lization ol Qi~ is also obscr~'cd hcrc in Rb. Cal~SUhtttts. 
In Rb. sphaerohh, s. that process was suggested to bc 
due to deprotonation of L212Glu [I]. 

Fig. 4 also shows the very. substantial stabilization of 
the scmiquinone in the double mutant. At pH 7, the 
ratio between the k BP values measured in the wild-type 
and the double mutant RCs is about 111, suggesting that 
Ql~ is stabilized by an additional 60 mcV in the double 
mutant compared to the wild-type. The same value was 
obtained by Takahashi and Wraight in the L213Asp 
Asn mutant of Rb..v~haerokh's [2]. suggesting that 
there arc similar dielectric distances (G)  between the 
side chain of L213Asp and QB it, Rb. sphaeroides and 
Rb. capsuhltux. 

The other main difference between the double mu- 
tant and the wild-type arises from the absence of pH 
dcpcnde. :c of kl~ I, in RCs of the double mutant. The 
results arc the same as measured for the k212Glu- 
k213Asp ---, GIn-Asn double mutant of Rb. sphaeroides 
[3] and would apparently confirm that L213Asp and 
L212Glu are responsible for the markcd k ~p variations 
observed in the pH range 4 -7  and above pH !11. 
respectively, in the wild-type. 

In the rcvcrtant, above pH 5. Q~ is stabilized com- 
pared to the wild-type, but much less than in the 
double mutant. This is most likely due to the absence 
of the positivc charge of M231Arg in the revertant. At 
pH 7. k ~l, is about 11.25 s t in the rcvertant, compared 
to I).65 s--1 in the wild-type. Much to our surprise, the 
behavior of k Bi, in the revcrtant again mimics the 
wild-type in displaying a 2.5-times increase in the pH 
range 11t-11.2. Although smoother than in the wild- 
typc. a low pH variation of k m, is also observed in the 
rcvertant. Neither pH variation, especially that de- 
tected at high pH. can bc explained in this case by the 
specific dcprotonation of L213Asp and L212Glu since 
in the rcvertant both residues wcrc replaced by ala- 
nine. 

In order to determine the pK values associated with 
the variations of Q/~ stabilization, we have calculated 
the pH dcpendence of the QAQB'--'Q,xQB equilib- 
rium constant (K ,  + 1 = kA~,/kBp; [16]), leading to the 
pH titration curves for K~ shown in Fig. 5. It was thus 
necessary to measure the pH dependence of kAp. For 
the wild-type and the revertant, the charge recombina- 
tion decay (kAp)curves arc supcrimposable {data not 
shown). A smooth regular pH depc~dencc is observed 
in the pH range 4-11.5 (kAp) ~ ;~, 'ing from 161! ms to 
about 80 ms. This probably a ~ , . , ,  ~:, tL'- 't direct route 

of charge recombination from the P*Q,x state in Rb. 
capstthtttts, if only one protonation event occurs in the 
Q~ vicinity in the pH range where the curves arc 
analyzed, one can fit the K, curves as fi~llows: 

I + I() (pl l  Ph'°x°"J 
K . ( p H )  = K !  t" (1) 

I + ]11 Ip l l  PKo~,OB) 

where K] ~* -cpresents thc K,  value at low pH, 
pKod.h ' and P K o x o ,  are the pK values of the proton- 
able groups closc to Q ,  when the clcctron is on Q a  
and on QA, rcspectivcly. For simplification, as has bccn 
previously done [3], wc neglect any direct interactions 
between this group and Q,x- 

Fitting the K,  curves of Fig. 5B by Eqn. ! leads to 
similar pK values for the wild-typc and the rcvcrtant, 
at high pH. For thc wild-typc, P K o , o  = i11.3 ±11.1 
and P K o , o ,  = 11.6 ± 0.3; for the revcrtant, pKo, ,o"  = 
111.7 ± 0.3 and pKod,h, = i 1.5 + 0.3. Although the p K  
values have some uncertainty because neither titration 
is complete, the courses of the titrations are close 
enough in the wild-type and the rcvertant to suggest 
that the groups involved in that deprotonation behave 
in a similar manner. Clearly this residue can not bc 
L212Glu, since L212 is an alanine in the rcvertant. 

The K,  variation curves at low pH are displayed in 
Fig. 5A. lfitting the data by Eqn. 1 yields PKo, ,o" = 4.2 
±1}.2 and PKo,,o,, =5.1 ±1).1, in the wild-type, in 
agreement with the determination done in Rb. 
.~phaeroides [3]. in the revcrtant, the PKo,,o,, = 4.3 ± 0.2 
and p K o , o "  = 4.8 _+ I}.1. However, the average pK of 
the titrations is about the same in the two strains: 
= 4.6. This value suggests that again, the groups re- 
sponsible for this deprotonation are likely to have 
similar properties and could bc the same in both strains. 
Therefore. this argues against the mandatory participa- 
lion of L213Asp in the scmiquinonc stabilization at low 
pH in Rb. capsulatus. The smaller calculated value of 
zxpK (pKoxo:  ~ minus P K o , o  .) in the revertant re- 
flects a lower interaction energy between Q~ and the 
protonatablc group(s) and is responsible for the much 
smaller variation in K,  that was observed {Fig. 5A). 
] 'his may result from a higher screening effect in that 
strain, a slightly higher local dielectric constant, a n d / o r  
a greater distance between Q ,  and the protonatable 
group(s), possibly HI25Glu a n d / o r  H232Glu, in the 
revertant. 

The highly deleterious effects on Qt~ function ob- 
served in this work that result from the alteration of 
L212Glu and L213Asp to alanincs agree with the ear- 
lier findings that led to the suggestion that these 
residues arc reqdircd for the final stages of intrapro- 
rein proton translocation from the external aqueous 
medium to the reduced quinonc at the Qu site in the 
wild-type [ 1-3]. 
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The results obtained on the revertant arc thcreforc 
very surprising. In this strain, the M231Arg---, Leu 
mutation is sufficient to restore photosynthetic growth 
to a Icvcl similar t.o that of the wild-type (not shown). 
Our  results show that the RC function that requires 
delivery of protons to the Qt~ site, which is lost in the 
PS- L212-213AA double mutant, is totally recovered 
in the RCs from the rcvertant. Moreover, the depen- 
dency on pH of k Bt, behaves in a manner that resem- 
bles the wild-type and suggests that protons are effec- 
tively driwzn to Q~ in the revertant. 

Whether  the effect of the absence of M231Arg in 
the PS ÷ revertant described here is direct or indirect, 
it influences the charge balance of the RC. The re- 
placement of M231Arg by the aliphatic leucine is suffi- 
cient to partially restore the apparent  pK values of the 
two "resultant' groups, possibly H I25Glu and H232GIu. 
responsible for the high and low pH dependence of 
kut,. How the M231Arg--* Leu alteration, some 15 
from the QB site, restores function is not certain at the 
present time. However, M. Gunner  (personal commu- 
nication) has demonstrated that there is an electro- 
static interaction between M231 Arg and Qu ( - 1 . 5  
kcal /mol) .  The wild-type Rb. sphaeroides structure 
shows that M231Arg forms salt bridges with a pair of 
acidic residues in the H chain, HI25Glu and H232Glu. 
Based upon the probable structural similarity between 
the Rb. capsulatus and Rb. sphaeroides reaction cen- 
ters, the M231Arg--,  Leu mutation could restore a 
'di-aeid'  that could be functionally equivalent to the 
original L212Glu-L213Asp pair, albeit ~ 15 .A, away 
from the QB site. The Rb. sphaeroides structure shows 
that the distances between the oxygen atoms of the 
earboxyl groups of L212G/u-L213AsPoand H125Glu- 
H232Glu are similar (5-6 A and 4 -6  A, respectively). 
The role played by water molecules located between 
Qu and HI25Glu-H232Glu could also be relevant, in 
Rhodopseudomonas viridis RC crystals, channels of wa- 
ter molecules exist between the cytoplasmic ,.-.tde of the 
rrotein and the Oa  site (Diesenhofer, J. and Michel. 
H., personal communications). 

Taken all together, our results strongly suggest that 
L212Glu and L213Asp can be replaced by other 
residues in the revertant for tbc events leading to 
proton donation to QR- While L212Glu and L213Asp 
are important in wild-type Rb..~phaeroides and Rb. 
capstdatus, they are only part of a larger network of 
protonatable amino acids in the QB vicinity, it is inter- 
esting to note that m Rps. t'iridis RCs, where L213Asp 
is naturally asparagine, a very substantial acceleration 

of k iw is observed from pH 4 to pH 8 in a very similar 
way as in R#. sphaeroides and Rb. capsulatus [17.18]. 
This observation also suggests that it seems unlikely 
that a particular behavior of the protein can be as- 
signed to a single amino acid (see also Ref. 7). 

Wc think that in bacterial reaction centers, proton 
diffusion is likely to take place through several possible 
pathways from the cytoplasmic side of the protein to 
the secondary quinone. Different proton transfer cir- 
cuits may be activated by suppressor mutations in the 
revertant strains to restore function. Those pathways 
could involve bound water molecules. 
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