
It is well known that quinone acceptors play an

important physiological role in photosynthetic reaction

centers (RC) of purple bacteria; they couple very fast

light�induced initial reactions of charge separation and

electron transfer along the cofactors incorporated in RC

protein structure with much slower diffusion�controlled

process of further transport of reduced equivalents to the

photosynthetic membrane. The secondary quinone

acceptor (QB) under physiological conditions of func�

tioning of the electron�transport chain sequentially

accepts two electrons from the photoactive dimer of bac�

teriochlorophyll molecule (P). After that, the doubly

reduced quinone acceptor binds two protons transported

from the cell cytoplasm along special proton�conducting

structures of the RC. The resulting hydroquinone diffuses

to the membrane, being replaced with an electrically neu�

tral quinone from the membrane pool.

The time of stabilization of a photomobilized elec�

tron in the primary quinone acceptor (QA) relative to its

back transfer to photooxidized P in RC from Rhodobacter

sphaeroides at 295 K is ~100 msec [1]. In the case of the

anion�semiquinone QB, this time increases to several

hundreds of milliseconds and seconds. Kinetics of P+

reduction mediated by QB
– usually deviates from a mono�

exponential curve. Perhaps this is due to variation in the

structural dynamic state of the pigment–protein RC com�

plex in studied samples. Various variants of QB binding in

the interior of RC complexes occurring prior to their pho�

toactivation have been described in the literature [2�5]. It

is conceivable that these variants are associated with dif�

ferent states of protonation of amino acid residues closest

to QB [3]. Cooling of RC crystals in the dark and in the

light gives rise to so�called distal and proximal conforma�

tions of QB, respectively (with respect to QA) [6]. Perhaps,

the distal and proximal conformations described in [6] are

extreme cases. In addition, in dark conditions QB is in
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Abstract—The dark reduction of photooxidized bacteriochlorophyll (P+) by photoreduced secondary quinone acceptor (QB
–)

in isolated reaction centers (RC) from the bacterium Rhodobacter sphaeroides wild type and mutant strain SA(L223) depend�

ing on the duration of light activation of RC was studied. The kinetics of the dark reduction of P+ decreased with increasing

light duration, which is probably due to conformational changes occurring under prolonged light activation in RC from the

wild type bacterium. In RC from bacteria of the mutant strain in which protonatable amino acid Ser L223 near QB is substi�

tuted by Ala, the dependence of reduction kinetics of P+ on duration of light was not observed. Such dependence, however,

became observable after addition of cryoprotectors, namely glycerol and dimethylsulfoxide, to the RC samples from the

mutant strain. It was concluded that substitution of Ser L223 with Ala disturbs the native mechanism of electrostatic stabi�

lization of the electron in the RC quinone acceptor site. At the same time, an additional modification of RC hydrogen bonds

by glycerol and dimethylsulfoxide probably includes various possibilities for more effective time delay of the electron on QB.
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dynamic equilibrium with the site of its binding. This fac�

tor also contributes to kinetics of return of photomobi�

lized electron back to P+ after its photoactivation [7, 8].

It is important to note that longevity of stabilization

of photomobilized electron on QB under conditions of

one�electron reduction substantially depends on the

duration of RC photoactivation. Perhaps, this is due to an

increase in the conformational changes in RC structure

associated with multiple repetition of the elementary act

of light�induced charge separation between P and QB and

causing a decrease in the rate of the process of dark

recombination between P+ and QB
– [9, 10]. Effective elec�

trostatic stabilization of photomobilized electron in the

quinone acceptors QA and QB is due to proton displace�

ment in the protein interior of the quinone acceptors. Not

only the closest vicinity of the quinone cofactors is

involved in these processes. It was found that modifica�

tion of the charge state of the quinone acceptors could be

accompanied by changes in the values of pK of protonat�

able amino acids at distances up to 15�17 Å [11�13].

Site�directed mutagenesis proved to be a very effec�

tive tool for studying processes of electron transfer in RC.

For example, in the RC of Rb. sphaeroides this approach

was effectively used to study possible pathways of proton

transfer from cytoplasm to photoreduced QB [14]. These

studies revealed that if mutation inhibited one pathway,

alternative variants could be activated. It is fairly conceiv�

able that these pathways interact with one another. This

interaction can be mediated by various mechanisms,

including a network of hydrogen bonds of water mole�

cules localized in the RC structure [15, 16]. Ser L223 is a

key terminal amino acid residue of RC protein capable of

interacting with a cluster of carbonyl groups of some

amino acids located near QB. The state of protonation of

the amino acids significantly depends on the process of

generation of the semiquinone form of QB [17]. In addi�

tion, theoretical calculations demonstrated that splitting

of the hydrogen bond between Ser L223 and Asp L213

during restoration of QB and formation of hydrogen bond

between serine and QB
– facilitated stabilization of anion

semiquinone of QB [18]. It is of interest to study the influ�

ence of Ser L223 on kinetics of recombination between

quinone acceptors and photooxidized P. In particular, it is

interesting to study the dependence of the process on

duration of photoactivation. The pigment–protein RC

complex isolated from the photosynthetic bacterium Rb.

sphaeroides wild type and mutant strain SA(L223), in

which Ser L223 capable of forming hydrogen bonds with

QB
– through its hydroxyl group was replaced with alanine

incapable of forming such bond.

MATERIALS AND METHODS

Cells of wild�type non�sulfur purple bacteria

Rhodobacter sphaeroides were grown in liquid Ormerod

culture medium [19] under anaerobic conditions in a

luminostat at a temperature of about 30°C for 3 days.

Ammonium malate or sodium malate was used as a

source of carbon. The pH of the Ormerod medium was

adjusted to 6.8 using 10% solution of NaOH and steril�

ized at 0.5 atm for 40�60 min. Yeast autolysate (0.5 ml of

concentrated solution per 10 ml medium) was added to

culture medium before inoculation.

Cells of the Rb. sphaeroides mutant strain SA(L223)

were grown in liquid Sistrom culture medium [20]. When

the culture medium was prepared, its pH was adjusted to

6.8�7.0. Culture medium was sterilized at 0.5 atm for 40�

60 min. Solution of vitamins was prepared separately. It

contained (per 20 ml of water): 20 mg of nicotinic acid,

10 mg of thiamin, 2 mg of p�aminobenzoic acid, and

0.2 mg of biotin. The following antibiotics were also

added to the culture medium before inoculation: tetracy�

cline (10 mg per 1 ml water) and kanamycin (100 mg per

1 ml water). For inoculation, bacterial colonies were

washed off from a Petri dish and diluted in 100�150 ml of

culture medium filled in a 250� to 300�ml flask. The bac�

teria were grown in the dark in a rotary flask shaker (110�

120 rpm) at 30°C for 3�4 days.

To prepare chromatophores, cells of wild�type Rb.

sphaeroides were separated from the culture medium by

centrifugation (6000g, 20 min). The resulting pellet was

suspended in 0.01 M sodium phosphate buffer (pH 7.2)

and disrupted using a UZDN�1 ultrasonic disintegrator

(frequency, 22 kHz; 3 min; 4°C). Undisrupted cells and

large particles were separated by centrifugation (10,000g,

15 min). Fraction of chromatophore membranes was sed�

imented from the supernatant by centrifugation

(144,000g, 90 min, 4°C).

A milder buffer solution was used to prepare chro�

matophores from cells of the mutant strain of Rb.

sphaeroides: 0.02 M Tris, 0.02 M Hepes, 0.1 M KCl, and

0.15 M sucrose (pH 7). Further stages of the isolation

procedure were as described above.

To isolate RC preparations from the wild�type pho�

tosynthetic membranes of Rb. sphaeroides, 0.5% solution

of zwitterion detergent lauryl dimethylamine oxide

(LDAO) was added to suspension of chromatophores

(optical density at 850 nm in 1�cm cuvette, 40 units).

After 30 min of incubation at 20°C, the suspension was

centrifuged (144,000g, 60 min, 4°C). The supernatant was

treated with 22% solution of ammonium sulfate. Floating

precipitate containing RC was dissolved in 0.01 M sodi�

um phosphate buffer (pH 7.2) containing 0.05% LDAO

and dialyzed against the same buffer for 24 h at 4°C to

remove residual ammonium sulfate. Final purification of

this preparation was performed using chromatography on

a column with hydroxyapatite. These procedures were

described in more detail in [21].

To isolate RC preparations from the mutant strain of

the photosynthetic bacterium Rb. sphaeroides, the super�

natant obtained after centrifugation at 144,000g omitting
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preliminary precipitation with ammonium sulfate was

applied to a column with hydroxyapatite (concentration

of LDAO was preliminarily adjusted to 1%). Conditions

of chromatography were the same as described above in

case of preparations of wild�type Rb. sphaeroides. The

RC�enriched fraction eluted from the column was con�

centrated by precipitation with ammonium sulfate, dis�

solved in buffer solution containing 0.05% LDAO, and

dialyzed for one day. Additional purification of the prepa�

ration was performed using chromatography on a column

with hydroxyapatite. The preparation was chro�

matographed after the concentration of LDAO in the dia�

lyzate was adjusted to 3%.

Photochemical activity of RC preparations was stud�

ied spectrophotometrically using a computer�assisted sin�

gle�beam differential spectrophotometer described in

[22]. Detected signal was digitized using a Datalab DL

912 transient recorder (UK) or recorded with a chart

recorder. This spectrophotometer allows the photoreac�

tions in samples to be activated with both pulse and con�

tinuous light. Intensity of continuous actinic light was up

to 102 J·m–2·sec–1. Actinic and monitoring light beams

were separated in time using a phosphoroscope. Pulse

light photoactivation was performed using an ISSh�100

3M stroboscopic lamp (pulse duration, 10 µsec; spectral

range, 400�600 nm; pulse energy, 9 mJ). Actinic and

monitoring light beams were separated using comple�

mentary glass filters. Kinetics of light�induced absorption

changes of bacteriochlorophyll P in RC samples was

measured in the Qy absorption band of the pigment (at

870 nm). The processes of one�electron interaction

between photoactive bacteriochlorophyll and quinone

acceptors were studied, because the RC preparations

studied contained neither physiological electron donors

for photooxidized P (cytochrome c) nor exogenous

donors. Usually, four to seven flash�induced signals were

averaged. The resulting kinetic curves of dark reduction of

P+ were decomposed into exponential components using

the Marquardt method of nonlinear regression analysis

[23].

RESULTS AND DISCUSSION

Kinetic curves of dark reduction of bacteriochloro�

phyll P photooxidized by single light pulses in isolated

reaction centers from the bacteria Rb. sphaeroides wild

type and mutant strain SA(L223) are shown in Fig. 1.

These kinetic curves were decomposed into two exponen�

tial components, three exponential components, or two

exponential components plus a constant background

component. The constant background component corre�

sponds to a very long time of electron return to oxidized

bacteriochlorophyll from QB
– in a fraction of reaction cen�

ters of the sample. Taking into account experimental

error in determination of time and amplitude parameters,

biexponential approximation was found to provide the

best fit of experimental curves. In the wild�type RC, char�

acteristic time (τ) and relative amplitude (A) of kinetic

components were: τ1 = 353 ± 30 msec, A1 = 54 ± 5%; τ2 =

2.0 ± 0.09 sec, A2 = 46 ± 5%. In the mutant strain RC

they were: τ1 = 163 ± 20 msec, A1 = 50 ± 5%; τ2 = 1.8 ±

0.09 sec, A2 = 50 ± 3%. The characteristic time of the

second component is typical of recombination between

P+ and QB
–. Perhaps lower value of τ of the first compo�

nent is due to the fact that gross kinetics of dark reduction

of P+ contains a component attributed to the process of

recombination between P+ and QA
– (τ < 0.1 sec) in the

fraction of RC complexes in which QB is not bound to the

binding site at the moment of photoactivation. It is also

possible that the presence of the faster kinetic component

represents structural dynamic variability of the RC state

in the preparations. As a result, the time of electron stabi�

lization in QB may differ in different RC complexes. It

follows from these data that the time of stabilization in

the anion�semiquinone QB in mutant RC is in general

shorter than in the wild�type RC. This result seems to be

fairly natural, because it was noted above that Ser L223

played the role of a proton donor in the process of stabi�

lization of the anion�semiquinone QB generated during

RC photoactivation. An increase in the rate of the process

of dark reduction of P+ caused by electron transfer from

QB
– was earlier observed in studies of membrane prepara�

tions (chromatophores) of the Rb. sphaeroides mutant

strain SA(L223) [24].

However, it interesting to note that substitution of

Ser L223 by Ala also decreases the time of stabilization of

the anion�semiquinone QA. The rate of this process was

Fig. 1. Kinetic curves of absorption changes of photoactive bac�

teriochlorophyll (wavelength, 870 nm) induced by single short

light pulses in RC from bacteria Rb. sphaeroides wild type (1) and

mutant strain SA(L223) (2).
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measured in the presence of 10–2 M o�phenanthroline. It

is well known that o�phenanthroline is an inhibitor of

direct electron transfer from QA to QB, which competi�

tively displaces the secondary quinone from its binding

site in the RC structure. The time of the process of dark

recombination between P+ and QA
– measured in the wild

type and mutant RC was found to be 76 ± 6 and 59 ±

6 msec, respectively. The trend toward an increase in the

rate of dark recombination between P+ and QA
– in the

SA(L223) mutant RC preparations relative to the wild�

type RC preparations of Rb. sphaeroides was also reported

in [25]. The decrease in the time of dark recombination

between P+ and QA
– in the mutant RC preparations can be

explained by involvement of various protonatable amino

acids in the process of stabilization of semiquinone.

Quinone acceptors in bacterial RC are actually surround�

ed by charge clusters, in which the state of ionization of

amino acid residues gives rise to a large energy of electro�

static interaction between them. About 20 amino acid

residues are arranged in two such clusters near QA and QB

[26]. These clusters share a number of amino acid

residues. Therefore, electrostatic influence of the protein

on electron and proton transport in such a cooperative

system may include the effect of amino acid residues at

distances larger than 15 Å. Redox state of one quinone

acceptor is able to modify the value of pK of ionizable

groups near the other quinone acceptor [11�13].

Electrostatic response induced by changes in the charge

state of quinones is mediated by networks of hydrogen

bonds formed by water molecules and polar groups in the

RC structure between the QA and QB loci. Substitution of

a protonatable amino acid residue in this system by non�

protonatable amino acid residue modifies the state of the

whole system [27].

In other words, protein relaxation under conditions

of changing charge state of protein cofactors is thought to

affect protein structure at rather large distances. This con�

clusion is confirmed by the results of our experimental

study of the dependence of the efficiency of stabilization

of photomobilized electron in the quinone acceptor site

on duration of photoactivation of the RC. In this case,

multiple repetitions of electron trapping on the acceptor

is accompanied by proton displacement in its vicinity and

induces conformational changes in RC structure, which

cause an additional decrease in the rate of dark reduction

of P+. Perhaps electrostatic interaction of the photomobi�

lized electron with deprotonated amino acid groups is the

driving force of the conformational changes.

The results of the study of the dependence of the

kinetics of dark reduction of P+ on duration of photoacti�

vation of RC with continuous light are given in Table 1.

Kinetic curves of RC bacteriochlorophyll dimer absorp�

tion changes during photoactivation of preparations for

10 and 100 sec are shown in Fig. 2, curves (a) and (b),

respectively. It follows from Fig. 2 that in RC from wild�

type bacteria the rate of P+ reduction progressively

decreases upon increasing the photoactivation duration.

This result is fully consistent with our earlier findings and

can be adequately explained within the framework of the

concept of conformational changes of RC progressively

increasing during continuous photoactivation [9, 10]. On

the other hand, kinetics of dark reduction of P+ in mutant

RC was independent on the photoactivation duration (see

Table 1). This result may represent the fact that the proto�

Duration
of photoactivation,

sec

10

20

60

100

200

time (t1/2, sec)
and amplitude

of slow kinetic compo�
nent of P+ reduction

3�5 (20%)

3�5 (20%)

3�5 (20%)

3�5 (20%)

—

Table 1. Dependence of characteristic times and relative amplitudes of kinetic components of dark reduction of pho�

tooxidized bacteriochlorophyll on duration of photoactivation of RC from bacteria Rb. sphaeroides wild type and

mutant strain SA(L223)

amplitude of fast
(t1/2 < 1 sec) kinetic

component of P+

reduction

80%

80%

80%

80%

—

time (t1/2, sec)
and amplitude

of slow kinetic component
of P+ reduction

2.5 (18%) 
45�50 (42%)

3�5 (12%) 
100 (48%)

3 (10%) 
140 (60%)

3�5 (8%) 
150 (70%)

150 (83%)

amplitude of fast
(t1/2 < 1 sec) kinetic

component of P+

reduction

40%

40%

30%

22%

17%

Mutant strainWild�type
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natable amino acid is absent in position L223 of the

mutant RC, and another variant of electrostatic stabiliza�

tion of anion�semiquinone QB is implemented. Perhaps

the variants of proton displacement in the vicinity of QB

less effective for stabilization of QB
– are also possible in

this case (this is evidenced by more rapid reduction of P+

in experiments with pulse photoactivation of RC).

However, these processes do not lead to structural

changes of RC developing with time, which can be

regarded as evidence of lower degree of cooperation

between local changes in the closest vicinity of QB and

more extended structural changes of RC. It is safe to sug�

gest that the structural changes of RC developing with

time are substantially determined by the state of the net�

work of intraprotein hydrogen bonds involving Ser L223

and directly connected to QB
–.

However, it is interesting to note that stabilization of

an electron on QB, which progressively increases upon

increasing the time of RC exposure to continuous actinic

light, in RC preparations isolated from mutant bacteria

can be observed after modification of RC hydrogen bonds

with cryosolvents. It should be noted that the addition of

cryosolvents itself causes an increase in the time of dark

reduction of P+ from QB
– (Fig. 2, curves c, d, e).

Obviously, this fact is due to the cryosolvent�induced

modification of the network of hydrogen bonds of the RC

and can be regarded as additional evidence in favor of the

suggestion that hydrogen bonds play an important role in

the temporary stabilization of an electron on the quinone

acceptors of RC. It follows from the X�ray diffraction data

that there are deep invaginations on the cytoplasmic side

of the RC complex. These invaginations contain ordered

water molecules and allow solvent molecules to permeate

deep into the protein structure. Two large cavities filled

with water were revealed in the RC structure near QB and

close to the cytoplasm side of the RC protein. The short�

est distance between water molecules in these cavities is

3.9 Å [28]. The intraprotein water molecules together

Sample

Addition
of glycerol: 

70% 
87%

Addition of DMSO:

30% 
40% 

RC film

Ratio of
(t1/2(1)·A1 +

t1/2(2) ·A2) values
at 2 min and 15 sec

of illumination

1.1 
1.5

1.2 
1.56

1.05

Table 2. Effect of cryosolvents and partial dehydration on kinetics of dark reduction of photooxidized bacteriochloro�

phyll from QB
– in RC preparations from bacteria Rb. sphaeroides wild type and mutant strain SA(L223) and depend�

ence on duration of photoactivation

time (t1/2(2), sec)
and amplitude (A2,
%) of the second

kinetic component

27 (70%) 
55 (55%)

12 (50%) 
15 (55%) 

23 (30%)

time (t1/2(1), sec)
and amplitude

(A1, %) of the first
kinetic component

3 (30%) 
5 (45%)

1.5 (50%) 
1.5 (45%) 

1.5 (70%)

time (t1/2(2), sec)
and amplitude (A2,
%) of the second

kinetic component

30 (55%) 
35 (60%)

10 (50%) 
12 (40%) 

23 (30%)

time (t1/2(1), sec)
and amplitude

(A1, %) of the first
kinetic component

4 (45%) 
3 (40%)

1.5 (50%) 
1.5 (60%) 

1 (70%)

15 sec of illumination 2 min of illumination

Fig. 2. Kinetic curves of light�induced absorption changes of

photoactive bacteriochlorophyll (wavelength, 870 nm) in RC

from bacteria Rb. sphaeroides wild type (a, b) and mutant strain

SA(L223) (c�e) and dependence on duration of photoactiva�

tion. Duration of photoactivation: a) 10 sec; b) 100 sec; c)

15 sec; d) 15 sec; e) 120 sec; a�c) RC in sodium phosphate

buffer without additions; d, e) samples with 87% glycerol (by

volume). Upward and downward arrows indicate moments of

actinic light on and off, respectively.
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with protonatable amino acids from the quinone vicinity

produce a joint network of hydrogen bonds, which is

obviously involved both in stabilization of the semi�

quinone form of QB and in proton transport from cyto�

plasm after two�electron reduction of the secondary

quinone acceptor. The results of one series of experimen�

tal study of the effect of glycerol and dimethylsulfoxide

(DMSO) on kinetics of dark recombination between P+

and QB
– in RC preparations isolated from the mutant

strain SA(L223) are given in Table 2. In samples contain�

ing these agents, the kinetics of P+ reduction was ade�

quately approximated by a sum of two exponential com�

ponents. Perhaps, like in case of pulse photoactivation of

RC considered above, approximation of kinetics of P+

reduction by a sum of two exponential components cor�

responds to the presence of two RC fractions with differ�

ent times of electron stabilization in QB. As noted in

introduction, this is seemingly due to different variants of

QB binding to RC complexes and dynamic equilibrium

between QB and its binding site, which is attained in the

dark before application of a light pulse. To provide quan�

titative evaluation of the dependence of the kinetics of

dark reduction of P+ on duration of photoactivation of

RC, characteristic times of two kinetic components were

multiplied by their relative amplitudes and resulting prod�

ucts were added to each other: t1/2(1)⋅A1 + t1/2(2)⋅A2. The

right column in Table 2 gives the values of ratio of such

integral parameters of kinetics of dark reduction of P+ as

decimated after 2�min�long and 15�sec�long exposure of

RC to actinic light. It follows from these data that the

addition of glycerol and DMSO to mutant RC results in

the appearance of the dependence of the kinetics of dark

reduction of P+ on duration of photoactivation of RC. It

should be noted in this context that DMSO, which has

substantially larger values of dipole moment and proton�

acceptor strength [29, 30], exerts a more pronounced

effect in significantly lower concentrations than glycerol.

It is obvious that changes in sample viscosity caused by

addition of cryosolvents do not modify significantly the

dependence of the time of electron stabilization in QB

under conditions of prolonged photoactivation of RC,

because the viscosity of glycerol is significantly greater

than the viscosity of DMSO. This conclusion is also sup�

ported by the results of studies of air�dried (equilibrated

to atmospheric humidity) films of mutant RC prepara�

tions. It follows from Table 2 that kinetics of dark reduc�

tion of P+ in such partially dehydrated samples is inde�

pendent of duration of photoactivation of the RC (like in

aqueous solution of RC in the absence of cryosolvents).

Thus, the results of this study support the suggestion

discussed above, that the network of hydrogen bonds of

RC protein is involved in structural changes of the RC

that develop upon increasing the photoactivation dura�

tion. Substitution of protonatable amino acid residue Ser

L223 in the vicinity of QB by non�protonatable amino

acid residue alanine breaks the native mechanism of

development of these changes induced by electron dona�

tion to QB. However, additional modification of the net�

work of hydrogen bonds of RC by cryosolvents is thought

to include other possible structural pathways of semi�

quinone stabilization in the QB site.
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