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Abstract

Effects of environmental changes due to D,O/H,O substitution and cryosolvent addition on the energetics of the special pair and the rate
constants of forward and back electron transfer reactions in the picosecond—nanosecond time domain have been studied in isolated reaction
centers (RC) of the anaxogenic purple bacterium Rhodobacter sphaeroides. The following results were obtained: (i) replacement of H,O by
D,0 or addition of either 70% (v/v) glycerol or 35% (v/v) DMSO do not influence the absorption spectra; (ii) in marked contrast to this
invariance of absorption, the maxima of fluorescence spectra are red shifted relative to control by 3.5, 6.8 and 14.5 nm for RCs suspended in
glycerol, D,O or DMSO, respectively; (iii) D,O/H,0 substitution or DMSO addition give rise to an increase of the time constants of charge
separation (), and Q4 formation (7o) by a factors of 2.5-3.1 and 1.7-2.5, respectively; (iv) addition of 70% glycerol is virtually without
effect on the values of 7, and 7; (v) the midpoint potential £, of P/P” is shifted by about 30 and 45 mV towards higher values by addition of
70% glycerol and 35% DMSO, respectively, but remains invariant to D,O/H,O exchange; and (vi) an additional fast component with
7,=0.5-0.8 ns in the kinetics of charge recombination P"Hs — P*(P)H, emerges in RC suspensions modified either by D,O/H,O
substitution or by DMSO treatment.

The results have been analysed with special emphasis on the role of deformations of hydrogen bonds for the solvation mechanism of
nonequilibrium states of cofactors. Reorientation of hydrogen bonds provides the major contribution of the very fast environmental response
to excitation of the special pair P. The Gibbs standard free energy gap between 'P* and P'B, due to solvation is estimated to be ~ 70, 59
and 48 meV for control, D,O- and DMSO-treated RC samples, respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (RC). One of the most thoroughly analyzed systems among

the photosynthetic organisms is the RC of the purple

The transformation of solar radiation into electrochemi-
cal free energy takes place in specialized membrane bound
pigment—protein complexes referred to as reaction centers

Abbreviations: BChl, bacteriochlorophyll; BPheo, bacteriopheophytin;
RC, reaction center; P or PgP,, primary electron donor; B,, primary
electron acceptor BChl,; Hp, electron acceptor Bpheos; Qa, primary
quinone; DMSO, dimethylsulphoxide; 1P,-”‘B,\H,\Q,\, initial excited state of
RC; 'P*BAHAQ,, relaxed excited state of RC.
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bacterium Rhodobacter (Rb.) sphaeroides. For this system,
the crystal structure is known at high resolution and the rate
constants of the individual electron transfer steps of the
photoinduced charge separation are well characterized (for
reviews, see Refs. [1,2]). The RC is consisting of three
polypeptides (subunits L, M and H) and contains four
bacteriochlorophyll-a (BChl-a), two bacteriopheophytin-a
(BPheo-a) and two ubiquinone (Q, and Qg) molecules,
one carotenoid species and a non-heme iron center. Two of
the four BChl-a molecules form a strongly coupled special
pair (P) that serves as electron donor for the light-induced
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reaction sequence. All pigments are bound to the hetero-
dimeric protein matrix of subunits L and M each forming
five transmembrane helices with pseudo-C, symmetry. This
structure gives rise to cofactor binding in two branches
referred to as A and B sides of RC [1,3-5]. Despite this
apparently symmetrical structural arrangement, the light-
induced vectorial electron transfer from 'P* to Q4 in RCs
from WT purple bacteria comprises only the chromophores
on the A side including the monomeric BChl-a (B,) and
BPheo-a (Hp) as intermediate redox carriers [1-5]. A
change of this functional unidirectionality can be only
achieved by replacement of key amino residues via genetic
engineering that also changes the cofactor composition [6—
9]. Recently, a yield of 35—45% was reported for the P"Hy
formation in the inactive B-branch of a quadruple mutant of
Rb. sphaeroides. However, further electron transfer from
Hg to ubiquinone was negligibly (<1%) small [7]. In the
Rb. capsulata YFHV mutant, the electron transfer to the B-
side bacteriopheophytin Hg and further to quinone acceptor
Qg leads to formation of P"Hg and P'Qg with a yield of
30% and 10-25%, respectively [8]. Likewise, in Rb.
sphaeroides, mutants where QA binding is prevented by
mutation of Ala M260 to Trp, light-induced charge separa-
tion via the B branch is established and P"Qg formed with
yields up to 50% in quadruple mutants [9].

After formation of the electronically excited singlet-state
'P* a rapid ( ~ 3.5 ps) charge separation takes place. It is
now well established that the electron transfer steps along
the active A-branch follow a sequential mechanism where
the anion radicals of monomeric BChl-a (B, ), BPheo-a
(Ha ) and ubiquinone (Q ) are formed with time constants
of 3, 0.9 and 200 ps, respectively [10—13]. The electron
transfer reactions are coupled with the vibrational dynamics
of cofactors and the surrounding protein matrix. The possi-
ble role of specific vibrations for the electron transfer has
been illustrated in a recent study that is based on quantum
chemical calculations of the pigment molecules in Rb.
sphaeroides RC. The results obtained led to the conclusion
that torsional modes of the acetyl group of ring I of the BChl
moieties in special pair P [14] as well as the axial coordi-
nation of His to P [15] are likely to be involved in charge
separation processes. Besides that, hydrogen bonds between
Hx and amino acid residues lower the LUMO energy of Ha
and incite the electron transfer along A-branch in the wild-
type RC of Rb. sphaeroides [15].

In addition to these specific modes, microconformational
alterations of the media accompany electron transfer reac-
tions that regulate via kinetic modulations the efficiency of
the charge separation. The conformational dynamics can
promote specific structural configurations around the redox
active cofactors, so that the forward electron transfer
becomes strongly favored compared with the corresponding
back reactions. Experimental evidence for the stabilization
of the radical ion pair P* 'H, " by protein relaxation has been
recently gathered from photovoltage measurements in chro-
matophores of Rhodospirillum rubrum [16]. Furthermore,

evidence has been presented for the existence of long living
radical pairs P"'Q, ~ owing to significant conformational
changes of the protein structure [17]. However, the details of
the steerage via protein dynamics are still not clarified.

The mode of cofactor interaction with both, the protein
matrix itself and its water—protein surrounding can be
modified by various means. Essentially, two different tech-
niques can be used: (i) replacement of individual amino
acids by site-directed mutagenesis or (ii) alteration of the
dielectric environment, especially of H-bond networks,
either through D,O/H,0 exchange or by addition of suitable
solvent molecules (e.g. DMSO).

Using the first approach, a series of mutants have been
constructed where especially the hydrogen bonding of the
special pair P were modified [18—23]. It was shown that
deletion of the single hydrogen bond to the carbonyl group
of BChl-a in P of the wild type causes a decrease of the
midpoint potential of P by about 85 mV, while insertion of
additional hydrogen bonding leads to an incremental in-
crease by about 85 mV per bond [22,23]. Likewise, the rate
constant of P"H, formation decreases from 3.5 to 40 ps™ .
On the other hand, removal of the hydrogen bond to the keto
carbonyl group of BPheo by replacing Glu 104 of the L-
subunit is of marginal effect on the kinetics of charge
separation to P'Q, [24].

By using the second approach, i.e. replacement of
exchangeable protons by deuterons and/or by adding cry-
osolvents, we were able to show that the rate constants of
both, P'H, formation and subsequent electron transfer
from H, to Q4 can be changed by a factor of 2—3 [25-28].

The present paper describes further experimental data
obtained with RCs in suspensions containing either cryo-
protectants or D,O. Furthermore, based on theoretical cal-
culations, the modification of hydrogen bonds and effects
on the energetics and kinetics of charge separation caused
either by H/D exchange or addition of DMSO or glycerol
are analyzed within the framework of simplified models.

2. Materials and methods

RC preparations were isolated from chromatophores of
wild type Rb. sphaeroides. After incubation of chromato-
phores for 30 min at 4 °C in a reaction medium containing
10 mM sodium—phosphate buffer (pH 7.0) and 0.5%
LDAO and centrifugation for 2 h at 144000 x g, the RC
preparation was separated chromatographically on an oxy-
apatite column as described in [29].

Redox titrations were performed with RCs suspended in
50 mM Tris—HCI buffer (pH 7.5) containing 0.05% LDAO.
For measurements of flash-induced absorption changes in
the picosecond time domain by using a pump-and-probe
method, the RCs were suspended in 10 mM Tris—HCI buffer
(pH 8.0) containing 0.025% sodium cholate. This medium
was found to be most appropriate to minimize denaturation
caused by drying and subsequent resuspension in H,O (D,0)
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and prevent aggregation at high sample concentrations (P870
concentration of about 0.5 mM) that are necessary for
measurements at high time resolution.

For replacement of H,O by D,O, RC preparations were
lyophilized for 2.5-3 h at a pressure of 13 Pa and resus-
pended in D,O (isotopic substitution efficiency, 99.8%) or
in H>,O (control).

Glycerol was added to the samples at a concentration
of up to 70 vol.%. A similar addition is widely used for
optical measurements at low temperatures because it
favors the formation of suitable glasses. DMSO was added
to a concentration of 35% (v/v) in accordance with the
data in Ref. [25] on the DMSO effect on the functional
activity of RC.

Absorption spectra were recorded with of a spectrometer
Hitachi 557. Fluorescence spectra were measured with a
spectrophotometer SPEX Fluorolog. Inside the spectropho-
tometer the photocathode was cooled down to —70 °C
during measurements.

The time course of the absorption changes reported in
former studies [26—28] were numerically reanalysed on the
basis of a set of coupled differential equations describing the
transitions in the RC and using a fit by varying its param-
eters (target analysis). The numerical solution of the set of
coupled differential equations was convoluted with a func-
tion ¢(f) simulating the shape of the probing laser pulse
(¢(?) as Gaussians with a half-width of 5 ps).

3. Results
3.1. Spectral properties

Figs. 1 and 2 depict steady-state absorption and fluores-
cence spectra, respectively, of RCs isolated from Rb.
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Fig. 1. Absorption spectra of the Rb. sphaeroides RC preparations used for
investigation. (1) Control samples, (2) addition of 70% (v/v) glycerol, (3)
RC modified by D,O/H,0O substitution and (4) samples modified by DMSO
35% (V/v).
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Fig. 2. Fluorescence spectra of the RC Rb. sphaeroides RC preparations. (1)
Control samples, (2) RC modified by D,0/H,0O substitution, (3) addition of
70% (v/v) glycerol and (4) samples modified by DMSO 35% (v/v) addition.

sphaeroides and suspended in standard buffer or modified
either by using D,O instead of H,O or by addition of
DMSO or glycerol. The data of Fig. 1 reveal that the
absorption spectra are virtually identical for all types of
samples. Therefore, it can be concluded that neither replace-
ment of exchangeable protons by deuterons nor addition of
glycerol or DMSO leads to modifications of the protein
matrix that give rise to changes of the interaction between
the environment and the pigments P, BCl and BPheo in their
ground state.

The fluorescence spectra were measured at an actinic
wavelength of 800 nm where the monomeric BCI molecules
are excited. The quantum yield of energy transfer from BClI to
P870 was reported to be 93% [30]. The optical density of the
samples at 800 nm was small (0.07—0.08) in order to assure
that self-absorption of the fluorescence was insignificant.

An inspection of the data readily shows that, in marked
contrast to the absorption properties (see Fig. 1), the
fluorescence emission is significantly affected by the type
of RCs suspension medium. For quantitative evaluation, the
experimental fluorescence spectra were fitted by a Gaussian
function:

B 2
1(2) = Lnaxexp (— 4(5A/11//121;;) 1n2> (1)

where I,,,, is the emission at the maximum of the band, A,
is the wavelength of the fluorescence band maximum and
Al is the FWHM of the fluorescence spectrum. The
relative fluorescence quantum yield in differently modified
samples, ¢, normalized to that of the untreated control, ¢,
was calculated according to the relation [31]:

¢/ o = (S/S0)(B/ o) (n* /m5) (2)

where S, S, are the areas of the fluorescence spectra; f3, f3,
the fractions of the light absorbed and n, n, the refractive
indices of modified and control samples, respectively. The
value of f/f, is obtained from the relation (1—10~)/(1—
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10~ %), where 4 and A4, is the optical density of modified
sample and control, respectively, at excitation wavelength
Aex =800 nm.

Table 1 compiles the values of /.., Al and @ = /g
gathered from a numerical fit of the experimental data by
Egs. (1) and (2). These data reveal that the maxima of the
fluorescence spectra are red shifted relative to the control by
3.5, 6.8 and 14.5 nm for RCs suspended in buffer containing
glycerol, D,O or DMSO, respectively. The shifts correspond
with a decrease in energy, AE, with values that are presented
in the second column of Table 1. These slight energy
downshifts are ascribed to modified fast relaxation process-
es of the protein matrix that take place during the lifetime of
the excited singlet states in the Oy region.

The changes of /4., are accompanied by a decrease of
the FWHM values of the modified RC. This band narrowing
of the fluorescence spectra after replacement of exchange-
able protons or addition of glycerol or DMSO is explainable
by an increase of the rigidity of the protein matrix, in line
with conclusions reported previously by Luck and Kleeberg
for the cryosolvents [32,33]. Furthermore, Table 1 also
shows that the relative fluorescence quantum yield of the
RC preparation is raised by a factor 1.8 for glycerol-treated
RC and decreased by a factor 0.65 for RC suspended in
DMSO. In our opinion, this fact originates from differences
in the effects of glycerol and DMSO on the protein structure
(see below).

3.2. Modification of the rate constants k, and kg of
light-induced charge separation and electron transfer to Q4

The photoinduced electron transfer sequence in RCs of
Rb. sphaeroides can be described by a simple scheme:

) «=3.5 _
PBAHAQ, 2 P*BAHAQ, 22 PTBAH; QA

170=200 ps _
PTBAHAQ; (3)

Our experimental data related to the 7. and 7o measurement
previously published in Refs. [26—28] are reanalysed nu-
merically and the results obtained shown in Fig. 6 for
control, D,O/H,O substitution and DMSO-treated RCs.
For better illustration, the data reported in Refs. [26—28]
for 7. and 7 in control and modified suspensions of RCs

Table 1
Parameters of the fluorescence spectra depicted in Fig. 2, calculated
according to relations (1) and (2)

Sample Amaxs M AE, meV ALy, nm ®
Control 890.2 - 77.7 1.0
75% glycerol 893.7 5.5 47.8 1.80
D,0/H,0 exchange 897.0 10.7 58.5 0.96
35% DMSO 904.7 22 61 0.65

Amax represents the wavelength position of the maximum in the
fluorescence spectrum; AE is the energetic shift of the fluorescence
maximum relative to the control sample; A, is the FWHM of the
spectrum; ¢ is the relative fluorescence quantum yield.

Table 2

Reaction times . and t, for P"H,, formation and electron transfer from H
to Qa, respectively, and midpoint potentials £, of the primary electron
donor P of RCs from Rb. sphaeroides

Parameters ~ Control H,0 — D,0O 70% glycerol  35% DMSO
exchange addition addition

Te, ps 34405 85+05 35405 10.8 £ 0.8

7Q, ps 205+5 350+ 10 230+ 5 510 £20

E.,, mV 430 430 460 475

In the experiments, RC preparations were used suspended in control buffer
or modified by H,O/D,0 exchange or addition of either glycerol (70% v/v)
or DMSO (35% v/v).

are compiled in Table 2. It shows that D,O/H,O substitution
and DMSO addition give rise to a 2.5—-3.1-fold increase in
7, Whereas the 7 value is raised by a factor of 1.7-2.5. On
the other hand, addition of 70% glycerol does virtually not
affect the 7. and 7, values.

For a comparison of kinetic and energetic effects, the last
row of Table 2 presents our results of redox titrations of P/P"
in these samples [27,34]. An inspection of Table 2 shows that
no direct correlation exists between a shift of £,,, and changes
of rate constants k.= 1/7. and ko =1/1¢ of the two electron
transfer steps. Addition of 70% (v/v) glycerol shifts the P/P"
potential by 30 mV but is virtually without effect on . and
Tg. An opposite phenomenon emerges when all exchange-
able protons are replaced by deuterons. In this case, the
kinetics of the electron transfer steps are markedly retarded
(1e=8.5 ps and 1o =350 ps), while £, remains unaffected.
On the other hand, in the presence of 35% (v/v) DMSO
instead of glycerol both, energetics (upshift of £, by 45 mV)
and kinetics (7, =10.8 ps and 1o =510 ps) are affected.

3.3. Charge recombination P'BH —P*(P)B4H

If the electron transfer from H, to Q4 is blocked (ko =0,
Eq. (3)) either keeping Q4 reduced or by extraction of Q,,
the lifetime of the ion-radical pair P"H, raises from about
200 ps (reoxidation of Hy by Q,) in the untreated control
samples up to 11-13 ns [26,35,36]. In this case, the
recombination between P and Hx dominates the overall
reaction. It was found [26] that the kinetics of laser flash-
induced absorption changes AA(7) due to the transient decay
of P'H4 in RCs with quinone Q4 chemically reduced in the
dark could be fitted by:

AA(t) = Ayexp(—t/11) + Arexp(—t/12) + 43 (4)

where A4, 7; are the amplitudes and lifetimes of the fast, (4,
71) and slow (4,, ) component, 45 reflects the efficiency of
the triplet state (*P) formation.

It was shown [26] that, within the accuracy of measure-
ments (0.3% optical density changes) in control samples, the
kinetics of the absorption changes at 665 nm reflecting the
charge recombination between P and H, are monoexpo-
nential with 7,=11.2 ns, whereas the relaxation of AA870
as indicator of P* reduction exhibits a residual bleaching
that persists for times =10 ns with an amplitude 45 =0.15.
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Table 3

Values of 4;, t; and 4,,7, gathered from a fit by Eq. (4) of the flash induced
absorption changes AA665 of RCs from Rb. sphaeroides with Q5 kept
chemically reduced in normal (control), D,O or DMSO containing
suspensions

Sample Ay Ty, NS A T5, IS
Control - - 1.0 11.2
H,0 — D,O exchange 0.35 0.5 0.65 11.0
35% DMSO addition 0.52 0.8 0.48 10.8

This value of 45 corresponds to the portion of P'H, pairs,
which populate the triplet-state *P. A fast component 7, is
not detected.

In marked contrast, however, in suspensions modified
either by D,O/H,0 substitution or by DMSO addition, the
kinetics of DA665 and DA870 absorption changes exhibit an
additional fast component with 7;=0.5—0.8 ns, while 1,
remains virtually the same as in the control (see Table 3).
These findings show that modification of hydrogen bond
networks in RCs not only affects the electron transfer steps of
the forward reactions but also significantly change the kinetic
pattern of the recombination reaction between P* and H, .

4. Discussion

The vast majority of biological redox processes are
nonadiabatic reactions (for review, see Refs. [37,38] and
references therein). In the absence of triggering by proton
transfer or conformational changes, the rate constant kgt of
an electron transfer step is characterized by Eq. (5):

(AG® + 1)
4;ukB T

2n 1
kgr = ? | Ver |2(47'C},k]3 T) zexp (5)

where Vgt is the quantum mechanical matrix element
coupling initial and final electronic wavefunction, AG® the
standard driving force (Gibbs free energy gap), 4 the
reorganization energy, T the temperature and kg the Boltz-
man constant. Accordingly, kgt can be regulated via mod-
ifications of |VET|2, AG° or ).

In the following description, effects of modifications
induced either by suspending the RCs in D,O or by addition
of DMSO (glycerol) on the energetics and kinetics of
electron transfer steps will be analyzed.

4.1. Effect of glycerol and DMSO on the midpoint potential
E, of P

The influence of a modifying treatment on the £, value of
the primary donor was analyzed earlier in details [27,39]
using the Lorentz local field theory [40]. It was shown [27,39]
that addition of glycerol and DMSO can change the macro-
scopic dielectric parameters and disturb the microscopic
structure of the immediate surroundings of a redox group.
The change of the midpoint potential E,,, may be due to: (a)

alteration of the dielectric constant of the surrounding, (b)
swelling of the protein globule owing to penetration of
solvent molecules and c) change in the positions of elemen-
tary charges within the nearest water—protein interior.

The considerations [27,39] reveal that the shift of the
redox potential of P/P" observed in our experiments after the
addition of cryoprotecting solvents (DMSO in particular) is
predominantly caused by microscopic shifts of the charge
positions in the vicinity of P.

It has to be emphasized that the considerations about
cryoprotectant-induced effects on the midpoint potential
presented earlier [27,39] and outlined in the present study
do not assume a special character of the redox center in the
RC structure. That means that DMSO and glycerol addition
would upshift the midpoint potential of all cofactors by the
same value. Hence, the mutual differences between the
redox potentials of P/P*, B /Bx, Ho /Hx and Q4 /QA and
as a consequence also the rate constants of the electron
transfer are expected to remain virtually invariant to the
addition of cryoprotectants. This conclusion is in the line
with the experimental findings for suspensions containing
70% glycerol but not for addition of DMSO (see Table 2).
On the other hand, a marked retardation of the electron
transfer reactions without detectable E,, shift is observed
after replacement of exchangeable protons by deuterons.
Obviously, in these cases the retardation of the electron
transfer in modified RC Rb. sphaeroides is caused by other
factors than the shift of P/P" midpoint potential.

4.2. Deformation of hydrogen bonds as a solvation
mechanism of nonequilibrium states of cofactors

The kinetic effects caused by H/D exchange and addition
of DMSO are assumed to originate from modified relaxation
processes within hydrogen bond networks (in the case of
DMSO one RC can bind an amount that almost corresponds
with its own weight [41]). The addition of DMSO to H-
bonded liquids causes an increase in the rigidity of their
hydrogen bonds [32,33]. It is widely believed that there exists
a relationship between the protein oscillations in the vicinity
of cofactors and oscillations of the pigments themselves [42].
Protons of the water—protein environment are thought to be
the primary intermediate of the interaction between nonequi-
librium states of cofactors and the surrounding medium.

For further considerations, the energy spent for hydrogen
bond deformation will be estimated. Thi_s) process is as-
sumed to be induced by the electric field £ () of a central
point charge =+ e or a central dipole pg . A hydrogen bond in
the protein molecule can be formed by water molecules and/
or polar peptide groups that are in direct contact with each
other. For the sake of simplicity, a model system is used
where one hydrogen atom is located between two oxygen
atoms (O™ H: - -O). The restriction to oxygen atoms does not
affect the general conclusions (analogous expressions are
obtained for other atoms of biological relevance, like
nitrogen). An electric dipole field E (7) acting on the proton
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Fig. 3. Schematic diagram of forces applied to a positive charge ¢ (proton)
located between two negatively charged oxygen atoms. R; an R, are the
distances between the proton and the oxygen atoms; d is the dipole base; r
is the distance from the proton to the dipole; F is the equivalent force of the
electrical field acting on the proton.

charge ¢ causes its displacement from the initial equilibrium
position, thereby inducing a deformation of the hydrogen
bond. For a simplification of the calculation of the interac-
tion energy between the force center and charge ¢, the far
field approximation for the electric dipole field (Eq. (6)) is
used, i.e. the distance between a dipole py = ed located at the
origin of a polar coordinate system (Fig. 3) and the
hydrogen bond is assumed to be large compared to the
inner dipole distance d. Although this assumption is not
justified for hydrogen bonds closest to a cofactor, the use of
the far field approximation will still give the correct order of
the interaction energy.

(—>—>)—> —
- = r)r
F = quipole — % (p()r—s - %) (6)

In general, the hydrogen-bond deformation induced by
force F is the sum of longitudinal and transverse displace-
ments of the proton relative to the line connecting the
oxygen atoms. The energy of hydrogen-bond deformation
was calculated assuming that the distance r between the
force center and the proton is 4 A (the distance from the
tetrapyrrole ring of P and P, to the key amino acid
residues: histidine L168, L173 and M202; leucine L131
and M160 and phenylalanine L197).

In the case of longitudinal deformation (Fig. 4a), the
proton displacement A/ can be calculated from the condition
that the elastic and electric force are of equal size:

eqcozsoc (central charge)
Al FL  Fcoso. | ker
Pogeosa 2cos20+1 (central dipole)
ker’

(7)

Here k=k; + k, where k is the rigidity of the covalent bond
O-H and £k, is the rigidity of the hydrogen bond O - -H, 0
the angle between dipole direction and the line connecting
dipole and proton, o the angle between the line connecting
’@}e hydrogen and oxygen atoms and the vector of the force
F (see Fig. 3) and ¢ the mean dielectric constant of the
protein medium. The energy change owing to a longitudinal
proton displacement can be calculated as AW, = 1/2k(Al)>.
With the value for A/ taken from Eq. (7), one obtains:

22,02

AWF = % (central charge) 5
2 2 2 29 1 2

AWP — Pod ( Cozskgz,—; Joosa (central dipole)

In the case of transverse deformation (Fig. 4b), the calcu-
lation yields a simplified expression for the energy WP =

kjfi (£1)* required for a transverse proton displacement:
kR? [ egsina\ */

AWE = e (Zigj) (central charge)
kR? 4/3

AWP = e (Sf 30]?R (2cos?0 + l)simc) (central dipole)

©)

For further evaluation, we used the approximation R=
R\ =Ry; k=k|=k,. To estimate the order of magnitude for
AWy, and AW}?, the following values for the parameters were
used: po=3D; q=0.3¢; sino=cos’o=cos’0=1/2; r=4 A;
R=1A;k=510* dyn/cm. As a result, the energy change due

a

Fig. 4. Fundamental configurations describing the displacement of the
proton induced by a central electric field: (a) longitudinal deformation of
the hydrogen bond accompanied by elongation of the H-bond by the value
of Al; Fy is a longitudinal component of an electric force F; (b) transverse
displacement of the proton with simultaneous elongation of the two bonds
by the values of A/; and Al; R, and R, are the distances from the proton H
to the oxygen atoms; F is a transverse component of an electric force F.
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to deformation of one hydrogen bond is AWF=1.5-10"> eV,
AWP=10"*eVand AW = AWP = (3-5)-10 * eV.

Thus, the average deformation energy of one hydrogen
bond in the field of a central point charge or a central dipole
can reach values of 5-10~° eV. Taking into account the
number of hydrogen bonds in the vicinity of P (this number
can be estimated from X-ray diffraction data [4,43]), the
total energy decrease may reach values of 0.05 eV. This
energy originates from solvation of the nonequilibrium state
'P* (or (PaP4) and can be regarded as the medium
reorganization energy 4 (see Eq. (5)).

It should be pointed out that hydrogen bond deformation
is the initial medium response owing to charge formation at
the cofactor. Microconformational reorganization proceeds
on a much longer time scale, gradually including larger
structures, containing groups of atoms or fragments of a
protein molecule. In general, the protein dynamics cover
wide domains in time (10~ '* up to 10° s) and space (local,
large scale or collective) and are the most relevant modu-
lators of the kinetics and energetics of electron transfer
processes (for a review, see Refs. [44,45]).

4.3. Analysis of charge separation processes

Within the time scale of charge separation in bacterial
RCs, only hydrogen bond deformation contributes to energy
changes thus leading to transformation of the initially
formed state 'P* into a “relaxed” state 'P¥. Thereby, the
electronic level 'P¥ is lowered by about 0.05 eV. It appears
likely that 'P¥ is the donator species for the sequential
electron transfer to Hy via B,. Taking into account the
above considerations, the scheme of charge separation in
bacterial RCs (Eq. (3)) can be written in the following form:

I &
PBAHAQ = ' P¥BAHAQ, — ' PYBAHAQ,

ket 1Y ko
<1{<:,>)71>+13.,;HAQA (k_<7’)7P+BAH;QA—>P BAHAQ,

(10)

Here 'P¥ and 'P} are the initial and relaxed (at the time scale
of primary charge separation) states of the special pair,
respectively; k. the relaxation rate constant; k. the rate
constant of charge separation; k. the rate constant of
electron transfer to H,; and the other symbols are the same
as in Eq. (3).

In former studies [46], a value of —0.07 = 0.01 eV was
reported for the free energy gap of the primary charge
separation, i.e. AG|, between states 'P*B,HAQ, and
P'BA HAQ4 (see Fig. 5). For this determination, the energy
of state 'P*BoHAQa was gathered [46] from the fluores-
cence spectrum and therefore represents the relaxed state
"P*BAHAQA (vide supra). Based on the idea that relaxation
of '"P*BAHAQ,4 state precedes the primary charge separation
(see Eq. (10)) the value of —0.07 eV appears to be most
realistic for AGy, in control suspensions of RCs.
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Fig. 5. Energetic scheme of the charge separation and electron transfer
reactions in the RC of Rb. sphaeroides purple bacterium. Ip#¥ BAHAQA and
'PrBAH AQa4 are the initial and relaxed excited states of the primary electron
donor; k, denotes the relaxation rate constant of 'Py*BoH AQa energy level;
Ba and H, are the anion radical of BChl and BPheo molecules, respectively;
k1, and k»; are the rate constants of the direct electron transfer; &, and k3, are
the rate constants of the back electron transfer; kg and kg are the rate
constants of the direct (Hy — Q) and back (Hx <~ Qx) electron transfer
reactions, respectively; k,.; and k,, are recombination rate constants; &y is the
intramolecular deactivation rate constant; AG), is the free energy gap
between 'P¥BoHAQ4 and P' By HAQ4 energetic levels; AG»3 and AGsy are
the free energy gaps between the corresponding levels of states P'By HAQa,
P'BAHA Q4 and P'BAHAQx. Distinction in the free energy gaps AG, for
control, D,O and DMSO treated RC samples is indicated by the grey box.

After D,O/H,0O exchange, the energy change due to D-
bond deformation will be at least \/2 times larger than in
the case of H-bonds. As a consequence, the 'P¥B,HAQA
(D) state preceding the electron transfer in the samples
modified by D,O/H,0 exchange should be lower in energy
than the 'P¥BAHAQaA (H) state formed in the control
samples. Thus, the ratio of rate constants k. and (k)™
are expected to become changed and the charge separation
time increased as is observed in our experiments. The band
shift of the fluorescence spectra shown in Fig. 2 supports
this conclusion. Since hydrogen bond deformation(s) as a
response to 1PE"BAHAQA state formation is (are) much
faster than fluorescence emission, the latter originates from
'P¥B, HAQ, state and the shift of the fluorescence spectra
to longer wavelengths is a measure of the energy change
owing to 1P?‘BAHAQA state solvation in different sample
types. In the case of modification by D,O/H,O exchange,
this solvation energy is larger by about 0.011 eV than in
control samples (see Table 1). As a consequence, a value
of AG;,=-10.059 eV should be used in Eq. (5) for
calculation of the rate constant kgt of charge separation
in D,O-treated RC.
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Glycerol and DMSO differ in their modifying effects on
the structure of proteins and the state of hydrogen bonds in
RC. It is known [47,48] that glycerol affects the hydration
layer of proteins and decreases the amplitude of thermal
motion of the polypeptide chain. Moreover, this solvent is
characterized by extremely high viscosity and low capacity
to penetrate into the protein structure. This specific manner
of interaction with proteins is assumed to be responsible for
a glycerol-induced shift of the midpoint potential of cofac-
tors without significant distortion of the hydrogen bond
network in the nearest environment. As a result, addition of
70% (v/v) glycerol has virtually no effects on 7. and 7, see
Table 2. On the other hand, DMSO is characterized by high
proton-acceptor capacity [32,49] and the capability to pen-
etrate into the hydrophobic part of the RC [41,50]. This
solvent is able to displace free water from biological
structures leading to a diminished amount of bound water
and the incorporation of DMSO into the hydrogen bond
network of macromolecules [41,49]. It was demonstrated in
Refs. [32,33] that the addition of DMSO to H-bonded
liquids causes an increase in the rigidity of the hydrogen
bonds. Furthermore, DMSO changes the dielectric constant
¢ of the medium. Accordingly, one can expect that, in
DMSO-treated samples, the solvation energy of the 'P;*
state will be larger than in control samples. This idea is in
perfect qualitative agreement with the data in Fig. 2. The
fluorescence spectra of RCs modified by 35% (v/v) DMSO
are shifted to the red by 14.5 nm (see Table 1). This spectral
shift corresponds to the lowering of the 'P¥ level by
~ 0.022 eV in comparison to the position of the 'P¥ level
in control samples. Therefore a value of — 0.048 eV should
be used for AG;, in RCs suspended in suspension contain-
ing DMSO. As a result, the rate constant of charge separa-
tion in the DMSO-modified RCs decreases in comparison
with the k.= 1/, value in control as well as in D,O/H,0O
substituted samples (see Table 2). Thus, modifications of the
reaction center hydrogen bond network by means of
D,0 — H,0 exchange or by DMSO addition leads to
changes of parameters AG and A and, consequently, of the
value of kgt (Eq. (5)).

An analytical description of the charge separation pro-
cess and the electron transfer to quinone Q, in normal and
modified RC preparations will now be presented within the
framework of an energy scheme of the electron transfer
reactions that is depicted in Fig. 5. This energetic scheme is
based on the following assumptions and experimental data,
mentioned above:

(a) in the RCs charge separation starts from the relaxed state
"PBAHAQA:

(b) the monomeric bacteriochlorophyll molecule B, serves
as primary electron acceptor. The free energy gap AG,
('"P¥BAHAQA—P BAHAQ,) for control samples, D,O-
and DMSO-treated RC preparations (see Fig. 5) was
chosen to be of —0.07, —0.059 and —0.048 eV,
respectively;

(c) ultrafast electron transfer from B, to H, generates the
initial state {P'BAHA QA};. The free energy difference
AG (P'BAHAQA—{P'BAHA Qa};) was taken to be
about — 0.14 eV according to Ref. [36] as well as to the
results obtained in this paper (see below);

(d) the subsequent electron transfer from H, to Q4 takes
place with a reaction time of 200 ps in control samples,
~ 350 ps in the RCs treated by D,O/H,0 exchange and
within 510 ps in samples modified by 35% (v/v) DMSO
addition;

(e) a value of 0.9 ps™ * is used for k»; in accordance with
data published in Refs. [12,13].

1

ll:“or the sake of simplicity, the ba%lg reactions P"BAH, Q4
SP'BHAQ, and P"BAHAQ, -2PTBAH,Q, were ig-
nored. Under these conditions, the solution of the set of
kinetic equations for the time dependent population P,(?),
Py(f) and P;(f) of the energy levels "P¥*BAHAQA, P'BA
HAQa and P'BoHA Q,, respectively, participating in elec-
tron transfer reactions can be written as:

Py (t) = arexp(—t/t1) + azexp(—t/12)

Py(t) = biexp(—t/t1) + baexp(—t/12) (11)

P5(t) = crexp(—t/11) + crexp(—t/12) + czexp(—t/73)

where:
a1=(A1 — ka1 — k23)/(0g — 22); ax= (ko1 + ko3 — o)Ay — A);
by=k\o/(Ay — A2); by=—by; ey =kiokaps /(A1 — A2)(21 — k3));
Cr = — kiokas | (A1 — 22) (o — k3)); 3 = kiokas / (A1 — k)
(o — k)); 2q = (k1o + kay +ka3) /2 + 1/ 2((kya + kay + ha3)’
— dk1oky3)'"%; Do = (ko + Koy +ka3)/2 — 1/2((ka + keay + Kaz)
— 4kyoky3) " T =110 1= 1/2s; ks = kg,

The relationship between the rate constant of forward (k)
and back (k. ) electron transfer reactions is described by:

k, = keexp(—|AG| /ksT) (12)

In the calculations, we varied the value of the forward
electron transfer rate k;,, while the value of k,; was
determined according to Eq. (12).

Time courses of the populations P;(f), P»(¢) and Ps(¢) are
shown in Fig. 6. It should be noted that experimentally the
rate constants k.= 1/ and ko = 1/7¢, Table 2, were gathered
from the light-induced absorption changes AA665. The
AA665 change corresponds to the time course of curve
P5(¢) in Fig. 6. There is a great number of mutually
correlated families of P(f), P,(f) and Ps(f) curves. Fig. 6
presents only that curves where the time course of Pj
coincides with the experimentally recorded kinetics of the
DAG665 change in control samples (Fig. 6a) and samples
modified either by D,O/H,O substitution (Fig. 6b) or by
DMSO addition (Fig. 6¢). The remaining parameters used in
Eq. (11) for calculating P,(¢), P»(f) and P5(¢) are taken from
Table 4.
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Fig. 6. Time dependence of populations of the "P¥BAHAQA (P)),
P'BAHAQA (P>) and P'B\HA Q4 (P3) states calculated according to Eq.
(11). (a) Model curves Py, P, and P; calculated at the following values of
parameters: AGj,=—70 meV; k;,=(3.3 ps)~ L ky1=(54 ps)fl; k3=(200
ps)”'. e—Experimentally measured kinetics of AA665 light-induced
absorption changes in control samples of RC. (b) AG;,=—59 meV;
k1o=(8.4 ps)~ ' k=(89 ps)'; k3=(350 ps)”'. e—Experimentally
measured kinetics of AA665 light-induced absorption changes in the RC
samples modified by D,O/H,O substitution. (¢) AG,=—48 meV;
ki1=(10.65 ps)~'; k»=(73 ps)"'; ks=(510 ps)~'. e—Experimentally
measured kinetics of AA665 light-induced absorption changes in the RC
samples modified by DMSO (35% v/v) addition. The value k,3=(0.9 ps)~ '
was used for the calculation of all curves. The values of the other
parameters in Eq. (11) are shown in Table 4. Experimental kinetic P; was
obtained using the real kinetic of AA665 absorption changes deconvoluted
with apparatus function of the registration system and reduced to the
population of P'BAHA Q4 state.

In the following, the implications of the fit of the time
courses in Fig. 6 will be discussed.

4.4. Linear electron transport leading to P B,H,Q;
formation

In control RC samples the experimentally determined
time constants 7. and 7 are ~ 3.4 and 205 ps, respectively
(see Table 2). According to the energetic scheme of light-
induced reactions in bacterial reaction centers, the decay of
the P'BAHA Q4 state occurs due to electron transfer to the
quinone acceptor Q only. For this reason, the value of 43,
Eq. (11), was taken to be k3 =kq=1/1¢. The time of electron
transfer from B, to Ha (1/k7 in Eq. (10)) was taken to be
0.9 ps according to values reported in [12,13]. With these
values, a good agreement of the experimental time course of
AA665 with the calculated curves P5(f) could be obtained
with the following parameter values: AG,=—0.07 eV,
k.=k»=3.0x10" s™ ' (1;,=3.3 ps) and (k) =ko; =
kirexp(— AG12/kT)=1.85x 10" s ! (15, =54 ps). As can
be seen from Table 4, the use of these values to fit the
experimental data for control RC preparations leads to
practically monoexponential kinetics for decay and forma-
tion of states 'P¥BAHAQx (P;(7) in Fig. 6a) and P'BAHA QA
(P3(7) in Fig. 6a), respectively, with 7, =3.4 ps. The value of
7, (Table 4) coincides with that of 7. (Table 2). The analysis
also reveals that the transient population of state P' By HAQa
(P,(?) in Fig. 6a) contributes only to a small extent to the
transient absorption kinetics. Furthermore, Fig. 6a reveals
that P'B, HAQ, population reaches its maximum value of
0.16 at a time = 1.6 ps after the excitation of P.

In D,0-modified RC preparations, the time constants 7.
and 7 determined via flash-induced absorption changes
AA665(f) are ~ 8.5 and ~ 350 ps (see Table 2). From a
comparison of the fluorescence spectra of control and D,0O-
modified RCs (Fig. 2, Table 1) and the theoretical calcu-
lations reported in this paper (see above), the value of AG,
(see Fig. 5) was taken to be —0.059 eV. The time of
electron transfer from Bs to Hp is tp3=1/k3=0.9 ps
[12,13]. In this case, a good agreement between the exper-
imental kinetics of AA665 in D,O-modified RCs and
the calculated curve (Ps3(f) in Fig. 6b) is obtained for
ki»=1.19 x 10" 57" (1,,=8.4 ps) and ky;=1.12 x 10'°
s~ ' (T2 =89 ps). An inspection of Fig. 6b and the data of
Table 4 reveal that, in RCs suspended in D,O buffer, the
kinetics of electron transfer from 'P¥ (curve P;(7)) and of
P'B,HA QA formation (rise time of Ps(¢)) are close to
monoexponential curves with 17,=8.5 ps, coinciding with
the charge separation time 7. found experimentally (Table
2). In these samples, the calculated maximum population of
the transient state P'BA HAQ, (curve P,(f) in Fig. 6b) of
0.081 at t=2.24 ps is markedly smaller than in the control.

In DMSO-modified RC preparations, 7. and 7y are
~ 10.8 and 510 ps, respectively (Table 2). From a compar-
ison of the fluorescence spectra of control and DMSO-
modified RCs (Fig. 2) and the theoretical calculations
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Table 4

Parameters of Eq. (11) used for calculating theoretical curves P(f) (i=1,2,3) shown in Fig. 6

Sample Parameters of approximation

ap az by by (&) (&} T1, pS T2, PS 73, PS AGi,, meV
Control 0.008 0.992 —0.36 0.36 —1.38 0.36 1.02 0.88 34 200 - 70
D,0/H,0 exchange 0.001 0.999 —0.12 0.12 —1.15 0.12 1.03 0.89 8.5 350 —-59
35% DMSO addition 0.001 0.999 —0.091 0.091 —1.11 0.09 1.02 0.89 10.8 510 —48

a1, by, €123 are the coefficients; 1y, 7, 73 are time constants; AG); is the free energy gap between energy levels of pB AHAQa and P'BAHAQ, states,

Fig. 5.

reported in this paper (see above), the value of AGy, (see
Fig. 5) was taken to be — 0.048 eV. When using 7,3=0.9 ps
and AG,=—0.048 eV, a good fit of the experimental
AA665 kinetics by the theoretical curve (P3(¢) in Fig. 6¢)
was obtained with k=94 x 10'" s7! (1,,=10.65 ps),
kr1=1.37x10" s7' (15;,=73 ps). Other parameters used
for the fit of the experimental data are compiled in the lower
part of Table 4.

The kinetics of charge separation and P'BAHA Q4 forma-
tion in these samples show a nearly monoexponential time
course with 7,=10.8 ps. This value of the time constant
coincides with that one measured for 7. in DMSO-treated
RCs (see Table 2).

4.5. Charge recombination P*B,H; —PB,H

In RCs where the electron transfer from H, to Qa4 is
blocked, either by reducing Q, in the dark or by extracting
the electron acceptor Qp, the lifetime of the radical pair
P'B,HA was found to be 11—13 ns [26,35,36]. In this
section, the symbol Q4 is omitted to illustrate that this
component is nonfunctional.

At room temperature, the kinetics of this recombination
reaction between P and H, is nearly monoexponential
with 7,=11.2 ns [26]. On the other hand, it was shown in
Refs. [35,46] that the decay kinetics of 'P* comprise fast
components ( ~ 0.6 and 3.5 ns) that are related to the
recombination reaction patterns. Obviously, the “averaged”
recombination time measured in our experiments has to be
shorter than the slowest ( ~ 13 ns) recombination decay
component observed in Refs. [35,36,46].

The ratio of the rate constants for the forward ('P¥Ba
H, —P'BpH,) and the corresponding back reaction, i.e.
(ke=3.5ps)” "/ka=(11.2ns)~ ' corresponds with a difference
of the apparent free energy AG (‘P *BAHA—(P"BAH,A)) of
AG=—-0.2¢eV.

In marked contrast to samples with nonfunctional Qa
suspended in control buffer the decay of flash-induced
AA665 nm absorption changes clearly deviates from a
monoexponential decay kinetics in modified suspensions.
Analytically, the experimental kinetics of the photoinduced
changes of AA665 were fitted with Eq. (4) after convolution
with the apparatus function of the spectrometer [26]. The
amplitude 43 of the third component in Eq. (4) for the
AA665 fit was taken to be zero. It was found in Ref. [26]
that, in RC preparations where exchangeable protons are

replaced by deuterons, a new fast component with t; =0.5
ns and a normalized amplitude of 4;=0.35 appears in
addition to the slow component with 7,=11 ns and
A>=0.65. The value of 7,=11 ns corresponds with that of
the nearly monoexponential kinetics in control samples. In
the RCs modified by DMSO addition, the kinetics of the
AA665 decay was also biexponential with a fast (t; =0.8 ns,
A;=0.52) and a slow (t,=10.8 ns, 4,=0.48) components.

The states 'P*BoH, and (P'BAH,); formed immedi-
ately after excitation and charge separation, respectively,
are nonequilibrium states (vide supra). The response of the
water—protein surroundings to the generation of nonequli-
brium states of cofactors causes subsequent microconfor-
mational reorganization of the medium followed by a
solvation process. Solvation is a continuous process with
a distinct temporal hierarchy. The fastest response of the
medium is the equilibration of the 'p *B,H, state due to
deformation of hydrogen bonds. The (P'BoH,); state is
also substantially out of equilibrium [36]. When the elec-
tron transfer to Q4 is blocked the lifetime of the P*BAH
state is 11—13 ns in control samples (vide supra). Obvi-
ously, the solvation processes are proceeding in this time
domain. As a result, the energy level of the ion-radical pair
P'Bp,H. decays from the initial state (P"BoH,A); to the
relaxed state (P"BoH,), faster than the recombination
takes place.

We conclude that in the control samples the relaxation
process of (P"BAHA ); is fast and (taking into consideration
the accuracy of the measurement) the kinetics of recombina-
tion can be considered as monoexponential with 7, =11.2 ns.
In suspensions modified by D,O/H,O substitution, the ex-
trapolation to the fast component (t;=0.5 ns) yields an
apparent free energy gap between states (P'BpHx); and
(P'BAHA), AG; (P"BAHA)i—(P"BAHA))= —0.13 eV,
whereas the apparent free energy gap of the relaxed state
AG, (P"BAHA ),—(P"BA Hyp)) at 1,=11.2 ns is about — 0.2
eV. The real kinetics of the recombination reaction represents
a continuous distribution of life times from the fast (AG;)
down to the slow (AG,) time range.

5. Concluding remarks
In the present study, the effects of protein relaxation on

the kinetics and energetics of light-induced charge separa-
tion in anoxygenic purple bacteria have been analyzed
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with special emphasis on the role of deformation of
hydrogen bonds. It is shown that reorientation of hydrogen
bonds provides the major contribution to the very fast
environmental response to electronic excitation of the
special pair and subsequent primary electron transfer steps.
Based on simplified model calculations, the energy change
owing to a proton shift within a hydrogen bond is
estimated to be of the order 1-2 meV. This short-range
relaxation of the protein matrix in the nearest environment
of the cofactors upon their turnover is assumed to be of
key relevance for achieving a very efficient charge sepa-
ration taking place with a quantum yield of 100% [30].
Different effects are induced by replacement of exchange-
able protons by deuterons and the addition of either
DMSO or glycerol. In the former case, only the kinetics
of electron transfer steps are retarded while in the presence
of 70% glycerol only the midpoint potential of P/P" is
shifted by 30 mV towards higher values. On the other
hand, DMSO affects both the kinetics and the energetics.
Rate constants kgt of nonadiabatic electron transfer steps
can be regulated via modification of Vg, AG® or A The
present study shows that the change in the Gibbs standard
free energy AG® originating from solvation of the nonequi-
librium state 'P* can be regarded as the medium reorgani-
zation energy A Modifications induced by D,0/H,O
exchange or DMSO addition can also change the quantum
mechanical coupling element Vgt due to the alteration of the
distances between cofactors, their orientation and of the
energy of intermolecular interaction (dielectric constant e,
dipole moments). It was shown earlier [39] that the dielec-
tric constant exerts a minor influence on the electron transfer
rate constant: the ratio kgr(e;)/ker(e2)=0.96 for & =2¢,.
One can expect that intermolecular distances and mutual
orientation of their dipole moments will change owing to
penetration of solvent molecules into the protein globule.
This phenomenon is a subject of further investigations.
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