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The static electric dipole moment persisting in bacteriorhodopsin was defined from electro-acoustic measurements of the
dried films of purple membranes and compared with the value estimated from quantum chemical calculations. The projection
of this value normal to the membrane surface is experimentally estimated to be equal to 40 D and oriented from the cytoplasmic
side to the extracellular side of the membrane. This value is almost independent of the environment pH. QM/MM calcula-
tions were also performed for the known structures of the ground and intermediate states of bacteriorhodopsin. According to
calculations the dipole moment is mainly determined by the cytoplasmic and extracellular coils, while the contribution from
the transmembrane helices is smaller and of the opposite direction, and this value corresponding to the active centre is small.
The calculated values of the dipole moment of bacteriorhodopsin in the intermediate states K, L, and M provide understanding
about the origin of the driving force for the proton pumping. Employing the values of the dipole moments corresponding to the
ground and intermediate states of bacteriorhodopsin, defined by means of QM/MM calculations, the experimentally determined
photoelectric response of the dried films is explained.
Keywords: dried films of purple membranes, electrostriction, photo-electric response, pH changes, molecular mechanics
calculations, quantum chemical calculations

PACS: 87.14.ep, 77.65.-j, 82.80.Yc, 83.10.Rs, 03.65.-w

1. Introduction

Bacteriorhodopsin (BR) is the membrane protein im-
plementing the active proton pumping through the pur-
ple membrane (PM) of Halobacterium salinarum [1]
after the green light absorption by retinal. The pro-
tein arranged as a bundle of seven transmembrane he-
lices, and the retinal chromophore bound to the Lys 216
residue via a protonated Schiff base are the main two
constituents of the BR monomer [2]. Site directed mu-
tagenesis combined with various spectroscopic meth-
ods, crystallographic studies, and molecular dynamic
simulations revealed many details of the structure and
its changes in the course of the BR photocycle [3].
However, a number of questions concerning electro-
dynamics and electrostatics of this photoactive protein,
which is believed to be of a particular technological in-
terest, is still unanswered.

Membrane proteins are asymmetric in most cases
due to the presence of surface electric charges and
dipoles [4–9]. Possibilities of orientation of the PM ev-
idently confirm the existence of a permanent dipole mo-
ment at low frequencies and an induced dipole moment

at high frequencies of the applied field [10–14]. This
electric asymmetry seems to be responsible for the pro-
ton driving through the membrane [15].

Possible role of the permanent dipole moment in sup-
port of the proton transfer in BR as a result of attrac-
tion of protons into the cell and repulsion of protons
out of the cell has been already suggested [16]. So far
the assignment of the dipole moment (DM) has been
deduced from the electro-optical measurements per-
formed at different frequencies. However, the result can
be conditioned by a large number of different factors.
Indeed, the value of the DM of the PM is strongly de-
pendent on the size of the membrane disc, the concen-
tration of the PM fragments, and polarity of the envi-
ronment perturbing the membrane surface [12, 16–18].
Hence, the conclusion about the nature of electric pa-
rameters of the PM is not a trivial task.

Most of experiments, which could define the charge
asymmetry, indicate a negative charge on the cytoplas-
mic side, unless pH of the environment is low [20, 21].
It has been demonstrated that the orientation of the
membrane discs and the migration of the membrane
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fragments in an electrophoretic flow can be essentially
affected by a quasi-static electric field [6]. From the
sign of the photoresponse signal it has been deduced
that the cytoplasmic side is charged more negatively
when pH is higher than 5 and vice versa when pH is
less than 5 [22], while at pH 5 both sides are almost
equally charged [22, 23]. However, in accord with pre-
dictions [12] the inverse DM of the BR molecule under
the normal external conditions directed from the cyto-
plasmic side to the extracellular side has been identi-
fied from studies of the dried PM films [15]. Hence the
dehydratation of the sample should have a crucial im-
pact on the electric asymmetry of the PM. The internal
DM of the PM in dried films causes their electrostric-
tive properties, which could be invoked for direct esti-
mations of the value of the internal field [15]. As will
be shown bellow, this value remains unchanged in the
dried PM film even when pH is low, thus supporting the
assumption of a different origin of this dipole moment
than that detected in aqueous suspensions.

To understand a possible reason of such variability
of the DM in BR depending on the exterinal conditions
(solutions versus dried films) and to identify the ori-
gin of this value defined from the electro-acoustic and
light-induced electric measurements is the main task of
our studies. Evidently, this relationship might be af-
fected by various external contributions. For instance,
by changing pH of the solution we should apparently
change the electric conductivity of the sample and thus
affect on the photoelectric response of the sample. For
quantum chemical calculations of the DM we use the
crystallographic data of BR. This structure better corre-
lates with the PM in the dried films and not in solutions.
Moreover, the photoelectric response is usually defined
from relevant measurements of the dried films [15, 24],
thus, the calculated DM should be compared with the
value deduced from the experimental measurements of
the dried films.

2. Methods

2.1. Experimental studies

2.1.1. Electro-acoustic measurements
The static electric dipole moment persisting in the

dried PM film can be defined by analysing electrostric-
tive properties of the film (see [15] for the experimental
details). The electrostriction is defined by the following
relationship:

S =
ξ

2c
E2 , (1)

where E is the electric field acting on the system un-
der consideration, S is the mechanical deformation in-
duced by the field, and c is the elasticity of the mate-
rial. According to definitions [25] the electrostriction
coefficient ξ = ε0ρdε/dρ, where ε0 is the vacuum per-
mittivity, ρ is the density of the material, and ε is the
permittivity of the sample. The electric field acting on
the material is composed of the internal electric field
EP due to the presence of the dipoles and of the exter-
nal electric field Eex, thus giving E = EP + Eex. The
main idea of this method is to subject the PM film to
a combined external field Eex = E0ex + E∼ex, where
E0ex is the static component and E∼x is the alternat-
ing component of the electric field. Hence, in this case
E = EP + E0ex + E∼ex. Substituting this value into
Eq. (1) and assuming that E0ex ≫ E∼ex, the variable
component of the deformation S∼ could be expressed
as

S∼ =
ξ

c
(EP + E0ex)E∼ex . (2)

According to this expression it is possible to define the
internal electric field EP, which is inherent in the dried
PM film as well as in dried films of any type.

The direction and strength of external field E0ex can
be easily adjusted to compensate for the internal electric
field EP persisting in the film, thus, giving EP+E0ex =
0, which for a particular thickness of the film satisfies
the same equality for voltages

UP = −UC 0ex , (3)

where UP is the polarization potential and UC 0ex is the
critical value of external voltage U0ex corresponding to
S∼ = 0. If this condition for the external voltage UC 0ex
is fulfilled, the alternating deformation of the film is re-
duced to zero, S∼ = 0. The latter is the required con-
dition in determining the value of polarization potential
UP of the material under investigation. Thus, this value
has the meaning of the critical potential of electrostric-
tion. Under experimental conditions of the closed elec-
tric circuit, the extracted heat as a result of the electric
current causes restrictions for applicability of this ap-
proach. Therefore, this method cannot be applied un-
der humid conditions, when changes of pH values due
to the electrolysis are expected.

2.1.2. Preparation of dried films
Suspension of the purple membranes was obtained

from Halobacterium salinarum strain S9 by means of
a standard procedure [1]. The dried PM films used
for comparative studies of the electro-acoustic mea-
surements have been prepared from the suspension by
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the electrophoretic deposition of the PMs on a ITO
(indium-tin-oxide) conducting glass connected as the
anode in the electric circuit [26]. The surface area of
the film was about 0.5 cm2 in size. The ITO layer is a
light-transparent electrode typically used for measure-
ments of the photoelectric potential of the film. The
photoelectric response of the samples and kinetics cor-
responding to the L and M intermediates qualitatively
coincides with kinetics corresponding to BR [22].

For acidification of the films a known technological
procedure [24] was invoked. The pH value of the dried
film cannot be defined precisely, however, the impact of
the pH is visually distinguished from colour changes of
the film. Further on we will use notation “low pH” for
the dried PM film, which was treated with HCl solution
(pH2) for 3 minutes and then dried in the air. The pH
effects were completely reversible and the PMs were not
degraded by the pH treatment.

2.1.3. Photo-induced electric response (PERS)
Second harmonic (532 nm) of the Q-switched

Nd:YAG laser was used for the optical excitation of
the sample. The energy of the excitation light pulse
was ≈10 mJ, pulse duration ≈3 ns. The voltage gen-
erated by light depends on the orientation of the film
and can reach up to 2 volts for the well-oriented film.
The PERS experimental results were obtained by av-
eraging 50 separate photoresponses. The resistance of
the dried films was of the order of 1011 Ω, while the hu-
midity of the environment during the experiments was
about 60% at 20 ◦C. The experimentally measured ca-
pacitance of the film was equal to Cfilm = 3.2·10−10 F.
For PERS measurements the load resistance was cho-
sen to be 1010 Ω and the capacitance was of the order
of 10−11 F [27].

2.2. Theoretical approach

Numerical estimations of the charge distribution re-
flect the structural complexity of the molecule under
investigation. For DM calculations, known structures
of BR in the initial and subsequent K, L, and M states
are analysed in terms of the QM/MM method. The ob-
tained DM values are projected on the z axis pointed
from the cytoplasmic side to the extracellular side. The
structural data are taken from the PDB bank. A sub-
sequent structural data optimization via energy mini-
mization was invoked [28]. For this purpose we use the
structures corresponding to the ground state and to the
intermediates K, L1, M1. The 1C3W structure from the
PDB bank [29] is attributed to the ground (BR1) struc-

ture, while the 1M0K structure [30] is taken as corre-
sponding to the K state (BR-K). The 2NTW structure
[31] is chosen for calculations of the protein configura-
tion in the L1 state. Similarly, the 1M0M structure [32]
is taken for calculations in the M1 state (BR-M1).

Several packages are used for DM calculations and
for the analysis of the results. The DM calculations are
performed using the Amber 9 MD package [28]. The
BR structure is qualified by taking the leaprc.ff03 force
field into account [28]. For this purpose structures taken
from the PDB bank are corrected according to the result
observed by Swiss-PdbViewer [33]. QM calculations
are performed with the Gaussian 03 quantum chemistry
package [34] within the frame of the density functional
theory, DFT [35] using B3LYP [36] functional and 6-
31G* basis set. The topology files and charges in the
system are generated by the t-leap program from the
Amber package. The figures are drawn and the DM is
calculated and analysed with VMD 1.8.7 [37], and the
final data are analysed using MATLAB 7.5.

Additional hydrogen atoms are added during the cal-
culations to the structures taken from the PDB bank,
where it is needed. Since the Amber package [28] does
not contain parameters relevant to the Schiff base con-
necting retinal to Lys 216 (the RETLYS structure) and
for protonated ASP85, the appropriate parametrization
was performed by invoking the Gaussian 03 quantum
chemistry package [34] in the frame of DFT [35] using
B3LYP functional [36] and the 6-31G* basis set. This
approach is known as giving good results for the whole
protein [28]. All other possible states were generated
by the t-leap program from the Amber package.

3. Results

3.1. Experimentally determined permanent DM

Variable component of the deformation of the dried
oriented PM film defined by means of electro-acoustic
measurements at two different pH values is presented in
Fig. 1. The orientation degree of the PMs in a particular
film is a determining factor of the value of the photo-
electric response as well as the zero point of the trans-
formation function depending on the external DC volt-
age in the electro-acoustic measurements [15]. Hence,
the same oriented PM film was used in all experiments
presented in this paper. For comparative purposes the
control experiments were also carried out with different
PM films of various degrees of orientation (not shown).

According to rough estimations the pH value for the
acid treated film should be of the order of 2. The critical
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(a)

(b)
Fig. 1. (a) Variable component of the deformation of the dried ori-
ented PM film defined by means of electro-acoustic measurements
at two different pH values as indicated in figure and (b) the PERS of
the same film at the same two pH levels. UC 0ex is the critical value
of external static voltage U0ex, which compensates the internal elec-

tric persistent in the films, thus resulting in S∼ = 0.

values of the bias voltage UC 0ex, defined as the cross-
ing point with the abscissa axis, are 279 and 299 V for
the normal and acid treated films, correspondingly. The
positive potential (when ITO is held negative) is needed
to compensate for the internal electric field of an oppo-
site direction inherent in the PM film (Eq. 3). Hence,
the internal DM of the BR molecule is directed from
the cytoplasmic side towards the extracellular side of
the membrane. The internal electric DM detected by
the electroacoustic technique qualitatively is not depen-
dent on pH variation (Fig. 1), which strongly contra-
dicts the experimental observations carried out on the
PM suspensions where the value of the permanent DM
of BR varies up to changing its direction depending on
pH [12, 16–19].

Results presented in Fig. 1(a) allow us to directly
determine the UC 0ex values and to consequently esti-
mate the value and direction of the DM corresponding
to a single BR in the dried PM film. Our findings in-
dicate the retinal–protein interaction to be directly con-
nected to the electric polarization EP corresponding to
the dried oriented films of BR.

The electric potential difference UP created by a
dipole in one-dimensional system is

UP =
pBR (2α− 1)nBR d

ε ε0
, (4)

where pBR is the DM projection to the axis normal to the
membrane surface, nBR is the concentration of dipoles,
and d is the thickness of the film. Factor 2α−1 reflects
the orientation degree of PMs in the film [27]. Evi-
dently, in disoriented film this factor equals zero and
for totally oriented film it equals 1 since α = 0.5 and
α = 1, respectively. By combining Eqs. (3) and (4) the
DM of a single BR molecule can be estimated from the
experimentally determined UC 0ex value.

The concentration of the BR molecules can be de-
termined as nBR = (VBR)

−1, where VBR is the volume
corresponding to the BR molecule. Estimate of this vol-
ume gives VBR = 3.5×4.5×5·10−27 m3. The thickness
d of the film, the vacuum permittivity ε0, the relative di-
electric constant ε ≈ 3 [38], and the surface area of the
electrode A can be related to the electric capacitance of
the film: Cfolm = ε ε0A/d. The orientation factor of
this film is known to be α ∼= 0.65 [27]. Thus, invoking
the relationship UP → −UC 0ex as follows from Eq. (3),
the DM for a single BR, pBR can be defined as

pBR = −VBR Cfilm UC 0ex

(2α− 1)A
. (5)

The experimentally measured capacitance of the film
reaches value Cfilm = 3.2·10−11 F, the surface area of
the electrode equals to A = 2·10−5 m2, and UC 0ex ≈
300 V. Taking these values into account, the DM pro-
jection of the single BR molecule corresponds to the
following estimation: pBR ≈ 1.3·10−28 C m or pBR ≈
40 D (1 D ≈ 3.3cdot10−30 C m). Evidently, such a big
dipole moment cannot be attributed to the retinal chro-
mophore only.

It is noteworthy that UC 0ex ≈ 300 V is almost the
same for the films under normal and low pH conditions
(Fig. 1), which is in contrast to the results obtained in
solutions [22]. This difference is due to reduction of the
dissociation possibility under the dry conditions.

The PERS shown in Fig. 1(b) is sensitive to the acidi-
fication conditions of the dried film. Under normal con-
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Fig. 2. The DM values defined for the 1C3W [29] structure. Arrows indicate the DM values corresponding to BR (1), cytoplasmic coil (2),
extracellular coil (3), extracellular coil (4), all coils (5).

ditions the PERS of the film contains all phases appro-
priate for the active BR. The initial phase is negative
and reflects the transformation from L to M states, while
the kinetics corresponding to the latter is of the positive
sign. The low pH film (acidic conditions) contains then
an initial negative signal only indicating the presence
of the L state, which, however, does not evolve to the
M state anymore. This effect is related to the block-
age of the proton transfer pathway to the first proton
acceptor D85 by other proton from the external envi-
ronment [27].

3.2. DM calculations

Calculations performed using the Amber 9 MD pack-
age [28] allow us to determine the DM for the BR1
structure taken from the crystallographic data [29] and
also subsequently using the MM minimization of the
structure. The monomer corresponding to BR1 consists

of 2073 atoms (the hydrogen atoms not taken into ac-
count). Therefore, additional hydrogen atoms are added
to the structures taken from the PDB bank, where it
is needed. The protonated Schiff base as a constituent
of the RETLYS residue is assumed to contain a pos-
itive charge in the course of the parametrization pro-
cedure. The obtained results of calculations are pre-
sented in Table 1. Interestingly, the total DM does not
change too much by applying additional MM minimiza-
tion. Its value for the crystallographic structure is equal
to 257.02 D (the orientation of the DM is indicated by
arrow 1 in Fig. 2), while the corresponding pBR (projec-
tion of the value on the z axis) is −93.01 D. After MM
minimization of the structure the DM slightly changes
reaching 251.57 D in value with pBR giving −71.74 D
(see BR values in Fig. 3(a)). The positive direction of
DM projection is assumed the direction from extracel-
lular to cytoplasmic side (the positive direction of z axis
in Fig. 2).
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Table 1. The dipole moment (DM) and its projection value (pBR) corresponding to the initial, K, L, and M intermediates of BR.

The DM value, D

No Structure Type (PDB code) pBR BR Protein
Trans- Cytoplasmic Extracellular Allmembrane coil coil coilshelices

1 BR1 X-ray (1C3W) −93.01 257.02 401.68 574.98 502.41 554.45 614.34
2 BR1 minimized −71.74 251.57 397.96 577.96 503.75 553.12 600.98
3 BR-K X-ray (1M0K) −83.43 248.87 387.80 609.45 361.14 559.98 651.23
4 BR-K minimized −57.86 226.82 385.61 619.77 343.03 557.51 600.51
5 BR-L1 X-ray (2NTW) −114.26 254.40 398.87 576.02 516.97 558.41 639.94
6 BR-L1 minimized −91.61 239.47 399.78 600.68 512.77 556.77 608.32
7 BR-M1 X-ray (1M0M) −99.11 252.73 262.44 541.74 675.09 557.76 606.13
8 BR-M1 minimized −41.95 232.55 247.46 566.38 667.33 555.58 580.81

(a)

(b)
Fig. 3. (a) Projection of the DM on the z axis of the membrane
defined by QM/MM calculations and (b) the time evolution of these
values in a separate BR molecule. DM values calculated for BR

[29], K [30], L [31], and M [3] intermediates.

For better understanding the main contributions by
determining the DM value, calculations were also per-
formed separately for the internal coil consisting of reti-
nal and bound water molecules, for the cytoplasmic and
extracellular coils, as well as for the transmembrane he-
lices. The calculated DM value for the cytoplasmic coil
is equal to 502.41 D as indicated by arrow 2 in Fig. 2,
while the DM value for the extracellular coil is of the

opposite direction (in the y axis projection, see Fig. 2
arrows 2 and 3) and is equal to 554.45 D with opposite
orientation as indicated by arrow 3. By summing up
both these DM values we get 614.24 D (see arrow 4 in
Fig. 2). The DM value of the transmembrane helices is
equal to 574.98 D as depicted by arrow 5 (Fig. 2) and is
of the opposite direction (in the z axis projection). Reti-
nal belongs to the photoactive centre of BR and its DM
value is small giving 0.56 D as follows from the QM cal-
culations. The QM calculations of the retinal together
with Lys 216 (RETLYS) taken from the BR1 structure
provide the value of 6.48 D for the DM with the ori-
entation coinciding with direction of the DM of BR. It
is worthwhile to mention that the DM corresponding
to transmembrane helices as well as of the bound wa-
ter molecules is of the opposite direction in comparison
with the total DM determined by other constituents of
the protein.

Similar calculations have been performed for BR-K,
BR-L1, and BR-M1 structures. The BR-K structure
corresponding to the K state is defined with 1.43 Å res-
olutions [30]. The monomer of BR-K also contains
2073 atoms including, however, various external con-
stituents. Due to protonation of the Schiff base, it is
also positively charged in the RETLYS fragment. The
DM in this case is 248.87 D (pBR = −83.43 D). After
additional MM minimization the DM changes reaching
226.82 D with pBR =−57.86 D. Next structure, BR-L1,
evidently corresponding to the L1 state, is defined with
1.53 Å resolutions [31]. The monomer of BR-L1 con-
sists of 1736 atoms (also skipping the hydrogen atoms)
and the Schiff base remaining protonated. The calcu-
lated value of the DM amounts to 254.40 D and giving
pBR as much as −114.26 D. After MM minimization of
the structure the DM slightly changes up to 239.47 D
and pBR turns to be equal to −91.61 D. The last struc-
ture under consideration, BR-M1, corresponding to the
M1 state is defined with 1.43 Å resolutions [32]. The
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monomer of BR-M1 consists of 2073 atoms (except
for the hydrogen atoms) including various external con-
stituents. In this case the Schiff base is not protonated
anymore, while ASP85 is becoming protonated. The
DM as calculated from this structure is 252.73 D, while
pBR is −99.11 D. After MM minimization of the struc-
ture the DM also changes up to 232.55 D and pBR up to
−41.95 D.

The same partition of the BR structure into the in-
ternal coil, the cytoplasmic and extracellular coils, as
well as for the transmembrane helices has been invoked
for the BR-L1 and BR-M1 structures. The DMs corre-
sponding to the transmembrane helices in the BR-K and
BR-M1 structures (not minimized) change by 34.47 and
−33.24 D, respectively, in comparison with those val-
ues corresponding to the BR1 structure. The same sub-
structures have similar values for BR-L1. The DM of
the extracellular coil of the protein varies within 5.75 D
for all BR structures. The DM of the cytoplastic coil of
the protein varies in the range of 173.23 D when taken
from different structures. However, qualitatively the di-
rections of all DM are oriented similarly as shown in
Fig. 2, with changes of the angles less than 30 deg.

Crystallographic data of BR under consideration,
i. e. structures of BR1, BR-K, BR-L1, and BR-M1, pro-
vide the information with resolution from 1.4 to 1.62 Å.
Additional minimization based on the MM calculations
slightly modifies positions of atoms in these particular
structures resulting in changes of the DM values up to
32 D for all structures, except for the BR-K case. Var-
ious DM values of K, L, and M states are presented in
Fig. 3(a). The highest effect due to structural changes
is obtained for the transmembrane helices as evidenced
in Table 1. The DM for the BR-K structure before and
after minimization procedure differs up to 50 D. How-
ever, it has a minor effect on the total DM due to the
DM orientation.

The results of our MM calculations show that inves-
tigated structures have not changed essentially during
minimization procedure. Various intermediates have
similar relative dipole moment values before and after
minimization (Fig. 3(a)). That leads us to conclusion
that BR structures after minimization procedure belong
to the same ground and intermediate structures as de-
termined from crystallographic data.

It is noteworthy that the DM direction in K (BR-K), L
(BR-L1), and M (BR-M1) states slightly varies. These
variations are within 5 deg for most of the calculated
dipole moments indicated by arrows, except the di-
rection indicated by the 3rd arrow, where difference
reaches up to 30 deg. However, these variations do not

change the sign of the DM projection along the z axis
(see Table 1).

4. Discussion

The QM/MM calculations are applied for the high-
resolution X-ray structures of BR by considering vari-
ous intermediate states (up to the M and N) by deter-
mining details of the sequential rearrangement of the
protein [3, 29, 30, 32, 39–47]. Recently QM/MM cal-
culation methods have been also invoked for estima-
tions of the delocalization extent of the positive charge
in the vicinity of Glu204 and Glu194 in BR [48, 49].
Instructive insight into the primary proton transfer rate
has been also given by means of the same QM/MM ap-
proach [50, 51]. However, these calculations have not
shown consistency with the observed pKa values as fol-
lows from the appropriate analysis [52–55]. Possible
relationship between details of the 1C3W structure [29]
has been analysed in terms of ab initio QM/MM calcu-
lations [56, 57]. Thus, our approach by estimating the
DM of BR is well grounded.

As follows from the electro-acoustic measurements
of dried films of the PMs, the projection of the DM of
BR normal to the membrane surface is close to 40 D.
The same value defined from QM/MM calculations for
the BR1 structure is comparable to this value and of
the same direction as defined from the electro-acoustic
measurements. According to the analysis based on the
partition of the BR structure, the DM is defined by the
total volume of BR. The dominant input to the DM
value corresponds to the cytoplasmic and extracellular
coils, while the DM corresponding to the active cen-
tre including retinal gives a minor input. The contribu-
tion of the transmembrane helices results in the DM of
the opposite direction in comparison with the dominat-
ing input of the cytoplasmic and extracellular coils and,
thus, partly compensating the total value of the DM.
Any deformation of the structure in the course of the
photocycle can result in changes of the DM value.

The critical value of the bias voltage defined from
the electrostriction measurements does not depend on
the acidification level used for the film preparation as
follows from Fig. 1(a). This result allows us to con-
clude that the DM value remains unchanged in the dried
films independently of the acidity conditions (Eq. 5),
however, becoming sensitive to the external conditions
when soaked in solution [22]. This controversial ob-
servation supports our conclusion about the dominant
input from the external coils of the protein by deter-
mining the DM value. Evidently, the charges present
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Fig. 4. Ensemble averaged time evolution of the projection of the
mean value of the DM of BR on the z axis of the PM. In the case
of neutral pH, all excited BR molecules reach the M intermediate
state. Full acidic conditions correspond to the limiting case when
the position for the proton in the first acceptor state is blocked by the
external proton. Low acidic case corresponds to the mixture of BR
in the film containing 90% with the totally blocked proton accepting
state (the full acidic case) and the rest in the unblocked (neutral pH)

state for the proton transfer.

in the solvent as well as the polarization of the solvent
itself could have substantial influence on the DM value
and even on its direction in this case. Such difference in
sensitivity of the DM value depending on the surround-
ing of the PM (in the dried films versus solution) could
be understood as follows. In the case of the dried film
the dissociation ability of the acidic or alkali molecules
might be hindered, in contrast to the situation in the so-
lution. This is the reason why the surface charges of the
PMs do not vary by changing the environmental condi-
tions of the dried films.

Defined values of the DM in the intermediate states
of the BR photocycle could be used to follow changes of
this value and to attribute them to the driving force for
the proton pumping. Indeed, by taking the DM values
and their projections on the z axis in the BR1, L, and M
states as schematically shown in Fig. 3(a), we can jus-
tify the model used by postulating the kinetic scheme
for the proton transfer in the ensemble of BR molecules
in the film [15]. The kinetics of the z axis projection of
the total DM moment of the BR film then should follow
the kinetics of the concentration of the relevant states
in the photocycle. Thus, by choosing the evolution of
these values as shown in Fig. 3(b) the temporal evolu-
tion of the projection value of the DM can be defined
accordingly:

pL = p0L
τL

τL − τ0
(e−t/τL − e−t/τ0) , (6)

pM = p0M

[
τL

τL − τ0
(1− e−t/τL)

− τ0
τL − τ0

(1− e−t/τ0)

]
, and (7)

pBR = pM − pL , (8)

where pBR represents the response of the film, p0L and
p0M (see Fig. 3(b)) are the maximal values of the DM
projection in the L and M states, while τ0 and τL are
the lifetimes of the K and L intermediates, respectively.
Substituting values τ0 = 2 µs and τL = 50 µs, we
get the changes of this projection as shown in Fig. 4.
Since the changes of the DM projection are propor-
tional to the potential as defined from the experimental
measurements (see Eq. (4)), the obtained kinetics to-
tally reflects the kinetics defined from the experiments
(see Fig. 10 from [15]). These results evidently support
our previous conclusion that the changes of the electric
field in the intermediates are related to the structural
changes of the protein and, thus, demonstrate that the
origin of the proton driving force should be attributed
to the electrical-to-mechanical energy conversion tak-
ing place in the purple membrane.

In the acidic environment the τL time constant corre-
sponding to the transition from the L state to the M state
should reflect the probability of the first proton accep-
tor D85 to be occupied by the external proton, accord-
ingly [27]:

τL =
1

ν0 θSB (1− θD85)
eWL/(kT ) , (9)

where ν0 is the proton oscillation frequency in the ini-
tial state, WL is the activation barrier energy of proton
transfer from Schiff base to D85 acceptor.

The occupation factor of the Schiff base (SB) θSB = 1
and that of the acceptor D85 θD85 = 0 correspond to the
normal conditions when the proton is positioned in the
initial state. At low pH of the environment the proton
acceptor D85 is protonated, thus θD85 = 1. Hence, from
Eq. (9) we get that τL = ∞, and the resultant PERS of
such BR molecules is

pBR = p0L (1− e−t/τ0) , (10)

where pBR represents the response of the film at very
low pH (full acidic). Theoretical curves (see Fig. 4)
were calculated using Eqs. (8) and (10) with the cor-
responding coefficients well correlating with the exper-
imental data obtained for the oriented PM films under
neutral and acidic conditions (see Fig. 1(b)). By com-
paring the calculated value of the time evolution of the
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dipole moment (defined by Eqs. (6)–(8)) with the ex-
perimental observations presented in Fig. 1(b) we have
to conclude that 90% of BR is blocked in the film under
“low pH” conditions.

It should be noted that the value of the DM of BR
in solution is variable depending on the pH value [26].
Such type of sensitivity supports our conclusion that the
dominant value of the DM is defined by the external
coils. Due to the variability of the surface charges on
the pK values of the amino acids, changes of the DM
value depending on the solvent conditions are expected
(pK is dissociation constant value for one amino acid of
BR molecule, in pH units).

The obtained value of the generated DM projection
in the M intermediate reaches 30 D (see Fig. 3), similar
to the experimental estimations. Taking into account
the thickness of the purple membrane as 5·10−9 m and
assuming α = 1, from Eq. (4) we could estimate the
value of the electric potential generated accordingly,
which is equal to 0.3 V. Remarkably, such electric po-
tential is sufficient for ATP generation. The origin of
all these changes of the DM value is predominantly de-
fined by the protein deformation.

5. Conclusions

The PERS kinetics is usually attributed to the pho-
toinduced proton pumping in the dried films of the PMs
under normal external conditions and is suppressed un-
der low pH conditions. From the analysis of the electro-
acoustic measurements of the dried films it is concluded
that the projection of the pBR value of BR along the di-
rection normal to the membrane surface is of the or-
der of 40 D and directed from the cytoplasmic side to
the extracellular side of the PM. A similar value and
the same orientation of pBR are also deduced from the
QM/MM calculations performed for the known crys-
tallographic structures of the ground state of BR. These
calculations demonstrate that the charged groups of the
cytoplasmic and extracellular coils provide the domi-
nant contribution by determining pBR, while the con-
tribution from the transmembrane helices and from the
active centre is substantially smaller. Calculated pBR
values of BR in the L state are larger than those in the
ground state and the BR structure in the M state. By
taking these values of pBR into account, the calculated
PERS kinetics fits the experimental observations. As
follows from these calculations, the electric potential
generated in the M state of BR is 0.3 V. It is noteworthy
that such electric potential is sufficient for ATP gener-
ation.

According to our QM/MM calculations the variabil-
ity of the pBR in the sequential states of BR is mainly
defined by the conformational changes of the PM sur-
faces. These conformational changes are initiated by
isomerization of retinal after its photoexcitation. The
isomerization of retinal should induce stretching in the
transmembrane helices, which in their turn initiate the
conformational changes in the cytoplasmic and extra-
cellular coils. The obtained strained conformation cor-
responds to the L intermediate state, which further on
should relax, resulting in the M intermediate state for-
mation. In the course of this relaxation the proton ini-
tially attached to the Schiff base starts moving due to the
presence of the electrostatic potential corresponding to
the L intermediate state seeking to screen it. Thus, the
driving force for the proton transfer is a result of relax-
ation of the strained conformation of the protein in the
L state.

It is found that the pBR remains unchanged with acid-
ification of the PM in the dried films, while the PERS
kinetics substantially changes. Such sensitivity of the
PERS to the pH changes can be understood by assum-
ing the blockage possibility of the proton accepting state
by the external protons. The reason why the surface
charges of the PMs do not vary by changing the environ-
mental conditions of the dried films as is deduced from
the electro-acoustic measurements can be attributed to
reduction of the dissociation ability of the acidic or al-
kali molecules under the dried film conditions.
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Santrauka
Bakteriorodopsino elektrinis dipolinis momentas įvertintas iš

purpurinių membranų sausose plėvelėse elektroakustinių mata-
vimų. Nustatyta dipolinio momento projekcijos į membranos pavir-
šiaus normalę vertė lygi 40 D, kryptis – nuo citoplazminės į išorinę
membranos pusę bei nepriklauso (arba labai mažai priklauso) nuo
aplinkos pH. Norint atskleisti dipolinio momento susidarymo pri-
gimtį, buvo atlikti žinomų bakteriorodopsino pagrindinės ir tarpinių
struktūrų QM/MM skaičiavimai, iš kurių paaiškėjo, kad dipolinis
momentas daugiausia priklauso nuo citoplazminės ir išorinės pusės

membranos nebaltyminių dalių. Tarpmembraninės spiralės dipoli-
nio turimo momento dalis yra mažesnė ir nukreipta priešingai. Ap-
skaičiuotoji aktyvaus centro dipolinio momento vertė, lyginant su
visos struktūros momento verte, yra maža. Gautos bakteriorodop-
sino dipolinio momento vertės K, L ir M būsenoms leidžia geriau
suprasti protonovaros prigimtį. Pagrindinės ir tarpinių būsenų dipo-
linio momento vertės, apskaičiuotos QM/MM metodu, buvo panau-
dotos eksperimentiškai gautam sausų plėvelių fotoelektriniam atsa-
kui paaiškinti.


