
Abstract NMR spectra and T1, T2 relaxation times for 1H,
13C and 31P nuclei in membranes of R. rubrum and 
Rb. sphaeroides recorded at different relative humidity, as
well as hydration curves and electron transfer efficiency of
these membranes and membranes of E. shaposhnikovii, re-
veal complicated relations between structural-dynamic and
functional characteristics. A number of sites of the electron
transfer chain are shown to be under the control of structu-
ral-dynamic mechanisms. Different parameters character-
izing these membranes at low humidity and during hydra-
tion have been established. These findings and analysis of
the data from model systems reveal four different stages of
hydration. Each of them is associated with specific changes
in structure, dynamics, and function of photosynthetic
membranes and their components. In the first stage the hy-
dration of some polar groups leads to local changes in the
dynamics of the protein component and this influences the
recombination between photoactive pigment P and inter-
mediate acceptor QA. The second stage is induced by in-
corporation of water molecules into the hydrogen bonds
between the polar head groups of the lipids and within mac-
romolecules. This results in changes of the dynamics of the
membranes, the efficiency of the electron transfer between
the quinones and the efficiency of photooxidation of cyto-
chrome c. In the third stage all polar groups are hydrated
owing to the appearance of free water with a high dielec-
tric constant. This makes possible lateral mobility of mem-
brane components and changes in distances between the
interacting macromolecular components. Therefore, the
regulation of photosynthetic processes can be mediated
with the participation of mobile carriers. Finally, in the
fourth stage, complete humidification provides conditions
for regulation of photosynthesis at the cell level. The mech-
anisms influencing these processes and the efficiency and
regulation of electron transfer in various parts of the pho-
tosynthetic chain are discussed.
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Abbreviations BChl Bacteriochlorophyll · ET Electron
transfer · LDAO Lauryldimethylamineoxide · PE Phospha-
tidylethanolamine · RC Reaction center · RH Relative hu-
midity

Introduction

Interaction with water has a major effect on the dynamics
of various biological structures and their functional activ-
ity, as has been demonstrated by a variety of methods
(Likhtenstein 1976; Frauenfelder et al. 1979; Beece et al.
1980; Hauslay and Stanley 1982; Welch et al. 1982; La-
kowicz 1986; McCammon and Harvey 1987; Suzdalev
1988; Wüthrich 1988; Rupley and Carreri 1991; etc.). In
particular, the study of the dynamics of chromatophores of
purple bacteria by methods of spin-echo of protein reso-
nance, spin label and γ-resonance spectroscopy revealed
the direct relationship between dynamics and efficiency of
electron transfer (ET) in the photosynthetic chain between
primary (QA) and secondary (QB) quinones (Berg et al.
1979; Nikolaev et al. 1980; Aksyonov et al. 1985; Kono-
nenko et al. 1986). However, for different ET stages and for
chromatophores of various purple bacteria such a relation-
ship is sometimes uncertain and may even be virtually ab-
sent. This discrepancy can be attributed to the specific or-
ganization of different chromatophore structures and to the
complicated character of water effects. Effects of hydration
of polar groups, incorporation of water molecules into hy-
drogen bonds of proteins or membranes, as well hydropho-
bic interaction must be taken into account. Thus the dynam-
ics and functional characteristics of biological structures
depend upon a great number of factors which can be eluci-
dated and investigated only using a comprehensive ap-
proach. To solve a multiparametric problem, it is necessary
to have a corresponding number of structural-dynamic pa-
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rameters which in turn must be compared with certain func-
tional characteristics of the systems in question.

Photosynthetic membranes are suitable objects for this
purpose, because in the photosynthetic chain separate
stages differ dramatically in their kinetic constants (Clay-
ton 1980). There is a variety of data concerning functional
and structural-dynamic characteristics of different purple
bacteria species and their membranes. It is also essential
that some of the primary ET stages do not depend on dif-
fusive restrictions since this allows one to correlate directly
the observed changes in the dynamics of the membrane
structures with their biological function. Hydration effects
may also provide for important additional information on
properties of such membranes. Finally, the use of different
methods for their investigation, in addition to the data ob-
tained in model systems, allows one to increase consider-
ably the reliability of the interpretation of the results ob-
tained.

To solve such a problem, photosynthetic membranes of
three species of purple bacteria were studied: Rhodospiril-
lum rubrum, Rhodobacter sphaeroides and Ectothiorho-
dospira shaposhnikovii. These species differ from each
other in a number of functional and structural-dynamic
characteristics. Measuring relaxation times T1 and T2 for
protons, isotope effects, 13C and 31P NMR spectra were
studied during the process of hydration. In these mem-
branes we studied the dynamics of the protein and the po-
lar and non-polar lipid phases. The results obtained were
analyzed together with the functional characteristics of 
ET reactions and compared with data obtained for the
model systems. The effects studied on these membranes
revealed 4 stages of hydration which are characterized by
different water content and parameters of dynamics and ET
efficiency in the photosynthetic chain.

Materials und methods

The nonsulphur purple bacteria Rhodospirillum rubrum,
Rhodobacter sphaeroides and sulphuric Ectothiorhodos-
pira shaposhnikovii were grown for 3 – 5 days under an-
aerobic conditions in a luminostat at a temperature of about
30°C. Cells of R. rubrum and Rb. sphaeroides were grown
on Ormerod’s culture medium and E. shaposhnikovii on
Larsen’s medium (Kondratyeva 1963). Photosynthetic
membranes (chromatophores) were isolated from bacterial
cells using routine methods (Samuilov and Kondratyeva
1969). Cells separated from culture medium were sus-
pended in 0.05 M Tris-HCl buffer, pH 6.8 – 7.0 containing
0.05 M sucrose (pH 8.0 and 0.25 M sucrose for E. shaposh-
nikovii) and 0.005 M MgSO4. The cells were disrupted by
ultrasonic treatment (20 – 22 kHz, 0.5 A) for 3 – 5 min. De-
bris was discanted by centrifugation and the fraction of the
chromatophores was sedimented from the supernatant by
ultracentrifugation at 100,000 – 150,000 g for 1 – 2 h at
0 – 4 °C. Chromatophores of E. shaposhnikovii with active
cytochromes were prepared as described (Pottosin et al.
1984; Chamorovsky et al. 1986).

The chromatophores for the NMR measurements were
lyophilized and then wetted in dessicators over saturated
salt solutions to attain the necessary hydration degree ac-
cording to Winston and Bates (1960). ET activity of chro-
matophores was measured by optical differential spectro-
scopy in film preparations (Chamorovsky et al. 1976) ob-
tained after drying on a glass support of either the suspen-
sion of the chromatophores or wetted lyophilized powder
used for NMR spectroscopy. The hydration of the prepar-
ations was determined gravimetrically and by direct titra-
tion with Fisher’s reagent using electrometric detection of
the equivalent point (Klimova 1976).

The NMR spectra for the nuclei 13C and 31P and relax-
ation times T1 and T2 for them were measured on a 
“Bruker” CXP-300 spectrometer at frequencies of 75 and
121 MHz, respectively. To measure the spin-lattice relax-
ation time T1, a standard “saturation-recovery” sequence
from a series of 90° pulses was used. The curves of recov-
ery of the longitudinal magnetization for the nuclei 13C
were approximated in the form of one exponent and the
curves for the nuclei 31P – in the form of the sum of two
exponents (“fast” and “slow”). The T1 values and the rel-
ative proportions of these exponents were determined us-
ing the EXPO Bruker program. A similar procedure was
performed to determine the T1 from amplitude values of
the curves as well as from the integral values of the curves
using not less than 200 measurements. The standard devi-
ations of T1 values were not more than 10%.

The T2 relaxation times (more strictly T2* = 1/∆ω) (Ab-
ragam 1961) for 31P were measured directly by half-width
of resonance and were used only for relative estimates. To
determine T2 each curve was averaged for not less than
1000 measurements.

The relaxation times T1 and T2 for protons were meas-
ured on a home-made NMR spin-echo spectrometer at a
frequency of 20 MHz with the aid of pulse sequences of
180° – τ – 90° and 90° – τ – 180°, respectively (Farrar and
Becker 1971). Intensities of the spin-echo signals were
standardized.

Results

It is evident from Fig. 1 that hydration curves for photo-
synthetic membranes of the studied species of purple bac-
teria (R. rubrum, Rb. sphaeroides and E. shaposhnikovii)
differ greatly from each other. In the membranes of R. ru-
brum, phosphatidylethanolamine (PE) occupies about 65%
of the lipid phase (Snozzi and Bachofen 1979). Hydrogen
bonds are formed between the polar heads of PE lipid mole-
cules, resulting in a sharp increase in water adsorption
within the interval of relative humidity (RH) P/P0 =
0.3 – 0.5. A further RH increase up to 0.8 has virtually no
effect on the hydration level of the membranes (Fig. 1 A).
These effects are even more clear in the protein-pigment
complexes of the reaction centres (RC) extracted from
membranes using lauryldimethylamineoxide (LDAO).
Like PE, the detergent forms hydrogen bonds between its
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molecules. However, if LDAO is replaced by Triton X-
100, the area of humidity-dependent hydration increase is
extended markedly (Aksyonov et al. 1985).

The hydration curves for membranes of Rb. sphaeroides
are more smooth than those for membranes of R. rubrum
(Fig. 1 A). In membranes of E. shaposhnikovii (Fig. 1 B)
the main increase in water adsorption is shifted to higher
RH values of 0.5 – 0.7 and more as compared with 0.3 – 0.5
in R. rubrum. There is a noticeable difference in the ad-
sorption of H2O and D2O at intermediate and low RH val-
ues which virtually disappears at high humidity (Fig. 1 B)
(Aksyonov et al. 1987; Chamorovsky et al. 1988). The hy-
dration curve for this type of membrane in H2O is quite
close to the hydration curve for an equimolar mixture of
bovine serum albumin (BSA) with ligands (average mo-

lecular weight of about 3 kD) (Aksyonov et al. 1990 a)
(Fig. 1 C). However, the hydration curve for BSA without
ligands differs markedly from both of these curves
(Fig. 1 B, 1 C).

The increase in the amount of adsorbed water in mem-
branes of R. rubrum and E. shaposhnikovii at intermediate
humidity leads to a considerable increase in mobility of the
molecules and their individual groups, other than water.
This can be observed in the excess of the number of mo-
bile groups over the water content in the system (Fig. 2 B
and 2 C) and in the change in the T1 and T2 values for pro-
tons. The same effects are observed under conditions of
humidification in heavy water vapours (Fig. 3 B, 3 C).

Such changes are more pronounced in the membranes
of R. rubrum and are also accompanied by a sharp increase
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Fig. 1 A Hydration isotherms of bacterial membranes of R. rubrum
(r) (Aksyonov et al. 1985) and Rb. sphaeroides (m) (g H2O per g of
dry weight of membranes); P/P0 – relative humidity. B Same for
membranes of E. shaposhnikovii humidified in H2O (p) and D2O (P)
vapours (Aksyonov et al. 1987). Mass values for D2O multiplayed
by 0.9 (proportionality ratio between the mass of H2O and D2O); 
C Same for bovine serum albumin (g) and 4% low-molecular ligands
and BSA (h) (Aksyonov et al. 1990 a)

Fig. 2 A Efficiency (N) of photoinduced electron transfer from the
primary (QA) to the secondary (QB) quinone acceptors in chromat-
ophores of R. rubrum (p) and time t1/2 of recombination between
photoactive pigment P+ and primary acceptors QA in RC prepara-
tions isolated from R. rubrum membranes by LDAO (–m–) or Tri-
ton X-100 (– L –); B water adsorption isoterms in R. rubrum mem-
branes; C total amplitude of NMR spin-echo signals of mobile pro-
tons in R. rubrum chromatophores (p) (as calculated per water
weight) and its components: fast (T2 = 0.1 – 0.4 ms) (P) and slow
(T2 = 2.5 – 3.2 ms) (G) (Aksyonov et al. 1985)



in the ET efficiency between primary (QA) and secondary
(QB) quinones within the RH range P/P0 = 0.3 – 0.5
(Fig. 2 A). Such effects are even more pronounced in the
system RC-LDAO (Aksyonov et al. 1985). However, in
chromatophores of E. shaposhnikovii the ET between qui-
nones remains effective even in the dry state, and it in-
creases only slightly with RH increase (Fig. 3 A). A simi-
lar pattern is also observed in membranes of Rb. sphae-
roides.

No direct relationship was found in the isolated RC of
R. rubrum between the changes in dynamics and the re-
combination of photoactive pigment P and intermediate ac-
ceptor QA (Fig. 2 A). Unlike ET between quinones, recom-
bination does not depend upon the type of detergent used.
However, this changes markedly at low RH levels where
noticeable changes in the hydration and dynamics of the
membranes were not yet observed (Fig. 2 A and 2 B).

There is only partial overlap between the area of signif-
icant growth of water adsorption and the area of increase
in the dynamics and growth of efficiency of another 
ET process, which is observed in membranes of E. sha-
poshnikovii – the photoinduced oxidation of cytochrome c
(Fig. 3 A) (Pottosin et al. 1984, 1987; Kononenko and Ak-
senov 1987). The area of rapid growth of its efficiency is
much closer to the area of the sharp change in the dynam-
ics in the membranes of R. rubrum (Fig. 2 C). However,

the ET efficiency from cytochrome c to bacteriochloro-
phyll (BChl) of RC increases markedly only at
P/P0 = 0.5 – 0.88 (Chamorovsky et al. 1988).

Thus, the relationship between the dynamics and func-
tion during hydration of the photosynthetic membranes has
a complicated character. To elucidate this problem the de-
tails of the hydration process were studied by the 13C and
31P NMR spectroscopy.

The NMR spectra of carbon 13 at the frequency of
75 MHz for the membranes of R. rubrum in the solid phase
contain 2 quite well resolved lines (Fig. 4) (Aksyonov et al.
1990 b, 1991). High resolution NMR spectra for the mem-
branes of R. rubrum and Rb. sphaeroides were recorded
with samples rotating at the “magic” angle (Aksyonov
et al. 1991). Using these data it was shown that the left line
of the spectrum (Fig. 4) belongs mainly to the molecular
groups of proteins and the right spectral line mainly to the
groups of non-polar lipid regions (Aksyonov et al. 1991),
the whole spectrum being weakly dependent on RH.

Additional important information was obtained by
measuring the T1 values for two 13C spectral lines in the
membranes of R. rubrum under various RH. The NMR data
on T1 for protein dynamics in the solid state (Andrew et al.
1978; Aksyonov 1983) showed that the partial contribu-
tion of protein groups to the line related to lipids hardly af-
fects the dependence of the lipid T1 values on RH (Aksyo-
nov et al. 1991). This is also true for the contribution of
lipid groups to the protein line. T1 values of relevant lipid
and protein groups in the membranes of R. rubrum have
opposite dependences upon RH (Fig. 5, 6 A).

As seen from Fig. 5, the T1 value for the non-polar lipid
regions decreases with humidification and then, having at-
tained its minimum at an RH of about 0.3, increases again.
The existence of such a minimum provides unequivocal
evidence that the motion frequencies (related to the lipid
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Fig. 3 A Efficiency (N) of photoinduced electron transfer from the
primary (QA) to the secondary (QB) quinone acceptors (g) and effi-
ciency (C) of photoinduced oxidation of cytochrome C (G) in chro-
matophores of E. shaposhnikovii at different humidity (Pottosin et al.
1984); B T1 values for protons in these chromatophores under hu-
midification in D2O vapours; C T2 values for membrane protons
under humidification in H2O (p) and D2O (P) vapours (Aksyonov
et al. 1987)

Fig. 4 NMR spectra of carbon
13C nuclei as measured at
75.476 MHz in R. rubrum chro-
matophores poised at different
relative humidity P/P0 (Aksyo-
nov et al. 1991)



tails) are close to the resonance frequency (Abragam 1961).
The T1 minimum is also observed for the lipid protons in
the membranes of E. shaposhnikovii when they are humid-
ified in heavy water vapours (Fig. 3 B).

At the onset of the next stage of humidification the 
T1 value for the 13C nuclei in the lipids of the R. rubrum
membranes increases, showing that there is a further in-
crease in lipid mobility. Within the interval RH 0.5 – 0.76
the T1 value has an approximately constant value. How-
ever, for P/P0 >0.8 a new and pronounced decrease in 
T1 values occurs again (Fig. 5). Such a new drop in the 
T1 value of the lipid line at high RH above 0.8 testifies to
the appearance of a new type of motion in the lipids. The
latter is likely to be not only related to lipid tails but also
to the whole lipid molecules (Aksyonov et al. 1991).

In the case of the 13C NMR line related to the protein,
the drop in the T1 values occurs at the initial stage of hu-
midification (Fig. 5). This fact indicates an activation of
the internal dynamics of the protein. Subsequent increases
of the RH up to about 0.5 results in an additional drop of
the T1 value from the carbon nuclei of the protein compo-
nent. A new drop of the T1 value at an RH of about 
0.8 points to a considerable increase in internal protein dy-
namics. One cannot exclude the possibility that there is
some contribution of the motions of the whole protein glob-
ules.

In addition, in the polar part of the lipids, as seen in the
rise of the T1 values for 31P with humidification of the
membranes of R. rubrum, a quite unexpected dependence
on RH is observed. As follows from NMR theory (Abra-
gam 1961), the increase of T1 values at the first stages (RH
<0.5) indicates a decrease rather than an increase in mo-
bility for the main slow component of 31P NMR (Fig. 6 A).
The same dependence was also found for the minor fast
component of T1 (Aksyonov et al. 1991). A dependence of
this kind is unlikely to be seen in the case of lipids in a
hexagonal phase with low humidity where the polar groups
must directly interact with each other. This conclusion does
not conflict with the shape of the NMR spectra for 31P
(Fig. 7 B), but it can be explained by the complex compo-
sition of this membrane.

A definite result was obtained for the membranes of 
Rb. sphaeroides. Here at low humidity the T1 values for
31P decrease with increasing RH (Fig. 6 B) and the reso-
nance line is asymmetric with an additional component in
the low frequency wing (Fig. 7 A). This is in full agree-
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Fig. 5 T1 values for carbon 13C nuclei in protein (p) and lipid (g)
components of R. rubrum membranes (Aksyonov et al. 1990 b)

Fig. 6 A T1 values for phosphorus 31P nuclei for the amplitude (p)
and integral (P) values of slow relaxation components of longitudi-
nal magnetization and T2 values for broad (g) and narrow (G) spec-
tral lines of these nuclei in cromatophores of R. rubrum poised at
different relative humidity (Aksyonov et al. 1990 b); B Same for T1
in membranes of R. sphaeroides

Fig. 7 NMR spectra of 31P nuclei at 121 MHz in Rb. sphaeroides
(A) and R. rubrum (B) membranes poised at different relative hu-
midity



ment with the assumed behavior of the hexagonal phase
(Cullis and De Krujiff 1979; Yeagle 1990). With the in-
crease in RH the asymmetry of the resonance from the 31P
nuclei is less pronounced, which indicates that at least part
of the assumed hexagonal phase has disappeared. Accord-
ing to the T1 data for the 31P nuclei, this process is also ac-
companied by the growth of mobility in the polar area of
the membranes. Further increase in humidity gives rise to
a noticeable narrowing of the resonance line with a virtual
disappearance of its asymmetry (Fig. 7 A). Moreover, the
fraction of more mobile groups in the polar area of the
membranes increases markedly and together with the broad
line from the 31P nuclei with T2 = 25 µs there appears a nar-
row line with T2 = 200 µs. These effects are also observed
in the NMR spectra of the Rb. sphaeroides membranes as
well as R. rubrum (Aksyonov et al. 1991). This points to
the influence of rotational averaging of the interaction
between magnetic moments of the phosphorus nuclei and
protons which is associated with an increased lateral mo-
bility of the lipid molecules within the membranes (Cullis
and De Krujiff 1978, 1979; Yeagle 1990). The RH range
where these effects appear coincides with the range where
a substantial drop of the T1 values for the 13C nuclei which
belong both to the non-polar area of the lipids and the pro-
tein component can be observed (Fig. 5).

Discussion

The results obtained should be discussed with respect to
the characteristics of the hydration processes and the role
of water in the internal dynamics of biological macromol-
ecules and membranes and their functioning.

Hydration processes in the photosynthetic membranes

In the process of the membrane hydration, one can distin-
guish a few stages which differ with respect to structural
changes and dynamics caused by water molecules, as well
changes in functional characteristics of the membranes. We
shall now discuss these separate hydration stages in more
detail.

It is suggested in the literature that in the initial stages
the polar groups of the proteins and lipids must be hydrated.
However, with a real biological membrane, one should take
into account its multicomponent character. A model
system, BSA-ligand, can serve as a good subject for the
study of the role of different polar groups in hydration pro-
cesses. The number of polar groups available for hydra-
tion in the BSA-ligand system is higher than in the protein
BSA alone. However, the amount of adsorbed water in the
low RH region turns out to be markedly lower in the for-
mer case (Fig. 1 C). Hence, not all the polar groups in the
BSA-ligand system can be hydrated at low RH. This is ob-
viously due to the interaction of oppositely charged groups
of the ligands and the protein BSA (Aksyonov et al.
1990 a). This interaction is virtually undisturbed in the first

stage of hydration when only bound water with a low di-
electric constant value is present. This effect may be im-
portant for the hydration of biological membranes where
the interaction of opposite charges of the lipid molecules
with each other and with the charged protein groups play
a marked role.

The first stage of hydration influences only a part of the
polar groups in the complex protein-lipid systems. It is
likely to give rise to local changes in their structure and
dynamics only. The decrease in the T1 values for the pro-
tein component at this level of hydration points to faster
dynamics.

The second stage of hydration within the RH interval
0.3 – 0.5 is connected with the involvement of water mole-
cules in hydrogen bonds between the lipid molecules and
within protein globules. This effect is observed more dis-
tinctly in the membranes of R. rubrum, where PE forms 65%
of the lipid phase, especially in the system RC-LDAO (Ak-
syonov et al. 1985) and to a lesser extent in the membranes
of Rb. sphaeroides (Fig. 1 A) with a PE content of about 37%
(Wood et al. 1965). Direct evidence on the presence of hy-
drogen-bonded interlamellar water interacting strongly with
head groups of PE was obtained by one- and two-dimen-
tional NMR spectroscopy, whereas in other lipids studied
such effects were not observed (Chen et al. 1996).

The peculiarity of the above processes is that they ap-
pear only when some minimum amount of water is avail-
able. In particular, this is the case for the data from the
model system polyethylenimine (CH2–CH2–NH)n–H2O a
linear polymer which contains about 2% branchings. Here,
in the first stages of hydration there emerges relatively mo-
bile water. However, in the subsequent process of humid-
ification, the water mobility decreases down to a minimum
level which corresponds to the hydration with 1 M H2O
per 1 M NH-groups. If the water content increases further
the water mobility starts to increase again (Aksyonov et al.
1977). This effect is most likely to be due to the incorpo-
ration of water molecules into interchain bonds of the poly-
mer, which may also lead to the breaking of the neighbour-
ing direct hydrogen bonds. As a result, this process be-
comes possible only with the participation of at least a few
molecules of water in the given structural domain. This
process is also influenced by the local density of the pro-
tein and lipid packing. Data concerning the pronounced
difference between the hydration curves for pure PE and
for an equimolar mixture of PE with phosphatidylcholine
(Jendrasiak and Hastly 1974) support this conclusion. Ac-
cording to these authors, pure PE, in contrast to the mix-
ture of PE with phosphatidylcholine, adsorbs virtually no
water at low and intermediate humidity values.

Taking such effects into account, one may explain the
data on the small growth of water content in the membranes
of R. rubrum at the initial stage of hydration with a subse-
quent sharp growth of water absorption in the interval of
P/P0 = 0.3 – 0.5 (Fig. 1 A). A stronger adsorption of D2O as
compared to H2O in the membranes of E. shaposhnikovii
(Fig. 1 B) at low and intermediate humidity may be due, 
at least in part, to the stronger hydrogen bonds of heavy
water.
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Incorporation of water molecules into the polar phase
of the membranes of R. rubrum leads to an increase in the
volume which, in turn, induces a loosening of the packing
of the non-polar lipid tails. As a result, one can observe a
sharp increase in the dynamics in the lipid non-polar phase
(Fig. 2 C).

Participation of water molecules in hydrogen bonds also
takes place within the protein component of the mem-
branes. However it is difficult to detect quantitatively its
contribution to the total hydration effect on the basis of the
typical smooth hydration curves for the proteins (example
Fig. 1 C). On the other hand, incorporation of water mole-
cules into the hydrogen bond network of the protein is
likely to promote the formation of its native conformation.
From Fig. 3 B one can see the increase in internal mobil-
ity of membranes of E. shaposhnikovii in the RH interval
0.3 – 0.5, which may correspond to the effect of water in-
corporation. This is also accompanied by a rapid growth
of the efficiency of the photoinduced cytochrome oxida-
tion (Fig. 3 A) within the same RH interval (0.3 – 0.5). In
the given RH interval the change in the internal dynamics
of the proteins also follows from the additional drop of the
T1 values for the 13C nuclei from the protein component
of the R. rubrum membranes (Fig. 5). It is interesting that
at RH values higher than 0.3 other biopolymers reveal sim-
ilar behavior. Thus the enzymatic reaction may proceed in
solid samples (Khurguin 1976). The rate of irreversible
changes in DNA secondary structure also increases con-
siderably at RH >0.3 (Novikov and Sukhorukov 1977). All
these cases are characterised by a sharp dependence upon
the RH.

The third stage of the hydration is observed at RH val-
ues exceeding 0.7 (Fig. 1 C) where free water with a high
dielectric constant appears in the sample and weakens any
interactions between oppositely charged groups. As a re-
sult, a visible excess of the amount of adsorbed water in
the BSA-ligand system compared to the protein sample is
observed at RH higher than 0.7 (Fig. 1 C). Considerable
growth of water adsorption in the membranes of E. sha-
poshnikovii at these RH values is also observed (Fig. 1 B).
Evidently, the hydration of practically all of the charged
groups in the membrane occurs here, and this is similar for
the membranes and for the protein-ligand model system.

The presence of free water in such a system induces lat-
eral mobility of lipid molecules. This mobility is mani-
fested by the appearance of a narrow line of resonance for
a part of the 31P nuclei in the studied membranes of R. ru-
brum and Rb. sphaeroides for which the T2 values increase
by an order of magnitude. The other indication for lipid
mobility is a drop of the T1 values for both 31P and 13C nu-
clei of the lipid component (Fig. 5, 6). The sharp drop of
T1 is also observed for proteins (Fig. 5).

The considerable increase in the stability of DNA sec-
ondary structure at RH >0.7 (Novikov and Sukhorukov
1977), suggests that free water induces an increase in hy-
drophobic interaction.

Finally, at high water content the transfer of macromol-
ecules into water medium and changes in the association
of proteins with each other occur. This provides various

possibilities for the regulation of membrane processes in
cells. An increase in the number of mobile protein groups
and lipid molecules on their release from the bound state
corresponds to an increase of entropy in such processes
and must lead to a small change in free energy and high
sensitivity of this system of regulation to different kinds
of effects (Aksyonov 1985 a, 1990). Protein transfers from
the bound to the released state of proteins may be the re-
sult of a small loss of water accompanied by the small
change of its contribution to the hydration energy of mac-
romolecules (up to a few per cent) and this may be insen-
sitive to the physical measurements used to investigate the
state of water (Aksyonov 1985 b, 1990).

There is a series of direct and indirect data confirming
these ideas. Thus, it is sufficient to increase the ionic
strength up to 0.15 M NaCl in order to release some pe-
ripheral proteins from the state in which they are bound to
the membranes (Friedrich 1984). Peripheral protein-lipid
interactions are sensitive to many other factors (Sancaram
and Marsh 1993). In terms of transitions of the proteins
from the bound state into water and vice versa the pecu-
liarities of the data could be explained by considering the
changes in cytoplasm viscosity. Analogous conclusions
were drawn from light scattering and the distribution of
dyes in cells (Aksyonov 1990) which accompany the acti-
vation of any metabolic processes (Heilbrunn 1956; Alex-
androv 1985).

The relationship between the dynamics 
and function of photosynthetic membranes

For three types of the studied photosynthetic membranes
the above mentioned hydration effects result in different
relations between the structural-dynamic and functional
characteristics. Their examination allows one to identify
the role of various types of motion in providing the high
ET efficiency in different parts of the photosynthetic chain
and in regulating these processes.

The existence of the assumed hexagonal phase with
loose packing of the lipid tails at low RH in the membranes
of Rb. sphaeroides and possibly in the E. shaposhnikovii
agrees with the fact that they preserve the mobility and
high ET efficiency between the quinones. In the mem-
branes of R. rubrum, where the ET efficiency at low RH is
smaller than in these types of membranes, the lipid tails
are packed more densely. This becomes obvious from a
comparison of the T2 values of protons at low RH in the
membranes of R. rubrum which are markedly lower (Ak-
syonov et al. 1985) than the T2 values in the membranes
of E. shaposhnikovii (Fig. 3 C).

In the first stage only some of the polar groups are hy-
drated but the decrease in the T1 values for the protein com-
ponent shows that the hydration leads to changes in the dy-
namics of some protein groups. This results in an increase
in the recombination time of the photoactive pigment P and
the intermediate acceptor QA. This effect is only related to
the dynamics of protein since it is identical with different
types of detergents (Fig. 2 A).
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The next stage of the hydration is determined by the ef-
fects of incorporating the water molecules into the hydro-
gen bonds within the membranes. In the membranes of 
R. rubrum the incorporation of the water molecules
between the polar heads of PE molecules leads to a sharp
increase in mobility of the lipid tails that results in a sharp
increase in the ET efficiency between the quinones. To a
smaller extent, the same effects are also present in the 
membranes of Rb. sphaeroides and E. shaposhnikovii
where the mobility of the lipid tails was already rather high
in the dry state.

The influence of lipid mobility on the ET between the
quinones is likely to be due to electrostatic stabilization of
the reduced quinones. Changes in the QA – QB distance and
between the charged groups of QB and protein in the vi-
cinity of the quinone QB (Lankaster et al. 1996) make their
contribution. As a result, the probability of the back reac-
tion decreases sharply without a marked loss of energy
which may be the case in the static situation. This effect
may be also accompanied by a change in QB benzene ring
orientation which promotes the second electron transfer
from QA. According to Clayton (1980) the second electron
transfer to the quinone QB is not observed in the rigid mem-
brane structure.

To reduce the probability of back reaction to less then
1% it is necessary that the characteristic times of such mo-
tions should be at least 2 orders of magnitude less than the
times of the backward electron transition from QB to QA.
Mobile groups must also be displaced at some minimal dis-
tance within this time interval. To meet these requirements,
corresponding motions of molecular groups in the non-po-
lar phase of the membranes of R. rubrum at RH values from
0.5 and higher must have characteristics times within the
nanosecond time range. This follows directly from the data
in Fig. 5 where the transition through the minimum T1 for
the 13C nuclei in the non-polar lipid areas with RH growth
is presented. The minimum T1 is also observed for protons
in the membranes of E. shaposhnikovii (Fig. 3 B). Charac-
teristic times of molecular motions can be compared with
the time of QB

– reduction in the microsecond time range
(Clayton 1980).

Participation of the water molecules in the hydrogen
bonds within protein is likely to influence the formation of
the native protein conformation, the efficiency of photo-
oxidation of cytochrome c (Fig. 2 A) being due to the lat-
ter. Thus, only in the native “contact” state is the rapid ET
from cytochrome c to the special pair (P) possible through
a tunneling mechanism (Chang and Austin 1982; Petrov
et al. 1985; Chamorovsky et al. 1986, 1990).

It should be noted that even for the RC protein there are
data demonstrating the effects of conformational changes
on the ET. This also follows from the difference of the ef-
fective values of the ET rates under the light and dark con-
ditions in RC components (Chamorovsky et al. 1990; Riz-
nichenko et al. 1990, 1993).

The next stage of hydration is connected with the ap-
perance of free water with a high dielectric constant. As a
result, this allows the lateral diffusion of the lipid mole-
cules and apparently also of the proteins in the membranes.

At this stage of hydration changes in the distance between
the interacting macromolecules is likely to influence the
additional change of the ET efficiency from the cyto-
chrome c to the BChl of RC in the E. shaposhnikovii mem-
branes (Aksyonov et al. 1987). Thus the data for the model
system cytochrome c – hexacyanide Fe show that the in-
crease in the distance between the Fe atoms from 1 to
1.5 nm completely blocks the ET process (Chang and Aus-
tin 1982).

The diffusion will also influence the regulation of the
ET owing to mobile carriers (Riznichenko et al. 1990,
1993).

In two other species of purple bacteria the cyto-
chromes c have a weaker bond with the membrane as com-
pared to the membranes of E. shaposhnikovii. For these cy-
tochromes it was shown that an increase in pH (Vander-
kooi et al. 1972; Vanderkooi and Eresinska 1973), lipid sat-
uration and the tightness of the carbon chain packing (Ma-
teu et al. 1978), by adding cholesterin (Papahajopulos et al.
1973, 1975) and decreasing the concentration of bivalent
ions result in the cytochrome c leaving the hydrophobic
part of the membrane. At the same time, weakening the po-
lar interactions with an increase in pH and ionic strength
results in the cytochrome c being transfered into the solu-
tion. A similar effect takes place when a voltage difference
of corresponding polarity is applied to membranes (Kszen-
zhek et al. 1977). It is also known that the cytochromes c
are easily separated from the membranes of a number of
purple bacteria species in the process of extracting chro-
matophores with increasing ionic strength.

The above cited data suggest that the degree of binding
of cytochromes to the membrane can change even in the
course of the photosynthetic membranes functioning under
the conditions of high water content. A similar system can
be used for regulating the activity of the processes of pho-
tosynthesis.

Conclusion

Thus the comparative study of the hydration effects in three
types of photosynthetic membranes of purple bacteria al-
lowed us to reveal a number of the structural peculiarities
of such membranes and mechanisms of its change during
the hydration process. In the course of the hydration pro-
cess, it is possible to determine 4 stages of the hydration
influence. In the first stage, there take place local changes
in the protein structure and dynamics with the possibility
of displacing certain groups. This influences the recombi-
nation of photoactive pigment P and intermediate accep-
tor QA. In the next stage of hydration the incorporation of
water molecules into the hydrogen bonds results in struc-
tural reorganization of protein macromolecules and a con-
siderable part of the lipid texture. The displacement of each
of the separate groups has rather local character. But as a
result of the motion of many groups the protein conforma-
tion and the state of a number of the lipid phase areas
change markedly. This results in changes in the dynamics
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of the membranes, the ET efficiency between the quinones
and efficiency of photooxidation of cytochrome c. Only in
the third stage with the appearance of free water having a
high dielectric constant, there arises the possibility for mu-
tual displacements of the membrane component at dis-
tances much greater than the interatomic ones.

Finally, in the fourth stage with total humidification, the
ET become sensitive to regulation, when there must be
some influence of the state of the cells. This points to the
close interrelation of the hydration processes with the char-
acter of the internal motion in the membrane structures,
which is one of the decisive factors in reaching the high
ET efficiency in the photosynthetic chain.
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