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Abstract
In memory of the 85th birthday of Yakov S. Lebedev (Moscow), who died in 1996, 
we start this Review on soft-glass matrix effects in donor–acceptor complexes with 
an appreciation of his pioneering work on high-field EPR spectroscopy on tribo-
chemically generated donor–acceptor complexes. The mechanochemical activation 
of polycrystalline mixtures of porphyrins (and other donors) and quinone acceptors 
was found to produce large concentrations of triplet donor molecules and donor–
acceptor radical pairs with unusual stability. The Review is continued with reporting 
on W-band high-field EPR and fast-laser studies on disaccharide matrix effects on 
structure and dynamics of donor–acceptor protein complexes related to photosynthe-
sis, including the non-oxygenic bacterial reaction center (RC) and the oxygenic RCs 
Photosystem I (PS I) and Photosystem II (PS II, preliminary results). Some organ-
isms can survive complete dehydration and high temperatures by adopting an anhyd-
robiotic state in which the intracellular medium contains large amounts of disaccha-
rides, in particular trehalose and sucrose. Trehalose is most effective in protecting 
biostructures, both in  vivo and in  vitro. To clarify the molecular mechanisms of 
disaccharide bioprotection, structure and dynamics of sucrose and trehalose matri-
ces at different controlled hydration levels were probed by perdeuterated nitroxide 
spin labels and native cofactor intermediates in their charge-separated states. Tre-
halose forms a homogeneous amorphous phase in which the hosted molecules are 
uniformly distributed. Notably, their rotational mobility at room temperature is dra-
matically impaired by the  trehalose H-bonding network confinement to an extent 
that in normal protein–matrix systems is only observed at low temperatures around 
150 K. From the experimental results, formation of an extended H-bonding network 
of trehalose with protein molecules is inferred, involving both bulk and local water 
molecules. The H-bond network extends homogeneously over the whole matrix inte-
grating and immobilizing the hosted protein. Taken together, these observations sug-
gest that in photosystems, such as bacterial RCs and PS I complexes, of different 
size and complexity regarding subunit composition and oligomeric organization, the 
molecular configuration of the cofactors involved in the primary processes of charge 
separation is not significantly distorted by incorporation into trehalose glass, even 
under extensive dehydration. By means of pulsed W-band high-field multiresonance 
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EPR spectroscopies, such as ELDOR-detected NMR and ENDOR, in conjunction 
with using isotope labeled water (D2O and H2

17O), the biologically important issue 
of sensing and quantification of local water in proteins is addressed. The bacterial 
RC embedded into the trehalose glass matrix is used as model system. The two 
native radical cofactor ions of the primary electron donor and acceptor as well as 
an artificial nitroxide spin label site-specifically attached to the protein surface are 
studied in the experiments. The three paramagnetic reporter groups probe distinctly 
different local environments. They sense water molecules via their magnetic hyper-
fine and quadrupole interactions with either deuterons or 17O nuclei. It is shown that 
by using oxygen-17 labeled water, quantitative conclusions can be drawn differen-
tiating between local and bulk water. It is concluded that dry trehalose operates as 
anhydrobiotic protein stabilizer by means of selective changes in the first solvation 
shell of the protein upon trehalose–matrix dehydration with subsequent changes in 
the hydrogen-bonding network. Such changes usually have an impact on the global 
function of a biological system. Finally, preliminary results of optical and W-band 
EPR experiments on the extremolytes ectoine and its derivative hydroxyectoine are 
reported; these compounds appear to share several stress-protecting properties with 
trehalose in terms of stabilizing protein matrices. For instance, they display remark-
able stabilizing capabilities towards sensitive proteins and enzymes with respect to 
freeze-thawing, heat-treatment, and freeze-drying procedures. Moreover, hydrox-
yectoine is a good glass-forming compound and exhibits a remarkable bioprotective 
effect against desiccation and heat denaturation of functional protein complexes.

1 � Prologue

When Prof. Kev M. Salikhov, Editor-in-Chief of Applied Magnetic Resonance, 
asked us to contribute to a Special Issue devoted to the memory of Professor Yakov 
Sergeevich Lebedev (1935–1996) we did not falter for a moment in accepting the 
invitation. We felt honored to be among those who will again pay tribute to this 
unforgotten eminent scientist and great human being on the occasion of his 85th 
birthday. We are sure that many papers collected in this Special Issue will be of 
interest to a wide audience of junior and senior scientists from physical chemistry, 
material sciences and structural biology, especially those, of course, who still have 
personal memories of Yakov Lebedev.

He had focused his work on many different aspects of magnetic resonance spec-
troscopy in physical chemistry, molecular biology and material science. In particu-
lar, he did pioneering work on high-field/high-frequency EPR spectroscopy, a field 
where Yakov Lebedev has left so many distinctive footprints over the years—despite 
his much too early death in 1996.

To the frequently asked question “Who started high-field EPR?” one can fairly 
answer that, as with many major developments in science, high-field/high-frequency 
EPR spectroscopy has several fathers who took the decisive actions in a similar 
period of time. Thorough historical overviews on such developments are provided, 
for instance, by Refs. [1–3]. Historically, it was Yakov Lebedev in Moscow in the 
early 1970s who was the first to start a dedicated research program on high-field/
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high-frequency EPR in physical chemistry. In his group, Oleg Grinberg and Alex-
ander Dubinskii were primarily involved in the instrument development [2]. About 
a decade later, the Möbius group at Free University Berlin started with their 95 GHz 
EPR and ENDOR projects—and extended them in subsequent years to 360  GHz 
EPR and ENDOR, ready for applications also to biological samples [3].

Several of the present authors knew Yakov Lebedev personally since a long time 
(K. M., W. L. and A.Yu. S.), even dating back to the mid-1970s, highly respecting 
him as a great and open-minded scientist and one of the leading electron magnetic 
resonance spectroscopists. Over the years, he became a stimulating cooperation 
partner of us—and a noble friend, who is good for the heart and for the mind. What 
started during the troubled times of the Cold War with its division of Europe and the 
world, continued in the better times of a beginning political openness after overcom-
ing the Iron-Curtain in 1990.

1.1 � Yakov Lebedev, as a Colleague and Friend

Yakov S. Lebedev started his scientific research in 1957 in the N. N. Semenov Insti-
tute of Chemical Physics of the Academy of Sciences of USSR [now Russian Acad-
emy of Sciences (RAS)] under the direction of Academician Vladislav V. Voevod-
sky (1917–1967). The scientific research of Yakov Lebedev was mainly concerned 
with two fields: elementary chemical processes in solid-state materials and new 
methods of EPR spectroscopy. In 1966, Yakov Lebedev became head of the Labora-
tory of Chemical Radiospectroscopy. For many years, he was in charge of the Sci-
entific-Methodological Center of the Academy of Sciences for the matters of EPR 
spectroscopy. He was promoted to head of the Kinetics and Catalysis Department 
of the N. N. Semenov Institute of Chemical Physics and professor of the Chemical 
Physics Chair of the Moscow Physical–Technical Institute, and served as member of 
the Editorial Boards of the scientific journals “Strukturnaya Khimiya”, “Fiziches-
kaya Khimiya” and “Applied Magnetic Resonance”.

In 1957, the Siberian Branch of the Academy of Sciences of USSR had been 
established in Novosibirsk under the leadership of mathematician and physi-
cist Mikhail A. Lavrentiev (1900–1980). He played a most important role in the 
foundation of Siberia’s Academic Town, Akademgorodok, which soon became 
a municipal district of Novosibirsk. V. V. Voevodsky was chosen to build up 
a potent research group on elementary processes in physical-chemistry. He 
accepted and moved from the N.N. Semenov Institute of Chemical Physics in 
Moscow to the Institute of Kinetics and Combustion in Akademgorodok—accom-
panied by his highly capable and motivated research associates Yu. N. Molin and 
Yu. D. Tsvetkov. Together with the theoretical physical chemist Kev M. Salikhov 
(born in 1936), they established a new “scientific school of chemical magnetic 
spectroscopy”. They included the experimental physicist and engineer Anatoly 
G. Semenov in the group, an excellent instrument builder who thereafter led the 
technical development and production of a number of specialized EPR and NMR 
spectrometers for various fundamental and applied tasks; they satisfied the needs 
for many years in numerous Soviet laboratories. At the peak of Soviet research, 
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Akademgorodok was home to 65,000 scientists and their families, it was a priv-
ileged zone of the academic elite. A total of about 200,000 people lived here. 
After the collapse of the Soviet Union, Akademgorodok also began to decline, as 
many scientists left the institutes for Western Europe or the USA. By 1999, the 
population fell to about 50,000.

While Yu. N. Molin and Yu. D. Tsvetkov had moved to Akademgorodok, another 
highly gifted disciple of V. V. Voevodsky, Yakov S. Lebedev (1935–1996), stayed 
in Moscow and started a dedicated research program on pioneering high-field/high-
frequency EPR in physical chemistry. This included the mandatory development of 
suitable instrumentation for microwave sources and detectors as well as sweepable 
cryomagnets. The ultimate success of his program was a great step forward in view 
of the on-going research activities of advanced EPR spectroscopy around the world, 
and was recognized accordingly. In fact, high-field/high-frequency EPR—together 
with pulsed EPR—became essential ingredients of the success story to put EPR into 
the position of catching up with NMR in modern magnetic-resonance spectroscopy. 
In 1988, Yakov Lebedev was awarded the USSR State Prize in Science and Tech-
nology for developing new methods of chemical radiospectroscopy. In 1994, Yakov 
Lebedev was awarded the International Zavoisky Prize for his research on develop-
ing high-field EPR spectroscopy.

High-field/high-frequency EPR has blossomed during the past decades, espe-
cially after the original pioneering work of Yakov Lebedev and his group at the N. 
N. Semenov Institute of Chemical Physics in Moscow. Although Lebedev’s scien-
tific work suffered heavily under the economic constraints of Soviet Union’s Funda-
mental-Research policy and, even more so, under the restricted travel opportunities 
to attend scientific conferences in the West to exchange ideas, he and his group did 
ground-breaking work during the 1970s, 1980s and 1990s which today is still con-
sidered to be the gold standard by the research community practicing EPR at high 
magnetic fields and microwave frequencies [2]. The more it is tragic that after the 
end of the political restrictions, in 1996, at the peak of his scientific career, he suc-
cumbed to cancer. Perhaps, one consolation is that several of his former students 
carry on his legacy and successfully perform EPR spectroscopy in academic institu-
tions worldwide. Memory is at the beginning of the New.

With regard to the new scientific cooperation possibilities of Yakov Lebedev, the 
political paradigm shift happened at a favorable moment, and that is the validation 
of high-field EPR as high-performance spectroscopic method in magnetic resonance 
of complex systems. The growing appreciation is mirrored also by the rising number 
of research groups in Europe, the US and Japan, dedicated to the development and 
application of high-field EPR spectroscopy. This was made possible by increased 
financial support from national and international funding agencies. The European 
Union, for example, supported the Human Capital and Mobility (HCM) project 
“High-Field EPR: Technology and Applications” (coordinator J. Schmidt, Leiden, 
1993–1996); strong support was granted by the DFG (Deutsche Forschungsge-
meinschaft) through the Priority Program “High-Field EPR in Biology, Chemistry 
and Physics” (coordinator K. Möbius, Berlin, 1998–2004). These initiatives acted 
like seeding programs for the rapid development of high-field EPR spectroscopy in 
Europe, including Israel and Russia.
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Our cooperation and friendship with Ya. S. Lebedev reached kind of a peak when 
he was honored with the Zavoisky Award 1994, and shared it with K. Möbius (Ber-
lin) and J. R. Norris (Chicago).

The picture (Fig. 1) shows Yakov Lebedev and Klaus Möbius at the Conference 
Dinner after the 1994 Zavoisky Award ceremony in Kazan. The guests are seated at 
tables lavishly loaded with food and drink. Later at the evening, in a relaxed state, 
the guests at that table talked about their favorite books, books they would read over 
and over again. Without hesitation, Yakov Lebedev said The Master and Margarita 
(Macтep и Mapгapитa) by Mikhail Bulgakov. And he explained why this was his 
favorite book: First, because it is a great Russian novel, but with a truly Faustian 
complex of themes, a journey through the ages; second, because it is a great satire 
about living and dying under an omnipresent dictatorial system with an all-pervad-
ing dogmatic bureaucracy; third, because it shows that narrow-mindedness of cen-
sorship of ideas does not last in the long run, just as the Inquisition did not last in the 
long run. “Manuscripts don’t burn”.

If Mikhail Bulgakov had not become world-famous through The Master and 
Margarita, he would certainly have made it by this minimal aphorism of only three 
words, Manuscripts don’t burn. Writers return, and burnt manuscripts resurrect 
miraculously. The Master and Margarita is now considered one of the best satires of 
the time of dogmatically ruled Soviet Union.

Fig. 1   Conference Dinner in Kazan after the award ceremony of the 1994 Zavoisky Prize; the guests are 
distributed around the tables, among them Yakov Lebedev and Klaus Möbius together with their wives 
Tanya (left side) and Uta (right side)
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“Censorship is the younger of two nefarious sisters, the elder is called Inquisi-
tion” (“Die Zensur ist die jüngere von zwei schändlichen Schwestern, die ältere 
heißt Inquisition”, Johann N. Nestroy, 1848) murmered K. M. And Yakov Lebedev 
continued that, to make a living, Bulgakow started working as a correspondent and 
columnist for newspapers. Bulgakov’s grotesque depictions of everyday life in the 
young Soviet Union often have fantastic or absurd features—a typical way of exer-
cising social criticism in the Russian literature since Gogol. And indeed, Bulgakov 
was best known for his humor and penetrating satire. Between 1922 and 1926, he 
wrote several satirical theater plays. The most significant features of Bulgakov’s sat-
ire were a skillful blending of fantastic and realistic elements, grotesque situations, 
and a concern with fundamental ethical issues. Because of this mixture of realism 
and humor, Bulgakov’s works enjoyed great popularity in the USSR of the mid-
1920s, but their trenchant criticism of Soviet bureaucracy and power structure was 
increasingly unacceptable to the authorities. They reacted with relentless censorship 
and a ban on publication. By 1929, all Bulgakov’s plays had disappeared from the 
theaters’ repertoire, and Bulgakov had lost all hope of getting anything printed or 
even getting any work at all. “In 1929, my destruction as a writer was completed,” 
Bulgakov wrote in a letter.

If there were any gleams of hope for him during this period, they owed it to Elena 
Sergeevna Shilovskaya. Bulgakov met her in 1929, and married her in 1932 as his 
third wife. Mikhail Bulgakov was also her third husband. For both of them, it was 
the great love. She is the shining example for the figure of Margarita in the novel. 
Until March 10, 1940, when Bulgakov, suffering from great pain and gradual blind-
ness, died of kidney sclerosis, two tormented people experienced their all-embracing 
love. Without his wife Elena Sergeevna, he would hardly have endured his lonely 
struggle for so long. She managed to keep their house open for friends during the 
worst years of hunger. In the days of the fatal illness, when he was almost blind, Bul-
gakov dictated the last pages of his masterpiece to his wife, he corrected it again and 
again. But the printing permission was denied to the work for more than 25 years.

Finally, after severe cuts by USSR censorship, the work was published as a fol-
low-up in the literary magazine “Moskva” in November 1966. Its circulation of 
150,000 copies was sold in a short time during this period. Actually, it was Mikhail 
Bulgakov’s widow Elena Sergeevna who did accomplish this. She was plagued by 
predicaments of death (she died in July 1970 at the age of 76) and was afraid that 
the banned manuscript of The Master and Margarita would be forgotten forever after 
her death. She had been able to personally persuade the then Chairman (1959–1977) 
of the Union of Writers of the USSR, Konstantin Alexandrovich Fedin, to agree to 
publication—but he insisted that this would be possible only under the condition 
that for her part she agreed to substantial deletions in the text. Only under great pain 
did she agree to this extortion.

Yakov Lebedev told this moving story almost shyly, with a deep, melodious 
voice, calmly and without agitation, but with great persuasion, as we knew him talk-
ing from scientific discussions.

Many admirers of Mikhail Bulgakov read the novel within a short time and were 
able to recite long passages from it. Group readings were organized. The novel was 
discussed in public and it became clear to everyone that the text had been severely 



779

1 3

Soft Dynamic Confinement of Membrane Proteins by Dehydrated…

mutilated by the censorship. Those parts cut out by the censorship were extrapolated 
in different versions, multiplied with typewriters and secretly distributed as Samiz-
dat. The uncut version of “Macтep и Mapгapитa” appeared in book form for the first 
time only in 1973.

The novel depicts in an allegorical and satirical way the life in Moscow at that 
time. The second main theme of the novel is linked to human values such as good 
and evil, God and devil, life and death. The ultimate salvation of all (and only) those 
who accept help even from the devil, is central to this part of the book. It includes 
the story of the Master and his beloved Margarita, who are reunited after a long sep-
aration by Voland, the devil. Importantly, some chapters of this part contain elabora-
tions on the Passion story about Pontius Pilate during the last days of Jesus Christ, 
who is referred to in the story by his Hebrew name Yeshua. The Pontius Pilate story 
deviates strongly from the historical biblical text; but it was completely deleted by 
the censorship.

In the novel The Master and Margarita, the Roman procurator Pilate is a man 
plagued by migraines who gives in to political pressure from the Jewish High Priest 
Caiaphas and condemns Yeshua to death, but later bitterly regrets this. The story 
of Pilate is a novel within a novel, and spans four chapters of The Master and Mar-
garita. That inner novel about Pilate is the work of the “Master”, an artist living in 
Moscow who suffers greatly from censorship and is forcibly put into a madhouse 
because of his provocative Pilate novel. Since his beloved Margarita makes a pact 
with Voland, the devil frees the Master and also restores his Pilate novel (which the 
Master had previously burned). At first, the accused Yeshua appears to Pilate as an 
ordinary Jewish self-proclaimed prophet, of whom there were numerous examples 
in Jerusalem at the time. When he asks him about his prophetic message, Yeshua 
says that a kingdom of truth will come in which violence is no longer necessary. 
At this point, the interview changes, it goes from a routine interrogation between 
the procurator and the prisoner to a personal conversation, in which even Pilate’s 
headache disappears. Pilate is fascinated by Yeshua’s message and wants to keep 
him around him. That is why he refuses to pass the death sentence demanded by 
the Jewish High Council. But the High Priest Caiaphas threatens him with politi-
cal consequences and so Pilate believes he is forced to condemn Yeshua. However, 
this decision later robs him of sleep: he torments himself and regrets his cowardice, 
repeating over and over again the sentence “Cowardice is the worst of all sins”. In 
the fantastic epilogue of the novel, the Master and Pilate meet—and the Master frees 
Pilate after 2000 years from the penance and remorse he had to suffer, and Pilate is 
reunited with the itinerant preacher Yeshua.

Therefore, we see that Mikhail Bulgakov’s Pilate figure is a subordinate ruler of 
a totalitarian state who, fearing for his career, makes decisions that he personally 
does not approve of; and he functions as an image for the Russian regime 2000 years 
later. Yeshua, who (like the biblical Jesus) speaks of peace, truth and justice, stands 
in sharp contrast to Pilate, but is clearly the superior figure at the end of the book. It 
is clear: Pilate was conceived by Bulgakov as an allegory for a Soviet functionary, 
and one must read Yeshua’s utopia of an empire of truth and justice, where violence 
is no longer necessary, as a utopia for Russia.
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With a smile, Yakov Lebedev told that also he had tried his hand with interpola-
tions of the missing parts of Bulgakov’s novel as it was first printed. Even with good 
success, he said in all modesty, in particular when extrapolating the missing Pontius 
Pilate story.

And he added that in Moscow he occasionally passes by a discreet tombstone 
with the inscription: “Writer Mikhail Afanasevich Bulgakov 1891–1940, Elena Ser-
geevna Bulgakova 1893–1970” at Moscow’s central cemetery, the Novodevichy 
Cemetery (reserved for prominent persons only), when he visits the graves of his 
parents, Sergey Alexeevich Lebedev and his wife Alice. His stepfather and step-
mother, to be exact. Sergey Alexeevich Lebedev (1902–1974) is highly honored as 
Creator of USSR Electronic Computers, both of the analogue and digital machines. 
He was a great scientist and a brilliant organizer of large-scale electronic computer 
projects during war and post-war Soviet Union. And a great human being.

And Yakov Lebedev also said that the sepulchral stone at his father’s grave is 
of unconventional design, made of stacked granite blocks, one of them with a hole 
in the front side, a hole of an unorthodox shape. For insiders, it is clear: The hole 
represents a hysteresis loop, the reversible magnetization curve of a ferromagnetic 
substance in response to a reversible external magnetic field. It describes a bistable 
state behavior—an effect that was used in the early years of computer technology to 
store digital bits in a core memory by magnetic diode switches.

In the subsequent discussion, Yakov Lebedev was asked: “You said that your 
stepfather and stepmother are buried at Novodevichy Cemetery, not your real par-
ents? Would you mind to explain?” He turned to K. M. and said: “You know my 
story, would you mind to tell it?”

And K. M. replied that he remembers that Yakov drove him one late afternoon 
in Moscow to the Novodevichy Cemetery to show him the grave of his father Ser-
gey Alekseevich Lebedev. It was in June 1991, at the occasion of a Symposium 
to remember the 60th anniversary of foundation of the N.N. Semenov Institute of 
Chemical Physics to which Yakov Lebedev had invited him. And it was the 50th 
anniversary of Nazi Germany’s invasion of USSR. Operation Barbarossa was the 
code name for the vigorous attack of the Soviet Union by the German Wehrmacht 
on 22 June 1941—which ultimately fueled the Second World War.

And K. M. remembered that they had just returned from an unforgettable lunch in 
the country summer house of the Lebedev family near Moscow, where three genera-
tions of family members and their friends had come together to commemorate the 
victims of the Nazi invasion. Yakov Lebedev had introduced him as his colleague 
and friend from Germany. Clearly, this was not an easy situation, for all participants. 
But it was wonderfully dissolved by the eldest at the table, he himself a Russian 
soldier at the time, offering a thoughtful and warm welcome toast to “Yakov’s friend 
from the other Germany”.

Afterwards, Yakov told K. M. that late Sergey Alekseevich Lebedev was not his 
“biological” father but his stepfather, who had adopted him, and in whose family he 
grew up in Moscow. Yakov’s real father, Boris Solomonovitch Grunfeld, was killed 
during the Second World War, and his real mother had died from cancer when he 
was about fifteen. His family had lived in Kiev at that time, it consisted of the grand-
mother and several children; they were trapped in very bad conditions, indeed. But 
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the family of Yakov’s best school friend—which was the family of Sergey Alek-
seevich Lebedev—had recognized him as a very talented young man and had pro-
posed to adopt him. And Yakov agreed. They had to explain to Yakov’s grandmother 
that they plan to move from Kiev to Moscow, where Sergey Alekseevich Lebedev 
had been offered a new mathematical and engineering task area with excellent 
opportunities for research and development in computer science. And in Moscow, 
the “very talented young man” would have the best chances for his higher education. 
The proposal was accepted, and after a short time Sergey Alekseevich Lebedev’s 
family, now enlarged by young Yakov, had settled down in Moscow. In 1953, Ser-
gey Alekseevich Lebedev was elected full member of the Academy of Sciences of 
USSR.

One of Yakov’s distinctive features was the joy and satisfaction of attending inter-
national scientific conferences. What he valued so much was to meet friends and 
colleagues, to present his own results to a knowledgeable audience and to get to 
know the results of his scientific competitors, to cultivate an open exchange of ideas 
and experiences, and to experience new worlds of thought in their historical context. 
To his delight, after the paradigm shift in the 1990s, he was invited more often to 
such conferences and research fellowships in Europe and the United States, as an 
example to Berlin, at several occasions, the last time in June 1996:

It was the mini-symposium “Magnetic Resonance Studies of Photochemical 
and Photobiological Systems”, taking place in the historic Magnus Haus, in Ber-
lin, on 8 June 1996, organized by Wolfgang Lubitz on the occasion of K. M.’s 60th 
birthday. An impressive cross-section of EPR spectroscopists and X-ray crystallo-
graphers from photosynthesis research have met in this baroque building. Since the 
eighteenth century, famous physicists and mathematicians have enriched here, in 
this building, the cultural heritage of Europe at large. Among the more than 60 par-
ticipants of the mini-symposium were George Feher, Giovanni Giacometti, Arnold 
Hoff, Melvin Klein, Harry Kurreck, Yakov Lebedev, Haim Levanon, Wolfgang Lub-
itz, Maria-Elisabeth Michel-Beyerle, Klaus Möbius, Pier Luigi Nordio, Kev Salik-
hov, and Dietmar Stehlik (sadly, nine of these thirteen attendees listed have passed 
away since then). Heated discussions followed each lecture presentation; they were 
continued during coffee breaks and the buffet dinner. More and more, the discus-
sions revolved around political issues initiated by the new situation since November 
1989, the expected new cultural opportunities and unexpected political, social and 
economic difficulties following the end of the German division and the lifting of the 
Iron Curtain across Europe.

And Yakov Lebedev was happy to be in Berlin in such a time of new hopes, 
after the Berlin Wall had collapsed. And he was happy to discuss this with his col-
leagues and friends—and to chat about other historic peculiarities of Berlin in the 
time before, during and after World War II. For instance: how did German scientists, 
famous or not so famous, cope with the new political situation in the rising fascist 
“Third Reich” since 1933? And he understood the often controversially discussed 
answers. Most of them had the common pretext that the German scientists reacted 
either indifferently, supportive, cowardly, or bravely opposing—the full range. Prob-
ably in this order, with strongly decreasing numbers. Rather similar to what had 
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happened in the other countries under dictatorial regimes of that time or, sad but 
probably realistic, under dictatorial regimes of all times.

And Yakov Lebedev was interested in learning about the latest state of histori-
cal research on the Nazi German “Uranium Project”, which, as is well known, 
was located in Berlin-Dahlem, in the “Dahlem Oxford” as the Berliners are proud 
to point out, where so many German Nobel Prize winners had their institutes of 
the Kaiser Wilhelm Gesellschaft (now Max Planck Society), for example Wer-
ner Heisenberg, Max von Laue, Otto Warburg. Was the construction of a German 
nuclear bomb really the goal set by the Wehrmacht? There in Dahlem, where today 
the Free University of Berlin has its home-base?

Currently, the assessment of the speculations on whether the German nuclear sci-
entists were working in Dahlem on developing a nuclear bomb is that the Uranium 
program dwindled into establishing a nuclear chain reaction in natural uranium in 
a reactor with heavy water as neutron moderator, the Uranmaschine. And even this 
reactor failed to get critical for a nuclear chain reaction. Fortunately, it failed, one 
must say, and most Germans agree on this assessment. Thus, no German “Project 
Manhattan” existed. This historic fact was also unveiled by the “Farm Hall tran-
scripts”; they were declassified by the British authorities as late as 1992. They rep-
resent a spectacular new source of information about the inner views of leading Ger-
man scientists during the Nazi period.

The Farm Hall transcripts are the results of a secret operation by the British and 
American forces—codename Operation Epsilon—near the end of World War II. 
Their aim was to detain top German scientists who were thought to have worked 
on Nazi Germany’s nuclear program. The scientists were captured between early 
May and end of June, 1945. Subsequently, ten of them were interned at Farm Hall, a 
Georgian country house in England, near Cambridge. This Club of Ten in Farm Hall 
housed Erich Bagge, Kurt Diebner, Walther Gerlach, Otto Hahn, Paul Harteck, Wer-
ner Heisenberg, Horst Korsching, Max von Laue, Carl Friedrich von Weizsäcker, 
and Karl Wirtz. They stayed there rather comfortably, as privileged prisoners of war, 
for 6 months, from the beginning of July, 1945 to the beginning of January, 1946. 
The British and American Secret Service officers bugged Farm Hall—with the goal 
to determine how close Nazi Germany had been to constructing an atomic bomb by 
tapping day and night their conversations. By capturing the major players in German 
nuclear physics, the British and Americans had kept them out of the hands of the 
Russian—and French—allies.

The recently published Farm Hall transcripts were known only by a few of the 
participants of the 1996 mini-symposium, and hotly discussed accordingly. Yakov 
Lebedev added that the Soviet Army also had caught quite a number of prominent 
German nuclear physicists and chemists and integrated them into the USSR postwar 
nuclear bomb program. Among the luminaries were Manfred von Ardenne, Gustav 
Hertz, and Peter Thiessen. The German research contributions undoubtedly acceler-
ated the USSR nuclear program by several years. And, thus, enhanced the Soviet 
stature on the world’s Cold War stage.

And then we remember Yakov Lebedev saying something like this: “At present 
we witness a gradual change of political paradigms, away from the East–West con-
frontation towards a peaceful coexistence of different political and social systems. 
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Towards a just world and an intact environment.” This is a huge challenge, also 
for scientists. “We ought to be happy to live just now and are able to contribute to 
achieve such goals. At least, I try to think along such optimistic lines.” But then 
he added that sometimes he was scared to death: “Do we really still have time for 
options to choose? And I hear me say: Too late. What shall we do?”

In September 1996, the EPR community was informed that Professor Yakov 
Sergeevich Lebedev, Head of the Department of Kinetics and Catalysis of the N.N. 
Semenov Institute of Chemical Physics of the Russian Academy of Sciences, died 
on September 25, 1996, after his heroic but futile fight against cancer. We have lost 
our dear colleague, a great scientist and a wonderful friend. He was a man of intel-
lectual honesty and deep humanity, of reliability and friendship. He took care—even 
in the extremely difficult times after the collapse of the Soviet Union—of his co-
workers in the N. N. Semenov Institute in Moscow, in particular of the young scien-
tists there. He tried hard to keep his group working as a center of excellence. For this 
to achieve, he joined cooperation projects on high-field EPR spectroscopy with the 
Free University Berlin (research groups of Klaus Möbius and Harry Kurreck) and 
the University of Leiden (research group of Jan Schmidt). These cooperation pro-
jects have made it possible to finance sustainable and very productive research stays 
of former co-workers of Yakov Lebedev, for instance Alexander Dubinskii in Berlin 
and Oleg Poluektov in Leiden.

1.2 � Yakov Lebedev, as a Co‑worker

The end of the Iron-curtain confrontation between East and West enabled K. M. in 
Berlin and Yakov Lebedev in Moscow to successfully apply for joint research grants 
from the Volkswagen Foundation in Germany and the German Research Foundation 
(DFG) to fund multifrequency EPR and ENDOR experiments on mechano-chemi-
cally and photo-chemically generated organic radicals and radical pairs. Harry Kur-
reck from the Department of Chemistry of the Free University Berlin joined these 
cooperation projects; he was a leading expert in the investigation of the multistep 
electron-transfer routes in covalently linked porphyrin–quinone dyads, triads and 
tetrads, which mimic the photosynthetic chromophore chains. His ambitious goal 
was to develop strategies for synthesizing porphyrin–quinone donor–acceptor model 
complexes with high quantum yield of light-driven charge separation. He was also 
interested in methods, alternative to photoexcitation, for generating charge-separated 
radical pairs, such as tribochemical methods [4]. Luckily, since several years, Yakov 
Lebedev was successfully studying tribochemical methods by EPR and optical 
spectroscopy.

Tribochemistry generally deals with the chemical reactions that are initiated 
by mechanical energy input through friction that occur, for example, between the 
surfaces of sliding objects or between insufficiently lubricated metallic parts of 
engines—or during grinding of crystallites of various mixtures of solid chemical 
compounds. The precise nature of the chemical reactions is not well understood. 
And even the causes which allow the reactions to get started and proceed are still 
subject of speculation.
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Thus, tribochemistry includes specific reactions that occur only under rubbing 
conditions as well as reactions that would occur independently under the local tem-
peratures and pressures in the immediate vicinity of the contact region. Tribochemi-
cal reaction play a crucial role in surface technology [5] in the study of wear by 
micro-breaking or friction corrosion. Basically, breaking in the micrometer range is 
a process in which new surfaces are created by separating the bonds between atoms 
or molecules. This separation can be facilitated by chemical action (e.g., corrosion) 
or made more difficult (e.g., by lubrication oils). Occasionally, such reactions can be 
desired, e.g., the tribochemical reaction when lighting matches. Wear and corrosion 
are processes in more or less all existing surfaces of material, and surfaces are, of 
course, found on all samples or components.

The science, engineering and technological aspects of tribology in all its breadth 
and scope is a still flourishing field of current fundamental and applied research. 
The latest developments in tribology include traditional areas such as tribochemistry 
and tribophysics, but have opened hot issues such as nano-tribology and bio-tribol-
ogy [6].

Many of the major challenges facing today’s biomolecular sciences are related to 
synthesize biomimetic molecular complexes which are tailor-made to carry out or 
catalyze optimized chemical processes such as solar-energy conversion and hydro-
gen-based fuels for electro-mechanical engines. In this field, vital progress is being 
made by studying Nature’s solutions of related problems for living organisms during 
their evolution.

In the literature, two possible tribochemistry mechanisms are discussed: (i) the 
mechanically induced chemistry at fresh nascent surfaces, e.g., electron emission; 
(ii) the thermally induced chemistry at the asperity tips due to local high flash 
temperatures and plasma formation. Various kinds of particles are emitted while 
one solid structure slides against another solid structure, for instance, surfaces or 
crystallites of micro- or nano-scale materials. These emitted particles are elec-
trons, negative and positive ions, atoms, free radicals, and molecules. Some of 
the particles are in excited states, some emit photons in the visible (tribolumines-
ence). The particle emission phenomena are generally called “triboemission” 
and, apparently, they are of particular interest for generating excited materials in 
chemistry and physics. It has been postulated that locally a triboplasma is formed, 
generated at a sliding contact and its vicinity due to the input of tribomechanical 
energy. Triboplasma is a highly ionized neutral gas, in which the charge of elec-
trons is balanced by the charge of positive ions [7].

We want to emphasize that understanding atomic-scale wear is crucial also to 
avoid device failure due to wear and tear under friction of sliding surfaces. Gen-
erally, atomic-scale wear differs from macroscale wear, because chemical reac-
tions and interactions at the friction interface are dominant in atomic-scale tribo-
logical behaviors, instead of macroscale properties, such as material strength and 
hardness [8].

Against that background, Yakov Lebedev’s tribochemical approach to pro-
duce, with high yield, organic triplet-state radical pairs by grinding polycrystal-
line mixtures of porphyrin donors and quinone acceptors was very exciting. At 
the N.N. Semenov Institute of Chemical Physics in Moscow, 140 GHz high-field 
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EPR spectroscopy allowed Lebedev’s group to determine the absolute sign of the 
triplet-state zero-field splitting parameter D by means of thermal spin polariza-
tion already at T = 4 K and, thereby, discriminate between triplet-state molecules 
and biradical pairs.

The enhanced low-temperature electron-spin polarization at high Zeeman fields 
allows to extract the absolute sign of the zero-field splitting parameter, D, of a 
two-spin system and thereby distinguish between a biradical and a triplet state—
provided the sample temperature becomes comparable with the Zeeman tempera-
ture. For 140 GHz/5 T EPR, the Zeeman temperature, TZ = g μB B0/kB, (g: electron 
g-factor, μB: Bohr magneton, B0: Zeeman magnetic field; kB: Boltzmann constant), 
is approx. 6.5 K, i.e., already at liquid–helium temperatures the thermal spin polari-
zation at T < TZ is sufficiently large to predominantly populate the lowest spin level, 
mS = −  1. This results in observable asymmetries of the powder EPR line shapes 
that are indicative of the sign of D [9]. At T >> TZ, the characteristic triplet pow-
der EPR spectrum (see Fig.  2) is symmetric at its low- and high-field sides and, 
hence, contains no information of the sign of D. At T < TZ, the Boltzmann distribu-
tion leads to increased populations of the low-energy levels, resulting in asymmetric 
line shapes from which the absolute sign of D can be directly read off. Thermal spin 
polarization as a means to determine the absolute sign of D in high-spin systems has 
been used at a variety of EPR frequencies, for example at 9.5 GHz (TZ ≈ 0.4 K), at 
95 GHz (TZ ≈ 4 K), 140 GHz (TZ ≈ 6.5 K), 360 GHz (TZ ≈ 15.5 K) [9].

In the following, we will summarize our first joint publication with Yakov Lebedev 
et  al. on mechanochemically induced radical-pair formation in porphyrin–quinone 
and related donor–acceptor mixtures and compare the results with photochemically 
induced radical-pair formation of the same compounds [9]. It is noteworthy that the 
mechanochemical activation of polycrystalline mixtures of porphyrins and quinones 

Fig. 2   Enhanced thermal spin polarization by high-field EPR, taking mechanically generated radical 
pairs in a donor–acceptor mixture as example. For details and original references, see [9]
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produces large concentrations of triplet-state donor molecules as well as triplet-state 
donor–acceptor radical pairs with unusual stability in the solid-state matrix. The 
achieved concentrations of triplet species correspond to a conversion of as much as 1% 
of the initial porphyrin and quinone molecules into the stabilized radical pairs.

High-field/high-frequency (2 mm band) EPR experiments performed in Moscow 
revealed that below 10 K significant electron-spin polarization occurs from which 
the absolute sign of the zero-field splitting parameters D can be determined. They 
appeared to be positive (D > 0) in the case of tribochemically generated donor–accep-
tor radical pairs—in contrast to photochemically produced donor–acceptor radical 
pairs, for which the point-dipole approximation was confirmed to hold resulting in 
D < 0. To explain the experimental results, a matrix stabilization mechanism of exci-
plexes in the course of mechanochemically initiated electron (or hydrogen) transfer 
was postulated.

Now, we will discuss this work in some more depth, but for the experimental 
and theoretical details, we refer to the original publication [9]. Radical pairs (RPs) 
produced by light-induced electron transfer in porphyrin–quinones (P–Q) and simi-
lar donor–acceptor (D–A) complexes were very topical in the 1990s [10–19]—and 
continue to be so—nowadays even more so in view of the intensified efforts to cope 
with the global-warming climate catastrophe by means of high-efficiency solar-
energy conversion. For instance, by applying Nature’s strategies to optimize the pri-
mary electron-transfer mechanisms of photosynthesis [20–23]. For example, in the 
years between the 1990s and the 2010s, special attention was given to tailor-made 
porphyrin–quinone dyads and triads with either covalent bonds or hydrogen bonds 
between the donor and acceptor units, one of the compelling benefits was the fixed 
molecular position of D and A units at a controllable distance and mutual orientation 
[19, 20].

A non-standard way for the preparation of mixed solids in the excited state is the 
mechanical activation of crystallites of mixtures of suitable compounds by mechani-
cal pressure with shearing deformation of surfaces [24]. As has been established for 
decades, chemical and physico-chemical reactions, under the heading “tribochem-
istry”, can be initiated by applying mechanical energy to the system. Mechanical 
activation can result in numerous reactions including dislocations in crystal lattices, 
vibrational and even electronic excitations. Although known for a long time, the 
mechanisms of energy exchange processes and their quantitative description have 
remained widely unclear. This is not surprising, since crushing a crystal or a micro-
crystalline powder in a mortar represents a fairly indeterminate procedure in which 
elastic, plastic and fracture processes will come into play resulting in local high 
stresses and temperatures accompanied by shock waves and molecular reactions. It 
has been estimated [24] that mechanically induced dislocations of atoms and molec-
ular fragments in the solid can store energy in excess of 10 eV which could trigger 
the emission of visible light (“triboluminescence”).

In the present study, mechanical activation was achieved by grinding mixed 
micro-crystallite powders of Zn-tetraphenylporphyrin (Zn-TPP) and, for instance, 
substituted benzoquinone (about 1:1 v/v) in an agate mortar; the grinding was car-
ried out at room temperature with a small addition of water to the powders to pre-
vent electrostatic charging. After a chosen period of grinding (maximum RP yield 
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was obtained after about 6 min), the sample was dried and transferred to the EPR 
spectrometer. Whether the grinding was performed in an oxygen containing or an 
oxygen-free atmosphere had no noticeable effect on the RP generation process. In a 
first step, the kinetics of mechanochemical generation of radical pairs was system-
atically studied. The RP concentration was measured from the intensity of the EPR 
spectra. The high-field/high-frequency measurements were performed in Moscow 
with a home-built F-band (2  mm) spectrometer [25] using a home-built gas-flow 
system to control the sample temperature in the range 4.2–300 K.

As a typical example, the X-band (3 cm) EPR spectra of powdered Zn-TPP with 
benzoquinone, recorded after 6 min of grinding, are shown in Fig. 3. The observed 
four-peak lineshape of the ∆mS =  ± 1 EPR transitions in the field region around 310 
mT (trace (a)) is indicative of axially symmetric systems with an S = 1 electron spin 
state; it is, therefore, attributed to radical pairs (or localized triplet molecules) with 
an axially symmetric zero-field splitting tensor. This assignment is corroborated by 
the observation of a narrow “half-field” EPR spectrum around 150 mT (see Fig. 3) 
since the appearance of this “forbidden” ∆mS =  ± 2 spectrum is characteristic for a 
triplet spin system in random orientation [26].

The EPR signals (bl and b2 in Fig. 3) in the central part of the ∆mS =  ± 1 spec-
trum originate from mono-radicals (S = 1/2), most probably from semiquinone (Q·−) 
anion radicals and Zn-TPP (P·+) cation radicals. While such stable mono-radicals, 
after mechanochemical excitation, are observed quite commonly, the formation of 
triplet-state RPs is, to the best of our knowledge, observed for the first time.

The kinetics of accumulation of radical pairs with grinding time always shows 
an induction period followed by a maximum at a grinding time of about 6 min. 

Fig. 3   First-derivative X-band (3  cm) room-temperature cw EPR spectra of a mechanically activated 
mixture of Zinc-tetraphenylporphyrin (Zn-TPP) with 3,5-di-tert-butyl-1,2-benzoquinone (Q) after 6 min 
of grinding in an agate mortar at room temperature. ∆mS =  ± 1 transitions of axially symmetric tri-
plet state radical pairs (a) and of isolated mono-radicals (b1 and b2) are observed in the field region 
around 310 mT. In the half-field region around 150 mT the EPR spectrum of the “forbidden” transition 
∆mS =  ± 2 of the triplet-state RP is shown (with 10 × higher amplification). The ratio of the doubly inte-
grated intensities, A(∆mS = 2)/A(∆mS = 1) = 0.05 ± 0.02 is equal, within experimental error, to the ratio 
(D/B0

2), as is indicative for triplet-state systems [26]



788	 K. Möbius et al.

1 3

The first, typically autocatalytic, fraction of the kinetics may be related to that 
part of the grinding process that provides large friction interfaces of the micro-
crystals. At long grinding times the concentration of RPs drops, probably because 
of the destruction of the newly formed mixed crystals in which the RPs are sta-
bilized. Consequently, there exists an optimum grinding time at which the maxi-
mum RP corresponds to a conversion of as much as 1% of the initial Zn-TPP and 
Q molecules into the stabilized radical pairs. The concentration of the doublet 
radical species changes only little during decay of the RPs. We conclude that RPs 
disappear mostly by charge recombination or by quenching of the triplet state by 
hydrogen atom transfer (hydrogen abstraction) and not by dissociation into the 
two mono-radical species. From an inspection of the data, we are tempted to 
suggest that electron and/or proton transfer or hydrogen abstraction are respon-
sible for the mechanochemical generation of RPs. This suggestion is based on 
the fact that the RP generation ceases if the transfer channel is blocked either by  
prereduction or shielding of the quinone acceptor.

A definite proof that the observed EPR spectra belong to radical pairs or 
localized triplet molecules can be obtained by investigating spin polarization 
effects at low temperatures to extract the absolute sign of the zero-field splitting 
parameter, D. If the sample temperature T is low enough to fulfill the condition 
T < TZ = g μB B0/kB which, for F-band EPR, corresponds to a Zeeman temperature 
TZ ≈ 6.5 K (see above), already at liquid-helium temperatures, the thermal spin 
polarization is sufficiently large to predominantly populate the lowest spin level, 
mS = − 1, and the EPR spectra of RPs become asymmetric.

An example of high-field/low-temperature EPR spectra (∆mS =  ± 1, lines z and 
z’; x, y and x’,y’) of mechanically generated RPs is shown in Fig. 4. The asymme-
try in the intensities of the T−1 → T0 and T0 → T+1 transitions is clearly observed. 
This asymmetry justifies our assumption that the mechanically generated species 
are two-electron spin systems. Furthermore, the sign of the zero-field splitting 
parameter D appears to be positive (see above). This finding is rather unexpected, 
since for RPs with delocalized unpaired spins over the two mono-radical subunits, 
a negative sign of D is usually observed as long as the dipole–dipole approxima-
tion holds [27]. For delocalized triplet RPs, the situation is different from one-
molecule localized triplet states for which both cases, D > 0 or D < 0, frequently 

Fig. 4   First-derivative F-band 
(2 mm) low-temperature cw 
EPR spectra (∆mS =  ± 1) of a 
mechanically generated radical 
pair in a D–A mixture (3,6-di-
tert-butyl-catechol + 3,6-di-
tert-butyl-1,2 benzoquinone), 
demonstrating that significant 
thermal spin polarization effects 
become observable already 
below 10 K. For details, see [9]
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occur depending on whether the triplet electron-spin distribution is disc-like 
(oblate, i.e., axially compressed electron distribution) or cigar-like (prolate, i.e., 
axially elongated electron distribution) with respect to the main symmetry axis 
(see, for instance, [28]).

Thermal polarization experiments on triplet molecules had been performed 
earlier at 4 K and sub-helium temperature and X-band frequencies [29, 30], but 
not with RPs. Moreover, when working at T < 1  K, microwave saturation prob-
lems might render EPR spectra of systems with weak spin–lattice relaxation com-
pletely undetectable. In the present work, we demonstrate the possibility of study-
ing thermal spin polarization effects in radical pairs at high magnetic fields at 
T > 4 K, and thereby easily determine the absolute sign of D by cw EPR, as was 
explained above.

To further corroborate this result of D > 0, we compared the experimentally deter-
mined sign of D of mechanochemically generated RPs with that of RPs generated in 
the traditional photochemical way. For that purpose, we used the quinone–hydro-
quinone donor–acceptor pairs since the photochemical yield of zinc TPP–quinone 
pairs decreases strongly at temperatures below the soft glass region. The comparison 
of the data shows that the mechanically generated RPs are always much more sta-
ble and have a “wrong”, i.e., positive, sign of the zero-field splitting parameter. The 
“normal” negative sign of D was observed, however, for all photochemically gener-
ated pairs and for stable biradicals prepared by chemical synthesis.

We conclude and allow ourselves some speculations: the mechanochemically 
generated radical pairs are much more stable than those prepared by photoexcitation 
of similar D–A pairs in mixed crystals or solid solutions. The high-field/low-temper-
ature EPR experiments show that in photochemically generated RPs the sign of the 
zero-field splitting D is always negative (as expected), while for mechanochemically 
generated RPs the zero-field splitting D is always positive (not expected).

The latter result suggests that the observed EPR spectra have to be attributed to 
some unusual triplet state aggregates. We postulate that these aggregates are some 
sort of “super-cooled” exciplexes, in analogy to jet-cooled photo-excitated interme-
diates. It is well established that mechanical activation of solids can produce sites 
of high local temperature initiating the formation of excited molecular states, fol-
lowed by “tribo-induced” luminescence, charge transfer, etc. [24]. This mechanical 
activation can also result in a sharp acceleration of diffusion processes and phase 
transitions. The resulting chemical conversion is known to be similar to photo-irra-
diation-induced and high-energy-radiation-induced molecular conversion processes. 
From that point of view, the formation of radical and/or charge-transfer pairs, such 
as those observed here and in [31], is not surprising. What is surprising, however, 
is the large difference in lifetime and spectral properties of triplet states generated 
either mechanochemically or photochemically.

We speculate that the reason for the unusual stability could be that exciplex mole-
cules D·+A·− (charge-separated RPs) or D·A· (neutral RPs), after being generated, are 
quickly built into a new crystalline lattice instantaneously formed by the mechanical 
activation. In this host lattice, the RPs adopt an energetically favorable arrangement, 
so that for the backward reaction to occur a large reorganization energy would be 
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required, i.e., this back reaction would be strongly retarded or even blocked by the 
new solid soft-matrix environment.

It is generally accepted that mechanical molecular activation occurs by the action 
of ultrasonic shock waves, which are created in micro-crystalline contact areas of 
sliding surfaces under tribochemical pressure [24]. Hence, the postulated model 
implies that, in the given contact site of molecular dimensions, the mechanical per-
turbation appears only for an ultra-short time in the picosecond range (the order of 
the molecular dimensions divided by the speed of sound). While most molecules 
can be mechanically excited and still move freely in the soft-solid matrix, some DA 
exciplexes might be formed which are immediately frozen into a local “new” solid 
matrix environment the moment the excitation zone has passed by. Thus, on a pico-
second time scale, unusual exciplex intermediates may be stabilized by the mech-
anochemical activation. In the course of photolytic excitation, on the other hand, 
D and A stay fixed as individual molecules in the “old” crystalline lattice. In such 
a case, the unperturbed surrounding prevents formation of energetically favorable 
exciplexes which, evidently, do not correspond to the minimum energy of the “old” 
crystalline unit cell.

From the above considerations, we conclude that the observed EPR spectra of tri-
bochemically excited D–A complexes cannot be attributed to ordinary RPs with the 
two unpaired electrons distributed over well-separated molecular frames. Instead, we 
have to assume that by mechanochemical activation trapping of triplet-state molecu-
lar complexes occurs in which the two electron-density clouds essentially overlap.

We realize, of course, that many questions remain open and many aspects of our 
interpretation of mechanochemically generated radical pairs and triplet molecules 
need further corroboration.

For this to accomplish, we had planned a series of additional multi-frequency/
multi-resonance experiments on tribochemically generated radical pairs and we 
expected that there will be a long way to go for Yakov Lebedev and his new coop-
eration partners in the West after the changes of political paradigms in the East. On 
that way, a new joint research project was established between Moscow, Leiden and 
Berlin, specifically between the groups of Yakov Lebedev, Jan Schmidt and Klaus 
Möbius. It deals with the magnetic properties of metal–quinone high-spin com-
plexes prepared by solid-state mechano-activation and liquid-state chemical syn-
thesis. In the comparative study, high-field and low-temperature EPR and ENDOR 
techniques have been applied [32]. In the following, a brief summary of the results 
from this work will be given:

The magnetic properties of polyradical complexes containing diamagnetic metal 
ions have attracted considerable attention. Recently, it has been shown that such 
complexes can be prepared in a simple solid-state synthesis by a mechanically acti-
vated reaction between powdered metals and organic acceptor molecules [33–35]. 
Among the interesting aspects of these complexes is the magnetic interaction 
between the spin centers attached to the central metal ion and the possibility of spin 
alignment and organic ferromagnetism. 2  years earlier, we had demonstrated that 
EPR spectroscopy at very high frequency and low temperature is particularly well 
suited for studying such complexes with spin angular momentum S > 1/2, because 
the effect of thermal spin polarization can be observed already at liquid-helium 
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temperatures causing a high-field/low-field distortion of the lineshape of the EPR 
spectra (see above). By analyzing the lineshape, information can be obtained about 
the absolute sign and value of the electron dipole–dipole interaction (the zero-field 
splitting (ZFS) parameter, D). For porphyrin–quinone donor–acceptor complexes, it 
was found that in photochemically generated RPs the sign of the zero-field splitting 
D is always negative (as expected), while for mechanochemically generated RPs the 
zero-field splitting D is always positive, as is not expected [9].

For a qualitative explanation of these findings, it was assumed that “mechanol-
ysis” (i.e., grinding of powdered donor–acceptor mixtures or the action of elastic 
waves) induces electron and/or proton transfer in the local surrounding quasi-liquid.  
This quasi-liquid exists locally for an ultra-short time allowing the most stable con-
figuration of triplet intermediates to be produced. It will have a spin–spin interac-
tion different from that of radical pairs generated by photoinduced proton transfer 
between partners in their fixed positions in doped crystals or glassy solutions. In 
this model the effect of mechanolysis of solid mixtures should resemble that of 
liquid-phase reactions with subsequent fast “freezing out” of the intermediate reac-
tion products. Thus, the same properties might be expected for complexes generated 
mechano-chemically in a soft solid phase as for complexes synthesized in liquid-
phase reactions provided the species produced in solution are sufficiently long lived.

In the present study on the spin–spin and exchange interactions within the com-
plexes tribochemically formed within solid mixtures of quinones and metals, con-
tinuous wave (cw) and pulsed EPR as well as electron nuclear double resonance 
(ENDOR) spectroscopy were used, predominantly at high fields/high microwave and 
radio frequencies and at low temperature, to take advantage of the thermal polari-
zation effect (see above). We compare the properties of metal–organic bi- and tri-
radical complexes (triplet, S = 1, and quartet, S = 3/2, states) prepared by mechanical 
activation and by traditional liquid-phase chemical reactions of metal amalgams with 
quinones. As the solid mixtures of quinones the metals, M = Al, Ga, In, Cd, Sn, and 
Zn were investigated. The magnetic-resonance parameters and the observed thermal 
spin polarization provided evidence for the identity of the magnetic complexes pro-
duced in solutions and by solid-state mechanochemical treatment. In particular, the 
presence of ground-state triplet and quartet species could be demonstrated in both 
cases. In addition, the magnetic exchange and electron–electron dipole–dipole spin 
interaction parameters were evaluated, their comparison provided unique informa-
tion about the electron spin configurations and intramolecular interactions.

The concentration, N, of triplet- or quartet-state species was determined at room 
temperature from the integral EPR absorption (doubly integrated EPR spectra) rela-
tive to the integral EPR absorption of a standard reference sample containing stable 
mono-radicals (doublet state, S = 1/2). Consideration was given to the dependence of 
the total EPR signal intensity, A, on the spin quantum number [36], which is differ-
ent for the standard radical and for the high-spin complexes:

where kB⋅T is the thermal energy; the other quantities had been introduced already 
(see above).

A ∝ N ⋅ (g ⋅ �B)
2
⋅ B0 ⋅ (kB ⋅ T)−1,
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The EPR experiments were performed at Moscow, Leiden and Berlin using both 
commercial instrumentation (9.5  GHz) and home-built high-field spectrometers 
operating at 95 GHz [37, 38]. ENDOR experiments were carried out with labora-
tory-built instrumentation both at 9.5  GHz using cw excitation [39] and 95  GHz 
using pulsed excitation [37].

The wealth of results obtained in this comprehensive EPR/ENDOR study showed 
that at high field and low temperature the paramagnetic quinone–metal complexes 
created in solution by chemical reaction and in solids by mechanochemical action 
are characterized by the same magnetic-resonance parameters. The sign of the 
dipolar constant D was found to be negative for species with S = 1 and positive for 
species with S = 3/2. The experiments show that for these complexes, the equilib-
rium polarization of the spectral components agrees with an S = 3/2 species rather 
than an S = 1 species. ENDOR signals of the 27Al nuclei and also other magnetic 
metal nuclei have been observed to support the suggested structure of the respec-
tive complex. Furthermore, the exchange parameters were evaluated for the Ga and 
Al complexes in diluted frozen solution. The results agree with the concept that the 
mechanochemical production of the complexes is similar to that in the liquid-phase 
reaction in combination with fast freezing or trapping of the products in the course 
of the tribochemical process.

Knowledge of the sign of D allowed us to assign the canonical peaks XX, YY, ZZ 
in the EPR spectrum, at high and low field, to the transition between the sublevels of 
the lowest electron-spin state. Apart from the thermal polarization method described 
above, ENDOR spectroscopy also enables this assignment.

If an EPR transition connects the states │S, mS > and │S, mS + l > , the ENDOR fre-
quencies for nuclear transitions within these manifolds are

 where v0, is the Larmor frequency of the nucleus in the external field B0 and AZZ is 
a principal component of the hyperfine interaction (HFI) tensor.

For systems with S > 1/2, EPR transitions can be selected with both mS and 
(mS + 1) of the same sign, i.e., ENDOR lines appear separated from each other on 
one side of the free nuclear Larmor frequency ν0, at higher or lower frequency, 
depending on the sign of the HFI constant AZZ. Thus, if the sign of D is known, then 
the position of the ENDOR lines allows us to determine the sign of the hyperfine-
interaction constants directly.

For instance, radical dimers with well-separated partners (e.g., radical pairs 
and biradicals) are characterized by a negative D. The EPR canonical peak at the 
lowest field position (the low-field “parallel” or Z-peak) and the high-field “per-
pendicular” or X-, Y-peaks (which for axial symmetry of the triplet molecule will 
coincide) correspond to the transition between the spin states (│S, mS >), namely:  
│1, − 1 >  ↔ │1, 0 > , for which the ENDOR spectrum consists of the one domi-
nant line at v0 from the │1, 0 > manifold and lines at frequencies vENDOR = v0 + AZZ/2 
from the │1, − 1 > manifold, i.e., positive HFIs correspond to a positive difference 
(vENDOR − v0), see [26].

vENDOR = v0 + mS ⋅ AZZ and vENDOR = v0 +
(

mS + 1
)

AZZ ,
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For molecular triplets with delocalized spins (e.g., photo-excitated aromatics) and 
radical trimers, a positive sign of D is expected, and the transition │1, − 1 >  ↔ │1, 0 >  
can be selected at the high-field parallel Z-peak or at the low-field perpendicular 
X-, Y-peak. From doing ENDOR on those transitions, the change of sign of D is 
accompanied by a change of sign of the difference (vENDOR− vo). Thus, there are the 
two cases, either the sign of D is known but the sign of the HFI constant has to be 
determined, or the sign of D has to be determined, but the HFI constant is already 
known including its sign. In both cases, the corresponding line can be assigned in 
the ENDOR spectrum, and the sign problem can be solved. The “spin gymnastics” 
necessary for this to do is described in detail in [32], and we refer the reader to this 
work for further information.

We conclude the high-frequency and low-temperature EPR and ENDOR experi-
ments on the metal–quinone complexes show that their production by mechano-
chemical action or by liquid-phase reactions leads to the same diradical and triradi-
cal species. They exhibit exactly the same magnetic-resonance parameters regardless 
of the method of generation. For all complexes described in this study, it is found 
that the high-spin state (S = 1 for the diradicals and S = 3/2 for the triradicals) is the 
lowest, i.e. there is a ferromagnetic coupling within the complexes. The sign of the 
dipolar coupling constant is D > 0 for the triradical complexes and D < 0 for the 
diradical complexes, which is in agreement with theoretical predictions.

The work described here appeared in the literature in 1996; it was this year when 
Yakov Lebedev died, at the height of his creative powers. How sad that he had to 
leave his family and friends so early, and so many ideas and unfinished projects 
behind him. We are still remembering our colleague and friend Yakov Lebedev with 
great esteem.

2 � EPR and Pulsed‑Laser Studies of Protein–Matrix Interactions 
in Biocatalysis

In this Review, we will summarize a few of our studies, based on high-field EPR, 
FTIR and fast-laser optical absorption spectroscopies, related to protein–matrix 
interactions and to the coupling between conformational protein dynamics and 
its electron-transfer function. To unravel the intimate association between solvent 
dynamics, internal protein motions and function, we focused on photosynthetic reac-
tion center complexes incorporated into glassy matrices formed by the disaccharides 
trehalose or sucrose. The confinement of these membrane proteins within saccharide 
amorphous solid matrices has a twofold interest. First, by controlling the residual 
water content of the glassy system, the conformational dynamics of the embedded 
protein can be finely regulated at room temperature leading, under extreme dehydra-
tion, to a dramatic retardation of internal protein motions [40, 41] (see Sect. 2.2.1). 
Due to this extreme and simple tunability, it becomes, therefore, possible to inves-
tigate at room temperature the role of protein dynamics in specific catalytic events, 
avoiding the freezing of the protein to cryogenic temperatures to reduce internal pro-
tein motions. The low-temperature approach, which has been used in a number of 
fundamental studies on function–dynamics coupling (e.g., [42–45], has, however, 
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some drawbacks, related to the use of cryosolvents as, e.g., glycerol, employed to 
prevent the formation of ice crystals harmful to the protein integrity. Cosolvents, 
in fact, besides inducing subtle structural alterations in the native protein structure 
[46] lead, at cryogenic temperatures, to the formation of an amorphous solid matrix, 
making difficult to disentangle genuine temperature effects from those due to the 
increased rigidity of the protein environment. On the contrary, the room temperature 
incorporation of the protein into a glassy matrix formed by trehalose, can be consid-
ered a kind of “soft” confinement, in that it minimally perturbs the native structural 
configuration of the protein, as shown for two different reaction center complexes 
by high-field EPR spectroscopy [47, 48] (see Sects. 2.2.1 and 2.2.2). Among the 
many advantages of trehalose–protein glassy matrices, it has to be mentioned that 
the incorporation into extensively dehydrated trehalose glasses promotes a tremen-
dous thermodynamic stabilization of the incorporated protein, preventing its thermal 
denaturation at room (and even higher) temperatures for periods as long as several 
months [49].

The extraordinary bioprotective capabilities of trehalose, bring us to the second 
motivation for the strong interest in disaccharide–protein glassy systems. Indeed, 
the use of trehalose glassy matrices in the study of biocatalysis and conformational 
dynamics of carboxymyoglobin, pioneered by the works of Eaton [50, 51] and Cor-
done and coworkers [52, 53], was originally inspired by the natural phenomenon of 
anhydrobiosis, in which the biopreservation properties of disaccharide glasses are 
deeply involved (see Sect.  2.1). Several organisms, including plants, yeast, nema-
todes and tardigrades, are able to survive extremely harsh, adverse environmental 
conditions, as almost complete water loss and high temperatures, by entering revers-
ibly a state of suspended metabolism, called anhydrobiosis or cryptobiosis [54]. 
Most anhydrobiotic organisms, in response to desiccation and heat stress, synthe-
size massive amounts of disaccharides (mainly trehalose and/or sucrose) resulting 
in the formation of “biological glasses” which embed and fully preserve cellular 
components, enabling a state of suspended animation [55]. Following rehydration, 
even after very long periods of drought and extreme temperatures, as typical of hot 
desert climates, anhydrobiotes resume their metabolism. The so-called “resurrection 
plants”, as Selaginella lepidophylla, are emblematic of this anhydrobiotic behavior.

In the study of matrix–protein interactions, particularly when using as model 
membrane-proteins photosynthetic reaction centers (bacterial reaction center, 
Photosystem I, Photosystem II), the combination of high-field EPR, FTIR and 
time resolved-laser optical absorption spectroscopies proved to be optimal in pro-
viding complementary information in terms of structure, dynamics and composi-
tion of the system. Since the photocatalytic activity of photosynthetic reaction 
centers involves the formation of cofactor ion radicals as well as charge-separated 
radical pairs (see Sects. 2.2.1, 2.2.2), high-field EPR at W-band (95 GHz, 3.4 T) 
is ideal in detecting the transient states of electron donor and acceptor cofac-
tors with the required sensitivity and time resolution, because of the high reso-
nance frequency [3]. Remarkably, light-induced electron transfer within the reac-
tion center results, for donor and acceptor cofactors, also in absorption changes 
in the visible and NIR spectral range (see e.g., [56, 57]), thus allowing for an 
independent detection of charge-separation and -recombination events by laser 
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time-resolved optical absorption spectroscopy. Since the sample requirements 
for optical and EPR measurements are different, for instance in terms of concen-
tration and paramagnetic perturbation, the agreement between electron transfer 
kinetics detected by EPR and optical spectroscopy is of particular significance.

High-field EPR offers additionally powerful tools to obtain structural and 
dynamical information both on the reaction center cofactors and on the embed-
ding matrix. W-band transient EPR (TR-EPR) signals from the spin-correlated 
radical pair, produced by charge separation between the primary donor and 
acceptor cofactors, are in fact sensitive to the geometry of the cofactor pair [58]; 
they can, therefore, reveal possible alterations in the cofactor configuration due 
to incorporation of the reaction center protein into the dehydrated matrix. Addi-
tionally, in bacterial reaction centers, dynamical information is conveyed by the 
T2 relaxation times of the primary photo-reduced quinone acceptor and their ani-
sotropy, measured by ESE-detected high-field EPR, which sensitively probes the 
librational fluctuations of the semiquinone anion in its binding pocket [59], and 
possible alterations in the cofactor local dynamics due to matrix interactions. 
Finally, high-field EPR of nitroxide spin probes, either site-specifically attached 
to the protein or dissolved in the amorphous disaccharide-reaction center matrix, 
can be used to retrieve information on the hydrogen-bonding properties of the 
matrix, and specifically on the structural and dynamical homogeneity or hetero
geneity of the nitroxide microenvironment. The EPR spectrum is in fact very sen-
sitive to the rotational motion of the nitroxide probe, because the time-scale of its 
dynamics determines the extent of averaging of the magnetic interaction anisotro-
pies [60].

As mentioned above, the content of residual water of the glass is an important 
parameter, in that it finely tunes the degree of immobilization of the matrix-embed-
ded protein. The hydration level of the system can be strictly controlled by an isopi-
estic approach based on the equilibration of the matrix with an atmosphere of defi-
nite relative humidity in the presence of different saturated salt solutions [61]. The 
residual water content can be conveniently determined by FTIR spectroscopy of the 
water combination band appearing around 5150 cm−1. The area below this band has 
been proven in fact to be proportional to the water concentration with an absorptiv-
ity coefficient independent of the presence of cosolvents, of the physical state of 
the water sample (solid or liquid), and therefore on the extent of hydrogen bonding 
[61]. At variance, the association band of water, around 2130 cm−1, due to its inter-
molecular character, mirrors the interaction of water molecules with their neigh-
bors. The band is attributed to the combination of bending and libration modes [62]. 
Since these modes are extremely dependent on the molecule’s microenvironment, 
the association band of water, in binary or ternary systems at low water content, 
becomes structured, due to the vibrational coupling with non-water hydrogen-bond-
ing groups [63, 64]. As a consequence, the band can provide qualitative informa-
tion on the structural and dynamical organization of the water–disaccharide–pro-
tein matrix, complementing the picture emerging from the lineshape analysis of the 
nitroxide radical EPR spectrum.

In the following sub-chapter, we will shortly overview some aspects of anhyd-
robiosis, focusing on the nature of the protein–disaccharide interactions and on 
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the molecular mechanisms which have been proposed to explain saccharide-based 
biopreservation.

2.1 � Anhydrobiosis—Life Without Water Enabled by Proteins Embedded 
in Trehalose Soft Matrices

Water is an essential component of life, primarily to ensure metabolism, and the vast 
majority of organisms will die upon complete drying. For most plants and several 
animals only specialized structures, which characterize a specific phase of their life 
cycle, such as encysted embryos in crustaceans or seeds or pollen in vascular plants 
[65], are able to tolerate an almost complete removal of water. However, several 
organisms (epitomized by resurrection plants as cushion mosses, rotifers, and tardi-
grades) have developed the ability to withstand a severe water deficit in any phase of 
their life cycle, and in their apparently unspecialized, vegetative tissues [54]. These 
species (anhydrobiotes), upon removal of intracellular water, survive as desiccated 
material, entering a state of suspended life. The period of arrested animation and 
metabolism can last as long as decades, or centuries, and, when normal water avail-
ability is restored in the environment, they resume metabolic activity and life. Anhy-
drobiotes are distributed among the three domains of life—Archaea, Bacteria, and 
Eukarya [66].

The intriguing phenomenon of anhydrobiosis is known since a long time. It 
was discovered in 1702 by Antonie van Leeuwenhoek (1632–1723) from Delft, 
who was the first to describe “animalcules” (most likely rotifers), found in dry dust 
from a roof gutter, which, when rehydrated, surprisingly resumed animation. Going 
through cycles of draught and rehydration, van Leeuwenhoek observed, with his sin-
gle-lens microscopes, that the phenomenon was reproducible, even following desic-
cation periods lasting for many months [67]. Interestingly, about 70 years after van 
Leeuwenhoek’s discovery, Lazzaro Spallanzani (1729–1799) from Bologna revis-
ited the phenomenon of anhydrobiosis of rotifers. Astonishingly ahead of his times, 
he established the essentials of anhydrobiosis, i.e., that rotifers did not retain water 
and stopped all life processes upon desiccation. At variance with van Leeuwenhoek, 
who believed that anhydrobiotic species (rotifers) were protected by a kind of imper-
meable coating, avoiding any evaporation of water from the organism, Spallanzani 
realized that in the anhydrobiotic state rotifers were indeed extensively dehydrated 
and that they underwent a transition to a fragile solid, that could be splintered like 
a “salt particle”. This qualitative observation, reported in 1776 in the “Opuscoli di 
Fisica Animale e Vegetabile” (“Tracts on the natural history of animals and plants”), 
anticipated the current concept that, upon desiccation, anhydrobiotic organisms 
undergo a glass transition [68].

Glass formation has been unequivocally demonstrated to exist in dry systems 
in vivo and to be closely associated to subcellular stabilization in the dry state. An 
emblematic example is provided by the African chironomid Polypedilum vander-
planki, which can be considered the largest multicellular animal capable of anhy-
drobiosis. An elegant study by Sakurai and coworkers [69], by combining differ-
ential scanning calorimetry and FTIR spectroscopy, showed that the anhydrobiotic 
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larvae of Polypedilum vanderplanki survive extreme dehydration by forming a bio-
logical glass, i.e., a supersaturated liquid with the mechanical properties of a solid 
that prevents the crystallization of cellular solutes. Additionally, optical and FTIR 
imaging revealed that as larvae dehydrate, they synthesize and accumulate large 
amounts of trehalose, uniformly distributed throughout the dehydrated body, con-
firming the essential role of this disaccharide in vitrification and consequently in 
successful anhydrobiosis. Studies in vivo have indeed led to a widespread consensus 
that the building of stable intracellular glasses by many anhydrobiotic organisms is 
made possible by the accumulation of disaccharides (mainly trehalose and sucrose), 
which, in some organisms, may act in combination with the synthesis of highly 
hydrophilic, intrinsically disordered proteins, as “late embryonic abundant” (LEA) 
proteins [70], or “cytosolic abundant heat soluble” (CAHS) proteins in tardigrades 
[71]. Currently, there is a particular interest for research on the dynamics and inter-
actions of intrinsically disordered proteins involved in the regulation of key cellular 
signaling pathways. Modern biochemical and biophysical techniques are being used 
to probe the mechanisms by which intrinsically disordered regions of cellular pro-
teins achieve synergetic advantages by interacting with structured protein domains 
for regulating their biological functions.

The essential role played in anhydrobiosis by trehalose and sucrose has trig-
gered a profusion of in vitro studies, focused upon the physico-chemical properties 
of amorphous matrices formed by disaccharide and macromolecules, aimed, on one 
side, to exploit the technological potential of their extraordinary effectiveness in pro-
tecting and stabilizing biostructures, and, on the other side, to grasp the underly-
ing molecular mechanisms and interactions. The former studies have translated into 
many useful and new applications in the fields of pharmacology, biotechnology and 
biomedicine [72, 73]. As an example, stabilization of an increasing number of thera-
peutic proteins [74], available for the treatment of cancers, diabetes, or brain dis-
eases, relies on sugar-based glassy matrices [75, 76]. As to the latter studies, in spite 
of the considerable efforts devoted to unraveling the mechanisms of disaccharide 
stabilizing effects on macromolecules at the atomistic level, no clear definitive sce-
nario has emerged, and a number of questions remain open to a lively debate.

In particular, the structure and dynamics of glassy matrices constituted by pro-
teins and disaccharide have received a wide interest. Extensive experimental work, 
employing a wide range of spectroscopic and thermodynamic approaches, such as 
FTIR [77], Raman [78], neutron and X-ray scattering [53, 79, 80], EPR [47], dif-
ferential scanning calorimetry [81, 82], and theoretical investigations, based on 
molecular dynamics simulations [83–85], have led to the generally accepted idea 
that a tight dynamic coupling is set up between the embedded protein and the 
sugar matrix when the residual water content is reduced. This coupling entails that 
internal motions of the protein, which fluctuates over a large ensemble of hierar-
chically organized conformational sub-states [86], are governed by the dynamics 
of the water–matrix system. As a result of stiffening of the glassy system induced 
by dehydration, the protein conformational dynamics is, therefore, expected to be 
strongly inhibited, thus retarding, or even precluding, on a long time-frame, protein 
unfolding and denaturation. What is at present still unclear is the precise nature of 
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the interactions responsible for the tight dynamical protein–matrix coupling and the 
underlying structural organization of the system.

During the last decades, different hypotheses have been articulated, in which dif-
ferent interactions are considered to play a determinant role in protein stabilization. 
The “vitrification” or “high viscosity hypothesis” [87] assumes that the extremely 
high viscosity of the glassy sugar matrices causes by itself a dramatic slowing of the 
internal protein dynamics. Since unfolding requires molecular mobility of the pro-
tein, vitrification, which also minimizes the rate of detrimental chemical reactions, 
is considered sufficient to prevent structural damages and protein denaturation. In 
this respect, the glass-transition temperature of the sugar matrix, Tg, at the specific 
hydration of the matrix in which the protein is incorporated and stored, becomes the 
critical parameter, because the glass relaxation processes of the glassy matrix (see 
below), i.e., the internal mobility of the system, are expected to scale with the dif-
ference between the storage temperature and Tg. Notably, trehalose–water systems 
exhibit a significantly higher Tg at all water contents as compared to other similar 
saccharide–water mixtures [88]. This feature has been put in relation with the supe-
rior efficacy of trehalose in protein stabilization, as compared to other saccharides 
(e.g., maltose, fructose, sucrose). However, further studies have provided experi-
mental evidences that carbohydrates, such as maltodextrin, with Tg values consider-
ably higher than those of trehalose, are less effective in stabilizing proteins [89], and 
that, in general, the high macro-viscosity of sugar glasses is not sufficient to assure 
stabilization of the dehydrated system [90–92]. These findings have an in vivo coun-
terpart, since a number of species exist with seeds and pollen that cannot survive 
water removal, although their cytoplasm transforms into glass in the dry state [93]. 
These observations suggest that the glassy state is necessary but not sufficient to 
ensure a good protein stabilizing environment, and that additional factors must be 
taken into account, as for instance direct interactions between the stabilizing co-sol-
ute and the protein.

The most direct interaction would be the formation, upon water removal, of 
hydrogen bonds between the protein and the sugar of the glassy matrix, as pos-
tulated by the “water replacement hypothesis”. According to this model [94], the 
bound sugar molecules would in fact replace the water molecules of the hydration 
shell, thus preserving the hydrogen bond interactions which are thought to deter-
mine the native protein conformation. That such a simple, direct, sugar–protein 
interaction occurs with high probability and can play a role in anhydrobiotic protein 
stabilization has been, however, questioned on the basis of thermodynamical con-
siderations [95], experimental results [96, 97], and molecular dynamics simulations 
[85, 98]. These studies have led to propose a different scenario (“water entrapment” 
or “preferential hydration” model) [96, 99–101], in which disaccharide molecules 
are essentially excluded from the protein surface. The native protein hydration shell, 
rather than replaced, would be maintained, at least partially, and would mediate the 
dynamical coupling between the protein and the sugar matrix.

It should be noticed that the above described models are not mutually exclusive, 
in the sense that the protein–matrix interactions postulated by them could in princi-
ple coexist and contribute to a different, but significant extent to condition the pro-
tein conformational dynamics. A synthesis has been attempted by proposing a model 
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(“anchorage model”) which incorporates and combines features from the three 
hypotheses [102]. The model retains from the “water replacement” hypothesis the 
idea that hydrogen bonding is the prevailing interaction responsible for the dynami-
cal protein–matrix coupling, but assumes that such interaction involves mainly the 
hydration shell of the protein (a feature shared with the “preferential hydration” 
hypothesis), which is assumed to connect via multiple bonds surface amino-acid 
groups of the protein with sugar molecules in the matrix, while trehalose molecules 
make few direct hydrogen bonds to the protein. Stable hydrogen bonds are also 
assumed to bridge, upon desiccation, disaccharide molecules in the bulky matrix, 
which will be stiffened, and, being dynamically coupled to the protein through its 
hydration layer, will give rise to a highly integrated glassy system locking the pro-
tein surface and determining its extraordinary stabilization. The immobilization of 
the protein is thus determined by an extended, highly connected network of hydro-
gen bonds, which is expected to become progressively more rigid as the content of 
residual water is decreased.

The conformational locking of protein dynamics within trehalose glasses, 
although very effective, can be regarded as a “soft confinement” [103], being medi-
ated by the hydration shell of the protein, which, as we will see in Sects. 2.2.1 and 
2.2.2, gently preserves and stabilizes the native protein structure, minimizing per-
turbations of the protein spatial configuration. Interestingly, an infrared vibrational-
echo study performed in myoglobin has indicated that fixing the protein surface 
topology by a solid external matrix dramatically hinders also internal protein struc-
tural fluctuations [104]. In line with this conclusion, and with a tight dynamical cou-
pling between the protein and its hydration layer, molecular dynamics simulations 
performed in aqueous solution of ribonuclease A, showed that, when the transla-
tions of water molecules in the hydration shell were turned off, atomic fluctuations 
were strongly reduced throughout the entire protein [105]. More recently, surface 
and core dynamics of a small globular protein have been studied in parallel through 
a combination of isotope labeling and neutron scattering [106]. Consistent with the 
assumption of the “anchorage model”, it has been found that dynamics probed in the 
interior of the protein and at the surface exhibit comparable behavior as a function 
of temperature and hydration.

The “anchorage model” was proposed on the basis of molecular dynamics sim-
ulations performed on systems formed by trehalose and carboxymyoglobin at low 
water content; they showed that the amplitude of the nonharmonic motions of pro-
tein atoms, stemming from the interconversion among high tier conformational sub-
states [107], are reduced with respect to hydrated systems [83], and that the frac-
tion of water molecules of the protein hydration shell involved in multiple hydrogen 
bonds with both surface groups of the protein and matrix sugar molecules, increases 
by decreasing the water content, implying a progressively tighter dynamical cou-
pling between the trehalose matrix and the “anchored” protein [98]. These views 
have been supported by many experimental results obtained by FTIR spectroscopy 
[77, 108], spectrally resolved infrared stimulated vibrational-echo spectroscopy 
[109], neutron scattering combined with molecular dynamics [85, 99], EPR spec-
troscopy [47, 48, 110], and time-resolved optical absorption spectroscopy [49, 102, 
111–113].
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The “vitrification hypothesis” ascribes the protein immobilization capability 
of disaccharide–protein matrices to the inhibition of the dynamics of the sugar-
glass which is governed by the α dielectric relaxation time, τα. For a homogene-
ous medium, τα can be thought of as the reorganization time of the material on the 
molecular scale [114, 115]. Cicerone et al. [92] have challenged the existence of a 
simple correlation between the α dielectric relaxation time and the biopreservation 
by disaccharide glasses, observing that protein stability within sugar glasses rather 
correlates with high-frequency β relaxation processes. High-frequency dielectric 
relaxations in glasses are characterized by two distinct time scales: fast β relaxations, 
with times in the picosecond time scale, are related to exploration of the molecular 
cage of neighbors, while the slower, Johari–Goldstein β relaxations, taking place on 
time-scales of microseconds to milliseconds, are considered to reflect small ampli-
tude intermolecular motions [116–118]. The correlation found between the retarda-
tion of protein dynamics and β relaxation times of the embedding glass is consist-
ent with the notion that local protein motions, such as those involving amino-acidic 
sidechains, are “slaved” to the high-frequency β dynamics of the protein hydration 
shell [119].

The tight coupling with fast β fluctuations of the glass puts into play the well-
established spatial heterogeneity in the structure and dynamics of super-cooled liq-
uids and glasses [115, 120]. Remarkably, in fact, glass inhomogeneities, involving 
for instance local stiffness and elastic constant, are thought to occur on a spatial 
scale comparable to that of the protein [120, 121]. Such inhomogeneities are there-
fore expected to impact significantly the local conformational degrees of freedom of 
the protein. High-field W-band EPR spectroscopy of nitroxide radicals is a powerful 
tool in investigating the structural and dynamical homogeneity or inhomogeneity of 
glassy matrices at the molecular scale (see Sect.  2.2). By this approach, we have 
found, in agreement with the above considerations, that homogeneity/inhomogene-
ity in the local dynamics of a disaccharide glassy matrix is a critical parameter in 
determining the degree of protein immobilization, providing a plausible explanation 
for the different efficacy and modalities of trehalose and sucrose matrices in protein 
stabilization (see Sect. 2.2.1).

2.2 � High‑Field EPR and Fast‑Laser Spectroscopy of H‑Bond Interactions 
in Membrane Proteins

In the present Review on studies of protein–matrix interactions between disaccha-
rides and membrane protein complexes, we focus on high-field EPR spectroscopy 
(we define “high-field/high-frequency” as at least one order of magnitude higher 
than used in conventional X-band EPR, 9.5 GHz/0.34 T), FTIR spectroscopy as well 
as on fast and ultrafast laser spectroscopy. The excitation sources in these spectro-
scopic methods are operated either in cw (continuous wave) mode or in pulse mode.

In time-resolved optical or EPR spectroscopy, ultrashort-pulse or short-pulse 
lasers are used to study molecular dynamics, structural changes or charge-recombi-
nation kinetics in different time windows with scales ranging from hundred femto-
seconds to hundreds of picoseconds, from ten nanoseconds to several microseconds. 
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Vastly different spectroscopic methods are applied, spanning vastly different time 
scales and photon energy ranges, to examine the dynamics of charge carriers, atoms, 
and molecules, probing, for example, characteristic molecular bond vibrations of 
various functional groups in organic and bioorganic molecules. Or measuring the 
kinetics of P·+Q·− charge recombination of light-induced donor–acceptor radical 
pairs in photosynthetic electron-transfer reactions either by optical or EPR methods. 
This was achieved, for example, by optical laser absorption spectroscopy monitored 
at 422 nm [122] with an apparatus of laboratory design in Bologna [102]. Pulsed 
photoexcitation was provided by a frequency-doubled Nd:YAG laser that delivered 
150 mJ pulses of 7 ns width. From 2 to 25 kinetic signals were averaged, depending 
on the sample, with a dark adaptation of at least 1 min between successive single 
photoexcitations. In measurements performed on Photosystem I and Photosystem II 
samples, the frequency-doubled Nd:YAG laser was used to pump a sulforhodamine 
B dye cavity emitting at 587 nm, and the transient absorbance changes of P·+ were 
measured at 820 nm [48].

FTIR absorption measurements were performed at 297  K using a commer-
cial Fourier transform spectrometer; using in the mid-IR range (7000–1000 cm−1) 
a standard high-intensity ceramic source, when extended to the NIR region 
(15,000–2200 cm−1), using a halogen lamp source and replacing the beam splitter 
and the exit interferometer window with adequate components. The spectra were 
recorded with a resolution of 4 cm−1, accumulating 102 or 103 scans per spectrum 
depending on the signal-to-noise ratio. The content of residual water in the sugar 
matrices used in the FTIR measurements was estimated from the area under the 
(ν2 + ν3) combination band of water around 1940  nm, essentially as described in 
[61]. The area under this band can be taken to be proportional to the water concen-
tration, being unaffected by cosolvents, by the physical aggregation state of the sam-
ple and, in particular, by the extent of hydrogen bonding (see [61] and references 
therein).

Specifically, in ultra-fast optical laser work on matrix hydrogen-bonding effects in 
membrane proteins, pump-probe laser spectroscopy in the time domain from 100 fs 
to 600 ps as well as time-resolved absorption spectrometry at 480 nm and 830 nm 
with time resolution > 10 ns were used. In this way, characteristic factors governing 
guest–host interactions could be measured to elucidate the effect of trehalose glassy 
matrix on the light-induced forward electron-transfer kinetics of the formation of 
primary and secondary donor and acceptor ion radicals and radical pairs in RC com-
plexes of non-oxygenic and oxygenic photosynthesis. In the femtosecond laser pho-
tolysis work, transient absorption spectra were measured using a femtosecond pump 
setup coupled to a supercontinuum probe setup of laboratory design in Moscow.

The occurrence of paramagnetic intermediates in electron-transfer reactions 
such as the light-induced radical ions of donors and acceptors, enables the use of 
EPR spectroscopy and its electron-nuclear and electron–electron double-resonance 
variants to extend and complement the results of optical spectroscopy with the aim 
to obtain a better understanding of protein–matrix interactions on the atomic and 
molecular level. In principle, EPR is a promising spectroscopic technique to study 
both stable and transient radicals or radical-pair intermediates. In practice, how-
ever, for large spin systems in solid-state disordered matrix environments, standard 
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X-band EPR (9.5 GHz, 0.34 T) soon reaches its resolution limits for useful informa-
tion on magnetic interaction parameters and molecular orientations, which is hidden 
under inhomogeneously broadened EPR lines. By going to higher and higher mag-
netic fields and microwave frequencies, for example, to W-band EPR at (95 GHz, 
3.4 T), at least five important features, (i), (ii)–(v), are emerging from the EPR spec-
tra (see, for instance, [2, 3, 123, 124]): (i) enhanced spectral resolution; (ii) enhanced 
orientational selectivity; (iii) enhanced low-temperature electron-spin polarization; 
(iv) enhanced detection sensitivity for restricted-volume samples such as membrane 
proteins; (v) enhanced sensitivity for probing fast motional dynamics, that is, high-
frequency EPR acts as a faster “snapshot” recorder for molecular motion than low-
frequency EPR.

Ad (i): with increasing external magnetic field the field-dependent spin interac-
tions (electron Zeeman interaction, nuclear Zeeman interaction) in the spin Ham-
iltonian are separated from the field-independent ones (hyperfine and quadrupolar 
interactions, spin–spin interactions).

Ad (ii): enhanced orientation selectivity by high-field EPR on randomly oriented 
spin systems becomes essential for organic radicals with only small g-anisotropy 
(see Fig.  5). If in disordered powder-type samples the anisotropy of the leading 
spin interaction is larger than the inhomogeneous linewidth, the canonical orienta-
tions (gxx, gyy, gzz) of the dominating Zeeman interaction tensor can be resolved. 
As a consequence, single-crystal like information on the hyperfine interactions can 
be extracted by performing orientation-selective ENDOR (electron–nuclear double 
resonance) at the magnetic field values of resolved spectral features. In case of tran-
sition-metal complexes, the hyperfine anisotropy of the metal ion may provide this 
orientation selectivity from the entire orientational distribution of the molecules.

Fig. 5   Enhanced orientational selectivity by high-field EPR, taking the anion radical of the ubiquinone 
acceptor cofactor, QA

·−, in frozen-solution bacterial photosynthetic reaction centers as example. Standard 
X-band (9.5 GHz) EPR spectra are compared with W-band (95 GHz) EPR spectra. For details, see [3]
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Ad (iii): The enhanced low-temperature electron-spin polarization at high Zee-
man fields allows to extract the absolute sign of the zero-field splitting parameter, D, 
of a two-spin system like a biradical or triplet state (for details, see Sect. 1.2).

Ad (iv): The absolute EPR sensitivity is defined by the minimum detectable num-
ber of spins in the sample, Nmin; the relative (or concentration) sensitivity is given by 
Nmin/VS, i.e., is scaled by sample volume, VS. This is limited by the amount of sam-
ple that can be introduced into the cavity of high-field EPR spectrometers which, of 
course, is usually significantly smaller than standard X-band cavities. Thus, if the 
amount of sample available is limited like in high-purity protein preparations, the 
sensitivity of high-field EPR can be superior, with respect to X-band EPR, by orders 
of magnitude. Under certain experimental conditions, for constant incident micro-
wave power and unsaturated EPR lines, one obtains theoretical expressions for the 
absolute sensitivity, Nmin ∝ �

−9∕2

0
 , and for the relative sensitivity, Nmin∕VS ∝ �

−3∕2

0
 

(where ω0 is the spin-resonance frequency; see the detailed sensitivity discussions in 
[3]).

Ad (v): the faster “snapshot” capability for complex motional dynamics with 
increasing EPR frequency can be used in a multifrequency continuous-wave (cw) 
EPR approach at the same temperature to probe fast internal modes of motion and to 
discriminate them from the slow restricted motion of a macromolecule in solution. 
In high-frequency cw EPR spectra, slow motions appear to be frozen out, whereas 
fast motions dominate the observed spectral lineshape.

The W-band EPR measurements were performed with a laboratory-built spec-
trometer (first in Berlin, since 2010 continued in Mülheim) [3, 38, 125–128] oper-
ating in both cw and pulsed modes of microwave excitation. For different EPR 
experiments, it was necessary to construct different types of microwave cavities 
with optimized sensitivity and time-resolution performances: For cw EPR experi-
ments a gold-plated bronze cylindrical TE011 cavity was used (loaded quality fac-
tor QL = 2400 of the empty cavity. For pulsed EPR experiments applying π/2-pulses 
and π-pulses, for which the highest possible microwave field B1 at the sample posi-
tion is required, a special TE011 cavity with high Q is used. The cavity body was 
machined from pure gold (99.9%) to minimize resistive losses in the cavity walls. A 
room-temperature unloaded QU = 7400 was measured without sample. The overall 
time resolution of the W-band pulse EPR spectrometer was measured to be better 
than 10 ns⋅when using the fully available excitation mw power. For direct-detection 
W-band time-resolved (transient) EPR (TR-EPR) measurements, the time resolution 
of the heterodyne detection channel of about 2 ns and the short ringing time of the 
EPR cavity of about 6 ns provide an overall time resolution that is an order of mag-
nitude higher than for X-band TR-EPR. For optical sample irradiation, the light was 
guided to the center of the cavity through a quartz fiber of 0.8 mm diameter. The 
electron transfer was initiated by singlet excitation of the primary donor in bacterial 
reaction centers at 532 nm using a frequency-doubled Nd:YAG laser which was self-
assembled from various commercial components (5 ns pulse length, 1–10 Hz repeti-
tion rate, 0.5 mJ/pulse on the sample surface) or at 690 nm using a cw diode laser 
(25 mW output, 10 mW on the sample surface).

In Fig. 6, the EPR experiments on laser-pulse generated radicals and radical pairs 
are summarized showing the microwave (mw) and radiofrequency (rf) irradiation 
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schemes of a variety of cw and pulse high-field EPR techniques that are dealt with in 
this Review (for stable paramagnetic systems, the laser pulse is, of course, omitted).

A rich variety of microwave pulse sequences and sophisticated experimental set-
ups is found in more recent text books, for example those by Arthur Schweiger and 
Gunnar Jeschke [130]; Oleg Grinberg and Larry Berliner [2], Klaus Möbius and 
Anton Savitsky [3], and in the recent EPR compendium edited by Daniella Goldfarb 
and Stefan Stoll [131].

2.2.1 � Bacterial Reaction Centers

The photosynthetic reaction center (RC) from the purple bacterium Rhodobacter 
(R.) sphaeroides is an integral membrane pigment–protein complex that catalyzes 
the primary photochemical events of photosynthesis. It initiates the conversion of 
solar energy into chemical-free energy by promoting a sequence of intra-protein 
electron-transfer reactions which leads to the separation of electrical charge over 
a ~ 30 Å distance across the membrane. The RC protein is composed of three sub
units, called L, M, and H. The scaffold formed by the first two subunits binds non-
covalently the following cofactors: four bacteriochlorophylls (BChl), two bacte-
riopheophytins (BPh), two quinones, and a non-heme iron in the form of Fe2+. As 
depicted in Fig.  7a, the bacteriochlorin molecules and quinones (QA and QB) are 
organized into two symmetrical branches, approximately related by a twofold rota-
tion axis which connects the special bacteriochlorophyll pair P865 with the Fe2+ ion 
(for reviews, see [132, 133]).

Despite this symmetrical arrangement, electrons are transferred only along the 
branch of cofactors most closely associated with the L subunit (the so-called L or 

Fig. 6   Microwave (mw) and radio-frequency (rf) cw and pulse irradiation schemes of various time-
resolved EPR techniques. For photochemical EPR applications, the initial laser excitation pulse hν starts 
the photo-reaction creating paramagnetic intermediates. cw continuous wave, TR transient, ENDOR elec-
tron–nuclear double resonance, ESE electron spin echo, DF dual frequency pulsed ELDOR, PELDOR 
pulsed electron–electron double resonance, also called DEER, EDNMR ELDOR-detected NMR, HTA 
(high turning angle pulse). Adapted from [129]
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A branch). As schematized in Fig. 7b, light absorption results in the excitation of 
the bacteriochlorophyll pair P865, which serves as the primary electron donor, and 
within a few picoseconds delivers an electron, via the interposed monomeric bac-
teriochlorophyll, to the bacteriopheophytin (BPh A). This is followed by electron 
transfer to the primary quinone acceptor, QA, in approximately 200 ps, and, subse-
quently to the secondary quinone, QB, within ~ 200 µs. The quantum yield of this 
charge-separation process is essentially one. In RCs that lack a quinone at the sec-
ondary acceptor site QB, the electron on the photo-reduced QA

·− recombines with 
the hole on P·+ by direct electron tunneling with a rate constant of approximately 
10 s−1. Recombination from the secondary quinone QB proceeds predominantly by 
thermal repopulation of QA

·− with a time constant of ~ 1 s.
If myoglobin has been considered the archetypal model system in the study of 

function–dynamics relationships in soluble proteins (“Myoglobin: The hydrogen 
atom of biology”, as stated by Frauenfelder et al. [137]), the bacterial photosynthetic 
reaction center can be regarded as the paradigmatic model protein when analogous 
problems are discussed in membrane proteins. The RC conformational dynamics is 
strictly interwoven with most of the electron transfer processes that take place within 
the RC over different time scales, from the initial charge-separation steps occurring 
in picoseconds [138] to charge recombination processes regulated by the slow rear-
rangement of large RC domains during adaptations to continuous illumination [139]. 
In our studies on the bacterial RC incorporated into glassy disaccharide matrices, we 
focused on two specific electron transfer events, which are closely associated with 
or governed by the RC conformational dynamics, i.e., the forward electron transfer 
from the primary QA

·− to the secondary quinone acceptor QB, and the recombination 
of the electron on the primary photo-reduced quinone QA

·− with the electron hole on 
the primary photoxidized donor P·+.

A benchmark study by Kleinfeld et al. [44], which compared the kinetics of these 
two electron transfer processes in RC frozen at cryogenic temperatures in the dark 

Fig. 7   a X-ray structure of the reaction center from Rhodobacter (R.) sphaeroides R-26. b Energy and 
kinetic diagram of the excited and charge-separated states involved in the RC electron transfer reactions. 
Both forward electron transfer and recombination time constants at room temperature are given. Informa-
tion was taken from references [132–136]
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or under continuous strong actinic illumination, paved the way for the exploration of 
the RC energy landscape, underlying its conformational dynamics. It was found that 
when RCs were frozen in the dark at temperatures T < 200 K, the electron transfer 
from QA

·− to QB was arrested, while it persisted if RCs were frozen under illumina-
tion at cryogenic temperatures. This was taken as indicating that the RC complex 
could be trapped at cryogenic temperatures in a dark-adapted and in a light-adapted 
conformation, only the latter being competent for electron transfer to the terminal 
quinone acceptor QB. A subsequent investigation revealed that at room temperature 
the rate of QA

·−-to-QB electron transfer was independent of the associated redox free 
energy change, demonstrating a conformationally-gated electron transfer process. 
Direct evidence for light-induced structural changes has been provided by high-res-
olution X-ray data collected in dark- and light-adapted RCs frozen at cryogenic tem-
peratures [140]. A major difference between the dark and light conformations was in 
the position of QB itself, which, in the structure of the RC cooled under illumination 
was found 2.7  Å closer to QA and twisted by 180° around the isoprene chain, as 
compared to the protein frozen in the dark. Whether the movement of QB from the 
distal to the proximal site represents the electron gate, or other events (like dielec-
tric responses of amino-acid side chains, internal proton movements, and changes in 
the hydrogen bonding pattern) play a determinant role in the gating mechanisms, is 
still controversial [141–145]. It is, however, clear, from a number of wild-type and 
mutant RC structures (see [46, 146–149] and references therein) that QB can occupy 
at least two different positions, and that a quite complex energy landscape, leading 
to a correspondingly complex dynamics, is associated with electron transfer to the 
secondary quinone acceptor.

A second electron-transfer process, whose kinetics has provided basic information 
on the RC conformational dynamics, is the recombination of the primary charge-
separated state P·+QA

·− following a short flash of light, observable in RCs deprived 
of the secondary quinone acceptor QB. Kleinfeld et  al. [44] have shown that this 
electron transfer event is accelerated by a factor of  ~  5, as compared to room tem-
perature, when RCs are frozen to 77 K in the dark, whereas it is significantly slowed 
down in RCs cooled under continuous illumination. Interestingly, in both cases, 
kinetics exhibit at low temperature a strongly non-exponential, distributed character, 
which was interpreted as reflecting the trapping of the RC over a large ensemble of 
lower tier conformational sub-states, each characterized by a different rate constant 
for charge recombination. At room temperature, the rapid sub-states interconversion, 
leads to averaging of free energy barriers on the time scale of charge recombination, 
resulting in a single rate constant, i.e., monoexponential recombination kinetics. The 
low temperature behavior observed by Kleinfeld et al. [44] indicates that the stabil-
ity of the primary charge-separated state P·+QA

·− differs significantly in the dark- 
and light-adapted RC conformations, and suggests that, in response to the electric 
field generation, the RC-solvent system undergoes at physiological temperature a 
dielectric relaxation stabilizing charge separation. The dependence upon tempera-
ture (5–300 K) and illumination protocol of P·+QA

·− recombination kinetics has been 
subsequently revisited by Nienhaus and co-workers in a series of systematic studies 
performed in native [45] and genetically modified [150] RCs, suspended in water-
glycerol, or confined in a sol–gel matrix [151]. Results could be adequately analyzed 
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in terms of a quantum mechanical spin-boson model. Essentially, to account for the 
coupling between electron transfer and RC dynamics, the model conveys protein-
solvent conformational relaxations and inter-substate fluctuations into a unique 
parameter, i.e., the free energy gap between the charge separated P·+QA

·− and neutral 
PQA states, which can be mapped on a conformational coordinate, describing the 
diffusive internal motions of the RC, i.e., the relaxation of the RC from the dark- 
to the light-adapted conformations. It is assumed that at room temperature, follow-
ing light-induced charge separation, the RC light-adapts by relaxing adiabatically 
along the free energy profile of the P·+QA

·− state, through solvation of the altered 
charge distribution. This diffusive relaxation results in a decrease of the free energy 
gap between the P·+QA

·− and PQA states, which is reflected in a slowing of charge 
recombination, i.e., in stabilization of the primary charge-separation. Additionally, 
at physiological temperature, the system has sufficient thermal energy to sample rap-
idly the distribution of conformational sub-states, thus averaging rate constant het-
erogeneity on the time scale of charge recombination. Relaxation from the dark- to 
the light-adapted conformations and thermal fluctuations give rise, therefore, to the 
relatively slow (lifetime of about 100 ms) and exponential recombination kinetics 
(see Fig. 7b). In contrast to this, when RCs are cooled in the dark at temperatures 
between 250 and 150 K, both thermal averaging and relaxation to the light-adapted 
state are hampered, and a faster and strongly non-exponential P·+QA

·− recombination 
kinetics is observed. The kinetic analysis of recombination kinetics following a laser 
pulse provides, therefore, a convenient, endogenous probe of RC dynamics on the 
time scale of 10–3–10–1 s.

Incorporation of the RC into trehalose glassy matrices at low water content has 
deep effects, both on QA

·−-to-QB electron transfer and on the kinetics of P·+QA
·− 

recombination, which mimic at room temperature the behavior observed when 
RCs are frozen in the dark at cryogenic temperatures, in water–glycerol systems. 
QA

·−-to-QB electron transfer is reversibly inhibited upon reducing the content of 
residual water in the trehalose matrix below 0.07  g of water per g of dry matrix 
[112]. In the following, we will express the matrix hydration level as mass of water 
per mass of dry matrix, since this evaluation allows a meaningful comparison of 
the overall hydration in glasses which differ in the molar ratio between the disac-
charide and the protein, or in the chemical nature of the disaccharide. In evaluating 
the mass of dry matrix, we have included the disaccharide, the RC (with a molecular 
mass of 100 kDa), a detergent belt surrounding the RC, formed by 289 molecules of 
lauryldimethylamine N-oxide (LDAO) per RC [61], and the free LDAO molecules. 
The inhibition of QA

·−-to-QB electron transfer is inhomogeneous, involving two RC 
sub-populations: one (active) in which electron transfer is slowed, but still success-
fully competes with P·+QA

·− recombination, the other (inactive) in which the elec-
tron is not transferred to QB. The fraction of the latter sub-population increases upon 
dehydration, and electron transfer appears to be completely blocked in glasses still 
relatively hydrated (0.04 g of water per g of dry matrix). The effects described above 
are fully consistent with a conformational gate, and indicate that the conformational 
transition which controls electron transfer is strongly enslaved to the dynamics of the 
trehalose matrix. Remarkably, a complete inhibition of QA

·−-to-QB electron transfer 
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is attained at contents of residual water, at which the kinetics of P·+QA
·− recombina-

tion is still unaffected (see below).
The inhibition of the terminal forward electron transfer step in moderately 

dehydrated trehalose glasses has been observed also in Photosystem I (PS I), 
a photosynthetic reaction center characterized by a much higher structural and 
functional complexity (see Sect. 2.2.2). This common response to the dehydration 
of the trehalose matrix is consistent with the “anchorage model” (see Sect. 2.1). 
If the inhibition of protein internal dynamics is brought about by the locking of 
the protein surface to the glassy matrix, we expect in fact that the conformational 
dynamics of protein regions closer to the protein–matrix interface will be more 
effectively and primarily inhibited, even in matrices “softened” by a significant 
content of residual water. Only upon further dehydration, the stronger dynamical 
constraints introduced at the surface of the protein complex by the development 
of a more rigid hydrogen bond network, will propagate more deeply within the 
large protein complex through residue–residue and protein–cofactor interactions, 
retarding the conformational dynamics of the inner regions. The internal rigidity 
of the protein complex is therefore predicted to be tuned and differentially shaped 
by the hydration of the trehalose glass.

When the hydration of the trehalose glass is progressively reduced below 
~  0.04 g of water per g of dry matrix, the kinetics of P·+QA

·− recombination become 
progressively faster and non-exponential [111], resembling those observed in RCs 
frozen in the dark at cryogenic temperatures. Kinetic traces of P·+QA

·− recombina-
tion after a nanosecond laser pulse, recorded by time-resolved optical absorption 
spectroscopy, have been analyzed by assuming that the distribution of rate constants 
k is well approximated by a Gamma distribution [111]. This choice implies that the 
kinetics are fitted to a power-law decay, i.e.,

where N(t) is the survival probability of the P·+QA
·− state at time t after the photo-

activating light pulse, < k > is the average rate constant, and σ is the width of the rate 
distribution.

Figure 8 collects < k > and σ values obtained in a number of RC-embedding tre-
halose glasses, characterized by different trehalose-to-RC molar ratios, as a func-
tion of the residual hydration of the glassy matrices. Dehydration of the matrix 
below ~ 0.04 g of water per g of dry protein leads to a steep increase in both the aver-
age rate constant < k > and width σ of the rate constant distribution

The values of < k > and σ obtained in the driest glasses at room temperature are 
quite comparable to those measured in RCs cooled in the dark below 60  K in a 
water–glycerol mixture [45]. Notably, the broadening of the rate distribution func-
tion observed upon extensive dehydration of the trehalose matrix is even larger than 
that induced by freezing the RC at cryogenic temperatures [45]. Based on this simi-
larity, it was inferred that, upon reducing the water content of the matrix below a 
threshold value, the relaxation from the dark- to the light-adapted state of the RC, 
as well as the interconversion between conformational sub-states, are progressively 

(1)N(t) = ∫
∞

0

p(k)exp(−kt)dk =

(

1 +
𝜎2

< k >
t

)−<k>2∕𝜎2

,
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retarded. The rate distribution function experimentally obtained at room tempera-
ture in the driest glasses was in quantitative agreement with that calculated from 
the dynamical model of Nienhaus and coworkers [45], assuming that both sub-state 
interconversion and relaxation are inhibited on the time scale of the electron transfer 
reaction [111]. It was concluded that the RC dynamics involved in these processes 
was essentially arrested on the time scale of P·+QA

·− recombination.
The results summarized in Fig. 8 are in line with the expectations of the “anchor-

age model”. Noteworthy, the hydration threshold below which the RC dynamics 
is progressively inhibited does not coincide with the glass transition: At residual 
water contents between 0.2 and 0.04 g of water per g of dry protein, no significant 
increase in < k > and σ is found, notwithstanding the glassy state of the solid matrix. 
Therefore, an extremely high viscosity of the RC embedding matrix is not sufficient, 
per se, to retard significantly the RC internal dynamics. The remarkable sensitiv-
ity of < k > and σ to the hydration state of the matrix is fully consistent with the 
notion, central to the “anchorage model”, that below a threshold value of hydration, 
a growing fraction of the residual protein hydration shell is involved in a hydrogen-
bond network, which, at the matrix–protein interface, connects exposed amino-acid 
residues and sugar molecules. Such a network, extending over the whole trehalose 
matrix, anchors the protein dynamics to the strongly restricted dynamics of the tre-
halose glass.

Figure  8 includes data obtained in glasses characterized by different trehalose/
RC molar ratios, varied between 5.0 × 102 and 1.5 × 104. Within the experimen-
tal error, the dependence of < k > and σ upon the content of residual water of the 
matrix appears unique, i.e., independent of the protein concentration within the 
glassy matrix. This is a distinctive feature of dehydrated trehalose matrices, which, 
as revealed by high-field EPR of a nitroxide radical incorporated into the matrix (see 

Fig. 8   Average rate constant, < k > (a), and width, σ (b), of the rate distribution function which governs 
the kinetics of P·+QA

·− recombination in trehalose glasses incorporating the bacterial reaction center 
purified from R. sphaeroides R26. Both parameters are shown as a function of the content of residual 
water of the glassy matrix, expressed as mass of water per mass of dry matrix (see text for details). Dif-
ferent symbols correspond to different molar ratios (trehalose/RC): 1.5 × 104 (squares, data from [111]), 
104 (circles, data from [102, 113]), 5 × 103 (diamonds, data from [110]), 5 × 102 (triangles, data from 
[152]). Thick horizontal lines correspond to values measured in solution. The vertical bars and thin hori-
zontal lines indicate confidence intervals within two standard deviations
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below), can be put in relation with the unique capability of trehalose, as compared to 
other disaccharides like sucrose, to form, under extensive dehydration, an essentially 
homogeneous glassy matrix, independently of the concentration of the embedded 
protein.

The interpretation of the above described results (Fig.  8) in terms of the 
dynamical model introduced by Nienhaus and coworkers and of the “anchorage 
model” has received strong support by a high-field EPR study of RC-embedding 
trehalose matrices [47], which additionally provided insights at the molecular 
level on the dynamics involved in RC conformational relaxation. The kinetics 
of P·+QA

·− recombination in dehydrated matrices, probed in parallel by transient 
EPR absorption and by laser optical spectroscopy, were found fully consistent: an 
unprecedented agreement for such profoundly different spectroscopic approaches.

Continuous-wave EPR and electron spin echo (ESE) analyses of the flash-
induced P·+ and QA

·− radical ions and of the spin correlated P·+QA
·− radical pairs, 

performed at room temperature or 150 K, indicated that the incorporation of the 
RC into the dehydrated trehalose matrix did not perturb the molecular configu-
ration of the radical pair [47]. This finding is of particular relevance: it shows 
in fact that the RC, although “immobilized”, is “softly confined” by the sugar 
glass, since the native cofactor geometry is preserved, both at room and cryogenic 
temperature. This is at variance with glasses formed at low temperature in the 
presence of cryo-solvents, like ethylene glycol or glycerol, which were found by 
X-ray crystallography to displace significantly the secondary quinone QB [46]. 
The observation that the distance and relative orientation of the P·+QA

·− radical 
pair is not affected by incorporation into a dehydrated trehalose glass excludes 
also that the acceleration observed in P·+QA

·− recombination (see Fig. 8) is due to 
a change of the electronic coupling term, which is expected to be highly sensitive 
to the distance and relative orientation of the redox cofactors involved in electron 
tunneling [153, 154]. It rather indicates that, in agreement with the model pro-
posed by Nienhaus and coworkers, the increase of < k > induced by matrix dehy-
dration is a genuine dynamical effect.

Furthermore, essentially the same field dependence of the transverse relaxation 
time T2 was found when the RC was embedded at room temperature in a trehalose or 
in a polymeric (polyvinyl alcohol) matrix, or dispersed in a glycerol/water system at 
150 K. It was inferred that the local librational dynamics and hydrogen bonding of 
QA in its binding site [59] do not contribute to the conformational relaxation of the 
RC, which stabilizes the primary charge-separated state. All in all, the results of this 
EPR investigation suggest that the RC dynamics affected by incorporation into the 
dehydrated trehalose glass involves mostly structural rearrangements of the protein/
solvent system. In agreement with these conclusions, small-scale conformational 
changes localized at the side chains of specific RC residues, in the proximity of P·+ 
or QA

·− cofactors [155–157], as well as the dielectric response of water molecules 
weakly bound to the RC [158, 159] have been proposed to be responsible of the RC 
conformational light adaptation.

Since macro-viscosity of the glassy matrix does not appear to be the criti-
cal parameter determining the immobilization of the embedded protein (see also 
Sect. 2.1), whatever model adopted (“water replacement”, “preferential hydration” 
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or “anchorage model”), specific disaccharide–water and disaccharide–protein inter-
actions, as well as the structural and dynamic characteristics of the matrix at the 
molecular scale, must clearly play a central role in the mechanisms of bioprotection, 
i.e., in inhibiting the protein conformational dynamics. In this respect, the compari-
son between glassy matrices formed by two homologous disaccharides, such as tre-
halose and sucrose, in terms of bioprotective capabilities and structural organization, 
is expected to provide important information for understanding the molecular details 
of protein–matrix structural and dynamical coupling.

Trehalose amorphous matrices exhibit a superior efficacy in preserving struc-
tural and functional integrity of many different soluble proteins under low water 
content and high temperature [91, 160–163]. A tighter protein–matrix dynamic 
coupling has been evidenced in trehalose-glasses than in sucrose-glasses by FTIR 
studies performed on carboxy-myoglobin (MbCO) incorporated into water–disac-
charides amorphous systems [164, 165]. Consistently, molecular dynamic simula-
tions showed that the internal motions of MbCO were less inhibited in sucrose as 
compared to trehalose systems of comparable water content [84]. The peculiarity of 
trehalose matrices in protein immobilization was even more evident in the case of 
the bacterial reaction center. When the kinetics of P·+QA

·− recombination was ana-
lyzed comparatively in RCs embedded in trehalose glasses and amorphous sucrose 
matrices, characterized by a high (104) sugar-to-RC molar ratio, sucrose, in contrast 
to trehalose, was found essentially ineffective in blocking the relaxation from the 
dark- to the light-adapted RC conformation, as well as thermal fluctuations among 
conformational sub-states [102]. Additionally, sucrose glasses were also scarcely 
effective, as compared to trehalose matrices, in preventing thermal denaturation. To 
explain the extremely weak dynamical coupling between the RC and the sucrose 
matrix, it was proposed that, under extensive dehydration, a kind of protein-matrix 
“nanophase separation” took place, implying the onset of structural inhomogeneities 
within the glassy sucrose matrix at low water content [102].

This suggestion received strong support by the results of a more recent study 
[166], in which the structural and dynamical features of binary trehalose–water 
and sucrose–water matrices, at well-defined hydration, were probed by means of 
high-field W band EPR, using a perdeuterated nitroxide radical as an electron-spin 
probe dispersed into the glasses. Analysis of the EPR spectrum of the probe has 
shown that, within the dehydrated trehalose glass equilibrated at a relative humidity, 
r = 11%, the nitroxide probe is homogeneously distributed and immobilized to an 
extent comparable to that observed at cryogenic temperatures.

In contrast to this, deconvolution of the nitroxide EPR spectrum recorded in the 
sucrose–water matrix at the same hydration level, has revealed three contributions, 
stemming from nitroxide radical sub-populations exposed to substantially differing 
microenvironments: the first component, accounting for approximately 30% of the 
nitroxide population, corresponds to an amorphous matrix domain which immobi-
lizes the nitroxide guest molecules, similar to what was observed in the trehalose 
glass; the second contribution, containing ~ 20% of the probe molecules, reflects a 
matrix domain rich in water, in which the guest molecule has gained a considerable 
mobility; the third contribution originates in a fraction of nitroxide radicals at very 
high local concentration in a highly hydrated domain. The sucrose matrix, at low 
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water content, displays, therefore, a high structural and dynamical heterogeneity. 
This result is confirmed by the FTIR analysis of the spectral evolution of the water-
association band (see Sect. 2.2) with the hydration level of the matrices [166]. The 
finding that a large fraction of the guest molecules in the sucrose matrix appears to 
be “nanophase separated” in a highly hydrated domain, and that another domain of 
the sucrose matrix contains diluted guest molecules significantly mobilized by resid-
ual water, suggests a reasonable explanation for the dynamical decoupling observed 
in RC-sucrose-water systems between the RC and the disaccharide matrix [102].

To test and further explore the relevance of structural homogeneity/heterogene-
ity of disaccharide glasses in determining protein–matrix coupling/uncoupling, the 
EPR approach summarized above has been extended to ternary RC–water–trehalose 
and RC–water–sucrose systems. This study [110], combining high-field EPR with 
the analysis of P·+QA

·− recombination kinetics based on laser optical spectroscopy, 
has disclosed a more complex scenario, in which the protein concentration within 
the sucrose matrix appears to play a critical role in determining protein–matrix 
coupling/uncoupling.

Figure 9a compares room-temperature W-band cw EPR spectra of perdeuterated 
nitroxide radicals dispersed into sucrose–RC matrices, characterized by sugar/RC 
molar ratios m of 103, 5 × 103 and 104, with the spectrum acquired in a trehalose-RC 
glass, with m = 104. To attain a common dehydration level, all samples have been 
equilibrated at the relative humidity r = 11%, by exposure to a saturated solution of 
LiCl [61]. The spectra in the trehalose–RC glass and in the sucrose–RC matrix at 
high protein concentration (m = 103) exhibit the characteristic high-field lineshape 
predicted for a homogeneous distribution of immobilized nitroxide radicals. The 
spectra are clearly resolved into three B0 regions, corresponding to the principal val-
ues of the g-tensor (gxx, gyy and gzz). The nitrogen 14 N hyperfine splitting into line 
triplets (I(14 N) = 1) is distinctly observed in the gyy and gzz region.

Fig. 9   a W-band cw EPR spectra of a perdeuterated nitroxide radical recorded at 293 K in trehalose (Tr)-
RC and sucrose (Sc)-RC matrices characterized by different sugar/RC molar ratios, as indicated in the 
figure labels. b Deconvolution results of the EPR spectra measured in the sucrose-RC matrices with a 
sugar/RC molar ratio m = 5 × 103 (green) and m = 104 (blue). The properly normalized spectrum recorded 
in the sucrose-RC matrix with m = 103 has been subtracted from the spectra with higher molar ratios. The 
relative integral weights of the deconvoluted EPR spectra of high-mobility nitroxide fractions are given 
at the respective spectra. For details, see [110] (color figure online)
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The homogeneity of the nitroxide radical microenvironment in these matrices 
is quantitatively demonstrated by the fact that a single set of magnetic interaction 
parameters (gii and Aii) yields an adequate simulation of the spectra. Multiparameter 
best fitting of the spectrum recorded in the trehalose–RC glass, obtained by numeri-
cal solution of the spin Hamiltonian, results in g- and A-tensor principal values 
(g = [2.0083; 2.0059; 2.0022] and A = [0.56; 0.57; 3.69] mT), which are essentially 
coincident with those obtained by analyzing the spectrum previously acquired in a 
trehalose-water binary matrix equilibrated at the same relative humidity [166]. This 
indicates that the presence of the RC protein does not perturb the local structure and 
dynamics of the glassy trehalose matrix, as probed by the nitroxide radical.

Unexpectedly, when the protein concentration within sucrose glassy matrices 
is decreased, i.e., at sugar/RC molar ratio increasing to m = 5 × 103 and m = 104, 
the EPR spectrum undergoes remarkable changes, which reflect the onset of for-
mation of heterogeneities in the nitroxide radical microenvironment, and the pres-
ence of a probe sub-population experiencing a substantially increased mobility. 
This appears when the spectra, acquired in the matrices with m = 5  ×  103 and 
m = 104, are deconvoluted by subtracting the appropriately normalized spectrum, 
recorded in the sucrose matrix with m = 103, which originates from the nitrox-
ide probe immobilized within a homogeneous environment (Fig. 9b). According 
to the corresponding relative weights of the deconvoluted spectra, the fractional 
contribution of the matrix domain characterized by a high mobility increases to 
0.5 and 0.7 when the sucrose/RC molar ratio is increased to 5 × 103 and 104.

Although both spectra measured in the trehalose–RC glass and in the 
sucrose–RC matrix at high protein concentration (m = 103) are typical of a nitrox-
ide radical immobilized in a homogeneous microenvironment, a closer look 
reveals interesting differences (see Fig. 10): In the sucrose–RC matrix, as com-
pared to the trehalose–RC glass, the gxx spectral component is shifted to lower 
field values, and a lower Azz value is observed. This is quantitatively confirmed by 
multiparameter best fitting of the spectrum measured in the sucrose–RC matrix to 
the numerical solution of the spin Hamiltonian, which yields g = [2.0086; 2.0059; 
2.0022] and A = [0.55; 0.55; 3.53] mT [110]. These changes are indicative of a 

Fig. 10   Comparison between 
W-band cw EPR spectra of 
the perdeuterated nitroxide 
radical measured at 293 K in a 
trehalose-RC glass with m = 104 
(black trace) and a sucrose-
RC matrix with m = 103 (blue 
trace), equilibrated at a relative 
humidity r = 11%. For details, 
see [110]



814	 K. Möbius et al.

1 3

different hydrogen-bonding pattern of the nitroxide radical within the trehalose 
and sucrose glass, the latter matrix being characterized by a lower proticity [167]. 
Spectra recorded at 180  K in the amorphous RC–trehalose matrix (not shown) 
suggest that all nitroxide radicals involve a hydrogen bond with their environ-
ment, while the spectrum in sucrose appears to contain additional contributions 
from nitroxides which do not form any hydrogen bond with their environment 
[167].

The lower proticity detected by high-field EPR in RC–sucrose glasses is in line 
with the results of molecular dynamics simulations performed in binary disaccha-
ride-water systems, which showed that sucrose forms essentially intramolecular 
hydrogen bonds [168–170]. It is known that in sucrose crystals glucopyranosyl and 
fructofuranosyl are bridged by two intramolecular H-bonds [171, 172]. Molecular 
dynamics simulations indicate that these intramolecular hydrogen bonds persist in 
concentrated solutions approaching the glass transition [173]. In sucrose, the forma-
tion of intramolecular H-bonds reduces therefore the number of sites available for 
intermolecular H-bonds, resulting in a lower proticity. The limited propensity of the 
sucrose molecule to form intermolecular hydrogen bonds is likely to be the main 
cause of the structural heterogeneity observed in ternary RC–water–protein matri-
ces at low protein concentrations. Molecular dynamics simulations and experimen-
tal studies on binary disaccharide–water systems highlight additional differences 
between trehalose and sucrose: (a) a stronger solute–solvent interaction in trehalose; 
(b) a better effectiveness of trehalose in retarding water dynamics [174, 175]; (c) a 
stronger perturbation induced by trehalose of the tetrahedral H-bond pattern of water 
[176]; (d) a larger size of water clusters in sucrose as compared to trehalose; (e) a 
larger flexibility of trehalose, allowing it to explore a larger conformational space 
than sucrose. These factors could further contribute to determine the structural and 
dynamical heterogeneity revealed by EPR in RC–sucrose amorphous matrices.

The scenario emerging at the molecular scale from the high-field EPR analysis 
of sucrose–RC glasses characterized by different protein concentrations is fully con-
sistent with the response to this parameter of the conformational dynamics of RCs 
embedded within sucrose amorphous matrices. Following the approach described 
above, which is based on the kinetic analysis of P·+QA

·− recombination monitored 
by time-resolved optical absorption spectroscopy, we have re-investigated the ability 
of sucrose amorphous matrices with different RC protein concentration to retard the 
RC relaxation from the dark- to the light-adapted conformation, as well as the ther-
mal averaging between conformational sub-states.

In Fig.  11, values of the average rate constant < k > (panel a) and rate distribu-
tion width σ (panel b), as a function of the content of residual water in the glasses, 
are shown for a series of sucrose–RC amorphous matrices, characterized by differ-
ent sugar/RC molar ratios, m (i.e., 103, 5 × 103 and 104, as in the high-field EPR 
investigation). For the sake of comparison, results obtained in a trehalose–RC glass 
with m = 5  ×  103 are also included. We recall that in trehalose–RC matrices the 
sugar/RC ratio m does not significantly affect the dependence of < k > and σ upon 
the hydration level of the matrix, as shown in Fig. 8 for a large range of m values 
(from 5.0  ×  102 to 1.5  ×  104): dehydrated trehalose glasses are able to block the 
RC conformational dynamics over a large range of embedded protein concentration. 



815

1 3

Soft Dynamic Confinement of Membrane Proteins by Dehydrated…

Figure 11 demonstrates that, on the contrary, the ability of sucrose-RC matrices to 
inhibit the internal RC motions depend dramatically upon the protein concentration 
within the matrix. At low protein concentration (m = 104), both < k > and σ undergo 
a modest increase upon decreasing the content of residual water, as compared to 
the behavior observed in the trehalose–RC glass. This indicates that, in agreement 
with our previous study [102], performed at low protein concentration, the RC con-
formational dynamics is scarcely hampered and, to a large extent, decoupled from 
the dynamics of the matrix, even under conditions of extreme dehydration. How-
ever, when the sucrose/RC molar ratio is decreased to m = 103, thus increasing the 
RC protein concentration by one order of magnitude, the dependences of < k > and 
σ upon the hydration level are barely distinguishable from those found in the treha-
lose–RC matrix (independently of the protein concentration). At high protein con-
centration, therefore, the sucrose matrix blocks the RC conformational dynamics 
as observed in trehalose–RC matrices. Consistently, at an intermediate protein con-
centration (m = 5 × 103), a reduction of the RC dynamics comparable to that in the 
trehalose glass can be attained also in the sucrose matrix, but only at considerably 
lower contents of residual water.

Interestingly, the surose/RC molar ratio was found to affect dramatically also the 
thermal stability of the RC embedded into the dehydrated glassy matrices. When the 
RC denaturation kinetics at 44 °C, studied by FT-NIR spectroscopy, was compared 
in sucrose matrices characterized by m = 103 and m = 104 [110], it was found, in fact, 
that in the latter, i.e., at low protein concentration, the RC lost its native structure on 
the time scale of hours, while in the former, i.e., at high protein concentration, dena-
turation was totally prevented even after incubation at high temperature for 1 week, 
as observed in trehalose glasses. It is concluded that the protein concentration mod-
ulates the ability of the dehydrated sucrose matrix to hinder not only the small-scale, 

Fig. 11   The average rate constant < k > (a) and the rate distribution width σ (b), obtained from kinetic 
analysis of P·+ QA

·−recombination, as a function of the residual water content in sucrose-RC matrices 
with different sugar/protein molar ratios: m = 103 (red); m = 5 × 103 (green); m = 104 (blue). The depend-
ence observed in a trehalose-RC glass, at m = 5 × 103, is also shown in black for the sake of comparison. 
The vertical bars represent confidence intervals within two standard deviations. For details, see [110] 
(color figure online)
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fast RC conformational dynamics associated with charge recombination, but also the 
slow, large-scale RC internal motions, which leads to unfolding and denaturation.

The switching from protein–matrix coupling to decoupling, in response to the 
protein concentration within the dehydrated sucrose matrix, finds a natural expla-
nation in the light of the corresponding switching from structural and dynami-
cal homogeneity to heterogeneity of the matrix, as revealed at the molecular 
scale by the high-field EPR analysis outlined above. Figure 12 offers a pictorial 

Fig. 12   Pictorial representation of the structural organization of RC-disaccharide-water amorphous 
matrices, for a trehalose matrix at low RC protein concentration (a), and sucrose matrices at low (b) and 
high (c) RC protein concentration. In b the light blue areas correspond to an amorphous sucrose phase 
significantly more hydrated as compared to that grey colored, as also inferred from the different density 
of the depicted water molecules
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representation of the structural molecular model of trehalose–RC and sucrose–RC 
glassy matrices, obtained by combining the information provided by EPR and 
time-resolved optical spectroscopies. The scheme incorporates basic assumptions 
of the “anchorage model” of disaccharide bioprotection, which accounts well for 
the relationships observed between the structural organization of the different 
matrices and the dynamics of the incorporated protein.

The chemical structures of the two disaccharides trehalose and sucrose as well as 
the chemical structure of the perdeuterated nitroxide radical used are shown below:

In Fig.  12, it is schematically visualized that in the dehydrated trehalose-RC 
matrix (panel a) the RC is strongly immobilized within a structurally and dynami-
cally homogeneous sugar matrix. Even under extensive dehydration, the protein 
hydration shell is partially retained and bridges, through multiple hydrogen bonds, 
amino-acid side chains of the protein surface with OH groups of trehalose mole-
cules of the matrix. A few direct protein–trehalose interaction contribute to reduce 
the protein backbone flexibility [177]. Residual water molecules connect by hydro-
gen bonding also trehalose molecules within the bulk sugar matrix, thus forming an 
extended, continuous network of H-bonds, which stiffens the whole matrix, tightly 
coupling the internal motional degrees of freedom of the embedded protein to those 
of the rigid trehalose–water matrix. Such a structural organization of the homogene-
ous trehalose–RC matrix, which appears to be independent of the protein concen-
tration within the matrix, results in a dramatic hindering of the RC conformational 
dynamics. A different scenario characterizes the sucrose–RC matrix at low RC pro-
tein concentration (panel b). The rigidity of the sucrose molecule, due to its intramo-
lecular H-bonds, and its low propensity to form intermolecular H-bonds with nearby 
groups, lead, in this case, to a structural and dynamical heterogeneity of the amor-
phous matrix, which includes, besides rigid sugar domains with low water content, 
which mimic the organization of the dehydrated trehalose matrix, large, more flex-
ible regions with a higher water content, which are in contact with the RC protein. 
These more hydrated regions disrupt the rigid amorphous sucrose phase, while con-
necting large areas of the RC protein surface, which gains a considerable flexibil-
ity. As a result, the protein–matrix dynamical coupling is drastically weakened and 
the RC conformational dynamics is only marginally inhibited, notwithstanding the 
large macro-viscosity of the glassy system. When the protein concentration within 
the sucrose matrix is significantly increased (panel c) the development of sucrose 
clusters embedded into a more hydrated and mobile sucrose phase is disturbed, and 
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sucrose molecules, most of which interact with the residual hydration shell of the 
protein, are forced to hydrogen bond with exposed protein residues. Under these 
conditions, the formation of an extended homogeneous H-bond network, which 
incorporates the embedded RC protein, is favored, thus restoring a tight dynamical 
coupling between the matrix and the RC protein.

The rearrangement of the structure and H-bonding pattern of the sucrose matrix 
in response to a change in the RC protein concentration appears to be reasonable, 
when the average distance between nearby proteins within the matrix is evaluated in 
the light of the sugar/RC ratio and of the volume of the RC–detergent complex. A 
rough estimate [110] yields average inter-protein distances of about 85 Å and 15 Å 
for sucrose–RC matrices with a sugar/RC molar ratio of 104 and 103, respectively. 
The latter distance entails that the space interposed between adjacent proteins be 
filled by only a few layers of sucrose molecules. This configuration is therefore well 
compatible with the idea that, at high protein concentration, the overall homogene-
ous structural organization of the matrix is largely governed by (water-mediated) 
sucrose–protein interactions.

Summarizing, the studies performed on trehalose and sucrose matrices using the 
bacterial RC as a model protein, point to a general molecular mechanism of disac-
charide bioprotection, in which the long-range H-bond connectivity within the 
protein-water-disaccharide matrix plays a critical role by determining the degree of 
protein–matrix dynamical coupling. The peculiar bioprotective capabilities of treha-
lose, as compared to other disaccharides, appear to stem from its propensity to form, 
under very different conditions, a homogeneous, extended H-bond network encom-
passing, at low water contents, the whole protein–water–sugar glass. At the same 
time, the capability of sucrose matrices to hinder protein conformational dynamics 
at high protein concentration, can explain why in vivo large amounts of this disac-
charide are expressed by anhydrobiotic higher plants. It is tempting to speculate that 
the high sensitivity of the structure and dynamics of sucrose matrices to the concen-
tration of the embedded protein is involved in activating/deactivating protein func-
tion during anhydrobiotic cycles.

2.2.2 � Photosystem I (PS I)

The pigment–protein complex of Photosystem I (PS I) is one of the crucial compo-
nents of the photosynthetic electron-transfer chain in thylakoid membranes of oxy-
genic organisms [178]. The PS I complex catalyzes the light-driven electron transfer 
(ET) from external donor proteins plastocyanin and/or cytochrome c6 to ferredoxin 
and/or flavodoxin.

The three-dimensional structure of the trimeric form of PS I from the thermo-
philic cyanobacterium Thermosynechococcus elongatus has been obtained by X-ray 
structural analysis with 2.5  Å resolution [179]. Each monomer has a molecular 
weight of ~ 330 kDa and contains 12 protein subunits and ~ 130 cofactors (96 chloro-
phyll (Chl) a, 22 β-carotene, three [4Fe–4S] clusters, two phylloquinone (PhQ), and 
four lipid molecules). PS°I also contains 201 water molecules and a calcium ion. 
Two transmembrane subunits PsaA and PsaB compose a C2-symmetrical heterodi-
meric core complex containing most of the electron-transfer cofactors.
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The electron-transfer chain of PS I consists of the Chl dimer (Chl a/Chl a’) P700, 
A0 (pairs of Chl molecules designated as Chl2A/Chl3A and Chl2B/Chl3B), A1 (phyllo-
quinone molecules designated as A1A/A1B), and 4Fe–4S clusters FX, FA, and FB (see 
Fig. 13a).

It is known that electron transfer in PS I occurs through both branches of the 
redox cofactors from P700 to FX, but the degree of asymmetry of this transfer and the 
factors that govern it are not yet completely understood [182, 183].

As mentioned above, out of 96 Chl molecules, 6 are involved in electron-trans-
fer and are located near the contact surfaces of the PsaA and PsaB subunits. The 
chlorophyll dimer P700 consists of the two Chl a molecules (Chl1A= Chl a’ and   
Chl1B = Chl a) whose porphyrin planes are parallel to each other (at an average 
distance of 3.6 Å) and perpendicular to the membrane plane. The spatial localiza-
tion of the other two molecules of Chl a (Chl2A/Chl2B) roughly corresponds to the 
localization of the two molecules of monomeric bacteriochlorophyll in the RC 
of purple bacteria, and the two additional molecules of Chl a (Chl3A and Chl3B) 
are arranged in a manner similar to the two molecules of bacteriopheophytin in 
the RC of purple bacteria [184, 185]. The planes of the porphyrin rings of Chl2A 
(Chl2B) and Chl3A (Chl3B) molecules are parallel (with a distance of 3.9 Å), but 
they are slightly more shifted relative to each other than Chl1A and Chl1B. The 
mutual arrangement and relatively close distance between the central Mg2+ atoms 
of Chl2A and Chl3A, and Chl2B and Chl3B (8.7 Å and 8.2 Å, respectively) imply 
the possibility of significant interaction between these pairs of Chl a molecules.

Recently, it was shown that after preferential excitation of P700 by a femto-
second laser flash, formation of the primary radical pair P700

·+A0
·− occurs within 

100 fs [186], followed by electron transfer leading to formation of P700
·+A1

·− with 
a characteristic time of  ~  25 ps [180, 186]. Subsequent electron-transfer reactions 
from A1A and A1B to FX take place with characteristic times of ~ 200 and ~ 20 ns, 
respectively [187, 188]. This is followed by electron transfer from FX to the ter-
minal iron-sulfur clusters, FA and FB, within 200 ns and further to water-soluble 

Fig. 13   a Structure of Photosystem I (PS I). b Energy diagram and time constants of forward electron-
transfer and recombination reactions in PS I. Information was taken from [180, 181] and references 
therein
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native acceptors ferredoxin or flavodoxin. Photooxidized P700 is reduced by plas-
tocyanin or cytochrome c6, returning all the cofactors of PS I back to their initial 
state [178]. In the absence of external donors and acceptors, the electron recom-
bines with P700

·+ from intra-protein electron acceptors. The electron on [FA/FB]·− 
recombines with the hole on P700

·+ with a time constant of 30–100 ms. Charge 
recombination from the P700

·+FX
·− also takes place under certain condition and 

occurs within a time of 0.5–5 ms [180, 189]; and in PS I cores lacking iron-sul-
fur clusters, the lifetimes of charge recombination between A1

·− and P700
·+ were 

found to be  ~  10 μs and  ~  150 μs [190, 191]. The rates of forward and backward 
electron transfer are indicated in Fig. 13b [180, 181].

Earlier studies have described the effect of temperature on certain forward and 
backward electron-transfer reactions in PS I. It was shown that at cryogenic tem-
peratures more than 60–70% of RCs exhibited irreversible charge transfer on succes-
sive laser flashes [192]. The remaining 30–40% of RCs showed distributed recom-
bination lifetimes ranging from 120 μs to 500 ms. Later it was demonstrated that at 
temperatures below 150 K, forward ET was blocked at the level of A1 in ~ 45%, and 
at the level of FX in ~ 20% [193]. Recently, the kinetic and thermodynamic effects of 
temperature, from 310 to 4 K, for PS I complexes in a water-glycerol glassy matrix 
was studied [194]. The charge-recombination kinetics from the terminal FA/FB clus-
ters significantly slowed upon temperature decrease from 310 to 200 K. At tempera-
tures between 200 and 150 K, an abrupt increase in the rate of charge recombination 
from seconds to milliseconds occurred. This behavior was ascribed to the arrest of 
forward ET to the terminal 4Fe–4S clusters at the glass transition temperature of the 
water–glycerol mixture due to the restriction of the protein conformational mobility. 
In this temperature range, a sharp decrease of the slow recombination from FA/FB at 
the expense of the increase of faster recombination from FX and A1 was observed. 
Note also that the charge recombination from the iron–sulfur clusters at temperatures 
between 150 and 200 K was significantly heterogeneous, whereas below 150 K, the 
kinetics became almost temperature-independent.

As was pointed out in Sect.  2.2.1, incorporation of the bacterial RC into dry 
trehalose glassy matrices at room temperature had deep effects on the kinetics of 
charge recombination between the photo-reduced primary quinone acceptor QA 
and the photo-oxidized primary donor P, which mimicked the behavior observed at 
cryogenic temperatures in water–glycerol systems. It was concluded that the protein 
dynamics involved in these processes was significantly arrested on the time scale of 
P·+QA

·− recombination. A similar approach was applied to study the effect of desic-
cation in dry trehalose matrix on the kinetics of electron transfer in the more sophis-
ticated pigment–protein system, the PS I complex from cyanobacteria Synechocystis 
sp. PCC 6803 [48].

In this work, the coupling between electron transfer (ET) and protein-solvent 
dynamics by incorporating PS I at room temperature into trehalose glasses at dif-
ferent hydration levels was studied (see Fig.  14). The decay kinetics of the P700

·+ 
reduction after the laser flash in solution and in trehalose matrix at 63% of relative 
humidity (r) was dominated by a slow kinetic component centered at τ ≈ 100 ms 
(phase 5), which is due to recombination from the P700

·+°[FA/FB]·− state. The minor 
components with lifetime ~ 3 ms (phase 2) and ~ 0.1 ms (phase 1) were attributed to 
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the small fractions of PS I complexes, lacking terminal FA/FB clusters and all three 
4Fe–4S clusters (FX, FA and FB), see Fig. 14. At r < 53% and lower, phase 5 split 
into two phases 4 and 5 (mean lifetimes 80 and 360 ms at this r value), which were 
both ascribed to the back reaction from the [FA/FB]·− state.

The overall evolution of the lifetime distribution in the trehalose glass suggests 
that dehydration of the matrix causes a progressive arrest of forward ET to FA/FB 
in an increasing fraction of the PS I, as shown by the decrease in the contribution 
to the back reaction of the slowest phases (4 and 5). The increasing contribution, at 
r < 43%, of the faster phases suggests that, at lower content of residual water, also 
the forward electron transfer to FX is blocked in an increasing PS I sub-population.

The kinetic phases attributed to the recombination from the P⋅+
700

F⋅−
X

 state (phases 
2 and 3 with mean lifetimes of ~ 2 and ~ 10 ms at r < 43%, respectively) demonstrate 
a complex response to dehydration. At the lowest humidity, r = 11%, the contribu-
tion of the fastest phase 1 (lifetime ~ 0.1 ms) significantly increases [48].

The time resolution in the experiments, described above was limited to ≥ 30 µs; 
therefore, no information was available for forward ET from A1A

·– or A1B
·– to FX 

or for charge-recombination reactions involving A0
·– and P700

·+ or A1B
·– and P700

·+. 
A subsequent study focused on the initial steps of charge separation and forward 
electron transfer including A0, A1A and A1B. It was shown that ET is altered at each 
step beyond that of primary charge separation between P700 and A0 [195, 196]. The 
femtosecond pump-probe laser spectroscopy demonstrated that the kinetics of for-
mation of the primary P700 demonstrated that the kinetics of formation of the pri-
mary P700

·+A0
·− and the secondary P700

·+A1
·− radical pairs in trehalose matrix at 

r = 11% was not affected, but the quantum yield of the secondary electron transfer 
P700

·+A0
·− → P700

·+A1
·− was decreased to ~ 80% [195].

Fig. 14   Relative contribution to charge recombination of the different kinetic phases of P700
·+ reduction 

in PS I as a function of the relative humidity r. The label sol stands for solution. The relative contribu-
tions of the fastest phase (phase 1) are represented by black symbols. Red symbols correspond to the sum 
of the normalized areas of phases 2 and 3; blue symbols represent the sum of the relative contribution of 
phases 4 and 5. Dashed lines are drawn through the experimental points to guide the eye. For details, see 
[48]
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The forward ET was monitored by measuring the kinetics of the A1
·– decay kinet-

ics at a wavelength 480 nm, reflecting the electrochromic shift of carotenoid mol-
ecules located at the vicinity of A1A and A1B sites. The comparison of kinetics meas-
ured at 480 nm and the kinetics at 830 nm (which reports on the P700/P700

·+ redox 
transitions) allowed to separate forward ET behavior A1A

·– → FX and A1B
·– → FX 

from the backward ET, A1A
·– → P700

·+ and A1B
·– → P700

·+. It was demonstrated that 
the forward ET from A1A

·– to FX in trehalose-embedded PS I is slowed down from 
200 ns to 13 μs, while ET from A1B

·– to FX is slowed from 20 to ~ 100 ns [196]. 
The ~ 10 µs and ~ 150 µs components in liquid PS I are assigned to recombination 
between A1B

·– and P700
·+ and between A1A

·– and P700
·+, respectively, and are only 

marginally slowed down in trehalose-embedded PS I.
Note that while the lifetimes of the P700

·+A0
·– and the P700

·+A1A
·–/A1B

·– recom-
bination reactions are almost identical in liquid PS I and trehalose-embedded PS I, 
the P700

·+FX
·– and the P700

·+/[FA/FB]·– recombination kinetics are significantly slower 
in trehalose than in liquid PS I. It is also noticeable that the lifetimes of the forward 
electron transfer reactions from A1B

·– to FX slow from 17 to 80  ns, while the ET 
from A1A

·– to FX slow from 227 ns to 13 µs in the liquid state compared to trehalose 
embedded PS I.

The unique feature in this protein domain is the presence of five water molecules 
in the space between A1A and FX and the presence of six hexagonally arranged 
water molecules in the space between A1B and FX [197]. If removal of the water 
molecule(s) from either of these intra-protein pools occurs upon dehydration of PS I 
in trehalose, the redox potential of the quinones and/or the reorganization energy of 
the reactions involving the quinones would most likely change. Therefore, at some 
level of dehydration, the rate of recombination would exceed the rate of forward ET 
resulting in  a lower quantum yield. We also suggest that the degree of removal of 
water from the two pools would not be the same; this would explain why the rate of 
forward ET from A1B

·– to FX is slowed by a factor of 4, whereas the rate of forward 
ET from A1A

·– to FX is slowed by a factor of 57. Moreover, because charge recom-
bination from the FX, FB and FA, 4Fe–4S clusters occurs by backward ET to the A1A 
and A1B quinones [198, 199], the lifetimes of these reactions would also be affected 
by the specific removal of water from the sites in the vicinity of A1A and A1B.

It is interesting to compare the effects of a low temperature water–glycerol mix-
ture with desiccation in trehalose glassy matrix at room temperature, which both 
restrict protein conformational mobility. A number of similarities are apparent in the 
charge recombination kinetics of PS I immobilized in glycerol glass at 170 K [193, 
194] and trehalose glass at 298 K [48, 195, 196]. The slowing of ET in the treha-
lose and glycerol mixtures could be caused by similar physical processes that take 
place within and around the protein globule upon glass transition of the surrounding 
medium. As described above, the temperature at which a sudden change of recombi-
nation kinetics in glycerol solution occurs (~ 170 K) corresponds to the glass transi-
tion temperature of 75% water–glycerol solution [200]. Room temperature (298 K) 
seems to be below the glass transition temperature for a 10% water–trehalose mix-
ture, but above the glass transition temperature for the 30% water–trehalose mixture 
[201]; thus, the process of dehydration also drives the solution through the glass 
transition process.
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As discussed in the previous sections, high-field W-band EPR spectroscopy is 
distinguished from standard X-band EPR by providing valuable high-resolution 
information on the structural and dynamical organization of binary disaccha-
ride–water systems even in the amorphous solid state. Analysis of the room-tem-
perature EPR spectrum of a nitroxide radical dissolved in a dehydrated trehalose 
matrix, equilibrated at r = 11%, has demonstrated that upon extensive dehydration 
trehalose forms a highly homogeneous amorphous phase in which the residual 
water and hosted nitroxide molecules are uniformly distributed. Additionally, it 
has been shown that the rotational mobility of the guest nitroxide probe is dra-
matically restricted at room temperature (RT), to an extent comparable to that 
observed at cryogenic temperatures (T < 150 K). The incorporation of a protein 
within the trehalose glass can in principle perturb the structural and dynami-
cal characteristics of the matrix, e.g., by affecting its homogeneity, particularly 
in the case of a large integral membrane protein, such as the trimeric PS I (PS 
I(tr)) surrounded by its detergent belt. Therefore, we have compared the W-band 
EPR spectra of perdeuterated nitroxide radicals dispersed in dehydrated trehalose 
matrices in the absence and in the presence of embedded complexes, PS I(tr), 
varying the sugar/protein molar ratio.

From the results of this experiment, we infer that the incorporation of PS I does 
not perturb the homogeneous structural organization of the trehalose matrix in terms 
of distribution of the hosted spin-probe and residual water molecules. The lineshape 
of the EPR signals of the nitroxide spin probe does not change significantly at the 
different molar ratios trehalose/PS°I(tr). This shows that in the tested range, the 
molar ratio has no effect on the microenvironment of the hosted spin probe and its 
rotational dynamics. Summarizing the structural and dynamical characterization of 
trehalose-PS I glassy matrices by EPR, we conclude that the inclusion of the large 
trimeric PS I complex in the solid trehalose matrix does not perturb significantly the 
hydration state as well as the structural and dynamical organization of the homoge-
neous trehalose glass at r = 11% over a wide range of PS I concentrations [48].

A second point we have addressed concerns the reverse side of the mutual pro-
tein-matrix interaction discussed so far, i.e., the possibility that the extensively 
dehydrated, stiff trehalose matrix perturbs in turn the structure of the PS I complex, 
altering in particular distances and relative orientations of its cofactors. Obviously, 
such structural matrix effects would be relevant for the kinetics of electron-transfer 
processes. The structural configuration of two key cofactors of the PS I complex, 
i.e., the primary donor P700 and the quinone acceptor A1, can be conveniently probed 
by examining the spin-polarized EPR spectrum of the transient radical pair created 
in the pure singlet electronic state by a laser flash and taken before thermalization of 
the spin system has occurred, i.e., before Boltzmann equilibrium of the spin popu-
lations has been reached. Electron spin polarization can be observed by transient 
EPR (TR EPR) methods (see Fig. 6) provided the lifetime of the radical pair and/
or the electron spin–lattice relaxation times of the individual pair partners are long 
enough compared to the EPR detection time. This polarization phenomenon is well 
accounted for by the “correlated-coupled-radical-pairs” (CCRP) model [58, 202]. In 
solid amorphous samples, the transient EPR lineshape, which is determined by the 
magnitude and sign of the dipolar coupling of the two electron spins, is sensitive to 
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the relative orientation and distance of the radical-pair partners. A lineshape analy-
sis reveals, therefore, these important structural parameters of the donor–acceptor 
spin system.

In Fig. 15, the W-band EPR spectra of the spin-correlated radical pair P⋅+
700

A⋅−
1

 , 
as measured in a dehydrated trehalose-PS I matrix at 293 K and 120 K, are com-
pared with the spectrum recorded in an aqueous buffer solution of PS I frozen at 
120 K. The three spectra are essentially identical, revealing that the structural con-
figuration of the transient radical pair does not change significantly upon solvation 
in the different matrices embedding the PS I complex. This conclusion is in line 
with the results of our previous study of bacterial RCs which had shown the absence 
of matrix effects on the EPR spectrum of the spin-correlated P⋅+

865
Q⋅−

A
 radical pair 

generated by pulsed light excitation of bacterial RCs embedded in trehalose glasses 
[47].

Taken together, these EPR observations suggest that in photosystems of different 
size and complexity regarding subunit composition and oligomeric organization, the 
molecular configuration of the cofactors involved in the primary processes of charge 
separation is not significantly distorted by incorporation into trehalose glass, even 
under extensive dehydration.

Dry trehalose–PS I glasses, equilibrated at r = 11% and characterized by m val-
ues in the 104–105 range, represent a homogeneous amorphous system which is 
well defined in terms of hydration. Remarkably, the embedded PS I complexes fully 
retain their photoactivity at RT and preserve it for long periods of time (at least for 
two months).

Fig. 15   Field-swept echo-detected W-band EPR signals (TR-EPR) of the spin-correlated P⋅+
700

A⋅−
1

 radical 
pair in dark-adapted PS I complexes, embedded in trehalose glassy matrices and dissolved in water. The 
spectra were recorded 400 ns after a 532 nm laser flash using a Hahn echo pulse sequence with π/2 pulse 
length of 30 ns and inter-pulse delay of 150 ns. The signals were acquired at both 293 K (upper spec-
trum) and 120 K (middle spectrum), as well as in water at 120 K (lower spectrum). The trehalose-protein 
matrix was characterized by a trehalose/PS I(tr) molar ratio of m = 1.0.105. The A⋅−

1
 contribution to the 

spectrum is at the low-field side (higher g values than the P⋅+
700

 contribution). A stands for absorptive and 
E for emissive type of spin polarization. For details, see [48]
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The kinetics of P⋅+
700

 decay after pulsed photoexcitation are also independent of the 
protein concentration in the glassy matrix over the m range examined. The described 
trehalose–protein system appears, therefore, to be well suited for investigating the 
effects of matrix hydration on the kinetics of charge-recombination processes. The 
hydration state of the matrix is known to govern the dynamical properties of the 
glassy system. Such hydration effects largely modulate the protein–matrix coupling 
and, therefore, are important for protein function.

2.2.3 � Local‑Water Sensing in Proteins

The behavior of soft matter, such as protein complexes dissolved in aqueous saccha-
ride matrices, is largely governed, on the nanoscale, by the surface properties of its 
constituents [203]. This aspect is of particular importance for all biological matter, 
where extended molecular layers are major components, for instance, in the form 
of biomembranes. Surface interactions are decisive for the stability and structural 
organization of complex energy converters in biology, for example photosynthetic 
reaction centers as membrane–protein complexes in bacteria and green plants that 
are able to convert light energy into chemical potential.

The characteristics of surface interactions of proteins in an aqueous environment, 
such as interaction strength, directionality and range, as well as whether interactions 
are repulsive or attractive in general depend on the chemical composition of the sur-
faces involved, e.g., their ability to form hydrogen bonds between local water of the 
matrix and amino-acid sidechains of the protein (see Fig. 16).

Thus, surface interactions in aqueous environments are of great importance in 
biology (and also from a technological viewpoint, for instance the proper lubrication 
of engines). Comprehensive knowledge of the underlying physical mechanisms is 

Fig. 16   Schematic structure of the protein-trehalose-water system. The preferential hydration of the pro-
tein molecules is typically one to two molecular layers of water at the protein surface (local water). The 
trehalose molecules and the remaining water molecules (bulk water) are almost randomly distributed 
between the hydrated protein molecules. There is an important functional difference between surface-
bound water (local water) and bulk water. Figure adapted from [204]
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thus a prerequisite to understanding numerous biological processes as well as for the 
rational design of surfaces exhibiting desired interaction characteristics.

In the following, we summarize a recent pulsed W-band high-field multi-
resonance EPR study, such as ELDOR-detected NMR (EDNMR) and ENDOR 
(see Fig.  6) in conjunction with using isotope labeled water (D2O and H2

17O), to 
address the biologically important issue of sensing and quantifying local water in 
proteins embedded in trehalose matrices [205]. The photosynthetic bacterial reac-
tion center (bRC) from R. sphaeroides R26 has been chosen as the model system 
whose 3D X-ray structure is known with atomic resolution [206]. In the bRC from 
R. sphaeroides, the photosynthetic electron-transfer cofactors, that are buried deep 
in the protein L- and M-subunits, are P865 (the “special pair” primary donor com-
posed of two bacteriochlorophylls (BChl), two monomeric BChl’s, two bacterio-
pheophytins (BPhe), two ubiquinone-10 acceptors (QA and QB), and a non-heme 
iron Fe2+. In the present EPR study, the paramagnetic Fe2+ cofactor was replaced by 
diamagnetic Zn2+ (Zn-RC) to avoid fast electron spin relaxation. In the native bRC 
from R. sphaeroides, QA and QB form the primary and secondary electron acceptor, 
respectively. In the work described here, the secondary electron transfer from Q⋅−

A
 to 

QB was blocked by using the inhibitor stigmatellin [207].
A site-specific nitroxide spin label group was attached to amino-acid site Cys156 

located at the surface of the protein H-subunit. Thus, the studied bRC hosts the two 
native radical cofactor ions, P⋅+

865
 and Q⋅−

A
 , as well as the artificial radical spin probe. 

The three paramagnetic reporter groups have distinctly different local environments; 
they serve as local spin probes to detect and characterize different types of water 
molecules via their specific electron-nuclear hyperfine and nuclear quadrupole inter-
actions in isotope-labeled water (D2O or H2

17O) with either deuterons 2H or 17O 
nuclei when either D2O or oxygen-17 labeled water is used.

The bRCs were equilibrated in an atmosphere of different relative humidities, r, 
allowing to control precisely various hydration levels of the protein. To this end, the 
samples were transferred into a sealed box where further dehydration of the sample 
occurred via controlled exposition to an atmosphere of low relative humidity over 
a saturated aqueous salt solution at room temperature using H2O with natural iso-
tope abundance. This isopiestic method of controlled sample dehydration [208] has 
been employed successfully both in EPR [47] and IR [61, 159, 209] studies on bRC/
trehalose glasses and bRC films dehydrated in the absence of sugar. For measure-
ments on samples equilibrated to the desired relative humidity with either D2O or 
H2

17O vapor, the saturated solutions of an adequate salt [210] were prepared using 
the respective isotope-labeled water at room temperature. The dehydrated bRC/tre-
halose films contained about 0.5 mM of protein, they were then crumbled into small 
flakes and inserted into the W-band sample quartz capillaries (i.d. 0.6 mm). In the 
present study, two specific hydration levels (relative humidity, r) of bRC/trehalose 
glasses were obtained when using LiCl (r = 11%) or NaCl (r = 74%) saturated solu-
tions [210]. For more details of the sample preparation, see [205].

In the light of the EPR results, which will be described to some detail below, 
we would like to emphasize already at this point that by using oxygen-17 labeled 
water as solvent quantitative conclusions can be made about local and bulk water 
distribution. Moreover, from the experiments, it also can be concluded that upon 
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dehydration the trehalose matrix operates as an efficient anhydrobiotic protein stabi-
lizer. This is accomplished through selective changes of the surface solvation shell 
of the protein thereby leading to an increased rigidity of the hydrogen-bonding net-
work of the trehalose–water–protein system. Changes in hydrogen-bonding patterns 
are known to have an impact on the global function of a biological system.

Water plays an important, if not essential part in the chemistry of life, it governs 
the internal dynamics of biological macromolecules, such as proteins. Unrestricted 
dynamics at a specific time scale is a crucial requirement for the specific biological 
activity of proteins, including enzyme activity, macromolecular recognition, ligand 
binding and participation in electron and proton transfer processes. Under physio-
logical conditions, these macromolecules fluctuate between different conformational 
states [211]. Their dynamics span an enormous time range, i.e., from sub-picosec-
ond to tens of microseconds, and include a multitude of stochastic local and collec-
tive motions, from bond vibrations to domain motions. Despite significant efforts 
over the past decades, our microscopic understanding of protein dynamics in gel-
like aqueous matrices is still fairly rudimentary [119, 212, 213].

In functional biological systems, water is usually divided into three distinctly 
different classes: (i) internal water molecules that are hydrogen-bonded to specific 
amino-acid residues in a water pocket of the protein or are mobile along inner pro-
tein channels; they are generally of key importance for the specificity of protein 
function; (ii) surface (or local) water molecules in the hydration shell of the protein 
at the solute–solvent interface, and (iii) bulk water molecules randomly distributed 
in the protein matrix. Water molecules in the protein hydration layer have restricted 
dynamics with respect to water molecules in the bulk as shown by different spec-
troscopic methods which probe different dynamical ranges of molecular motion, 
e.g., NMR spectroscopy [214–217], dielectric spectroscopy in the microwave region 
[218], terahertz absorption spectroscopy [219, 220], IR spectroscopy [221, 222], and 
neutron spectroscopy [211]. Additionally, powerful extensions of molecular dynam-
ics simulation techniques have been employed recently to clarify solvation dynamics 
of large molecules [219, 223–225].

At physiological temperatures and in typical matrices, solvated proteins fluctu-
ate between a multitude of conformational sub-states in a rugged energy landscape 
that is hierarchically organized in energy tiers [226, 227]. For most proteins cooled 
below the glass-transition temperature (typically around 200  K), their biological 
function is blocked due to restricted conformational motion. The “freezing out” of 
conformational dynamics by lowering the temperature is thus a common strategy 
for studying structure–function relationships in proteins, for instance in X-ray pro-
tein crystallography. However, freezing proteins in the presence of a cryoprotect-
ant (used to minimize freezing damage by ice crystals) is problematic, because it 
complicates the disentanglement of different molecular factors that influence protein 
dynamics such as the effect of solvent and temperature.

An elegant alternative approach is to embed the protein into amorphous matrices 
formed by disaccharides like trehalose [52, 111]. This allows preservation of the 
native protein fold during extensive protein dehydration, even at temperatures well 
above room temperature (see Sects. 2, 2.1, 2.2). As we mentioned above, trehalose is 
the most efficient sugar for bio-protection against extreme dehydration and osmotic 
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stress. The mechanistic details of the trehalose efficiency are still under debate (for 
a review, see e.g., [41]), but most likely involve a delicate interplay between sev-
eral factors including the extraordinarily high glass-transition temperature (385 K) 
of trehalose [88], its polymorphism adopting several crystalline and amorphous 
states [228], its propensity for hydrogen bonding and rigidity of the dehydrated 
glass matrix [170]. W-band high-field EPR techniques, such as the double-reso-
nance extensions ENDOR and EDNMR are extremely powerful for measuring small 
hyperfine and quadrupole couplings even in large low-symmetry biomolecules. 
They allowed us to quantify the accessibility of local water at various sites in bRCs 
that were embedded in trehalose glasses at distinct hydration levels. The advantage 
of EPR spectroscopy in comparison with other techniques such as THz spectroscopy 
and IR spectroscopy, is that site-specific information on local water of the solva-
tion layer can be obtained with a minimum of assumptions in the spectral analysis. 
Employing isotope labeled water provides the necessary contrast from internal non-
exchangeable water molecules [205].

The native bRC contains 5 cysteine residues which are buried within the protein 
domains except for cysteine 156 which is moderately solvent exposed in the H-sub-
unit. This residue can be site-specifically spin labeled with an external paramagnetic 
probe molecule. We used MTSSL (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl-
methanethiosulphonate) as a common spin label [229, 230]. The nitroxide spin label 
provides a third paramagnetic probe within the bRC in addition to the “natural” radi-
cal ions P⋅+

865
 and Q⋅−

A
 . According to the bRC protein 3D structure, the “artificial” 

nitroxide spin label probes the water accessibility at a very different position and in 
a different way as compared to the intrinsic native cofactors, P865 and QA.

Using W-band EDNMR and Davies ENDOR, it was possible to probe directly 
whether the dehydration of the trehalose matrix results in a changed hydration level 
of the inner protein core surrounding the native cofactors, P⋅+

865
 and Q⋅−

A
 , and of the 

protein surface at the nitroxide labeled site of cysteine 156. To trace the exchange of 
water between the sugar matrix and the protein, the use of isotope labeled water was 
essential, involving both deuterium and oxygen-17 isotopes.

Here, we will restrict the discussion of these studies to H2
17O water-accessibility 

results obtained by W-band EDNMR and Davies ENDOR on nitroxide spin labeled 
bRC/trehalose samples in which 17O is used as nuclear spin probe instead of 2H. 
The respective advantages of both approaches are highlighted. Regarding technical 
details of the chemicals used and the EDNMR and ENDOR experiments, we refer to 
the original publication [205].

We continue with reporting preliminary results regarding H2
17O water-accessi-

bility studies obtained by W-band EDNMR and Davies ENDOR on nitroxide spin 
labeled bRC (SL-bRC) in trehalose/water samples in which 17O is used as nuclear 
spin probe of water molecules instead of using the conventional nuclear spin probe 
D. The disadvantage of the conventional deuteron spin-probe method is that in SL-
bRC/trehalose glasses equilibrated with saturated solutions of salt dissolved in D2O, 
unwanted H/D exchange takes place. As a result, only a qualitative comparison of 
local water accessibility at different sugar hydration levels could be made. To avoid 
unwanted H/D exchange and detect exclusively isotope-labeled water molecules, 
equilibration with salts prepared in H2

17O solution was performed.
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Figure 17a, b shows 17O EDNMR spectra recorded for SL-bRC/trehalose equili-
brated at r = 11% (LiCl/H2

17O) and r = 74% (NaCl/H2
17O). In both spectra, a line 

centered at the 17O nuclear Larmor frequency νn(17O) = 19.4  MHz and 14  N lines 
from the nitroxide nitrogen were observed. The 17O line intensity at r = 74% is 6 ± 2 
times larger than at r = 11%. For comparison: from IR spectroscopy, this intensity 
ratio for (r = 74%/ r = 11%) was determined as 4.7 ± 0.2. This agreement within error 
limits is quite satisfying in view of the vastly different spectroscopic methods used 
for concentration measurements.

Subsequently, by means of W-band Davies ENDOR measurements, the 17O 
hyperfine coupling constant as extracted from the EDNMR spectrum could be con-
firmed. In Davies ENDOR exclusively coupled water (i.e., local water) is probed 
since the signal from distant 17O nuclei is suppressed because of the blind spot at 
vn(17O) [130]. The presence of the 17O line in the EDNMR spectrum of the dehy-
drated protein/trehalose glass (r = 11%) unambiguously shows that, despite exten-
sive dehydration and the high rigidity of the trehalose, the residual water retained in 
the trehalose sugar and the water on the protein surface can exchange.

We conclude and summarize this sub-chapter on local-water sensing: in the 
present work, pulsed high-field EPR techniques such as W-band ELDOR-detected 
NMR and ENDOR were used to unravel hydration-dehydration processes of bRC 
protein preparations embedded in trehalose matrices with carefully controlled 2H 
and 17O isotope-labeled water content. Specifically, the EDNMR method proved to 
be exceptionally sensitive in detecting hyperfine-coupled deuterium or 17O nuclei 

Fig. 17   a W-band EDNMR spectra for SL-bRC/trehalose glass samples equilibrated for 70  h at r  =  
74% (NaCl/H2

17O) black trace; r =  11% (LiCl/H2
17O) magenta trace; and r = 11% (LiCl/H2O) red trace. 

EDNMR spectra are shown for Δν < 0 to obtain a better separation between 17O and 14 N signal contri-
butions. b The 17O EDNMR spectra for r  =  74% (NaCl/H2

17O) (black trace) and r = 11% (LiCl/H2
17O) 

(magenta trace) samples. The gray dashed lines show the best fit simulation of experimental recordings 
to a Gaussian line. For details, see [205] (color figure online)
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originating from D2O or H2
17O water, respectively, which were introduced into the 

sugar matrix in a controlled fashion by means of the isopiestic technique.
In trehalose-embedded SL-bRC, both EDNMR and ENDOR spectra show that 

water molecules, detected by a nitroxide spin label that was attached to the bRC sur-
face, are retained in the first and second solvation shell, even under extensively dry-
ing conditions (r = 11%) which block the internal protein dynamics. Surface water 
molecules, as probed in the vicinity of the nitroxide radical, and inner water mol-
ecules, as probed in the vicinity of the ubiquinone Q⋅−

A
 cofactor ion, exchange with 

water that is in equilibrium with the trehalose matrix. These observations strongly 
argue against the “water replacement hypothesis” of anhydrobiotic protein stabili-
zation by trehalose sugar, which assumes that the sugar binds directly to the polar 
groups of the protein surface, serving as a “water substitute” upon removal of the 
hydration shell.

As was pointed out above, for SL-bRC, the ratio of 17O EDNMR line intensities 
for the hydrated state to the dehydrated state reflects the number of distant water 
molecules in the vicinity of the nitroxide spin label, and can be compared with what 
is measured for the pure trehalose matrix by IR spectroscopy [166].

Thus, the scaling of the 17O signal intensity follows the changes of the overall 
water content in the trehalose matrix. This fact is in quantitative conflict with the 
“water replacement hypothesis” of anhydrobiotic protein stabilization by a trehalose 
matrix. At the same time, the above observation weakens the applicability of the 
“preferential hydration hypothesis”, because it does not give evidence of a prefer-
ential hydration of the protein surface in comparison to the average hydration of 
the whole sugar matrix. Thus, taking all arguments together, our findings appear 
consistent with the “anchorage hypothesis” of anhydrobiotic protein stabilization by 
trehalose which assumes that the trehalose matrix immobilizes the protein by lock-
ing its surface through a network of direct H-bonds between exposed protein resi-
dues and sugar molecules, as well as through indirect H-bonds mediated by bridging 
water molecules of the residual hydration shell. Clearly, a quantification of direct 
protein–trehalose versus water-mediated protein–matrix contacts would require the 
investigation of a large number of site-specifically nitroxide-labeled sites distributed 
over the protein surface, which was beyond the scope of the present work.

While the spectral sensitivity of EDNMR relative to ENDOR is higher by several 
orders of magnitude, thus making it the method of choice for EPR studies on protein 
complexes, the limited resolution of deuterium EDNMR using D2O poses a disad-
vantage for local-water sensing in a quantitative manner. However, 2H EDNMR is 
well-suited for qualitative studies, like those presented here, to determine the sugar 
rehydration kinetics for which no differentiation between coupled and distant water 
is necessary.

In case quantitative information on the different types of water present in proteins 
is required, 17O EDNMR in combination with H2

17O should be used instead, taking 
advantage of the high sensitivity of the method and the possibility to resolve cou-
pled from distant 17O contributions. In this respect, W-band EDNMR in conjunction 
with D and/or 17O isotope labeling is indeed a very strong methodology for local-
water sensing.
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As to the scientific and practical significance of such studies, we want to empha-
size that hydration water plays a crucial role in protein dynamics and structural 
relaxation on all time scales. Numerous studies and their analyses suggest that 
changes in the amount of hydration water affect not only the protein’s energy land-
scape but also significantly influence structural fluctuations between conforma-
tional sub-states—thereby controlling biological function. To understand the func-
tional difference between surface-bound water and bulk water is thus a key issue for 
understanding and controlling biological macromolecules, including proteins and 
DNA, actually, right up to controlling anhydrobiotic food preservation and storage 
in dehydrated trehalose matrices at room temperature. Changes in water-mediated 
hydrogen-bonding patterns usually have a crucial impact on the global function of a 
biological system.

We all know of global warming with associated climate catastrophes and extreme 
periods of drought—and we all must act against it in all possible ways accessible to 
us as individuals. Apparently, water is far more than merely a solvent. Water is an 
active participant in the life of the cell, in fact it is the “matrix of life” [231, 232].

3 � Most Recent Studies of Matrix Effects of Trehalose and Other 
Extremolytes

The results discussed in chapter  2 support the general conclusion that trehalose 
glassy matrices under controlled hydration levels represent a very valuable tool 
when investigating the coupling between protein conformational dynamics and 
function. By studying trehalose matrix effects on specific electron-transfer events 
performed by two different photosynthetic complexes (the bacterial RC and PS I), 
we have shown that the use of trehalose glasses, in conjunction with optical and 
EPR spectroscopy, can provide at room temperature detailed information on the 
interplay between internal protein motions and biocatalysis, which complement 
those obtainable by corresponding investigations performed at cryogenic tempera-
tures in fully hydrated systems in the presence of glycerol. As compared to the latter 
classical approach, room temperature dehydrated trehalose–protein glasses exhibit 
essentially peculiar properties which can be used advantageously: (a) internal 
motions of the trehalose-embedded protein can be dramatically retarded on the time 
scale of the studied reaction kinetics avoiding the use of cryogenics which might 
perturb the protein structure; (b) even at low overall water contents of the glass, 
the protein retains a hydration shell, which equilibrates with the relative humid-
ity of the sample environment, thus allowing to finely modulate the dynamics of 
the protein–matrix system; (c) the mutual distances and orientations of the protein 
cofactors involved in electron transfer are not significantly perturbed by incorpora-
tion into the trehalose glass, even under the driest conditions, leading to a severe, 
but “soft” conformational confinement of the incorporated protein; (d) at variance 
with sucrose, trehalose forms under strong dehydration a glassy matrix that is highly 
homogeneous on the length scale of the incorporated protein, over a very large range 
of sugar/protein molar ratios; (e) retardation of the protein dynamics is merely due 
to an increase of the energy barriers separating local minima of the protein-solvent 
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energy landscapes, without any change in the thermal energy of the system; on the 
contrary, in low-temperature studies both these factors are affected concomitantly 
since a glassy water–cryosolvent matrix is formed upon lowering the temperature; 
(f) the incorporation into a strongly dehydrated trehalose glass results in extraordi-
nary thermal stabilization of the protein; as a consequence, even samples including 
labile proteins can be stored at room temperature for long periods of time (months) 
without undergoing thermal denaturation.

The above considerations have encouraged us to extend the use of trehalose 
glassy matrices to the study of the other photosystem (Photosystem II, PS II) of oxy-
genic photosynthesis, for which several low-temperature investigations suggest the 
involvement of conformational protein dynamics in electron-transfer reactions (see 
Sect. 3.1.1). A preliminary account of these attempts is given in Sect. 3.1.2.

The isolated photosynthetic RCs seem to be ideal systems to study the effects 
of protein dynamics on electron transfer. The crystal structures of all three types 
of RCs (PS I, PS II and bacterial RCs) at atomic resolution, the distances and ori-
entations between redox-cofactors as well as their arrangement within the protein 
have been determined with fairly high accuracy. In addition, both genetic and chemi-
cal manipulations on RCs have been employed and their effects on protein structure 
and function are well known. Most importantly, the kinetics and thermodynamics 
of electron transfer have been studied in detail and their models are reasonably well 
understood.

Additionally, we would like to remark that the approach based on room-temper-
ature protein incorporation into trehalose glasses, exploited by us with photosyn-
thetic reaction centers, is expected to be also fruitful when applied, more in gen-
eral, to a variety of photoactivatable protein complexes, which undergo biocatalytic 
reactions different from electron transfer. In this perspective, attractive systems for 
future investigations are flavin-binding bacterial and plant photoreceptor protein 
complexes, which are known to respond selectively to light activation of different 
wavelengths with significant conformational rearrangements [233].

Concerning the mechanisms of protein immobilization by dehydrated treha-
lose glasses, our results, as discussed at length in chapter  2, strongly support the 
“anchorage model” of trehalose bioprotection. In this frame, the high-field EPR 
studies performed on ternary disaccharide–RC–water glassy systems formed by tre-
halose or by sucrose, emphasize the role of specific sugar–water, water–protein and, 
to a minor extent, direct sugar–protein interactions in coupling the protein dynamics 
to that of the matrix. Such interactions are thought to result in a specific (homogene-
ous or heterogeneous) structural organization of the glassy matrix, which appears to 
be critical in determining the degree of protein/matrix dynamical coupling and con-
sequently the extent of protein immobilization. In future experiments, we plan to test 
this general view by examining, in comparison with trehalose glasses, amorphous 
matrices formed by other low molecular weight solutes, synthesized by a variety of 
organisms surviving extreme environmental conditions. This large family of solutes, 
named osmolytes or extremolytes, are known to exert in vivo a significant bioprotec-
tive action against very high or low temperatures, desiccation, osmotic stress and 
other adverse conditions (see Sect. 3.2.1). The dynamical and structural information 
obtained by high-field EPR of nitroxide radicals dispersed into amorphous matrices 
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formed by the different osmolytes will be put in relation with their efficacy in inhib-
iting the conformational dynamics of the bacterial RC and PS I, used as model pro-
teins. Experiments along this line are underway in our laboratories, and have pri-
marily focused on glasses formed by the osmolytes ectoine and hydroxyectoine. 
Preliminary results are summarized in Sect. 3.2.2.

3.1 � Photosystem II (PS II)

3.1.1 � Introduction

The protein–pigment complex of Photosystem II (PS II) embedded in the thyla-
koid membranes of cyanobacteria and chloroplasts of algae and higher plants is an 
enzyme that functions as water: plastoquinone oxidoreductase. The major redox-
active cofactors involved in the light-induced charge transfer reactions reside in the 
D1D2 reaction center (RC) subunits. The reducing side of the RC consists of the 
primary (QA) and secondary (QB) plastoquinone molecules with different properties, 
determined by their interaction with the protein, i.e., QA functions as one-electron, 
and QB as two-electron carrier [234, 235]. The water-oxidizing complex (WOC) is 
located at the donor side of PS II and consists of an inorganic Mn4CaO5 metal clus-
ter bound to the surrounding protein matrix [236]. The two integral membrane pro-
tein subunits CP43 and CP47 associated with the PS II core, containing chlorophyll 
a and β-carotene molecules and serve as an internal antenna complex.

The capture of light excitation either by direct absorption of the RC or by energy 
transfer from the internal antenna initiates charge separation followed by electron 
transfer across the membrane. The electron transfer from the primary electron 
donor, a tetrameric chlorophyll complex P680, to the primary acceptor QA results in 
formation of an ion-radical pair (P680

·+QA
·−) within ~ 250 ps and leads to two differ-

ent chemical events: oxidation of water to molecular oxygen (after four turnovers 

Fig. 18   Cutout from the 
structure of Photosystem II (PS 
II). The X-ray crystallographic 
structure of PS II from Ther-
mosynechococcus vulcanus at a 
resolution of 1.9 Å was a mile-
stone achievement in protein 
structure biology by J. R. Shen 
et al. [236, 240]
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of PS II) and reduction of plastoquinone to plastohydroquinone in the QB-site (after 
two turnovers of PS II) (see [237–239] for details). These reactions are spatially 
separated and occur on different sides of the RC in the thylakoid membrane (see 
Fig. 18). It should be stressed that one of the difficulties in studying PS II in vitro is 
associated with the fragility of the oxygen-evolving complex and its high sensitivity 
to photo-oxidative damage.

The dimeric membrane protein (~ 700 kDa) is related by a C2 axis. Major protein 
subunits and the location of the oxygen-evolving complex (OEC, Mn4Ca) in the D1 
protein are shown. In the literature, the OEC is also called the water–oxidizing com-
plex (WOC). In Fig. 18 it is named “Mn4Ca” as an abbreviation for the Mn4CaO5 
cluster. The Mn4CaO5 cluster constituting the WOC is characterized in the high-
resolution X-ray structure by its detailed amino acid surrounding and the four bound 
water molecules (W1–W4), see [240]. The Mn4Ca cluster acts as an interface and 
storage device between the very fast light-reactions (picosecond time-scale) and the 
slow four-electron water oxidation chemistry (millisecond time-scale), bridging a 
kinetic gap of nine orders of magnitude [239].

The WOC represents a genuine molecular catalyst with only two sites for sub-
strate binding, resulting in the single-product formation of O2. The kinetics of bind-
ing changes of the oxygen evolving catalyst are well understood in terms of the 
Si-state intermediates of the famous Kok cycle through the oxidation states S0, S1, 
S2, S3 and S4 of the manganese–calcium complex before O2 is released and the S0 
state is reformed, see [239, 241].

EPR spectroscopy is a highly powerful tool for determining the identity and loca-
tion of water-derived species bound at or in the vicinity of the Mn4O5Ca cluster, 
specifically using W-band high-field EPR double-resonance techniques on isotope-
labeled samples, in particular using H2

17O [242]. Information was achieved by 
means of high-field 17O-EDNMR (Electron–Electron-Double-Resonance-Detected 
NMR, see Fig.  6) via the detection of the hyperfine and quadrupole couplings of 
magnetic nuclei, 1H/2H (I = 1/2, 1) or 17O (I = 5/2), to the Seff = 1/2 electronic states 
of the Kok-cycle (S0, S2 and S3 oxydation states) of the Mn4O5Ca cluster, observing 
exchangeable 17O “water” signals. Importantly, the induction of these 17O signals, 
i.e., the rate with which the bulk solvent water (H2

17O) exchanged with the bound 
Mn–16O species, occurred on the same time-scale as observed in the mass spectrom-
etry test experiment. For further details, see the [242] and also [239].

Under physiological conditions, the Mn4CaO5 cluster provides electron trans-
fer from substrate water molecule to reduce the cationic radical P680

·+ via a nearby 
redox-active tyrosine residue Tyr161 of the D1 protein (denoted in the following 
as YZ). The electron transfer between YZ and P680

·+ is characterized by lifetimes in 
the range of 20–300 ns, depending on the S-state of the WOC [243–245]. Removal 
of the Mn4CaO5 cluster and the three extrinsic subunits PsbO, PsbP and PsbQ 
from the intact PS II complex results in significant retardation of the YZ → P680

·+ 
electron transfer. The rate of YZ oxidation in these Mn-depleted (apo-WOC PS II) 
complexes shows a characteristic pH-dependence with half-lives of ~ 30  μs at pH 
4, ~ 5 μs at pH 6.5 and ~ 180 ns above pH 8.5 [246–248] and exhibits a kinetic H/D 
isotope exchange effect [245, 249, 250]. It is believed that the phenolic side chain 
of YZ is most likely protonated in the reduced state and deprotonated in the oxidized 
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state. The transferred proton is thought to be accepted by D1-His190, which forms 
a hydrogen bond to YZ [245, 250]. The slowing down in the electron-transfer rate 
can be explained by the removal of the Mn4CaO5 cluster, which increases the acces-
sibility of the suspension medium leading to a more hydrophilic surrounding of YZ. 
In addition, the hydrogen-bonding network may be disturbed, and pK values may be 
altered [248].

We have previously reported that the rates of electron-transfer reactions in PS I 
embedded in trehalose glassy matrix significantly change upon dehydration, and that 
this effect is similar to the effect observed at low temperature [48, 194, 196]. This 
similarity was ascribed to the restriction of conformational mobility observed both 
in glycerol glass at 170 K and in trehalose glass at 298 K [194]. Therefore, we stud-
ied the effect of a trehalose glassy matrix at low humidity on the kinetics of charge 
transfer in Mn-depleted PS II complexes, and compared it with the low temperature 
kinetics observed with similar PS II samples.

3.1.2 � Summary of Preliminary Results on PSII/Trehalose

The preliminary results on the effect of desiccation of PS II in trehalose glassy 
matrix were recently presented [251]. Since the water-oxidizing complex does 
not operate at cryogenic temperatures (see [248] and references therein), for 
these experiments, we used apo-WOC PS II complexes, lacking the Mn4CaO5 
cluster and extrinsic subunits PsbO, PsbP and PsbQ.

After nanosecond laser flash excitation the kinetics of the PS II primary donor 
P680

·+ reduction in these complexes, embedded in dry trehalose glass, was moni-
tored by measuring the flash-induced absorption changes at 830 nm (ΔA830) at 
relative humidity 11%. The lifetimes of the decay of two main kinetic compo-
nents in solution were ~ 3 and ~ 10 μs with relative amplitudes of ~ 70 and 20%, 
correspondingly. These components can be assigned to electron transfer from 
tyrosine YZ to the photo-oxidized P680 in the Mn-depleted complexes, the life-
times of which were shown to vary in the range of 2–20 μs for different samples 
[247, 252, 253].

Upon gradual dehydration in the presence of trehalose (from 73 to 11% of rel-
ative humidity), the kinetics of P680

·+ reduction became distributed. To analyze 
the complex decay kinetics, we used the Maximum Entropy method (MemExp), 
which calculates the experimental kinetics as a sum of a large number of expo-
nential decays, characterized by lifetimes linearly distributed on the logarithmic 
scale [254]. The MemExp analysis showed that the relative contribution of the 
fast kinetic components decreased to ~ 45%, compared to 90% in solution [255]. 
In addition, the slower phases with lifetimes ~ 100 μs and ~ 1 ms appeared at the 
expense of faster phases. We suggested that these slower kinetic phases most 
probably, reflect the back reaction from the reduced primary quinone accep-
tor QA

·− to P680
·+ in the fraction of   PSII, where the forward electron transfer 

YZ → P680
·+ did not proceed.

As was previously shown, the recombination from QA
·− to P680

·+ in PS II 
complexes with the pre-oxidized YZ is temperature dependent at T > 200 K, and 
the kinetics is heterogeneous. At room temperature, it can be fitted to several 



836	 K. Möbius et al.

1 3

exponential components within the range of 120  µs  to  5  ms [256–258]. Upon 
temperature lowering, the slower component accelerated and reached ~ 1 ms at 
T ≤ 200  K. The yield of P680

·+ reduction by YZ decreased strongly at tempera-
tures below 250 K, and reached about 50% at T = 180–190 K [248].

The slower kinetic components of the P680
·+ reduction observed at 11% in dry 

trehalose matrix accounted for 55% of the overall ΔA830 signal. Thus, our data 
are generally in line with the results observed with PS II in the glycerol-water 
mixture close to its glass transition temperature (180–190 K).

In conclusion, our preliminary results obtained with Mn-depleted PS II com-
plexes embedded in a dry trehalose matrix allow to propose that the faster com-
ponents (3–10  μs) are due to the forward electron transfer from YZ to P680

·+, 
which is sensitive to conformational constraints, while the ~ 0.1  ms and ~ 1  ms 
components are most probably related to charge  recombination from QA

·− to 
P680

·+.

3.2 � Extremolytes, Organic Osmolytes Protect Biological Macromolecules Against 
External Stress (Ectoine, Hydroxyectoine)

3.2.1 � Introduction

Trehalose belongs to a vast class of solutes (termed compatible solutes for being 
non-toxic to the cell even at molar concentration) synthesized by extremophylic 
or extremotolerant organisms in order to face successfully extreme or detrimental 
environmental conditions, like osmotic stress at high salinity, very high or low tem-
perature, extreme hydrostatic pressure, and oxygen radicals. These small molecules 
of low molecular weight, which include polyols (e.g., glycerol, sorbitol, mannitol), 
mono- and oligo-saccharides (e.g., glucose, sucrose, trehalose and glucosyl-glyc-
erol), amino acids and derivatives (e.g., proline, glutamate, glutamine), quaternary 
amines (glycine and betaine), and ectoines (i.e., ectoine and hydroxyectoine), are 
designated osmolytes, being primarily accumulated by organisms able to grow at 
high salt concentrations to achieve osmotic balance across the cell membrane. The 
term extremolytes has been also introduced [259] to indicate organic osmolytes syn-
thesized by extremophylic organisms.

Interestingly, several species isolated from samples taken in extreme environ-
ments, have been found to tolerate several different extrema (polyextremophyles). 
An impressive example is provided by tardigrades, i.e., micro-animals about 0.5 mm 
in size, colloquially known as water bears or moss piglets, close relatives of arthro-
podes. As a likely by-product of their anhydrobiotic capability (see Sect.  2.1), 
they show an extraordinary tolerance to a number of different extreme conditions: 
extremely low and high temperatures, from 4 to 400 K, high hydrostatic pressures 
up to 7.5 GPa, high radiation doses of 5000 Gy (gamma rays) and 6200 Gy (heavy 
ions). Additionally, in the dormant anhydrobiotic state, tardigrades can withstand 
desiccation for at least 10 years, resuming metabolism and animation upon rehydra-
tion. On the other hand, it is noteworthy that several osmolytes, which are typically 
synthesized in response to increased extracellular salinity (osmotic stress), are also 
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accumulated as a response to other environmental changes, such as very high or low 
temperatures. As an example, the osmolyte trehalose, accumulated by anhydrobiotic 
organisms to survive almost complete dehydration, is also synthesized in response 
to salt-induced osmotic stress [260–262], to high temperatures [263], and to freezing 
conditions [264]. The disaccharide trehalose, as shown also by in vitro studies, can 
therefore be considered as a universal “stress molecule”, protecting biomolecules 
and biostructures against damages caused by high osmolarity, heat, oxidation, desic-
cation and freezing to cryogenic temperatures. Other osmolytes, such as ectoine and 
hydroxyectoine, are common compatible solutes, found in a wide range of halophilic 
and halotolerant bacteria, again in response to different stresses, like increased salin-
ity and/or temperature [265]. Additionally, very often, in response to extreme con-
ditions, a cocktail of different osmolytes is produced, the composition of which is 
modulated by environmental conditions.

This close association and interplay between diverse osmolytes and their capabil-
ity to protect simultaneously against diverse harsh environmental conditions, which 
are found in vivo (polyextremophyles) and in vitro, as revealed by the wide spec-
trum of protective roles of some osmolytes (extremolytes), might implicate com-
mon underlying mechanisms at the molecular level. In any case, it can be reasonably 
expected that the comparative study of chemically different osmolytes, in relation 
to their bioprotective capabilities, will provide insight into the basic, finely tuned 
molecular strategies of the general phenomenon of bioprotection.

Among the large variety of extremolytes, we have focused on ectoine and its 
derivative hydroxyectoine (see Fig. 19), because these compounds, notwithstanding 
the obvious differences at the level of electronic structure (e.g., their zwitterionic 
character), appear to share several properties with trehalose. For instance, ectoine 
and hydroxyectoine display remarkable stabilizing capabilities towards two sensi-
tive enzymes (lactic dehydrogenase and phosphofructokinase) with respect to freeze 
thawing, heat-treatment, and freeze-drying [266]. It has been additionally reported 
[267] that hydroxyectoine is a good glass forming compound, and that it exhibits a 
remarkable bioprotective effect in vitro against desiccation and heat denaturation of 
lactic dehydrogenase.

Quite interestingly, molecular dynamics simulations of an ectoine-water mix-
ture, in the presence of the model protein chymotrypsin inhibitor 2, have shown that 
ectoine does not perturb the hydration shell of the protein, but retard the diffusion of 
water molecules at the protein surface [268]. These results are consistent with the 
notion that osmolytes, as it is assumed for trehalose according to the preferential 
hydration hypothesis (see Sect. 2.1), do not interact directly with macromolecules, 
but rather affect the solvent properties. A recent experimental study [269], based on 

Fig. 19   Chemical structures of 
ectoine and hydroxyectoine
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small angle neutron scattering, neutron diffraction and inelastic scattering, further 
supports the view that ectoine is essentially excluded from the dense hydration water 
layer around a model soluble protein (maltose binding protein), and suggests that 
ectoine perturbs the hydrogen bonding pattern of the solvent by weakening inter-
water hydrogen bonding in the vicinity of the osmolyte.

In the light of these relationships, which appear to exist between many properties 
of ectoines and of trehalose, we have undertaken a systematic study of amorphous 
matrices formed by hydroxyectoine or ectoine and the bacterial reaction center (see 
Sect. 2.2.1), based on high-field EPR, FTIR and fast-laser spectroscopies. We aim 
at clarifying, by high-field EPR of a nitroxide radical dispersed into the amorphous 
matrices, the structural and dynamical organization of ectoine-RC matrices, in com-
parison with trehalose-RC glasses, with special emphasis on the proticity of these 
osmolytes within the respective glassy systems. We are investigating in parallel the 
capability of hydroxyectoine or ectoine matrices to inhibit fast, small-scale confor-
mational dynamics of the RC, as probed by the kinetics of P·+ QA

·− recombination, 
as well as large-scale slow internal dynamics associated with unfolding, as revealed 
by thermal denaturation kinetics monitored by FT-NIR and visible absorption spec-
troscopy [49].

3.2.2 � FT‑NIR and Visible Absorption Spectroscopy

We anticipate in the following some preliminary results [152], which point to 
similarities and differences in protein–matrix interactions within glassy matrices 
formed by disaccharides (trehalose and sucrose) or by ectoine (and its derivative 
hydroxyectoine).

Fig. 20   Hydration isotherms at 297  K of glassy matrices incorporating the reaction center RC  from 
R. Sphaeroides R-26, formed by trehalose (black symbols), ectoine (green symbols) and hydroxyec-
toine (red symbols), characterized by a molar ratio m between pyrimidine  (one for ectoins) or glucose 
rings  (two for trehalose) and RC equal to 103. Blue crosses refer to a hydroxyectoine-RC matrix with 
m = 5 × 103. The content of residual water in matrices equilibrated at different values of relative humid-
ity has been determined by FTIR spectroscopy from the area of the water combination band centered at 
5150 cm−1, using the absorption of the RC at 800 nm as an internal standard (see [61], for further details) 
(color figure online)
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As to the ability of hydroxyectoine to form glasses, at variance with what was 
reported by Tanne and coworkers [267], we have found that binary hydroxyec-
toine-water systems, even upon fast dehydration under nitrogen flow, form amor-
phous matrices which undergo in a short time (minutes) extensive crystallization. 
This propensity to form crystallized areas is considerably alleviated by the incor-
poration of the reaction-center protein, resulting, particularly under extensive and 
fast dehydration (i.e., equilibration at a relative humidity r = 11%), in stable ternary 
RC-hydroxyectoine (or ectoine)-water glassy matrices. The presence of the protein 
likely disturbs the establishment of a long-range order in the matrix structure. When 
progressively rehydrated, these glasses, at variance with trehalose matrices, exhibit, 
however, a high propensity to form crystallized areas, particularly in the case of 
ectoine. Crystallization, in turn, leads, even at room temperature, to rapid (on the 
time scales of hours) denaturation of the RC, as shown by the progressive loss of 
photochemical activity upon rehydration.

A comparison of the water sorption isotherms of the ectoine- and hydroxyec-
toine-RC glassy matrices with that of trehalose matrices (see Fig. 20), characterized 
by the same molar ratio between the glucose and pyrimidine rings and the RC, m, 
fixed at 103, indicates that hydration is similar in the driest matrices (equilibrated at 
a relative humidity r = 11%), but becomes considerably higher in the ectoine- and 
hydroxyectoine-glasses when the relative humidity is increased. The higher hydra-
tion of hydroxyectoine matrices could arise from the zwitterionic character of the 
molecule, that makes it very polar. Interestingly, when the RC protein concentration 
within the hydroxyectoine is decreased (i.e., at a molar ratio m (pyrimidine rings/
RC) of ~ 5 × 103) the average water content per pyrimidine ring also decreases (com-
pare red and blue symbols in Fig. 20). Such a behavior is readily explained by con-
sidering that the measured water content is clearly an average value, which includes 
water adsorbed to the hydroxyectoine bulk matrix and the water hydration shell of 
the protein. If the protein hydration layer is, at least partially, retained in the glass, 
at the higher protein concentration, the contribution of water from the hydration 

Fig. 21   Dependence of the kinetics of P·+QA
·− recombination upon the content of residual water in treha-

lose RC (black circles), ectoine-RC (green circles) and hydroxyectoine-RC glassy matrices (red circles), 
characterized by the same molar ratio between pyrimidine or glucose rings and RC, equal to 103. Pan-
els a and b show the values of the average rate constant < k > and rate distribution width σ, respectively 
(color figure online)
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shell to the measured average water content is expected to be higher. This observa-
tion suggests therefore that the hydration shell of the protein is not replaced by the 
osmolyte (as assumed in the water replacement hypothesis), being rather in line with 
the preferential hydration hypothesis (see Sect. 2.1).

Kinetic analysis of P·+QA
·− recombination shows that extensively dehydrated 

ectoine and hydroxyectoine glasses inhibit the small-scale, short-time conforma-
tional dynamics of the RC to an extent comparable to that observed for trehalose 
matrices, keeping the molar ratio between glucose or pyrimidine rings and the RC 
fixed to 103 (see Fig. 21). Remarkably, the values of the average rate constant for 
charge recombination, < k > , and of the rate distribution width, σ, are systemati-
cally larger in the hydroxyectoine as compared to the trehalose matrix at any given 
water content. This could imply that, at comparable hydration levels, hydroxyec-
toine matrices are even more effective than trehalose matrices in inhibiting the RC 
conformational dynamics. We cannot exclude, however, that the hydroxyectoine, at 
variance with the trehalose matrix, perturbs slightly the RC structure, altering the 
configuration (distance and/or orientation) of the donor and acceptor cofactors, to an 
extent sufficient to affect the rate of electron transfer [154]. Or that the zwitterionic 
character of hydroxyectoine results in dielectric properties of the protein–matrix 
system which affect the reorganization energy [153] for the tunneling of the electron 
from QA

·− to P·+, in addition to the RC protein dynamics.
As mentioned in Sect. 2.2.1, thermal denaturation of the RC embedded into dried 

trehalose matrices is totally prevented even after weeks of incubation at 44 °C, dem-
onstrating the extraordinary protein stabilization conferred by incorporation into 
trehalose glasses. A similar study of thermal denaturation kinetics, performed in 
comparably dried hydroxyectoine glassy matrices, has revealed a limited effective-
ness in retarding RC unfolding. RC denaturation kinetics at 44 °C, obtained by FTIR 
and visible absorption spectroscopy approaches [49], indicate that in glassy matri-
ces characterized by a molar ratio (hydroxyectoine/RC) of m ≈ 103, the RC loses 
its native structure with a half-time of about 12 h, i.e., only a factor of two larger 
than that found in a RC film dehydrated in the absence of any excipient. When the 
(hydroxyectoine/RC) molar ratio is increased to 5 × 103, the half-time increases to 
about 40 h. In contrast ectoine matrices are totally ineffective in retarding RC dena-
turation, even destabilizing the RC protein as compared to a dehydrated RC-only 
film, in full agreement with previous studies which showed the superiority of amor-
phous hydroxyectoine- over ectoine-matrices in stabilizing embedded soluble model 
proteins [266, 267, 270].

All in all, ectoine- and hydroxyectoine-glasses display a remarkable capability 
of blocking, on the millisecond time-scale, protein conformational fluctuations and 
relaxation. However, the presence of ectoine in a dehydrated RC amorphous matrix, 
in contrast to trehalose, has no effect on the large-scale structural rearrangements 
required for protein unfolding, and hydroxyectoine-glasses can only retard large-
scale dynamics to a limited extent. This failure in hampering on a long time scale the 
internal large-scale RC dynamics points to a looser protein–matrix dynamical cou-
pling and/or to a softer protein-embedding matrix in hydroxyectoine as compared to 
trehalose glasses, in spite of the large macro-viscosity of both glassy systems. Again, 
high-field EPR spectroscopy of a nitroxide radical embedded in hydroxyectoine-RC 
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matrices can provide a molecular basis for the behavior described above, yielding 
insights into the intermolecular hydrogen bond pattern which is expected to govern 
matrix dynamics.

3.2.3 � EPR Spectroscopy

For the EPR measurements, in the bacterial RC from R. sphaeroides, the central 
high-spin iron Fe2+ of the chlorophylls was replaced by diamagnetic Zn2+ (Zn-
RC). Figure  22a compares room-temperature W-band cw EPR spectra of perdeu-
terated nitroxide radicals (NO) dispersed into the hydroxyectione–RC matrix with 
the corresponding spectrum acquired in a trehalose–RC glass instead. To attain a 
common dehydration level, all samples have been equilibrated at the relative humid-
ity r = 11%, by exposure to a saturated solution of LiCl [61]. Both spectra exhibit 
the characteristic high-field lineshape predicted for a homogeneous distribution 
of well-immobilized nitroxide radicals. The spectra are clearly resolved into three 
B0 regions, corresponding to the principal values of the g-tensor (gxx, gyy and gzz); 
nitrogen 14 N hyperfine splitting into line triplets is distinctly observed in the gyy and 
gzz region. The observation of similar spectral lineshapes of both EPR spectra allows 
to conclude that the nitroxide probe in both samples has similar mobility and mag-
netic parameters. To switch off possible residual mobility contributions, the spectra 
taken at low temperature (150 K) were compared. Figure 22b shows the EPR spectra 
of both samples together with the reference spectra of the same nitroxide probe in 
frozen water/glycerol and ortho-terphenyl solutions, all recorded at 150 K. The most 
pronounced differences are observed in the gxx spectral region. The spectral shape 
in this region is predominantly determined by the number and the type of hydrogen 
bonds that are experienced by the nitroxide radical [271]. The low-field shift of the 
gxx component is pronounced in the hydroxyectione–RC matrix, its spectral position 
is practically coinciding with the magnetic field position of the gxx component in 

Fig. 22   Comparison between W-band cw EPR spectra of the perdeuterated nitroxide radical recorded, 
panel (a), at 293 K and in panel (b) at 150 K in a trehalose/RC glass with m = 5 × 103 (black trace) and 
a hydroxyectoine/RC matrix with m = 5 × 103 (red trace), equilibrated at a relative humidity r = 11%. In 
panel (b), the blue and magenta traces show the 150 K W-band EPR spectra of the 1 mM nitroxide radi-
cal dissolved in H2O/glycerol (90/10 vol%) and in ortho-terphenyl, respectively
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non-polar, non-protic ortho-terphenyl solution. Thus, the largest fraction of nitrox-
ides in hydroxyectione-RC is not forming any hydrogen-bond complex, neither with 
water molecules nor with hydroxyectoine molecules. This is in contrast to the situa-
tion in trehalose–RC glass where the majority fraction of nitroxide radicals experi-
ence at least one H-bond, and only a small fraction of non-H-bonded complexes 
exists. Thus, hydroxyectoine itself is not interacting with the nitroxide directly, but 
is weakening nitroxide–water hydrogen bonding (see Sect. 3.2.1), i.e., is decreasing 
the overall proticity of the matrix.

Additionally, we conclude that the water hydration layer around the RC [269] is 
probably rather thin, since in a thick hydration layer the nitroxide probe molecules 
should have a higher mobility—which, however, is not observed in the EPR spectra 
acquired at room temperature or even higher temperatures.

Figure  23a shows selected EPR decay traces, due to charge recombination of 
P⋅+
865

 and Q⋅−
A

 radical ions in hydroxyectione-RC/NO and trehalose-RC/NO glasses at 
293 K, respectively. They were acquired at the maximum P⋅+

865
 EPR absorption using 

the transient-detection EPR technique with magnetic field modulation and lock-in 
detection. The differences between the traces are quite small. The average rate con-
stants, < k >, and the rate distribution widths, σ, obtained from the power-law analy-
sis of the EPR decay traces are in good agreement with those obtained from opti-
cal experiments. This shows that the sample dehydration conditions (r = 11%) are 
the same for EPR and optical samples. An advantage of EPR spectroscopy is that 
it allows to easily measure the decay kinetics at different temperatures. Figure 23b 
compares the temperature dependence of the average rate constants and the rate dis-
tribution widths evaluated from EPR recordings. The behavior of the parameters is 
in line with what is expected for trehalose-RC samples. The temperature increase 
results in decrease of both < k > and σ as it allows for additional restricted conforma-
tional protein dynamics leading to partial conformational relaxation of the charge-
separated state P·+QA

·−. The RC’s incorporated in hydroxyectione show surpris-
ing results. Above about 230 K, both < k > and σ start to increase. This indicates a 

Fig. 23   a EPR-detected kinetics of P⋅+
865
Q⋅−

A
 recombination following a laser pulse in dark-adapted Zn-RC 

measured at 293 K in trehalose/RC glass (black trace) and hydroxyectoine/RC glass (red trace). b The 
temperature dependence of the average rate constant, < k > , and of the rate distribution width, σ, obtained 
from the power-law analysis of the experimental EPR kinetics. For any details, see the upcoming publi-
cation [152] (color figure online)
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different mechanism of protein stabilization in hydroxyectione as compared with 
trehalose. For a more extended discussion, the reader is referred to an upcoming 
publication [152].

At the end of our Review, we would like to stress once again that the results 
obtained for membrane electron-transfer proteins in glassy matrices formed by 
chemically different organic osmolytes (trehalose, sucrose, ectoines) support a 
common bioprotection mechanism based on the conformational immobilization of 
the embedded protein complexes. The examined osmolytes, independently of their 
chemical structure, appear to share additionally the property of being essentially 
excluded from the surface of the protein, which retains, even under strongly dehy-
drated condition, a residual hydration shell. On the other hand, specific osmolyte-
protein-water interactions, strongly conditioned by the diverse osmolyte proticity, 
have been shown to play an important role in determining the structure and dynam-
ics of the entire matrix and, consequently, the osmolyte efficacy in bioprotection. 
These conclusions make the case for a systematic, comparative scrutiny of the 
numerous organic osmolytes synthesized by extremophylic and extremotolerant 
organisms. We expect that the spectroscopic approaches described in the present 
Review, combined with the use of photoexcitable model electron-transfer proteins 
like photosynthetic reaction centers, will contribute substantially to unravel the 
molecular details of in vivo bioprotection in its variety of declinations, and, at the 
same time, to optimally exploit glassy osmolyte matrices in the room-temperature 
in vitro preservation of labile biological macromolecules.
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