
1. Introduction

1.1. Historical data and discovery of the MoÈ ssbauer effect
The breathtaking and, in many stages of its development,

unusual history of MoÈ ssbauer spectroscopy (MbS) or, in

essence, nuclear gamma-resonance spectroscopy, began in

1957. Specifically at that time the 28-year-old postgraduate

Rudolf Ludwig MoÈ ssbauer, who had defended his diploma

at the Laboratory of Applied Physics of the Technical

University of Munich only two years before, discovered on

his own a new physical effect. He confirmed experimentally

the possibility of resonance fluorescence during nuclear

transition between the excited and ground states of the
191Ir nucleus; i.e., emission and absorption of g-quanta
without energy loss for recoil (in solids) was observed,1

which was later referred to as the MoÈ ssbauer effect (ME).2, 3

It is noteworthy that back in 1951 the British physicist

Philip B.Moon described the effect of resonance scattering

of g-radiation produced by the radioactive decay
198Hg ? 198Au with an energy of 411 keV.4 Moon per-

formed experiments with a 198Hg sample placed on a ultra-

centrifuge rotor (at relative linear velocities between the

source and scatterer of the order of 700 m s71, which

compensated to some extent the recoil energy loss of

g-quanta due to the Doppler shift of the spectral line) and

a liquid mercury scatterer (with a 198Hg isotope percentage

of 10%). However, the resonance was very weak in that

case, and its experimental observation did not become a

sensation because a recoil during g-quanta emission was

observed as expected. During the next few years several

dozens of similar experiments with observation of resonant

nuclear fluorescence were performed.3 Concerning the dis-

covery made by R.L.MoÈ ssbauer, only three years after

publishing his first studies with description of the discov-

ered phenomenon 5, 6 and defending a dissertation, he was

awarded a Nobel prize in physics (in 1961). The effect

discovered by him formed the basis of a new unique

spectroscopic technique: MbS, which started being devel-

oped almost instantaneously, in the 1960s, especially after

observing the ME for the stable isotope 57Fe.

To date, the ME has been observed for 45 elements (for

which more than 85 MoÈ ssbauer isotopes were found).

However, due to various objective reasons (primarily,

https://doi.org/10.1070/RCR5006

Bioanalytical applications of MoÈ ssbauer spectroscopy

Alexander A. Kamnev,* Anna V. Tugarova

Institute of Biochemistry and Physiology of Plants and Microorganisms, Russian Academy of Sciences,

prosp. Entuziastov 13, 410049 Saratov, Russian Federation

iD iD

Contents

1. Introduction 1415

1.1. Historical data and discovery of the MoÈ ssbauer effect 1415

1.2. Methodological fundamentals of MoÈ ssbauer 1416

spectroscopy

1.2.1. Transmission (57Fe) MoÈ ssbauer spectroscopy 1416

1.2.2. Emission (57Co) MoÈ ssbauer spectroscopy 1418

1.2.3. Use of synchrotron radiation 1419

2. Low molecular weight biologically active compounds 1419

and biomacromolecules

2.1. Low molecular weight biologically active substances 1419

and biocomplexes, biomaterials and biocomposites

2.2. Metalloproteins and metalloenzymes 1427

3. Supramolecular structures, biological tissues 1433

and organisms

3.1. Supramolecular structures and biological tissues 1433

of higher organisms

3.2. Microorganisms 1437

3.3. Plants 1445

4. Note added in proof 1447

5. Conclusion 1447

6. List of abbreviations and designations 1448

Data on the applications of MoÈ ssbauer spectroscopy in the transmission (mainly on 57Fe nuclei) and emission (on 57Co

nuclei) variants for analytical studies at the molecular level of metal-containing components in a wide range of biological

objects (from biocomplexes and biomacromolecules to supramolecular structures, cells, tissues and organisms) and of

objects that are participants or products of biological processes, published in the last 15 years are discussed and systematized.

The prospects of the technique in its biological applications, including the developing fields (emission variant, use of

synchrotron radiation), are formulated.

The bibliography includes 248 references.

# 2021 Uspekhi Khimii, ZIOC RAS, Russian Academy of Sciences and IOP Publishing LimitedReceived 28 August 2020

A.A.Kamnev. PhD,DSc, Professor, Leading Scientist at the Laboratory of

Biochemistry, IBPPM RAS.

e-mail: aakamnev@ibppm.ru; a.a.kamnev@mail.ru

Current research interests: development and applications of bioanalytical

approaches [using vibrational (FTIR, Raman) and MoÈ ssbauer (nuclear

gamma-resonance) spectroscopic techniques] to study the processes

occurring in microbial systems with the participation of bio(macro)mole-

cules and biocomplexes under the action of external factors.

A.V.Tugarova. PhD, Senior Scientist at the Laboratory of Biochemistry,

IBPPM RAS.

e-mail: tugarova_anna@mail.ru

Current research interests: investigation of the metabolism of phytosti-

mulating bacteria, using, in particular, vibrational (FTIR, Raman) and

MoÈ ssbauer (nuclear gamma-resonance) spectroscopic techniques to solve

various problems of microbial ecology and microbial biotechnology.

Translation: Yu.P.Sinkov

A.A.Kamnev, A.V.Tugarova

Russ. Chem. Rev., 2021, 90 (11) 1415 ± 1453

https://doi.org/10.1070/RCR5006
https://orcid.org/0000-0001-6677-8227
https://orcid.org/0000-0001-6017-4289


methodological difficulties of implementation), most of

them are unsuitable for use, and only few are applied in

practice. Among the latter, the most convenient and widely

used is stable isotope 57Fe,7 whose percentage in natural

iron is rather high (2.19%). At the same time, iron is one of

the most widespread transition metals in nature, in partic-

ular, in living organisms.

The basic principles of the ME and MbS, including the

physico-mathematical and technical fundamentals, were

described in detail in many monographs and reviews (see,

e.g. Refs 2, 7 ± 12 and references therein), in view of which

we will briefly consider only the basic methodological

aspects in the beginning of this review. The attention is

focused on the transmission variant of MbS on 57Fe nuclei,

which is of great importance practically for all fields of

analytical materials science, including bioanalytical exper-

imental investigations by this technique Ð the subject of

this review. Bioanalytical studies carried out in the last 15

years using the emission variant of MbS (on radioactive
57Co nuclei) and some other MbS biological applications

under development are also considered. We did not aim at

compiling all the published studies in this subject area, great

in number and differing significantly in performance level,

because the MbS application in biology-related fields has

not yet become conventional, in contrast to many other

fields of materials science. We only presented the most

characteristic (in our opinion) examples illustrating the

variety of bioanalytical potentials and informativeness of

this unique spectroscopic technique.

1.2. Methodological fundamentals of MoÈ ssbauer
spectroscopy
1.2.1. Transmission (57Fe) MoÈ ssbauer spectroscopy

The schemes of the nuclear transformation lying in the basis

of the transmission (57Fe) MbS variant, possible hyperfine

interactions in a 57Fe-containing sample under study

(absorber) with nuclear level splitting, the corresponding

general view of recorded MoÈ ssbauer spectra and a block

diagram of a MoÈ ssbauer spectrometer are presented in

Fig. 1. In transmission measurements the g-radiation
source is radioactive isotope 57Co (present in a rhodium or

chromium matrix in trace amounts with an activity of the

order of several tens of millicuries; 1 mCi=37 MBq) with a

half-life of 270.9 days. The decay begins with electron K-

capture by 57Co nucleus (element No. 27), which is trans-

formed into a nucleus of 57Fe isotope (element No. 26) in a

metastable excited state with an energy of 136.5 keV

(nuclear spin I=5/2). This transformation is followed by

a cascade of g-radiative transitions to the last sublevel with

an energy of 14.4 keV and lifetime *100 ns. The g-quan-
tum (14.4 keV) emitted as a result of these transitions is

used for resonance absorption in a 57Fe-containing sample

(absorber). Since the emission line of the source and the

absorption line must be significantly overlapped to imple-

ment a resonance, which is observed in a very narrow

energy range (the natural width of this emission line is as

small as 4.5561079 eV),7 the g-quantum energy is modu-

lated using the Doppler effect. To this end, the source

moves relative to the absorber (or vice versa, which is

equivalent) along the g-radiation propagation (source ±

absorber) axis, most often with a constant acceleration,

changing only in sign (oscillations along the axis), with

velocities generally not larger than � 12 mm s71. This

velocity range is sufficient to increase or reduce (as a result

of the Doppler effect) the energy of the g-quanta emitted by

the source so as to make resonance possible in any states of
57Fe in the absorber (�1 mm s71 corresponds to a variation

in energy of � 48.1 neV). Under these conditions, a spec-

trum is recorded using the spectrometer measurement sys-

tem (see Fig. 1).

It should be noted that the main difference between the

energy of g-quanta emitted by the source (when the `daugh-

ter' isotope 57Fe, formed in the source, passes from the

lower excited level to the ground level without energy loss

for recoil) and the energy absorbed in the sample by the
57Fe isotope is related to the different electronic structure of

the latter and the existence of another chemical environ-

ment (molecular, atomic or ionic coordination sphere or

crystal lattice). As a result, a spectrum recorded for a thin

absorber (and source) contains a set of Lorenzian lines 2, 7

(see {) with the corresponding MoÈ ssbauer parameters. The

latter include the isomer shift of a line and the presence (in

certain cases) of quadrupole and (or) magnetic splitting,

which corresponds to the chemical state of the 57Fe in the

sample studied. One can state with some simplification that

the isomer shift (d) is proportional to the electron density on

the nucleus of the 57Fe absorber, while the quadrupole

splitting is proportional to the electric field gradient on the

nucleus (having a quadrupole moment with a spin I>1/2),

which characterizes the degree of electric field asymmetry.

Thus, the isomer shift is mainly sensitive to the oxida-

tion state, spin state and degree of covalence (ionicity) of

the chemical bonding of 57Fe atoms; to a smaller extent it is

sensitive to the composition and structure of the 57Fe

coordination microenvironment. In turn, the quadrupole

splitting characterizes the degree of asymmetry of the

electron configuration of the 57Fe atom (ion), including

the contributions from s-, p- and d-electrons, as well as the

degree of distortion of the spherical symmetry of its coor-

dination microenvironment (arrangement of donor atoms in

the composition of ligands). The magnetic splitting is

characterized by the induction of the effective magnetic

field (Beff) on the 57Fe nucleus in the absorber composition

(the Beff value is determined by calculating the spacing

between the magnetic sextet external lines with the follow-

ing recalculation coefficient: a spacing of 0.323 mm s71

corresponds to 1 T) 7 (see Fig. 1). If the linewidth (G,
measured as the FWHM value) in a transmission MoÈ ssba-

uer spectrum substantially exceeds the natural linewidth,

which is *0.19 mm s71 for 57Fe (e.g., G>0.5 mm s71),

this fact may indicate the presence of equivalent sites with

slightly different parameters for 57Fe in the given chemical

state in the sample (in particular, the presence of structural

and (or) compositional inhomogeneities).

Note that the ME can be manifested with a noticeable

probability only in solids;3 therefore, liquid samples or

solutions must be frozen (the use of low temperatures may

also facilitate observation of magnetic splitting in spectra,

which yields additional information about the composition

and structure of the chemical states of the MoÈ ssbauer

nuclide and its magnetic state).2, 7 ± 10 For biological objects

it is also important that their fast freezing (which impedes

water crystallization and preserves the solution in a `glassy'

state) almost completely stops all (bio)chemical transforma-

tions, and a sample can be stored for a fairly long time

{Possible reasons for deviation of line shapes from Lorentzian, for

example, effects of relaxation, anisotropy of lattice vibrations (Gold-

anskii ±Karyagin effect) and sample texture, were described in the special

literature.
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without any significant changes. The measured spectrum of

this object corresponds to the state of the system under

study at the instant of freezing. Thus, if measurements must

be performed at low temperatures (by freezing a sample and

using a cryostat of special design), in emission measure-

ments (see below) specifically the absorber is most often

brought into motion by a Doppler modulator; in this case, a
57Co-containing sample is placed in a cryostat. In trans-

mission measurements, vice versa, the source is brought into

motion, while a 57Fe-containing sample is placed in a

cryostat (see Fig. 1).

It is noteworthy that in the presence of different chem-

ical forms (compounds) of 57Fe in a sample studied, which

are characterized by different MoÈ ssbauer parameters, the

spectrum exhibits a superposition of all the corresponding

lines. Their relative areas are calculated by decomposing the

spectrum in components; this process has been significantly

simplified and improved in all respects due to the use of

special computer programs. Nevertheless, in the case of

complex spectra, of great importance are researcher's expe-

rience and knowledge, which allow for suggesting a possible

model of the system studied and obtaining as a result a set

of parameters for each chemical form, having a physical

meaning and characterizing most adequately a given chem-

ical system. For analytical purposes Ð determination of the

relative content of chemical forms in the sample Ð it is

important that the relative line intensity for each form for a

sufficiently thin sample is proportional to the number of
57Fe nuclei and the ME probability for this form [the so-

called Lamb ±MoÈ ssbauer factor ( f )]. A reasonable assump-
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Figure 1. (a) Schematic of the 57Co?57Fe radioactive decay, general view of experimental transmission MoÈ ssbauer spectra of a 57Fe-
containing sample (b) in the absence of quadrupole interactions (with zero electric field gradient on the 57Fe nucleus) and (c) in the presence
of quadrupole interactions, (d ) in the presence of magnetic interactions with the formation of an effective magnetic field on 57Fe nuclei in
the absence (Vzz=0) and in the presence of first-order quadrupole interactions (Vzz>0, with nonzero electric field gradient on the 57Fe
nucleus), and (e) a schematic of a MoÈ ssbauer spectrometer; t is the lifetime of the excited nuclear sublevel (with an energy of 14.4 keV); I is
a nuclear spin; d is an isomer shift (measured relative to a standard 57Fe-containing absorber, generally, relative to a-Fe at room
temperature, as implied in our review, unless otherwise indicated); DEQ is a quadrupole splitting; Vzz is the z component of the electric field
gradient on the 57Fe nucleus; and mI are the magnetic quantum numbers of nuclear energy sublevels. The Figure was prepared by the
authors using the information reported in Refs 9 ± 11.
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tion is made in this case: under identical conditions, this

probability is almost the same for different forms in a

sufficiently homogeneous sample (however, this rule is not

always fulfilled; for example, the f value for surface

MoÈ ssbauer atoms in nanoparticles may differ from the

bulk f value 10). Thus, the relative area of the spectral

component for each chemical form of the MoÈ ssbauer

isotope is directly proportional (with an accuracy up to a

change in factor f ) to the relative isotope content in the

composition of this form in the sample. This fact is the basis

of almost all analytical applications of the MbS technique

(along with structural studies) in diverse physical, (bio)-

chemical biomedical, geochemical and cosmochemical

fields, as well as in materials science.2, 7 ± 14

Along with the numerous regularly published mono-

graphs and separate review chapters devoted to MbS

(Refs 2, 7, 14 and references therein), there are several

reviews devoted to the methodology and general practice

of analytical applications of this technique.8, 12, 15 ± 18 Some

aspects of analytical chemistry with the aid of MbS were

considered in a number of studies,19 ± 24 including the sur-

face analysis of solid samples,22, 23 as well as the problems

related to the analysis of complex MoÈ ssbauer spectra

applying the multivariate curve resolution methodology.25

There are also a number of reviews devoted to some

particular questions concerning the MbS of individual bio-

logical objects: the classical monograph by I.P.Suzdalev on

proteins and model compounds;26 a minireview on the rapid

freezing technique for tracing intermediate stages and

changes in 57Fe-containing enzyme sites during biochemical

reactions (which is in a certain sense an analogue of the

stopped-flow method in spectrophotometry);27 a minireview

on MbS as a technique for studying solids, with examples of

its biological applications;28 a detailed review on the use of

MbS to study the nuclei of special iron storage proteins

(ferritins);29 some more general reviews devoted to ferritins,

with description of MbS applications;30, 31 generalizing

works on the MbS study of other Fe-containing pro-

teins;10, 11, 32, 33 and a review chapter devoted to MbS and

its applications in analytical geomicrobiology.34 Some

examples of biological MbS applications were presented in

review chapters.35, 36 The former 35 is devoted to a great

extent to biomedical applications of 57Fe-MbS, while the

latter 36 presents the emission variant (on 57Co nuclei). Since

many aspects of the biomedical MbS applications aimed at

revealing fine structural differences between 57Fe-contain-

ing components in various tissues and organs in the normal

state and at different pathologies have been considered in

detail in specialized reviews,9, 32, 35, 37 ± 41 they are omitted in

our review.

1.2.2. Emission (57Co) MoÈ ssbauer spectroscopy

In the emission MbS (EMbS) variant the g-radiation source

(e.g., a 57Co-containing sample) is the object of study; in

this case, a 57Fe-containing material with a single MoÈ ssba-

uer line (generally K4
57Fe(CN)6 . 3H2O) is used as a stand-

ard absorber.10 In the EMbS variant a g-quantum carrying

information about the state of the initial (parent) 57Co

nuclide is emitted after the 57Co? 57Fe transformation

[i.e., by the daughter nucleus 57Fe (see Fig. 1 a)]; therefore,

the recorded emission MoÈ ssbauer spectrum characterizes

the atomic (ionic) state of daughter 57Fe, which is in the

coordination microenvironment of initial 57Co. The latter

can be explained as follows: for the short lifetime of the

MoÈ ssbauer sublevel (*100 ns), when the energy released as

a result of the nuclear transformation is insufficient for

displacing atoms, the atomic positions do not undergo any

significant changes. Nevertheless, the 57Co-EMbS techni-

que, whose sensitivity is much higher than that of
57Fe-MbS,10 possesses a number of specific features and

complexities, which will be considered below.

The history of the development of EMbS using radio-

active isotope 57Co in the composition of samples studied

was briefly outlined in the review chapter of monograph.36

Primarily, it should be noted that, at a theoretical specific
57Co activity equal to 8.43 Ci mg71 (17.8 MBq nmol71),42

the presence of 57Co in a sample in an amount about 0.1 mg
(which corresponds to an activity of *1 mCi) may be

sufficient for recording a high-quality emission MoÈ ssbauer

spectrum. Thus, the EMbS sensitivity is at least *3 orders

of magnitude higher than that of 57Fe-MbS.10, 36 Obviously,

the necessity of using a radioactive isotope in the sample

composition and, correspondingly, carrying out measure-

ments in a specialized radiochemical laboratory limits sig-

nificantly the application area of the technique. In this

context, the annual number of studies carried out using
57Co-EMbS, after reaching a maximum in the 1970s (*100

papers a year), had gradually decreased by the beginning of

the 21st century 36 and currently does not exceed several

tens a year. The range of EMbS application in biology is

even narrower, and, in our opinion, the necessity of dealing

with radioactivity is not the only hindrance.

First, at the rise of MbS development (in the 1960s), the

applicability of the emission variant was doubted for the

following reason. The Auger cascade developing due to the

electron capture by 57Co nucleus,36, 43 with Auger ioniza-

tion of the 57Fe daughter ion, was believed to cause a break

of chemical bonds around it. In particular (as was evi-

denced by Professor A.Nath, a well-known expert in

EMbS 44, 45), the Nobel Prize winner in chemistry in 1960,

physical chemist and specialist in radiochemistry,

W.F.Libby said the following on this subject: `What can

you learn about a crystal vase using a sledge hammer?'

Fortunately, this scepticism did not come true, because it

was found that the rather high energy released on the

daughter atom after the nuclear decay (*6 keV on the

nucleus of the nucleogenic 57Fe) may dissipate in solids in

many cases.36, 43, 45 Nevertheless, the Auger cascade proc-

ess developing during 10715710714 s after the electron

capture by a 57Co nucleus is accompanied by ejection of

electrons with initial ionization of the nucleogenic 57Fe. By

the instant of emission of a 14.4-keV g-quantum (*1077 s

after the electron capture; see Fig. 1 a), most of these

electrons have enough time to `return' and form conven-

tional charge states of the daughter 57Fe ion, correspond-

ing to the state of the initial 57Co ion. However, one of the

main consequences (post-effects) of possible capture of

some of these electrons in the solid phase matrix surround-

ing the 57Fe ion for a time longer than the MoÈ ssbauer

sublevel lifetime (*1077 s) is the occurrence of the so-

called aliovalent ions (for example, 57Fe3+, along with the

daughter ions 57Fe2+, corresponding to the initial 57Co2+).

These post-effects, as well as the line broadening (because

of the occurrence of local inhomogeneities 43) complicate

emission spectra, in which additional lines arise. At the

same time, this circumstance is successfully used when

studying the electron-donor (electron-acceptor) properties

of materials.43 In addition, it was proposed to use 57Co-

EMbS for detecting potential chemical carcinogens with

high electron affinity 46 and studying the post-effects and

A.A.Kamnev, A.V.Tugarova

1418 Russ. Chem. Rev., 2021, 90 (11) 1415 ± 1453



stability of chelating agents for radiopharmaceutical prep-

arations at nuclear decay of nuclides.47

The second reason for slowing down the development of

biological EMbS applications is, in our opinion, the unsuc-

cessful result obtained when studying a more complex

object in early emission experiments. Cobalt is known to

be a trace element with diverse biochemical and physiolog-

ical functions in living organisms. Along with the initial

experiments on a 57Co-containing label deposited on differ-

ent parts of a mammal inner ear for studying their vibra-

tions (because the resonance MoÈ ssbauer system is sensitive

to vibrations with an amplitude of the order of 1 �A), a series

of emission experiments was performed with biologically

significant complexes Ð cobalamins (vitamin B12 and its

analogues), porphyrins, phthalocyanines, hemoglobins and

other heme complexes Ð as well as 57Co2+ complexes with

nucleotides.36 The first attempt to use enzymes was made

when studying the ethanolamine ammonia lyase system with

[57Co]-vitamin B12 (coenzyme), in which (with confirmed

absence of radiation damage of the enzyme system) almost

identical MoÈ ssbauer parameters were obtained for both the

initial coenzyme and the entire system, up to the end of the

enzymatic reaction.48 Based on this result, the conclusion

drawn in Ref. 48 was as follows: `it is unlikely that 57Co

emission MoÈ ssbauer spectroscopy will contribute greatly to

the understanding of vitamin B12-dependent enzymes'.

Despite the fact that this conclusion was related to only

the aforementioned enzyme system (and based on the

reasons that are still unclear, because different results were

obtained in other investigations of 57Co-labelled organo-

cobalamins 49), subsequent emission MoÈ ssbauer studies on
57Co-containing enzyme systems were carried out much

later (see below).10, 36

1.2.3. Use of synchrotron radiation

The use of synchrotron radiation for recording MoÈ ssbauer

spectra is based on the replacement of a radiation source by

tuned monochromatic radiation of a synchrotron; in this

case the technique of nuclear resonant forward scattering

(NRFS) removes some limitations inherent in the conven-

tional variant of transmission MbS. It was shown in

particular 50, 51 that, in view of the small cross-sectional

area of the beam, its high intensity and low divergence, as

well as the possibility of using samples of much smaller

volume, the measurement results are more accurate and

unambiguous than the conventional data. This is especially

important for studying bioinorganic compounds and metal-

loproteins, which are generally obtained in small amounts

or in diluted solutions. The development of another techni-

que Ð nuclear resonant inelastic scattering of synchrotron

radiation (also referred to as nuclear resonant vibrational

spectroscopy) Ð can be considered as an expansion of the

conventional MbS variant (with an energy range of

1 ± 100 neV) to the energy range corresponding to molecular

vibrations (0.001 ± 0.1 eV), which can be compared with

resonant Raman scattering.50

The synchrotron radiation energy can be tuned in a wide

range; this circumstance makes it possible to investigate

isotopes having no convenient MoÈ ssbauer sources, for

example, 61Ni and 67Zn: the lifetimes of the corresponding

sources (61Co and 67Ga, respectively) are 99 min and 78 h,

values that are too small for most experiments.

The methodological aspects of MbS based on synchro-

tron radiation (SR-MbS), along with discussion of the

results of previous studies of model heme complexes and

myoglobin, were reported.50, 51 The application of nuclear

resonant inelastic scattering of synchrotron radiation in

bioinorganic chemistry was considered in a review

chapter.52

The SR-MbS technique in the 61Ni-NRFS variant was

applied for the first time to study the Ni-substituted

rubredoxin Ð Fe-containing protein with an active centre

in the form of iron bound with Cys residues

[FeII/III(7S7Cys)4] Ð from aqueous thermophilic archaea

Pyrococcus furiosus.53 Natural iron(II) in the protein was

replaced with NiII. A study of the obtained high-spin NiII-

centre in oxidized and reduced forms of rubredoxin and

model complex [Et4N]2[61Ni(SPh)4] showed that SR-MbS is

sensitive to the internal hyperfine magnetic field on nickel

ions, as well as to the value and sign of the electric field

gradient. Hence, one can gain information about the mag-

netic properties and local geometry of 61Ni-sites. Thus,
61Ni SR-MbS as an alternative to conventional measure-

ment techniques with radioactive sources can be useful to

study Ni-containing biocomplexes and enzymes, including

those with heteronuclear bimetallic cofactors Ni7Fe in

active centres.

Along with the conventional 57Fe-MbS technique, both

SR-MbS variants (nuclear resonant inelastic scattering and

nuclear resonant forward scattering) were used to study an

unusual enzyme: human acireductone dioxygenase (hARD),

which is involved in the methionine recirculation path. This

enzyme can catalyze various oxidative reactions with the

same substrate, depending on the metal type (Fe or Ni) in

the active centre, in the native form (Fe) and in the presence

of the substrate.54

In recent study,55 the techniques of NRFS and nuclear

resonant inelastic scattering of 14.4-keV radiation from
57Fe nuclei were applied to the oxidase of Geobacillus

kaustophilus bacterium with introduction of only 57FeII or

MnII+ 57FeII to the apoenzyme in order to produce homo-

or heteronuclear cofactors [Fe7Fe] or [Fe7Mn]. The use

of isotopic substitution 16/18O and H/D in combination with

quantum chemical calculations of nuclear resonance vibra-

tional spectra yielded data on the state of cofactors and

MoÈ ssbauer quadrupole splitting energies, molecular struc-

tural parameters and vibrational modes of cofactors, as well

as on the specific features of O2 activation processes.

It follows from the aforesaid that the scope of studies on

diverse bioanalytical MbS applications, including both the

analysis of fairly complex biochemical systems and the

development of methodological procedures, has signifi-

cantly expanded in the last years, and the data obtained

should be generalized and systematized, with illustration of

the rich and, in many respects, unique possibilities of MbS.

2. Low molecular weight biologically active
compounds and biomacromolecules

2.1. Low molecular weight biologically active substances and
biocomplexes, biomaterials and biocomposites
Many biologically active substances and pharmaceutical

preparations are compounds containing MoÈ ssbauer iso-

topes. The MbS analysis of their structure and composition

has a long-term history. The section of review 35 that is

devoted to biomedical analyses contains, in particular,

references to earlier studies (published prior to 2011) on

[119Sn]-MbS of organic tin(IV) compounds with cytotoxic

activity in regard to the cells of human cervical adenocarci-

noma (HeLa), complexes of organotin(IV) with heterocyclic
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thioamides, which also exhibit anticancer activity; and some

others, as well as on the [197Au]-MbS of selenoauranofin, an

analogue of auranofin Ð clinically applied gold(I)-contain-

ing antiarthritic preparation. A majority of MoÈ ssbauer

studies of pharmaceutical products and food additives is

related to iron-containing preparations. Some of those

studies published before 2011, for example, investigations

of a number of polysaccharide-containing models of ferri-

tin, iron storage protein with a nanocore composed of

iron(III) oxohydroxides; complexes with a protein or poly-

galacturonic acid; vitamin and food additives containing

fumarate, gluconate and various iron(II) chelates, were also

mentioned in review 35. MoÈ ssbauer measurements made it

possible to reveal and estimate quantitatively the presence

of different amounts of oxidized impurities (Fe3+) in Fe2+-

containing preparations and additives.35

To increase the accuracy of analysis of Fe-containing

medical preparations, Arredondo et al.56 calculated addi-

tionally the Lamb7MoÈ ssbauer factors for their compo-

nents, which may somewhat differ in view of differences in

the structure and dynamics of iron ions. A significant

broadening of quadrupole doublet lines of high-spin Fe2+

in MoÈ ssbauer spectra of some medicines based on iron(II)

fumarate at T=77 K was found.57 Due to this, it was

necessary to introduce an additional Fe2+ doublet when

fitting the spectra, whereas the room-temperature spectra

were fitted using only one Fe2+ doublet. A comparative

analysis of the MoÈ ssbauer data for iron(II) fumarate and

iron(II) sulfate using Raman spectroscopy made it possible

to explain the aforementioned effect by the presence of

different labile hydrate forms of Fe2+-containing compo-

nents in the preparations. The `fixation' of structures with

different degrees of hydration at reduced temperatures

allows one to distinguish them in a spectrum. It is note-

worthy that the ratio of these two Fe2+-containing compo-

nents, detected at T=77 K in three preparations with

iron(II) fumarate, was very close to 1 : 1; they had similar

isomer shifts (d=1.20 ± 1.22 mm s71) but different quadru-

pole splitting values (DEQ & 2.2 ± 2.3 and

2.6 ± 2.7 mm s71).57

The MoÈ ssbauer data and dynamic properties of solid

iron(II) gluconate lattices were discussed for amorphous 58

and crystalline 59 materials (including in both cases a minor

Fe3+-containing phase). Note that in both cases the MoÈ ss-

bauer spectra (measured in the constant acceleration mode

with 1024 channels per spectrum) contained two Fe2+

components (making up in sum *72% and 90 ± 94% of

the total spectrum area for the amorphous and crystalline

phases, respectively). Their individual contributions were

almost the same for the amorphous material but differed by

a factor of two or more (at different temperatures) for the

crystalline one.58, 59 The presence of two Fe2+ components

was explained 58 by the structural differences between the

surface layers of fine-grained particles (having larger DEQ

values) and their core (with smaller DEQ).

In the last decade a number of studies of pharmacolog-

ical preparations were performed using MbS with a high

velocity resolution (MbS-HVR), which makes it possible to

fit and interpret complex spectra with higher accuracy and

reliability (details of the MbS-HVR methodology can be

found, for example, in the studies by Oshtrakh's research

group 38 ± 40, 60), including the part of review 32 devoted to

these preparations. As an example, Fig. 2 shows the MoÈ ss-

bauer spectra of preparation Ascofer1, whose main com-

ponent is iron(II) gluconate.

One can see that the low-resolution spectrum is quite

adequately described by one doublet of Fe2+ with the minor

phase of oxidized iron(III) (Fig. 2 a, components 1 and 2,

respectively), whereas the high-resolution spectrum (see

Fig. 2 b) even at room temperature reveals, along with the

major and minor phases (components 1 and 4, respectively),

the presence of two more components: 2 and 3. The Fe2+-

containing components 1 ± 3 (see Fig. 2 b), having close d
values (*1.21, 1.18 and 1.17 mm s71), differ in both the

DEQ values (*3.02, 2.59 and 1.98 mm s71, respectively)

and contributions (69.0, 19.6 and 3.5%, respectively).61

Since similar components and differences between them

were also found for pure iron(II) gluconate,61 their presence

is most likely due to the structural differences inherent in

the iron(II) gluconate complex (different symmetries of the

coordination environment of Fe2+ ions and degrees of
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Figure 2. Structural formula and MoÈ ssbauer spectra of Ascofer1

preparation, containing iron(II) gluconate as the main component.
The spectra were recorded with (a) low (registration in 128
channels) and (b) high (4096 channels) velocity resolutions. The
positions of spectral components 1 ± 4 are indicated above the
spectra (see text). There is a differential spectrum (experimental
data (dots) minus the spectrum calculated as the sum of compo-
nents 1 ± 4, obtained by fitting the experimental data) in the lower
part of Fig. b. The figure was prepared by the authors using the
data of Refs 32, 61.
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hydration), while the presence of Fe3+-containing compo-

nent is due to the oxidized impurity phase.32, 61

The MoÈ ssbauer analytical studies of Fe-containing

pharmaceutical products or complexes with biomolecules,

carried out in the last years, covered also the preparations

based on iron(II) fumarate 62, 63 and iron(II) ascorbate,63

polynuclear iron(III)-oxohydroxide-saccharose composites

for intravenous injections in treatment of iron deficiency

anemia,64 anti-iron deficiency drugs Ð pharmaceutical

analogs of ferritin: iron(III)-polymaltose preparations

Ferrifol1,65 ± 67 Ferrum Lek 68 ± 70 and Maltofer1;70 com-

plexes of iron(III) with ephedrine 71 and curcumin.72

Some previous studies of iron-, tin- and gold-containing

drugs and pharmaceutical preparations using 57Fe, 119Sn

and 197Au MbS were briefly discussed in the corresponding

section of Oshtrakh's review.9

Kuzmann et al.73 used 119Sn MbS (with a Ba119mSnO3

source) to analyze lyophilisates of X-ray-amorphous

Sn-containing preparations for radiopharmaceutical

studies Ð MULTIBONE (with the following composition:

SnCl2 . 2H2O, ethylenediamine tetramethylene phospho-

nate, NaCl) and PHYTON (SnCl2 . 2H2O, myo-inositol

hexaphosphate ester, NaCl), designed for monitoring ther-

apy and imaging of tumours labelled by radionuclide 99mTc.

It should be noted that labelling is performed using [99mTc]-

pertechnetate(VII), which is reduced by tin(II), to obtain an

acting radiopharmaceutical preparation; therefore, the

stability of the latter and its analysis for the content of

tin(II) and tin(IV) impurities are extremely important. The
119Sn-MoÈ ssbauer measurements at T=80 K for the MUL-

TIBONE and PHYTON preparations showed the presence

of two doublets in each spectrum: a major one, correspond-

ing to the dominant tin(II) complex [d& 3.01(1) and

3.12(1) mm s71 (relative to BaSnO3), DEQ& 1.73(2) and

1.84(2) mm s71; A& 97(2) and 81(2)%, respectively] and a

minor one, corresponding to SnIV [d&70.08(4) mm s71,

DEQ& 1.0(2) mm s71 for both preparations; A& 3 and

19% for MULTIBONE and PHYTON, respectively].

According to the 119Sn-MbS data, the preparation compo-

sition remained relatively stable after storing for several

months in air at 8 8C. This is sufficient for successful

labelling of preparations with [99mTc]-pertechnetate(VII);

the 119Sn-MbS technique can be used to monitor their

quality.73

The studies of a series of azo (7N=N7) and imino

(7C=N7) carboxylate compounds of triphenyltin(IV)

with antitumour and antibacterial activity, including
119Sn-MoÈ ssbauer measurements, were reviewed recently.74

Similar 119Sn-MbS investigations of biologically active or

medically important organic tin compounds, aimed at con-

firming the structure and type of coordination and bonds of

central tin atoms, are widespread (see, e.g., experimental

studies 75 ± 79 and references therein).

The informativeness of MbS in structural studies of

macromolecules and their compositions that are used as

biomaterials in medicine is related to introduction of iron

ions or compounds both as components and as a doping

additive (probe label) to detect structural features. Exam-

ples are the functionalized magnetic nanocarrier based on a

biopolymer from xanthane resin with grafted glycidyl meth-

acrylate inserts and incorporated Fe3+ ions (which is

characterized, according to the MbS data, by superpara-

magnetic behaviour), used to immobilize and separate

proteins,80 and methylcellulose/alginate composite films,

cross-linked by Fe2+ and Fe3+ ions, which increase the

stability and mechanical strength of films.81 MoÈ ssbauer

measurements showed that the compositions of Fe-contain-

ing alginate cross-linkings in dried films with added ascor-

bic acid, serving both as a complexing agent and a reducing

agent for Fe3+, are stabilized at a level of *3/4 Fe2+

(high-spin complexes with the coordination type O6 and

parameters d=1.21 mm s71, DEQ=2.21 mm s71) and

*1/4 Fe3+ (similar high-spin octahedral complexes;

d=0.39 mm s71, DEQ=0.73 mm s71 at ambient temper-

ature) and do not change in air for up to half a year. In

addition, in contrast to methylcellulose/alginate films with-

out iron ion additives, the obtained composites remain

stable in a physiological solution for up to two weeks.81

Examples of introduction of iron ions as MoÈ ssbauer

probes into polymer materials can be found in the studies of

poly(ether-urethane) derivatives;82, 83 the latter are widely

used (in the form of numerous modifications and compo-

sites) in industry, in particular, as medical materials, in view

of their high biocompatibility and strength. The MoÈ ssbauer

measurements on films of thermoplastic linear poly(ether-

urethane) sulfonated ionomer {PEUSI; the degree of

sulfonation of regular toluyl substituents in

O7C(=O)7NH7Ar7NH segments, where

Ar= [C6H3(CH3)], is *3%}, obtained by drying in air an

aqueous emulsion with introduced iron(II) sulfate, were

performed at T=78 and 290 K.82 The spectra exhibited a

superposition of three quadrupole doublets, corresponding

to two forms of high-spin iron(II), stabilized in coordination

with the 7C(=O)7NH7 and 7NH7NH7 groups of

the main macromolecular chain and the

[(C2H5)3NH]7[O7S(=O)2] groups (the total spectral

area percentage >40%), and to iron(III) with parameters

typical of ultrafine-grained superparamagnetic (oxo)hydr-

oxide. The latter was obviously formed as a result of

oxidation of introduced Fe2+ during drying; very weak

lines of the magnetic sextet (Beff= 44.6 T, A& 3%), corre-

sponding to the fraction of somewhat larger particles, were

also observed at T=78 K.

In a microheterogeneous system based on the same

ionomer PEUSI (70%) with irregularly distributed copoly-

mer (30%), composed of styrene (St) and acrylic acid (AA;

St : AA=45 : 55 mol.%; about 40% carboxyl groups in AA

exist in the form of potassium salt),83 after introducing

Fe2+ into the initial emulsion and drying it, * 41% iron

were also stabilized as two states of high-spin iron(II).

However, the parameters of the latter differed significantly

from those observed for PEUSI. In addition, both at 78 and

290 K, the iron(II)-doped PEUSI styrene acrylic system

exhibited, along with the doublet of fine-grained Fe3+

(oxo)hydroxide (*40%), stronger lines of a broadened

sextet of the magnetic phase (A& 19%) with

d=0.45 mm s71 and Beff= 44 and 39 T, respectively.83

Thus, the prime conclusion is as follows. In the

aforementioned objects, in contrast to some other iron(II)-

doped polymer systems,82, 83 the coordination of introduced

Fe3+ ions with the donor atoms of polar groups and

polymer chain substituents leads to only their partial (of

the order of 60%) oxidation in air to fine-grained iron(III)

(oxo)hydroxide compounds. Obviously, the newly formed

stabilized Fe2+ complexes are sensitive to constitutional

changes in composite materials, which manifests itself in

their MoÈ ssbauer parameters. In addition, basing on such

systems one can implement a fairly simple one-step

synthesis of polymer composites containing a magnetic

phase of iron(III) (oxo)hydroxides, which is formed directly

A.A.Kamnev, A.V.Tugarova

Russ. Chem. Rev., 2021, 90 (11) 1415 ± 1453 1421



during doping an aqueous emulsion and its subsequent

drying.

There is an ever increasing number of MbS studies

devoted to the development of methods of formation,

physicochemical characterization, phase analysis and deter-

mination of the composition and properties of magnetic

nanomaterials based on iron compounds (mainly oxides),

including those entering the composition of biopolymers or

their (nano)composites, for biomedical applications. Multi-

functional biocompatible coatings composed of such nano-

particles were described in the review by Bychkova et al.84

MoÈ ssbauer spectroscopic studies of Fe-containing nano-

materials based on feroxyhyte (d-FeOOH) nanoparticles,

including those doped with silver, copper or zinc ions;

maghemite (g-Fe2O3 ); metastable Fe2S3; as well as Fe3C,

a-Fe and g-Fe nanoparticles, were considered in recent

review.85 Review 86 was devoted to the synthesis and inves-

tigation (in particular, by MbS) of magnetic iron carbides

and nitrides, which are also widely applied in biomedicine

and biosensorics. Tanaka et al.87 noted in their review

devoted to the nanoarchitecture of iron oxide particles for

biomedical and other applications that MoÈ ssbauer measure-

ments had revealed unusual magnetic properties of meso-

porous g-Fe2O3 and Fe3O4 nanoparticles, which manifest

themselves up to temperatures of about 340 K, despite the

fact that the pore wall thickness amounted to *7 nm. It

should be noted that conventional nanoparticles of these

oxides with sizes <8 nm lose magnetic ordering at much

lower temperatures.87

Maghemite nanoparticles 10 nm in size, functionalized

by hydrophilic molecules of pyrocatechol derivative Ð

dopamine (neurotransmitter with hormonal functions) Ð

and designed for medical applications, were investigated by

physicochemical methods.88 The MbS data made it possible

to reveal the specific features of binding dopamine mole-

cules on the surface of oxide nanoparticles, as was con-

firmed by model calculations.

Applying MbS in combination with X-ray diffraction

analysis, Chistyakova et al.89 investigated the particle sizes

and superparamagnetic behaviour of nanocomposites com-

posed of iron oxides and pectin, a plant carboxypolysaccar-

ide (up to 10% of total composition), in the temperature

range of 5 ± 300 K. Rana et al.90 studied the phase compo-

sition of superparamagnetic maghemite nanoparticles with

sizes of 2 ± 6 nm, also stabilized with pectin and exhibiting

antimicrobial activity. Biopolymer capsules from modified

chitosan (deacetylated derivative of chitin Ð poly-N-acetyl-

D-glucosamine Ð natural nitrogen-containing polysacchar-

ide) were obtained and investigated.91 According to the

MbS data,91 the capsules contained superparamagnetic

nanoparticles *15 nm in size with a wustite (FeO) core

and a maghemite shell, having vacancies in the octahedral

sites of its inverse spinel structure. Magnetic biocomposite

nanoparticles based on poly(glycidyl methacrylate)xan-

thane resin with surface iminodiacetate groups as an

adsorbent carrier for proteins, including magnetic iron

oxides, were synthesized in the above-mentioned study,80

where MoÈ ssbauer characterization of the magnetic proper-

ties, composition and structure of magnetic Fe-containing

nanoparticles was also reported.

The results of studying the structure and behaviour of

nanoparticles and nanocomposite materials exhibiting spin

crossover (in particular, those incorporated into biopolymer

matrices, such as chitosan and alginate), including MbS

data, were discussed in review.92

The possibility of using MbS to study not only solid

compounds but also solutions (in the frozen state; this issue

was considered in monograph 93) containing MoÈ ssbauer

isotopes made it possible to apply MoÈ ssbauer measurements

to complexing processes. As was noted above, fast freezing

allows one to `fix' a system in which almost all chemical

processes are stopped at the instant of freezing.27 From the

point of view of bioanalytical applications, this possibility is

important when considering the formation of coordination

compounds with biomolecules and(or) their redox trans-

formations. Primarily, one should begin consideration of

the aforementioned processes as applied to small biomole-

cules.

Many fairly simple biomolecules (including secondary

metabolites, synthesized and released by microorganisms

into the environment) are known to serve as various

`chemical signals'. Obviously, any transformation of these

biomolecules with participation of a metal may affect the

exchange of signals (role of abiotic factors). Previous

studies, proving (by the MbS technique) the possibility of

oxidation of some secondary microbial metabolites (anthra-

nilic (o-aminobenzoic) acid, indole derivatives Ð auxin

phytohormones, tryptophan, cysteine, etc.) by iron(III) in

acidic aqueous solutions, modeling widespread acidic soils,

were mentioned in review.35

Chemical reactions with participation of iron(III) were

investigateds 94 ± 96 by MbS (measurements in frozen solu-

tions). The objects of study were indole-3-acetic acid (IAA)

and its analogues Ð auxin phytohormones, which are

released and used by soil microorganisms for exchange of

`signals', including the exchange with higher plants (in the

rhizosphere Ð the soil region in the vicinity of plant roots).

Along with the confirmation of the occurrence of iron(III)

complexes and study of their structural features, it was

shown that these biomolecules in acidic solutions (with

pH* 3) undergo fairly rapid (within a few minutes for the

most reactive IAA) oxidation with reduction of trivalent

iron to Fe2+, even in the presence of NOÿ3 and under

aerobic conditions. It was shown previously by MbS for

IAA that drying a reaction solution (in which, under

conditions of IAA excess, iron(III) was almost completely

reduced to Fe2+ within two days) in air led to the inverse

process: oxidation of iron(II) to Fe3+ (Ref. 35). This finding

indicates that a cyclic process with oxidative transformation

of auxins may occur in acidic soils with a change in periods

of humidity and aridity.

MoÈ ssbauer spectroscopy studies (with measurements

in frozen solutions) of the interaction of alkylresorcinols

(alkylated m-dihydroxyphenols), widespread low-molec-

ular extracellular autoregulators of microorganisms, with

iron(III) under similar conditions also showed their rapid

oxidation. However, when drying these reaction mixtures

in air, the inverse process [oxidation of iron(II)] was not

observed.97, 98 The latter circumstance indicates a much

higher reducing potential of these biomolecules in com-

parison with indole-3-alkanoic acids and, possibly, a

stronger binding of iron(II) by their oxidized derivatives

Ð corresponding trihydroxylated alkylbenzenes (or

hydroxylated quinones).98 It was shown 99 for 4-n-hexyl-

resorcinol Ð the most reactive alkylresorcinol among the

studied ones Ð that the iron(III) reduction rate depends

strongly on pH. At pH above *3 ± 3.5 the reaction

practically stops; with a further decrease in pH to values

<3 the reduction of Fe3+ (which is obviously present in

solution in the form of hydroxopolynuclear colloidal
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particles under these conditions) is resumed, although

more slowly.

According to the MbS data reported,100 a comparative

study of the reduction in a series of alkylresorcinols 5-meth-

ylresorcinol (5-MR, with a trivial name of orcinol), 5-n-pro-

pylresorcinol (5-n-PR), 4-n-hexylresorcinol (4-n-HR) by

iron(III) in aqueous solutions (pH 3) revealed significant

differences in the process rate, depending on the biomolec-

ular structure, specifically, the length of alkyl substituent

and its position (Fig. 3). In the case of 4-n-HR an ethanol

aqueous solution (20 vol.%) was used to increase its sol-

ubility [special experiments for 5-MR in aqueous and

water ± ethanol (20 vol.%) solutions showed that ethanol

with this concentration insignificantly affects the redox

process kinetics]. A general kinetic scheme was proposed,

which describes well the experimental data on the time

dependence of the relative concentration of newly formed

Fe2+ (determined from the MoÈ ssbauer spectra of solutions

frozen at certain instants; see Fig. 3 and Table 1); this

scheme allows one to estimate the reaction rate constants

for structurally different alkylresorcinols.100 The MoÈ ssba-

uer parameters (see Table 1) for Fe3+ (d& 0.47 mm s71,

DEQ& 0.7 ± 0.8 mm s71) correspond to hydroxopolynu-

clear complexes formed during the hydrolysis of iron(III)

at pH*3; the parameters for Fe2+ (d& 1.3 ± 1.4 mm s71,

DEQ& 3.2 ± 3.4 mm s71) are characteristic of its hydrated

ions.93 The increase in the linewidth (in some cases to

G>0.5 mm s71) may be due to some extent to the hetero-

geneity of the hydrolysis products (for Fe3+) and, possibly,

the influence of the coordination of the newly formed

alkylresorcinol oxidation products. The difference in the

oxidation rates of the aforementioned alkylresorcinols,

determined experimentally based on MbS data, was

explained 100 with allowance for the results of quantum

chemical calculations and the influence of kinetic parame-

ters, related to the differences in the hydrophobicity and

diffusion coefficients of the molecules.

The aforementioned studies illustrate the MbS potential

for studying the reactivity of important signalling biomole-

cules and low-molecular autoregulators of microorganisms,

as well as the kinetics of their transformations in acidic

media, modelling ecological conditions in soils and water-

bearing beds.

The MoÈ ssbauer analysis of the state of iron in soil, along

with Fe-bearing minerals (for which it is widely used, being

of great interest for mineralogy and soil science), is also

important from the point of view of the influence of its

bioorganic component.101, 102 Sorkina et al.103 synthesized

(by coprecipitation of potassium humate and iron(II) sulfate

with controlled mixing rate and pH conditions) Fe-contain-

ing derivatives of humic acids (natural soil components),

which demonstrated the effectiveness of preventing iron

deficiency (chlorosis) for plants (under hydroponic condi-

tions). MoÈ ssbauer analysis at 298, 78 and 5 K, in combina-

tion with other instrumental techniques, showed that the

obtained bioactive composites consist of microcapsules

formed by humic materials. The latter contain fine-grained

iron(III) oxohydroxides and iron(II,III) hydroxosulfates (in

total up to 30% Fe2+), where iron turned out to be quite

biologically available for plant growth.

In recent study 104 the 57Fe-MbS technique was used to

analyze the soil composition for different rice fields located

at a distance of 60 km from the Fukushima Daiichi Nuclear

Power Plant (Japan) in order to explain the enhanced

accumulation of radioactive caesium (134Cs and 137Cs) in

rice grain in one of the fields after the nuclear accident.

According to the MbS data, the soils contained somewhat

different amounts of Fe2+ and Fe3+ compounds (quadru-

pole doublets); hematite (a-Fe2O3) and, in some cases,

magnetite (Fe3O4) (sextets). The analysis showed that the
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Figure 3. MoÈ ssbauer spectra of 57FeIII-con-
taining aqueous solutions of (a ± c) 5-MR, (d )
5-n-PR and (e, f ) 4-n-HR (containing 20%
ethanol) with pH*3 (total concentration
16� 1 mM; molar ratios Fe : alkylresorci-
nol= 1 : 3), rapidly frozen after different time
intervals (indicated in Figs) after mixing
reagents. The spectral components coloured
brown (Fe3+) and yellow (Fe2+) make up the
total spectrum (envelope), which was obtained
by fitting the experimental data (dots). The
MoÈ ssbauer parameters of spectral components
are given in Table 1. The Figure was prepared
by the authors using the data of Ref. 100.
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decrease in the Fe2+ content in soil (more oxidative con-

ditions) and the presence of larger soil particles, containing

on the whole a larger amount of iron and smaller amount of

clay, correlated with the enhanced accumulation of radio-

active caesium in rice grain.

We should also note the results of the emission (57Co)

studies { of rapidly frozen diluted aqueous solutions and

dried complexes of divalent [57Co] with simple biomole-

cules: indole-3-acetic, anthranilic (o-aminobenzoic) acids

and tryptophan.105 ± 107

In all cases (except for tryptophan) the emission spectra

exhibited superpositions of the quadrupole doublet of the

daughter high-spin complex of 57Fe2+ (characterizing the

state of the initial complex of 57Co2+) and the lower

intensity doublet of the nucleogenic 57Fe3+ (as the results

of post-effects). An unusual feature is that the spectrum

cointained only one 57Fe2+ doublet (without post-effects)

for the complex with tryptophan,105 although the nature of

the coordination of cobalt(II) with the aforementioned

amino acids is of the same type (they both coordinate

metal with participation of a carboxyl group and neighbor-

ing a-amino group). Note that the MoÈ ssbauer parameters of

the 57Fe2+ doublet for the complexes with tryptophan

[(d=0.88(6) mm s71, DEQ=2.8(1) mm s71] and anthra-

nilic acid [d=1.10(2) mm s71, DEQ=2.71(5) mm s71] at

T=80 K and, in particular, small isomer shifts are indica-

tive of tetrahedral coordination (Td) of cobalt(II) in them.

For comparison, the anthranilate complex of iron(II) with

octahedral coordination (Oh) yields d=1.25(1) mm s71 in

the absorption spectrum at T=80 K.105

Similar parameters were observed 108 for 57Co2+ com-

plexes in aqueous solutions and in the dried state with other

biomolecules: low-molecular extracellular microbial autor-

egulators 4-n-hexylresorcinol and homoserine lactone (HL).

In particular, the d values at 80 K did not exceed

0.9 mm s71 (Table 2), which indicates tetrahedral coordi-

nation of cobalt(II) in these biocomplexes (note that in all

cases the ligand concentration exceeded significantly the
57Co2+ concentration while preparing a solution).

It is of interest that in the case of another amino acid Ð

aspartic acid (AspA) Ð the emission spectra of its 57Co2+-

containing frozen solution and dried sample exhibited,

along with the nucleogenic 57Fe3+ doublet (due to post-

effects), which amounted less than 10% spectrum area, a

superposition of two 57Fe2+ doublets (Table 2) with

significantly differing parameters. This is obviously

related to the fact that aspartic acid

HO(O=)C7CH27CH(NH2)7C(=O)OH can coordinate

metal ion both by a carboxyl group, jointly with the

neighboring a-amino group (which is typical of free amino

acids), and by the hydroxyl group located at the opposite

side of the acid molecule. It is most likely that, when the

amino acid is in excess in comparison with the 57Co2+ ion,

Table 1.MoÈ ssbauer parameters for 57FeIII-containing aqueous solutions of 5-MR, 5-n-PR and 4-n-HR at pH*3, rapidly frozen at different times
(indicated) after mixing reagents (according to the data of Ref. 100).

Alkylresorcin (mixed with Reaction Oxidation state d, mm s71 DEQ, mm s71 G, mm s71 A (%)
57FeIII in solution) time a of iron (see b)

5-MR (see Figs 3 a ± c) 10 min +3 0.48(1) 0.74(1) 0.52(1) 93.3

+2 1.41(1) 3.22(1) 0.34(1) 6.7

3 h +3 0.478(3) 0.70(1) 0.75(1) 82.1

+2 1.39(1) 3.17(1) 0.56(2) 17.9

5.5 h +3 0.48(1) 0.72(1) 0.50(1) 74.1

+2 1.38(1) 3.23(1) 0.42(1) 25.9

5-n-PR (see Fig. 3 d ) 140 min +3 0.47(1) 0.80(2) 0.25(2) 92.0

+2 1.35(1) 3.26(1) 0.40(2) 8.0

4-n-HR (see Figs 3,e, f ) 1 min c +3 0.4(1) 0.77(3) 0.51(3) 85.6

+2 1.31(1) 3.35(1) 0.27(2) 14.4

5 min c +3 0.475(3) 0.757(4) 0.49(1) 68.8

+2 1.402(3) 3.388(5) 0.34(1) 31.2

a Time passed from the instant ofmixing reagents to the instant of fast freezing of reactionmixtures. b The relative errors forA do not exceed �4%
of the aforementioned values. c In aqueous solutions with 20 vol.% ethanol.

{For emission measurements the values of isomer shift in sign are

converted to a form comparable with that for transmissionmeasurements.

In this case, if the coordinations of cobalt(II) and iron(II) in complexes of

the same type completely coincide, the d values in the emission and

transmission spectra are identical. As was noted above, the reason is that

in an emission spectrum, the parameters for the nucleogenic 57Fe ion in the

microenvironment of the initial 57Co ion are measured.

Table 2. MoÈ ssbauer parameters a of the main doublets for high-spin
nucleogenic 57Fe2+ in the emission (57Co) spectra of 57Co2+ complexes
with biomolecules (according to the data of Ref. 108).

Biomolecules Multiplet a d,b DEQ, G, A (%)
(state) mm s71 mm s71 mm s71

4-n-HR (s-n) Doublet 0.91(5) 2.7(1) 0.87(5) 64

4-n-HR (s-d) Doublet 0.80(1) 2.48(3) 0.77(1) 75

HL (s-n) Doublet 0.90(1) 2.89(1) 0.78(2) 71

HL (s-d) Doublet 0.8(1) 2.7(2) 1.02(7) 78

AspA (s-n) Doublet 1 1.21(2) 2.82(3) 0.60(3) 72

Doublet 2 0.96(7) 2.3(1) 0.7(1) 19

AspA (s-d) Doublet 1 1.15(1) 2.60(1) 0.59(2) 68

Doublet 2 0.80(3) 2.37(5) 0.63(7) 24

Note. Measurements were performed at T=80 K in aqueous solu-

tions (s-n) after their fast freezing and in dried samples (s-d). a The

main doublets of 57Fe2+ forms stabilized after the nuclear trans-

formation 57Co ? 57Fe (residual doublets of the forms 57Fe3+ with

G & 0.7 ± 1.0 mm s71, which manifest themselves in emission spectra,

are due to post-effects; the A values for them are 100% minus the A

values for the main doublets corresponding to the 57FeII forms).
b Isomer shift (relative to a-Fe at room temperature) is converted to

the form compatible with the values for transmission measurements.
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chelation of two AspA molecules by the carboxyl group

jointly with the a-amino group leads to the formation of

tetrahedral coordination (doublet 2; see Table 2;

d<1.0 mm s71 at T=80 K), whereas the coordination

by only terminal carboxyl groups (and, possibly, water

molecules) gives rise to octahedral coordination (doublet

1, see Table 2; d5 1.15 mm s71 at T=80 K). It should be

noted that the coordination number 4 and Td symmetry for

cobalt(II) complexes are widespread, especially in the com-

position of enzyme active centres.10, 36

Of great importance is the study of the production and

transformations of biologically active NO molecule, whose

functions in mammal tissues are fairly diverse (from nerv-

ous signal transfer in nanomolar concentrations to immune

protection in micromolar concentrations). Joint application

of MoÈ ssbauer spectroscopy and other techniques helped in

many respects to reveal the mechanisms of NO formation

and transformation processes and determine the structure

of NO-binding sites both in heme-containing redox-active

centres of biomolecules (whose coordination chemistry has

been thoroughly studied; see, e.g., publications 109 ± 112 and

references therein) and in model nonheme Fe-nitrosyl com-

plexes.109, 113 ± 115

Speelman et al.109 applied MbS (along with other

techniques) to study a series of nonheme high-spin Fe7ni-

trosyl complexes where iron exists in different oxidation

states: [FeII7NO7], [FeIII7NO7] and [FeIV7NO7]; these

complexes have been relatively poorly studied (except for

the FeIII complexes). The authors 109 used a ligand based on

permethylated guanidine, which forms iron-nitrosyl com-

plexes with the same coordination sphere, independent of

the iron oxidation state. The electronic structures of these

complexes were considered in detail; it was shown that, for

the reduced form [FeII7NO7], protonation in the presence

of weak acids occurs over ligand (in view of the high

basicity of guanidine groups, which impedes the generation

of the protonated HNO form) rather than over the nitrosyl

centre. Figure 4 shows schematically the structures of

complexes formed and presents some parameters obtained

as a result of their spectroscopic studies.109

In the series of studied high-spin complexes, when

passing from [FeII7NO7] to [FeIII7NO7 ] and then to

[FeIV7NO7], one could observe significant changes in the

isomer shift in MoÈ ssbauer spectra (by *0.4 mm s71 in each

oxidation stage) and relatively small changes in the fre-

quency of nitrosyl-group stretching vibrations (by

*130 cm71; see Fig. 4). For classical low-spin nitrosyl

complexes, the corresponding series involved in single-

electron oxidation with preservation of low-spin FeII

(S=0, 1/2 and 0) is characterized by transformations of

coordinated nitrosyl group from O=N(7) to O=N(.) and

then to O:N(+) with the corresponding much larger

increase in nNO (of the order of 300 cm71 at each oxidation

stage) and smaller corresponding changes in d (by

*0.2 mm s71).109 Thus, the MbS data in combination

with the results obtained by other techniques show that

redox processes in high-spin nitrosyl complexes occur on

the iron ion, whereas in low-spin complexes they occur on

the NO group.

Dong et al.116 synthesized (as a model for flavodiiron

NO reductases, which are important enzymes of NO-mole-

cule transformation) a high-spin binuclear complex of

iron(II) with 2,6-bis[[(2-pyridylmethyl)-(2-phenylmethyl)-

amino]methyl]-4-methylphenol and two propionate bridg-

ing ligands coordinated with iron ions (Fig. 5 a). When

contacting with the NO gas phase at room temperature,

this complex (in the form of a solution in CH2Cl2) instanta-

neously changed its colour from dark orange to red. Then in

a few minutes the entire amount of NO transformed into

N2O according to the scheme shown in Fig. 5 b, with the

formation of a m-oxo-bridging bond between iron(III) ions.

The MoÈ ssbauer parameters of the complex after its reaction

with NO correspond to two quadrupole doublets observed

in the spectrum (yielding in total *93% of the spectrum

area) of a pair of antiferromagnetically coupled FeIII ions.

The difference in the DEQ values is obviously due to the

difference in the coordination symmetries of FeIII centres

(see the bottom spectrum in Fig. 5 d ). Note that low-

temperature experiments (in which the reaction of this

complex with NO occurred at 780 8C with a lower rate)

made it possible to reveal the presence of an intermediate

with a [FeIINO]2 structure in the MoÈ ssbauer spectra (see the

transformation scheme 1? 2 in Fig. 5 d). The presence of a

weak magnetically split component (*7%) in the MoÈ ssba-

uer spectrum after the reaction (see Fig. 5 b, lower spec-

trum) is explained by the formation of a ferromagnetically

coupled mixed-valence cluster (FeII/FeIII).116 These results

can be considered as the first demonstration of the possi-

bility of direct reduction of NO to N2O by nonheme di-FeII-

containing centres, indicating that a similar process may

occur for flavodiiron NO reductases without participation

of flavin cofactor in the reaction.

The MoÈ ssbauer studies 117 (along with other spectro-

scopic techniques and X-ray diffraction analysis) of the
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nonheme iron-nitrosyl complex with tris(2-pyridylmethyl)-

amine (TPA) Ð a model complex for flavodiiron NO

reductases Ð made it possible to reveal for the first time

the unusual binuclear structure of the [Fe2(NO)2] centre.

This structure was stabilized due to the change in the spin

state (spin-crossover) of Fe centres with the formation of

low-spin Fe2+; a single quadrupole doublet with character-

istic parameters (d=0.31 mm s71, DEQ=1.40 mm s71 at

T=4.2 K) was observed in the MoÈ ssbauer spectrum of the

complex. The use of a TPA derivative with a weaker ligand

field (incapable of maintaining the spin transition) for

complexing led to the formation of a more conventional

mononuclear dinitrosyl centre [Fe(NO)2].

Spectroscopic studies (including MbS) of NO binding

and transformation were performed 118, 119 on samples of

flavo-diiron proteins [which reduce both O2 (to H2O) and

NO (to N2O)] from the bacteria Thermotoga maritima and

Desulfovibrio vulgaris (isolated after expression in cells of

genetically transformed E. coli ). Two doublets of identical

intensity were observed in the MoÈ ssbauer spectrum of the

nonheme centre of the protein after the reaction with one

NO equivalent {calculated per [Fe2+7(m-OH)7Fe2+]

centre when binding an NO molecule with one of the Fe

ions}: one doublet for Fe2+ (d=1.5 mm s71,

DEQ=2.05 mm s71) and one for Fe3+7NO7

(d=0.68 mm s71, DEQ=1.56 mm s71 at T=50 K). The

spectrum recorded after the reaction with two NO equiv-

alents contained a main doublet (A=85%) with the

parameters d=0.71 mm s71, DEQ=1.85 mm s71 for

[Fe3+7NO7]2. The MoÈ ssbauer parameters (including

those measured in an external magnetic field) and results

of DFT calculations showed the formation of a mononitro-

syl complex of diiron centre with a half-bridging NO7

ligand in the first stage: [Fe3+7NO7_Fe2+] (with preser-

vation of m-OH-bridge between Fe ions).119 In the second

stage the interaction with the second NO molecule leads to

the formation of [Fe3+(7O=N_N=O7)Fe3+] intermedi-

ate (also with preservation of m-OH-bridge between Fe

ions), which provides an N2O molecule and the oxidized

form [Fe3+<(m-OH)2>Fe3+] upon protonation. The

reduction of the latter (+2e7, 7H2O) closes the catalytic

cycle with occurrence of the initial form

[Fe2+7(m-OH)7Fe2+].

Despite the above-mentioned progress in studying the

heme-containing NO-binding complexes, in particular,

microbial cytochrome P450 NO reductase, reducing two

NO molecules to N2O (one of the most important paths of

nitrogen cycle, with release of N2O from soil), the nature of

the electronic structure of the so-called intermediate I,

which is responsible for the stage of N7N coupling in this

enzyme, has been revealed only recently.120 A heme model

complex with tetra[2,6-bis(3,5-dimethylphenoxy)-

phenyl]porphyrin dianion was synthesized; this complex

contains a methylhydroxylamide ligand, which is bound

with a high-spin iron(III) ion Ð [FeIII7NH7OMe7]

(d=0.50 mm s71, |DEQ|= 0.41 mm s71). Upon single-

electron oxidation this complex, according to the data of

MbS and other spectroscopic techniques, formed an inter-

mediate high-spin form [FeIII7(NH7OMe)
.
]

(d=0.43 mm s71, |DEQ|= 0.75 mm s71 at T=4.2 K)

but not a FeIV-containing product, for which the d values

are much smaller (generally < 0.2 mm s71). This model

(synthesized for the first time) of intermediate I of cyto-

chrome P450 NO reductase reacted with NO within several

seconds even at 780 8C via radical7radical binding of NO

molecule with the ligand (NH7OMe)
.
. The reaction prod-

uct HON7NOMe could not decompose (as HON±NOH

does, which occurs in the NO reductase) into N2O and H2O;

however, it was important to confirm the formation path-

way and electronic structure of the `intermediate I'. The
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Figure 5. (a) Structure of the model high-spin binuclear iron(II) complex with coordinated propionate ions and (b) schematic diagram of
the catalytic reduction of NO to N2O with the corresponding transformations of its active centre with the formation of an m-oxo-bridge
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results 120 indicate possible existence of specifically this

electronic structure of the `intermediate I' of cytochrome

P450 NO reductase, which facilitates generation of the

N7N bond with further formation of N2O molecule.

The formation of a new mononuclear nonheme FeII-

complex with cyclam (1,4,8,11-tetraazacyclotetradecane) Ð

tetradentate ligand Ð and two trans-coordinated ligands

CH3CN (d=0.53 mm s71, DEQ=0.61 mm s71 at

T=14 K; low-spin configuration FeII, S=0) was

described in recent study.121 It was shown by MbS that

this complex activates O2 with replacement of one of the

CH3CN ligands and formation of a FeIV=O complex

(d=0.05 mm s71, DEQ=2.49 mm s71 at T=80 K;

S=1) according to a mechanism similar to oxygen activa-

tion by di-FeII-centres of enzymes Ð soluble methane

monooxygenases.

2.2. Metalloproteins and metalloenzymes
One of the most interesting and important bioanalytical

applications of MbS is the analysis of proteins, including

enzymes: biological catalysts whose metal-containing

centres play a leading role in diverse biocatalytic processes.

It should be noted that the bioorganic `shell' of protein

compounds is transparent for MoÈ ssbauer g-radiation. In

many cases due to this circumstance one can obtain selec-

tively unique structural information about metal-containing

active centres, which are often inaccessible or hard-to-reach

when using other techniques.7, 10, 14, 27

A number of reviews concerning the MbS study of

proteins have been published in the last decade. They

include MoÈ ssbauer studies of various metalloproteins Ð

ferritins with a nanoscale core composed of particles of

oxohydroxide iron(III) compounds;29 iron7sulfur pro-

teins;11, 33 generalizing works on MoÈ ssbauer analysis of

other Fe-containing proteins;10, 32 and reviews devoted to

individual proteins, with sections concerning MbS applica-

tions.30, 31, 122 Here, we consider the most interesting latest

publications containing MoÈ ssbauer data on different pro-

teins, illustrating the bioanalytical applications of MbS.

An MbS-HVR analysis performed recently by Oshtrakh

et al.123 showed that the differences in the stereochemical

environment of heme iron(II) ions and Fe(II)7O2 bond

geometry in a- and b-subunits of tetrameric rabbit hemo-

globin (HbR) in the oxygenated form (HbR-O2) manifest

themselves in a high-resolution MoÈ ssbauer spectrum

(Fig. 6). In the HbR-O2 structure, which is included in the

Protein Data Bank (PDB, code 2RAO), the distances

between the O(2) atom of oxygen molecule and the nitrogen

atom Ne of the imidazole ring of distal histidine residue

(His E7) in the a- and b-subunits are, respectively, 2.75 and

3.76 �A. This may indicate the absence of H-bond between

O(2) and Ne (His E7) and free rotation of the terminal atom

O(2) in the b-subunit (see Fig. 6 b). In correspondence with

this, in the MoÈ ssbauer spectrum (see Fig. 6 d ) recorded at

T=90 K the best fit yielded a superposition of two dou-

blets of identical intensity (area), one of which (component 1

in Fig. 6 d; d=0.267(3) mm s71, DEQ=2.224(5) mm s71,

G=0.29 mm s71; A=50%) had narrow lines (a-subunits),
whereas the other [d=0.267(3) mm s71,

DEQ=1.90(2) mm s71, G=0.48 mm s71; A=50%]

exhibited broader lines, displaying the distribution of the

orientations of O(2) atom around the sites with energy

minimum in b-subunits.123 Similar results of the analysis

of HVR MoÈ ssbauer spectra were obtained previously by

Oshtrakh et al.124, 125 when they compared the stereo-

chemistry of heme environment (based on the PDB data)

of human, rabbit and pig oxyhemoglobins. Along with the

revealed differences in the MoÈ ssbauer parameters for the

aforementioned proteins, a correlation of DEQ values with

the affinity of hemoglobins to oxygen was established.

For the deoxygenated form of HbR (after treating

erythrocytes with sodium dithionite), the authors of
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Figure 6. Schemes of the stereochemical environment of heme iron(II) in (a)
a- and (b) b-subunits of tetrameric rabbit hemoglobin in the oxygenated
form HbR-O2, (c) its structure and (d ) the MoÈ ssbauer spectrum of HbR-O2

sample in the composition of blood erythrocyte concentrate (*90%). The
red arrows in Fig. c indicate the positions of hemes in subunits; there is a
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data) in the bottom of Fig. d. The figure was prepared by the authors using
the data of Ref. 123.
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Ref. 123 observed two quadrupole doublets of identical

intensity in the MoÈ ssbauer spectrum (with identical

linewidths), with the following parameters:

d=0.864(4) mm s71, DEQ=2.307(4) mm s71,

G=0.26 mm s71 and d=0.962(4) mm s71, DEQ=

2.256(4) mm s71, G=0.26 mm s71 (correspondingly, a-
and b-subunits with high-spin Fe2+ ions), which gave in

total 95.4% of the spectrum area. The additional minor

doublet [d=0.50(1) mm s71, DEQ=1.11(2) mm s71,

G=0.26 mm s71; A=4.6%] of low-spin Fe2+ corre-

sponded to hemochrome: complex with distal His E7 as

the sixth ligand, formed in deoxyhemoglobins at low tem-

peratures. The data obtained are in agreement with the

results of previous MoÈ ssbauer studies of other hemoglo-

bins.123

In the same study Oshtrakh et al.123 investigated for

comparison the soybean leghemoglobin a (Lba). This is a

protein from the group of monomeric O2-binding hemopro-

teins, which are present in root nodules of leguminous

plants; its tertiary structure and heme environment are

similar to those of myoglobin or subunits of mammal

hemoglobin with a pentacoordinated iron ion. Due to the

high resolution of MoÈ ssbauer spectra, the existence of

different conformations of the heme centre in deoxy- and

oxy-forms of Lba was revealed. The most likely of these

conformations are fixed when the protein is rapidly frozen

and manifest themselves in spectra (at T=90 K) as super-

positions of doublets, differing mainly in the DEQ values

(for Lba-O2: d=0.25 ± 0.27 mm s71, DEQ=2.26 ±

2.11 mm s71, G=0.26 mm s71; for deoxy-Lba:

d=0.88 mm s71, DEQ=2.34 ± 1.75 mm s71,

G=0.26 mm s71). Proceeding from the relative areas of

these doublets, the probability of their stabilization at

T=90 K was estimated.123

Khan et al.126 described the biophysical and structural

characteristics of the new heme-containing protein Sfh5

(typical of the fungi kingdom), with pentacoordinated

redox-active high-spin Fe3+ and unusual heme-binding

properties. This protein is presumably involved in the

formation of responces to stresses induced by organic

oxidants. To carry out MbS, the recombinant protein Sfh5

was expressed and isolated from the biomass of E. coli

grown on a medium with 0.04 mM 57FeCl3. The MoÈ ssbauer

spectra measured at T=5 K and Bext= 0.05 T (for 0.8 ml

of 1.5 mM recombinant [57Fe]-labelled protein), showed the

presence of two different magnetic states of high-spin

(S=5/2) heme FeIII, reduced by dithionite to high-spin

FeII. The latter fact, along with the data obtained by other

spectroscopic techniques, confirms the redox activity of

FeIII.

The authors of Ref. 127 used a complex of spectroscopic

and biochemical methods to characterize for the first time

the oxygen-binding diiron protein (ODP) of the pathogenic

bacterium Treponema denticola, which is genetically related

to cytoplasmic chemoreceptors. It was shown that ODP

functions as a `sensor' of iron ions and O2 molecules and

mediates chemotaxis, promoting (in the O2-bound form)

phosphate release from the phosphorylated form of histi-

dine kinase CheA. MoÈ ssbauer studies of ODP from

T. denticola (obtained by expression in E. coli, grown on

a medium with 57Fe2+) showed reversible oxygen binding

by the diiron protein centre (Fig. 7). The oxygenated form

of ODP, containing two equivalent antiferromagnetically

coupled high-spin (S=5/2) FeIII-centres with a peroxo

bridge (d=0.58 mm s71, DEQ=1.01 mm s71,

G=0.33 mm s71; Fig. 7 a), can release spontaneously oxy-

gen upon interaction with oxidase7catalase system

(Fig. 7 b) and under anaerobic conditions (Fig. 7 c). In this

case, along with the residual fraction of the peroxo-di-FeIII

form, in contrast to other nonheme flavo-diiron and

O2-binding proteins (in which this peroxy-form decomposes

into O2 and the di-FeIII form in the absence of a reducing

substrate), the di-FeII form with high-spin (S=2) centres

(d=1.20 mm s71, DEQ=2.60 mm s71, G=0.35 mm s71;

Figs. 7 b,c) is also accumulated. The MoÈ ssbauer data were

confirmed by the results obtained with other techniques, in

particular, resonant Raman spectra with characteristic

stretching vibration bands O7O (828 cm71) and Fe7O

(469 cm71) for [FeIII2(O7O)27]. These bands shifted due

to the isotopic effect upon interaction with the di-FeII form

instead of 16O2 of a buffer solution 18O2 (with occurrence of

bands at 783 and 436 cm71, respectively).127

Kutin et al.128 investigated the binding of Mn2+ and

Fe2+ ions in sites of manganese ± iron cofactors of bacterial

enzymes (ribonucleotide reductases and ligand-binding oxi-

dases), involved in redox processes as electron carriers. For

metal-containing sites of ligand-binding oxidase (R2lox) of

the Geobacillus kaustophilus bacterium (Fig. 8 a), MoÈ ssba-

uer spectra were recorded for sites filled with only iron ions

(Fe/Fe homodimer) or Mn2+ and Fe2+ ions (Figs. 8 b ± d ).

For the reduced form (Red), which arises under anaerobic

conditions, the spectra of both Fe/Fe homodimer and

Mn/Fe heterodimer contain a symmetric quadrupole

doublet of high-spin Fe2+ (d=1.26 mm s71,

DEQ=2.98 mm s71 at T=80 K; S=2; Fig. 8 b). Its inten-

sity for Mn/Fe is *2 times lower (half of the sites are

occupied by Mn2+ ions, which do not contribute to the

spectrum). Under aerobic conditions (Ox), there is a dou-

blet of high-spin Fe3+ in both cases (d=0.51 mm s71,
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Figure 7. MoÈ ssbauer spectra of the ODP of Treponema denticola
bacterium (a) in the oxidized form with oxygen-binding centre
[FeIII2 (O7O)27] and after partial oxygen removal (b) upon inter-
action of the oxidized protein form with the enzyme system glucose
oxidase ± catalase in the presence of glucose (1 h under anaerobic
conditions) or (c) by 12-h exposure under anaerobic conditions;
T=4.2 K. The figure was prepared by the authors using the data
of Ref. 127.
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DEQ=0.81 mm s71 at T=80 K; S=5/2), which also has

a lower intensity for the Mn/Fe form (Fig. 8 c). The meas-

urements for the Ox-form of Mn/Fe at T=4.2 K in an

external magnetic field with induction Bext= 0.1 T showed

that the spectrum contains a contribution from paramag-

netic (ESR-active) magnetically split heterodimer MnIII/

FeIII and a doublet of diamagnetic homodimer FeIII/FeIII

with antiferromagnetic coupling (Fig. 8 d, upper spectrum).

The contribution of the latter (calculated using the relative

areas of the FeIII components on the assumption of identi-

cal Lamb7MoÈ ssbauer factors) is 55%; this value corre-

sponds to a ratio of 62 : 38 for MnIII/FeIII and FeIII/FeIII

clusters, which indicates preferred formation of heterodimer

clusters.128

After the publication of the informative review by

Papaefthymiou 29 on the MoÈ ssbauer studies and magnetic

properties of ferritin Fe3+-oxohydroxide cores (where

mammal ferritins were mainly considered) in 2010, these

questions were also discussed in later reviews, devoted to

other ferritins 30, 31 and various proteins, including ferri-

tins.9, 10, 35 Ferritin-like proteins in all organisms, from

mammals to unicellular organisms, are a unique `storage'

of iron(III), which is necessary for biosynthesis of other

numerous Fe-containing proteins and enzymes with diverse

functions. With a sufficient amount of iron(III), there is less

need for more soluble iron(II), whose elevated concentra-

tions are hazardous due to the formation of reactive oxygen

species (Fenton reaction), because the iron(III) stored in the

ferritin core can be used for selective reduction and trans-

location of Fe(II).10 Human and animal ferritins are 24-sub-

unit protein shells with an internal cavity 10 ± 12 nm in

diameter, containing up to *4500 iron atoms. The cores of

these ferritins are generally characterized by a higher degree

of crystallinity than those of microbial ferritins. Bacteria

possess ferritin-like proteins of three types:10, 30

Ð bacterial ferritin with a 24-subunit shell, similar to

the ferritin of eukaryotes, with a cavity diameter of

*7.9 nm (up to 2500 iron atoms);

Ð bacterioferritin with 24 subunits of smaller size,

bound with 12 heme groups, and a cavity diameter of

*6 nm (up to 1800 iron atoms);

Ð DNA-binding dodecameric ferritin with a cavity

diameter of *4.5 nm (up to *500 iron atoms).

MoÈ ssbauer studies of ferritins,9, 10, 29 ± 31, 35, 70, 129 includ-

ing HVR measurements,9, 35, 70 revealed not only structural

and compositional differences between the cores of different

ferritins but also structural inhomogeneities within the

ferritin nanocore. In particular, five quadrupole doublets

of different intensity (with different relative areas) were

observed in the spectra measured with a high velocity

resolution (4096 channels) and subjected to the best fitting

(minimum number of components) for a ferritin sample

from human liver; these doublets were characterized by

close d (*0.36 ± 0.38 mm s71) values but significantly dif-

ferent DEQ values (*0.37 ± 1.37 mm s71 at T=295 K),70

which corresponds to the model of heterogeneous ferritin

core. The successive increase in DEQ corresponds to the

transition from more closely packed internal regions in

iron(III) oxohydroxide crystallites to more loosely packed

regions, close to the particle surface layer.10, 70 Anomalous

temperature behaviour of the MoÈ ssbauer parameters of

some components because of the low-temperature structural

transformations of Fe7O packing in different crystallite

regions was also found.70

Hartmann et al.129 compared the informativeness of

Raman microspectroscopy and MbS when studying ferritin

and materials [magnetite, maghemite and ferrihydrite Ð

hydrated iron(III) oxide with crystallites sizes <10 nm]

whose composition is similar to that of the iron(III) hydroxo

compounds present in the ferritin core. It was shown that

the spectroscopic data for the horse spleen ferritin corre-

spond to the data for ferrihydrite.129 In particular, at

T=4.2 K similar asymmetrically broadened spectra with

a dominant magnetically split sextet characterized by

d=0.24 mm s71 and Gaussian distribution of Beff from

*48.6 to *50.4 T were observed for the aforementioned

ferritin and ferrihydrite.

Specialized reviews devoted to the MbS of iron7sulfur

protein clusters have been published recently by Bill,33

Pandelia et al.,11 and Garcia-Serres et al.;130 there is a

section devoted to these interesting and diverse compounds

in reivew 10 of the MoÈ ssbauer studies of proteins. There is

also a section devoted to MbS applications in the review

chapter presenting the results of spectroscopic studies of

iron7sulfur proteins.131 The MoÈ ssbauer spectra of iron ±

sulfur clusters ([2Fe72S], [3Fe74S], [4Fe74S], [4Fe73S]),

which are responsible for the electron transfer in many

enzymes in organisms of all domains of life, are generally

characterized by small isomer shifts for both Fe2+ and

Fe3+ in view of the high covalency of the Fe7S bond

(Fe7S clusters may also contain ions in mixed oxidation

states (Fe2.5+), with intermediate d values).10, 11
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Figure 8. (a) Structure of the reduced form (R2lox) of Geobacillus
kaustophilus bacterium with sites 1 and 2, occupied in approx-
imately equal ratios with Mn2+ and Fe2+ ions and (b7d )
MoÈ ssbauer spectra of R2lox with sites occupied by only 57FeII

(Fe/Fe) or MnII and 57FeII (Mn/Fe) in (b) anaerobic and (c, d )
aerobic conditions; FA is a m-carboxylate-coordinated fatty acid
ligand. The solid lines in Figs. b and c and at the bottom of Fig. d
are the results of fitting by Lorentzian doublets. The spectrum with
a magnetic structure at the top of Fig. d is presented by a
superposition of the heterodimer MnIII/FeIII fitted with a spin
Hamiltonian (red Mn/Fe component) and a doublet of the homo-
dimer FeIII/FeIII (blue Fe/Fe component); y is the g-radiation
propagation direction. The figure was prepared by the authors
using the data of Ref. 128.
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MuÈ ller et al.132 used MbS to study the [2Fe72S]2+

cluster of the so-called Rieske protein from the Thermus

thermophilus bacterium. Rieske proteins are components of

cytochrome complexes in many organisms; they are respon-

sible for the electron transfer in a wide range of redox

potentials. Their distinctive feature is the existence of the

[2Fe72S] cluster, in which one iron ion is coordinated by

four sulfur atoms (two S27 ions of the cluster and two S

atoms from the coordinated Cys residues), while the other

Fe ion is coordinated, along with 2S27 ligands, by two

nitrogen atoms of His residues. Changes in the MoÈ ssbauer

parameters of the oxidized cluster [2Fe72S]2+ as a function

of pH with an increase in pH from 6 to 10.5 were traced.132

This increase is obviously accompanied by a transition from

the completely protonated state of His residues to deproto-

nation of the imidazole ring (in view of the decrease in pKa

of the NH group of the imidazole ring from *14.6 for free

His to *7.5 and *10.1 for two coordinated His residues

due to the coordination of the ring with Fe3+).132 Table 3

contains the MoÈ ssbauer parameters of the [2Fe72S]2+

cluster for different pH values. Note that a significant

decrease in the isomer shift (from 0.34 to 0.28 mm s71 ) is

observed in the case of His deprotonation for only the Fe3+

ion, coordinated with His residues (see Table 3). The latter

is due to the fact that the anionic (imidazolate) form of the

His ring is a good s-donor; therefore, the electron density

on the Fe3+ ion coordinated with the His cycle increases,

which is accompanied by a decrease in d.
Among the samples of bioinorganic compounds that

were analyzed in early studies by MbS and considered in

review,133 there are oxidized and reduced states of ferre-

doxin Ð Fe-containing protein including Fe ± S clusters of

different structure and composition Ð that serve as electron

carriers in many biological redox processes. A protein with

the [2Fe72S] cluster (after replacing native iron with 57Fe

isotope) was extracted from green algae Scenedesmus. Its

oxidized form was approximated by one doublet

(d=0.20 mm s71, DEQ=0.60 mm s71 at T=195 K),

which corresponded to two high-spin Fe3+ ions with

antiferromagnetic coupling. (As was noted in the review by

Semenov et al.,8 later studies showed that in the case of

plant ferredoxin these Fe3+ ions are not quite equivalent

and yield two overlapping doublets of equal intensity but

with slightly different parameters: d=0.22 ± 0.25 mm s71,

DEQ=0.6 ± 0.7 mm s71 at T=195 K.) Two doublets of

the same intensity were observed for reduced forms: for the

Fe2+ ion with much larger parameters (d=0.56 mm s71,

DEQ=2.75 mm s71) and Fe3+ ion (d=0.22 mm s71,

DEQ=0.59 mm s71).133

In recent study 134 (Ref. 135 for corrections) MuÈ ller

et al. performed an MbS characterization of isolated and

purified ferredoxin of the pathogenic bacterium Mycobac-

terium tuberculosis, expressed in E. coli cells (with medium

enrichment in 57Fe); the knowledge of the structure and

properties of this protein is important for target develop-

ment of antituberculous preparations. The MoÈ ssbauer spec-

trum of the Fe7S cluster in purified ferredoxin at T=77 K

(in the absence of external magnetic field) is a superposition

of two doublets:

Ð with the parameters d=0.27(2) mm s71,

DEQ=70.53(3) mm s71 (A=33%), which are typical of

4S-tetrahedrally coordinated high-spin (S=5/2) FeIII ion,

Ð with the parameters d=0.44(2) mm s71,

DEQ=1.47(3) mm s71 (A=67%), which are character-

istic of a pair of Fe2.5+ ions of mixed valence.

In the absence of diamagnetic centres, as was confirmed

by the paramagnetic splitting of the spectrum in an external

magnetic field at T=4.2 K, and with allowance for the

distribution of doublet areas, the cluster under study was

characterized as a reduced form [3Fe74S]0, in agreement

with the DFT calculations.134

In the detailed work 136 MbS was successfully applied to

determine the role, structural features and transformation

of the so-called auxiliary clusters [4Fe74S] in the compo-

sition of bacterial enzyme methylthiotransferase (MiaB). To

carry out the experiments, the enzyme was extracted from

biomass of Bacteroides thetaiotaomicron bacteria grown on

a medium with 57FeCl3 (an iron source, introduced to

increase the intensity of MoÈ ssbauer lines), chromatograph-

ically purified and identified by analytical and biochemical

methods. It was shown experimentally that the auxiliary

enzyme cluster [4Fe74S]2+, composed of four equivalent

mixed-valence sites Fe2.5+, is transformed during a catalytic

event into a cluster of the [3Fe74S]0 type. The latter, in

contrast to typical cuboid clusters [3Fe74S]0 with identical

parameters of two mixed-valence iron centres, is character-

ized by unusual MoÈ ssbauer parameters, in particular, differ-

ent DEQ values for two Fe3+ centres (Fig. 9; the indicated d
values are characteristic of the corresponding 4S-coordi-

nated Fe2+ and Fe3+ ions). The corresponding fraction of

high-spin (O/N)6-coordinated complex of Fe2+ is also fixed

in the reaction medium (Fig. 9, on the right). Based on the

Table 3. MoÈ ssbauer parameters for the [2Fe72S]2+ cluster of the
Rieske protein from Thermus thermophilus bacterium at different pH
values and T=77 K (according to the data of Ref. 132).

pH (state Cluster fragment d, DEQ, G,
of His residues) mm s71 mm s71 mm s71

6.0 2S>Fe3+<(S7Cys)2 0.23(1) 0.57(1) 0.26(1)

(protonated) 2S>Fe3+<(N7His)2 0.34(1) 1.05(1) 0.27(1)

10.5 2S>Fe3+<(S7Cys)2 0.24(1) 0.44(1) 0.25(1)

(almost 2S>Fe3+<(N7His)2 0.28(1) 0.71(1) 0.27(1)

completely

deprotonated)

1 ([4Fe74S]2+) 2 ([3Fe74S]0)

3

d=1.28 mm s71

DEQ=2.87 mm s71

4Fe2.5+

d=0.45 mm s71

DEQ=1.10 mm s71

(HS)

Fe3+ 0.31 0.58

Fe3+ 0.35 1.02

Fe2+ 0.61 1.04

d, mm s71 DEQ, mm s71

Figure 9. Structures of the auxiliary cluster [4Fe74S]2+ of meth-
ylthiotransferase of Bacteroides thetaiotaomicron bacterium (1), an
intermediate product of its catalytic transformation (2) with a
splitted-off high-spin (HS) (N/O)6-coordinated Fe2+ complex (3),
and their MoÈ ssbauer parameters at T=4.2 K. The figure was
prepared by the authors using the data of Ref. 136.

A.A.Kamnev, A.V.Tugarova

1430 Russ. Chem. Rev., 2021, 90 (11) 1415 ± 1453



data obtained, in particular, the results of MoÈ ssbauer

measurements performed under different conditions to

confirm the conclusions drawn, a mechanism was proposed,

according to which the auxiliary cluster [4Fe74S]2+ is the

direct donor of a sulfur atom, incorporated into the fimal

product during catalytic transformation. The intermediate

transformation product is a cluster of the [3Fe74S]0 type

with an unusual structure (see Fig. 9, structure 2).136

Note that the results of fundamental structural analyt-

ical studies of complex biochemical systems by MbS may be

useful when searching ways to develop drugs. In particular,

the synthesis of isoprenoids in many pathogenic micro-

organisms, including unicellular parasites from the plasmo-

dium species (Plasmodium falciparum), malaria agents,

occurs according to the methylerythritol phosphate (MEP)

pathway. The latter, being absent in humans, is a target one

for developing antimicrobial preparations that can block

this pathway.137 The last stage of this biosynthetic pathway

is the transformation of 1-hydroxy-2-methyl-2-butenyl-

4-diphosphate (HMBPP; or 4-hydroxy-3-methylbut-2-en-

1-yldiphosphate) into isoprenoid precursors; this transfor-

mation is catalyzed by the [4Fe74S]2+ cluster of homodi-

meric enzyme LytB (which is sometimes also referred to as

IspH; M=72 kDa) with an unusual structure (Fig. 10 a).

This cluster, being diamagnetic, does not generate an ESR

signal; however, MbS studies of an isolated LytB

revealed 138 that the iron ions in it are not equivalent (in

contrast to conventional [4Fe74S]2+ clusters of ferredox-

ins). One of the four iron ions has parameters unusual

for iron7sulfur proteins: d=0.89 mm s71,

DEQ=1.97 mm s71 at T=77 K (see Fig. 10 b and

Table 4, component 3; A=25%).

Similar parameters, observed in Fe7S clusters of some

other enzymes,137, 138 correspond to the coordination of

high-spin (in the absence of substrate) Fe2+ (see Fig. 10 a,

indicated by black arrow) by three sulfur atoms of the

cluster and, additionally, two or three donor oxygen or

nitrogen atoms. In the presence of HMBPP substrate, the

MoÈ ssbauer parameters of specifically this site change sig-

nificantly (see Fig. 10 c and Table 4, component 3). The

drop of the isomer shift from 0.89 to 0.64 mm s71 is

explained by the substrate binding via its hydroxo-group

with the cluster Fe2+ site (see Fig. 10 a); the other O/N

ligands dissociate under these conditions (which is con-

firmed by structural studies 137). The parameters of spectral

component 1 (see Table 4) correspond to the centres tetra-

hedrally coordinated by sulfur atoms Ð the pair of mixed-

valence Fe2.5+ ions (A=50%); the low value

d=0.37 mm s71 for component 2 (A=25%) corresponds

to 4S-coordinated high-spin cation Fe3+. Ahrens-Botzong

et al.137 proposed also potential LytB inhibitors Ð ana-

logues of HMBPP with NH2 and HS groups (replacing the

OH group), which possess high inhibiting ability and,

according to the MoÈ ssbauer data, exhibit strong binding

with the aforementioned LytB Fe-site.

The application of MbS was discussed in review,139

devoted to the methods for determining the functional

activity of the isoenzymes of cytochrome P450 Ð heme-

thiolate monooxygenases, which are involved in the bio-
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Figure 10. (a) Structure of the [4Fe74S]2+

cluster of LytB protein and the HMBPP
substrate bound with it and (b, c) the MoÈ ss-
bauer spectra of 57Fe-LytB in the absence
(b) and in the presence (c) of HMBPP
(T=77 K, Bext= 0). The protein was iso-
lated from the cells of recombinant E. coli
strain, superproducing 57Fe-LytB (in a
medium with added 57FeCl3), and purified
under anaerobic conditions. The MoÈ ssbauer
parameters of spectral components 1 ± 3 are
listed in Table 4. The figure was prepared by
the authors using the data of Ref. 137.

Table 4. MoÈ ssbauer parameters for the [4Fe74S]2+ cluster of LytB
protein in the absence and in the presence of HMBPP substrate.137

Spectral MoÈ ssbauer parameters
component

d a DEQ (see a) G a A (%)

Without substrate (spectrum in Fig. 10 b)

1 0.42(2) 1.21(3) 0.44(2) 50(3)

2 0.37(3) 0.89(2) 0.42(2) 25(3)

3 0.89(3) 1.97(3) 0.61(2) 25(3)

After addition of HMBPP substrate (spectrum in Fig. 10 c)

1 0.42(1) 1.33(2) 0.32(2) 50(2)

2 0.38(2) 0.92(4) 0.30(5) 25(2)

3 0.64(2) 1.22(4) 0.29(1) 25(3)

Note. The parameters for the site with unusual iron coordination are in

bold. The calculation errors in the last significant digit (according to

the data of 137 ) are given in parentheses. a In mm s71.
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transformations of most of xenobiotics and pharmacolog-

ical agents, as well as a number of endogenous components.

The structure and transformations of nonheme di-Fe-

centres of monooxygenases, which have only recently

attracted the attention of researchers by their participation

in biosynthetic pathways of the formation of natural com-

pounds, were considered in review by Komor et al.,140

jointly with analysis of MbS data. Similar reviews devoted

to binuclear Fe-containing enzymes have also been pub-

lished; they summarize the existing spectroscopic data,

including the results of MoÈ ssbauer measurements. In those

reviews a particular attention is paid to di-FeIII-peroxo

intermediates in biological and model systems,141 as well

as to the processes of formation and breaking of 7O7O7
bonds in enzymes with Fe-containing centres, which are

important both for key biological systems and for catalytic

and synthetic reactions.142 There is a section considering

the use of MoÈ ssbauer measurements (including the SR-MbS

variant) in review,143 devoted to the spectroscopy of nitro-

genases.

Numerous enzymes with nonheme di-Fe-centres (hem-

erythrin, various oxygenases, ferroxidases, hydrolases, etc.),

which form association products of the O2 molecule, were

considered in detailed review.122 The subsequent activation

of the associated O2 molecule is accompanied by the

formation of more reactive active sites [di-FeII,III-superoxo-

(with a ligand 7O7O
.
), di-FeIII,III-peroxo- (7O7O7),

di-FeIII,IV-oxo-, di-FeIV,IV-oxo-centres, etc.]; as a result, the

substrates are oxidized to certain products. Data on the

structure and electronic properties of reaction centres,

intermediates and model complexes, obtained by a number

of instrumental techniques (among which MbS plays an

important role for gaining and confirming these data,

including the spin state and degrees of oxidation of iron

ions in binuclear centres), are discussed.

Pan et al.144 combined spectrophotometric measure-

ments (the stopped-flow method) and the rapid freeze-

quench MbS methodology to investigate the successive

reactions of hydroxylation and oxacyclization with partic-

ipation of Fe- and 2-oxoglutarate-dependent oxygenase,

which is involved in the biosynthesis of alkaloids of the

class of saturated pyrrolizidines. The enzyme of endophytic

fungus EpichloeÈ uncinata was isolated after expression in

genetically modified culture of E. coli and purified; native

iron was removed by the EDTA treatment and dialysis;

before the experiments, 57FeII was introduced into the

apoenzyme. Kinetic and spectroscopic measurements in

enzyme solution in the presence of 2-oxoglutarate, substrate

(1-exo-acetamidopyrrolizidine) and dissolved O2 showed

that the splitting of the C(2)7H bond in the substrate

occurs with direct participation of intermediate in the form

of a ferryl (FeIV=O) complex (d=0.28 mm s71,

DEQ=70.89 mm s71 at T=4.2 K, Bext= 0.053 T).

A combination of spectroscopic techniques, including

MbS, was used to study the formation of Fe-site intermedi-

ates for the a-ketoglutarate-dependent nonheme FeII-

enzyme deacetoxy-C-cephalosporin synthase (DAOCS),

which catalyzes oxidative ring expansion of penicillin sub-

strates in cephalosporin biosynthesis.145 It has been shown

that, in contrast to other a-ketoglutarate-dependent
enzymes (in which iron is hexacoordinated when binding

a-ketoglutarate), a-ketoglutarate binding for DAOCS leads

to the formation of pentacoordinated (i.e., coordinatively

unsaturated) FeII-sites (d=1.24 mm s71,

DEQ=2.47 mm s71 at T=6 K). The latter, in contrast to

other hexacoordinated FeII-sites (d=1.22 mm s71,

DEQ=2.17 mm s71), bind selectively O2 and, forming a

short-lived (nonaccumulating) ferryl-intermediate FeIV=O,

in the presence of the substrate (penicillin) oxidize it to

cephalosporin, being transformed into FeIII. A component

(A=40%) in the form of a doublet (d=0.43 mm s71,

DEQ=0.50 mm s71) of high-spin FeIII is fixed in the

MoÈ ssbauer spectrum within a few seconds. In this case,

a-ketoglutarate is decarboxylated to succinate, coordinated

with the newly formed FeIII-centre. Addition of a-ketoglu-
tarate leads to reduction of FeIII to FeII, making it possible

to form a new enzymatic cycle.145

Spectroscopic (including MbS), crystallographic and

biochemical studies 146 were carried out for the Fe-depend-

ent oxidase UndA from the Pseudomonas fluorescens bacte-

rium, which splits the C(3)7H and C(1)7C(2) bonds in

dodecanoic (lauric) acid with the formation of 1-undecene

and CO2. It was shown that the cofactor is binuclear

(FeII7FeII) and the substrate binding implies rapid attach-

ment of an O2 molecule with the formation of intermediate

peroxo-Fe2III/III detected using the rapid freeze-quench

method. In the MoÈ ssbauer spectrum of a mixture of

substrate with 57Fe-substituted UndA (in the presence of

O2), frozen 0.01 s after mixing the reagents, the line inten-

sity for the initial Fe2II/II cluster decreases, and two over-

lapping quadrupole doublets of intermediate peroxo-

Fe2III/III arise (d=0.59 and 0.56 mm s71, |DEQ|= 1.07

and 0.67 mm s71, respectively, at T=4.2 K,

Bext= 0.053 T). This intermediate, according to the data

obtained by the stopped-flow method, decomposes within

1 s; 5 s after, the MoÈ ssbauer spectrum of the mixture

exhibits a doublet of the Fe2III/III cluster

(d=0.52 mm s71, |DEQ|=0.97 mm s71) against the back-

ground of Fe2II/II-cluster spectral signs.

MoÈ ssbauer spectroscopy was also used to study the

Fe-containing clusters of special proteins, which implement

synthesis of methanobactins Ð peptide compounds, which

are secreted by methanotrophic bacteria to chelate copper

(necessary for methane monooxygenase synthesis) and by

other bacteria.147

The emission MbS studies of 57Co2+-containing sam-

ples, mentioned in Subsection 1.2.2, after unsuccessful

experiments of the 1970s with [57Co2+]-cobalamin as a

coenzyme of ethanolamine ammonia lyase,36 were resumed

for the first time (as applied to the 57Co2+-substituted

active centre (AC) of metalloenzyme) only in the beginning

of the XXI century.148 ± 151 An important step that con-

firmed the applicability and informativeness of the emission

variant was the choice of the object of study Ð glutamine

synthetase (GS, EC 6.3.1.2) from the Azospirillum brasilense

bacterium Ð one of the key enzymes of nitrogen metabo-

lism in living organisms (from mammals to bacteria). The

molecule of this 12-subunit protein is composed of two

hexameric rings aligned by planes (Fig. 11 a), with 12 ACs

in intersubunit spaces, for which the main data on their

structure (constant for bacterial GSs) were known.36 The

enzyme catalyzes biosynthesis of L-Gln from L-Glu and

ammonium with participation of ATP. Each AC contains

two main metal binding sites Ð n1 and n2, differing in

amino acid residues (the n1 site contains three Glu residues,

and the n2 site has two Glu residues and one His residue) Ð

with possible coordination of H2O molecules. Adenosine

triphosphoric acid and Glu (substrate) penetrate from

different sides of the AC `double funnel'; there is an

individual binding site for NH�4 (Fig. 11 b). Conventional
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activating cations for bacterial GSs are Mn2+ and Mg2+;

Co2+ can also play the role of an activating cation. In

emission experiments one can use 57Co2+ to replace native

cations, because the Co2+ ion is `physiological' for this

enzyme (in contrast, for example, to Fe2+).149, 151 The

differences in the cation coordination in sites n1 and n2

predetermine possible differences in the emission MoÈ ssba-

uer spectra when binding 57Co2+ in both AC sites of

apoenzyme (the latter can be obtained by binding native

cations from the AC with EDTA and subsequent removal of

their EDTA complexes by dialysis).149 With allowance for

the presence of 24 main cation-binding sites (n1 and n2) in

twelve ACs of the GS molecule, there is another important

condition: the molar ratio 57Co2+ :GS must be less than

24 : 1. This condition corresponds to cation binding in only

AC sites n1 and n2 (whose affinity to cations is many times

higher than that of other functional protein groups) in order

to avoid binding of an excess amount of 57Co2+ with the

protein (along with the AC) and corresponding complica-

tion of spectra.151

The emission MoÈ ssbauer spectra of 57Co2+-doped GS

sample in a frozen solution and in the dried state are similar

(Figs. 11 c,d ). The spectra demonstrate a superposition of

three quadrupole doublets, corresponding to 57Co2+ bind-

ing in two sites of the enzyme AC (the additional narrow

doublet in both cases corresponded to the nucleogenic
57Fe3+ as a result of the post-effects). The parameters of

both forms for the initial 57Co2+ in each site for the frozen

solution and dry GS sample were close (Fig. 11 e), which

can be interpreted as the preservation of the physiological

enzyme activity (and, obviously, the AC site conformation)

during drying. The insignificant variations could be caused

by the change in the degree of hydration and small con-

formational differences in the solution and dry enzyme.10

The assignment of the two doublets of nucleogenic 57Fe2+ to

site n1 (d=1.05 ± 1.07 mm s71, DEQ=2.3 ± 2.4 mm s71)

and site n2 (d=1.08 mm s71, DEQ=3.0 ± 3.1 mm s71;

see Figs 11 c7e ) corresponds to a higher symmetry of the

coordination environment of site n1 (three Glu residues and

H2O) and, correspondingly, a smaller DEQ value (site n2

contains, along with Glu, a coordinated His residue; see

Fig. 11 b). Along with this, it is known 151 that for bacterial

GS site n1 has a much higher affinity to cation than site n2,

which is consistent with the higher relative intensity of

doublets for site n1 (see Figs. 11 c,d ). Note that fairly low

d values (<1.1 mm s71 for high-spin nucleogenic 57Fe2+ at

T=80 K) correspond to the tetrahedral coordination of

initial cations 57Co2+ in both sites; this coordination, as

was mentioned above, is typical of cobalt(II) in enzyme

AC.10 These results demonstrate informativeness of the

emission MbS variant (in particular, when studying com-

plex biological objects) and may serve as a starting point for

further development of bioanalytical applications of the

technique, in particular, with allowance for the possibility

of using 57Co2+ cations as an isostructural substituent in

Zn-containing proteins.36

3. Supramolecular structures, biological tissues
and organisms

3.1. Supramolecular structures and biological tissues of
higher organisms
Specialized reviews on MbS applications in cellular biology

of eukaryotes and physiology of animals can be found in the
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chapters of monographs devoted to Fe7S clusters in bio-

logical systems.152, 153 The results of biophysical methods

used to study the iron metabolism in mitochondria, consid-

ered in review 154, include also MoÈ ssbauer data.

MbS, ESR and biochemical methods were applied in a

number of works 155 ± 157 to investigate the state of iron in

mitochondria (polymorphic cellular structures in which

assembly of Fe7S clusters and biosynthesis of heme com-

plexes occur) isolated from Saccharomyces cerevisiae yeast

cells. Miao et al.155 investigated the cells of S. cerevisiae,

defective in synthesis of [2Fe72S]-containing ferredoxin

Yah1p of the mitochondria matrix, which is responsible

for the biosynthesis of Fe7S clusters and heme prosthetic

groups. MoÈ ssbauer measurements showed that, under aero-

bic conditions (O2 bubbling), the mitochondria free of

ferredoxin Yah1p accumulated excessive FeIII (up to

10 mM) in the form of phosphate nanoparticles 2 ± 4 nm in

diameter with superparamagnetic relaxation. Treatment

with dithionite led to reduction of FeIII to FeII and its

extraction from mitochondria. At the same time, iron was

not accumulated in an anaerobic (argon) medium; a signifi-

cant fraction of it was present in the form of high-spin Fe2+

ions. In correspondence with the results obtained, it was

suggested that the accumulation of FeIII-phosphate nano-

particles is due to either the absence of ligands impeding

their formation in the mitochondria of wild-type (WT) yeast

or the influence of oxygen in ferredoxin-free mitochondria.

Miao et al.156 used a number of techniques (including

MbS) to perform a complex biophysical characterization of

the mitochondria isolated from the S. cerevisiae cells defec-

tive in synthesis of ATP-binding cassette (ABC) transporter

Atm1p, which is involved in cellular metabolism of iron. In

comparison with the mitochondria from WT cells of S. cer-

evisiae, the amount of Fe7S clusters and heme compounds

in Atm1p-free mitochondria from aerobically grown cells

was significantly reduced; the accumulation of nonheme

FeII made oxidative damage stronger. In contrast, in

Atm1p-free mitochondria from the cells grown in the

absence of O2, no excess iron was accumulated, and the

level of Fe7S-clusters and heme compounds corresponded

to that observed for WT mitochondria. These data of

MoÈ ssbauer measurements and other techniques 156 show

that the ABC transporter Atm1p is not involved in the

assembly of Fe7S clusters of mitochondria, and the export

of compounds performed with its assistance is necessary for

assembly of Fe7S clusters in cytosol. In Atm1p-deficient

mitochondria, accumulation of phosphate nanoparticles

and damage of Fe7S clusters are secondary effects for

only aerobically growing Atm1p-deficient cells as a result of

the impact of reactive oxygen species. The latter can destroy

Fe7S clusters and diminish the heme content in organelles.

In the next study 157 it was shown (using MoÈ ssbauer

measurements) that the iron inside the mitochondria iso-

lated from fermenting yeast exists in the form of nonheme

high-spin FeII, FeIII nanoparticles and mononuclear high-

spin FeIII. The content of these compounds in mitochondria

did not decrease when treating the latter by FeII-chelating

agents (not penetrating through the membrane), whereas

1,10-phenanthroline penetrating through the membrane

bound FeII in mitochondria. Chelation of FeII occurred

after ultrasonic destruction of mitochondria; dithionite,

which did not reduce FeIII-containing components of intact

mitochondria, reacted with them after the membrane

destruction by detergent. The MoÈ ssbauer spectra of intact

yeast cells (see also Subsection 3.2), along with the spectral

signs typical of isolated mitochondria, exhibited dominance

of high-spin FeIII-containing components;157 this circum-

stance indicates that iron exists in yeast cells in two states:

as dominant high-spin FeIII beyond mitochondria and as

their internal components.

A biophysical characterization of the mitochondria iso-

lated from respiring (using O2 for breathing) and fermenting

yeast (in an oxygen-free environment), applying MbS and

some other techniques, showed 158 that the distribution of

mitochondrial iron in mitochondria (provided that its con-

centration is the same) was significantly different. When

passing from respiring to fermenting cells, the amount of

Fe-containing respiratory proteins in mitochondria

decreased from *40% of the total amount of iron by a

factor of *3, whereas nonheme high-spin iron(II), nonheme

mononuclear high-spin iron(III) and FeIII nanoparticles

dominated. Based on these data, it was suggested that

nonheme high-spin iron(II) plays a role of iron source in

the biosynthesis of Fe7S clusters and heme.

Similar studies were performed on isolated yeast

vacuoles 159 Ð cellular organelles, in which iron is accumu-

lated, stored and mobilized when necessary for cell metab-

olism. The MoÈ ssbauer spectra of vacuoles isolated from

fermenting S. cerevisiae cells, which were grown on a

minimal medium with addition of 0.04 mM 57Fe, demon-

strated a dominance of two components (in different ratios),

corresponding to mononuclear magnetically separated high-

spin (S=5/2) FeIII complexes and oxohydroxide-contain-

ing FeIII nanoparticles (the quadrupole doublet). Compara-

tive studies, including MoÈ ssbauer measurements, showed

that the complexes possessing a magnetic structure are most

close in their properties (redox-activity, spectral changes

with an increase in pH) and MoÈ ssbauer parameters to

polyphosphate low-molecular FeIII complexes (Fig. 12).

Subsequent experiments 160 confirmed that practically all

iron, zinc, manganese and (when the metallothionein syn-

thesis is violated) copper ions are present in S. cerevisiae

vacuoles in the form of low-molecular (0.5 ± 1.7 kDa)

complexes with polyphosphate (6 ± 20 phosphate units,

coordinated by one to three metal ions).

MoÈ ssbauer measurements of the isolated vacuoles of S.

cerevisiae yeast showed that the polyphosphate-bound

iron(III) (in the form of magnetically separated ions) in

these vacuoles is not fixed in oxidized mononuclear state: it

may be involved in reversible redox processes and ligand-

exchange reactions, as well as be converted into nano-

particles.161 The concentration, chemical forms and distri-

bution of iron in yeast cell organelles depend strongly on the

nutrient medium composition.

MoÈ ssbauer measurements may be fairly informative

when studying the state and transformations of magnetic

Fe-containing nanoparticles (components of liquid nano-

composites) when the latter are directly introduced into

animal organs or tissues. The latter is important for devel-

oping methods of targeted drug delivery to organs via

magnetic carriers. A group of Russian researchers 162

measured the MoÈ ssbauer spectra of rat brain samples,

taken from euthanized animals and lyophilized prior to

and three months after the transcranial introduction of

chemically synthesized Fe3O4 nanoparticles, stabilized by

dextran (*5 mg Fe without enrichment in isotope 57Fe), in

the form of a suspension in a 5-mL physiological solution

into lateral ventricles of the brain (*5 mL in volume). A

comparison of the MbS and histological data obtained three

months after the Fe3O4 introduction did not reveal any
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presence of initial magnetic nanoparticles in brain tissues.

At the same time the brain contained (in much larger

amounts) iron(III) (detected in MoÈ ssbauer spectra in the

form of a quadrupole doublet at T=77 and 300 K with an

absorption intensity of *1.5%) as compared with the

control animal brain (without Fe3O4 introduction). In the

control sample containing iron (according to the data of

histology with Fe-sensitive colouring) the latter was not

detected in MoÈ ssbauer spectra.

The MoÈ ssbauer measurements 163 ± 166 showed that mag-

netic ferrofluids (synthesized by the authors) containing
57Fe oxide nanoparticles, being introduced into the organ-

ism of living mice, undergo biodegradation (within a few

days) with a change in the iron chemical form, in particular,

with the formation of ferritin-like compounds.163, 164 Never-

theless, being incubated with living cells of the 4T1 breast

cancer cell line, Fe3O4 nanoparticles barely underwent any

changes (characteristic of biodegradation processes) during

5 days, although the MoÈ ssbauer spectra of lyophilized cells

exhibited oxidation for a significant fraction of divalent

iron in the particle composition.167, 168

The results of important and interesting MoÈ ssbauer

study of the redistribution of dextrane757Fe3O4 magnetic

nanoparticles between organs after the introduction of these

particles into the lateral ventricle of living rat brain, as well

as their transformation in organs, were reported in a series

of studies;169 ± 171 magnetite nanoparticles were obtained by

coprecipitation of FeCl2 solutions (conventional reagent)

and enriched 57FeCl3 (1 : 2 mol). This approach provided a

more than 30-fold excess of the 57Fe fraction in particles in

comparison with the use of natural iron, with the corre-

sponding increase in the MoÈ ssbauer measurement sensitiv-

ity. It was shown 169 that the initial dextrane-stabilized

magnetite nanoparticles introduced into brain were trans-

formed (as a result of organic shell destruction) during a

week into individual superparamagnetic nanoparticles,

which had been observed previously when introducing

similar initial particles into blood.172 Several months after

no Fe3O4 nanoparticles were found in the brain. Exogenous

iron was already determined 2 h after the particle introduc-

tion into the brain; its content reached a maximum three

days after and decreased during a week.169, 170

Exogenous iron was found in the spleen tissue also in the

first hours after the magnetic nanoparticle injection into the

brain. Their lines were pronounced in the spectra of liver

and spleen tissues during a week and then almost disap-

peared within the two next weeks.170 The MoÈ ssbauer

spectra of the initial nanoparticles and lyophilized samples

of rat brain and spleen tissues, illustrating the transforma-

tion of dextrane ±magnetite nanocomposite during three

months after its introduction into the animal brain, are

presented in Fig. 13.

The concentration of Fe3+-containing proteins in the

rat brain 12 weeks after the introduction of nanoparticles

(whose lines were not observed in the brain spectra by that

time) was 5 times higher than in the control sample, which is

indicative of biotransformation of Fe3O4 nanoparticles. It

was noted in 170 that the somewhat nonmonotonic change in

the amounts of Fe-containing components in brain, which

was observed in some cases, can be explained by the

nonuniform iron distribution (according to the histological

analysis data), because MoÈ ssbauer measurements were

performed on only part of brain. Nevertheless, the tendency

of Fe3O4 nanoparticles to be transformed in the brain and

(after their redistribution) other organs 169 ± 171 is well pro-

nounced (see also Fig. 13).

In our previous review 10 we considered work 173 where

human and horse spleen tissues with a sufficiently high iron

content were analyzed by MbS, and a series of detailed

MoÈ ssbauer, ESR-spectroscopic and bioanalytical studies of

mice organs (blood, brain, liver, heart), when animal feed

contained 57Fe additives.174 ± 177 The MoÈ ssbauer parameters

of Fe-containing components of mice organs 175, 177 and

human T-lymphocytes 178, 179 (high-spin heme and nonheme

components, ferritin, FeIII-oxohydroxide nanoparticles,

mitochondria components) were compared.

Charitou et al.180 investigated the Fe-containing compo-

nents of mice blood, liver and spleen (including those with

thalassemia) by MbS (the animal feed was not enriched with

the 57Fe isotope). Similar investigations of the blood of mice

1 ± 9 months old, whose feed was enriched with the 57Fe

isotope, were carried out in the next study;181 the spectral

changes related to the hemoglobin level, presence of ferritin-

like components and aging were also discussed. (These data
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concern mainly the biomedical MbS applications, which are

beyond the scope of our review.)

We should note also the reviews of the last decade

devoted to the MbS-aided study of the role of Fe-containing

components of human brain (mainly in view of the patho-

genesis caused by the Parkinson's disease, atypical parkin-

sonism and Alzheimer's disease).182 ± 185 The specific regions

of brain, substantia nigra and globus pallidus, with a rela-

tively high iron content (*0.2 mg per fresh tissue gram),

were studied by MbS.186 Based on the calculated areas of

ferritin doublet lines for both regions [d=0.46(2) mm s71,

DEQ=0.70(4) mm s71 at T=90 K; G=0.45(5) mm s71 ),

the iron content in these tissues was estimated. It was shown

that the substantia nigra and globus pallidus tissues of

patients with progressive supranuclear palsy (atypical par-

kinsonism) are characterized by an elevated Fe concentra-

tion (on average by *60 and *40%, respectively). These

data may be of interest for understanding the role of iron

compounds in neurodegenerative diseases, which is still

being discussed (with consideration of the MbS data).187

Solti et al.188 used MbS to observe fairly rapid iron

incorporation (from 57FeIII citrate as an iron source) into

iron7sulfur clusters [4Fe74S] and heme cofactors of plant

proteins in chloroplasts isolated from sugar beet (Beta

vulgaris); the iron from iron(II) citrate complexes did not

penetrate through the membrane internal shell. MuÈ ller et

al.,189 based on the MbS data obtained at low temperatures

(including measurements in an external magnetic field),

described for the first time the coordination structure of

FeIII and FeII complexes with nicotianamine, which is

synthesized in plant tissues from S-adenosyl-L-methionine

and is believed to be the key component of iron homeostasis

in plants. It was also shown that isolated chloroplasts from

leaves of the rape plant (Brassica napus) accumulated iron

from FeIII citrate complexes much more efficiently than

from FeIII or FeII complexes with nicotianamine.189

3.2. Microorganisms
One of most interesting analytical applications of MbS in

studying the state and distribution of MoÈ ssbauer nuclide

forms in microorganism cells is the analysis of the iron

transformation processes in magnetotactic bacteria. The

results of early (published in the 1980s) MoÈ ssbauer studies

of biogenic magnetite (Fe3O4), present in the form of

unique organelles Ð magnetosomes, organized into chains

of magnetic nanocrystals,190 Ð in Aquaspirillum magneto-

tacticum cells, were considered in reviews.28, 133 Due to the

magnetosomes synthesized by magnetotactic bacteria, the

latter are sensitive to weak geomagnetic field; as a result,

they can find regions with low concentrations (of the order

of 0.5 ± 1 mg L71) of dissolved oxygen, which are favor-

able for growth. The MoÈ ssbauer spectra of A. magneto-

tacticum biomass contained two clearly distinguishable

magnetically split sextets, characteristic of Fe3O4.

The formal composition of this oxide is

[Fe3+]A[Fe2+Fe3+]BO
2ÿ
4 , where A and B are sites with,

respectively, tetrahedral and octahedral coordination of

O27 ions around iron ions; the latter in the B sublattice

have a mixed oxidation state of 2.5+ and, correspond-

ingly, yield only one sextet. The spectra of A. magneto-

tacticum biomass also exhibited, against the background

of magnetic sextets, several weaker quadrupole doublets

of high-spin FeIII in the composition of bacterial ferritins

and intracellular complexes of high-spin FeII, representing

the rest of the cellular iron pool.

A good illustration of the bioanalytical potential of

MbS, supplementing the aforementioned studies, is the

results obtained by BoÈ ttger et al.,191 who investigated the

transformations of iron assimilated from the environment,

with the formation of biogenic Fe3O4 in the composition of

magnetosomes present in the cells of another magnetotactic

bacterium: Magnetospirillum gryphiswaldense. A suspension

of bacteria was supplemented (in the middle of the loga-

rithmic growth phase) with a citrate complex of 57FeIII

(after its assimilation the contribution of any newly formed
57Fe-containing cell components to the MoÈ ssbauer spec-

trum will be *45 times larger than that from the same

amounts of natural iron compounds, containing only 2.19%
57Fe). After different time intervals, biomass samples were

taken, washed, frozen in liquid nitrogen and placed in a

cryostat to measure their MoÈ ssbauer spectra. The mem-

brane and cytoplasmic (after filtration, containing proteins

with a molecular weight >100 kDa) fractions of cells and

isolated magnetosomes were investigated in the same way

(Fig. 14).

As soon as 20 min after the contact of bacteria with the
57FeIII citrate complex, different components of 57 FeIII-

containing cells can clearly be seen in the spectrum; these

are, primarily, the doublet of high-spin FeIII in the compo-

sition of ferritin (d=0.47 mm s71, DEQ=0.77 mm s71)

and the doublet due to the significant amount of high-spin

iron(II) (d=1.27 mm s71, DEQ=2.81 mm s71 ), which is

characteristic of many bacteria.10 The dynamics of spectral

changes with time showed that, after 40-min incubation,

there is an increase in only the content of magnetite

characterized by two magnetically split sextets for the A

and B sites with the following parameters:

dA=0.38 mm s71, Beff,A= 49.5 T; dB=0.76 mm s71,

Beff,B= 47.4 T (Fig. 14 a). The spectrum of the membrane

fraction (Fig. 14 b) at T=130 K contains a dominant

quadrupole doublet of ferritin (d=0.47 mm s71,

DEQ=0.77 mm s71) and a quadrupole doublet of iron(II),

related to the membrane (d=1.26 mm s71,

DEQ=2.86 mm s71 ); i.e., the same components with

practically the same parameters that were observed in the

spectra of intact cells. However, the spectrum of the

membrane fraction contains also traces of magnetically

split magnetite sextets, but with smaller (as compared with

intact cells) Beff values (dA=0.38 mm s71, Beff,A=46.8 T;

dB=0.76 mm s71, Beff,B= 44.8 T). These parameters cor-

respond to magnetite nanocrystallites less than 6 nm in size;

this circumstance indicates that the initial stages of magnet-

ite formation occur on the cytoplasmic membrane.191

The spectrum of the cytoplasmic fraction (Fig. 14 c)

at T=77 K contains only the ferritin doublet

(d=0.47 mm s71, DEQ=0.77 mm s71), which is trans-

formed into a magnetic sextet at T=4.2 K

(dA=0.49 mm s71, Beff= 47.4 T; A=86.8%), and a

quadrupole doublet of the superparamagnetic (even at this

temperature) FeIII-containing component (d=0.49 mm s71,

DEQ=0.77 mm s71; A=13.2%). Obviously, the latter is

the most highly dispersed fraction of the ferritin core (the

presence of protein with a molecular weight >100 kDa in

this fraction was confirmed by gel electrophoresis).191 Iso-

lated magnetosomes have a characteristic spectrum as a set

of magnetically split magnetite sextets (Fig. 14 d;

dA=0.38 mm s71, Beff,A= 49.9 T; dB=0.76 mm s71,

Beff,B= 47.9 T).

Note that similar MoÈ ssbauer measurements were per-

formed using an M. gryphiswaldense mutant strain, defec-
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tive in production of regulatory protein Fur (Ferric

uptake regulator).192 It was shown that this regulator

controls the general iron homeostasis and participates in

its biomineralization with the formation of magnetite

crystals, balancing this process with the needs of the cell

for Fe-containing biochemical components. In continua-

tion of the study of intracellular biomineralization of iron

with the formation of Fe3O4-containing magnetosomes, in

particular, using MbS,193 it was experimentally shown

recently 194 that the bacterial ferritins of M. gryphiswal-

dense (MSR-1 strain) are not involved in the biogenesis of

magnetite crystals. The experiments were performed

using, along with the initial wild-type MSR-1 strain of

M. gryphiswaldense, mutant strains defective in the syn-

thesis of proteins Ð members of the superfamily of

ferritins in bacteria,195 such as bacterioferritin (Bfr, strain

Dbfr12), DNA-binding protein from starved cells (Dps,

strain Ddps) or both proteins (strain Ddps/bfr12, which

grows only anaerobically, being inhibited by traces of

oxygen). All these strains synthesized magnetosomes;

note that both the initial strain and the strains of obtained

mutants did not reveal any significant differences in the
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MoÈ ssbauer parameters are listed in Table 5. The figure was
prepared by the authors using the data of Ref. 194.

A.A.Kamnev, A.V.Tugarova

1438 Russ. Chem. Rev., 2021, 90 (11) 1415 ± 1453



sizes of Fe3O4 crystals and average numbers of magneto-

somes per cell 194 (Figs 15 a ± d ).

Analysis of the MoÈ ssbauer spectra (Figs 15 e, f and

Table 5) showed that the initial WT strain is characterized

by the dominance of two sextets from biogenic magnetite

(components A and B, making in sum 71.2% of the

spectral area). There are also two quadrupole doublets in

the spectrum: a component due to the ferritin core

(A=22.7%) and a component corresponding to high-

spin FeII complexes (A=6.1%) with parameters charac-

teristic of cytoplasmic phosphorylated carbohydrate com-

plex of iron(II) 194 (the parameters of these complexes are

close for many bacteria 10, 194). The spectrum of the

mutant strain Dbfr12, as expected, demonstrates the

absence of ferritin lines and the dominance of magnetite

sextets (A=97%) with practically the same parameters as

for the WT strain. There is also a minor (A=3%)

component of protein with the [4Fe74S]2+ cluster, hav-

ing characteristic parameters;196 it was not detected for

the WT (where it is obviously present in smaller amounts

and is obscured by other component lines).194 Thus, it was

shown for the first time (using MbS and mutant strains

defective in the synthesis of ferritin-like proteins) for this

bacterium M. gryphiswaldense MSR-1 that, along with the

functional and structural features of its Bfr,194 the path-

way of iron biomineralization with the formation of intra-

cellular magnetosomes is independent of ferritins. Note

that in the previous studies (see, e.g.,193, 197, 198) the key

role in this process was attributed to ferritin-like compo-

nents.

A comparison of the role of abiotic (chemical) and biotic

(induced by microorganisms) factors in the formation of

magnetite from the mineral ferrihydrite, as well as the role

of soil organic materials (microbial biomass and humic

acids), was performed (using the results of MoÈ ssbauer

measurements).102 It was noted that the abiotic transforma-

tion of ferrihydrite (induced by Fe2�aq ions) occurs much

more rapidly than the biotic transformation (carried out by

FeIII-reducing bacteria); however, the rate of magnetite

formation from ferrihydrite is determined by a combination

of such factors as the concentration of Fe2�aq , its uptake by

cells and passivation of ferrihydrite particles by microbial

biomass.

Along with the study of magnetotactic bacteria, MbS is

widely applied to study the processes of formation and to

analyze biogenic mineral deposits and transformation of

minerals as a result of the vital activity of microorganisms.

These data make a great contribution to understanding the

fundamental regularities of the biogeochemical processes

and vital functions of iron(II)-oxidizing and iron(III)-reduc-

ing microorganisms in soil and aqueous media.

Larese-Casanova et al.199 demonstrated the influence of

the geochemical factors of the medium (pH, the presence of

complexing inorganic anions and humic acids) on the

oxidation rate of FeII by the nitrate-reducing bacterium

Acidovorax sp. and on the mineral formation. MbS and

micro-X-ray diffraction were used. It was shown that the

following minerals are formed at pH 7.0 in the absence of

strong complexing agents: lepidocrocite (g-FeOOH, 90%)

and goethite (a-FeOOH, 10%); they were identified using

the MoÈ ssbauer parameters of their magnetic sextets

(DEQ& 0.02 and 70.2 mm s71, Beff& 45 and 50 T, respec-

tively, at T=4.5 K). An increase in pH to 8 and in the

concentration of HCOÿ3 and humic acids to 3 mM facili-

tated the goethite phase accumulation. In the presence of

phosphate (0.2 ± 3 mM) the FeII oxidation rate sharply

decreased [primarily due to the formation of a precipitate

of vivianite Fe3(PO4)2], and the strong broadening of sextets

in the MoÈ ssbauer spectra of oxidized samples hindered

identification of FeIII phases, which contained phosphates

and were most likely amorphous and (or) finely-dispersed.

Biogenic anaerobic reduction of lepidocrocite to mag-

netite by dissimilatory FeIII-reducing bacterium Shewanella

putrefaciens (with formate as an oxidizable substrate) was

investigated 200 using a miniaturized MoÈ ssbauer spectrom-

eter MIMOS-II, operating in the g-radiation backscattering

geometry. The degree of deviation from stoichiometry for

biogenic magnetite, which turned out to be fairly low (in the

absence of intermediate phases of the green rust type; see

below), was determined from the intensity ratio for the two

characteristic sextets of magnetite.

Chistyakova et al.201 used MbS to study (under oxygen-

free conditions) the biogenic reduction of synthetic amor-

phous iron(III) hydroxide (AIH) by a culture of anaerobic

alkaliphilic bacterium Geoalkalibacter ferrihydriticus, using

acetate as a substrate: electron donor. The bacterium,

isolated from bottom sediments of a low-mineralized car-

bonate-containing lake (with optimum pH 8.6 of the

medium), partially reduced AIH at its content up to

*0.05 M Fe3+ in the suspension with the formation of

siderite (FeCO3; characteristic quadrupole doublet:

d& 1.2 ± 1.3 mm s71, DEQ& 1.8 mm s71 at

T=300 K 34, 201). With an increase in the AIH concentra-

tion in the suspension >0.07 M, magnetic components

characteristic of fairly large magnetite particles arose in

the MoÈ ssbauer spectra at T=300 K and with decreasing

siderite content. An addition of anthraquinone-2,6-disulfo-

nate (up to a concentration of nq& 0.12 mM), which is used

by cells as a redox-active `electron shuttle', to the cultiva-

tion medium for G. ferrihydriticus with AIH (0.1 M Fe3+)

led to an increase in the AIH reduction rate and rise in the

magnetic phase intensity in MoÈ ssbauer spectra. An

Table 5. MoÈ ssbauer parameters of spectral components for biomass of Magnetospirillum gryphiswaldense wild-type strain MSR-1 and mutant
strain Dbfr12, measured at T=130 K (according to the data of Ref. 194).

Sample Position Metabolite (spectral d, mm s71 DEQ, , mm s71 G, mm s71 Beff, T A (%)
(intact cells) in Fig. 15 e, f component)

WT (see Fig. 15,e) 1 Fe2+ (high-spin) 1.26 2.82 0.43 7 6.1

2 Magnetite (site A) 0.38 0 0.30 49.5 23.7

3 Magnetite (site B) 0.76 0 0.52 47.5 47.5

4 Ferritin 0.48 0.75 0.52 7 22.7

Dbfr12 (see Fig. 15 f ) 1 [4Fe74S]2+ cluster 0.40 1.04 0.50 7 3.0

2 Magnetite (site A) 0.36 0 0.34 49.3 32.3

3 Magnetite (site B) 0.76 0 0.55 47.4 64.7
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enhancement of the relaxation character of magnetic spec-

tral component was observed at nq>1 mM; this enhance-

ment is a manifestation of a decrease in particle size.201

As was shown by Chistyakova et al.,202 the same anae-

robic alkaliphile G. ferrihydriticus in the absence of acetate,

needed by the bacterium for dissimilatory iron(III) reduc-

tion, can perform transformation of FeIII-containing min-

erals in the presence of Anaerobacillus alkalilacustre

bacterium, isolated from the same lake. This bacterium

enzymatically metabolizes mannitol (which is not used by

G. ferrihydriticus) and releases acetate and other organic

molecules used by G. ferrihydriticus. An MbS study of a

binary culture of G. ferrihydriticus and A. alkalilacustre in

HCOÿ3 -containing medium revealed reduction of AIH with

the formation of siderite (at an AIH content of 0.01 M Fe3+

in the suspension), constituting about a half of the Fe-

containing product, and lepidocrocite (with characteristic

quadrupole doublets at T=295 and 77 K; A& 28%). As

the low-temperature MoÈ ssbauer measurements showed, at

an AIH content of 0.10 M Fe3+, there was accumulation of

(along with siderite) a magnetic phase, described as non-

stoichiometric magnetite or its mixture with maghemite.202

These results indicate a significant role of the ratio of

electron donor and acceptor in an aqueous medium in the

formation of various FeII-containing minerals.

Similar partial dissimilatory reduction of FeIII by cul-

tures of anaerobic bacteria was studied (using MbS) for

such minerals as glauconite 203 (dioctahedral mica with a

low content of Fe2+ and the general composition

K<1(Fe3+,Fe2+,Al,Mg)2± 3[Si3(Si,Al)O10](OH)2 . nH2O) and

biotite 204 (trioctahedral aluminosilicate mica with a some-

what higher initial content of Fe2+) with titanium oxide

impurities (0.16% in glauconite and 1.54% in biotite). In

these cases the G. ferrihydriticus bacterium was used either

as a monoculture (with acetate as a substrate) or in the

composition of a binary culture, jointly with the anaerobic

alkaliphilic bacterium Clostridium alkalicellulosi, which

cannot reduce FeIII but hydrolyzes cellulose to low-molec-

ular substrates Ð electron donors for FeIII-reducing G.

ferrihydriticus. An analysis of complex MoÈ ssbauer spectra

of minerals and products of their biotransformation showed

the formation of new magnetically ordered phases, contain-

ing nonstoichiometric magnetite and maghemite (with pos-

sible replacement of iron with titanium and aluminium

ions), whose amount increased more rapidly upon interac-

tion of minerals with the binary culture.203, 204 However, it

should be noted that a subsequent study of this group in

cooperation with other researchers,205 where the interaction

of G. ferrihydriticus with glauconite and biotite in carbonate

alkaline media (pH 9) was analyzed, it was found (using

chemical and MbS measurements) that the acetate content

increased simultaneously with the transformation of the

aforementioned phyllosilicates during the formation of

magnetic phases. This result can be interpreted only as a

possibility for G. ferrihydriticus to use carbonate as an

electron acceptor with the formation of acetate and simul-

taneous oxidation of Fe2+ in the composition of alumino-

silicate minerals. This result (unusual for a FeII-oxidizing

bacterium) confirmed by genome analysis and thermody-

namic calculations,205 may indicate participation of G. fer-

rihydriticus in the formation of FeIII-containing mineral

deposits and production of organic compounds in the

Precambrian era.

When studying the products of biotransformation as a

result of the vital activity of acetogenic carbonate-reducing

bacterium Fuchsiella ferrireducens, MoÈ ssbauer spectra of

the products of biotransformation of Fe3+-containing fer-

rihydrite, Fe2+/Fe3+-containing magnetite and Fe2+-con-

taining siderite, in the presence of ethanol (0.05 M) as a

substrate, were analyzed.206 It was found that, along with

the reduction of Fe3+ from ferrihydrite (with the formation

of siderite and a magnetic phase containing hematite and

maghemite), separate transformation of magnetite and side-

rite also occurred; the MoÈ ssbauer measurements for siderite

did not show any change in the iron oxidation state. It was

concluded that F. ferrireducens can both reduce iron(III) in

the composition of minerals and oxidize iron(II), including

that formed in the biogenic process (for example, oxidizing

biogenic magnetite to a mixture of hematite and maghe-

mite). The biotransformation of siderite (found by MbS)

can also be explained by the oxidation of Fe2+ to a Fe3+-

containing phase, which was then reduced by bacteria to

biogenic siderite with somewhat different MoÈ ssbauer

parameters.

Recently Zavarzina et al.207 studied the transformation

of minerals (ferrihydrite and siderite) by a binary associa-

tion of obligate syntrophic ethanol-oxidising bacterium

Candidatus `Contubernalis alkalaceticum' with the faculta-

tive lithotroph G. ferrihydriticus using MoÈ ssbauer measure-

ments at room temperature and at 82 K. A more detailed

low-temperature MoÈ ssbauer study of these processes,

including ESR measurements, was also performed.208 The

results confirmed that G. ferrihydriticus can switch from

ferrihydrite reduction (using ethanol as an electron donor)

to syntrophic homoacetogenesis with reduction of CO2 (in

this case ethanol is supplied to the partner in association); in

the presence of siderite acetogenesis occurs with the aid of

both siderite and H2 as electron donors. MoÈ ssbauer data 208

showed that the syntrophic binary culture transformed

ferrihydrite first to a fine-grained mixture of magnetite

and maghemite, with subsequent reduction of magnetite to

siderite and iron oxyhydroxycarbonateÐthe so-called green

rust (GR).} In contrast, natural hydrothermal siderite was

partially oxidized by the association (with carbonate reduc-

tion) to GR and a mixture of magnetite and maghemite

particles.

As a model of formation of secondary mineral phases of

FeIII-containing formations on the Earth in the Precam-

brian period, the authors 209 showed a possibility of green

rust oxidation to iron(III) oxyhydroxides in the absence of

oxygen by anoxygenic phototrophic FeII-oxidizing bacteria.

Carbonate-containing GR was synthesized, the partial

leaching of Fe2+ cations from this GR in phosphate ±

bicarbonate diluted solutions was investigated, the compo-

sition of GR components before and after incubation with

Rhodobacter ferrooxidans (strain SW2) and Rhodopseudo-

monas palustris (strain TIE-1) cells under anaerobic con-

ditions was analyzed, and MoÈ ssbauer spectra were recorded

(Fig. 16).

The results showed that both phototrophic bacteria, in

the light under anaerobic conditions, transform GR, oxidiz-

ing most of FeII cations present in GR (see Figs. 16 d,e,

spectral components GR(II)1 and GR(II)2;

d& 1.2 ± 1.4 mm s71, DEQ& 2.3 ± 3.4 mm s71; in sum

72 ± 74% of the total spectrum area). In this case, weakly

ordered iron(III) oxyhydroxide with parameters of quadru-

}Mineral described by the general formula

[FeII1ÿxFe
III
x (OH)2]x+ . [(x/n)An7,mH2O]x7 , where x is the molar fraction

[FeIII]/([FeII]+[FeIII]), An7 are intercalated anions.
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pole doublets characteristic of ferrihydrite is formed

(d& 0.45 ± 0.47 mm s71, DEQ& 0.73 ± 0.86 mm s71 at

T=140 K; up to 77 ± 95% of the total spectrum area;

Figs. 16 f7g). Thus, it was proven experimentally that

such anaerobic processes in aqueous media with participa-

tion of phototrophic FeII-oxidizing bacteria could facilitate

the formation of ferric deposits, containing FeIII-oxyhydr-

oxide minerals.209

The role of iron compounds, their state, localization and

transformations in microorganism cells were discussed

(using the data of MoÈ ssbauer measurements, which allow

one to gain insight into cells or their macrocomponents) in

many interesting studies, including those published in the

last decade; some of them were discussed in reviews.10, 210

Spectroscopic techniques, including MbS, were used 211

to characterize the cellular iron of fermenting yeast S. cer-

evisiae under conditions of iron deficiency and at an

elevated iron concentration in the medium. In the case of

iron deficiency (1 mM 57FeIII citrate) the cells contained

*0.15 mM Fe, mainly in the form of nonheme high-spin

iron(II), as well as mitochondrial iron. {The mitochondria

isolated from these cells contained low- and high-spin heme

iron, a fraction of nonheme high-spin iron(II), and clusters

[4Fe74S]2+, [2Fe72S]+ (S=1/2) and [2Fe72S]2+.} The

[2Fe72S]2+ clusters had not been observed previously,

because their MoÈ ssbauer lines had been obscured by the

absorption of FeIII nanoparticles, absent in the cells under

conditions of Fe deficiency. At normal (10 mM) and elevated

(5100 mM) concentrations of iron in the medium, its con-

tent in fermenting cells was 0.40 ± 0.45 mM. The content of

nonheme high-spin FeII beyond mitochondria decreased by

a factor of *3, while the concentration of vacuolar non-

heme high-spin FeIII reached a cellular maximum

(*0.30 mM). The mitochondria isolated from these cells

contained a larger amount of nonheme high-spin FeII and

many FeIII nanoparticles. Note that, for a medium with iron

excess in the concentration range with limits differing by a

factor of 250 (0.04 ± 10 mM), the iron content in the cells

was similar; this circumstance reflects the protective limi-

tation of its import.211

In the next study Cockrell et al.212 investigated (using

MbS and other spectroscopic and biochemical methods) the

state and concentration of iron in S. cerevisiae cells at a

sufficiently high iron concentration (40 mM) in the medium

and under conditions of iron deficiency (1 mM)

(Figs. 17 a,b). In the latter case the iron content in the cells

was on average lower by a factor of *3; the central doublet

(A=60%), corresponding to [4Fe74S]2+ clusters (S=0)

and low-spin 57FeII-heme centres, dominated in the MoÈ ss-

bauer spectrum; there were also small contributions from

the doublets of high-spin 57FeII (28%) and 57FeIII-contain-

ing nanoparticles (*5%; spectrum b). The magnetically

split component of nonheme high-spin 57FeIII was absent

(although its small contribution could be indistinguishable

against the noise background); this is confirmed by the

absence of its signal (g=4.3) in the ESR spectrum.212 Cells

of genetically modified yeast with deleted gene CCC1,

responsible for iron import into vacuoles, were studied

under similar conditions (Fig. 17 c,d ). In this case the

amount of accumulated iron was reduced by approximately

a quarter only at 40 mM Fe in the medium (see Fig. 17 c); as

compared with the WT cells, at 40 mM iron in the medium,

the fraction of the sextet of high-spin 57FeIII in the spectrum

decreased (from 55 to 30%), but one could observe a

significant increase in the fraction of nonheme high-spin
57FeII (from 13 to 30%) and the central doublet components

(from 8 to 19%). The increased content of nonheme high-

spin 57FeII in mutant cells (*0.11 mM in comparison with

*0.06 mM in WT cells) caused their enhanced damage as a

result of the formation of reactive oxygen species according
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Figure 16. Scanning electron microscopy (SEM) images of (a) a
synthetic GR sample washed to a constant composition in a
solution of the cultivation medium for the bacterium Rhodobacter
ferrooxidans SW2, suspensions of cultures of bacteria (b) Rh. fer-
rooxidans SW2 with GR and (c) Rhodopseudomonas palustris TIE-1
with GR after 13-day cultivation and the MoÈ ssbauer spectra of GR
samples washed to a constant composition in solutions of the
cultivation medium for bacteria (d ) Rh. ferrooxidans SW2
(GR_SW2) and (e) Rh. palustris TIE-1 (GR_TIE-1) and the
products of their oxidation by cultures of ( f ) Rh. ferrooxidans
SW2 and (g) Rh. palustris TIE-1 for 19 days at 20 8C in the light.
All experiments were performed in an oxygen-free medium. GR is
shown by green hexagons in Fig. a; bacterial cells are indicated by
red arrows in Figs b,c; Figs d ± g present the experimental data
(dots) and total spectra (envelopes), with coloured spectral compo-
nents, corresponding to two FeII-containing GR components
[GR(II)1 and GR(II)2] and FeIII-containing components: GR(III)
(d, e contain unresolved quadrupole doublets with low DEQ) and
FeIII ( f, g contain quadrupole doublets of FeIII oxyhydroxide with

parameters characteristic of ferrihydrite); the traces of a magneti-
cally split phase (for e, g) correspond to a goethite (a-FeOOH)
impurity. The figure was prepared by the authors using the data
of Ref. 209.
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to the Fenton reaction.212 In contrast, at an iron content of

1 mM in the medium, the differences between the genetically

modified and WT-cells were much less pronounced: in both

cases most of iron was mitochondrial (see Subsection 3.1; 65

and 67%, respectively), with some contribution from non-

heme high-spin iron(II) (25 and 15%).

A comparative analysis of the levels of iron accumula-

tion and transformation in S. cerevisiae cells in different

growth stages was performed in Ref. 213. After a few hours

of growth in a medium with 0.04 mM 57Fe citrate as the iron

source (exponential growth stage), the magnetically split

component of nonheme high-spin iron(III) of vacuoles

(d=0.52 mm s71, DEQ=0.38 mm s71; A=74%;

Ref. 213 for other parameters) and the central doublet (see

above) of mitochondria with broadened lines

(d=0.45 mm s71, DEQ=1.15 mm s71, G=0.7 mm s71)

dominated in the MoÈ ssbauer spectrum of frozen biomass

(T=5 K, Bext= 0.05 T). There were also minor doublets

due to high-spin heme iron (d=0.8 mm s71,

DEQ=2.4 mm s71, G=0.37 mm s71) and nonheme

iron(II) (d=1.26 mm s71, DEQ=3.0 mm s71,

G=0.6 mm s71). After the 5-day growth (post-exponential

stage), the iron concentration in the cells was more than 30

times higher; whereas the content of other metals changed

not so radically (Zn and Cu concentrations were higher by

factors of *2 and *1.5, respectively, and the Mn concen-

tration barely changed). MoÈ ssbauer measurements showed

that up to 90% iron accumulated by cells in this stage of

transition to the metabolically inactive form is localized in

the cell walls (comprising *70% mononuclear nonheme

high-spin Fe3+ ions, as well as *20% diamagnetic and

*10% superparamagnetic FeIII-oxyhydroxide nanopar-

ticles). The reactivated cells mobilized iron(III) of the cell

wall, reducing it to FeII; some part of it was imported to

cytosol, and the rest remained in the environment. Wofford

et al.213 raised the question of the generality of the cell wall

ability (found for yeast) to accumulate and mobilize iron in

view of the ability to import it, which is a key factor of the

pathogenicity of fungi, and the development of methods for

treating fungal pathologies.

In continuation of Ref. 214, using the results of highly

sensitive MoÈ ssbauer measurements (with application of
57Fe), Wofford and Lindahl 215 developed a detailed math-

ematical model of iron import and translocation, as well as

regulation of these processes in growing S. cerevisiae yeast

cells. Using this model, one can predict the specific features

of iron metabolism in cells, in particular, under influence of

oxygen. Based on the data about iron proteome (ironome)

of evolving yeast cells, which consists of 139 proteins and 5

nonprotein compounds, and their classification according

to the localization in the cell, the type of Fe centres and the

functions, Lindahl 216 developed a mechanistic model to

describe the cellular biochemical processes involving iron

compounds.

In a recent study by the research team of Lindahl 217

(remarkable in the choice of methods and originality of

solving problems), MbS (T=5 K, Bext= 0.05 T) and ESR

spectroscopy were jointly used to study wild-type Escher-

ichia coli and genetically modified strains. (Strains defective

in production of ferritin-like proteins and the Fur system,

which controls binding of low-molecular FeII complexes of

nonprotein nature in cytosol and its metabolization, were

applied.) An analysis of cytosol extracts using size-exclusion

chromatography with online detection by inductively

coupled plasma mass spectrometry was also performed.

The experiments were carried out on bacteria cultivated to

different growth stages, with two different carbon sources

(glucose and acetate), different concentrations of 57FeIII

citrate and different degrees of aeration. A brief review of

previous studies on the state of iron in E. coli cells (some

conclusions of which were revised) is given in the Introduc-

tion of Ref. 217. One of the main results 217 was the proof of

the fact that the dominant doublet (at T=5 K) of magneti-

cally ordered FeIII is not related to ferritins, which, as

concluded by the authors,217 play a less important role as

an iron `storage' than it was believed previously. MoÈ ssbauer

spectra measured in the exponential phase of cell growth
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Figure 17. MoÈ ssbauer spectra of (a, b) intact cells of S. cerevisiae
and (c, d ) cells with deleted CCC1 gene grown in media with 57FeIII

citrate contents of (a, c) 40 and (b, d ) 1 mM. The total spectra
(envelopes of the experimental data) are shown in red; the spectral
components in Fig. a are shifted along the vertical axis (to separate
them): (1) nonheme high-spin mononuclear 57FeIII

(d=0.54 mm s71, DEQ=0.39 mm s71; A=55%), (2) nonheme
high-spin 57FeII (d=1.3 mm s71, DEQ=3.0 mm s71; A=13%;
the same component, presented in Fig. c above the spectrum has
A=30%); (3) the so-called central doublet (d=0.45 mm s71,
DEQ=1.14 mm s71; A=8%), corresponding to the [4Fe74S]2+

clusters (S=0) and low-spin 57FeII-heme centres (with indistin-
guishable MoÈ ssbauer parameters); and (4) 57FeIII-containing nano-
particles (d=0.53 mm s71, DEQ=0.45 mm s71; A=18%). The
total iron content in the cells (in mM) is (a) 0.49� 0.14,
(b) 0.17� 0.05, (c) 0.36� 0.10 and (d ) 0.15� 0.06. The figure was
prepared by the authors using the data of Ref. 212.
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contained a strong doublet of magnetically ordered

iron(III), which was also present in spectra of similarly

grown cells having no ferritin synthesis genes. The param-

eters of this doublet coincided with the corresponding

parameters for nanoparticles of FeIII oxyhydroxide com-

pounds in mitochondria of eukaryotic cells (see above).

Exponentially growing cells at 57FeIII concentrations of

1, 10 and 100 mM in a glucose-containing medium accumu-

lated, respectively, 0.35� 0.12, 0.54� 0.07 and 0.99� 0.02

mM iron; in an acetate-containing medium the cellular iron

content was higher (0.60, 0.73 and 1.60 mM, respectively),

and the cell growth was more than two times slower. The

MoÈ ssbauer spectra of the cells grown on glucose, measured

in the exponential phase, were independent of the iron level

in the medium. They exhibited dominance of the `common'

doublet of [4Fe74S]2+ (S=0) clusters and low-spin heme
57FeII centres (d=0.45 mm s71, DEQ=1.15 mm s71 ) and

a broadened doublet of nonheme high-spin 57FeII. The

latter was decomposed into two components: a major one

with parameters typical of 57FeII complexes with O6 coor-

dination (d=1.33 mm s71, DEQ=3.47 mm s71) and a

minor one with the O/N coordination (d=1.17 mm s71,

DEQ=2.99 mm s71). These complexes were characterized

chromatographically (M& 500 and 1300 Da, respectively).

It was suggested that they are involved in the intracellular

transport and regulation of iron and serve as an iron source

for synthesis of Fe7S clusters and heme and (or) for filling

apoenzymes with iron ions. Under aerobic conditions the

intracellular concentration of these low-molecular com-

plexes did not exceed *0.05 mM; however, it was higher

than 0.5 mM under microaerobic conditions. In the sta-

tionary growth phase, MoÈ ssbauer spectra of the cells were

characterized by a dominant doublet of FeIII nanoparticles

(d=0.55 mm s71, DEQ=0.55 mm s71, G=0.5 mm s71),

and the FeII content decreased (the Fe7S-cluster doublet

did not undergo any significant changes).217 The iron

content in the cells practically doubled; i.e., in the sta-

tionary phase, even in the absence of growth, cells contin-

ued to accumulate iron, as it was observed for yeast.218

Based on the investigation results, it was concluded in

Ref. 217 that, under microaerobic conditions, iron in E. coli

(and, likely, in many other bacteria) is stored mainly not in

the form of ferritins but as labile low-molecular iron(II)

complexes. Metabolically active cells `are protected' from

the consequences of the Fenton reaction in the presence of

high concentrations of intracellular FeII, reducing the O2

diffusing into the cytosol, by a `respiratory shield' com-

posed of membrane-bound iron-rich respiratory complexes.

In dormant cells, iron is stored in the form of FeIII oxy-

hydroxide nanoparticles, which are formed when low-

molecular FeII complexes are oxidized by the oxygen

penetrating into the cytosol, as this occurs in yeast mito-

chondria.219, 220 The importance of these results and, in

particular, the informativeness of MoÈ ssbauer studies in the

field of cell biology was underlined in Kosman's mini-

review.221

Despite the very large number of studies devoted to the

common and widely studied nitrogen-fixing and phytosti-

mulating soil bacteria of the Azospirillum brasilense species,

published in the last decade, the first MbS studies of the

assimilation and state of iron in their cells have been

published only recently.222, 223 For two A. brasilense strains,

characterized by different ecological behaviour, the MoÈ ss-

bauer spectra of the samples grown for 18 h in a medium

with a nitrilotriacetate complex of 57FeIII (0.07 mM) as an

iron source, with subsequent washing from the cultural

medium and rapid freezing of the biomass, demonstrated a

superposition of three doublets. Two of them (in total from

22 to 33% of the spectrum area for different strains)

corresponded to high-spin 57Fe2+ in the composition of

different O/N-hexacoordinated complexes (d& 1.3 and

1.2 mm s71, DEQ& 3.0 ± 3.1 and 2.6 ± 2.7 mm s71 at

T=80 K).222, 223 The third doublet with the parameters

d& 0.47 ± 0.49 mm s71 and DEQ& 0.79 ± 0.85 mm s71

(67 ± 78% of the spectrum area for different strains) corre-

sponded obviously to the components of bacterial ferritins,

as was confirmed by the MoÈ ssbauer measurements of dry

biomass at T=5 and 2 K, in particular, in an external

magnetic field.224 Since the only iron source in the medium

was iron(III), these data indicate active reduction of FeIII by

cells during assimilation (which is also characteristic of

many other bacteria).10 Moreover, when the biomass was

kept for 3 days in a physiological solution (in the absence of

nutrients and iron source), the A. brasilense Sp245 strain

continued to reduce assimilated iron(III) (the total FeII

content increased from 33 to 48%).222

It is noteworthy that, after the biomass lyophilization,

the MoÈ ssbauer spectra demonstrated dominance of iron(III)

in both azospirillum strains, 225, 226 whereas the content of

iron(II) decreased to *3% (Fig. 18). Note that the

broadened quadrupole doublet of 57FeIII in the lyophilized

biomass [d=0.46(2) mm s71, DEQ=0.82(3) mm s71;

A=97%; see Fig.18 b), which was dominant at T=80 K,

decomposed into a magnetically split broadened sextet of

bacterial ferritins at T=5 K [d=0.48(1) mm s71,

Beff= 48.2(5) T; A=73%] and a quadrupole doublet of

paramagnetic iron(III) [d=0.44(1) mm s71,

DEQ=0.94(2) mm s71; A=23%; see Fig. 18 c]. The con-

tent of the latter coincides (within the measurement error)

with the relative amount (*20%) of iron(II) oxidized

during lyophilization and, obviously, corresponds to FeIII

complexes (possibly, with the same ligands), partially

hydroxylated during oxidation. The latter circumstance

possibly explains the fairly large value DEQ=0.94 mm s71,

as well as the doublet broadening (G=0.77 mm s71) due to

structural inhomogeneities.226

Rapid oxidation of cellular iron(II) in the frozen bio-

mass during lyophilization (with possible preservation of

the vitality of bacterial cells, which, as is known, can be

stored in the form of a lyophilisate) 226 may form the basis

of a natural `strategy' for protection from oxidative damage

at relatively high FeII concentrations. It is known that

iron(II) may be involved in processes of the Fenton reaction

type, which lead to the formation of reactive oxygen species,

in particular, in dry cells, where metabolic processes are

slowed down. This result is important for understanding the

transformation of iron forms and safety of dry bacterial

preparations, which are widely used in various fields of

biology, medicine and biotechnology.

MoÈ ssbauer measurements were performed for a dry

biomass of Arthrospira platensis cyanobacterium (previous

name Spirulina platensis), grown with addition of different

iron complexes based on 2-furancarboxylic acid in order to

enrich its biomass with this trace element 227 or at different

concentrations of the Fe ± EDTA complex in the medium

and with different degrees of aeration.228 The measurements

revealed the presence of two doublets of high-spin FeIII

(d=0.34 ± 0.35 mm s71, DEQ=1.0 and 0.55 mm s71 at

T=300 K), which is consistent with the data for ferrihy-

drite.228 It was found that, at Fe ± EDTA concentrations in
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the medium <5 mg ml71 the newly formed ferrihydrite is

accumulated in trichomes (filaments composed of many

cells). With an increase in the concentration of Fe ± EDTA,

the ferrihydrite formed during biomineralization of this

complex by the cyanobacterium is deposited in the form of

conglomerates on the surface of trichomes and then in the

space around them. In this case the MoÈ ssbauer parameters

and the ratio of doublet areas differed from the correspond-

ing data for the ferrihydrite in trichomes. It was noted 228

that the biomineralization of dissolved forms of iron (at its

excess in a medium) to insoluble ferrihydrite is obviouly a

way to protect cyanobacteria from its high concentrations,

whereas ferrihydrite in cells is accumulated most likely in

the form of ferritin.

A number of works where the emission (57Co) MbS

variant was used to study the binding, state and trans-

formations of 57Co2+ (in low concentrations) for micro-

organisms were considered in our previous reviews.10, 36 It

should be noted that, along with the fundamental data on

the cobalt state in cells, the research in this field attracts

attention in view of the biogeochemical and ecological

problems related to microbial leaching of 60 Co radionuclide

traces from minerals in radioactive waste storage sites.36

In the first study in this field (1974, see Ref. 36), uptake

of the 57Co2+ complex with bacterial FeIII-chelating agent

enterochelin (cyclic trimer of N-2,3-dihydroxybenzoylser-

ine) by E. coli cells was investigated; measurements were

performed on frozen biomass (T=83 K). The following

interesting fact was noted: even at +3 8C a weak effect was

observed for 24 h in the emission spectrum of an aqueous

suspension of biomass, evidencing that a small fraction

(*4%) of absorbed 57Co2+ remained in the composition

of the cellular membrane (quasi-solid cellular structure),

because the ME is not observed for a MoÈ ssbauer nuclide in

dissolved state. An emission spectrum of the biomass of

thermophilic cyanobacterium Synechococcus vulcanus,

rapidly frozen after 4-month incubation with 57Co2+, was

measured later (Ref. 229). The spectrum was fitted in the

best way by a superposition of two quadrupole doublets

with the parameters d=0.27(1) mm s71,

DEQ=2.08(1) mm s71 (T=80 K; A=74%), close to

those for 57Co2+-doped cobalamins, and

d=1.08(1) mm s71, DEQ=2.66(1) mm s71 (A=26%),

which are characteristic of the complexes of high-spin
57Fe2+ (likely, in the Td coordination because of the small

d value).

In the next series of studies the MbS technique was used

to investigate the interaction of 57Co2+ with different

strains of the above-mentioned bacterial species Azospiril-

lum brasilense,148, 150, 223, 230 ± 232 some of those studies were

discussed in reviews.10, 36 Rapid (within 2 min) binding of

cobalt(II) by cells (57Co2+ was added to the cultivation

medium in concentrations of the order of 0.01 mM)

occurred in the experiments.223, 230 ± 232 The MoÈ ssbauer

parameters for the frozen suspensions of living cells differed

from those for 57Co2+ in a suspension of dead cells (with

purely chemical interaction between 57Co2+ and the cell

surface) and in frozen solutions of the cultural liquid or

aqueous solution of 57CoCl2. During an hour one could

observe some changes in the MoÈ ssbauer parameters and

redistribution of the relative content of 57Co2+ forms,

which indicates processes of metabolic transformation of

the cobalt(II) cation. A superposition of two quadrupole

doublets (I and II) of high-spin nucleogenic 57Fe2+, which

characterizes the state of the initial 57Co2+ cation (the third

doublet, making up to 25 ± 36% of the spectrum area,

corresponded to aliovalent 57Fe3+ as a result of the post-

effects with the parameters d=0.24 ± 0.45 mm s71,

DEQ=0.7 ± 1.4 mm s71 for different strains), was observed

in the emission spectra of the two strains of A. brasilense in
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Figure 18. MoÈ ssbauer spectra of (a) Azospirillum brasilense Sp7 biomass,
grown for 18 h in a cultural medium with a nitrilotriacetate 57FeIII complex
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positions of the spectral components of FeII and magnetically split compo-
nent of FeIII(magn.) are shown above the spectra; the position of the FeIII

component is indicated under the spectra. The figure was prepared by the
authors using the data of Refs 224, 226.
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all cases.223, 230 ± 232 Doublet I (about half of the spectrum

area) corresponds to the parameters of typical O/N-coordi-

nated complexes with an Oh symmetry

(d=1.10 ± 1.26 mm s71, DEQ=2.6 ± 3.0 mm s71 at

T=80 K). The parameters of doublet II (A=20 ± 30%)

differed significantly, primarily, by smaller values of quad-

rupole splitting (DEQ=2.0 ± 2.3 mm s71); the isomer shifts

were also smaller (d4 1.2 and 4 1.0 mm s71 for different

strains). In particular, the values d=0.89 mm s71,

DEQ=2.00 mm s71 for doublet II in the emission spec-

trum 223 of a suspension of A. brasilense Sp7 after a 2-min

contact with 57Co2+ are atypical. It is of interest that these

values almost coincide with the parameters of one of the Fe

centres for the [4Fe74S]2+ cluster with unusual coordina-

tion in the above-discussed transmission spectrum of bacte-

rial protein LytB (see Fig. 10 a and Table 4).

In our opinion, this coincidence is not accidental. The

toxicity of cobalt(II) for bacteria is known (see Refs 10, 36

and 223) to be due to the participation of Co2+ cations in

reactions with labile [Fe7S] clusters during their biosyn-

thesis de novo or reparation. (One cannot also exclude the

participation of special iron-containing proteins Ð donors

of iron ions, in which, according to the data of MbS and

other spectroscopic measurements,233 FeII is bound much

more weakly than FeIII and, correspondingly, is much more

labile.) With allowance for the aforesaid, one can suggest

participation of 57Co2+ ions in similar reactions with

iron7sulfur proteins of azospirilla in the initial interaction

stage.

It is also important that, to record the transmission

spectrum of 57Fe-containing protein LytB, Ahrens-Botzong

et al.137 had to isolate it from the biomass of its super-

producer recombinant E. coli. In the case of emission

measurements, fairly good spectra with the aforementioned

parameters were obtained using 0.2 ml aqueous suspension

of A. brasilense cells with a 57Co2+ concentration of the

order of 10 mM.10, 223, 232

3.3. Plants
Starting with the 1980s, MbS has been successfully applied

to study the assimilation, distribution in different parts of

plants and detection of chemical forms of iron, despite its

relatively low content in higher plant tissues.35 These studies

are important in view of the problems of iron deficiency for

plants and development of chlorosis, which are especially

urgent for calcareous and alkaline soils.

Plants use different strategies to assimilate iron from

soil, where the solubility of iron compounds is generally

extremely low. Non-cereal plants apply enzymatic reduction

of soluble iron(III) chelates on the external surface of the

cytoplasmic membrane of root cells with participation of

1,5-dihydroflavin adenine dinucleotide or the reduced form

of nicotinamide adenine dinucleotide phosphate (NADPH2)

to the corresponding iron(II) chelates. The latter, in view of

their much lower stability, `transfer' Fe2+ ions to intra-

membrane transporters of divalent cations with their sub-

sequent oxidation to Fe3+ (strategy I). Cereals can produce

(and release into soil) phytosiderophores (low-molecular

Fe3+-binding organic molecules), which dissolve iron(III)

from soil minerals and are directly bioavailable (in the form

of complexes) for plants (strategy II).35 The absorbed iron

in the form of coordination compounds, penetrating the

cytoplasm, is then distributed by a plant, being accumulated

after oxidation in phytoferritin, as well as in heme-contain-

ing proteins, Fe7S-proteins, etc.

In many cases MoÈ ssbauer measurements showed that

iron in plant tissues is transferred mainly in the form of

simple organic or inorganic complexes; the iron content in

the composition of cellular proteins was below the MbS

detection limit.10, 35 In particular, after sprouting cucumber

(Cucumis sativus) under conditions of iron deficiency and

subsequent contact with an iron(III) source, iron was

present in roots mainly in the composition of FeIII carboxy-

late complexes (citrate when using 57FeIII citrate as an iron

source). The additional components were iron(II)-hydrate

complex [with the spectral parameters d=1.37 mm s71,

DEQ=3.0 mm s71, close to those for Fe(H2O)2�6 ] or

similar high-spin complexes (d=1.30 mm s71,

DEQ=2.93 ± 2.95 mm s71 at T=80 K) when using syn-

thetic 57FeIII chelates as an iron source.234 According to the

MoÈ ssbauer data,35 the relative content of iron(II) in cucum-

ber roots after 30-min contact with a 57FeIII source

increased from 13 to 48% with an increase in the concen-

tration of 57FeIII citrate in the medium from 0.01 to 0.5 mM,

which indicated a high rate of iron(III) reduction. At a

concentration of 57FeIII citrate in the medium of 0.5 mM,

the relative content of iron(II) in roots decreased from 48 to

6% after 24 h; the content of FeIII complexes increased in

parallel.

For cucumbers sprouted for several weeks in the pres-

ence of 0.01 mM of 57FeIII citrate, iron(II) was absent in the

MoÈ ssbauer spectra of root tissues.235 Low-temperature

measurements (T=4.2 ± 1.5 K, including measurements in

an external magnetic field) showed the presence of iron(III)

carboxylate complexes, hydrated FeIII oxide in the compo-

sition of phytoferritin and sulfate-containing oxyhydroxide

phases of the mineral jarosite type.235

Assimilation of iron (by strategy I) by freshwater photo-

synthesising unicellular green alga Chlamydomonas rein-

hardtii at different CO2 concentrations in air and the

influence of anaerobiosis on the iron accumulation was

investigated by MbS in 236. In a cultural medium containing

0.03 mM 57FeIII and 1.5 mM citrate, alga cells grown in air

with an elevated CO2 content (3 vol.%) accumulated a

significant amount of iron in the form of FeII

(d=1.36 mm s71, DEQ=3.1 mm s71 at T=80 K; rela-

tive content of 68% after 5 days). Its absolute amount was

rapidly `saturated' and then changed only slightly during

the cell growth for several days, while the content of

iron(III) increased (d=0.46 mm s71, DEQ=0.65 mm s71;

A=32% after 5 days). According to the MoÈ ssbauer data,

in the cells with a lower content of FeII (below the

saturation level), kept for only 3 h under anaerobic con-

ditions in the absence of an external iron source, the relative

FeII content increased by a factor of 3 ± 4 due to the

reduction of intracellular FeIII, whose relative content

decreased. Note that the accumulation of a significant

amount of iron(II) is atypical of green alga cells. MoÈ ssbauer

measurements showed 236 also that only FeIII was accumu-

lated in cells of freshwater photosynthesising cyanobacteria

Synechococcus elongatus under similar conditions; obvi-

ously, this accumulation occurred during repeated oxida-

tion of the iron(II) transported into the cell in

correspondence with strategy I (see above). As compared

with yeast cells, which, as well as Chlamydomonas reinhard-

tii, contained vacuoles and (according to the MbS data) also

accumulated FeII (but in smaller relative amounts),236 it was

concluded that iron(II) in algae cells is also stored in

vacuoles.
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The later study 237 was devoted to the widespread sea

green alga Tetraselmis suecica, which is of interest for

biotechnology (production of biofuel, as well as valuable

food and feed additives). The uptake of iron by cells was

investigated, and its chemical forms were analyzed using

MbS and X-ray absorption spectroscopy. The MoÈ ssbauer

measurements of a biomass grown on sea water enriched in
57Fe3+ at low temperatures (to T=2 K) revealed three

main Fe-containing cell components (Fig. 19).The com-

pounds constituting the main part of the cellular iron pool

(A& 87%; component 2), are presented by a quadrupole

doublet at T=77 K (d=0.47 mm s71, DEQ=

0.72 mm s71, G=0.52 mm s71) and developing magnetic

structure (Beff= 40 ± 41 T) at a decrease in the measurement

temperature to T=2 K. These parameters correspond to

the content of highly dispersed polymer Fe3+ oxohydroxide

compounds, characterized by different sizes of ferritin core

particles with a phosphate content (according to the X-ray

absorption spectroscopy data) lower than in most of bacte-

rial and plant ferritins. Component 3, according to the

MoÈ ssbauer data (d=0.42 ± 0.45 mm s71, DEQ=

0.92 mm s71, G=0.4 mm s71; A& 11%) and the results

of X-ray absorption spectroscopy (calculation of the first

and second coordination spheres of iron cations), corre-

sponds to the [4Fe74S]2+ clusters, a component of the

redox systems of chloroplast and(or) mitochondria.237 It is

of interest that a very small fraction of high-spin Fe2+

complexes (component 4; d=1.25 mm s71,

DEQ=2.3 mm s71, G=0.7 mm s71 at all temperatures;

A& 2%) was found in the cellular iron pool of T. suecica.

This fact indicates that the iron assimilated in correspond-

ence with strategy I (see above) after the transport in the

form of FeII through the membrane is fairly rapidly oxi-

dized to FeIII and stored in this state in the form of ferritin

cores.

Uptake (as an active transport process) of iron in the

form of FeIII (with subsequent stages of reduction, trans-

location and repeated oxidation) was shown 238 for uncel-

lular phytoplankton Emiliania huxleyi, which belongs to

coccolithophores. In the case of long-term contact with a
57Fe-containing iron source in a medium, phosphate-con-

taining hydroxocompounds of iron(III), with parameters

typical of bacterial and plant ferritins, were identified

(using MbS and X-ray absorption spectroscopy) as the

only metabolite in E. huxleyi cells.

In contrast, the representative of lower plants from the

group of dinophytic algae Lingulodinium polyedrum, as was

shown 239 using MoÈ ssbauer measurements after a long-term

contact of the culture with a 57Fe-containing iron source,

does not possess an iron storage system but has an efficient

system for its uptake from the environment (possibly, using

mutualistic interactions with bacteria). In this case, the most

likely redox pathway of transformation of iron ions during

assimilation for L. polyedrum is the pathway characteristic

of yeast and green alga C. reinhardtii.236

As applied to plants, the emission variant of MbS was

used only in Ref. 240 to study the state of 57Co2+ in the

roots of water hyacinth Eichhornia crassipes. After a two-

week incubation of a young plant with a root*5 cm long in

a saline nutrient medium with 57Co2+ (1 mCi), the emission

spectrum of the root (recorded at T=80 K) contained two

quadrupole doublets for the high-spin nucleogenic forms of

iron: 57Fe2+ [d=1.19(5) mm s71, DEQ=2.66(5) mm s71;

A=56%] and 57Fe3+ [as a result of post-effects;

d=0.45(10) mm s71, DEQ=1.6(1) mm s71; A=44%;

Fig. 20]. The parameters of the main doublet of nucleogenic
57Fe2+, which reflect the coordination of initial 57Co2+,

were fairly close to those of the similar doublet in the

emission spectrum of 57Co2+7EDTA complex, measured

additionally for comparison [d=1.17(5) mm s71,

DEQ=2.71(5) mm s71]. The parameters of nucleoge-

nic 57Fe3+ (post-effects) in the emission spectrum of the
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Figure 19. MoÈ ssbauer spectra of Tetraselmis suecica biomass, rap-
idly frozen in liquid nitrogen after 11-day growth in model sea
water with addition of 1 mM 57Fe3+± EDTA complex and washed
from the medium. The spectra were measured at (a) 77 and (b) 2 K.
The lower envelope line (1) is the spectrum obtained by fitting the
experimental data (dots) as the sum of the spectral components
corresponding to ferritin-like compounds (2), [4Fe74S]2+ (3) and
high-spin Fe2+ (4). Components 274 are shifted along the vertical
axis and separated. The figure was prepared by the authors using
the data of Ref. 237.

4

2

0

A
b
s
o
rp
ti
o
n
(%

)

72 0 2 4

Velocity, mm s71

Post-effects

Figure 20. Emission spectrum of a water hyacinth (Eichhornia
crassipes) root after a two-week incubation in a nutrient solution
with 57Co2+ (1 mCi); the spectrum is convered to a form compa-
rable with that of transmission measurements. The lower envelope
is the total spectrum, obtained by fitting the experimental data
(dots) as the sum of the spectral components corresponding to
nucleogenic 57Fe2+ (shown in blue) and post-effects (shown in
yellow), whose positions are indicated above the spectrum. The
figure was prepared by the authors using the data of Ref. 240.
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root practically coincided (within the measurement error)

both with the parameters of the doublet due to post-effects

for the 57Co2+7EDTA complex [d=0.6(1) mm s71,

DEQ=1.6(1) mm s71] and with the parameters of the

transmission spectrum of the 57Fe3+7EDTA complex

[d=0.46(3) mm s71, DEQ=1.64(3) mm s71]. Based on

this, it was concluded 240 that cobalt(II) is present in root

tissues in the form of a chelate with a coordination micro-

environment similar to that for its complex with EDTA

(possibly, with another chelating agent). Obviously, Ambe

et al.240 meant an analogy with the 57Co2+7EDTA and
57Fe3+7EDTA complexes, studied by them for compari-

son. However, it should be noted that the cation micro-

environment in the 57Fe2+7EDTA complex is apparently

similar. In particular, the room-temperature MoÈ ssbauer

parameters found 241 for a solid (NH4)2Fe2+[EDTA] com-

plex, synthesized at pH >8, were very close (with allowance

for the possible temperature dependence):

d=1.17(1) mm s71, DEQ=2.59(2) mm s71, and its oxida-

tion in air for several days led to the occurrence of the

second Fe3+ doublet in the MoÈ ssbauer spectrum

[d=0.35(1) mm s71, DEQ=1.56(3) mm s71].241

4. Note added in proof

In this section we briefly consider the most interesting

publications in the subject area of this review that appeared

while it was in preparation for publication.

MoÈ ssbauer spectroscopy (on 121Sb nuclei), nuclear for-

ward scattering using synchrotron radiation and Raman

spectroscopy were used 242 to study quantitatively the

redox-biotransformation of a synthetic sample of antimo-

ny(III/V) oxide, consisting of a mixture of oxides in different

oxidation states, influenced by a culture of hyperthermo-

philic archaea Pyrobaculum sp.

The research group guided by P.A.Lindahl 243 applied

MbS, ESR spectroscopy and liquid chromatography inter-

faced with inductively-coupled-plasma mass spectrometry

to investigate S. cerevisiae yeast cells and the mitochondria,

vacuoles and cytosol isolated from them. The purpose was

to determine the relationship between the acidity of

vacuoles (to this end, along with the wild-type strain, they

used also a strain with dysfunction of vacuolar ATPase, a

membrane-bound complex that pumps protons from cyto-

sol to vacuoles), the function of mitochondria and the iron

homeostasis. Based on the results obtained, new concepts

about the relationship between vacuoles and mitochondria

were formulated, with indication of the potentially impor-

tant role of low-molecular compounds of iron, copper and

sulfur in the cytosol of yeast cells.

In another study by Lindahl's group 244 the ironome of

hyperthermophilic anaerobe Pyrococcus furiosus was inves-

tigated by MbS (for the first time for archaea). It was shown

that the P. furiosus proteome is characterized by the

dominance of either [Fe4S4 ]2+ clusters or thioferrate-like

iron, consisting of FeIII ions with a coordination environ-

ment S4 (in the form of magnetically ordered nanoparticles),

correspondingly, in the absence or in the presence of

(3 g L71) elementary sulfur in the medium. In the latter

case, the content of both iron and other metals (Cu, Mn,

Zn) in the archaea cells increased significantly.

The phenomenon of line broadening in the MoÈ ssbauer

spectra measured for 57Fe-containing nanoparticles in vis-

cous media, caused by the diffusion motion of particles, was

used 245 to model similar processes in the cell cytoplasm, due

to which a comparative analysis of nano- and macroviscos-

ity can be performed. It should be noted that in this case

MbS allows one to bypass the limitations inherent in optical

methods and analyze data on nanoparticle motion in the

nanosecond and nanometer ranges. In continuation of these

studies, the nanoscale diffusion and hydrodynamic proper-

ties of spherical CoFe2O4 nanoparticles (*9 nm in diame-

ter) in water ± glycerol solutions of protein (0720 vol.%

bovine serum albumin) were investigated, and the macro-

molecular crowding effects were discussed.246

Copeland et al.247 used MbS with the rapid freeze-

quench methodology (along with other techniques) to con-

firm the identification of iron(IV)-oxo-intermediate for 2-

oxoglutarate-dependent oxygenase in the reaction pathway

with L-arginine oxidation.

Maio et al.248 investigated the Fe7S cofactors of RNA-

dependent RNA polymerase (RdRp) of SARS-CoV-2

virus Ð a causative agent of the coronavirus disease

COVID-19 Ð and their sensitivity to oxidative degradation

by stable nitroxide TEMPOL, which inhibits RdRp and

blocks the SARS-CoV-2 replication. The MbS technique

was used to determine the type and stoichiometry of Fe7S-

clusters in the catalytic subunit (nsp12) of this enzyme,

which plays a key role in the cycle of virus replication and

transcription.

5. Conclusion

The material presented in this review is indicative of the

diversity and uniqueness of information that can be

obtained using MoÈ ssbauer measurements when studying

many biological objects Ð from simple biomolecules and

biocomplexs to complex structures, including tissues and

organisms. It was noted at recent international conferences

devoted to the applications of the MoÈ ssbauer effect that,

after the six decades of development of MbS methodology

and applications that passed since the time of MoÈ ssbauer's

discovery, the last decades are characterized by a change in

the generation of researchers who have a deep knowledge of

the technique, its variants and potential, and who have

contributed a lot to its making up and development. Despite

the high popularity of MbS in many fields of science and

technology, including biological fields, it has not yet

become a routine technique. There were also opinions

that, because of the complexity of its physical foundations

and (in some fields, including biological applications) meth-

odology, it may not become such. Moreover, some aspects

of this technique (in particular, the emission variant, as well

as the methodology using synchrotron radiation) are in the

stage of development and appear fairly promising for

bioanalytical investigations. In this context, a very urgent

problem is the availability of the literature (along with the

numerous monographs, in which the intricate physico-

mathematical and technical foundations of the technique

are considered in detail) directly illustrating the potential of

the technique on various modern examples. Specifically this

was the task we tried to fulfil in the context of MbS

bioanalytical applications.

We should also note the following. Despite the fact that

the MoÈ ssbauer effect and the transformations occurring in

the g-radiation source and absorber (see Fig. 1) are formally

attributed to nuclear physics and nuclear chemistry, it is

obvious, nevertheless, that all MoÈ ssbauer parameters calcu-

lated from experimental spectra provide a variety of infor-

mation specifically about the molecular, electronic and
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other structural and chemical features of systems studied. In

this context, MbS in all its variants undoubtedly occupies a

worthy place in the arsenal of molecular and biomolecular

spectroscopic techniques.
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Russian Foundation for Basic Research (Project No. 19-13-

50160). Some materials from the cited publications by the

review's authors were the results of studies supported by the

Russian Foundation for Basic Research (Project Nos 13-04-

01538-a and 17-08-01696-a).

6. List of abbreviations and designations

A Ð relative area of spectral component (in % of the

total spectrum area),

ABC transporter Ð ATP-binding cassette transporter,

AC Ð active centre,

AIH Ð amorphous iron(III) hydroxide (approximate

composition Fe(OH)3 . nH2O),

AspA Ð L-aspartic acid (in the form of substance),

Beff Ð induction of effective magnetic field on MoÈ ssba-

uer nuclide nucleus,

Bext Ð induction of external magnetic field,

Bfr Ð bacterioferritin,

DFT Ð density functional theory,

Dps Ð DNA-binding protein from starved cells (part of

the ferritin superfamily),

EMbS Ð emission MoÈ ssbauer spectroscopy,

f Ð probability of the MoÈ ssbauer effect (Lamb7MoÈ ss-

bauer factor),

GS Ð glutamine synthetase,

GR Ð green rust,

HbR Ð rabbit hemoglobin,

HbR-O2 Ð oxygenated form of rabbit hemoglobin,

HL Ð homoserine lactone [(S)-(7)-a-amino-g-butyro-
lactone hydrobromide],

HMBPP Ð 1-hydroxy-2-methyl-2-butenyl-4-diphos-

phate,

4-n-HR Ð 4-n-hexylresorcinol (4-n-hexyl-1,3-dihydro-

xybenzene),

I Ð nuclear spin,

IAA Ð indole-3-acetic acid (phytohormone of the auxin

series),

Lba Ð soybean leghemoglobin a,

M Ð molecular weight (in Da),

mI Ð magnetic quantum numbers of nuclear energy

sublevels,

MbS Ð MoÈ ssbauer spectroscopy,

MbS-HVR Ð MoÈ ssbauer spectroscopy with a high

velocity resolution,

ME Ð MoÈ ssbauer effect,

5-MR Ð 5-methylresorcinol (5-methyl-1,3-dihydroxy-

benzene),

NRFS Ð nuclear resonant forward scattering,

ODP Ð oxygen-binding di-iron protein,

PDB Ð Protein Data Bank,

PEUSI Ð poly(ether-urethane) sulfonated ionomer,

5-n-PR Ð 5-n-propylresorcinol (5-n-propyl-

1,3-dihydroxybenzene),

S Ð electron spin,

SR-MbS Ð MoÈ ssbauer spectroscopy using synchrotron

radiation,

T Ð absolute temperature,

Vzz Ð z component of electric field gradient on nucleus,

WT Ð wild-type (strain),

G Ð MoÈ ssbauer linewidth (FWHM),

d Ð isomer shift,

DEQ Ð quadrupole splitting,

t Ð lifetime of excited nuclear sublevel.
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