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The review summarizes published data on the results and achievements in the field of structure and function analysis of
protein—nucleic acid complexes by means of main physical and biochemical methods, including X-ray diffraction, nuclear
magnetic resonance spectroscopy, electron and atomic force microscopy, small-angle X-ray and neutron scattering,
footprinting and cross-linking. Special attention is given to combined approaches. The advantages and limitations of each
method are considered, and the prospects of their application for wide-scale structural studies in vivo are discussed.
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I. Introduction

Specific protein —nucleic acid (NA) interactions play a vital
role in most processes in all living organisms. Such impor-
tant cellular processes, as replication, transcription, trans-
lation, repair and transport of nucleic acids from the
nucleus to the cytoplasm, involve specific protein—nucleic
acid complexes. There are both stable complexes existing
for a long period of time (chromatin, ribosomes, viral
particles) and short-lived complexes (complexes of nucleic
acids with enzymes and regulatory proteins).

Investigation of the structural basis of the specificity, the
mechanism of action and specific features of the functioning
of protein —nucleic acid complexes is a key step towards the
understanding of their molecular function and role in
evolution, which is a challenge in structural biology and
bioorganic chemistry. The structure and function analysis
provides a basis for obtaining information on cellular
processes and developing new approaches to their targeted
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regulation. The accumulation of structural information
about the location and binding sites of NA-recognizing
proteins and nucleic acid metabolism enzymes, whose
mutations cause various diseases, is an important step in
the understanding of molecular mechanisms of the develop-
ment of pathological processes, the identification of new
nosological forms, the elaboration of their diagnostic cri-
teria and the improvement of the therapy. A knowledge of
the structure and the structure—function relationship for
specific protein —nucleic acid complexes underlies the design
of a new generation of antitumour, antibacterial and anti-
viral drugs, as well as the diagnosis of the diseases.

Data on the structures of protein—nucleic acid com-
plexes can be obtained by means of X-ray diffraction,
nuclear magnetic resonance spectroscopy and electron
microscopy coupled with chemical and immunochemical
methods allowing one to assess the spatial configuration of
the complexes and the mutual arrangement of individual
components. The chemical modification with bifunctional
reagents, monoclonal and polyclonal antibodies, spectro-
scopic and computational methods are widely used in such
investigations.!

A large number of original papers and reviews concern-
ing many aspects of structural studies of protein—nucleic
acid complexes (see, for example, reviews2~*4) have been
published in the past decade. However, most of these
publications are devoted to particular methods, methodo-
logical approaches and experimental techniques. For
instance, the application of paramagnetic enhancement
relaxation, as measured by NMR spectroscopy, has been
considered a review;> another review® is devoted to the
approach based on the analysis of residual dipole—dipole
interactions (also called dipolar couplings); the application
of atomic force microscopy is discussed in a review;’ one
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more review ® summarizes data on the use of photocross-
linking to investigate different steps of the mechanism of
nucleotide excision repair.

Some publications discuss the application of a particular
method to structural studies of one class of biopolymers (for
example, a review ° summarizes data on the use of NMR
spectroscopy for the structure and function analysis of
protein—DNA complexes; the corresponding data for pro-
tein— RNA complexes have been surveyed !°). Some other
publications are limited to one particular class of biopol-
ymers having a certain specificity (for example, the use of a
combined approach based on cross-linking and immuno-
precipitation to study RNA complexes with RNA-binding
proteins, whose mutations cause central nervous system
disorders;!'! the application of NMR spectroscopy to the
structural analysis of RNA-binding proteins involved in the
regulation of mRNA metabolism !?).

This review summarizes the results and advances in the
field of structure and function analysis of protein—nucleic
acid complexes by means of all main physical and biochem-
ical methods, including X-ray diffraction, nuclear magnetic
resonance spectroscopy, electron and atomic force micro-
scopy, small-angle X-ray and neutron scattering, footprint-
ing and cross-linking, which have been published mostly in
the past decade. Special attention is given to the use of
combined approaches. Advantages and limitations of each
method are described, and the prospects of their applica-
tions for wide-scale structural studies in vivo are considered.

I1. Physical methods of structure and function
analysis of protein—nucleic acid complexes

Universal approaches to the analysis of the structure and
specific features of functioning of protein—NA complexes
with a different degree of complexity can be arbitrarily
divided into physical and chemical. Physical methods are
based on the determination of the three-dimensional struc-
tures of protein— NA complexes at atomic resolution. These
methods include X-ray diffraction, nuclear magnetic reso-
nance spectroscopy, high-resolution electron, optical and
neutron microscopy, small-angle X-ray and neutron scatter-
ing. The following two physical methods play a key role in
obtaining information on the structures of biological mol-
ecules at high resolution (<2 A): X-ray crystallography and
NMR spectroscopy. Most of the atomic-resolution struc-
tures of proteins, nucleic acids and protein—nucleic acid
complexes have been determined by one of these methods.
Thus, as of May 2015, the Protein Data Bank (PDB)
maintained at the Rutgers University Center for Structural
Biology (http://rcsb.org/pdb) contained a total of 4935
structures of protein—nucleic acid complexes, 4742 of
which were determined by X-ray diffraction and NMR
spectroscopy.!?

I1.1. X-Ray diffraction studies of protein—nucleic acid
complexes

Due to the use of synchrotron radiation sources, the design
of new types of detectors and the development of new
programs for the data processing and phasing, protein
X-ray crystallography has gained most popularity. More
than 90% of the total number of the structures of protein—
nucleic acid complexes were determined by this method.
The Nobel Prize in Chemistry for 2009 was awarded jointly
to T. Steitz, V. Ramakrishnan and A. Yonath for studies of

the structure and function of the ribosome, which is a
complex ribonucleoprotein assembly composed of riboso-
mal proteins, rRNA molecules and associated translation
factors, using the X-ray diffraction techniques.'#

X-Ray crystallography is based on diffraction that
occurs as a result of scattering of X-ray waves by electrons
of different atoms of an ordered substance when the waves
pass across its three-dimensional crystal lattice. The diffrac-
tion data processing gives electron density maps and unit
cell parameters of the crystalline compound. The accuracy
of X-ray diffraction data depends on the resolution of the
diffraction pattern, which is influenced by the size and
quality of the crystals, the intensity of the X-ray source,
the efficiency of detector systems, as well as the power of
computational techniques and algorithms.

Synchrotron radiation sources generating a powerful
X-ray beam allow the user to collect better data in a shorter
time, which is of great importance for investigation of
crystals of protein—nucleic acid complexes, which can be
subjected to radiation damage.!> In this case, smaller
crystals can be used, which are considerably easier to
grow. This is an obvious advantage since growing the
crystals of protein—nucleic acid complexes remains the
most difficult and least predictable part of the X-ray
diffraction experiment.!® Besides, it should be noted that
synchrotron radiation sources, as opposed to conventional
X-ray tubes, offer an intense continuum of radiation wave-
lengths, and one is able to select any desired wavelength.
This makes it possible to solve the phase problem by means
of specially designed algorithms based on the simultaneous
use of the scattering data at different wavelengths.!”

At present, X-ray diffraction techniques are successfully
used for structural studies of complex multicomponent
protein —nucleic acid complexes. For instance, McGinty
et al.'® studied the complex of the human PRCI1 (polycomb
repressive complex 1) proteins with nucleosome by the
X-ray diffraction method using synchrotron radiation.

The PRCI1 complex belongs to the Polycomb group of
epigenetic enzymes, which suppress the expression of regu-
latory genes in many eukaryotes. The Ringl B and Bmil E3
ubiquitin ligases included in this complex, as well as the
UbcHS5¢ E2 ubiquitin-conjugating enzyme, are involved in
ubiquitination (the multistep ATP-dependent process of the
covalent binding of the regulatory protein ubiquitin to a
target protein) of the nucleosomal histone H2A at the
residue Lys119. The X-ray crystallography of the complex
of the Ring1B, Bmil and UbcH5c¢ proteins with nucleosome
(Fig. 1, 3.28A resolution) revealed how the specific recog-
nition of nucleosome occurs and elucidated the role of the
E2 enzyme in this process.!'8

Structural data obtained by X-ray diffraction provide
new information on the mechanisms of cellular processes
involving proteins and nucleic acids and the mechanisms of
their regulation. Thus, new molecular mechanisms of the
control of nitrogen homeostasis in the bacteria Bacillus
subtilis were proposed based on the results of X-ray dif-
fraction study for complexes of DNA with the DNA-bind-
ing regulatory proteins, TnrA and GInR, of the new
structural family of dimeric proteins.!®

Let us mention the following recent advances in X-ray
crystallography of protein—nucleic acid complexes: the
determination of the crystal structure of the complex of
human immunodeficiency virus type 1 reverse transcriptase
with DNA and «-carboxy nucleoside phosphonates
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Figure 1. Crystal structure of the RinglB—Bmil —UbcH5¢c com-
plex bound to minimal nucleosome (Brookhaven PDB code
4R8P).!8

(1) Secondary structure elements of the proteins; (2) the sugar—
phosphate backbone of DNA; 3, heterocyclic bases of DNA.

(a-CNP), which are new synthetic mimetics of nucleoside
triphosphates having a high therapeutic potential (Struc-
tures 1-4);20 the investigation of the structural aspects of
hepatitis C virus RNA replication by determining the
crystal structures of the complexes of hepatitis C virus
RNA-dependent RNA polymerase with RNA templates,
RNA primers, incoming nucleotides and catalytic metal
ions during both initiation and elongation of RNA syn-
thesis;2! the establishment of the nature of interactions
responsible for conformational flexibility and selectivity of
RNA upon the formation of a specific complex with human
immunoglobulin IgG1;?? the determination of the structural
basis for sequence-specific recognition of DNA by C-pro-
teins — regulatory proteins of a new class involved in the
restriction —modification system and the construction of a
model for their interaction with DNA;23:24 the structural
analysis of the interleukin-6 complex with the ligand
SOMAmer, which is a nucleic acid fragment consisting of
two structural domains (a G-quadruplex and a double-
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stranded hairpin structure);?> other
tions.26-29

A new impulse to the development of X-ray crystallog-
raphy has been given by the designation of modern power-
ful sources of X-ray radiation — X-ray free-electron
lasers — and putting them into operation. These lasers
generate extremely intense short X-ray pulses. The pulse
duration can vary from several hundred femtoseconds down
to a few femtoseconds. The X-ray radiation emitted by such
lasers can be tuned over a wide range of wavelengths and
the extremely high intensity can be achieved, which sub-
stantially exceeds that of third-generation synchrotron radi-
ation sources. The radiation power is such that nano-sized
crystals of biological objects can be used3° or even single
copies of large macromolecular complexes can be inves-
tigated without resorting to their crystallization,3! which
opens up new prospects for the application of X-ray
diffraction in structural studies of complex biological
objects.32734 Thus, the use of femtosecond exposure time
opens up new opportunities for the molecular imaging of
biochemical reactions at room temperature in solution. In
the diffract-and-destroy mode, an extremely intense laser
pulse virtually evaporates the crystal; however, the diffrac-
tion pattern of the object can be obtained before radiation
damage destroys the sample.33

Meanwhile, X-ray crystallography is not always
straightforward because growing crystals of biopolymers
and their complexes can be a serious bottleneck and, as a
rule, this method does not provide an insight into the
dynamics of interactions.?>3% The crystallization of pro-
tein—nucleic acid complexes is a more difficult problem
compared to the protein crystallization. Crystals of some
complexes can be grown only after the removal of certain
conformationally labile fragments. Thus, one of the
obstacles to the formation of crystals of protein—nucleic
acid complexes is flexibility of the nucleic acid molecule,
mainly of its part directly involved in the interaction with
the protein.'? Besides, it was noted that protein—nucleic
acid complexes often form more fragile and X-ray radia-
tion-sensitive crystals compared to protein crystals; the
resolution achieved for such structures is usually not
high.3” It should also be taken into account that the whole
complex or its components can undergo rearrangements
under crystallization conditions. In addition, the level of
radiation damage of individual components of protein —nu-
cleic acid complexes is higher when using third-generation
intense synchrotron radiation sources.!®

some investiga-

I1.2. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy is a good alter-
native to X-ray diffraction as applied to complexes of
nucleic acids with enzymes and regulatory proteins. This
method yields high-resolution information on their struc-
tures, dynamic characteristics and the nature of specific
interactions in solution with no restrictions on the mutual
arrangement of atoms imposed by the crystal packing. In
the past two decades, NMR has become one of the most
powerful instrumental techniques in molecular and struc-
tural biology. As of May 2015, the PDB database contained
225 structures of protein—nucleic acid complexes deter-
mined by NMR spectroscopy (http://rcsb.org/pdb).!3 An
advantage of this method is that it allows researchers to
study biomolecules under near physiological conditions.
The structure and function analysis by means of NMR
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spectroscopy provides information on the three-dimen-
sional structures and intramolecular dynamics (conforma-
tional mobility) of the object to be studied, the binding sites
of particular biomolecules and the character of their inter-
actions, including hydrogen bonds, m—m interactions, elec-
trostatic effects and charge redistribution.? %12

Recent methodological advances in NMR spectroscopy
open up new opportunities for detailed investigation of
protein —nucleic acid complexes, including complexes with
a high molecular mass (about 50 kDa) and allows one to
obtain general structural information for molecules with a
mass of several hundred kDa.?®-4% Let us mention such
advances as heteronuclear multidimensional NMR spectro-
scopy, the approach based on the analysis of residual
dipolar couplings (RDCs), the use of paramagnetic relaxa-
tion enhancement (PRE), transverse relaxation optimized
spectroscopy (TROSY) for measurements of large biomole-
cules; solid-state NMR spectroscopy.

I1.2.a. Heteronuclear multidimensional NMR methods
Heteronuclear multidimensional NMR methods are based
on the magnetization transfer from protons to heavy nuclei
(13C, N and 3'P) via spin—spin couplings. Investigations
are often perfomed by employing a combination of classical
methods (COSY is correlation spectroscopy; TOCSY is a
complementary technique for the detection of all protons
belonging to one spin system, for example, to one amino
acid residue of the protein; NOESY is nuclear Overhauser
effect spectroscopy) with heteronuclear correlation methods
based on correlations between carbon or nitrogen atoms
and their attached protons of '3C- and !'’N-enriched pro-
teins or nucleic acids (HSQC is heteronuclear single-quan-
tum correlation spectroscopy, HMBC is heteronuclear
multiple bond correlation spectroscopy). The HSQC tech-
nique is used to find correlations between resonances of 13C
or N nuclei and their attached protons. The HMBC
techniques gives correlations between heavy '3C (I°N, 31P)
nuclei and protons that are two to four bonds away. This
approach provides information not only on protons but
also on !3C, 1N and 3!P nuclei. These additional data are
used for the determination of the three-dimensional struc-
ture of the object and its dynamic characteristics. Hetero-
nuclear NMR spectroscopy offers the opportunity to study
the structures and dynamic characteristics of complexes
with a molecular mass of up to 40— 50 kDa.*!

Cienikova et al.*?> applied heteronuclear NMR spectro-
scopy to investigate the structural and molecular basis for
the interaction between the N-terminal RNA recognition
motif of the human regulatory factor hnRNP C (heteroge-
neous nuclear ribonucleoprotein C) and U-rich penta- and
heptaribonucleotide sequences of RNA. The hnRNP C
protein is the main component of the protein core of the
nuclear ribonucleoprotein particle, hnRNP, composed of
the newly synthesized RNA and a complex of proteins that
serve to condense and package the growing RNA transcript.
This protein contains the N-terminal RNA recognition
motif (RRM) that is known to bind uridine-rich RNA
sequences (Fig. 2). Cienikova and co-workers measured
2D and 3D NMR spectra of samples using TOCSY,
HSQC, NOESY, etc. technqgiues. Samples contained the
ISN- or ’N/!3C-labelled protein and '3C-enriched RNA
fragments. The study showed that RRM contains five
RNA-binding motifs that recognize oligouridine tracts of
RNA with a gradient from the 5- to 3'-terminus. The

Figure 2. Structure of the complex of the N-terminal RNA recog-
nition motif of the RNA regulatory factor hnRNP C with the
heptaribonucleotide 5-AUUUUUC-3' (Brookhaven PDB code
2MXY).42

(1) Secondary structure elements of the proteins; (2) the sugar—
phosphate backbone of the heptaribonucleotide; 3, nucleosides; 4,
two 5'-terminal nucleotides that are in contact with the secondary
structure elements of the protein.

authors used a new approach which combines the results
of the structural investigation and the thermodynamic
description of RNA binding to model the saturation of
cellular oligouridine tracts by the hnRNP C protein. This
model was in complete agreement with the experimentally
observed distribution of the hnRNP C full-length protein
on short oligouridine tracts of RNA transcripts. Therefore,
it was found that the RNA recognition motif (RRM) is the
primary RNA-binding domain of the regulatory factor
hnRNP C tetramer.

Heddi et al. ** applied heteronuclear NMR techniques to
study the structure of the complex of 18-amino acid peptide
of the human RNA helicase RHAU with the parallel-
stranded DNA G-quadruplex. It is known that the RHAU
helicase of the DEAH (Asp-Glu-Ala-His) helicase family
binds and unwinds G-quadruplexes in RNA and DNA.

The complex composed of a '3C,!>N-labelled peptide
and a G-quadruplex was studied by 2D and 3D NMR
spectroscopy. The structure of the specific complex of the
18-amino acid peptide (the RHAU fragment containing the
G-quadruplex-binding domain) with the G-quadruplex was
determined based on the analysis of the NMR spectra. A
knowledge of the structure of this complex gave the authors
an insight into the specific recognition of parallel-stranded
DNA G-quadruplexes (G-quadruplexes, in which all the
strands are oriented in the same direction) by the RHAU
helicase. It was found that the peptide covers the terminal
guanine base tetrad (G-tetrad) and clamps the quadruplex
core using electrostatic interactions between three positively
charged amino acid residues (Lys8, Argl0 and Lys19) and
negatively charged phosphate groups. This type of interac-
tions is characteristic of most of the ligands that specifically
interact with G-quadruplexes.

The same approach was used to determine the structure
of the complex of the Escherichia coli antitoxin MazE, the
N-terminal DNA-binding domain of which is involved in
the regulation of its own promoter region, with a palin-
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dromic DNA sequence. This study gave an insight into the
mechanism of regulation of transcription of the maz EF gene
encoding the E.coli MazF and MazE toxin-—antitoxin
modules.**

11.2.b. Approach based on the analysis of residual dipolar couplings
Since recently, the analysis of residual dipolar couplings
(RDCs) between magnetic nuclei in systems aligned in
magnetic field has been extensively used to study biological
macromolecules.43-46

In solution, the rotational motion of molecules is fully
random, resulting in that dipolar interactions between
magnetic nuclei within these molecules are averaged out.
Upon dissolution of molecules in a lyotropic liquid crystal
system, the molecular motion becomes anisotropic due to
the interaction with magnetically oriented molecular assem-
blies. This leads to an incomplete averaging of dipole—di-
pole interactions (residual dipolar couplings) and manifests
in the NMR spectra as changes in the signal splitting
compared to an isotropic medium. The molecular structure
can be determined from a set of measured residual dipolar
coupling constants (RDCCs) between several pairs of mag-
netic nuclei (for example, between N and 'H nuclei of the
amide groups of the protein). This approach allows for the
determination of the structural parameters based not on the
local information (for example, the mutual arrangement of
atoms estimated from nuclear Overhauser effects) but on
the orientation of molecular fragments with respect to the
external magnetic field. An analysis of RDCCs provides
information on the orientation of biomolecules and their
structural domains in macromolecular complexes and
makes it possible to independently determine the structures
of these compounds in solution.® 47-48

For instance, Williams Jr. et al.*® analyzed RDCCs in
order to establish the structure of the macromolecular
complex composed of two transcription factors, Octl and
Sox2, and a DNA fragment containing the recognition
sequence for the Sox2 factor.

It is known that transcription factors of the Oct and Sox
families control various aspects of the development of the
nervous system and human embryogenesis by targeting
specific DNA sequences. These factors indirectly interact
with each other in the complex with DNA and exert an
synergistic effect on the transcription activation. The Oct
proteins are composed of two DNA-binding domains
(POUs and POUpyp) separated by a flexible linker. The
binding of the Sox2 transcription factor to the DNA
sequence (Hoxbl regulatory element) gives rise to the
Octl -Sox2-Hoxbl-DNA complex composed of two pro-
teins and the Hoxbl-containing DNA fragment. The for-
mation of this ternary complex increases the site-specific
affinity of Octl for DNA by locking the POUs domain in
the orientation required for the efficient binding.

The 3D NMR spectra of samples containing the isotope-
labelled Octl and Sox2 proteins, with different combina-
tions of isotopes (I°N, I’N/13C, 1’N/13C/?D), and a 19-mer
DNA fragment were measured using the TROSY and other
techniques. The analysis of the NMR spectra of the
Oct1(POUs+POUnup) - Sox2-Hoxbl-DNA complex
(42 kDa), including the analysis of RDCCs, demonstrated
that the Sox2 transcription factor directly binds to the
POUs DNA-binding domain of the factor Octl. It was
hypothesized that this is one of the steps in the regulation of
DNA transcription.*’

Figure 3. Structure of the complex of ADAR2 dsRBMI12 with
GluR-2 R/G (Brookhaven PDB code 21.3J).>°

(1) Secondary structure elements of the proteins; (2) the sugar—
phosphate backbone of RNA; (3), heterocyclic bases of RNA.

This approach was also used to study the sequence-
specific recognition of double-stranded RNAs by adenosine
deaminases.’® The structure of the complex of dsRBMs
(RNA-binding domain of adenosine deaminase ADAR?2)
with pre-mRNA encoding the R/G editing site of GluR-2
was determined (Fig. 3). It was shown that the sequence-
specific recognition by the protein occurs at the minor
groove of double-stranded RNA. The structural study
revealed a molecular mechanism of recognition of the
RNA nucleotide sequence by adenosine deaminase, which
plays a key role in the editing (deamination of adenosine),
and provided an explanation of how numerous dsRBM-
containing proteins are involved in the post-translational
regulation of gene expression.>?

I1.2.c. Paramagnetic relaxation enhancement

Paramagnetic compounds containing unpaired electrons
can have a considerable effect on the magnetic environment
of nuclei, thus shifting NMR signals and changing the
nuclear relaxation rate. This is due to the fact that the
magnetic moment of the unpaired electron is ~ 103-fold
larger than the magnetic moment of the nucleus.’! The
paramagnetic relaxation enhancement (PRE) observed in
the presence of paramagnetic compounds underlies the
technique capable of supplying valuable information on
the dynamic structure of biological macromolecules, which
cannot be obtained by conventional NMR and ESR meth-
ods. This method is based on the analysis of electron—nu-
cleus interactions between an uncompensated electron spin
(unpaired electrons) and resonating nuclei. The signal
broadening values (or relaxation rates) due to nuclear
paramagnetic relaxation provide information on the struc-
tures of molecules coordinated to a paramagnetic centre.>?
In studies of the structures of biological macromolecules,
the strict dependence of the PRE linewidth on the distance
between the nucleus and the unpaired electron (the para-
magnetic centre) is used to evaluate this distance.
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Stable nitroxide radicals of the imidazoline series and
transition metal complexes, including rare-earth metal (lan-
thanide) complexes, are most commonly used as paramag-
netic compounds (spin labels) to investigate biomolecules
by NMR methods.>? Rare-earth metal complexes have some
advantages over other transition metal complexes, allowing
the measurement of well-resolved NMR spectra and analy-
sis of larger macromolecules.>3- 54

Spin-probe and spin-label techniques can be employed
to study the surface topography of biopolymers, conforma-
tional transitions, the structure and dynamics of active sites,
as well as to obtain unique information enabling one to
detect and visualize transient (low-population) states of
macromolecules and their complexes.> 3558

For instance, Iwahara and Clore > applied this techni-
que to characterize the search process whereby the HOXD9
human sequence-specific transcription factor recognizes
and binds to the specific nucleotide sequence. For this
purpose, the authors investigated the interaction of the
2H/'>N-labelled HOXD9 homeodomain with a 24-bp
DNA duplex containing simultaneously the specific binding
site and modified thymidine residues (d)T-EDTA-
Mn?2*+(Ca?") (one to four residues per DNA-duplex mole-
cule). The analysis of the NMR spectra of HOXD9 homeo-
domain—-DNA complexes (by means of the 2D 'H-'°N
HMBC technique) revealed the formation of a transient
intermediate — the ternary complex of free DNA with the
DNA —protein complex. A knowledge of the mechanism of
formation of the specific HOXD9 - DNA complex (includ-
ing the protein search for the target site), involving the
formation of a ternary complex as one of the steps, provides
an explanation for the fact that, in the target search process,
the rate of protein translocation on DNA is substantially
(approximately three orders of magnitude) higher than the
dissociation rate. Iwahara and Clore >3 presented the first
direct evidence for the formation of intermediate complexes
of the protein with nonspecific DNA sequences as a result
of the following two processes: the intramolecular sliding of
the protein along the DNA and the intermolecular trans-
location of the protein between DNA molecules.

Cai et al.>® used this approach to determine the structure
of the complex of the ARID domain (a conserved domain
that specifically binds to AT-rich DNA sequences) of the
Mrf2 protein with the specific DNA sequence. The human
transcription cofactor Mrf2, which belongs to a new class of
ARID proteins, plays a critical role in lipogenesis.

The complex composed of the '’N-enriched ARID
domain of Mrf2 and the 14-mer AT-rich DNA duplex
containing 3-(2-iodoacetamido)-2,2,5,5-tetramethylpyrroli-
din-1-oxyl at the 3'(5')-end was studied by the 2D HSQC
technique. The analysis of the NMR spectra demonstrated
that the Mrf2 protein contacts with DNA mainly using two
flexible loops, L1 and L2. Thus, positively charged amino
acid residues of the loop L1 contact with the sugar—
phosphate backbone of the DNA, while amino acid residues
of the loop L2 and some amino acid residues of the adjacent
loops H1 and H5 make contacts with AT base pairs in the
major groove of the DNA. Cai et al.”® demonstrated that,
despite the structural diversity of DNA-binding proteins
containing ARID domains, they form similar specific con-
tacts with DNA. Thus, the Mrf2 and Dri (Dead ringer)
proteins make similar contacts with DNA.

Mackereth et al.°® applied the paramagnetic relaxation
enhancement-based NMR technique to study the structure

of the complex of the splicing factor U2AF65 with the
polypyrimidine tract RNA. The authors studied molecular
mechanisms of the key step of the pre-mRNA splicing —
the recognition of the 3’-splice-site-associated polypyrimi-
dine tract RNA by the large subunit of the human splicing
factor U2AF65. It was shown that, in the presence and in
the absence of the polypyrimidine tract, the RNA recogni-
tion domains of U2AF65 adopt different conformations.
The equilibrium between the open and closed conforma-
tions functions as a molecular rheostat that quantitatively
correlates the natural variations in the polypyrimidine tract
nucleotide composition, length and functional strength to
the efficiency to recruit the splicing factor to the intron
during spliceosome assembly.

11.2.d. Solid-state NMR spectroscopy

Solid-state NMR methods are characterized by low molec-
ular mobility and require rapid rotation of the sample (tens
of thousands of revolutions per second) at the so-called
magic angle (54°44") with respect to the external magnetic
field (magic angle spinning, MAS).#! This rotation leads to
the averaging of dipole—dipole interactions between mag-
netic nuclei, which substantially complicate the spectra of
even simple compounds. The time averaging results in that
other anisotropic characteristics of the solid sample become
equal to zero or negligibly small.®! Due to rapid rotation of
the sample at the magic angle, the chemical shifts and
dipole —dipole interactions are similar to those observed in
solution.*!

Solid-state NMR spectroscopy yields high-resolution
spectra for solid and viscous samples.®? This method has a
considerable potential. Thus, there are no sample size limits
for solid-state NMR methods. The !3C, N, '°F and 3'P
NMR spectroscopy is most often used in these experiments.

For example, solid-state NMR spectroscopy was
employed 623 to determine the structure of the 26-mer
fragment of the small non-coding nucleolar RNA from
Pyrococcus Furiosus containing conserved sequences
[C (UGAUGA) and D (CUGA)] in the complex with the
ribosomal protein L7Ae (21 kDa). Small nucleolar RNA
are known to play a crucial role in biogenesis of eukaryotic
ribosomal RNA (rRNA). In a complex with a specific set of
proteins, they are involved in the post-translational 2'-O-
methylation of rRNA nucleotides.

The NMR experiments were performed on selectively
13C- and '’N-labelled RNA sequences, which were pro-
duced by in vitro transcription using T7 polymerase, by
employing mixtures of !'N-; 3C- or !3C,'SN-labelled
nucleoside triphosphates. A microcrystalline sample of the
RNA - L7Ae complex prepared for the analysis contained
4 mg of the RNA and 6 mg of the protein.

A series of experiments showed that the RNA fragment
contains the so-called kink-turn (or k-turn) — a secondary
structure motif that induces a sharp kink in the RNA helix.
The geometry of this motif established by NMR spectro-
scopy is in good agreement with the parameters determined
by X-ray diffraction for similar complexes containing RNA
from Archaeoglobus fulgidus and Solpholobus solfataricus.
In particular, it was found that, in the complex with the
L7Ae protein, the kink angle of the RNA helix is approx-
imately 23°, which corresponds to this angle for all the
characterized complexes of similar RNA with the L7Ae
protein. Carlomagno an co-workers %2-93 believed that this
approach will be useful for investigations of the structures
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of RNA and their complexes with proteins, which are
difficult to crystallize.

In recent years, experimental techniques have been
extensively developed in order to overcome limitations
associated with an increase in the transverse relaxation
rate with increasing molecular mass of the target (e.g.,
transverse relaxation optimized spectroscopy, TROSY).
These techniques yield high-resolution spectra of biological
macromolecules with a molecular mass of up to 100 kDa
and even higher and enable researchers to study supra-
molecular complexes with a molecular mass of up to
1 MDa.!0-64-66 This approach holds promise also for the
structural analysis of protein —nucleic acid complexes.

Thus, Sahu et al®” used the experimental TROSY
technique to investigate the translocation of the HOXDY9
sequence-specific human transcription factor between DNA
molecules and, in particular, to evaluate the activation
energy of this process. The translocation plays an important
role in the targeting of the HOXD? transcription factor and
involves the direct transfer of the protein molecule from one
binding site to another bypassing the intermediate dissoci-
ation step, in which the protein is not complexed with DNA
in solution (see also Section I1.2.c and the study °). For this
purpose, the interaction of the 2H/'>N-labelled HOXD9
homeodomain with the 24-bp DNA duplex containing the
homeodomain-binding site was studied. The analysis of the
2D NMR spectra established that the energy barrier for
translocation is lower than that for the dissociation of the
specific HOXD9—-DNA complex, which accounts for the
absence of the intermediate dissociation step in the trans-
location of the HOXDY protein.

Sugitani et al.°® employed the NMR method using the
TROSY technique to perform a comparative study of the
XPAogg_219 DNA-binding domain of the XPA protein,
which was discovered more than 20 years ago, and the
proposed new XPAogg_239 construct (17 kDa fragment of
the full-length human XPA protein).

The XPA (xeroderma pigmentosum complementation
group A) protein is one of the key factors in the nucleotide
excision repair of DNA. Mutations in the XPA gene region
encoding the DNA-binding domain cause the genetic dis-
order — xeroderma pigmentosum complementation group
A (XPA) characterized by UV-induced skin changes and
high risk of developing skin cancer.®® Although the
XPAogg_219 DNA-binding domain is well-characterized, the
molecular aspects of its specific binding to DNA are poorly
understood because this domain binds to DNA less effi-
ciently than the full-length protein.

The analysis of the 2D NMR spectra of the XPAos 219
and XPAos 239 domains in the absence and in the presence
of DNA substrates (by means of ''N—!'H TROSY HSQC
spectroscopy) demonstrated that these domains have the
identical topology and globular structure. Besides, the
XPAogg_239 domain adopts a stable conformation, does not
aggregate and binds to DNA as efficiently as the full-length
protein. Taking into account the fact that mutations in the
amino acid residues in the F219-T239 sequence are asso-
ciated with the appearance of some groups of xeroderma
pigmentosum, i.e., this region is also functionally signifi-
cant, Sugitani et al.%® suggested that XPAogg »39 is a more
suitable model for investigation of structural and biochem-
ical aspects of the interaction of XPA with the DNA target
compared to XPA98,219.

Walavalkar et al.’® used NMR spectroscopy to study the
search process for mCpG/TpG mismatches by the MBD4
protein (protein 4 that binds to methylcytosine-containing
DNA fragments). Unlike other members of the MBD
protein family that bind to methylcytosine-containing
DNA sequences, the MBD4 protein acts in the DNA
mismatch repair system as DNA glycosylase specifically
targeting mCpG/TpG mismatches. The latter arise from
deamination of methylcytosine. This protein is composed of
two domains: the N-terminal MDB domain (MDB4Mps)
and the C-terminal glycosylated domain (MDB4sp) sepa-
rated by a long linker. The authors studied the binding of
the N-terminal MDB4ypg domain to DNA. The investiga-
tions, including those with the use of 2D TROSY techniques
(samples contained the '3C/'N- and '3C/'>N/?H-enriched
protein and 17—30-mer DNA sequences), showed that the
MDB4ypp domain binds more efficiently to mCpG sites in
DNA than to mismatches, unmethylated and hydroxyme-
thylated DNA. It was demonstrated that MDB4npg slowly
migrates between the binding sites located on different
DNA molecules and rapidly moves by hops between two
sites on one DNA molecule via the so-called hopping
mechanism. These results confirm the model, according to
which the role of the N-terminal MDB4ypg domain is to
target the intact MBD4 protein to mCpG sites and to
enhance the efficiency of the DNA scanning by the protein,
which, in turn, enhances the efficiency of mismatch repair
by the C-terminal (MDB4sp) domain of the protein pos-
sessing DNA glycosylase activity.

Experimental TROSY techniques were used also in
other studies, for example, in order to determine the
structure of the macromolecular complex composed of two
transcription factors, Octl and Sox2, and the DNA frag-
ment, which also contains the Sox2 recognition sites.*?

Nuclear magnetic resonance spectroscopy is successfully
employed for the ligand screening and the search for their
optimal structures. Koharudin es al.”! used NMR spectro-
scopy to find the crystallization conditions for the pro-
tein—DNA complex. The optimal structure of the DNA
ligand consisting of a double-stranded fragment and a
GGA-containing single-stranded fragment was found for
the CsrA protein by NMR screening. The NMR measure-
ments showed that the protein binds two DNA oligomers.
These data were taken into account to perform the crystal-
lization of the complex of the CsrA protein with DNA.

However, although new methodological approaches
substantially extended the scope of the method and allowed
researchers to investigate a wide range of molecular com-
plexes, it has a number of limitations. Thus, NMR spectro-
scopy in liquid phase is applicable only to relatively small
complexes, which are soluble, homogeneous, do not aggre-
gate and remain stable over the period of the experiment.
This method cannot be used to investigate some multi-
subunit complexes, or if considerable changes in the struc-
ture of biopolymers occur during the interaction process.
The calculation of the structures of the complexes using
NMR spectroscopy is a multistep procedure as compared
with calculations based on X-ray diffraction data because it
is necessary to carry out numerous experiments in order to
assign the signals in the NMR spectra prior to the extrac-
tion of structural information from the spectra and the data
interpretation. Besides, NMR spectroscopy requires consid-
erable amounts (milligram quantities) of compounds.
Therefore, the limitations of the method, such as low
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sensitivity, molecular mass limits, time-consuming measure-
ments, the necessity of using considerable amounts of stable
isotope-enriched biopolymers, expensive equipment and
costly experiments, are obstacles to the broad application
of the method. Solid-state NMR spectroscopy has a con-
siderable potential for investigation of the structures of
biological macromolecules and their complexes, allowing
for structural studies of solid and viscous samples as an
obvious advantage. The methodology of this approach is
being actively developed but, on the whole, except for the
absence of molecular size and molecular mass limits, it has
the same limitations as NMR spectroscopy in liquid phase.

11.3. Electron microscopy

High-resolution electron microscopy is currently one of the
main tools for the investigation of surface topography and
imaging of biological materials at the nanometre scale. As
of May 2015, the PDB contained 185 structures of pro-
tein —nucleic acid complexes determined by electron micro-
scopy (http://www.rcsb.org/pdb).

An electron microscope is a microscope that uses a beam
of electrons with an energy from 100—-300 keV to 5 MeV
instead of light beams, providing a resolution of about 1 nm
(in special cases up to 0.1 nm, i.e., a near atomic resolution).
Currently, transmission electron microscopes (TEM) and
scanning electron microscopes (SEM) are widely used
instruments. Transmission electron microscopes create ser-
ies of planar images of a micro-object. Scanning electron
microscopes produce images of a sample by scanning it with
an electron microprobe. The main advantages of scanning
electron microscopy are a large depth of field coupled with a
wide range of continuous magnification (from tens to tens
of thousands times) and high resolving power, owing to
which SEM generates clear micrographs yielding a charac-
teristic three-dimensional appearance for objects with com-
plex topography.”? Conventional methods of electron
microscopy require the development of special conditions
for the sample preparation: chemical fixation and staining
using special contrasting agents, for example, heavy metal
salts.

Cryo-electron microscopy is a technique, which enables
studying unfixed samples, avoiding risks of artifacts caused
by fixation. This technique is a form of transmission
electron microscopy, where a flash-frozen thin layer
(~100 nm) of a sample is spread on a microscopy grid and
is investigated in a vacuum chamber of the microscope at
—160 °C. Such samples give high-contrast images without
additional treatment.

Cryo-electron microscopy has gained popularity in cel-
lular and molecular biology. This method is widely used in
structure —function studies of ribosomes and for investiga-
tion of the molecular mechanism of protein biosynthesis.
One goal of these studies is to design a new class of
antibiotics targeted to bacterial ribosomes. The design of
new types of desired antibiotics is one of challenges in
modern biomedicine.

Consider the study of Greber ef al.’? as one of recent
advances in this area. The authors determined the structure
of the 50S ribosomal subunit from the archaeon Methano-
thermobacter thermautotrophicus in complex with archaeal
translation initiation factor 6 (IF6) by cryo-electron micro-
scopy at 6.6 A resolution. The molecular binding of IF6 on
the ribosome was found to be conserved between the
archaeon M. thermautotrophicus and eukaryotes. This shed

new light on the evolution of the translation in these single-
celled organisms that lack a nucleus.

Greber et al.7* determined the three-dimensional struc-
ture of the 39S subunit of the porcine mitochondrial
ribosome by cryo-electron microscopy at 4.9 A resolution.
A comparison of these results with the data from mass
spectrometry and chemical cross-linking gave a detailed
insight into the architecture of the exit tunnel, through
which the growing polypeptide chain exits the ribosome.
This site of the mitochondrial ribosome differs substantially
from that in the bacterial analogue ensuring the synthesis
and integration of growing hydrophobic polypeptides,
which form functional sites of complexes of the electron
transport chain (respiratory chain), into the inner mem-
brane.

Amunts er al.7> determined the structure of the yeast
mitochondrial large ribosomal subunit by cryo-electron
microscopy at 3.2 A resolution, which enabled a nearly
complete atomic model to be built, including the location
and packing of 39 ribosomal proteins, 13 of which are
unique, as well as the folding of mitoribosomal RNA.73
The structure of the ribosomal tunnel, unique elements of
the E site and the putative site for ribosome integration into
the mitochondrial membrane was established.

The structure of the intact human mitoribosome was
determined at 3.5 A resolution.”6

The structural analysis of the entire nuclear receptor in
complex with a inverted repeat of DNA was carried out for
the first time by cryo-electron microscopy.”’” Nuclear recep-
tors of thyroid and steroid hormones, which were found in
mammals and insects, are among the major targets for
therapeutic agents because they regulate gene transcription
by binding to DNA and specific ligands. A heterodimeric
complex of the insect nuclear receptor USP with the
activated ecdysone receptor (EcR, a phytoecdysteroid)
binds to the promoter region of the target gene, thus
activating its transcription. The structural analysis of the
USP—-EcR nuclear receptor from the tobacco budworm
Heliothis virescens in complex with an inverted repeat of
the palindromic DNA sequence revealed that, despite the
symmetry of palindromic DNA, the complex adopts an
asymmetric architecture, in which the ligand-binding
domains are positioned 5'-off-centred. A comparison of
this structure with the structural characteristics of nuclear
receptors in complexes with direct repeats of DNA suggests
that DNA is the major allosteric driver in positioning the
ligand-binding domains, which serve as the main binding
site for transcriptional regulators.

In recent years, considerable progress has been made in
developing instrumentation for electron microscopy and
improving mathematical methods for image recognition
and computational image analysis. This made it possible
to perform the cryo-electron microscopy reconstruction at a
resolution comparable to that achieved by X-ray crystallog-
raphy. A breakthrough in this field is the study,’® in which
the three-dimensional structure of the ribosomal complex
was determined by cryo-electron microscopy at a resolution
(2.65-2.9 A) higher than that of the structure established
earlier by X-ray crystallography (Fig. 4).

An image at such a high resolution was obtained using a
transmission electron microscope equipped with a corrector
for spherical and chromatic aberrations, which cause seri-
ous distortions in the TEM images. The structure of the
complex composed of the E. coli 70S ribosome, elongation
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Figure 4. Cryo-electron microscopy map for E. coli 708 ribosome
in complex with elongation factor EF-TU at 2.9 A resolution (code
EMD-2847 in Protein Data Bank in Europe,
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-2847).78

The map shows: 30S ribosomal subunit (7), 50S ribosomal subunit
(2), elongation factor EF-TU (3), Phe—tRNAPhe (4), fMet-
tRNAfMet in the P site (5) and deacetylated tRNAfMet in the E
site (6).

factor Tu (EF-TU), aminoacyl-tRNA and the antibiotic
kirromycin contained, for the first time, all modified bases
of ribosomal RNA. The role of modified bases in the fine
tuning of ribosome functions and the mechanism of action
of antibiotics was revealed.

Therefore, apart from the above-mentioned advantages,
electron microscopy enables the determination of the real
arrangement of components of the complexes. Meanwhile,
it should be taken into account that atomic-resolution
electron microscopes are very expensive unique instruments,
which require high vacuum, high-precision electron optical
lenses, complex electronics and specialized computer soft-
ware for image analysis and processing, special housing and
maintenance to isolate the microscopes from vibrations and
noises and laborious sample preparation. Besides, in high-
voltage electron microscopes, the sample can be damaged
by high-energy electrons.”?

I1.4. Atomic force microscopy
Atomic force microscopy (AFM) is one of the most promis-
ing research tools that enables the analysis of the structure
at the atomic level. This method may be classified as one of
scanning probe microscopy techniques based on the meas-
urement of van der Waals forces arising from interactions
between the probe and the sample surface. These forces
include two opposing components having different signs: a
long-range attraction and a short-range repulsion. The
AFM probe consists of a nano-sized sharp tip attached at
the end of a flexible cantilever. The AFM method enables
the measurement of the surface topography of the sample at
a resolution from tens of Angstréms down to atomic and
even subatomic level.”?-80

Atomic force microscopy allows for the visualization of
individual macromolecular complexes in real time in air and
liquid media, in particular, under near-physiological con-
ditions, the production of high-resolution images of com-

plexes (fractions of a nanometre in the plane of the sample
and hundredths of a nanometre perpendicular to the sample
surface), which is a serious advantage of this method. It can
be used to study individual proteins and DNA molecules, as
well as protein—protein and protein—nucleic acid com-
plexes, the characteristic features of their formation and
specific interaction.8! 85

Wang et al. 3% studied the interaction of restriction
endonuclease BspMI (Bacillus species M) with DNA by
AFM. It was found that the specific enzyme binding to
DNA is induced by looping out of the latter, the number of
the loops formed being increased with increasing enzyme
concentration. Nonspecific BspMI binding to DNA was
found under conditions when all recognition sites were
bound to the enzyme. The number of nonspecific complexes
was > 8% of the total number of BspMI—-DNA complexes.
A further increase in the enzyme concentration and in the
incubation time give rise to additional DNA loops. The
authors attributed this fact to enzyme aggregation. The
schematic view of the interaction between BspMI and
DNA is shown in Fig. 5.

Hamon et al. 87 used the AFM method to visualize DNA
in complexes with single-stranded DNA-binding (SSB)
proteins that bind with a high affinity to single-stranded
DNA sequences. This binding is a transient state in many
DNA metabolic processes, such as repair, replication and
recombination. The improvement of the procedure for the
absorption of the complexes on a substrate (mica) enabled
the study of DNA binding to various SSB proteins (E. coli
SSB, gp32 and yRPA). The authors arrived at the conclu-
sion that AFM coupled with biochemical methods can be
used to investigate the dynamics of the DNA processes,
involving the formation of intermediates.

The AFM method was successfully employed to visual-
ize the site-specific DNA binding to nicking endonuclease
Nt.BspD6l (Bacillus species D6), which generates a DNA
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Figure 5. Schematic view of the specific interaction between
restriction endonuclease BspMI and DNA 8¢

First, two subunits of the BspMI tetramer bind to the recognition
site in DNA (the BspMI tetramer is represented as four green
subunits, the DNA-binding surface of BspMI is marked by flat
edges). Then the other two subunits of the tetramer bind to the
second recognition site, which causes conformational changes in all
four subunits (these subunits are dashed), and DNA is looped out
(A). The BspMI tetramer bound to DNA aggregates with the
second protein tetramer, which, in turn, also binds to DNA (B).
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single-strand break. This endonuclease has unique functions
and is commonly used in a number of biotechnological
methods. The conditions and the DNA : protein ratio were
chosen, which made it possible to visualize the resulting
DNA —protein complex at high resolution.%8

It should be noted that AFM has a number of limita-
tions. Thus, it is impossible to generate a full image of the
sample in real time (the area of the sample surface under
study is probed not all at once), the sample surface can be
deformed by the scanning probe and the images can be
distorted by external factors (acoustic noise and mechanical
vibrations). These issues reduce advantages of this method.
Besides, for such samples as protein—nucleic acid com-
plexes, it is necessary to choose proper conditions for the
sample preparation taking into account, apart from specific
interactions, interactions with the substrate.®%—92

Hence, a promising way is to integrate an atomic force
microscope into hybrid devices, which combine two or three
complementary techniques in one instrument. In this way, a
comprehensive description of molecular processes can be
obtained since one experiment can give simultaneously
morphological, electrochemical, mechanical and kinetic
information. The combination of AFM with spectroscopic,
optical, mechanical or electrochemical methods is consid-
ered in the review.?? In more recent studies, investigation
techniques using combined approaches were optimized.
Thus, Ebenstein et al.®* showed that the utilization of
semiconductor quantum dots, serving as contrast agents,
facilitates the imaging of the samples in experiments using a
combination of AFM and fluorescence microscopy. The
authors demonstrated the advantages of this combined
approach by imaging complexes of RNA polymerases on
bacteriophage T7 genomic DNA. Sanchez et al. °° suggested
that DNA —protein complexes can be studied by a combi-
nation of AFM and fluorescence microscopy using fluores-
cent-labelled polystyrene nanospheres for the alignment of
optical and topographic images, which allows the precise
localization of different fluorescent labels within complex
molecular assemblies.®?

I1.5. Small-angle X-ray and neutron scattering
Small-angle X-ray scattering (SAXS) and small-angle neu-
tron scattering (SANS) are commonly used in the structure
and function analysis of biopolymers. These diffraction
techniques rely on the collection of SAXS or SANS patterns
at very small scattering angles in the vicinity of the primary
beam at inhomogeneities of the substance. In small-angle
scattering experiments, with X-rays or neutrons having a
wavelength of a few Angstréms (0.1-1 nm), information
about molecules 11000 nm in size can be obtained. A key
feature of small-angle scattering is that it can be used to
analyze disordered systems. This method is often the only
way to obtain direct structural information on systems with
random or partially ordered arrangement of density inho-
mogeneities. It enables the study of the molecular-mass and
geometric characteristics, as well as the three-dimensional
structures of biological macromolecules and their com-
plexes in solution.”®

Modern small-angle scattering instruments and techni-
ques allow researchers to address an array of biological
problems, including folding of biomolecules, location of
disordered structural elements, conformational transitions,
flexibility and twisting, self-assembly and heteromolecular
assembly. As a rule, the small-angle scattering is used in

combination with other structural methods, such as X-ray
crystallography, NMR spectroscopy, electron microscopy
and footprinting, resulting in higher accuracy of structural
analysis and better efficiency of structural analysis of multi-
domain and multicomponent proteins and protein—nucleic
acid complexes (see Section 1V).

Sanchez et al.®” employed small-angle X-ray scattering
to investigate the binding between the catalytic domain of
the ComD protein, the ComE protein and the promoter of
the comcde operon in the bacterium Streptococcus pneumo-
niae. It is known that the ComD —ComE two-component
system controls the competence state of S. pneumoniae via
the regulation of phosphorylation of the ComE protein.
Thus, activated histidine kinase ComD phosphorylates the
ComE protein, which, starting from a certain concentra-
tion, binds to the promoter of the comcde operon. This
leads to activation of the latter (a positive autoregulatory
loop), activation of the promoter of the comab operon
(extracellular protein export system), activation of the
comx operon, which induces late competence genes respon-
sible for the binding and uptake of transforming DNA and
all other late transformation steps.”® The ComE protein can
exist both as a monomer and a dimer. Earlier, it has been
shown that the non-phosphorylatable ComE(D) (58A)
mutant is monomeric in solution, whereas the ComE(D)
(58E) active mimic mutant dimerizes via REC domains.
Histidine kinase ComD is a dimer that adapts two mono-
mers of ComE, one on each side, placing the aspartate
residue D58 of ComE in front of histidine H248 of ComD in
position that is convenient for intermolecular transfer of the
phosphate group. The modelling of ComE(D) (58A) and
ComE(D) (58E) in complexes with comcde using small-
angle scattering data showed that ComE(D) (58E) exists in
the complex as a compact dimer (Fig. 6), whereas ComE(D)
(58A) can change its conformation. Different conforma-
tional states of ComE induce different bending angles of the
comcde promoter, which provides a mechanistic scenario
for the activation: the phosphorylation of ComE enhances

Figure 6. Structure of the ComE —comcde complex determined by
small-angle X-ray scattering (code SASDAB7 in the Small Angle
Scattering Biological Data Bank,
http://www.sasbdb.org/aboutSASBDB/).°”

The comcde promoter is represented as a DNA double helix. The
compact ComE dimer (secondary structure elements of this dimer
are shown) binds to the promoter region comcde and induces its
bending.
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bending of the promoter region comcde and the release of
this bending strain via the disruption of the dimer may
signal the shut-off of the competence state of the bacterium
S. pneumoniae.

Small-angle neutron scattering has some key features
that distinguish it from small-angle X-ray scattering. Thus,
thermal neutrons penetrate matter far better than electrons,
the scattering depends on the isotopic composition of the
sample and its magnetic properties, due to which this
technique is a valuable tool for investigating the structures
of biological samples.”® It was noted that a combined
structural approach, in which both small-angle X-ray and
neutron scattering data are used, resolves remaining ambi-
guities in the quaternary structure and improves the molec-
ular modelling of the quaternary structure of
protein —nucleic acid complexes.!00

Two reviews °1-102 summarize data on computational
tools and mathematical methods in small-angle scattering
data analysis for proteins, nucleic acids and protein—nu-
cleic acid complexes, which are used for the molecular
modelling of the samples. The improved approach to
mathematical methods for processing and analyzing small-
angle scattering data for proteins, nucleic acids and pro-
tein —nucleic acid complexes, which takes into account the
scattering contribution from excess electron density around
the surface of the protein— NA complex, was proposed by
Ravikumar ef a/.'°3> Emerging applications of small-angle
scattering techniques in structural biology were considered
by Chaudhuri.'%4

The improvement of experimental methods and consid-
erable progress in computer modelling and methods for
mathematical processing of experimental data led to a rapid
increase in the amount of experimental small-angle scatter-
ing data and the growing number of publications. This
generates a need for a global repository in order to compile,
systematize and store small-angle scattering data. The
Small-Angle Scattering Biological Data Bank (SASBDB)
designed by analogy with the PDB allows investigators to
freely access experimental small-angle scattering data and
associated models that are deposited together with the
relevant experimental conditions and technical character-
istics of instrumentation.'%> As of May 2015, the SASBDB
contained 113 structures of proteins, 3 structures of nucleic
acids and 8 structures of heterocomplexes (www.sasbd-
b.org).

II1. Biochemical methods of structure and function
analysis of protein—nucleic acid complexes

The above-considered physical methods of structure and
function analysis of protein—nucleic acid complexes pro-
vide valuable information on the structures of a wide range
of biopolymers. Meanwhile, the limitations in solubility,
amount, size, homogeneity and conformational flexibility of
functional complexes of biopolymers, including complex
macromolecular assemblies involved in most of cellular
processes, promote the development of biochemical meth-
ods. In some cases, the probing of the structures of
biopolymers by biochemical methods may be the only
source of information for compounds that are difficult to
study by other methods. The development of chemical
approaches enabling one to prepare a wide range of cross-
linking reagents (including mono-, bi- and multifunctional
reagents, zero-length cross-linking reagents),!%° the applica-

tion of state-of-the-art methods of sequencing, mass spec-
trometry and immunoprecipitation, the use of modern
instrumentation, including femtosecond lasers, the design
of powerful computational methods for the generation of
full models give a new impetus to the development of
conventional biochemical methods and their successful
application, including in vivo experiments, for investigation
of different structural aspects of cellular processes. It should
be emphasized that biochemical methods of structure and
function analysis of protein—nucleic acid complexes per-
fectly complement physical structural approaches, by com-
pensating the lack of high-resolution data and bypassing the
limitations, and allow researchers to identify structures that
have been remained unknown.

II1.1. Cross-linking method

The cross-linking of proteins to nucleic acids is based on an
interaction between reactive groups of proteins and nucleic
acids giving rise to a covalent bond. The interaction is
formed within a specific complex by means of chemical
reagents or through exposure to radiation with a specified
wavelength. There are the following types of reactive
groups: natural functional groups of biomolecules and
chemically active groups, which are specially introduced
into biomolecules and which have no dramatic effect on
specific recognition, binding and functional activity of the
biopolymers under study. The structural data obtained
from the analysis of a covalently bound complex give an
insight into its structural organization, arrangement and
architecture of binding sites and catalytic sites, enable the
identification of individual groups of biopolymers closely
spaced in different stages of the protein—nucleic acid
interaction, allow the preservation of relatively unstable
complexes and transient states and provide a knowledge of
the dynamics of molecular processes. This approach is most
useful in studies of multisubunit complexes and supramo-
lecular structures. It allows researchers to locate individual
components within multicomponent a complex.

Numerous methods for the covalent attachment of
proteins to nucleic acids are currently available. For exam-
ple, nucleic acid analogues, which contain various reactive
groups in heterocyclic bases or a carbohydrate residue,
attached to the terminal or internucleotide phosphate
group are used for this purpose. The range of reagents
available for cross-linking of proteins to nucleic acids,
cross-linking techniques and the chemistry of these proc-
esses are described in detail in the books.!9¢ 197 The present
review is focused on modern aspects of applications and
developments of the cross-linking method in structural
studies of protein—nucleic acid complexes, including its
integration in comprehensive in vivo genome-wide studies
as a part of interdisciplinary approaches.

Although many classical techniques are available for the
efficient cross-linking of proteins to nucleic acids,!® new
original approaches are still emerging. For instance, Heinze
et al.198 developed a new cross-linking strategy to attach the
MutS protein, which is involved in a mismatch repair
system, on DNA. The MutS protein binds to the DNA
sequences containing a mismatch and bends it by 45—60° to
form a so-called clamp-like structure. The process is accom-
panied by ATP-induced conformational changes in MutS
giving rise to the DNA —-MutS—MutL ternary complex.
This complex is a key active intermediate that couples
mismatch recognition and discrimination between the tem-
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plate DNA strand and the newly synthesized DNA strand.
The authors developed a strategy for the covalent trapping
of MutS on DNA during the search for and recognition of
mismatches. This strategy is based on the covalent binding
of the cysteine-containing MutS protein generated by muta-
genesis to the disulfide group RSS(CH»)s [R = (CH»);0H]
linked to the 3'-terminal phosphate of the DNA ligand. The
mutant protein was constructed so that the disulfide group
of the modified DNA ligand was in close vicinity of the
cysteine residue. This approach allows the stabilization of
different transient MutS—DNA complexes and enables
their structural and functional analysis. It was
shown 108-109 that, regardless of the way of stabilization of
the MutS—DNA complex by means of modification in
DNA, which is attached to the terminal phosphate group
or at position 2’ of the carbohydrate moiety, the protein
retains its activity in the complex and the latter can be used
to study subsequent steps of the repair process.

Lavrik and co-workers ' used photocross-linking to
study the interaction of key nucleotide excision repair
factors, XPA (xeroderma pigmentosum group A protein)
and RPA (replication protein A), with damaged DNA in
the steps of primary damage recognition and the formation
of the pre-incision complex. In order to prepare covalently
bound protein —nucleic acid complexes, 5-iodo-2'-deoxyur-
idine 5'-monophosphate residues were introduced into dam-
aged DNA. The binding loci of RPA and XPA on the
damaged DNA duplex were experimentally found. The
authors obtained for the first time direct evidence for the
localization of XPA on the 5'-side from the lesion, while
RPA binds to the undamaged strand of DNA duplex
opposite the lesion. It was shown that the binding loci of
XPA and RPA on the damaged DNA duplex are similar to
those on the partially unwound damaged DNA duplex. The
review by Rechkunova et al.® summarizes data on the use of
photocross-linking to study individual steps of the mecha-
nism of nucleotide excision repair.

Hybrid approaches combining such methods as mass
spectrometry, immunoprecipitation and sequencing are
successfully used in the structural analysis of protein—nu-
cleic acid complexes. For instance, Urlaub ez al. 'l!
described the methodology for the analysis of pro-
tein—RNA contacts in purified ribonucleoprotein com-
plexes. This methodology comprises cross-linking of
proteins to RNA, hydrolysis of RNA and protein fragments
of a covalently bound complex, isolation of the resulting
oligonucleotide — peptide  conjugate, MALDI (matrix-
assisted laser desorption/ionization) mass spectrometric
analysis of the isolated conjugate and subsequent sequenc-
ing. The utility of this methodology was demonstrated by
the analysis of UV cross-linked protein— RNA spliceosomal
complexes — multicomponent ribonucleotide—peptide
complexes that catalyze splicing.

Lauber et al.''? used cross-linking coupled with high-
resolution mass spectrometry to study the localization of
the ribosomal protein S1, which is an effector of prokary-
otic translation, on mRNA and investigate the dynamics of
this process. The experimental results support a previous
hypothesis that S1 acts as the mRNA catching arm of the
prokaryotic ribosome. It should be noted that attempts to
study the S1 protein by X-ray crystallography failed.

Rogacheva er al.'13 used a combination of cross-linking
and high-resolution mass spectrometry to analyze contacts
between DNA phosphate groups and the active site residues

of the excision repair enzymes, E. coli formamidopyrimidine
DNA glycosylase (Fpg) and its eukaryotic analogue —
human 8-oxoguanine DNA glycosylase (hOGG1). These
enzymes are bifunctional N-glycosylases/AP-lyases that
catalyze excision of 8-oxoguanine residues and subsequent
cleavage of the sugar—phosphate backbone of DNA.!!4
They play a key role in protecting the genetic apparatus of
the cell against the mutagenic effect of 8-oxoguanine — one
of the most common oxidative DNA lesions. The active
sites of the enzymes were probed using a series of reactive
substrate analogues containing O-ethyl-substituted pyro-
phosphate groups, resulting in the identification of specific
contacts between amino acids and phosphate groups of
DNA within specific enzyme —substrate complexes (Fig. 7).
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Figure 7. Formation of a covalent bond between an amino acid of
a protein and a phosphate group of DNA within a specific
enzyme —substrate complex.!!3

The study by means of mass spectrometry using a set of
mutant forms revealed that Lys56 Fpg and Lys249 hOGG1
are cross-linked to the phosphate group of DNA located 3’
to the 8-oxoguanine residue at the site catalytically cleaved
by both enzymes. On the basis of the analysis of the
experimental data, models were constructed for the inter-
action of Fpg and hOGG1 with phosphate groups of
damaged DNA within the specific enzyme —substrate com-
plex in solution.''> The authors suggested that this
approach can be employed to study prokaryotic and
eukaryotic homologues of 8-oxoguanine DNA glycosylases,
as well as other repair enzymes.

Combined methods of investigation of RNA-binding
proteins in complexes with RNA based on cross-linking
coupled with mass spectrometry and subsequent sequencing
are considered in the review.*

Granneman et al.''®> studied the architecture of small
nucleolar ribonucleoprotein U3 (snoRNP), which plays an
essential role in ribosome biogenesis, by means of UV cross-
linking of the Nopl, Nop56, Nop58 and Rrp9 proteins
involved in snoRNP to small nucleolar RNA. Then RNA
fragments cross-linked to the proteins were sequenced using
complementary DNA (cDNA) libraries prepared by primer
extension assays. The cross-linking was performed both
in vitro on purified complexes and in vivo in living cells.
The authors identified the binding sites for each of these
proteins on the U3 RNA, which provided an insight into the
architecture of the U3 snoRNP. The snoRNP proteins were
also cross-linked to U3 pre-rRNA. The preferential associ-
ation of these proteins at sites of box C/D pre-rRNA was
revealed, which confirms that these proteins can be cross-
linked to unprocessed RNA ligands. The results of the cited
study demonstrate that this method is reliable and appli-
cable to analysis of RNA —protein interactions.
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The development of the combined UV cross-linking—
immunoprecipitation method can also be employed in
structural studies of protein—nucleic acid complexes
in vivo.'1® The authors mentioned that UV light as a zero-
length cross-linking reagent causes less distortion in the
structure of the complex under study compared to chemical
reagents. The application of a laser as an UV light source,
which generates pulses in nano-, pico- or femtosecond
ranges, makes it possible to decrease substantially the
duration of irradiation and increase the efficiency of cross-
linking compared to classical UV lamps. Therefore, this
approach is suitable for kinetic studies. A combination of
UV cross-linking with immunoprecipitation is successfully
used in structural studies of protein—DNA complexes,
including investigation of the chromatin structure, local-
ization of DNA-binding proteins on a genome-wide scale,
investigation of transcription and DNA replication.!!¢

The cross-linking method has been successfully used for
a long time for the stabilization of protein—DNA com-
plexes with the aim of their subsequent crystallization. This
approach can substantially facilitate the crystal growth. The
disulfide bond formation is one of the most common cross-
links. This bond is formed between a cysteine residue of the
protein introduced by mutagenesis and a thiol or disulfide
group of a modified nucleic acid. An example is the crystal
structure of human immunodeficiency virus 1 reverse tran-
scriptase with inverse transcriptase in complex with DNA
determined in 1998. Prior to X-ray crystallography, the
complex was stabilized by engineering a disulfide cross-
link between the cysteine side chain of the protein and thiol-
containing DNA.!7 It should be emphasized that the
covalent complex retained the native conformation and
specific activity. Later, this approach was used to determine
the crystal structure of DNA glycosylase in complexes with
DNA.!!8 A research team headed by Professor Chuan He at
the University of Chicago !'® implemented stabilization by
means of disulfide cross-linking strategy and succeeded in
obtaining crystals and solving the three-dimensional struc-
ture of the E.coli repair protein AlkB and its human
homologue ABH2, which are involved in the oxidative
demethylation of 1-methyladenine and 3-methylcytosine,
in complexes with DNA.

IIL.2. Chemical and enzymatic footprinting

Chemical and enzymatic footprinting methods are widely
used for revealing elements of the spatial organization of
biopolymers and their complexes, probing interactions
between biomolecules and ligands and analyzing protein—
nucleic acid interactions and induced conformational
changes. These methods provide the so-called single-nucleo-
tide resolution, which nicely complements the structural
information available from X-ray crystallography, NMR
spectroscopy or cryo-electron microscopy. The footprinting
data also complement the dynamic information obtained by
optical methods based on fluorescence resonance energy
transfer (FRET).!?° The footprinting method does not
require large amounts of the compound and has no techni-
cal limitations, such as the preparation of diffraction-
quality crystals (for X-ray crystallography) or purified
highly soluble samples (for NMR spectroscopy).

The footprinting has been used as a tool for studying
biopolymers for a rather long time.!?!- 122 However, impres-
sive advances have been made in this area in recent years.
Thus, next-generation sequencing (NGS) methods!?? are

suitable for parallel sequencing of several genome regions
and can generate hundreds of megabase to gigabases of
sequencing data in a single instrument run, thus providing
new powerful tools for characterizing cellular processes
in vivo.12*

Ingolia et al.'?® developed a technique for investigation
of in vivo translations at a single-codon resolution based on
a novel methodology for sequencing RNA fragments, which
are bound to ribosomes by footprinting. This method
produces global snapshots of all the ribosomes active in a
cell at a particular moment. It includes the sequencing of
cDNA libraries prepared by reverse transcriptase, which
correspond to mRNA fragments produced by footprinting.
The authors used this approach to obtain a snapshot of the
steady-state linear distribution of ribosomes on RNA tran-
scripts in cells of Saccharomyces cerevisiae. Later, Ingolia
et al.'?® developed a protocol for genome-wide monitoring
of translation (ribosome profiling) allowing the mapping of
exact positions of ribosomes on nuclease-protected mRNA
fragments (Fig. 8).'2° Besides, footprints can reveal the
exact regions of the transcriptome that are translated, as
well as the sites of translation initiation.

Lareau ef al.'?’ implemented the ribosome profiling
approach to visualize conformational changes in the ribo-
some during elongation at a single-codon resolution. This
provides new opportunities to study the kinetics of trans-
lation and to identify the factors that affect each step in the
elongation cycle.

Therefore, the ribosome profiling approach has revolu-
tionized the ability to monitor the internal state of cells: the
translational control can play an important role in modu-
lating gene expression. Studies by means of this approach
provide new knowledge on the mechanisms of cellular
protein synthesis and new structural data on protein—nu-
cleic acid complexes involved in this process.?

Kvaratskhelia and Grice '?® used an approach combin-
ing footprinting and mass spectrometry. The essence of this
approach is that amino acid residues in a free protein and in
the protein involved in a specific complex with a nucleic
acid are subjected to selective chemical modification fol-
lowed by mass spectrometric analysis of fragments of
modified proteins produced by proteolytic cleavage, result-
ing in the identification of protein—nucleic acid contacts.
To determine the contacts between human immunodefi-
ciency virus type 1 reverse transcriptase and RNA, the
authors used biotinylated N-hydroxysuccinimide, which is
capable of modifying amino groups of lysine residues in
both protein subunits. The approach is attractive for
analyzing large nucleoprotein complexes, which are difficult
to study by X-ray crystallography and NMR.

Zhao et al.'*® employed a similar technique to study
specific contacts between human immunodeficiency virus
type 1 integrase and viral DNA. The N-terminal Lys14 was
found to play an important role in viral DNA binding. In
addition, a DNA-induced conformational change in inte-
grase was revealed. Based on these data, the authors
identified the DNA-binding channel in the active full-length
multimeric protein — integrase. This experimental
approach can be used for mapping specific protein—NA
interactions within functional nucleoprotein complexes.

Silverman et al.'3° described a new universal high-
throughput approach, which allows the identification of
specific RNA-binding sites of numerous individual RNA-
binding proteins in eukaryotic transcriptomes in a single
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Figure 8. Overview of the ribosome profiling protocol.!2¢

(1) Ribonuclease treatment of cell lysates in order to digest all mRNAs that are not protected by ribosomes; (2) extraction of mRNA
fragments bound to ribosomes; (3—38) steps of sequencing of mRNA fragments using cDNA libraries generated by primer extension assays;
(6) removal of DNA copies of rRNA fragments (rRNA fragments are produced in step / upon ribonuclease treatment of ribosomal RNA)
from the sample. Step (8) includes the analysis of the results, the localization of individual ribosomes and the mapping of their distribution
along mRNA. Bio is a biotin molecule attached to a oligonucleotide probe; Strept/Bio is the streptavidin—biotin complex.

experiment. This approach termed PIP-seq (protein inter-
action profile sequencing) is based on the high-throughput
sequencing of protein-bound RNA fragments, which are
produced upon treatment of cells with UV light or form-
aldehyde followed by nuclease hydrolysis with RNases
specific for single- or double-stranded RNA. It allows the
identification of specific protein-binding sites within both
unprocessed and mature RNAs and gives the full footprint
of protein—RNA interaction sites for all samples and
organisms.

Singh et al.'3! developed an approach to map RNA —
protein complexes using immunoprecipitation (RNA: pro-
tein immunoprecipitation in tandem) termed RIPiT-seq.
This approach includes two sequential purifications of
ribonucleoprotein complexes, which are generated by foot-
printing, by means of immunoprecipitation. It produces
highly specific RNA fragments of both individual RNA-
binding proteins and multisubunit complexes and has the
capacity to differentiate RNA fragments bound to proteins
with overlapping protein composition. This approach is
suitable for analysis of complexes, in which it is difficult to
perform UV cross-linking to produce RNA fragments,!3? as
well as of complexes of proteins that bind double-stranded
RNA.133

Among recent achievements of this method, let us
mention the iCLIP (individual-nucleotide resolution UV

cross-linking and immunoprecipitation) approach, which
combines UV cross-linking, including the application of
photoactivated ribonucleoside analogues, with immunopre-
cipitation and high-throughput sequencing of cDNA libra-
ries generated by primer extension assays.!34 135 High
resolution and specificity of this method are achieved by
the intramolecular ¢cDNA circularization step.!3® This
approach was employed to study heterogeneous nuclear
RNA-binding proteins hnRNP that act in coordination to
regulate alternative splicing of human pre-mRNA,!37
including the hnRNP C (see Ref. 134) and hnRNP L
proteins,!38 and to elucidate their role in the regulation of
splicing. The results demonstrated an unprecedented degree
of complexity of interactions between the hnRNP proteins
and their targets. Huelga er al.'37 suggested that this fact
likely confers robustness to cells.

Liu et al.'® investigated the mechanism of biological
regulation of specific recognition by RNA-binding proteins
of their targets. The authors employed the PAR-CLIP
(photoactivatable ribonucleoside-enhanced cross-linking
and immunoprecipitation) method, which includes UV
cross-linking using photoactivated ribonucleoside ana-
logues, and the MeRIP immunoprecipitation method.
They demonstrated that, in human cells, N6-methyladeno-
sine (m6A), which is the most prevalent modification in
eukaryotic mRNA, acts as a switch that controls the
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accessibility of binding sites in RNA to RNA-binding
proteins by altering the local structure of mRNA and long
non-coding RNA (IncRNA). This structural change facili-
tates the binding of heterogeneous nuclear ribonucleopro-
tein C (hnRNP C) involved in pre-mRNA processing. The
results of the cited study demonstrated the regulatory role
of m6A-switches in gene expression and RNA maturation.

Modic et al.'' summarized the results of investigations,
in which the CLIP approach combined with other methods
was used to study RNA in complexes with RNA-binding
proteins, whose mutations cause central nervous system
disorders. RNA-Binding proteins play a key role in post-
translational regulation of gene expression. The post-trans-
lational processing, RNA stability, RNA localization and
translation — are only some of the processes that are
regulated by multiple RNA-binding proteins present within
the cell. It is known that mutations in different RNA-
binding proteins can lead to a number of central nervous
system diseases, including neurodegenerative disorders that
cause progressive neuronal cell death. These disorders
include frontotemporal lobar degeneration, amyotrophic
lateral sclerosis and Martin—Bell syndrome (fragile X
syndrome), which is one of causes of mental retardation.
Therefore, the analysis of the structural information on the
localization of RNA-binding proteins and the protein-bind-
ing sites in RNA sequences is an important step in inves-
tigations of molecular mechanisms of the development of
this pathology. Advances in molecular biology coupled with
achievements in experimental and clinical medicine hold
promise for the development, with time, of methods of
pathogenetic therapy for treating neurodegenerative disor-
ders, which will change the pessimistic attitude about such
patients.

IV. Combined approaches and prospects of their
application

The structure and function analysis is a powerful tool for
elucidating molecular mechanisms of biological processes
underlying biological functions of the body. Recent advan-
ces, which have been made due to the development of
experimental methods, acquisition of new equipment and
modernization of instrumentation, the improvement of
methods for analysis and processing of experimental data,
enable researchers to perform structural analysis of multi-
component biological structures with ever increasing com-
plexity in the cellular environment. Nevertheless, integrated
multidisciplinary approaches are required to overcome
limitations of individual methods and take advantages of
each method.!#% Although X-ray crystallography remains
the method of choice for structural analysis of large com-
plexes, the crystallization of flexible dynamic systems is
often a difficult problem and typically does not provide
information on the conformational dynamics of the struc-
ture in solution. Nuclear magnetic spectroscopy is a well-
suited technique to investigate the dynamics of compounds
at picosecond to second time scales, as well as to map large
systems at single-nucleotide resolution; however, the sensi-
tivity of this method decreases with increasing molecular
mass of the object. Small-angle scattering methods provide
low-resolution structural information on the dynamics and
conformational equilibria in solution and nicely comple-
ment the data from high-resolution methods. In high
molecular mass systems, where NMR data are sparse,

small-angle scattering data provide additional structural
information and can differentiate between models derived
from NMR data.!00. 141

The combination of NMR spectroscopy with small-
angle scattering methods for the structural analysis of
biopolymers allows researchers to obtain more informative
and accurate results. Tidow er al.'#? used this combined
approach to study the structure of the functionally active
p53 protein, which acts as a suppressor of human malignant
tumours, and the structure of its specific complex with
DNA. The quaternary structure of the functionally active
p53 protein contains intrinsically disordered regions, which
hinders X-ray crystallography. The authors determined the
quaternary structure of p53 in solution using a combination
of small-angle X-ray scattering and NMR spectroscopy.
The mathematical processing of the small-angle scattering
data demonstrated that the functionally active p53 protein
is a tetramer having an elongated cross-shaped structure
with a pair of loosely coupled dimers at the ends, which are
accessible for binding to DNA and partner proteins. The
monomers of the protein in this open conformation interact
with a specific DNA sequence to form a compact complex,
the structure of which is consistent with the structure of the
p53 monomers in complex with DNA determined earlier by
X-ray crystallography and NMR spectroscopy.

Besides, the combination of NMR spectroscopy and
small-angle X-ray and neutron scattering methods was
used in the studies.!'?0-14! For instance, Hennig er al.'%°
investigated the structure of the specific ternary complex
composed of RNA and two RNA recognition protein
domains. The authors employed small-angle X-ray scatter-
ing data to refine the NMR data and obtained a more
detailed view of interactions between macromolecular com-
ponents of the complex.

An example of a successful application of the combined
approach is the study performed by van Nuland and co-
workers.** The authors used NMR spectroscopy, small-
angle X-ray scattering and calorimetry to study the struc-
tural and dynamic characteristics of the binding of the
MazE antitoxin to the palindromic DNA sequence. Tox-
in—antitoxin (TA) modules are pairs of genes involved in
bacterial regulation of the cell response to environmental
stresses. The mazEF module encodes the MazF toxin and its
cognate MazE antitoxin. The highly dynamic MazE has the
N-terminal DNA-binding domain through which it can
negatively regulate its own promoter. The authors deter-
mined the structure of MazE in complex with DNA by
NMR spectroscopy and proposed a model for the transcrip-
tional regulation. Studies by complementary techniques
demonstrated that the long intrinsically disordered C-termi-
nus in MazE, which is essential for MazF neutralization,
does not affect the interaction between the antitoxin and its
operator. The authors suggested that the C-terminus of
MazE plays an important role in the MazF binding, by
increasing the MazE affinity for the palindromic operator
site.

Nowak et al.'*3 used a combination of X-ray crystal-
lography and small-angle scattering to model full-length
monomeric reverse transcriptase of xenotropic murine
leukaemia virus — a close relative of Moloney murine
leukaemia virus. Thus, the crystal structure of a fragment
of reverse transcriptase of this virus in complex with the
RNA/DNA hybrid substrate was determined by X-ray
crystallography, while small-angle scattering data were



460

S.A.Kuznetsova, T.S.Oretskaya Russ. Chem. Rev., 2016, 85 (5) 445463

required for the construction of the full-length model. It
was demonstrated that the mobile RNase H domain of
monomeric reverse transcriptase of xenotropic murine
leukaemia virus becomes ordered in the presence of the
substrate, which is a key difference between monomeric
and dimeric transcriptases.

The combined structural approach allowed Sattler
and co-workers '#* to shed light on the molecular mech-
anism of regulation of genetic equality between males and
females. The so-called dosage compensation mechanism
promotes the double gene expression of the single
X-chromosome in mammalian (including human) males,
while the translation of the male-specific lethal protein
msl2 is inhibited in females. This is due to the recruitment
of the female-specific sex-lethal protein Sxl to the Unr
region of the msl2 RNA template. The structure of the
ternary Sxl—Unr—msl2 ribonucleoprotein complex in the
fruit fly drosophila Drosophila melanogaster was studied
by X-ray crystallography, NMR spectroscopy and small-
angle X-ray and neutron scattering methods. The authors
found novel ternary contacts between components of the
complex, as well as non-canonical contacts between RNA
and the al helix of the RNA recognition motif 1 of the
Sxl protein. These results suggest that the inhibition of
msl2 translation, necessary for female viability, is trig-
gered by specific cooperative molecular interactions that
lock a ribonucleoprotein switch.!44

Advantages of the combination of the AFM method
with spectroscopic, optical, mechanical or electrochemical
methods are considered in the review.®® As mentioned
above, the use of semiconductor quantum dots®* and
fluorescent-labelled compounds ?® facilitates the visualiza-
tion of objects in studies by the AFM method coupled with
fluorescence microscopy.

The above-mentioned studies, which include cross-link-
ing as an important step prior to crystallization of the
complexes required for X-ray crystallography,!!8- 119 are
examples of the successful combination of biochemical
methods with high-resolution structural methods. This
approach allows the stabilization of protein—nucleic acid
complexes and is often the only opportunity to grow
crystals suitable for X-ray diffraction.

Examples of the successful application of the combined
approaches are also considered in other sections of the
present review.

Meanwhile, it is not always possible to integrate
information obtained by different experimental methods
or their combinations in order to build three-dimensional
models of biological objects. Webb et al.'*> describe a
protocol for the integration of all structural data
obtained for biological objects using state-of-the-art
experimental methods, such as X-ray crystallography,
NMR spectroscopy, electron microscopy, small-angle
scattering, footprinting, cross-linking and so on. The
Integrative Modeling Platform software necessary for
the implementation of this protocol is described. This
protocol can be used to generate models, which are
consistent with all available data sets and, consequently,
they are more precise, complete and accurate.

V. Conclusion

The development of methods of structural biology in the
past decade resulted in the determination of the structures

of more than 75000 individual proteins, nucleic acids and
protein—nucleic acid complexes, with a total of about
100000 structures over the entire period of experimental
studies beginning in the second half of the 1970s. The
number of structures is growing very rapidly, in a nearly
exponential fashion. This is mostly due to the following
advances:

— the development of powerful synchrotron radiation
sources and femtosecond lasers, which allow researchers to
study nanocrystals of biomolecules and even single copies of
large macromolecular complexes bypassing their crystalli-
zation;

— the development of experimental approaches and
techniques, including the sample preparation and data
collection, which makes it possible to measure solid-state
NMR spectra and analyze objects with a molecular mass of
100 kDa and higher;

— the progress in electron microscopy and improve-
ment of mathematical methods for image recognition and
computational image analysis, which makes it possible to
produce electron microscopy images at a resolution com-
parable to that achieved by X-ray crystallography;

— the use of nanomaterials in structural studies, as well
as for the data collection and processing of experimental
results, which leads to a multiple increase in the perform-
ance of experimental data transmission, processing and
storage systems, the creation a of new architectures of
high-performance devices having capabilities of computing
systems with elements of artificial intelligence that behave
like living organism.

New knowledge of the molecular mechanisms of the
functioning of living cells, the appearance and development
of pathological processes can be derived from structural
studies of single macromolecules possessing unique individ-
ual properties, because measurements using samples con-
sisting of a large number of molecules provide an averaged
pattern.

Meanwhile, there are no individual methods, which can
be used to comprehensively characterize a particular object
in space and time. Each method has advantages and
limitations and provides an insight only into some frag-
ments of the versatile picture created by nature. The use of
complementary methods, which can be employed to study
the structure and dynamics of complex biological objects,
and the combination of physical and biochemical
approaches can brought us closer to understanding of the
comprehensive and adequate molecular model of the oper-
ation of the living cell and allows the development of
methods for regulation of cellular processes.

Therefore, the structure and function analysis of pro-
tein —nucleic acid complexes provides detailed information
on these biological objects with a complex organization and
is an important step towards an understanding of their
molecular function and role in the evolution and develop-
ment of human diseases. The results of these studies are
widely used in medicine, biotechnology and nutricology.
Advances in structural biology coupled with achievements
in bioorganic chemistry, experimental and clinical medicine
hold promise that new efficient and appropriate methods
for the diagnosis and therapy of various diseases will be
developed, which will lead to an increase in the life expect-
ancy and improve the quality of life.
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