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Abstract: Proteins are the most important biological macromolecules, and are involved in almost all
aspects of life. Therefore, the study of the structure of proteins is of great practical and fundamental
importance. On the one hand, knowledge of the spatial structure is necessary to study the basic
principles of protein functioning; for example, the mechanisms of enzymatic reactions. On the other
hand, knowledge of the spatial structure of proteins is used, for example, in biotechnology, for the
design of enzymes with desired properties, as well as in drug design. Today, the main method for
determining the spatial structure of a protein is X-ray structural analysis of protein crystals. The main
difficulty in applying this method is in obtaining a perfect protein-crystal. This review is devoted to
the successes and challenges of modern protein crystallography.
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1. Introduction

Proteins are biopolymers consisting of amino acids linked by peptide bonds. A peptide
bond is a type of amide bond that occurs during the formation of proteins and peptides as a
result of the interaction of the x-amino group (-NH2) of one amino acid with the «-carboxyl
group (-COOH) of another amino acid. There are four levels of structural organization
of proteins: primary, secondary, tertiary and quaternary structures [1]. Primary structure
refers to the sequence of amino acids. Secondary structure is the local ordering of amino
acids under the action of hydrogen bonds. Tertiary structure is the spatial structure of the
polypeptide chain. Quaternary structure is the mutual arrangement of several polypeptide
chains, relative to each other. Proteins are the most essential and ubiquitous components of
any living organism. The role of proteins is very diverse. The main functions of protein
are: catalysis, structure and motions, energy provision and the regulation of processes and
transport. A number of proteins have a catalytic function. Over 5000 enzymes have been
described to date [2]. Structural proteins perform a supporting function, connecting the
tissues of the body to each other, acting as a framework for them [3]. Contractile proteins
are proteins that provide the cell with motor function. Examples of such proteins are actin
and myosin. These proteins are part of the muscles, providing the latter with the ability
to contract [4,5]. A number of proteins have a signaling function, that is, the capability to
transmit various signals between the cells. For example, cytokines regulate cell functions [6].
Transport proteins carry various compounds. An example of such a protein is hemoglobin,
whose function is to transport oxygen [7]. It should be noted that the functions of proteins
are not limited to the above. The significance of the study of protein structures also follows
from this diversity. First of all, these are fundamental studies of the mechanisms of the
functioning of protein molecules, which means an understanding of the principles of
various physiological processes in the organisms of living beings. Of practical importance
is the study of protein structures for medical applications. For example, knowledge of the
structure of a number of proteins of pathogenic viruses allows us to elucidate complicated
virus replication and evasion mechanisms, and create more effective and safe vaccines based
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on peptides [8,9]. As a separate topic, we should look at the so-called drug-design method,
or directed drug design. Currently, due to the rapid growth of computing power available
to researchers, the design of drugs using molecular-modeling methods is a promising
and dynamically developing area. The main directions of molecular modeling in drug
design are methods based on knowledge of the ligand structure and methods based on
knowledge of the target structure [10-12]. Recent examples of the application of such an
approach are the structural studies of SARS-CoV-2 main protease (Mpro). The apoform
of Mpro was solved at the beginning of 2020 [13]. The appearance of this structure in
PDB gave rise to a series of research studies on the search for new Mpro inhibitors. More
than 20 structures of Mpro complexes with different inhibitors have been deposited in the
PDB, to date. In addition, it should be noted that one of the urgent problems of modern
enzymology is the prediction of the nature of mutations necessary for a directed change in
the specificity of an enzyme. Currently, substrate specificity is explained by the Koshland
theory, which states that the topology of the active site corresponds to the topology of the
substrate, according to the “key-lock” principle. Accordingly, substrate specificity can be
influenced by changing the active site using site-directed mutagenesis. Knowledge of the
spatial structure of the enzyme makes it possible to rationally construct mutant forms of the
protein with the required substrate specificity. Thus, a number of mutants of enzymes with
changed specificity were obtained, which have industrial or medical significance [14-17].

Currently, the main method for studying the spatial structure of a protein is X-ray
diffraction analysis. Approximately 90% of the structures deposited in the Worldwide
Protein Data Bank were obtained using X-ray diffraction analysis [18]. Crystals of suitable
diffraction quality are required for the realization of this method. There are, however, other
methods for studying the spatial structure of a protein. One of them is the method of
nuclear magnetic resonance. This method does not require a crystal, but is applicable only
to biomolecules with molecular weight < 70 kDa [19]. The resulting models are usually less
accurate than the models obtained from X-ray diffraction analysis [20]. Small-angle X-ray
scattering also does not require obtaining a protein crystal, although it only allows one to
determine the shape of the surface of a macromolecule [21].

The first protein crystal was obtained in 1840 [22]. In 1851, a method was de-
scribed for obtaining such crystals from erythrocytes [23]. This protein was later named
hemoglobin [24]. The first diffraction pattern from a hemoglobin crystal was obtained in
1934 [25]. The first spatial structure of a protein was obtained for myoglobin in 1958 [26].
In October 1971, the Protein Data Bank (PDB) appeared. At first it had seven protein
structures [27]. Every year, the number of three-dimensional protein structures deposited
there grew rapidly. Currently, the number of structures deposited in the PDB, obtained by
experimental methods, exceeds 195,000. It should be noted that at present the PDB also con-
tains spatial structures of polynucleotides. In addition, from 2022, the PDB has contained
the spatial structures of proteins obtained by computational methods. Currently, there are
more than 1,000,000 such models in the PDB. In most cases, recombinant proteins are used
in protein crystallography. At present, a typical experiment to determine the structure of a
recombinant protein using X-ray diffraction analysis consists of several stages: obtaining
a recombinant protein, its purification, crystallization, the X-ray-diffraction experiment,
and solution and refinement of the protein structure. Since the late 1990s flash cooling of
protein crystals has been widely used for X-ray data collection. It allows for the reduction of
radiation damage, which is essential for achieving the suitable data-collection statistics. The
use of flash cooling is absolutely necessary for single-crystal X-ray experiments in modern
synchrotrons, where a reduced beam is used to prevent fast-diffraction degradation.

However, flash cooling can distort protein structure and mosaicity. The investigation
of most dynamic processes is unrealized in the frozen state of crystals. However, domain
motions can still be investigated, using techniques such as TLS (translation- libration- and
screw-motion) analysis. Serial microcrystallography developments in recent years have
helped to overcome these limitations. A method based on data collection from microcrystal
suspensions at ambient temperature is used. Special methods of microcrystal delivery
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are required. Three main sample-delivery methods are used: crystal-injection methods,
fixed-target methods and hybrid delivery methods [28-31]. Such experiments are realized
in the fourth generation synchrotrons or FELs [32,33]. The main achievements of this
technique are the structures of membrane proteins and time-resolved experiments. In
time-resolved experiments, lasers are used as chemical triggers, depending on the nature of
the object [34-39]. The importance of anomalous dispersion in the development of protein
crystallography should also be noted [25].

Crystallization is one of the longest and most unpredictable stages of crystallographic
experiment. A lot of reviews are devoted to the problem of protein crystallization [40—45].
Protein crystals are grown from saline solutions, using precipitants to reduce solubility, i.e.,
concentrated salt solutions, amphiphilic organic compounds, soluble organic polymers, and
mainly polyethylene glycols of various molecular weights. Crystals form when a certain
level of supersaturation is reached. A protein globule, maintained by hydrogen bonds
and hydrophobic interactions, retains its structure under a limited range of conditions.
It is possible to obtain a crystal only from a native non-denatured molecule; therefore,
during crystallization, the range of temperatures and pH values is limited by the intervals
in which the protein molecule is sufficiently stable. The decrease in protein solubility at
high ionic strength is explained by the competition of protein molecules for water: at a high
salt-concentration, the water-protective layer around the protein molecule decreases, and
the ability of the molecules to interact with each other increases. Organic solvents, reducing
the value of the dielectric constant, enhance the interaction between charges on the surface
of molecules and the attraction of molecules to each other. Soluble organic polymers cause
both effects. Since the solubility of a protein also depends on the pH value and temperature
of the solution, it is possible to decrease the solubility and induce crystal formation by
varying these parameters [41]. The crystallization process includes two stages: nucleation
and crystal growth. Nucleation is the initial stage of crystallization. Protein crystals,
unlike crystals of small molecules, are nucleated at a very high level of supersaturation.
The high level of supersaturation is apparently related to the high entropy barrier in the
ordering of large molecules. Nucleation is preceded by an induction period, which is
critical for the total duration of the process. As supersaturation increases, the probability of
a simultaneous collision of two or more molecules, and the lifetime of the resulting cluster,
increase; subsequent molecules can join the resulting cluster. When the cluster reaches a
critical value, the attractive forces between molecules become stronger than the forces that
cause dissociation. The proto-crystal, meeting with other solute molecules, attaches to them
and becomes the center of nucleation. This is how homogeneous nucleation proceeds, when
the protein molecules themselves combine. During heterogeneous nucleation, a proto-
crystal is formed, due to the adsorption of molecules onto the solid particles present in the
solution or introduced into it; remaining for some time on a solid surface, the adsorbed
molecules form a nucleus [41,46]. The optimal conditions for the growth of a protein crystal
differ significantly from the conditions required for nucleation. The most ordered crystal
grows at the minimum degree of supersaturation, when the process proceeds at a low rate.
In order for the supersaturation level not to reach the labile zone, the rate of increase in the
precipitant concentration must also be sufficiently low. At low supersaturation and a low
growth-rate, molecules that have been improperly integrated into the crystal lattice can
dissociate and reattach in the correct orientation. Such different conditions of nucleation
and growth are one of the features of crystallization of macromolecules. As a result, it is
possible to provide optimal conditions for growth by carrying out both stages (nucleation
and growth) separately, for example, by introducing separately obtained nuclei (seeds) into
a slightly supersaturated solution [45].

2. Protein-Crystallization Techniques

Currently, a number of methods for protein crystallization have been developed and
are widely used. Most protein crystals have been, and are still, grown by solvent vapor
diffusion [47]. The advantage of this method is its simplicity and economy. Crystallization
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takes place in a hermetically sealed cell containing an undiluted precipitant solution.
Water from a drop with a mixture of protein and a precipitant, where the concentration
of the precipitant is lower, is distilled into the reservoir solution until the partial vapor
pressure over the drop and the surface of the solution is equal. Due to the increase
in the concentration of the precipitant and protein, the solution in the droplet becomes
supersaturated, and at a certain stage, crystals or an amorphous precipitate appear in it.
The method is carried out in two versions—the drop can be “hanging” or “sitting” [48].
Another widely used method is free diffusion through the liquid-liquid interface [49]. In
this method, a protein solution is carefully layered onto a precipitant solution in a narrow
test tube. Due to the significantly higher diffusivity of the salt compared to the protein, in
the first stages of mixing the concentration of the precipitant increases to a greater extent
than the concentration of the protein. The concentration of the precipitant is selected in such
a way that a larger number of nuclei formed in the first stages of mixing dissolve, and a
limited number of large crystals grow from a small number of the remaining ones. A variant
of this method can be considered as the dialysis method, where the precipitant solution
diffuses into the protein solution through the dialysis film, so the protein concentration
remains constant [50]. The dialysis membrane increases the likelihood of nucleation, by
serving as a substrate for epitaxial growth. A very simple and convenient method of
crystallization is under a layer of paraffin oil [50]. Another not very common but very
fast method for obtaining crystals is crystallization during protein precipitation in an
ultracentrifuge [51]. This method is applicable to proteins of sufficiently large molecular
weight. A solution containing protein and a low concentration of a precipitant is placed in a
centrifuge tube and centrifuged for 2040 h at speeds at which the protein slowly sediments
to the bottom of the tube. Under the action of acceleration, active transport of the protein
to the crystallization zone occurs. As the protein concentration at the bottom of the tube
approaches the protein concentration in the crystal, nucleation occurs and then crystal
growth occurs. At the same time, the level of supersaturation of the precipitant remains
low, and directional acceleration, which promotes a certain orientation of protein molecules,
facilitates crystallization. To prevent the crystals from dissolving after the centrifuge is
stopped, they must be transferred to a solution with a high concentration of precipitant, the
composition of which is selected empirically. Spanish researchers proposed carrying out
crystallization through a layer of gel using the method of counterdiffusion in a capillary [52].
The protein solution was placed in an X-ray capillary, one end of which was closed, and
the other end was immersed in agarose gel in a plastic box. The precipitant solution was
applied to the agarose gel. Slow diffusion of the precipitant through the gel layer led to
the formation of a precipitant concentration-gradient in the capillary, and crystals grew
at different distances from the capillary inlet, under different conditions. As a result, the
counterdiffusion method allows for the testing of several growth conditions within a single
capillary.

Currently, there are still no rational approaches for choosing the nature and composi-
tion of the precipitant to obtain a protein in the crystalline state. It is not clear what kind
of precipitant and in the presence of which additives, or at what pH values and at what
temperature this protein will form a crystalline, rather than amorphous, precipitate. As a
result, the least predictable is the initial stage—obtaining a protein in a crystalline form.
Precipitant selection is sometimes aided by knowledge of protein behavior and properties,
but in general, crystallization conditions are screened using commercial equipment and
commercial crystallization-reagent kits. A number of companies offer a large number of
sets and various crystallization devices for setting up crystallization. Each kit typically
contains 50 or 96 precipitant solutions, which include a pH bulffer, the precipitant itself,
and low-molecular-weight additives. During screening, a protein solution in a certain
proportion is mixed with a solution of a precipitant, and the formed precipitate is examined
under a microscope at certain intervals. Nevertheless, researchers are making attempts
to study the mechanisms of the formation and growth of protein crystals. The growth
mechanisms were studied by electron- and atomic-force microscopy, as well as by interfer-
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ometry, using Michelson and Mach-Zehnder interferometers [53-55]. It was shown that
macromolecular crystals grow using the same mechanisms as crystals of other molecules;
however, during the growth of protein and virus crystals, a new mechanism, unknown for
small molecules was discovered—growth by direct addition and subsequent development
of whole three-dimensional nuclei. In addition, a number of attempts were made to study
the structure of precrystallization solutions by small-angle X-ray scattering [56,57].

Despite well-developed methods of crystallization and an understanding of the general
patterns of growth of protein crystals, a number of proteins cannot be crystallized or
only poorly diffracting crystals can be obtained. In such cases, it is advisable to use
protein-engineering methods to increase the probability of the formation of additional
intermolecular contacts in the crystal lattice [58]. To create new intermolecular contacts, site-
directed mutagenesis replaces individual amino-acid residues on the surface of a protein
molecule. If it is necessary to increase the solubility of the protein, some hydrophobic
residues on the surface can be replaced with polar ones [59]. It has been noted that proteins
have entropy surface-protection: the presence of charged lysine and glutamic-acid residues
on the surface prevents the formation of nonspecific aggregates and precipitation [60].
Replacing them with alanine or other small residues reduces the surface conformational-
entropy. In this way, crystallization conditions can be optimized. New intermolecular
contacts can also be created by the chemical modification of individual amino-acid residues,
for example, by the acetylation of lysine residues [61]

3. Peculiarities of the Growth of Protein Crystals under Weightless Conditions

One way to improve the quality of protein crystals is to grow them under weightless
conditions. Gravity-related convection currents are absent under weightless conditions.
At an acceleration of 107°-10° g, the transport of growth units to the growing crystal is
carried out mainly through diffusion [62]. Under microgravity conditions, the protein-
depleted zone, which is formed around the crystal when molecules are included in the
crystal lattice, expands and stabilizes. Within this zone, a stable protein-concentration-
gradient is established, where transport is carried out by diffusion [63]. The absence of
sedimentation and the spherical shape of the diffusion field favor the growth of isometric
crystals. Due to the low diffusivity of macromolecules during diffusion mass-transfer,
growth proceeds slowly, and the rate is controlled by surface kinetics. Slow growth
at a low level of supersaturation promotes the attachment of molecules in the optimal
orientation, and increases the ordering of the crystal. The fundamentally uncontrolled
process of growth under weightless conditions becomes partially regulated. Along with
the concentration gradient of the protein around the crystal, the concentration gradient
of impurities is also established. Since impurities are often aggregates that have a lower
diffusivity than the original macromolecules, and their incorporation into the crystal is
reduced. Thus, the concentration gradient is a diffusion filter that protects the crystal from
the inclusion of impurities [64]. Therefore, for macromolecules having a low diffusion-
coefficient, weightlessness is a suitable environment for the growth of high-quality crystals.
Experiments on the crystallization of macromolecules under weightless conditions have
been carried out since the mid-1970s, and are still ongoing. The results of numerous
experiments have shown the advantages of weightlessness as a medium for growing
high-quality crystals, and have made a significant contribution to understanding the laws
governing the growth of macromolecular crystals. Compared to the ground-based control
crystals, crystals grown in zero gravity had a larger size, a more perfect structure, and
a smaller mosaic-value which is also significant for neutron crystallography [65-67]. In
addition, they were not growing at the sticky surfaces between the vial and the protein
solution, so the difficulty in picking them up could be avoided.

4. Crystallization of Membrane Proteins

Crystallization of membrane proteins is another challenge for crystallographers. Mem-
brane proteins include proteins that are embedded in or associated with the cell membrane
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or the membrane of a cell organelle. Approximately 25% of all proteins are membrane
proteins [68]. Membrane proteins are important elements of the cell membrane, responsible
for a number of critical functions for the life of the cell. For example, a number of membrane
proteins are ion channels. Such proteins carry out the transport of ions into the cell and into
the intercellular space. For viruses, membrane glycoproteins are extremely important, and
are responsible for the penetration of the virus into the cell. In addition, such glycoproteins
are often antigenic determinants of viruses, and their spatial structures can be used to
design vaccines [9]. Membrane-protein molecules contain on their surface, along with hy-
drophilic regions, hydrophobic regions embedded in the biological membrane. Membrane
proteins often function in combination with other proteins or ensembles of molecules. Sig-
nificant difficulties in working with membrane proteins are associated with their isolation:
they must be transferred into solution without damaging or changing the unit involved in
crystallization. The dissolution of membrane proteins occurs when detergents are added.
Detergents belonging to the group of amphiphilic molecules cover the hydrophobic part of
the protein surface hidden in the membrane. After converting a membrane protein or an
ensemble of proteins into a soluble state, they are treated as with ordinary proteins, reduc-
ing their solubility by adding precipitants with respect to crystallization by vapor diffusion
(either by sitting- or hanging-drop). The nature of the detergent and its concentration
are important parameters. Detergents with large micelles tend to prevent crystal contacts
by reducing protein hydrophilic-regions. In addition, high detergent-concentration leads
to many unbound detergent micelles precluding the crystallization process and leading
to detergent crystals or phase separation in the crystallization drops. A special method
has also been developed for the crystallization of membrane proteins: crystallization in
the lipid mesophase (or lipid cubic phase) [69]. The lipid cubic phase is composed of
two components, one being the lipid and the other the protein solution. The percent of
lipid has to be around 60% for successful crystallization. In this method, the membrane
protein in complex with the detergent moves freely through the solvent channels, diffusing
slowly into the bicontinuos bilayer of the cubic phase. (A solution of the membrane protein
in a specially selected detergent is mixed with an equal volume of an aqueous solution
of a precipitant. The composition and ratio of solutions are selected in such a way that
the so-called cubic phase is formed, which is a combination of continuous channels of
an aqueous solvent with a system of continuous channels of a protein-detergent solution.
In this case, only the hydrophilic areas are in contact with the aqueous phase, while the
hydrophobic part is hidden inside the detergent phase.) Crystal growth occurs at the phase
interface. For simultaneous screening and optimization of crystallization conditions in the
case of membrane proteins, it is advisable to use microfluidic devices [70]. The microfluidic
technique makes it possible to use nanoliter amounts of the drug for a complete cycle of
experiments, which is especially valuable for membrane proteins. In addition, convection
flows are minimized in microfluidic devices and diffusion mass-transfer predominates.

5. Application of Computational Methods for the Study of Crystals and Structures of
Proteins

It should be noted that in recent years, in connection with the development of computer
technology, computational methods have been widely used to study the properties of
protein crystals, as well as protein structures. Therefore, there are works on modeling
using the method of molecular dynamics of crystals of various proteins [71-76]. To study
the process of crystal formation, various computational methods are also used, including
molecular dynamics. For example, an attempt was made to investigate the dependence of
the stability of a protein crystal on the concentration of ions, as well as the charges on the
surface amino-acid residues [77]. There are studies that model the process of protein-crystal
formation [78]. In addition, using molecular dynamics and computational techniques that
allow one to estimate the change in free energy during interaction, including that of protein
molecules, precrystallization solutions of a number of proteins were studied [79,80]. It
was mentioned earlier that more than 200 thousand spatial structures of proteins and their
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complexes with ligands have now been determined, using experimental methods. This
amount of structural information can be used to determine the structure of a protein, using
computational methods. One of the most well-known and widely used computational
methods for determining the structure of a protein is the so-called homology modeling.
It is known that many proteins have typical motifs of spatial organization. It has been
empirically established that if the sequences of two proteins are more than 30% identical to
each other, then the proteins are almost certainly related, and the degree of evolutionary
divergence is not yet so great that their structures lose commonality. These observations
form the basis of a spatial-structure prediction technique called homology-based modeling.
The homology-modeling process includes several steps, the main ones being the search for
a structural template and the construction of an amino-acid alignment. The decisive factor
determining the quality of the resulting models is the degree of sequence homology between
the protein being modeled and the template. High identity means that the evolutionary
divergence of both proteins from a common ancestor occurred not so long ago that these
proteins lost their structural commonality [81-84]. Currently, there are many programs for
modeling the spatial structures of proteins using homology [85-88]. Despite being widely
used among researchers, the homology-modeling method has a relatively low accuracy,
even at the level of the main-chain and secondary-structure elements. Modeling moving
loops by this method is a separate challenge. Amino-acid side chains in a protein model
defined by homology are often misconfigured. Recently, machine-learning methods have
been used to model the spatial structure of proteins. One of these tools is Alpha Fold.
Alpha-fold2 is an artificial intelligence system developed by DeepMind [89], which predicts
the spatial structures of proteins, based on the amino-acid sequence [90]. This artificial
neural network is based on the so-called “attention” approach. Attention is a way to tell
the network what to pay more attention to; that is, to predict the probability of a particular
outcome, depending on the state of the neurons and the input data [91]. Identification of
important factors is carried out through the method of backpropagation of the error [92].
It should be noted that previous successes in structural biology and, above all, in protein
crystallography, made it possible to obtain more than 170 thousand spatial structures of
proteins, on which alpha-fold2 was trained [93]. A number of works have shown that
the accuracy of predicting the spatial structures of proteins in most cases is not inferior
to experimentally obtained structures [94], and in some cases gives the same quality as
the crystal structure obtained at a resolution of 1.1 A [94]. This fact opens up significant
opportunities for an approach based on artificial neural networks for medicine, including
overcoming the consequences of future pandemics [95]. Alpha-fold2 has also been shown
to be one of the important tools for IDP research [96].

6. Conclusions

Even now, obtaining a crystal suitable for structural study is the least predictable stage,
and the one on which the time of the entire study depends. The complexity of protein
crystallization is explained both by the structural features of the biological macromolecules
themselves and by the features of the crystals built from such molecules.

At present, in connection with the improvement of sources and detectors of syn-
chrotron radiation, a complete structural study can be carried out with crystals as small as
10 um for classical single-crystal experiment and 2-5 um for serial microcrystallography.
However, even relatively small but highly ordered protein crystals are not always easy to
obtain. Growing protein crystals of high diffraction-quality is still the main obstacle to the
establishment of the spatial structure of the protein.

The unique properties of the protein molecules are factors that impede crystallization.
The process of protein crystallization itself is also characterized by a number of features
which still do not allow placing it under full control. Therefore, despite significant ad-
vances in technology and in understanding the process of crystal growth, macromolecular
crystallization continues to be an empirical science of rational trial-and-error, guided by
the results of previous attempts.
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