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Abstract : Proteins are very important biological molecules of living
organisms, made up of hundreds of smaller units called amino acids. Proteins
perform or catalyse nearly all biochemical and mechanical processes in
biological cells. Most proteins spontaneously fold into one or a small number
of favoured three-dimensional structures which play crucial biological roles in
growth, development, metabolism and everyday functioning in living
organisms. From the 1950s scientists were involved in solving the problem of
three-dimensional (3D) structure of a given protein because it was highly
important in biology and medicine. In 1962 the Nobel Prize in Chemistry was
awarded to British scientists Max Perutz and John Kendrew for their
pioneering work in determining the structure of globular proteins (Myoglobin
and Haemoglobin). Their discovery laid the foundation for structural biology,
which interprets molecular level biological mechanisms in terms of the
structures of proteins. Dorothy Crowfoot Hodgkin from Oxford University won
the 1964 Nobel Prize in Chemistry after researching for years to develop
protein structure prediction by X-ray crystallography and her most influential
discoveries were the confirmation of the structure of Insulin, Penicillin and the
structure of Vitamin B12, Several scientific methods were developed over the
last 50 years to determine the 3D structure of proteins. The most important
are currently the X-ray crystallography, the NMR Spectroscopy, Electron
Microscopy ad Cryo-Electron Microscopy. The field of computational protein
prediction from the amino acid sequence evolved in many research projects
for many years following the rapid increase in computational power of super
fast computers, with advanced computational programming and the
development of intelligent algorithms. Although over decades structural
biologists determined thousands of protein structures, they encountered
numerous difficulties. So, the promise of in silico methodology or
computational approach and clever algorithms for predicting protein structure
from amino acid sequence was very welcomed. This review presents selected
computational methods that have made significant strides in predicting 3D
protein structures from amino acid sequence. From 1994 there is an
international contest for protein structure prediction by computational
methods: CASP Critical Assessment Structure Prediction, where most of
these platforms achieve top status with successful predictions.
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Introduction: Proteins and 3D molecular structure
Proteins are the most abundant and important biological molecules in
living cells. They are condensation polymers of amino acids which are linked
together by polypeptide bonds. Proteins have complex shapes that include
various folds, loops, and curves. Folding in proteins happens spontaneously.

Figure 1. Proteins are made up of hundreds of smaller units called amino
acids that are attached to one another by peptide bonds, forming a long
chain.. There is a greater diversity of chemical composition in proteins than in
any other group of biologically active compounds.
The primary structure is the amino acid sequence, from the N terminus
to the C terminus of the protein. The secondary structure is the local structure
over short distances. This level of structure is stabilized by hydrogen
bonds along the backbone. These secondary structures pack together to form
the overall form of the entire peptide chain, called the tertiary structure. Some
proteins have more than one polypeptide chain that associate to form the
functional unit of the protein; this is called quaternary structure.1,2
Scientists worked for many years to establish the molecular structure of
the protein Haemoglobin (or Hemoglobin) and its function. It is an ironcontaining protein in the blood of animals and humans which specializes in
the transport of oxygen to the tissues. It forms an unstable, reversible bond
with oxygen called oxyhemoglobin and is bright red; in the reduced state it is
purplish blue. Haemoglobin develops in cells in the bone marrow that become
red blood cells. When red cells die, hemoglobin is broken up: iron is salvaged,
transported to the bone marrow by proteins called transferrins, and used
again in the production of new red blood cells; the remainder of the
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hemoglobin forms the basis of bilirubin, a chemical that is excreted into the
bile and gives the feces their characteristic yellow-brown colour.

Figure 2. Haemoglobin is the protein that makes blood red. It is composed of
four protein chains, two alpha chains and two beta chains
[https://www.worldofchemicals.com/271/chemistry-articles/max-ferdinandperutz-determined-hemoglobin-structure.html ].
The potential configuration of protein molecules is so complex that
many types of protein molecules can be constructed and are found in
biological materials with different physical characteristics. Globular proteins
are found in blood and tissue fluids. Collagenous proteins are found in
connective tissue such as skin or cell membranes. Fibrous proteins are found
in hair, muscle and connective tissue. Crystalline proteins are exemplified by
the lens of the eye and similar tissues. Enzymes are proteins with specific
chemical functions and mediate most of the physiological processes of life.
Several small polypeptides act as hormones in tissue systems controlling
different chemical or physiological processes.3,4

Figure 3. Proteins have the characteristic coiled structure which is determined
by the sequence of amino acids in the primary polypeptide chain and the
stereo configuration of the radical groups attached to the alpha carbon of
each amino acid.
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Proteins and peptides are fundamental components of cells that carry
out important biological functions. Proteins give cells their shape, for example,
and they respond to signals transmitted from the extracellular environment.
Certain types of peptides play key roles in regulating the activities of other
molecules. Structurally, proteins and peptides are very similar, being made up
of chains of amino acids that are held together by peptide bonds.3,4

What are the biological functions of proteins
Proteins perform or catalyse nearly all chemical and mechanical
processes in biological cells. Synthesized as linear chains of amino-acid
residues, most proteins spontaneously fold into one or a small number of
favoured

three-dimensional

structures

and

play

the

most

important

biochemical and biological roles in a living organism.3-5
There are many different types of proteins in living organisms and all
serve important biochemical roles in growth, development and everyday
functioning. For example, Enzymes are proteins that facilitate biochemical
reactions (digestive enzymes in the stomach help to break down food
proteins). Antibodies are proteins produced by the immune system to help
remove

foreign

substances

and

fight infections.

DNA-associated

proteins regulate chromosome structure during cell division and/or play a role
in

regulating gene

expression.

Contractile

proteins

are

involved

in muscle contraction and movement. Structural proteins provide support in
living organisms (collagen and elastin). Hormone proteins co-ordinate living
organ;s functions (e.g. insulin is a protein that controls blood sugar
concentration in the human body and regulates the uptake of glucose into
cells). Transport proteins move molecules around living bodies, like
haemoglobin that transports oxygen through the blood.
Protein-enzymes carry out almost all of the thousands of chemical
reactions that take place in cells and assist with the formation of new
molecules by reading the genetic information stored in DNA. The catalytic
activity of enzymes involves the binding of their substrates to form an
enzyme-substrate complex to a specific region called the active site. While
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bound to the active site, the substrate is converted into the product of the
reaction, which is then released from the enzyme. 3-5

Figure 4. Ribbon diagram of Myoglobin (symbol Mb or MB) is an iron- and
oxygen-binding protein found in the muscle tissue of vertebrates in general
and in almost all mammals. It is distantly related to Haemoglobin which is the
iron- and oxygen-binding protein in blood, specifically in the red blood cells.

Methodology for the determination of 3D protein structure
Solving the problem of three-dimensional (3D) structure of a given
protein is highly important in the study of biological metabolism of living cells
and in medicine (for example, in disease evaluation and drug design). Also,
knowledge of 3D protein structure is important in biotechnology and various
biological fields, for example, in the design of novel enzymes or explaining
how the proteins catalyse certain metabolic processes in living organisms.6,7
After water, proteins are the most plentiful organic substances in
living organisms with fundamental biochemical properties. Among other
things proteins help cells develop and communicate, act as enzymes and
hormones, conduct the transport of nutrients throughout bloodstream and
repair damaged tissues. Humans have about 20,000 different types of protein
molecules. Each performs a different function. The abilities of proteins to
perform such a broad array of powerful biochemical functions arise from a
peculiar principle of chemical structure and function, namely the folding of
each protein into a structure that acts as a particular catalyst in biochemical
and metabolic reactions. The protein folding problem became a set of inter5

related puzzles: What is the folding code? How does the protein find its one
native structure in fractions of a second inside the cell (the needle-in-ahaystack problem)?

For many years scientists thought can we make a

computational method that can discover structures of proteins from the large
number of amino acid sequences that are now known?

6,7

The importance of proteins was recognized by chemists in the early
19th century, including Swedish chemist Berzelius, who in 1838 coined the
term protein, a word derived from the Greek prōteios, meaning ―holding first
place.‖ Proteins are organ-specific and depending on the three-dimensional
structure catalyse various biochemical and metabolic reactions.
Science has proved that plants can synthesize all of the amino
acids; animals cannot, even though all of them are essential for life. Protein
content of most plants is low, very large amounts of plant material are
required by animals, such as ruminants (e.g., cows), that eat only plant
material to meet their amino acid requirements. Humans, obtain proteins
principally from animals and their products—e.g., meat, milk, and eggs. The
seeds of legumes are increasingly being used to prepare inexpensive proteinrich food. [Haurowitz F, Koshland DE. Protein biochemistry, 23/1/2020,
ENCYCLOPEDIA BRITANNICA, https://www.britannica.com/science/protein ].
In 1962 the Nobel Prize in Chemistry was awarded to Max Perutz and
John Kendrew for their pioneering work in determining the structure of
globular proteins. That work laid the foundation for structural biology, which
interprets molecular level biological mechanisms in terms of the structures of
proteins and other biochemical substances. Their work also raised the
question of how protein structures are explained by physical principles. The
importance of the Myoglobin molecule inspired Max Perutz, at the MRC Unit
for Research on the Molecular Structure of Biological Systems (now the MRC
Laboratory of Molecular Biology, England) to chose Haemoglobin, the red
pigment of blood whose major function is the transport of oxygen from the
lungs to the tissues. Consisting of four chains, it is, at the molecular level, a
large protein. It took 25 years for its structure to be determined. John Kendrew
joined Max Perutz at the Unit and started work on a related, but smaller
protein, Myoglobin, which consists of just one chain, is present in the muscle
of mammals such as whales and seals.8
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Figure 4. The Nobel Prize in Chemistry 1962 was awarded jointly to Max
Ferdinand Perutz and John Cowdery Kendrew for their studies of the
structures of globular proteins.
In 1959 Myoglobin became the first protein to have its threedimensional structure determined. The Haemoglobin structure followed just a
few months later. Max Perutz and John Kendrew developed the technique of
protein crystallography, which uses the way that crystals of proteins cause Xrays to change direction to produce unique patterns from which their
structures can be established. This technique is now used worldwide to
determine the structure of large molecules. 8-10
Some important papers and books on the 3D structure of Myoglobin.
Kendrew, J. C., R. E. Dickerson, R. G. Strandberg, R. G. Hart, D. R. Davies,
D. C. Phillips, and V. C. Shore. Structure of Myoglobin. A Three-Dimensional
Fourier synthesis at 2 A. resolution. Nature 185:422-427, 1960.
Kendrew, J. C., H. C. Watson, B. E. Strandberg, R. E. Dickerson, D. C.
Phillips, and V. C. Shore. A partial determination by X-Ray methods, and Its
correlation with chemical data. Nature 190:666-670, 1961.
Perutz M. Proteins and Nucleic Acids: Structure and Function. Amsterdam
and London, Elsevier, 1962.
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Figure 5. The 3D model of Myoglobin. Myoglobin contains 154 amino acids,
also a porphyrin ring with an iron at its center. Model of Myoglobin made by A.
A. Barker, model maker in the University of Cambridge (UK).
Another British scientist Dorothy Mary Crowfoot Hodgkin (12 May
1910 – 29 July 1994, Oxford University) worked for years to develop protein
crystallography. She worked with the famous scientist John Desmond
Bernal who pioneered the use of X-ray crystallography in modern biology.
She advanced the technique of X-ray crystallography and among her most
influential discoveries were the confirmation of the structure of Insulin,
Penicillin and the structure of Vitamin B12, for which she became the third
woman to win the Nobel Prize in Chemistry in 1964. Insulin was one of
Hodgkin's most extraordinary research projects. It began in 1934 when she
was offered a small sample of crystalline insulin by Robert Robinson.
The hormone captured her imagination because of the intricate and wideranging effect it has in the body. However, at this stage X-ray
crystallography had not been developed far enough to cope with the
complexity of the insulin molecule. She and others spent many years
improving the technique. Larger and more complex molecules were tackled
until in 1969–35 years later—the structure of insulin was finally resolved.
She cooperated with other laboratories active in insulin research, gave
advice, and travelled the world giving talks about insulin and its importance
for diabetes.11-14
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Figure 6. Prof. D. Hodgkin won the 1964 Nobel Prize in Chemistry and as of
2016 remained the only British woman scientist to have been awarded
a Nobel Prize in any of the three sciences. In 1965 she was only the second
woman and the first in almost 60 years, after Florence Nightingale in 1907, to
be appointed to the Order of Merit. Until 2019, remains the only woman to
receive the prestigious Copley Medal.

Since Perutz, Kendrew and Hodgkin and numerous other scientists the
study of proteins, their 3D structures, functions and architecture increased
substantially. Thousands of proteins were studied by X-ray crystallography
and other methods and their catalytic reactions explained. The Protein Data
Bank (PDB) is a database for the three-dimensional (3D) structural data of
large biological molecules, such as proteins and nucleic acids. These 3D
structure were obtained by X-ray crystallography, NMR spectroscopy, or,
increasingly, cryo-electron microscopy, and submitted by biologists

and

biochemists from around the world, are freely accessible on the Internet via
the websites of its member organizations (PDBe, PDBj, RCSB, and BMRB).
The PDB is overseen by an organization called the Worldwide Protein Data
Bank, wwPDB. Historically, the number of structures (proteins, nucleic acids)
in the PDB has grown at an approximately exponential rate, with 100
registered structures in 1982, 1,000 structures in 1993, 10,000 in 1999, and
100,000 in 2014. The latest number of Proteins was 126.949 in July 2019.15
9

The famous American chemist Linus Pauling (Nobel Prize for
Chemistry 1954 and Nobel Prize for Peace 1962) was interested in protein
structures and studied jointly with other scientists the phenomenon of
denaturation of proteins, and formulated a theory about it. In this theory, they
described the native protein as having a regularly folded structure in which
hydrogen bonds provided the stability of the structure. In retrospect, it was a
pivotal discovery, but its significance emerged only gradually over the years.
For many biological molecules it is the hydrogen bonds that keep their
different parts together formulating the spiral 3D structure.16

Figure 7. In the 1950's, Linus Pauling became known as the founder of
molecular biology due to his discovery of the spiral structure of
proteins. Pauling's discoveries contributed to Watson and Crick's
breakthrough of the DNA double helix (1953). The two strands of the DNA run
in opposite directions to form the double helix. The strands are held together
by hydrogen bonds (H-bond) and hydrophobic interactions.

Methods for the determination of 3D structure of proteins
Several scientific methods were developed over the last 50 years to
determine the three-dimensional structure of proteins (3D).

The most

important are currently the X-ray crystallography, NMR Spectroscopy,
Electron Microscopy ad Cryo-Electron Microscopy. Each method has
advantages and disadvantages and scientists use many pieces of additional
information to create the final atomic model. For example, scientists
10

determine the sequence of amino acids in a protein, and from other studies
know the preferred geometry of atoms in a typical protein (for example, the
bond lengths and bond angles). This information allows the scientist to build a
model that is consistent with both the experimental data and the expected
composition and geometry of the protein molecule.17

Protein structures by X-ray crystallography
X-ray diffraction is caused by the interaction of electromagnetic waves
with the matter inside the crystals, and particularly with the electrons. These
waves get scattered by the electrons, or each electron becomes a small X-ray
source of its own. Scattered waves from all the electrons within each atom are
added to each other, giving diffracted waves from each atom, etc. When the
scattered waves are added, they may either get stronger or cancel each
other. Those which get stronger are registered by the X-ray detector, as in the
figure above. 18,19

Figure 8. X-ray diffraction pattern. Diffraction image of a protein, obtained
with the oscilation method in an Image Plate Scanner.
Most of the protein structures included in the Protein Data Bank
(PDB) archive were determined using X-ray crystallography. For this method,
the protein is purified and crystallized, then subjected to an intense beam of
X-rays. The proteins in the crystal diffract the X-ray beam into one or another
characteristic pattern of spots, which are then analyzed to determine the
11

distribution of electrons in the protein. The resulting map of the electron
density is then interpreted to determine the location of each atom.

Figure 8. X-ray crystallography, diffraction pattern and protein structure.
Between the atomic positions in the crystal and the diffraction pattern there is
a holistic relationship. The position of each atom in the crystal depends on the
information existing in the diffraction pattern (wave intensities and relative
phases). Conversely, the intensity and relative phase of each diffracted wave,
shown as a spot in the pattern, depends on the position of all atoms in the
crystal.[https://www.xtal.iqfr.csic.es/Cristalografia/parte_07-en.html].
CSIC
Crystallography.

Figure 9. The purified protein must be first crystallized and then is bombarded
with X-ray crystallography. The three-dimensional structure of a protein by xray diffraction is crucial to determining a protein's functionality. Protein crystals
create a lattice in which this technique aligns millions of proteins molecules
together to make the data collection more sensitive. By this averaging
technique, the noise level gets reduced and the signal to noise ratio
increases.
12

Protein 3D structure by NMR spectroscopy
Nuclear Magnetic Resonance (NMR) spectroscopy is also used to
determine the structure of proteins. The protein is purified, placed in a strong
magnetic field, and then probed with radio waves. A distinctive set of
observed resonances may be analyzed to give a list of atomic nuclei that are
close to one another, and to characterize the local conformation of atoms that
are bonded together. NMR spectroscopy is limited in that it can only
determine the structure of small proteins, up to about 50 kDa. Since the
average molecular weight of an amino acid is 110 daltons, this means that
NMR works for proteins of up to about 450 amino acids. This means that
NMR spectroscopy is useful for proteins like the insulin protein (around 51
amino acids), but the Haemoglobin protein will be a little too large (around 600
amino acids).21,22,23

Figure 10. Three-dimensional structure of proteins by NMR spectroscopy.
The Nuclear Overhauser Effect Spectroscopy (NOESY) is a 2D NMR
spectroscopic method used to identify nuclear spins undergoing crossrelaxation and to measure their cross-relaxation rates.
Herrmann T, Güntert P, Wüthrich K. Protein NMR structure determination with
automated NOE-identification in the NOESY spectra using the new software
ATNOS. J Biomol NMR. 24(3):171-189, 2002.
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Structure determination by NMR has traditionally been a time
consuming process, requiring interactive analysis of the data by a highly
trained scientist. There has been a considerable interest in automating the
process to increase the throughput of structure determination and to make
protein NMR accessible to non-experts. The two most time consuming
processes involved are the sequence-specific resonance assignment
(backbone and side-chain assignment) and the NOE assignment tasks.
Several different computer programs have been published that target
individual parts of the overall NMR structure determination process in an
automated fashion. The Nuclear Overhauser Effects (NOE) is a technique
used in NMR which is the transfer of nuclear spin polarization from one
population of spin-active nuclei to another via cross-relaxation. The NOE is
particularly important in the assignment of NMR resonances, and the
elucidation and confirmation of the structures or configurations of organic and
biological molecules. The two-dimensional NOE experiment (NOESY) is an
important tool to identify stereochemistry of proteins of other biomolecules in
solution. 24-26

Electron Microscopy and Cryo-Electron Microscopy for
protein structure determination
Transmission Electron Microscopy (TEM) is an established technique
to analyze the structure of thin samples of proteins. TEM projects the image of
protein complex particles, viruses or cells deposited on a thin film onto a
detector (like a photographic film or a camera). The projections of the objects
are reconstructed by computer aided programmes (in silico) to obtain a threedimensional structure. Hence, crystallization is not a prerequisite to determine
the structure of macromolecular complexes.
Three dimensional Cryo-TEM single particles analysis has been used
to resolve tertiary structures of large proteins and quaternary structures of
protein complexes down to the molecular and sometimes near-atomic
resolution. .Cryo-Electron Microscopy (Cryo-EM) is a new and powerful
technique for the elucidation of the 3D structure of biomolecules and
biological assemblies, through single-particle imaging of non-crystalline
14

specimens. Cryo-EM was developed around the 1970s and due to significant
improvements in the technique, sub-nanometer atomic resolutions (<4 Å)
became a scientific reality in the study of proteins. In 2017, Jacques
Dubochet, Joachim Frank, and Richard Henderson were awarded a Nobel
Prize for their contributions to the development of Cryo-Electron Microscopy
(Cryo-EM). In order to acquire structural details of a particle of interest,
electrons are shot at the particle frozen in solution. Structural biologists
started adopting cryo-EM because it proffers a way to image large molecular
weight biomolecules with flexible structure, which cannot be easily deduced
form protein crystals.27,28

Figure 11. 3D reconstructions of the GABA receptor membrane protein in a
nanodisk, bound to the drug Ro-15-4513. Displayed resolution is 2.75 Å. Data
collected on a Krios Cryo-TEM with the Falcon 4 Detector. Images Courtesy
of Simonas Masiulis, Radu Aricescu, MRC-LMB Cambridge and Evgenia
Pechnikova, Abhay Kotecha, Thermo Fisher Scientific.

The quality of Cryo-Electron Microscopy images now rivals that of Xray crystallography, long the dominant technique for solving protein
structures. The technique has also succeeded where crystallography has
struggled: showing, for instance, how temperature-sensitive ion channels
15

work, characterizing pathological proteins in neurodegenerative disease and
detailing how viruses can interact with antibodies1. Consequently, many
veteran crystallographers are giving up on crystals and freezing proteins for
Cryo-EM instead.29
Since its inception, X-ray crystallography is responsible for the
characterization of >112,000 protein structures housed within the Protein Data
Bank (PDB). NMR spectroscopy takes second place (approximately 10,500
structures) and Electron Microscopy contributed to the characterization of
~1200 structures. In the last 5 years science witnessed a major leap in the
number of yearly deposited protein structures resolved by Cryo-Electron
Microscopy. The Cryo-EM as a technique

improved sample preparation

methods application of direct electron detector, and advanced computational
algorithms with the capacity to accurately resolve images of structurally
heterogeneous specimens initiated the so called ―resolution revolution‖ era.

Figure 12. Thermo Fisher Scientific received the prestigious Edison Award
2018 for their electron microscope Krios G3i. Krios electron microscopes are
the ones that are used in healthcare research: during the epidemic of Zika
virus infection. In 2016, the first images of the virus were made with Krios
microscope system. Life scientists looking for better treatment of cancer or
Alzheimer‘s disease use Krios systems to conduct their research as well.

The Laboratory of Molecular Biology (LMB) in Cambridge (England) is
the crown the crown jewel of the U.K. Medical Research Council, a storied
government lab that has garnered more than a dozen Nobel Prizes.
Researchers in LMB were the first to use X-ray crystallography to decipher
the 3D structure of proteins. the first came in 1962 after LMB researchers,
16

having pioneered x-ray crystallography, used the technique to decipher the
first atomic structures for proteins—those of Myoglobin and Haemoglobin,
which carry oxygen in muscle tissue and blood. X-ray crystallography has
dominated structural biology ever since, but it has an Achilles‘ heel: Some
proteins just can‘t be coaxed to form crystals, which scatter x-rays to reveal
structure. But some proteins just can‘t be coaxed to form crystals, which
scatter x-rays to reveal structure, so cry-EM is more convenient method.30-34

Figure 13. Cryo-Electron Microscopy wins Nobel Prize for Chemistry 2017.
Jacques Dubochet, Joachim Frank and Richard Henderson share the prize for
developing Cry-Electron Microscopy to image biomolecules.
One of LMB‘s most recent Nobel laureates is Richard Henderson won
a share of the Nobel Chemistry Prize 2017 for developing detectors for cryo–
Electron Microscopy (cryo-EM) a technique pioneered at LMB, challenging Xray crystallography in higher resolution and more clear views of 3D proteins.
Richard Henderson in 1990 succeeded in using an electron microscope to
generate a three-dimensional image of a protein at atomic resolution. This
breakthrough proved the technology‘s potential. Although the research
recognized by the Nobel Committee was conducted in the 1970s and 1980s, it
laid the groundwork for what many scientists have dubbed a revolution in
recent years. Subsequent improvements in the sensitivity of electron
microscopes and in advanced software used to transform their images into 3D
structures have caused many research laboratories to favour the cryo-ERM
technique over X-ray crystallography.
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But there are some financial problems. The cryo-EM A top machine
costs about $7 million. Also, preparing a room and installing a cryo-EM
microscope can cost just as much. Then come the operational costs—a
torrent of electricity, dedicated troubleshooting staff—that can rise to $10,000
per day. Roughly 130 Krios machines—the microscopes widely considered
the best—have been sold by Thermo Fisher Scientific and installed around
the world. LMB has the luxury of three for a relatively small staff, and yet even
its researchers must wait a month or more to get time. 35
The cryo-EM in 2010 had a resolutions below 4 angstroms—four times
the diameter of a hydrogen atom—only for a few symmetric, easy-to-solve
structures. But machines like the Krios, along with new detectors that record
the path of pertinent electrons before the electron beam fries the sample,
have changed the game. In the best cases, researchers can now make maps
with resolutions below 2 angstroms, putting cryo-EM on par with X-ray
crystallography with advantages over the older techniques, especially for
membrane proteins, which are for pharmaceutical companies the most
popular targets in their research for innovative drugs. The proteins are tough
to crystallize because they flex to let things in and out of the cell.
Crystallographers must put them in chemical straitjackets to stabilize them
and get them to crystallize. But doing that means losing valuable information
about how a floppy protein functions.35

Computational prediction of 3D protein structure
The field of computational protein prediction from the amino acid
sequence evolved in many research projects for many years following the
rapid increase in computational power of super fast computers, with
computational programmes and the development of intelligent algorithms.
Although over decades structural biologists determined thousands of protein
structures, they encountered numerous difficulties. So, the promise of in silico
methodology or computational approach and clever algorithms for predicting
protein structure from amino acid sequence was very welcomed. The existing
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computational methods are categorized into mainly three approaches based
on the information used to model the structure of protein. 36
A. Homology modeling and threading method. This method utilizes the
structural information of similar proteins. Scientists use this method with a
structurally unknown protein sequence and a structurally known similar
protein (over 30% identity). This method relies on programs like BLAST to
search

for

similar

proteins

in

protein

structural

databases,

such

as PDB (Protein Data Bank). Another term for this method is comparative
modeling, because it compares the protein sequence with known template
structures. The main tool or software needed for homology modeling
is MODELLER. Currently, a GUI version of the program is available
called EasyModeller, which lets model of a protein structure to be determined
much more easier. The method Threading/Fold Recognition can predict the
protein structures using known protein folds of similar proteins found in
different databases. Researchers can do this search easily through online
web servers, such as I-Tasser and others. [BiteSizeBio. Modeling in the world
of proteins, https://bitesizebio.com/38005/computation-protein-modeling/ ].

B. The ab initio method. Ab initio- or de novo- protein modeling
methods seek to build three-dimensional protein models "from scratch", i.e.,
based

on

physical

principles

rather

than

(directly)

on

previously

solved structures. This method is used to predict 3D protein structures when
the structural information of similar proteins is not available. The protein
structures are built from scratch by calculating the most favorable energy
conformations. This method should only be used as a last resort. The ab initio
methods are limited to small proteins (less than 100 or 150 amino acids)
based entirely on basic physics and quantum mechanics. Inevitably, the
method requires lots of computation is required and it is not guaranteed that
accurate structures could always be obtained.
C. Template free approach. This method is followed by ab initio and it has
been proven to be better in several cases. When no suitable template is
available for the target protein of interest, researchers will need to follow a
‗template-free’ modeling strategy. Without a direct suitable template, they
19

need an ―ab initio‖ strategy that can suggest possible structural models based
on the sequence of the template alone. In this case, they need to resort to
fragment based approaches. It means small, suitable fragments, from various
Protein Data Bank (PDB) structures, that are assembled to generate possible
structural models. As the fragments are typically matched using sequence
similarity, one may even consider this as template based modeling at a
smaller scale. [ Abeln S, Freenstra KA. Structural Bioinformatics. Dec. 2017,
p. 12 [https://arxiv.org/pdf/1712.00425.pdf ].
Of the three methods, homology modeling is the star. This is due, in
part, to the current availability of a large number of experimentally determined
protein structures. Although many tools and servers are available for
homology modeling, the main steps needed by scientists to follow for these
programs are almost the same.36
Also, scientific studies showed that amino acid sequences contain
enough structural information for specifying their three-dimensional structures
and subsequently there is enough useful information for predicting the 3D of a
protein from the amino acid sequence. Based on these assumptions,
scientists in the past decade accepted the challenge to use computational
prediction of protein structures. In the meantime they developed a number of
computational methods that have been contributed to bridge the difficulties
and provided 3D protein structural predictions of sufficient accuracy.37,38

Computational software platforms for predicting protein 3D
structures
In recent years, computational methods have made significant strides
in predicting how proteins fold based on knowledge of their amino acid
sequence. This methodological approach has the potential to transform
virtually all facets of biomedical research. Current approaches, however, are
limited in the scale and scope of the proteins that can be determined. 39
From 1994 and every two years there is an international contest for
protein structure prediction by computational methods. CASP Critical
Assessment Structure Prediction, is an international contest for protein
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structure prediction, in which the amino acid sequence of unknown protein
structure are given to the participants.
For 2018 13th CASP contest, organizers in May-July 2018, had been
posting

on

website

(http://predictioncenter.org/casp13/)

sequences

of

unknown protein structures for modeling. In the Summer and Fall 2018, the
tens of thousands of models submitted by approximately 100 research groups
worldwide were processed and evaluated. Independent assessors in each of
the prediction categories bring objectivity, balance, and independent insight to
this process. The results of the CASP13 experiment are first made public
immediately

before

the

Conference

in

December.

The

next

round of CASP is planned to start in Spring 2020. The conference to discuss
results of the CASP13 experiment was held at the Iberostar Paraiso Maya allinclusive resort on the Riviera Maya, Mexico, December 1-4, 2018

Selected examples of servers for protein structure modeling
I-TASSER method
It

is

a

typical

meta-server

(https://zhanglab.ccmb.med.

umich.edu/I-

TASSER/about.html ) for protein structure modeling built by the Yang Zhang
Lab at the University of Michigan, Ann Arbor. It is a prominent method, ITASSER has been ranked as the top method and won first places in CASP7,
CASP8, CASP10, and CASP11 competitions. The I-TASSER method can
generally be divided into four stages: threading, structural assembly, model
selection and refinement, and structure-based function annotation.40-42
Rosetta computer program
The Rosetta server, was developed by the Baker laboratory, (is located within
the Institute for Protein Design at the University of Washington in Seattle).
Rosetta provides both comparative modeling and ab initio approaches in the
protein structure prediction problem. It has participated the CASP experiments
as an automated prediction server since 2002, and it was reputed for
providing accurate predicted protein models. In the predicting process, targets
are divided into individual domains which could fold independently. For
domains with associated detectable templates or homologies, the Rosetta de
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novo protocol is then applied to modeling the protein structures. For domains
without detectable templates or homologies, a comparative modeling,
RosettaCM, is used to build the structures.43

Figure 14. Flowchart of I-TASSER method for protein structure prediction.

HHpred Remote homology
HHpred is an interactive fast server for remote protein homology detection
and structure prediction and is the first to implement pairwise comparison of
profile hidden Markov models (HMMs). It allows to search a wide choice of
databases, such as the PDB, SCOP, Pfam, SMART, COGs and CDD. A
profile HMMs, used in sequence searching, is a left-to-right model with a
series of nodes, where each node corresponds to a column in sequence or
multiple sequence alignment and it is comprised of a match state, an insertion
state, and a deletion state. HHpred first makes use of the HMMHMM
comparison to improve the sensitivity and alignment accuracy. 44
RaptorX web server
RaptorX is a software and web server for protein structure and function
prediction that is free for non-commercial use and among the most popular
methods for protein structure prediction. RaptorX was developed by Xu
research group, excelling at secondary, tertiary and contact prediction for
protein sequences without close homologs in the Protein Data Bank (PDB).
RaptorX predicts protein secondary and tertiary structures, contact and
22

distance map, solvent accessibility, disordered regions, functional annotation
and binding sites. RaptorX also assigns confidence scores to predicted
structures.

RaptorX largely focuses on the quality of sequence-template

alignment, and it also makes use of MODELLER to construct 3D protein
models based on the multiple sequence alignment technique. In addition to
the sequence profiles, RaptorX also exploits structure information making it
excel in modeling of protein sequences without a large number of homologies.
RaptorX was designed and developed by a research group led by Prof. Jinbo
Xu at the Toyota Technological Institute at Chicago. 45,46
MULTICOM toolbox for prediction
MULTICOM is a server that takes advantage of diverse protein structure and
structural feature prediction tools and systematically integrates the tools in its
system architecture. Since a number of diverse tools are involved for
prediction, each of which has its unique strength, MULTICOM has delivered
outstanding performance and generated protein conformations of good quality
in recent CASP competitions. MULTICOM was ranked among top three
AlphaFold of Google‘s DeepMind in the 13th Critical Assessment of
Techniques for Protein Structure Prediction (CASP13) according to the official
assessment of 2018.47

PULCHRA
PULCHRA

(Protein

Chain

Reconstruction

Algorithm)

is

a

software

programme, which can be installed locally, for the full-atom reconstruction
from reduced representation of proteins (http://www.pirx.com/pulchra/). The
method generally consists of three steps: optimization of Cα positions,
backbone reconstruction and optimization, side chain reconstruction and
optimization. Each step in the program is organized independently, which
therefore can be adopted by the user for different applications. PULCHRA
institutions. Burnham Institute for Medical Research, La Jolla, CA, USA;
Center for the Study of Systems Biology, Georgia Institute of Technology,
Atlanta, GA, USA.48
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SABBAC server
SABBAC is an on-line service devoted to protein backbone reconstruction
from alpha-carbon trace. SABBAC is a protein backbone reconstruction
server based on the assembly of fragments from a reduced protein library. In
order to select the appropriate fragments for the structure construction
(https://bioserv.rpbs.univ-paris-diderot.fr/services/SABBAC/

&

http://bioserv.rpbs.jussieu.fr/SABBAC.html.), Hidden Markov Model is used to
decompose the protein backbone conformation into series of overlapped
fragments. Each fragment is made up by four successive Cα atoms, each of
which is associated with a state in HMM. This results in a list of representative
structural fragments, called structural alphabet. A structural alphabet of 27
representative fragments (states) is obtained by using a statistical criterion
(i.e. the Bayesian information criterion), which optimally decomposes the local
conformations of protein structures.49,50

BBQ Method
The BBQ (Backbone Building from Quadrilaterals) method adopts the same
approach for backbone reconstruction (for the detailed description of the
backbone reconstruction procedure, refer to the subsection for PULCHRA).
The library contains 1259 protein structures gathered from PDB. The proteins
are then filtered with sequence identity higher than 90% and decomposed into
fragments. This results in a library of 263,000 fragments.51

SWISS-MODEL.
It is a well-known online tool developed by Torsten Schwede‘s structural
bioinformatics group, which is dedicated to homology modeling of protein
structures. The prediction process consists of template recognition, targettemplate alignment, model building and model evaluation.52

Wikipedia has published a list of protein prediction softwares. This list
is subdivided into separate methodologies and summarizes commonly used
software

tools

modeling, protein

in protein

structure

threading, ab

prediction,

initio methods,

including homology
secondary

prediction, and transmembrane helix and signal peptide prediction.53
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Artificial intelligence and deep learning to predict 3D structure
of proteins
In the last years, the race to solve the problem of predicting the 3D
structures of proteins from their amino-acid sequences progressed at rapid
pace among various artificial intelligence research groups. The race intensify
their efforts to use new strategies of artificial-intelligence (AI) approaches. At
the end of last year, Google‘s AI firm DeepMind debuted an algorithm called
AlphaFold, which combined two techniques that were emerging in the field
and beat established contenders in the competition CASP on protein-structure
prediction by a surprising margin. Also, in April 2019, a US researcher
(Mohammed AlQuraishi, a biologist at Harvard Medical School in Boston,
Massachusetts) revealed an algorithm that uses a totally different approach.
He claims his AI is up to one million times faster at predicting structures than
Deep Mind‘s, although probably not as accurate in all situations.

DeepMind and AlphaFold.
DeepMind Technologies, is a London-based Artificial Intelligence (AI)
that was founded in September 2010, and acquired by Google in 2014 (for
[

$500 million) and was established as a subsidiary firm under the umbrella of
Google and Alphabet. The company has created a neural network that learns
how to play video games in a fashion similar to that of humans. In the past it
was once famous for building the machine learning program AlphaGo—the
first computer programme that was able to defeat the international champion
of Go, dubbed the world‘s most complex strategy game. In 2014, DeepMind
received the "Company of the Year" award from Cambridge Computer
Laboratory. In 2016 DeepMind turned its artificial intelligence to protein folding
and 3D structure, one of the toughest problems in science.
The researchers in DeepMind developed a learning computer
programme AlphaFold (after two years of work), which in December 2018
took home the top prize at the biennial Critical Assessment of Protein
Structure Prediction, or CASP, competition, that since 1994 has focused on
the challenges of predicting the 3D structure of proteins from amino acid
sequences. The astonishing think is that as a first-time entrant, AlphaFold was
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able to predict the most accurate final protein structure, from scratch, for 25 of
the contest‘s 43 proteins. Some of those wins were closer than others, though
the second-place finisher only won three of the 43 challenges. [FierceBiotech.
DeepMind‘s AlphaFold, 21.10.2019, https://www.fiercebiotech. com/specialreport/deepmind-s-alphafold].
The group of researchers in DeepMind of Google (subsidiary) showed
that by training a neural network to accurately predict the distances between
pairs of amino acids in a protein which convey more about structure than
contact predictions. With this information they constructed a potential of mean
force that can accurately describe the shape of a protein. They found that the
resulting potential can be optimized by a simple gradient descent algorithm, to
realize protein structures without the need for complex sampling procedures.
The resulting system, named AlphaFold, has been shown to achieve high
accuracy, even for sequences with relatively few homologous sequences. In
the most recent CASP13 2018, AlphaFold created high-accuracy structures
(with TM-scores of 0.7 or higher) for 24 out of 43 free modeling domains
whereas the next best method, using sampling and contact information,
achieved such accuracy for only 14 out of 43 domains.54,55

Figure 15. DeepMind started in 2010, London, to advance the field of AI by an
interdisciplinary approach. Also, to advance machine learning, neuroscience,
engineering, mathematics, simulation and computing infrastructure.
DeepMind‘s (bought by Google 2014). In the last two years they produced
AlphaFold, by using large genomic datasets to predict 3D protein structure.
The 3-D models of proteins that AlphaFold generates are far more accurate
than any that have come before.
In April 2019, a scientist (Harvard Medical School, Boston, USA)
published results of his research paper. He used a form of artificial
intelligence known as deep learning to predict the 3D structure of effectively
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any protein based on its amino acid sequence. This new approach for
computationally determining protein structure achieves accuracy comparable
to current state-of-the-art methods but at speeds upward of a million times
faster. The scientist introduced an end-to-end differentiable model for protein
structure learning. The model couples local and global protein structure via
geometric units that optimize global geometry without violating local covalent
chemistry. He tested the model using two challenging tasks: predicting novel
folds without co-evolutionary data and predicting known folds without
structural templates. In the first task, the model achieved state-of-the-art
accuracy, and in the second, it comes within 1-2 Å; competing methods using
co-evolution and experimental templates that have been refined over many
years, and it is likely that the differentiable approach has substantial room for
further improvement, with applications ranging from drug discovery to protein
design.56,57
In a recent article (February 2020) researchers in Nature analysed the
results of deep-mind approach for protein structure prediction. They showed
that it is possible to construct a learned, protein-specific potential by training a
neural network to make accurate predictions about the structure of the protein
given its sequence, and to predict the structure itself accurately by minimizing
the potential by gradient descent. The neural network predictions include
backbone torsion angles and pairwise distances between residues. Distance
predictions provide more specific information about the structure than contact
predictions
neural

and

provide

a

richer

training

signal

for

the

network. By jointly predicting many distances, the network can

propagate distance information that respects covariation, local structure and
residue identities of nearby residues. The predicted probability distributions
can be combined to form a simple, principled protein-specific potential.
Gradient descent, simply find a set of torsion angles that minimizes this
protein-specific potential using only limited sampling. Whole chains can be
optimized simultaneously, avoiding the need to segment long proteins into
hypothesized domains that are modeled independently as is common
practice.58
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Conclusions
The scientific research effort to understand how proteins fold has
consumed the efforts and hard work of generations of scientists. Unlike other
fundamental biochemical problems, the folding problem of proteins cannot be
solved by finding the molecules that mediate the process or by determining a
molecular structure or function. Its solution required the definition of entire
sequences of structural transformations and involve multiple molecular forms,
none of which can be isolated for study. The three-dimensional structure of
proteins for 60 years has been at the core of the scientific research problems.
Protein structure prediction can be used to determine the three-dimensional
shape of a protein from its amino acid sequence. This problem is of
fundamental importance as the structure of a protein largely determines its
function and the role is playing in living organisms.
Over the last 50 years scientists worked very hard to determine the
three-dimensional (3D) structure of proteins (3D) by using first the X-ray
crystallography method, later another spectroscopic techniques, NMR
Spectroscopy, and lately Electron Microscopy ad Cryo-Electron Microscopy.
Each method has advantages and disadvantages and scientists use many
pieces of additional information to create the final atomic model. The field of
computational (or in silico methodology) protein prediction evolved in many
research projects for many years following the rapid increase in computational
power of super fast computers imaginatively software and intelligent
algorithms. In recent years, computer assisted programmes and deep
learning methods have made significant strides in predicting accurately how
proteins are folding, thus transforming virtually may facets of biomedical
research. These methods have been rewarded with top prizes in the biennial
international contest for protein structure prediction by computational methods
(CASP Critical Assessment Structure Prediction), providing a scientific
platform which can become very useful in future biomedical research and
innovative diagnosis and treatment of diseases.
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