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The work is devoted to 50 years of the Protein Data Bank -basic
structural collection of biological macromolecules

1. Introduction

Problem of identification of ‘hypothetical protein’ has arisen
about fifteen years ago after deciphering of DNA genomes of
the man, animals and bacteria, and appearance of a number of
proteins with known three-dimensional structure but unknown
function. Since that time the different definitions have been
used, such as ‘hypothetical protein’ structure (Mizohata et al.,
2005; Hattori et al., 2005), protein with unknown function
(Grotthuss et al., 2006), unannotated protein structure, unchar-
acterized protein, unidentified, and others. All these terms can
be found in the Protein Data Bank. We have decided to use
here term ‘hypothetical protein’ to attribute the proteins with
known spatial structure but unknown function.

Suppose the sequence of protein is determined but spa-
tial structure is unknown. Then we have no information
about arrangement of its active center; no data about the
protein association in solution during its functioning; etc.
Thus, general term mentioned as protein with unknown
function can be used in different cases provided all things
become clear from definite context. As a rule, all proteins
with known protein structure are deposited in Protein data
Bank (Berman et al., 2002), while GenBank (Benson et al.,
2013) also includes proteins for which only sequences are
known. As a result, several thousands of such protein struc-
tures have been deposited in Protein Data Bank and almost
ten times more sequences in GenBank. One of the first pro-
tein databases derived from the prediction of their functions
was PDB-UF (Grotthuss et al., 2006). In fact, the problem of
protein identification appeared at the birth time of molecular
biology as a science, almost simultaneously with such
important subdivided sciences as structural biology, protein
crystallography, more later modern cryo-electron protein
microscopy, etc. Protein structure classification is also an
important part in this row, and it is also related to the cur-
rent communication. The latter, however, does not include

description and evaluation of efficiency of different genetic,
structural, and various mathematical approaches to identifi-
cation of ‘hypothetical proteins’. Our aim is to summarize the
results of ten years of application of original method of iden-
tification of a number of unannotated proteins. It should be
noted that appearance of this method is based on the
known works of classification of protein structures
(Chirgadze, 1987; Efimov, 1993, 1997, Murzin et al., 1995;
Gordeev et al,, 2010; Das & Orengo, 2016). Nearly thirty data-
bases and various corresponding methods of protein annota-
tion have been recently reviewed in Das & Orengo, 2016.

In simple cases the problem is solved by comparing the
sequences with those of well-known homologous proteins.
However, such direct approach can be applied only to proteins
with average sequence identity of more than 30-40%. In the
cases of low homology with the known structures, one can use
only original methods based on structural homology of some
unique part of the protein structures. During last ten years,
we have been involved in the identification of several
‘hypothetical protein’ structures. Most of studied here proteins
are enzymes, and this has been used in the assignment of the
proteins to the corresponding class of the structure. In this
communication, we present a short description of the original
method of structure identification of such ‘hypothetical pro-
tein’. This approach has been applied to four protein structures
with unknown function. As a results, 14 new protein subfami-
lies have been introduced which includes a total of 496 newly
identified protein structures and amino acid sequences.

2, Description of method and data

The proposed method of the identification is based on con-
servation of the residues related to functionally important
regions of protein structure. So, we call it ‘functional identifi-
cation’. It includes four stages as follows:

e search the amino acid sequence homology of the
‘hypothetical protein’ against annotated proteins;
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Table 1. List of annotated ‘hypothetical protein’ structures considered by the authors.

Identified protein Source of protein

Sequence identity, %

Number of proteins References

Alkyl hydroperoxidase D PA0269 Pseudomonas aeruginosa

CN-hydrolase SA0302 Staphylococcus aureus
Ribosome-associated protein SAV1646 Staphylococcus aureus
Zn-glyoxalase | SA0856 Staphylococcus aureus

Proteins from family glyoxalase | Bacteria, and Homo sapiens

9 5 Clarke et al., 2011
5 subfamilies
9 11 Gordon et al,, 2013
1 subfamily
25-90 13 Chirgadze et al., 2015
1 subfamily
27 7 Chirgadze et al., 2018
1 subfamily
23-47 460 Kargatov et al.,, 2018
6 subfamilies

Total identified: 496 ‘hypothetical protein’.
14 new subfamilies.

e select the homologous sequence fragments related to a
function of 'hypothetical protein’;

e define the structural homology of ‘hypothetical protein’
with well-identified proteins;

e identify 'hypothetical protein’ structure and assign it to a
class of protein structure.

Each stage is carried out with the help of well-known proce-
dures. At the first stage it is performed with the help of the pro-
tein sequence alignment based on the software package
BLAST (Altschul et al., 1997). We have paid here more attention
to describe second stage of identification of ‘hypothetical pro-
tein’ structure. At this stage several functional and structural
criteria has been used as well. Application of these criteria are
important, particularly, in the case of low sequence homology
of considered protein with other proteins. When we analyze
enzymes, the positions of invariant amino acid residues or
short peptide fragments can be found in the active center
region. In this case we have used criterion based on the type of
enzymatic activity and the corresponding sequence signature
invariants. Another criterion can be a family specific struc-
tural invariants. For example, a protein molecule exists as a
dimer. In this case, there are specific inter-domain residue con-
tacts where these residues are conserved. We have faced with
both types of invariants. The third stage of identification is to
analyze the structural homology of ‘hypothetical protein’ in
the group of homological proteins in order to define class of
protein structure. The last stage defines the correct place of
‘hypothetical protein’ in the family hierarchy. Selection of the
group of homologous proteins in the subfamily faces no prob-
lem in the case when at least one protein is well determined.
We define this protein as representative for the subfamily. On
this basis we assign other ‘hypothetical protein’ from GenBank.

In some cases, we have faced with introduction of new
subfamilies. Protein subfamily is a level of classification of
protein groups based on their close evolutionary relation-
ship, and a number of other features, in particularly, top-
ology of protein structure. At present time there are more
than 3,000 families and many more subfamilies. The subfami-
lies are determined on the basis of variability, such as
sequence homology, structural motif related to active site,
phylogenetic profiles, etc. There are about thirty such
approaches and corresponding data bases described in
review by Das & Orengo, 2016. Most reliable of them are
suggested to be based on the experimental approaches. Our
results are based on the experimental functional data,

sequence and structural data as well. Description of our
method in details and its application are presented in the
references (Chirgadze et al.,, 2018; Kargatov et al.,, 2018).

3. Examples of annotated ‘hypothetical
protein’ structures

Thus, we can identify the considered protein. If required, one
can introduce a new additional subfamily which allow to cor-
rect and expand the classification. To illustrate this, we present
the results in Table 1 which have been published in (Clarke
et al, 2011; Gordon et al., 2013; Chirgadze et al, 2015;
Chirgadze et al., 2018; Kargatov et al., 2018). Homology of resi-
dues in the region of enzyme proteins active center of other
homologous proteins have been used. The third protein
SAV1646 is not an enzyme. In this case we have used the sur-
face conservative residues which are necessary for functioning
of protein dimer (Chirgadze et al,, 2015). Below we consider
examples of functional identification for presented proteins.

3.1. Identification of protein PA0269 from
Pseudomonas aeruginosa

For this protein several other homologous proteins from
Protein Data Bank have been found with rather low homolo-
gies corresponding to amino acid sequence identity of nearly
9%. The protein structure consists of ten helical fragments.
However, the homology was concentrated inside of a limited
part which contains two a-helices and includes 27 residues.
Among the homologs there was only one annotated as alkyl
hydroperoxidase D from Mycobacterium tuberculosis which
involved in antioxidant defense mechanism. The structures of
both proteins are shown in Figure 1. It explains the extremely
low homology of ‘hypothetical protein’ PA0269 from
Pseudomonas aeruginosa because of transposition of catalytic-
ally related a-helical hairpin in structure of identified protein
PA0269. This protein and five other newly identified proteins
belong to new different subfamilies (Clarke et al., 2011).

3.2. Identification of protein SA0856 from
Staphylococcus aureus

Initially, protein SA0856 has been considered as a hypothet-
ical gene product from Staphylococcus aureus, and it has
been later identified as Zn-glyoxalase | (Chirgadze et al.,
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Pseudomonas aeruginosa

Figure 1. Transposition of catalytically related a-helical hairpin in the structure of newly identified protein PA0269 from Pseudomonas aeruginosa. Other details are

given in Clarke et al., 2011.

Human glyoxalase I

mol A ™~ S molB

Bacterial glyoxalase I SA0856

Figure 2. Representative crystal structures of subfamily A (left) and new subfamily B (right) for Zn-glyoxalase I. Larger size of human glyoxalase is explained by

extra N-terminal peptide NN'.

2018). The protein structure is a dimer which forms two cav-
ities for the active sites. Sequence analysis of other found
homologous proteins showed that the sequences can be div-
ided in two separate subfamilies. Subfamily A is based on
the representative structure Zn-glyoxalase | from Homo
sapiens (Cameron et al.1997) and includes enzymes from
various organisms from bacteria to plants and mammals.
Among other sequences we can select new subfamily B on
the bases of annotated protein SA0856 from Staphylococcus
aureus. This subfamily includes proteins from bacteria only.
The structures of representative proteins for two subfamilies
are shown in Figure 2. Active sites of both enzymes are
formed with two single protein units associated in dimer. In
subfamily A active center includes one zinc ion but in sub-
family B two ions. The key difference of the sequences, the
so-called ‘signature’, is directly related to the conservative

catalytic residues around metal ion of the active sites, and
also with the contacting residues of monomers in the dimer.

3.3. Identification of ‘hypothetical proteins’ in
glyoxalase | family

Glyoxalase | (S-D-lactoyl glutathione lyase) is one of two
enzymes of the glyoxalase detoxification system acting
against methyl glyoxal and other aldehydes, which are the
metabolites derived from glycolysis. The glyoxalase system is
very common and available almost in all living organisms:
bacteria, protozoa, plants, and animals, including humans. It
is related to the class of ‘life essential proteins’. The enzyme
glyoxalase | belongs to the expanded Glyoxalase/Bleomycin
resistance protein/Dioxygenase superfamily. To date the
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A1 - 1QIN Homo sapiens

A3 - 3R4Q Agrobacterium tumefacience

B - 5KEF Staphylococcus aureus

A2 - 1F9Z Escherichia coli

A4 - 2RBB Burkholderia phytofirmans

C - 3HDP Clostridium acetobutylicum

Figure 3. Structures of representative proteins of six new subfamilies of the glyoxalase | family. The active site cavity can contain one or two different metal ions.
The data of the protein for subfamily A4 is available only as apo-enzyme, and possible locations of metal ions are shown here as white circles. The data taken from

Kargatov et al., Chirgadze et al., 2018.

GenBank contains about seven hundreds amino acid sequen-
ces of this enzyme, and the Protein Data Bank includes
nearly thirty spatial structures. Carrying out functional identi-
fication of Zn-glyoxalase | (Chirgadze et al., 2018) we have
observed a significant diversity of homology. In particularly,
it was connected with the structure of active site cavity. For
example, sometime active site includes one ion metal atom,
while in most subfamilies the active site contains two ion
atoms. It impels us to expand the classification and to intro-
duce a few novel subfamilies (Kargatov et al., 2018). Thus, it
was applied for analysis of all set of ‘hypothetical proteins’ of
glyoxalase | available at the moment in GenBank and Protein
Data Bank. As a result, six new subfamilies A1, A2, A3, A4, B,
and C of glyoxalase | have been disclosed, and a total of 460
‘hypothetical proteins’ have been identified and classified.
The pair sequence identities in these subfamilies were
ranged from 20 to 47% (Table 1). The differences of the rep-
resentative structures for these subfamilies are shown in
Figure 3, data taken from Protein Data Bank. Other details
are given in (Kargatov et al., 2018).

4. Conclusion

In this communication we have presented the results for sev-
eral ‘hypothetical proteins’ using an approach of functional
identification. The results show how the novel annotated
data can be obtained for the ‘hypothetical proteins’ already
available in Protein Data Bank and GenBank. Generally, two
main principles are the keys for use of the method. First is
the sequence homology of given protein with other anno-
tated proteins along the whole or only part of the protein
chain. And the second key is a specific conservative
sequence ‘signature’ connected with the structure of the
active site. Finally, the important steps should be carried out:
an analysis of the residues’ arrangement in catalytic center
and experimental test of functional identity. Those have
been done for considered proteins as seen from the original
referenced papers. Thus, in the case of expanded family
glyoxalase I, as an example, we have identified nearly 460
‘hypothetical proteins’, from about seven hundreds in
GenBank, and introduce six new unknown earlier subfamilies.
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