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Abstract

Protein structures can provide some functional evidences. Therefore structural genomics efforts to identify the
functions of hypothetical proteins have brought advances in our understanding of biological systems. To this end,
a new strategy to mine protein databases in the search for candidates for function prediction was here described.
The strategy was applied to Escherichia coli proteins deposited in the NCBI’s non-redundant database. Briefly, data
mining selects small conserved hypothetical proteins without significant templates on Protein Data Bank, without
transmembrane regions and with similarity to Eukaryote proteins. Through this strategy, 12 protein sequences were
selected for molecular modelling, from a total of 13,306 E. coli's conserved hypothetical sequences. From these, only
three sequences could be modelled. Gl 488361128 model was similar to cupredoxins, Gl 281178323 model was
similar to B-barrel proteins and Gl 227886634 model showed structural similarities to lipid binding proteins. However,
only the Gl 227886634 seems to have a function related to the similar structures, since it was the unique structure
that kept the fold during the molecular dynamics simulation. The method here described can be relevant to select
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hypothetical sequences that can be targets for in vitro and/or in vivo functional characterization.
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Introduction

In the post-genomic era, several protein sequences have become
available through the conceptual translation of putative open reading
frames (ORFs). These proteins have been annotated without a detailed
structural analysis or functional evaluation. Most of them are not
experimentally characterized [1]. Moreover, several problems have
been related to data integrity, such as sequencing errors or sample
contaminations [2]. Protein function can be predicted by many
methods based on sequence similarity. Therefore, assuming that
similar sequences have similar functions, such approaches have created
prospects for rapid progress in molecular biology [3]. Nevertheless, in
vitro and/or in vivo validations are essential to provide a more accurate
prediction, avoiding false results [4].

Commonly, when a protein sequence has no alignment matches
or the alignments are non-significant, these sequences are deposited in
the databases as hypothetical, unknown or unnamed proteins. When a
protein sequence has a significantalignment to a hypothetical (unknown
or unnamed) protein, it is deposited as a conserved hypothetical protein
[5]. In order to understand the biological functions of these proteins it
seems to be essential to learn their role in cell metabolism, as well as
their suitability for post translational modifications or as a potential
drug target [6]. Nonetheless, identifying the function of a protein is
not a trivial task, especially if there is no in vitro characterization or
evidences of its expression, e.g. the proteins generated by conceptual
translation [7]. Nevertheless, it is easier when the unsolved protein
sequences possess known domains, as then the functional annotation
may be transferred from that domain model to the protein sequence
[8]. Indeed, several unsolved proteins have been their functions
inferred from the similarities to a structure from the known proteins
[9-13]. Therefore, full understanding of the biological functions of such
proteins requires structural knowledge, which can yield direct insight
into its molecular mechanism, since conserved sequence regions can
be important to functional sites [1,7,14]. Bearing this in mind, the
structural alignment can be more relevant, since structural alignments

are more sensitive than sequence alignments. When identity is below
40%, structural methods produce better alignments than sequence
alignments [9,15]. In some cases, the sequence can differ from another
sequence which performs the same or similar function [7,16]. Even
if the identities are below 20% of residues, the coupling of conserved
structures could be preserved during evolution, particularly in active
sites [17]. Probably, the functional requirement to form and maintain
the active site structure exerts pressure on the protein to adopt the
functional fold [18].

Therefore, molecular modelling has become an important tool
to reveal these similarities and to predict protein function, mainly
for the hypothetical proteins, one of the most challenging problems
in structural genomics [11]. The success of computational methods
for structure prediction is a product of two factors: structures of
small proteins are easier to predict than those of larger ones; and
homologous structures can be explored to predict other protein
structures [19]. Nevertheless, molecular modelling often needs a
semi-automated approach, including manual curation on alignments,
choice of templates and analysis of the models; computational power is
also needed to perform a molecular dynamics simulation. This makes
molecular modelling a costly process, mainly in cases where there are
no available templates. Therefore, how can one choose a protein target
to make a model for function prediction? We propose the selection
of proteins with similarity to proteins from organisms without near
phylogenetic relationships. Functional sites are generally conserved
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and it is believed that they are favoured evolutionarily; having the same
or similar hydrophobic effect, and they may have the same or similar
functions [20]. Therefore, this work describes a novel strategy to mine
the NCBI’s non-redundant protein database (NR), looking for such
proteins. The strategy was based on sequence local alignment searches
to find candidates for structural characterization and further function
prediction. This strategy was applied to small conserved hypothetical
proteins from Escherichia coli, aiming to predict their functions and
facilitate functional annotation.

Material and Methods
Data mining

The overview of the proposed data mining method is shown in
Figure 1. Starting from the NCBI’'s non-redundant protein database
(NR-downloaded at June, 2011), the proteins annotated as conserved
hypothetical proteins ranging from 30 to 200 amino acid residues from
E. coli derived from mRNA, genomic DNA or experimental observation
were extracted, composing the initial data set. From this data set, the
redundant proteins were removed through JalView [21] with a cut
off of 80% of identity. Following that, the remaining sequences were
submitted to Phobius [22] to predict transmembrane topology and
signal peptide sequences. The predicted transmembrane proteins were
discarded and the signal sequences were removed from the translated
sequence, generating a data set of mature and non-transmembrane
sequences. A new size selection was done again, selecting only the
small sequences, ranging from 30 to 100 amino acid residues. Then,
two steps of local alignments using BLAST [23] were done. Firstly, all
sequences with similarity higher than 30% of identity to any sequence
deposited in the Protein Data Bank (PDB) were discarded. Thereby,
the remaining sequences with identity higher than 80% to any protein
and identity below 40% to proteins from Eukaryotes deposited in the

NCBI's Non-Redundant
Protein Database

13306
Redundancy —
Removal (80%) 7181

Exclude Transmembrane Proteins, Y
Remove Signal Peptides and 3403

Select Small Sequences (30-100) -
70

Select the Conserved Hypothetical
Proteins from E. coli (30-200)

Remove Proteins with Similar
Homologs in PDB (cut off 30%)

Select Sequences Similar to
Eukaryotes'

Proteins in SwissProt (cut off 40% -

)
Remove Sequences with 53
Conserved Domains

Select Predicted
Sequences to be Expressed

Exclude Disordered
Proteins

Figure 1: The flowchart of the proposed data mining.

Numbers on the left indicate the step number; numbers on the right indicate
the number of sequences in each step.

SwissProt Database [24] were discarded. The remaining sequences
were submitted to RPS-BLAST search against the Conserved Domain
Database (CDD) [8], and the sequences without conserved domains
were selected. Then, the sequences predicted to be expressed were
selected through Glimmer 3.0 [25]. The last step was used to remove
the proteins predicted to have an unstable folding by means of PrDOS
[26].

Molecular modelling

The LOMETS server [27] was used to find the best template for
comparative modelling. LOMETS is a Meta threading server which
collects the information of other nine threading methods, and then
rank the information about the templates. The best templates were
selected after manual curation of all alignments generated by LOMETS,
taking into account the coverage and the sequence identity. Therefore,
one hundred theoretical three-dimensional models were constructed
through Modeller 9.9 [28]. The models were constructed using the
methods of automodel and environ classes. Furthermore in order to
import the ligands, the property io.hetatm from class environ was set as
true. The final model was selected according to the discrete optimized
protein energy (DOPE) scores. This score assesses the energy of the
model and indicates the most probable structures. Then, the sequences
without an adequate template or without an inadequate model were
submitted to the QUARK ab initio modelling server [29], the best
ranked algorithm in CASP 9 and 10 in free modelling category. The
best models were evaluated through Verify 3D [30], ProSA II [31] and
PROCHECK [32]. PROCHECK checks the stereochemical quality of a
protein structure, through the Ramachandran plot, where good quality
models are expected to have more than 90% of amino acid residues in
most favoured and additional allowed regions, while ProSA II indicates
the fold quality; additionally, Verify 3D analyses the compatibility of an
atomic model (3D) with its own amino acid sequence (1D). Structure
visualization was done in PyMOL (The PyMOL Molecular Graphics
System, Version 1.4.1, Schrodinger, LLC).

Structural alignments and function predictions

Structural alignments were performed in two ways, through
Dali Server [33] and COFACTOR server [34]. On Dali Server, the
assessment of structural alignments was done through the Z-Score,
where an structural alignment with Z-Score higher than 2 is significant.
COFACTOR uses the TM-align structure alignment program [35]
to search against the PDB and then examines the binding pockets,
predicts the binding pose of ligands into the target structure or model
and constructs the protein-ligand complexes. Therefore, this approach
allows the identification of the binding position of ligands without
docking experiments.

Molecular dynamics

The molecular dynamics simulations (MD) of the protein-ligand
complexes were carried out in water environment, using the Single
Point Charge water model [36]. The analyses were performed by
using the GROMOS96 43A1 force field and computational package
GROMACS 4 [37]. The dynamics utilized the three-dimensional
models of the protein-ligand complexes as initial structures, immersed
in water molecules in cubic boxes with a minimum distance of 0.7 nm
between the complexes and the boxes’ frontiers. Chlorine ions were also
inserted in the complexes with positive charges in order to neutralize
the system charge. Geometry of water molecules was constrained by
using the SETTLE algorithm [38]. All atom bond lengths were linked
by using the LINCS algorithm [39]. Electrostatic corrections were made
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by Particle Mesh Ewald algorithm [40], with a cut off radius of 1.4 nm
in order to minimize the computational time. The same cut off radius
was also used for van der Waals interactions. The list of neighbours of
each atom was updated every 10 simulation steps of 2 fs. The conjugate
gradient and the steepest descent algorithms (50,000 steps each)
were implemented for energy minimization. After that, the system
temperature was normalized to 300 K during 2 ns, using the Berendsen
thermostat (NVT ensamble). Furthermore the system pressure was
normalized to 1 bar during 2 ns, using the Berendsen barostat (NPT
ensamble). The systems with minimized energy, balanced temperature
and pressure were simulated during 50 ns by using the leap-frog
algorithm. The simulations were analysed through RMSD and DSSP.
The initial and the final structures were compared through the TM-
Score [41], where structures with TM-Scores above 0.5 indicate that the
structures share the same fold [42].

Results and Discussion

Data mining

The explosive growth in database data requires techniques and
tools to transform the amount of data into useful information and
knowledge. Data mining, which is also referred to as knowledge
discovery in databases, has clearly increased in importance. Mining
information from databases has been recognized by many researchers
as a hot spot in different areas [43]. Data mining processes have been
carried out to discover novel biological data, such as putative ancestral
genes of circular proteins in plants [44], antimicrobial peptides [45,46]
or candidates for novel translatable sequences [4]. This work describes
a novel data mining approach for selecting hypothetical proteins for
functional prediction.

The data mining aims to find small conserved hypothetical proteins
(30-100 amino acid residues) from E. coli, without significant templates
on Protein Data Bank, without transmembrane regions and with
similarity to Eukaryote proteins. The data mining process was applied
to E. coli proteins deposited in the NR. E. coli was chosen due to the
minor genome complexity when compared to a Eukaryote genome.
Moreover, E. coli has great importance in experimental, medical and
industrial fields and has more than 200 genomes sequenced.

Starting from the NR, 13,306 small and conserved hypothetical
proteins from E. coli were extracted from a total of 11,505,486
non-redundant sequences (Figure 1). The NR was chosen to select
protein sequences derived from diverse sources, such as genomic
and transcriptomic data. Another advantage of the NR is its previous
removal of redundancy, which permits working with a smaller amount
of data. In addition, starting from NR is essential to our workflow,
since it summarizes the headers of redundant sequences, for example,
the sequence GI 115513274 has two entries into NR, one annotated as
hypothetical protein (GI 117624150) and other annotated as conserved
hypothetical protein (GI 115513274). This information is useful to
solve the problem of hypothetical proteins which are conserved, but
remains annotated only as hypothetical. If they are conserved, there
must be at least second entry annotated as such.

For a simple genome such E. coli's, 13,306 sequences is a large
number of proteins, especially considering that only proteins with
range between 30 and 200 amino acid residues were selected. For
only one E. coli genome, approximately 4,000 proteins were expected,
while in the whole genome of E. coli K-12 4,288 protein-coding
genes were found [47]. In fact, once our starting point was the NR,
this subset includes proteins sequences from all E. coli strains in the

data base. Furthermore, the majority of these proteins (13,306) were
given by conceptual translation and, consequently, some of them are
not accurate. A number of these were determined by programs, such
as ORF Finder (http://www.ncbi.nlm.nih.gov/projects/gorf/), which
can identify several ORFs in a putative gene. In this way, a single gene
generates two or more protein sequences by conceptual translation
(e.g. the sequences GI 193061927 and GI 260858280 were generated
by the same predicted gene). Therefore, in order to ensure data quality,
several data mining steps was rigorous, avoiding such possible errors.

Our data mining proposes to select proteins with maximum 100
amino acid residues length, once smaller sequences requires less
computational power for three-dimensional structure prediction
with reliable quality. It also reduces the high computational power
dependence to perform the molecular dynamics simulations. However,
in the first selection, the maximum length was 200 amino acid residues.
This extension in the amino acid number was done in order to avoid
some biases. The first one is the precursor proteins, which can have,
for example, 120 residues, 30 of them being part of the signal peptide.
Then this protein would be excluded if the maximum cut off was set to
100. Another bias is the presence of fragmented sequences, if a protein
with 150 residues has a fragment of 80 residues deposited on NR, this
fragment must be removed from the analysis, which is done at the next
step, the redundancy removal.

JalView was used for redundancy removal, with a cut off of 80%.
This step was important firstly for removing fragments of larger
proteins and also to cluster the sequences, reducing the amount of
data. This step reduced the number of sequences by almost half, leaving
7,181 from 13,306 sequences.

In the next step, the predicted transmembrane proteins were
discarded (Figure 1), since interactions between protein and lipid
bilayers could cause protein structure modifications [48]. Thus, it may
generate molecular models quite different from the native protein
structure. In addition, simulations of transmembrane proteins require
high computational costs. Following that, the signal peptides were
removed from sequences, because the signal peptide is absent from
the mature peptide. Then, a novel size cut off was applied, selecting
sequences ranging from 30 to 100 amino acid residues. This novel
cut off was important for yield models with reliable quality (mainly
through ab initio molecular modelling) and with low computational
costs for performing a molecular dynamics simulation. Moreover, the
prediction of a larger protein through ab initio modelling is extremely
difficult, since by increasing the length of sequence, the conformational
phase space of sampling sharply increases, and this results in a loss
of accuracy [49,50]. However, predicting the structure of smaller
sequences is not useful in predicting their functions through structural
alignment, since this method requires at least 30 amino acid residues
[33]. After this step, 3,403 sequences remained.

Then, all sequences with identities higher than 30% to PDB
structures were discarded, remaining 1,648 sequences (Figure 1).
When similarity is below 30%, the detection of structural homology
has low statistical significance [51]. In this way, if simple comparative
modelling was applied onto these proteins the result would be models
with poor quality. In these cases, threading and/or ab initio modelling
are more useful. In other words, removing the sequences with hits with
sequences from PDB, we are discarding the easy and medium cases,
which comparative modelling could solve without great problems.
Thus, threading or ab initio modelling was used to predict the structures
and then, structural alignments were performed in order to find similar
structures without similar sequences.
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At this point, we have non-redundant (at maximum 80% of
identity) small (30 to 100 amino acid residues) conserved hypothetical
proteins without transmembrane portions and without clear homolog
structures in PDB. Therefore, we need to remove proteins that may have
their annotations derived from proteins already characterized. To do
that, sequences with similarity higher than 80% of identity to proteins
deposited in SwissProt were removed (Figure 1). Consequently, at this
point, the sequence identity cannot reveal any indications about the
function of these proteins. To acquire some clues, knowledge of their
structures is crucial. However, selection of appropriate candidates
is needed, since molecular modelling has some costs. In order to
select suitable candidates, the sequences with identities below 40% to
eukaryote protein were discarded. The selection of sequences with some
degree of similarity in divergent groups, such as Bacteria and Eukaryote,
may indicate selective pressure to maintain certain characteristics with
importance for biological processes [52,53]. Therefore, solving the
function of these proteins provides a better understanding of biological
processes. Then, after removing the proteins with identities higher than
80% to any annotated protein and identities below 40% to eukaryote
proteins, 70 protein sequences remained in our data set. Some of these
sequences could be resulted from horizontal transfer from E. coli to
eukaryotes or vice-versa. These proteins could have important functions
since some regions were conserved, even in divergent life kingdoms.

Nevertheless, there is still an alternative for identifying some clues
to a probable function, the identification of a conserved domain, so
that when a protein has a conserved domain, functional molecular
modelling is unnecessary, because the domain is sufficient to predict
the protein’s function. We then use the RPS-BLAST for domain
identification. The search was done against the CDD database, a
collection of well-annotated models for ancient domains and full-
length proteins [8]. Therefore, the sequences with identified domains
were removed, remaining 53 sequences.

All data mining steps to reach this point were applied with the aim
of selecting sequences without direct evidence of a probable function.
However, the previous steps do not take into account if the sequences
are actually expressed. Therefore, since some of these 53 proteins can
be generated by conceptual translation of pseudogenes, or by random
ORFs, their respective DNA sequences were submitted to Glimmer 3.0,
in order to select only the sequences which may really be expressed by
E. coli. In this way only 15 sequences were predicted to be expressed,
and the remaining sequences were discarded.

Finally, in the last data mining step, PrDOS was used for predicting
disordered regions in protein structures. The disordered regions are
important for functions of diverse proteins [26,54]. Nevertheless, the
structure of such regions could not be solved rightly by experimental
methods [26] and by computational methods they do not converge to
a consensus structure [55,56]. Therefore, the sequences with more than
80% of residues in predicted disordered regions were removed, since
these chaotic structures cannot be adequately modelled, remaining
12 protein sequences (Table 1). These 12 sequences were modelled
through comparative or ab initio modelling. Nevertheless only three
models were approved by the validation methods (data not shown).

GI 488361128

The first sequence was GI 488361128. This sequence has 60 amino
acid residues and has no signal peptide. This sequence could have its
structure predicted by threading algorithms. Inspecting all alignments
returned by LOMETS, the structure of umecyanin from Armoracia
rusticana (PDB 1X9R) [57] was chosen as template. Inspecting the

Gl Annotation Number of Amino Acid Residues
115513274 Conserved Hypothetical Protein 97
306907928 Conserved Hypothetical Protein 50
188493836 Conserved Hypothetical Protein 58
331042441 Conserved Hypothetical Protein 47
227883817 Conserved Hypothetical Protein 59
227886634 Conserved Hypothetical Protein 90
253721170 Conserved Hypothetical Protein 95
488361128 Conserved Hypothetical Protein 60
281178323 Conserved Hypothetical Protein 87
300815338 Conserved Hypothetical Protein 61
309705558 Conserved Hypothetical Protein 98
260751868 Conserved Hypothetical Protein 76

Table 1: Sequences retrieved by the data mining process.

alignment, between sequence and template, a similar copper binding
site was observed. Therefore, the copper was imported to the model,
which was constructed as a dimeric structure, since its template was
also a dimeric structure. Each monomer of the three-dimensional
model was composed of two B-sheets and also by a short a-helix
(Figure 2). The copper coordination site in the model is composed
by residues Gln®, His*® and GIn® (Figure 2). The model assessment
is summarized in Table 2. Structural alignment shows similarities to
other cupredoxins (Table 3), suggesting that GI 488361128 could also
be linked to this functional group (Figure 2). Comparing GI 488361128
with cupredoxins, four major differences can be observed: the size of
sequences, the lack of a disulphide bridge and two mutations in the
copper binding site (His-to-Leu and Cys-to-Gln) (Figure 2). The two
mutations may completely inhibit copper coordination; although
the glutamine residue could coordinate the copper ion, its side chain
is longer, compared to the cysteine residue (Figure 2). In addition,
the mutation His-to-Leu lacks a coordination group. However, the
copper binding site was changed after the two thousand cycles of
energy minimization. The position of Leu'? is occupied by Asp® and
the GIn®® side chain gets closer to copper. In addition, other atoms get
closer to copper, such as the carbonyl oxygen of Leu'?, GIn** and GIn*,
however the side chain of GIn® gets distant from the copper ion (data
not shown). In fact the residue GIn® may not be necessary for copper
binding, since according to Karlsson et al. [58], the mutants of azurin
from Pseudomonas aeruginosa with the residue Met'?' mutated to any
natural amino acid or even to a stop codon are able to maintain the
copper site. Met'?! is the equivalent to GIn* in the umecyanin and to
GIn® in GI 488361128 (data not shown).

Therefore, the dimeric structure of GI 488361128 in complex
with the copper ion was evaluated through MD, where in the chain A,
the copper ion was maintained in the site during 20 ns of simulation
and then released, and in the chain B, it was released after 5 ns of
simulation. The copper releasing indicates that, in fact, the mutations
in the copper site may generate a loss of function. In addition, a RMSD
variation of 5.2 A and 3.9 A were observed respectively for chain A and
B (Figure 3a), indicating significant structural changes. This changes
are confirmed by the TM-Scores of each monomer indicates that the
folding after the 50 ns of simulation are not the same at the beginning,
with values of 0.4444 and 0.4324 for chain A and B, respectively. In
fact, this small protein undergoes a little secondary structure loss in the
first 2 nanoseconds, where an a-helix-to-coil transition was observed
(Figure 3c). The DSSP analysis shows that the region comprised by
the residues 20 to 40 is very dynamic, since several kinds of secondary
structures were observed, varying from coils to 3, -helix (Figure 3c).
However, the maintenance of the dimer and the two PB-sheets of each
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SecStr  1X9R

Gl 488361128
Umecyanin 1X9R

PLGVTHFLAHPLKEYIRARLDRLYLOEQGRHF--—
ENPISHMTTPPVKIMLNTTGPQYYI

-- 60
KLSINVVGAGGAGGGATPGA 116

TVGD CRV

SecStr  1X9R

Gl 488361128

His58 Leu12

Figure 2: Modelling of GI 488361128.

Umecyanin
(PDB Code 1X9R)

(A) The sequence alignment used to construct the GI 488361128 3D model. Conserved residues are marked with a star, the residues involved
in copper coordination are highlighted in green, and cysteines involved in disulfide bridges are in yellow. The secondary structure of 1X9R is
indicated below the alignment (arrows for B-strands, cylinders for a-helices and grey lines for loops). (B) The 3D model of Gl 488361128 (left)
and the X-ray structure of 1X9R (right). (C) The putative copper coordination site of Gl 488361128 (left) and the copper coordination of 1X9R.

Sequence ID  ZScore @ Verify 3D (1D-3D Ramachandran Plot (%)
(PROSALI) Average)
Minimum | Maximum Favoured Allowed Generously
Regions Regions Allowed
Gl 488361128 -1.28 -0.02 0.36 81.7 14.4 3.8
Gl 281178323 -4.16 -0.03 0.51 53.4 34.2 6.8
Gl 227886634  -4.96 0.09 0.51 82.9 12.9 2.9

Table 2: Summary of molecular modelling validation assessments.

Molecule PDB Code Z-Score RMSD (A) Reference
Umecyanin 1X9R 9.3 0.5 [60]
Mavicyanin 1WS7 8.6 0.8 [61]

Plantacyanin 1F56 7.4 1.3 [62]
Phytocyanin 2CBP 7.3 1.2 [63]
Stellacyanin 1JER 6.0 11 [58]

Table 3: Structural alignment search of Gl 488361128 against PDB.

monomer were also observed (Figure 3b). Indeed, this protein seems
not to be related to cupredoxins, however, it is important to highlight
that the structural prediction was not completely wrong. Probably
there is no copper coordination site, but we could observe the dimer
and the -sheets maintenance.

GI 281178323

The second sequence was GI 281178323. This sequence has 87
amino acid residues and has no signal peptide. For this sequence, the
predicted structure was yielded by QUARK. The three-dimensional
model was composed of 9-stranded B-barrel with simple up-down
topology (Figure 4). The model assessments are showed in Table 2.
Structural alignment shows similarities to several B-barrel proteins
(Table 4), being the similarity restricted to the tertiary structure (data
not shown). Through the COFACTOR server, no complexes with
significant BS-Scores were obtained.

Therefore, the predicted three-dimensional structure was evaluated
alone by molecular dynamics, where a RMSD ofabout 5.4A was observed
(Figure 5a). Despite the final structure maintains the B-strands (Figure
5b), the TM-Score of 0.3769 indicates that the final structure does not
share the same fold with the initial one. The DSSP analysis (Figure 5¢)
indicated that there are changes in some B-strand segments and also
in the loops connecting the p-strands, where bend-to-turn and turn-
bend transitions could be observed. Once the final structure is not in
the same fold as the initial, the actual function of GI 281178323 seems
to be unrelated to the proteins identified in the structural alignments
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w

Backbone’s RMSD (A)

Residue

Figure 3: Molecular dynamics simulation of Gl 488361128.

analysis of secondary structure during the simulation.

Time (ns)
[l Coil [l Bend [l Turn ] B-Sheet [] B-Bridge [l o-Helix [l 31oHelix [ll Chain Separator

(A) The Backbone’s RMSD variation during 50ns of simulations. (B) The Gl 488361128 model after 50 ns of simulation. (C) The DSSP

Molecule PDB Code  Z-Score | RMSD (A) | Reference
Coagulase 2X4M 6.1 3.0 [64]
Fatty Acid-Bidding Protein 2JU3 5.8 22 [65]
Avidin 1LDQ 5.8 27 [66]
Avidin 1NQN 5.8 27 [67]
Streptavidin 1RXJ 5.8 2.8 [68]

Table 4: Structural alignment search of Gl 281178323 against PDB.

Molecule PDB Code Z-Score RMSD (A) = Reference
Myotoxin Il 1CLP 2.8 3.0 [69]
Prophospholipase A2 1HN4 2.7 3.1 [70]
Phospholipase A2 1AYP 27 2.8 [71]
Phospholipase A2 1RGB 2.7 2.8 [72]
Phospholipase A2 1POD 2.7 3.0 [73]

Table 5: Structural alignment search of Gl 227886634 against PDB.

(Table 4), since the initial folding is not maintained.
GI 227886634

The third sequence here selected and evaluated was GI 227886634.
This sequence has 90 amino acid residues length and has no signal
peptide. Its structure was predicted by QUARK. The three-dimensional

model was composed of two a-helixes and several loops (Figure 6). The
validation parameters are summarized in table 2. Structural alignment
shows similarities to several phospholipases (Table 5). Nevertheless
there is no sequence similarity; the similarity is restricted to the tertiary
structure (data not shown). The COFACTOR server also indicates
that the predicted folding of this sequence is related to lipid binding
proteins. Therefore, the complex between the model of GI 227886634
and the lipid 3,7,11,15-tetramethyl-hexadecan-1-ol (ARC) was
generated by COFACTOR with a BS-Score of 1.11.

The complex of GI 227886634-ARC was evaluated through
molecular dynamics, where the maintenance of the complex was
observed during the whole simulation. However, we observed a RMSD
variation of about 5.5A (Figure 7a), which could be related to a large
displacement suffered by the N-Terminal loop, since it is responsible
for stabilizing the protein-lipid complex together with the C-Terminal
a-helix (Figure 7b). In addition, there is a gain in secondary structure
presented during the simulation (Figure 7c). The region comprised
by the residues His'* and Thr'® forms a short a-helix, and the region
comprised by the residues Pro* and GIn* forms a 3, -helix (Figure 7c).
However, the TM-Score of 0.5535 indicates that the initial and the final
structure share the same fold. Indeed, the RMSD variation of about 5.5
A is due to the N-Terminal loop displacement, since removing the first
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Figure 4: Modelling of Gl 281178323.

(A) The structural prediction of Gl 281178323; the predicted secondary structure is indicated below the sequence (arrows for 3-strands and
grey lines for loops). (B) The 3D model of Gl 281178323.
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Figure 5: Molecular dynamics simulation of GI 281178323.

(A) The Backbone’s RMSD variation during 50 ns of simulations. (B) The Gl 281178323 model after 50 ns of simulation. (C) The DSSP
analysis of secondary structure during the simulation.

17 residues from the RMSD calculation, we could observe a RMSD of  similarity, the functional annotation of a phospholipase cannot be
about 3 A (Figure 7a). transferred to it. However, this hypothetical protein can be annotated
as a putative lipid binding protein, even with its actual function

In fact, this is an intriguing sequence, since there is no sequence o
remaining unclear.
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Figure 6: Modelling of Gl 227886634.

(A) The structural prediction of Gl 227886634; the predicted secondary structure is indicated below the sequence (cylinders for a-helices
and gray lines for loops), the cysteine residues involved in disulphide bonds are highlighted in yellow, and the residues with hydrophobic
interactions to ARC are highlighted in green. (B) The 3D model of Gl 227886634 in complex with ARC. (C) The amino acid residues with
hydrophobic interactions to ARC.
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Figure 7: Molecular dynamics simulation of Gl 227886634.

(A) The Backbone’s RMSD variation during 50 ns of simulations. (B) The Gl 227886634 model after 50 ns of simulation. (C) The DSSP
analysis of secondary structure during the simulation.

Advantages and Limitations were selected for further structure and function predictions. However,
unfortunately, nine sequences could not have their structures correctly

From more than 11 million sequences in the NR, through the predicted (data not shown) and consequently neither their functions.

data mining process 12 conserved hypothetical sequences (Table 1)
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Thereby, only three models (25%) could be used for function prediction.
In a similar work [56], 400 domains of unknown functions (DUFs)
ranging from 30 to 100 amino acid residues, without transmembrane
portions were modelled using ab initio procedures. From these, 85
validated models were obtained (21.25%) [56]. This work had a similar
performance, in proportion taking into account only the validation
reports.

Comparing with 400 sequences from previous work [56], the
outcome of 12 sequences is extremely small. Nevertheless, 12 sequences
compose an adequate set for performing structure predictions and
further molecular dynamics, since these procedures require manual
curation.

Here, from the three cases in which the tertiary structure could
be predicted, only the GI 227886634 seems to have a function related
to the similar structures, since it was the unique structure that kept
the folding during the molecular dynamics simulation. It is important
to highlight that the molecular dynamics simulation has a pivotal
role in such predictions, once through the simulations, the structure
stabilization and/or ligand accommodation could be observed (or not).
In this context, the molecular dynamics simulation data aggregate
reliability to the predicted functions.

In this context, two limitations are clearly evident, the first one is
the in silico structure prediction methods dependence and the second
one is the size of target sequences (30 to 100 amino acid residues), which
is induced by the in silico methods. However, by simply increasing the
size cut-off, the method can be easily adapted to select larger proteins
for structure determination by using an experimental approach such
as NMR spectroscopy or X-ray diffraction. In fact, the data mining
method could be used for selecting sequences for novel rounds of
structural genomics projects or even novel CASP experiments.

Conclusions

Indeed, the functions of other hypothetical proteins (including
those which could not be predicted here) may be adequately predicted
through NMR spectroscopy or X-ray diffraction, as observed for the
hypothetical protein MJ0577 from Methanococcus jannaschii, which
was solved by X-ray diffraction [9]. This protein structure was found
to bind to ATP, since the ATP molecule was crystallized together with
the protein, so that MJ0577 was predicted as ATPase or ATP-mediated
molecular switch. It is clear that in the case of GI 488361128, GI
281178323 and GI 227886634 more experiments are needed to confirm
the in silico predictions. The hypothesis that the predictions could be
wrong cannot be ruled out, but now we have a starting point from
which to study these three hypothetical proteins.

Efforts to identify the functions of hypothetical proteins could
bring novel advances in our understanding of biological systems. In
2004, Roberts [59] proposed that novel systems or pipelines should
be developed to predict the function of hypothetical proteins, with
these approaches being applied initially to prokaryotes [59]. Despite
the in silico structure prediction methods become more advanced and
reach more accurate results, this kind of prediction is not a trivial task,
especially if the predictions will be made through in silico methods, as
this report clearly shows. Although the in silico structure predictions
dependence, the data mining method described in this paper can be
applied for mining databases and/or genomes, looking for hypothetical
sequences that can be targets for in vitro and/or in vivo functional
characterization. Through this method, novel advances in structural
genomics could be reached.
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