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Abstract

The number of fatalities and economic losses caused by the Ebola virus infection across the planet culminated in the havoc
that occurred between August and November 2014. However, little is known about the molecular protein profile of this
devastating virus. This work represents a thorough bioinformatics analysis of the regularities of charge distribution (polar
profiles) in two groups of proteins and their functional domains associated with Ebola virus disease: Ebola virus proteins and
Human proteins interacting with Ebola virus. Our analysis reveals that a fragment exists in each of these proteins—one
named the “functional domain”—with the polar profile similar to the polar profile of the protein that contains it. Each protein
is formed by a group of short sub-sequences, where each fragment has a different and distinctive polar profile and where the
polar profile between adjacent short sub-sequences changes orderly and gradually to coincide with the polar profile of the
whole protein. When using the charge distribution as a metric, it was observed that it effectively discriminates the proteins
from their functional domains. As a counterexample, the same test was applied to a set of synthetic proteins built for that
purpose, revealing that any of the regularities reported here for the Ebola virus proteins and human proteins interacting with
Ebola virus were not present in the synthetic proteins. Our results indicate that the polar profile of each protein studied and
its corresponding functional domain are similar. Thus, when building each protein from its functional domai—adding one
amino acid at a time and plotting each time its polar profile—it was observed that the resulting graphs can be divided into
groups with similar polar profiles.

Keywords Proteomics * Ebola virus disease - Structural Bioinformatics - Functional domains * Proteins - Human proteins
interacting with Ebola virus * Ebola virus proteins * Synthetic proteins

Introduction

The Ebola virus causes severe hemorrhagic fever with a
high fatality rate (90%) in humans. In 1976, the first out-
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there have been 35 outbreaks, 25 occurring in the African
continent [2] and most of them located between the tropics
of Cancer and Capricorn [3]. The last outbreak reported was
in 2014, with the number of fatalities and economic losses
surpassing the previous 34 outbreaks altogether [2]. In fact,
the 2014 epidemic killed five times more than all other
Ebola outbreaks combined [2].

The spread of the Ebola virus in Africa might be attrib-
uted to a fatal combination of a traditional health system
lagging behind almost for all of the continent [4], and an
increase in the massive transportation facilities that connect
longer distances by different means [5]. Despite the number
of human fatalities since the first report in 1976, the pro-
gress in gaining knowledge on the molecular mechanisms
underlying the Ebola virus infection has not been fast
enough to minimize the spread and lethality of the virus.

In this work, we have used a supervised learning program
called Polarity Index Method (PIM) [6] that has proved its
effectiveness in the identification of different protein func-
tional groups. Its metric only uses the polar profile [7] of the
protein amino acid sequence to look for the regularities in
the proteins associated with Ebola virus disease and their
functional domains [8] that have been experimentally iden-
tified. To achieve this objective, a comprehensive bioinfor-
matics study was conducted looking at the polar profiles of
two protein groups associated with Ebola virus disease
paying attention to their structural disorder propensity [9].
These groups are Human proteins interacting with Ebola
virus [10] and Ebola virus proteins [10]; they were taken
with their functional domains from UniProt Database [10].
The first group includes all human proteins identified so far
that interact with the Ebola virus and have at least one
known functional domain. The second group is formed by
the proteins that are encoded in the Ebola virus genome and
have at least one recognized functional domain.

Both protein groups were analyzed with a set of bioin-
formatics methods developed for this purpose (Supple-
mentary Materials section) to search for the regularities
between them and their functional domains. This involved
breaking down each protein sequence and its functional
domain on all possible sub-sequences, preserving the nat-
ural order of the amino acids. As a counterexample, a group
of synthetic proteins was built with a different level of
randomness to compare and identify the regularities
observed in the two protein groups associated with the
Ebola virus.

To observe these regularities, it was necessary to gen-
erate all possible sub-sequences for each protein (Appendix
Tables 3-5). The number of sub-sequences depended on the
length of the functional domain and the protein. For
example, the sub-sequences of protein TQYPDARL, whose
functional domain is QYPDAR, are QYPDAR, TQYP-
DAR, TQYPDARL and QYPDARL. The polar profiles of
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these sub-sequences were then calculated (see Evaluation of
the polar profile section) and their corresponding polar
profile graphs were plotted. The similarity between the
graphs was determined adding up the coincidences of the
critical points (see Critical points section).

The analysis of the graphs reveals that there is a close
non-causal relationship between a protein and its functional
domain. It is also observed that the polar profile of each
protein and its functional domain are unique, since this
profile is not found in any of the possible sub-sequences
formed in each protein. Furthermore, it is also noticed that
all protein sub-sequences can be grouped in sub-sets named
“Protein Group”, with a similar polar profile, and that the
polar profile of each sub-set progressively changes to the
functional domain of the final protein, converging to the
polar profile of the complete protein. These regularities are
observed in each protein associated with Ebola virus disease
and not in the group of proteins used as a counterexample.

Material and Methods

Three groups of proteins and their corresponding domains
were included in this work: (i) Human proteins interacting
with Ebola virus, (ii) Real Ebola virus proteins and (iii)
Synthetic proteins. The graphical and analytical results, as
well as the scripts and programs used, are available in the
Supplementary Materials section.

Evaluation of Polar Profile

One of the mathematical-computational methods used here,
Polarity Index Method (PIM), has been automated and used
by our team to identify different groups of peptides and
proteins. However, to clarify the procedure, we describe the
metric of this approach below. For a detailed review of the
execution of this method, we recommend consulting
Polarity index in Proteins—A Bioinformatics Tool ([11];
Appendix to Computational Tool).

Metrics

The metric of the PIM consists of calculating and com-
paring the polar profile of the protein studied and the polar
profile of the target group. To calculate the polar profile of
protein P of length “n”, its linear sequence is extracted in
FASTA format P = {aj, a,, as, ..., a,}, and it is read from
left to right to evaluate each pair of amino acids. The polar
incidences are then recorded in an A(l, j) incidence matrix.

In order to build A(, j) matrix, it is necessary to consider
the following equivalence (i, j) = {P+, P—, N, NP}, where
[P+] basic hydrophilic residues = {H, K, R}; [P-] acidic
hydrophilic residues = {D, E}; [N] neutral residues = {C,
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G, N, Q, S, T, Y}; and [NP] non-polar residues = {A, F, 1,
L, M, P, V, W}. All amino acids are included in one of
these polarity groups. For example: if P is a protein, the first
pair of amino acids represents the first incidence, which is
(ay,a;), the second pair is the second incidence (aj,a3), and
so on until the last incidence (a,_y, a,).

Each incidence is included in the A(i, j) polar incidence
matrix. Afterwards, the A(i,j) matrix is normalized, ordered
and linearized in a v(k) vector, k = 1,..., 16; where k = each
of the 16 elements in A(l, j). This v(k) vector is the polar
profile that the PIM will compare with the polar profile of
other proteins to know if there is a similarity.

Critical Points

In a Cartesian coordinate system, the x axis is where the
critical points (if any) are located. In the corresponding
graphs representing polar profiles (e.g., see Figs. 1-3
below), the polar interactions are located on the x axis and
their relative frequencies are plotted on the y axis. The
critical points are those x axis coordinates (polar interactions
in our case), where the curve reaches the maximum or
minimum points or where it changes its concavity, which
can be upwards and downwards [12].

These critical points are called maximum, minimum, or
inflection points, respectively. In this evaluation, the polar
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Fig. 1 Relative frequency distribution of the 16 polar interactions in
the Human proteins interacting with Ebola virus group: (4 protein
sequences, and 10 domain sequences). The x axis represents the 16
polar interactions (Appendix Table 3)

interactions [P+, P+], and [NP-NP] were also included as
the extreme points of the graph.

Evaluation of Intrinsic Disorder

It is known that intrinsic disorder (or local or global lack of
unique 3D structure in a protein) is crucial for many bio-
logical functions of proteins, including protein-protein
interactions, regulation, recognition, posttranslational mod-
ifications, and control of various pathways related to cell
signaling [13-21]. It has also been shown that intrinsically
disordered proteins or hybrid proteins containing ordered
domains and intrinsically disordered protein regions are
very common among proteomes from all domains of life, as
well as in viral proteomes [16, 22, 23]. Furthermore,
peculiarities of intrinsic disorder distribution within an
amino acid sequence are often related to protein function-
ality [9, 18, 21, 23-27].

Earlier, the peculiarities of viral disorder [16, 28], as well
as the prevalence and functionality of intrinsic disorder have
been analyzed for several important viruses, such as Zika
virus [29], respiratory syncytial virus [30], Dengue virus
[31], hepatitis C virus [32] and host proteins interacting
with it [33], MERS-CoV [34], human papillomavirus [35]
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Fig. 2 Relative frequency distribution of the 16 polar interactions in
the Ebola virus proteins: (2 protein sequences, and 3 domain
sequences). The x axis represents the 16 polar interactions (Appendix
Table 4)
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Fig. 3 Cumulative frequency distribution of the 16 polar interactions
in RND046 and RND183 pseudo-random proteins, and RND220
random protein. The x axis represents the 16 polar interactions
(Appendix Table 5)

and its interactome [36], HIV-1 [37], and influenza 1918
HINI1 and H5N1 viruses [38, 39]. Therefore, to have a
perspective on the specific feature of disorder distribution
within the set from three protein groups, we utilized a
multiparametric computational analysis of intrinsic disorder
predisposition using a set of common predictors of intrinsic
disorder, PONDR® VL-XT [40], PONDR® VSL2 [41],
PONDRE® VL3 [42], and PONDR® FIT [43].

Data Acquisition
Human proteins interacting with Ebola virus

Five human proteins interacting with Ebola virus were
found in UniProt Database (10; data accessed on July 23,
2016). They were Q14653, 015118, Q9UHD2, P05161,
and P30530. From these five proteins, four can be said to
have annotated functional domains: O15118, Q9UHD?2,
P05161, and P30530 (Appendix Table 3).

Of the host proteins considered in this study, the first
domain analyzed was a domain from the intracellular cho-
lesterol transporter Niemann-Pick C1 protein (Appendix
Table 3, row 2, UniProt ID: O15118), which is an endo-
somal entry receptor for the Ebola virus entering the host
cell [44, 45]. The virus also interacts with the TBK1 protein,
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of which a functional domain was analyzed (Appendix
Table 3, rows 3—4, UniProt ID: QO9UHD?2).

The TBK1 protein is a serine/threonine-protein kinase
that acts in the innate immune response regulating inflam-
matory responses to foreign agents [46-50]. The virus
interaction with the TBKI1 protein alters viral evasion
mechanism promoting infection [45]. Two domains from
the ubiquitin-like protein ISG15 were then analyzed
(Appendix Table 3, rows 4-5, UniProt ID: P05161). This
protein plays a vital role in the innate immune response to
viral infection, being either conjugated to a target protein or
acting as standing alone unconjugated protein [51-53].
ISG15 is known to restrict Ebola virus infection by dis-
rupting the viral budding process [54]. Five domains were
also analyzed from the receptor tyrosine-protein kinase
UFO (Appendix Table 3, row 6—10, UniProt ID: P30530)
that works in transducing signals from the extracellular
matrix to the interior of the cell via interaction with the
GASG6 growth factor [55], which is also involved in the
virus entry mechanism [56, 57].

Ebola Virus Proteins

Seven annotated Ebola virus proteins were taken from
UniProt Database (10; data accessed on August 17, 2016).
These Ebola virus proteins are Q05320, Q05128, P18272,
Q05322, Q05323, Q05127, and Q05318, of which just two
of them have annotated functional domains: Q05127, and
Q05318 (Appendix Table 4).

From the set of seven annotated Ebola virus proteins
found in UniProt, we analyzed the polarity profiles of dif-
ferent domains of two Ebola virus proteins. Here, one
domain from the polymerase cofactor VP35 protein was
chosen for this study (Appendix Table 4, row 1, UniProt ID:
Q05127), which functions as a cofactor of the RNA poly-
merase transcription and replication complex, thereby par-
ticipating in the RNA viral transcription while also blocking
the activation of IRF3, thus promoting viral activity [58—60].

We also analyzed one domain from the catalytic subunit
(L protein) of the RNA-directed RNA polymerase
(Appendix Table 4, row 2, UniProt ID: Q05318). In the
Ebola virus, the functional RNA-dependent RNA poly-
merase represents a complex consisting of the catalytic
subunit of the polymerase, protein L, and its cofactor VP35
(PMID: 23582637). This protein complex plays a crucial
role in viral replication, catalyzing not only transcription of
viral mRNAs, but also catalysing capping and poly-
adenylation of those mRNAs [61, 62].

Synthetic Proteins

Three proteins with different level of randomness and
building strategy were also included (Test plan section):
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RNDO046 (46aa), RND183 (183aa), and RND220 (220aa;
Appendix Table 5).

Evaluation of Intrinsic Disorder Predispositions of
Proteins in Three Groups

Per-residue intrinsic disorder propensities of the selected
proteins were analyzed using a set of predictors from the
PONDR family (Evaluation of intrinsic disorder section).
This set included PONDR® VL-XT, PONDR® VSL2,
PONDR® VL3, and PONDR® FIT selected based on the
well-known peculiarities of their performance. Here,
PONDR® VL-XT is very sensitive to the local composi-
tional biases and is thus capable of identifying potential
molecular interaction motifs.

PONDR® VSL2 is suitable for accurate evaluation of
short and long disordered regions. In turn, PONDR® VL3
achieves high accuracy in evaluation of long disordered
regions, whereas the meta-predictor PONDR® FIT com-
bines the six individual predictors, being moderately more
accurate than each of its component predictors. Access to
these predictors is provided by the DisProt database
(http://www .disprot.org/metapredictor.php). In these ana-
lyses, sections of query proteins with disorder scores higher
than 0.5 correspond to disordered regions.

Test Plan

The relative frequency distributions of the protein groups
were plotted. In terms of methodology, the Human proteins
interaction with Ebola virus group has four proteins
(Appendix Table 3: UniProtKB column) and ten domains
(Appendix Table 3: Domain column). The polar profile of
each set was calculated with the PIM (Metrics section) and
this polar profile was geometrically represented as a smooth
curve using Excel software (Figs. 1, 2).

1. Each protein was taken from each protein group,
plotting individually the relative frequency distribution
of the domains/proteins and dividing all the sub-
sequences into categories with similar polar profiles.
Methodology: e.g., 015118 domain sequence, formed
by 166aa (Appendix Table 3: row 1), was subdivided
into 165 sub-sequences. The first sub-sequence had the
first amino acid at the N-terminal of the O15118
domain, the second sub-sequence had the two amino
acids at the N-terminal of the O15118 domain, and so
on, until the last sub-sequence had the OI15118
domain. The polar profile of each of these 165 sub-
sequences was calculated and they were graphed as a
smooth curve with Excel, e.g., O15118 domain. Then,
by visual inspection, the sub-sequences of the domain
were separated by categories grouping those with

similar geometrical behavior, i.e. when the maximum
points, minimum points and inflection points matched.
The categories were then recorded (Appendix Tables
3-5: Fragment with similar polar profile column).

2. The main critical points for each domain of each
protein group were analytically identified. Methodol-
ogy: taking the 165 sub-sequences obtained for
015118 protein, sudden changes at the maximum
and minimum points between sub-sequences were
identified. The result was verified by visual inspection
and grouped (Appendix Tables 3—5: CBP column).

3. The linear distribution of disorder propensity of each
protein group was evaluated. Each protein of the
group was evaluated with the charge-hydropathy plot
to know the level of structural disorder. Methodology:
The linear disorder classifier charge-hydropathy plot
(CH-plot) [9, 61] was used. It generated a 2D graphic.
The x axis represented the mean Kate-Doolittle
hydrophobicity and the y axis represented the mean
absolute net charge: “In the corresponding CH-plot,
fully structured proteins and fully disordered proteins
can be separated by a boundary line. All proteins
located above this boundary line are highly likely to
be extended, while proteins located below this line are
likely to be compact” (Figs. 4-6).

Synthetic Proteins

Two groups were built and evaluated: random proteins and
pseudo-random proteins. Methodology: RNA220 protein
(random protein type) was built forming a random succes-
sion of polarity charges, while RND183 and RNDO046
proteins (pseudo-random protein type) were built forming a
random succession of amino acids that were replaced by a
polarity charge according to the polarity classification
(Metrics section). For protein RND183 it was used a table
of random numbers, for protein RND220 a generator of
random numbers for Fortran 77, and for protein RND046 a
generator of random numbers for JAVA (Supplementary
Materials section). The level of randomness in the three
cases was verified with the Kolmogorov—Smirnov test [44].
Verification of random proteins using BLAST method.
Methodology: The random proteins, entire and short sub-
sequences were searched using the BLAST method.

Results
Disorder Level Profile

The results of the multiparametric analysis of five human
proteins interacting with Ebola virus, seven Ebola virus
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proteins, and three synthetic proteins are shown in (Figs. 4—
6), respectively. They reveal that all the representatives of
the three protein groups contain significant levels of
intrinsic disorder. Many viral and host proteins, as well as
one synthetic protein, were predicted to be mostly dis-
ordered. This high prevalence of intrinsic disorder in pro-
teins of Ebola virus and in proteins interacting with Ebola
virus indicate that structural disorder can be of functional
importance for them.

Polar Profile

It was observed that the polar profile of proteins and domains
is similar (Figs. 1, 2). It is possible to separate the domains in

Disorder Disposition
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Residue Index

Disorder Disposition
o
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o] 200 400 600 800
Residue Index

a finite number of categories. The polar profile graph of
RNDO046 and RND183 pseudo-random proteins (Fig. 3) does
not show coincidence with the graphs of the other two groups
(Figs. 1, 2). The PIM program efficiently discriminated the
sets of proteins and domains of both groups (Tables 1, 2) and
this efficiency increased when the group of proteins that do
not have registered domain was included.

The graph of the polar profile of the RND220 random
protein showed great turbulence and disparity in particular
with regard to RND046 and RND183 pseudo-random pro-
teins (Fig. 3) and with the other groups studied (Figs. 1, 2).
Short sub-sequences of RND046 and RNDI183 pseudo-
random proteins were located in proteins with different
taxonomy in the UniProt Database by BLAST software,
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Fig. 4 Evaluation of per-residue intrinsic disorder predisposition of
human proteins interacting with Ebola virus: a Interferon regulatory
factor 3 (UniProt ID: Q14653); b Niemann-Pick C1 protein (UniProt
ID: O15118); ¢ Serine/threonine-protein kinase TBK1 (UniProt ID:
Q9UHD?2); d Ubiquitin-like protein ISG15 (UniProt ID: P0O5161); and
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Residue Index

e Receptor tyrosine-protein kinase UFO (UniProt ID: P30530). Pre-
dictions were conducted by PONDR® VL-XT (gray lines), PONDR®
VSL2 (blue lines), PONDR® VL3 (red lines), and PONDR® FIT
(green lines) (color figure online)
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Fig. 5 Evaluation of per-residue intrinsic disorder predisposition of
Ebola virus proteins: a Envelope glycoprotein (UniProt ID: Q05320);
b Matrix protein VP40 (UniProt ID: Q05128); ¢ Nucleoprotein
(UniProt ID: P18272); d Membrane-associated protein VP24 (UniProt
ID: Q05322); e Minor nucleoprotein VP30 (UniProt ID: Q05323); f

Polymerase cofactor VP35 (UniProt ID: Q05127); and g RNA-directed
RNA polymerase L (UniProt ID: Q05318). Predictions were con-
ducted by PONDR® VL-XT (gray lines), PONDR® VSL2 (blue lines),
PONDR® VL3 (red lines), and PONDR® FIT (green lines) (color
figure online)
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synthetic proteins: a RND183; b RND220; and ¢ RND046. Predictions (color figure online)
were conducted by PONDR® VL-XT (gray lines), PONDR® VSL2

Table 1 Hits human proteins interacting with Ebola virus group

Group Proteins with domains Proteins with/without domains Domains
Proteins with domains 75 60 0
Proteins with/without domains 75 80 0
Domains 0 0 80

PIM hits (%) for Human proteins interacting with Ebola virus (HPIEV). PIM calibrated with each group (rows) compared with the groups
(columns). Domains: Domains from the Ebola protein group. Proteins with/without domains: Proteins with or without domain from the HPIEV
group. Proteins with domains only: Proteins with a domain from the HPIEV group (Test plan section)

Table 2 Hits real Ebola virus proteins group

Group Proteins with domains Proteins with/without domains Domains
Proteins with domains 100 29 0
Proteins with/without domains 50 71 0
Domains 0 0 67

PIM hits (%) for Real Ebola virus proteins (REVP). PIM calibrated with each group (rows) compared with the groups (columns). Domains:
Domains from the Ebola protein group. Proteins with/without domains: Proteins with or without domain from the REVP group. Proteins with
domains only: Proteins with a domain from the REVP group (Test plan section)

although the RND220 random protein was the exception  Discussion

(Appendix Table 5). The results showed that in most of the

proteins studied here, the polar balance of the functional = The similarity between the polar profiles of proteins related
domain is replicated in the protein, i.e. the polar profiles of  to the Ebola virus infection and their functional domains in
the domain and the protein are almost coincidental and this ~ both groups (Human proteins interacting with Ebola virus
convergence takes place through a finite number of Protein ~ and Real Ebola virus proteins) enables the construction of a
Groups. non-linear transformation identifying the degree of
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similarity between each functional domain and its protein
(Figs. 1, 2). On the other hand, this regularity on the polar
profile is not observed in the three random proteins. In fact,
a clear turbulence is observed in all the polar profiles of
these proteins (Fig. 3).

It is significant that any of the short sub-sequences of the
only real random protein (RND220) were found in other
proteins (Appendix Table 5, Entry UniProtKB with a
fragment of synthetic protein inserted), unlike the two
pseudo-random proteins (RNDO046 and RND183) where
multiple short sub-sequences were found in different pro-
teins. These two pseudo-random proteins RND046 and
RND183 were influenced by the polarity of the groups {P+,
P—, N, NP}, but this bias was not detected in protein
RND220.

The importance of the polarity bias was already evident
in previous simulations performed to predict prebiotic sce-
narios of peptide formation [63—65] where, together with
their electronegativity, the abundance of amino acids
exhibited a dominant role in polymerization. The last con-
formation a protein adopts in the three-dimensional space
has as limitation the same conformation of the place it fits.

This behavior brings to mind a timepiece where the
regularities and irregularities of the pieces determine the
possibilities to fit together. From this observation, it was
conjectured that the order of the amino acids in the linear
sequence must have regularities and irregularities that
explain this three-dimensional conformation. An evidence
of this conjecture, presented in this work, is the similarity
between the polar profile of the protein and its functional
domains. This implies the existence of a finite and ordered
set of non-linear transformations that leads to replication.

These series of transformations are also observed when
the proteins associated with the Ebola virus disease are
divided into a finite and ordered set of sub-sequences, each
having a distinctive polar profile. Another result worth
discussing is the location of critical points in the interior and
boundaries of the sub-sequences related to this work.

Foldable proteins adopt specific conformations in their
three-dimensional space according to size, charge, hydro-
phobicity and the polarity of their side chains. Such proteins
fold as a set of a-helices, p-strand structures, or irregular
regions assembled in motifs which, in turn, agglomerate
into functional domains. Understanding the interaction of
these functional domains can help to set a
structure—function relationship [7] and this knowledge can
be applied to the design of pharmaceutical drugs to combat
disease [66]. Proteins involved in the entry of the virus into
the cell are of particular interest because they are first-
choice therapeutic targets and they facilitate an early
diagnosis.

From the mathematical viewpoint, the coincidence of
critical points between graphs used to determine whether

these graphs are similar or not has been useful for this work.
However, these observations are not sufficient when com-
paring graphs of proteins or peptides, for which is known a
priori that their dominant functions are similar. In these
cases, the coincidence of both the location of the critical
points and the corresponding relative frequencies should be
considered [12].

The polarity index method recognizes a striking simi-
larity between the polarity profile of the proteins analyzed in
this study as a whole and the polarity profile of their
embedded functional domain, i.e., the smaller amino acid
sequences of biological importance within the protein in
consideration. This observation brings to mind the fact that,
as the evolutionary aspects of protein building, symmetries
or self-similarity in proteins [67], as well as amino acid
sequence redundancies [68], may be principally founded on
the simple concept of polarity respecting the amino acid
monomers as the building blocks.

The non-randomness of protein sequences discussed in
terms of evolutionary characteristics and/or biophysical
properties [69] is, to quote the authors, where “The set of
protein sequences, known to be product of evolution, looks
similar to the result of some physical game with repulsion
and attraction of monomers”. This may hence be linked to
the physical aspect of polarity. Accordingly, as we have
shown in previous studies [7], the concept of the amino acid
polarities also serves to establish and predict prebiotic
scenarios of peptide formation.

Future work will focus on identifying the same regula-
rities in two groups of peptides and proteins: (i) Selective
Cationic Amphipathic Antibacterial Peptides (SCAAP) [6]
that are also Cell Penetrating Peptides (CPP) forming the
SCAAP-CPP group [70]. These peptides are characterized
by being highly toxic to bacterial membranes but almost
harmless to mammalian cells, and whose affectation
mechanism resides in the bacterial membrane penetration;
(i1)) The other group is formed by the proteins associated
with A-HINT1 influenza virus [71], whose predecessor was
the Spanish flu virus that infected one third of the world’s
population, causing the death of 3-6% of the global
population in the period between 1918-1919 [72].

Conclusions

The analysis of the regularities found between the proteins
associated with the Ebola virus infection and their func-
tional domains suggests that the polar balance has a pre-
ponderant role in protein conformation and that there is a
transformation between functional units i.e., proteins and
their functional domains.

@ Springer



420

Cell Biochemistry and Biophysics (2018) 76:411-431

Acknowledgements The authors thank Concepcién Celis Juarez for
proof-reading and also acknowledge the Computer Science department
at Faculty of Sciences at the Universidad Nacional Auténoma de
Meékxico for support.

Author Contributions Thteoretical conception and design: C.P.,
Computational performance: C.P., and V.N.U., Data analysis: C.P., J.
LSM., VNU, TB., MB.C,I.P.B.C.,, FM.T., DM.T., M.B.C., and
IL.P.B.C., Results and discussion: C.P., JL.S.M., T.B., V.N.U., A.V.P.
L., and M.F.

@ Springer

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Appendix

Tables 3-5



421

Cell Biochemistry and Biophysics (2018) 76:411-431

AWIHTIASLAVAIOAID MONHOAVATINY T
-AdLTIAOTOYSTSOSAINADSMAIIONA VI
-OADSIVOSdIOLINAWATINY MdDTA
~ddAdTSOLVVHAALADISMTAALVYDAM
NMOHAIYTAVIFANAIH TAFALOATSAL0dd
- THIVVOIALTIAASODAIDIANNIN
“DAAMIAIHAIDNII THNINDOAATATAIT
“HSHdTOAVNSIHATALATS
“DOdOAINTTAMHA LLLHIHAIVATAAINY

“HN DI TATITINOAAJY TISINNAANIVA

X “TADLHIDIIANVLYVOODTIAS TIM

TOTISAIDLIOTIAAIAAVIOVA
“ISALHAVANASTVO TIAVALASASS TANSdVA
-ADTAYDTOOATLADO TIAAIOAVOA TIAIN
“AADAVIATIIAFIATTLTd TOIASIADTSOVA
“SSTATTIOVIOTSAMISAATTIIDSTNHOTVIS

X TATINIVASIAALIAQ

20€-90C
09 Soc-101
w 001-1L
6¢ 0L-LE
6¢ 9¢-9¢
L1 Sc61

991-901

SOI-0L

[43 69-¢€¢
6C (4544
19

$8L-0C9

TOAANITOOANLISOIIT TTHNNAV TAIAA DTN

“HE TIIND TLNIA TINSSdAId LNLHIIOS SV LANIOd TLAO
“TANLAFO AN SAHHAIAADONL IS TTION I TH TN M
“HASSINTAVAANNADHALIHLANVILYHA A TIONAINHIO
“HANAVTIIAVIATIAO A AIALNDN TTAO TIHANITIdHIOHO
-HY MVAVISODdS TISAIAO TSLALLOOSSS TA TTILLHIA
-STHOTHV VA INDIN TIHA AN ALIHINIIDAA TLIAATLIMHALAN
- AT AN TAIIDSIN THOA TTILS VIIDVADAADLIV
“VINSVADATAAIIHANI TSIIHATIOLLN TdHISAAAIINATL
~IMdAHOV TIOdA TA TIIDF AT THONSSISLLOS AA THHALLY L
-NASHIAIHY LNOO TSAAHIAWIH TIAS LAV AIO @D MONHO
-AVATINV TAALTIAOTOYUS TSOSAdNAD S MATdONTV S
-OADSIVOSIID LI AWATINYYdOTAd A TISOLY VHALLADIS
“MTAALYOANSIOHAIY TAVIFAINAIH TAFALO A TSAAOHIA
-4 THIVVYOIALTIAASOOAIOIAYININOIIIAIHAIONT I
“THNINDDAAQATAT TIISAd TOAVNSIHA TALA ISOIIDIAIN
TIASHILLIAFAIV A TIAINSHN T TAHITINOATAJ Y TISIN
“NAASIVATADLIMHIDIIANY LYVOOO TIAS TIM THNSLSON

ANTTIH
“HLOMAYFILY IS VINASIOIAS TIA TAI TOHLVO TIANV'T
“ANYAAIIOAIOSA VAV IAAID DAL TLIDSAASSOWHY TVAAY
~dIAYSOMNSALIVILIHSDIFTASIODSINAINATSAVNISIO
“MTMINADINNATAINVILYONIAVS M TIOO TIAINLATAIVO
“ISADINAILAAILTAOTAIAAAASAdAAYAVSONION.LAL
~ANSVITIVI TVAIHAVSLOTALHALNAALYVOAYLOHOTTIN
“AVSSAVVHOOIDINININAS TANd TIINAADOOJIONOTd
~LTdIDIADVAAAASYNDIOALIN
~AAYDDSSOIIAMAIAAATMSSAVADTILANA IOV VNAIO
-OATSANNDOIWOOIANNOOMSSLAAHOTATAIAAIIOVHIAD
-SISSIHAAANA SAAdINS ISOAIOIAASINTAVISAS TADAAIVIA
TdINMANTTTASASNAATIT TOSHSVOASLOAIVOIADDAIA
“TINMHOIMIA IO TISAIDLIO TIAAIAAV IOVATSALHAVd
“INASTVO TV ALASASS TANSAV AT TAYD TOOA1LHD

O TIHAIOAVOA TIAINAAD AV IATIIAHIATTL I IOIAS
~AADTSOVASSTAITIOVIOISASISAA TTIIOSINHO TV IS
SIATINIVASIAALIAQSASTIN TIAAISYTV.L

~ASILINANI AN AANIINIM VOVIO TIHLANA ANNAJALIA
“TVLYNNANOAAADDTATMAIAIODALO TOdAHTISLANISVd
“VIADATIHLHAQY AAJIAADNMIHATASHSNOAAN
“TASTILONLINAdS TdV IDIAO TLALANAASV.LIN

ZaHN60 1 [4

-HIVIOTATAOHTIOIA TddDAdAAVOSdAIOAIHIAL TdVIITI TIOAL

“444dDIHOAI ATII TIVOSSdVSMTAAINLLAIAIA TOSSOV.L
TAATSHATADDANIADASOM I LA TIITOODHA
“VVSAdADOSVADIASVNASAVIN
“SAIALAFISAJAINIADMAVAIVOAIATIHVINALIMINIAANVA
1D TLLMAYdddddOdNdDDAISIAOISOIVLAAAASAAIDNLYN
“NNdHNOHAJAASAAdLILAdVOONTINANATIIMNLYNOVA
“VAIDDTIOTVIANSSAVAAQIDVNANVNVASODAAAOTEA
-ANIMILONLAdAAAQALVIANTAOSOUdSOLTADA INTINAL
-0SdOYS TAO T TOINAN TLO TOYAAID TSANDAIAIDIOTHO
“ATAADAN TINdIOSAHD

NADIADAVIODIDAMAISOSAAOVIDI TTTTTIOTVIONV.LN 8TISIO I

WId (aseqeieq 10141UN WOI}) PAYNUSP! UrRWOQ

orgyoxd

Tejod reqrwts

M urewop

dD JuowiSery

urewo(q

apoidrun

uroid Anug  suoneondng #

snIA ejoqg yim Sunoeidul sujoid uewny € ajqe)

pringer

as



Cell Biochemistry and Biophysics (2018) 76:411-431

422

~LODYLVIHMINLADASMAASISLAAIAY ISHIVIMIAINSI VIO
-OYAAAONADIIS IOAAVADASANAN TADNIV V1A
“IHIAIALS TATNDSVIAVINAIA TANO LI TAAJOAO TISAT
“TASHIADHIWNAd TIAAdVdASTIASDOIDADI TAINANIHAATN
“NDAVAS TAAH THSYLOIVISINLIA VAN TISAAON TODHIN
-AVOAIDAD TLID TV ANHIAAIWAQE TIEN THASIO TSN ILVAL
“LAASASTIAIXIAATADITALITIATD XKLL IIHATITV T
TIADVVVAAVOTIAAMMIM SAVALSITIATOHAIOVO
DRIMVATIADTISMIDADVV.LAVY ADALINSASOADOTAIL
-AHOY IDIAWTAAALAODOAV TIAD TILOO TV AdHOMHAIVO
-SONYLVSINAddO TdADILAAd TMHLM SSIDOSSLOVAIIHAL

T01-8L ~LHdHISO T TOHddASVOSL 1dd9ddAdIDVOIDNOANS TAVO
LI~69 “TLOHLTdAIDS TDdLM VAT TALIOUSA THINIIOOd TALLL
“VLISLLADIVNHVHISASS LN TOIAHTISYOdOHOIV.L
89-¢¢ “VIdAVAO TM TIAAdAddOOVOIS INAAINVV A
SAALOHO TIATOOAODLASTOTS.LIY s S—¢h ~LIAAdII TIAd TOTTOA ADdOSAILOHO TAATOOAD
“TOSAAIMAAOIAIDTIAOLOLSAV T T -DLASTOISLIYTOSAAIMAAOAAID TIAOLOLSAV IATIO
“TOOAYTMHAZAdIOOADTOOY 1LOL oYY OF e -DAYTMHAZAdIOOAD TOOYTLO L TOAVOLINDINOAISTAVO
X ~LINDANOAAISHAVOLOYd 6C €61 8CI-LT ~LOYdVINOV MO TV IOMV TdAIOINIdDIMVIN 0€50¢d S| 9
09 6L-9S
49 $6-0S SYOOJAL
oW 6v-LE -DODYTIINIWAALS TAN TOATD T TOAT TINOTAL TMITAAOAD
OOYTIINWAALS TdN TOATD T TOAT 1d ATOSAOON THVALOL TIAHALSSYDOINNIATIS 1dHA
SIDFALTMITAAOADTTIOSAOON THV A 6C 9e-0¢ -OMAAATIALSOIOTOOSVIAAYADTY ADSIHAV TIOOAVH
x ~LOLTIAFALSSYOINNIATISTdHA 611 LS1-6L ~ADDIOLIOVI TASASINSS S TSAOJANOV TN AL TAMON 19150d pug S
LL=€9
oty SYOOJAL
oW e -DOOY T INWAALS TdN IOATO T TOAT IINOTAL TMITAAOAD
OMAAATIALSOAOTOOSY 1d ATOSAOON THVALOL TIAHALSSYDOINNIATIS 1dHA
-AJAOTVADSIHAVTIOOAVHADIOLIO €679 -OMAAATIALSOIOTOOSVIAAYADTY ADSIHAV TIOOAVH
X -VTASASINSSSTISAOJANDVINIALTAMD ST91 8L-T -ADDIOLIOVI TASASINSSSTSAOAANOV TNMAL TAMOIN 19150d 8] ¥
TOAANYTOOANLISOIII TTHNNAV TINAADIN
“HIN TIMNO TLNIATLNS SdAId LW LHIIOSSV.LANIOd 1L
“TANLAFOAMSATHAIAIDONL IS TION I TH T IIM
“HISMNTAVHANIADHALAHLANVILYVHA A TIOMAANHIO
“HANAV TIIHV IO A ATALNON TIAO TIHANYANdHLOFO
-HVMVAVISOOS TISAIAO TS LALLOOSSS TY TTA.LHIA
-SIHOTAV VAINDIN TIHAANALIIINYIOAA TLIAATLYHALAN
AT TEINTM IO AN TIOA TTILS VIOV ADAADLIV
“VINSVADATAAYIHANA ISIHAT IOLLN TdHISAAAIINTAL
~LIdAHOV TIOdHTA TIYOT AT THONSSILLO S AA TAHALLV.L
“NASHIASIHY LNOO TSAAHIAWIH TIAS LAV AIOAIOMONHO
A -AVATINVIAALTIAOTOUS TSOSAdNADS MAIdONTY
-OADSIVOSIID LI ANATINYIdOTAdIAd TSOLY VHALLADIS
Yo-Lv “MTAALYO ASIOHAI Y TAVIFANAdH TAFHLOA TSAI0HA
oW op—LE ~AITHIVVOIAL TIAASODAIOIAYNINOIIIAIHAIONT Y
HISAAIIINIFLLIdIHOV'T “THNNOOAAQY TATTHISHd TOAVNSIIT TALATSOOdDIHN
~IDdTTATIIOHATTHONSSIDLLOMAA ~ OC 9€79¢ TIAMHILLLAFAIVA TIAINIHN TN TAZITINOAAAdY TASIN
X “THHALLVINASHIAIHV.LNOOTSAAHIAIN ST-LI S8€-60¢ NAAMIVATADLAIIHIDYIANY LVOOO TIAS TIMTHNSLSOWN  ZAHN60O pug ¢
Jrgyoxd
a Tejod requrs
PIsm urewop gpoidrun
WId (aseqere(] 101dIu() WOIJ) PaynNuapI urewoq dD Juowidery urewo(q urdj01d Anug  suoneondng #

(panunuoo) € 3jqe]

pringer

As



423

Cell Biochemistry and Biophysics (2018) 76:411-431

DAJIIAd TMHLMSSIDOSSLOVA
-4IHAJLHIHISO TITOHAIASYOS.L1ddad
-dAdADVOIDINOANSTAVOTLOHLIIAID
-STOALMVATTALIOISATH INIIO

LILVILISLLADSIVN
“HVADSASSLINTOJAHTISYOdOHOIV.L

“VIdAVAOTM TIAAdAd
-dDOVOIS INAJINYVALIAAdHA TIAd

YL
[43
w
6C
€l

89
09
[43
6C

SOI—68
¥8-19
09-0¢
610
6¢-1¢
0e=SI

¥8-0L
69-1¢
0s—1¢
0e-1¢T
011

1€€-LTC

cceo6el

VOAIODIVVASOIAVIOVISALLSdD TAAID
“VdHAAVYV.LTISOSANdAdOLddAVOOVYVOIdAdAD
-DDIANNAATHAJAOVAd TV TINT AT Y THLASIIAOIN TIM
-DASN TV A TOATOAVAON TINDOY TAAAIASNAADIAd
-LODYLVIAMINLADASMAASISLAAIAY ISHIVIMIAINSI VIO
-OYAAAONADIIS IDAAVADASNNAN TADNIAV V' IA
“AHIAYLS TAFANDSVIAVINAIATAO LI TAAIOAD TISA'T
“TASHIAOHIWAd TIAAdVdASTITSOOIDADI TANANIHAITS
-NDAVAS TAAI THSYLOIVISINLIA VAN TISAAON TODHIIN
-AVOIIDAD TLID TV ANHIAAINA QY TIAN THASIO TSN TLVAL
“LIASASTIAIAIAA THOUTALIHIAID AL NIHA T TV T
TIADVVVAAVOTIAAMMAM SAVALSIIIATOHAIOVO
DMV TIADISMIDADOVY.LAVY ADALINSASOADOTAIL
-AHOY IDIAWTAAALAODOAV TIAD TILOO TV AdAOMHAAVO
-SONYILVSINHdID TdADAdLAAD TMHLMSSIDOSSLOVAIHAL
-LHdHISO TITOHddASVOSL 1dHdddAdADVOIDINOANS TAVO
“TLOHLTdAIDS TOdLM VAT TALIOYSATHINIJOOJ TALLL
“VLISLLADMVNHVADSASSLINTOJAHTISYOIOHOIV.L
“VIdAVAO TM TIAAdAddDOVODS INAILNVY VA

-LIAHdAT TIAd TOTTOA ADIOSAALOHO TIATOOAD
-DLASTOTSLINTOSAAIMAAOIAID TIAOLOLSAV THTIO

DAY TMHATIIIOOAO TODY TLOL TOYVOLINDINOAAISHAVO
~LOUdVINOV MO TV IOMV TdAYONIIDIMVYIN

VOAIODdVVASOIAVIOVISILLSdD TAAID
“VdHAAVVLIDSISAIdAdOLddAVOOVVOIdIdAD
-DDIANNAA TAAdAOVAd TV I TINA TATY TALASIAAOIN TAM
-DUSIN TV A TOATOAVAON TINDOY TAAATASNAA DI Ad
~LODYLVIHMINLADASMAASISLAAIAY ISHIVIMIAINSI VIO
-OYAAADONADIIS IOAAVAIASWNAN TADNIV V1A
“IHIAYALS TAFADSVIAVINAIATAO LI TAAIOAD TISAT
“TASHIAOHIWAd TIAAdVdASTITSOOIDADI TAINANIHAITS
“NDAVAS TAAH THSYLOIVISINLIA VAN TISAAON TODHIN
“AVOAIDAD TLID TV ANHIAAIWAQY TIEN THASIO TSN ILVAL
“LAASASTIAIAIAATHOUTALIFIAIO XY LA IIIHA T TV T
TIADVVVAAVOTIAAMMIM SAVALSITIATOHAIOVO
DNIMVATIADTISMIDADVV.LAVY ADALINSASOADOTAIL
-AHOY IDIAWTAAALAOOOAV TIAD TILOO TV AdHOMHAIVO
-SONYLVSINHddO TdADAdLIAd TMHLMSSIOOSSLOVAIIHAL
-LHdHTSOTITOHddASVOSL1dIdddddADVOIDINOANSTAVO
“TLOHLTIAIDS IDdLM VAT TALIOUSA THINIIOOd TALLL
“VLISLLADMVNHVHISASSLINTOJAHTSIOdOHOIV.L
“VIdAVAO TM TIAAdHddDOVOODS INAALNVY VA

-LIAIdAT TIAd TOTTOA ADIOSALLOHO TAIATOOAD
-DLASTOTSLIMTOSAAIMAAOTAAD TIAOLOLSAVTATIO
DAY TMHATIIIDOAO TODA TLOL TOAVOLINDINDAAISHAVO
~LOUdVINOV MDD TV IOMV TdAIDNIIDAMVYIN
VOAHODIVVASOIAVIOVISILLSdD TAAID
“VdHAAVV.LTISOSANdAdOLddAVOOVYVOIdHdAD
-DDIANNAA TEAJIOVAd TV I TINT TATY THLASIIAOINTIM
-DUS TV A TOATOAVAON TINDOY TAAATASNAA DI Ad

0es0ed

0es0¢ed

pIig 8

pug L

NId

(aseqere(] 101dIu() WOIJ) PaynNuapI urewoq

dd

Jrgyoxd
refod refrurs
IM urewop

juowder]

urewo(q

uraj01d

a>poidiun
Anug

suoneordng #

(panunuoo) € 3jqe]

pringer

as



Cell Biochemistry and Biophysics (2018) 76:411-431

424

NId Aq paideooe jou urdjold X ‘INId Aq perdeooe opndod 4 ‘surerord 9seasip sniia
e[oqg yum pajeiqies werdoid NI U], (sapudad/suivuioq) pId ‘Urewiop JUIIp © s urajold swres oy jo uonnadoy suonvondn ‘(uonoss uefd 1s91) pajeroudd A[reonAeue jurod [eonu) 4o

(9107 AInf ¢ passadoe eyep {(]) SnIIA ejoqq PIm Junoerour surjord uewinyg

TINTTATI TALASIIAOIN THMOISIN IV A IO
-ATOAVAOT TINDOY TAAATASNAA

VOAHODdVVASOIAVAOVISALLSdD TAAID
-VdHAAVVLTISOSAIdAdOLddAVOOVYVOIdAdAD
-DOHANNAATIAAJAOVId TV TING 1A TALASIIAOIN TAM
SDUASINTVAIOATOAVION TINDOY TAAAIASNAADI A
-LODYLVIAMINLADAS MAASISLAAIAY ISHIVIM AN VIO
-OYAAAONADIIS IDAAYADASNAN TAONAV V' IA
“IHIAILS TAHADSVIAVINAIA TAO LI TAAIOAD TISA'T
“TASHTAOHMNAd TIAADVIASTITSOOIDADI TANANIHAIAN
“INDAVAS TAAATASYLDIVIINLIAVAN TISAAON TOOIN
-AVOIIDAD TLID TV ANHIAAINAQE TIAN THASIO TSN TLVAL
“LIASASTIAIAIAA THOIHALITIATD A LA NIHA T TV T
TIADVVVAAVOTIAAMMAM SAVALSIIIATOHAIOVO
-OdIMVATIADISMIDADVVILAVVAIALINSASOADOTAIL
-AFOYIOIANTAHALAOOOAV TIAD TILOO TV IdHOMHAIVO
-SONYILVSINHdID TdADAdLAAD TMHLMSSIDOSSLOVAIHAL

-DdAdLODYLVIAMINLADISMAASISLAA LT-SLI -LHdHTISO T TOHddASVOSL IdHAddAdADVOIDINOANS TAVO
“AAVISHIVIMIAJNIVIIOOYAAA bLI-Lb “TLOHLTdAIDS IOdLM VAT TALIOUSA THINYIOOd TALLL
SONADIS IDAAV ADASINAN TADNIVY V1A “VLISLLADMVNHVHDSASSLINTOJAHTSYIOdOHOIV.L
“IHIANLLS TAHWOSVIAVINAIA TANOLA TAA w 9—0¥ “VIdAVAOTM TIAAdIddOOVODSINAILNY VA
-dOAD TISA TTASHTADHINAD TIA 66-0¢ -LIAHdAT TAIAd TOTTOA ADIOSAALOHO TAIATOOAD
-AdVdISTIASOOID ADI TINANIHAATS -DLASTOTSLINTOSAAIMAAOIAID TdAOLOLSAV THTIO
“NDAVAS TAAI THSYLOIVIIANLIAVA 6C 6C¥e DAY TMHATIIIOOAOTODY TLOL TOYVOLINDINOAAISHAVO
VR SITISAAONTODHNAVOIIDID TLIDTVA €T11 L08-9€S ~LOUdVINDV MDD TV IOMV TdAIONIIDIAMYIN 0£s0¢d ns 01
VOAHODIVVASOIAVIOVISILLSdD TAAID
“VdHAAVV.LTISOSANdAdOLddAVOOVYVOIdAdAD
-DODIANNAA TAAdIOVAd TV I TINT TATY THLASIIAOIN TIM
-DUSINTV A TOATOAVAON TINOOY TAAATASNIADIAd
-LODYLVIAMINLADASMAASISLAAIAY ISHIVIMIAINSIVIID
-OYAAADONADIIS IOAAVADASWNAN TADNIAV V1A
“AHIAYMLS TAFADSVIAVINAIA TAO LI TAAIOAD TISA'T
“TASHIADHIWAd TIAAdVdASTITSOOIDADI TAINANIHAITSL
“NDAVAS TAAI THSYLOIVISIANLIA VAN TISAAONTODHIIN
-AVOIIDAD TLID TV ANHIAAINAQE TIH THASIO TSN TLVAL
“LIASASTIAIAIAATHOUTALIHIAIO XY LA IIHA T TV T
TIADVVVAAVOTIAAMMIM SAVALSIIIATOHAIOVO
DDIMVATIADTISMIDADVV.LAVY ADALINSASOADOTAIL
-AHOY IDIAWTAAALAODOAV TIAD TILOO TV AdAOMHAAVO
-SONYILVSINHIID TdADAdLAAd TMHLMSSIDOSSLOVAIIHAL
-LHdHISO T TOHddASVOSL IdHdddddADVOIDINOANS TAVO
09 c6-cc “TLOHLTdAIDS TOdLM VAT TALIOYSATHINIJOOJ TALLL
“VLISLLADIVNHVHISASSLINTOJAHTSIOdOHDIV.L
[4 vS—¥ “VIdAVAOTM TIAAdAddDOVODS INAALNVY VA
JIMVITd W ch—¢¢ -LIAIdAT TIAd TOTTOAADIOSALLOHO TAATOOAO
-AdTSMdDADVVLAVVADALINSASOADOT -DLASTOTSLINTOSAAIMAAOIAID TIAOLOLSAVTHTIO
-ATLATIOY IOIANTAHILADOOAVTIAD  OC ceee -DAATMHATIIIOOAD TOIY TLOL IDOYVOLINDINDAIISHAVO
X % “TILOO TV IdHOMHAAVOSONILYSINAd 8 8TH—9¢€E ~LOUdVINOV MDD TV IOMV TAAIDNIIDAMVYIN 0€s0¢ed ny 6
Jrgyoxd
d a Tejod requrs
Im urewop gypoidiun
WId (aseqere(] 101dIu() WOIJ) PaynNuapI urewoq dD Juowidery urewo(q ura0ld Anug  suoneondng #

(panunuoo) € 3jqe]

pringer

As



425

Cell Biochemistry and Biophysics (2018) 76:411-431

“ASSAVSSLIMI TADLYAAd V' INAN TM TADHLAS TAAN TAAVITASdAIH
“HITIAAVAA TISYNINALLAVANLIAGAONd TIVIOANAM LANLIA
-LIOSVSNNTIHIOANHANSINAD TTANId LLINOSATASHISSHLY TL
“NAATLAAOANOI TTTVOVOHOIV LAV SHASHIAM TAHA TI AHINSSAID
“LIIDAALLAIASY TOY TAASIAAOLOSANSSLTOULOOS TLAAd TA TIHSTIO
“HOAIISYSNHAOIIANHISYAANTHAN Y.L

-DOVSAS TASOASIDOHLINAOMILLIMIHHSINO TA INYAL
-DAHIAYLLOFOSYATHOASNNLSSOLSSAUV TASTAINSNIHIAS UM AVTS
“VHAAINSVISIOLAA INAHdHAHASILLAVOOUSSAHATTIA
SIOATAINNAALANOOH TdAAIM TAAILOINITMANALL TASSIS LY TA TV VA
-STOUADVVODIAISAHIAISIN TISINA S VHIALA N T TSYH INHIO
“LUTAX TANAIL DLI TN TAASAAVOAS A TIOMNd AL TAHLLASYLAD
-SSIAALSSNNSASTSOWLLNV THMOS TH TII TAAATIN TINDOHLAINAASIN
-ONIDON TANSAAT TANAI AY L TATATLS LAL TAOVAATILODN L TH THY I
“NAOIALVALNIIINIAATY AV ANIANOAIINS AV SOODOSAHD
“TLNLSAITILY SNSIWINVINASHASAOANA JHAINDS AHSALNOTIHO
-ASINAYVA T TIASNSSOOLAM L TISV THIVAL TV VSIONIAIVd
-OODIAALISOIAJIOUDLLMSTISYNIMVSATHN M AV ASAIdNIOOdON VN
-SO0dOOHAIN TMAANIOATNDI TLY DI TdIDH TIHV MS AT TIO
“VIAALDLIOL VAV TINAOHA TASAM TS MU0 TLIN Y TIA TAD LALNNNIT
-SYTILILOTTAD IO TINOSALISAIAY VAISIWADLS S TIMMDAWHA
“4AAV SVHATINI TN VS TLILIY A IO Y TASL TAOSOd AN TOSAN TAAAIV L
-ONOANIVITd T TAAWAINY TALN TOA TOSLAIAD INY AL

€81-8G1 -OMAINTAS IO TAOIAV TV ISILOAQ TN TL IO TAADMNAD THHAOD
ST “Opl LST-TH1 “TYASHALHAVYV LIMOdATHALASIS YAV LOISVILOO TAAAIYAS TdVIN
S4LVIATSOd TOADNTAON MDA AIADSHALLAAdN TAIDDVSLANVIS
L “VV AV YNAAYSOF0dAY ALA TdAAS TALIDONAOWAY SY THADINIHA
el ol or1-0cl “ISIOVISISLM TIOO TOAIDOWHD U ASSIDAdINAINT TL INHAANA XA
TI1 ‘S0l 611-501 “SAHWADOAILAHNMNAANIADADIND AHIAdVIATA YAV INAN
B “ATALAASSOIALYHADAAASLHHM S VOH TISHIOAYTLA AINANSdAY S
66 Y0166 -VIDAVTIVED TLOANILAAd TOALIOAN THNE N ISASANIADJ TIAL T
86-16 MOV ASTANAISANTOH TIOHd AN LS A HAANAD TANIHIAVAMDLYTA
06-8L -V LVIANIHIS TASITNLS A TddHA THAII M TTININD TddAONEMIAS
“NTOdLINIASLASAMSOOSAIAHNVISASAADALAAIAII TV I TALYH
9L LL799 SIAMOIVLASHTAJHO MHIOISA T TOOd LNA TAI TLIHAT IO VO
19 <976 -SANTVINALIHA TLHNAY THNOL TAIO M YA LAN SO TOIN VI Tdd TN
ONTAOMNOAATIOSHALLAA 5 -ADASOTS TIAAOSOA TNSATIANIAASIAdAATAVINSI TLINAYOLI 1A
~dNTAIDDVSLAMYISYVAYY VNAAVSOH0dd 0s 1$-6¢ SIOWITAQY LSASAIHLHOOAVANAASYOAMANY VHAIOOLN Td TAISIIN
“VALATdIAS TALIDONAOWAY SYTIADLATHATSIO 8P 86-0€ -MAAAADADTIAITAAHAAM LSISNOAN TIOIIL TV TAA MATNOH TN
“VOSISLM TIOO TOAIDDNHOYASSIDAdINAINA TL . -DOISSTIMAOAHAAADAAOVOANN TAAN T TVAOWLAMITHAA TIO0DYdHA
~INHdANAAAQSAHINADOJLLAHNMNAANNADAD 6¢ 6CTt -dDAONOSTY N TIAdAAI TLY AAAS TANLALAQAN TIAIHN
, “INDAALAdVIAAAYAY INANA TALAA 111 ~dTIONYTOINISASSATOIVILATADOATAISS TAVAdAOLHOLYIN 81£500 8] 4
801
L6 LT1-S6
76-L8
98-6L
9L 8,89
19 L9-8S
s LS—6¥
[t 8t
e8¢ DO TLAIDAOTOAADAMOIATNASAdAd I TISIODV AAIADASATHIAIAY VA
3 ~OAIdAMILLION TV OOdSADAV ISVOAAVHIA ISNSAND TIOIAOA TOHAV.L
Leve -DADd THAAWINY TANVSIAd I DANTAL ISLLSN INNAVAIASOJALAA
DIIOTLIOAOTOAADAMDIATNdSIIAIAISIODV I o€ €12 SASABIOYIVSHIATSdOdddODHAVMAVALYVV.LY.LVIOLLNATIAAN
“IADYSATHIAIY VAOAIIAYNLIO . “VAIWAVIAINTISSILIVINA A A TONT TS LINOT ISHSVILOOOAALYTS
-ITVD0dSADEVISVOJAVHIA TSNSAIO TIDIA 61 981 -V 1LOAAHZISHNOIdALOLOSNYLIINI N LOOIWOS VA IOANNHIA
x -OATOHAVLOADd THAAWINI TANVSIAd D -DAIASAIIID LN TOASIMOS TAIOINIANOLLY V.LHOIONLILLIN LTIS0O I
9qyoxd
a Tejod refruts
s urewop aypoidrun
WId (aseqeie(q 101J1u) WOLJ) PIYNUIP! urewoq dD Juowider| urold Anug suoneordng #

surajoid sniia e[oq [8oy ¢ d|qel

pringer

as



Cell Biochemistry and Biophysics (2018) 76:411-431

426

NId Aq paidoooe jou urjoild X ‘NI Aq perdeooe opndod 4 ‘surejord 9seasip sniia
e[oqg yum pajeiqies werSoid NI oY, (sapudad/suivuioq) pId ‘Urewiop JUIJIp e yiim urajold swres oy jo uonnadoy suonvondn( ‘(uonoss uerd 1s91) pajeroudd A[reonAeue jutod [eonu) 4o
(910 1sn3ny £] Passadoe viep (0]) surajold sniia ejoqd [e9Y

A TOAA TS TIOLTIAIT

SIAISAOWIH TA TLOA TIMAIINDAATHATINDAST TAd TILAIVO
“MIONHNTYOAT AN TAANA TILIEON V. LILHALOLISOYOONAA
“NLTHIEY A THY THOLISA TAOINSAA INAYHA TANH ISIAD TIIAS THTHO
-AVAOLTHS TMAISAOIOTO TV L TIAONOS THNOHd WY LLS TANL TO TAM
-ASSYVSSLIAMI TADLVAAdY INAN TM TADALAS TAAN TAAV I TASATH
“HTTIAAVAA TISUNINHLLAYANLIAFAONd TIVIOANAMLINLIA
-LIOSVSNNTHHIOANHANSINAD TTN¥d LLNOSATASHISSHLY 1L
“NATTLAAOANMOI TTTVOVOHADAV LAV SASHHM TAHA TIAHINSSAID
“LIYDAALLAIASY TOY TANSIHAOLOSANSSLTOULOOS TLAAd TA TIHSIIO
-HOAYISVSNHAOIM ANHISYAANTHINY L
-DDVSASTASOASIDOHLNAOMILLIMIHHSNO TAINYAL
-DAHIAYLLOFOSYATHOASNNLSSOLSSAAV TANANSNIHISAMAVTS
“VHAANSVLSMOLAAINAHIHAHASILLYAVOOUSSAHATTHA
SIOATANNAJLINOOH Td A AIM T ALLOYNITMANALL TASSIS LY TA TIVVA
-STOYADY VOOIAISAHAAISIW TISIWAS VHIALI N TIY 1SYHd INHIO
“LLTAA TN TL LI TLIND TA ASAAVOAS A TIONdAL TAHLIASYLAD
-SSIdALSSNNSASISONLLIV THMOS TH T TATHIN TINOOAAINAASIN
-ONTOON TANSAAT TANHI AYL TATATLS LAL TAOVAATILODNL THTHV Y
“NAOIALVALNYANIAATY AV ANIANOAIINSAYVSOODOSAHO
“ILNLSAITILY SNSWINVINASHAS AOANAYHAINOS AHSALNO TIHO
“ASINAYVA T TIASNSSOOLAML TISV THIVAY TV VSOV
-ODDIAALISOIAIIOADILMSTISYNdMVSATHIMAVASAIINIDOIONVN
-SO0dOOHAIN TMAASHOATNDI TLYOI IO TIHY MSAT A TIO
“VIAALDLIOL VAV TIINAOHA TASAM TS M IO TLI A TIA TAdLALNNNIT

561 8I 6617El -SYTILILOTTAD IO TINOSALYSAIAY VAISINALSS TIMIDANEA
€€1-8C1 “HAAY SVHATLNI TN VS TLILYN A IO Y TS L TAOSOd AN TOSANTAAAIV.L
ol LZ1-611 -ONOANAVITd TA TAAWHINY TALN TOA TOSLAdAD INY AL
-OMHINTAS TODTAOIAV TV ISILOAQTIN O TL IO TAIDOINAD THHAO
8IT-¢T1 “TRAASHALHAY V LIOJATHALASISYAAV.LOISVILOO TAAAIVAS TdVIN
Z11-801 “4LV.LATISOdTOADNTAOMM DA AIIDSHAILAAdN TAIDDVSLANVIS
. “VV AV VYNAAVSOH0HAYALA TdAAS TALIDONAOWAY SY THADINIIA
<019 L01-88 “ISIOVOSISLM TIOO TDAIDOWHOUASSIOAdINAINA LL INHAANA AQ
L8 L83 “SAHWADOAILAHNMNAANIADADIND AHIAd VIATA YAV INAN
“AT1ALAASSOIALYHADIAASLHHM S VOH TISHIOAYHLA AINANSAAY
€8 €808 “VIDAVTIVEY TLOANYLAAd TIDLLIDAN TAN AN ISASINYAO TTAH T
€L 6L—€L MOV ASTANAISANAOA TAOAdAYNLSANHAINAD TANIHIA Y AMDLITA
29 -V LY AAEIS TASINLSA TddHA THAIAM TTININD TddAONIMIAS
“NIOdLINIASLASAMSOOSAIAHAVISASAAD ALAAAIII TV I TALVH
09 €9-LS SIAMOIVLASHTAIHOMHIOISA THY TOOdLNA TII TLYHATAIO VO
s 95—t -SAN TV IWALIHA TLHNAY THNOL TAIO M YALAN SO TOIN VIO Tda TN
D TAMASSIAVSSLIANITADLYAAdV INAN TM TADHL ; -ADASOTISTIAADSOA TNSATIANIAASOAdAATAVINSI TLLNAYOLI 1A
“ASTIANTAAVITASAAIHH T TIAAVAAT [44 eree SIOWITAQY LSASAIHLHOOAVANAASYOAMANY VHAIDOLN Td TASIIN
SSISANINALLAVANLIAFAONd TV IOANAMLINLIA 67 €t “MAAAADADTIAITAAHAAMLSISNOAN TIO NI LTIV TAA MATNOH TAHAN
-~LIOSVSNNTIHIOANHANSINAD TTAN YA LLINDSAIAS _ -OOISSTHOAHAAADAIOVOANT TAAN TATYAOWLANIHATAOODIdIA
-HISSALY TLNAL TLIADANOITTTVO < @l -dDAONDSTY N TIAdAIAAI TLY AdAQS TILALAQAN TIAIHN
X S -VDHDAVILAVSMASHIAM TAHA TIAHNSSAIOLIY 01-¢ £002-S081 ~dTIONYTOINISASSATOIVILATADOATAISS TIVAdAOLHOLYIN 81500 pug €
AIATOAdA TS TIOLTIAIT
SIAFISAOWIH TATLOA TINAAINDAIHATINDASI TAd TIAIVO
-MIONHITVOAITAIN TAANA TILIYON V. LILHALOLISOYOONAA
-NLTHIIEY I THY THOLISA IO SAA INAIHA TANA TSAAO TIIAS THTHD
-AVAOLTHS TMAISIOIOTO TV L TIAONDS THNOHd NN Y LLS TINL IO TAM
orgoxd
d a Tejod reqrurs b
s urewop apoidrun S0
NId (aseqeie(q 101d1U() WOIJ) PAYNuapI urewoq dD Juowider] urewoq urd01g Anug suoneordng # m
(=9}
(ponunuod) ¢ 3jqe] mm |



427

Cell Biochemistry and Biophysics (2018) 76:411-431

90SV880VOV
800AEIN
OHAMLTOVOV
006d6(
8AMdLD
S9LHTZA
PISATOD
LLINI6H
6D3INLD
864090
A THLA
7-864N190
€M9Z6H
clredLd
0TT061 GSSLED
681-181
081-291 £OANED
191051 06HAOV
6r1-1v1 LIAMITOVOV
OrI-S€El 60XN8STVOV
PE1-8CI1 TV.LDSO0VOV
LTI-¥11 87Z3A9D
€11-801 ONAOTH
101 ‘96 LO1-96 LLOd6L
S6-88 640M0M0VOV
98 L808 69:1ACAOVOV
6L—CL 0LIICIOVOV
89 ‘09 1,09 IVMILD
49 65-1S 9LOMISTVOV
[S a7 0S-6€ 0L TOVOV
8E-1¢ AQIHAAH
06-02 STHATIA “HAMIHISADOLIATHA WIHAILAMADAAOSIAD VO TANAAOIHOWADATHAD
61=b1 24SE0T0VOY -ADIANIIAIDAOTILAND ASATHIOANATODMOMS MIATV TOIAOSHASANHISHA
-HOYAOYSAFIOO N VIAHADAdITHAIA YJOHAAIAANAdIAIVAD A TAS
X X €19 IMPLENOVOY “AVVVIOOTTADALS INAIIALIIDAM AODTIHIAD TIAHNIIAHHIOA VAV LLMAT 0TCaNy 4
6L1-9%1
SPI-101
001-€9
54 79-6€ £9dz80
9¢ ‘7€ ‘1€ 8€-9C TANMOE VNOHAMASINAOVA
cz-71 OaDACH ] ~LOMANNMHINADSLHA TOAANNNIAHI THVAAV IOISIAOADAAADOVT
HOHINIV VI MAddAALYINM A AIIDONWNILLAIAAVIVIAS TIIM MADIIDOIAOAA
X X 11-s 9VS190 “AAL T INMIANAIMOIALAHAOSAIA ADIAVOV THLOAd SOOYLAALAA YIdAHOA ADIA €8TANY I
dA AdI
-14 -dH pauasur urajoxd
_ dryoid rejod refrurs NRYIUAS Jo Judwer)
WId dD Pim urejord JuowSer s gypoidrun Anug ura)oid ar #

surojoid oneyuks g Ijqer

pringer

as



Cell Biochemistry and Biophysics (2018) 76:411-431

428

(AdIdH) snaa

eoqy ypim Sunoerojul surjold uewny (JAFY) sutaioad sniia vjoqy pay INId Aq pardaose jou uraoid X ‘NId £q paadeooe urjoig A ‘(uonoss uerd 3sa]) pajerouasd A[eonAreue juiod [eonu) 4o

weidord NI 2y Aq pardeooe sursjord oneyiulg

It ‘LE
6C

¢
€€-LT
9C-L1
91-Cl

-

QUON
ZOAXESTVOV
€SdOLM
6MASED
L8A0OTH
TENAL
LATIED
60046(
8ATXOf
LOSVS880VOV
98vdcd
SAXITSTVOV
OAXILIOVOV
0XLN960VOY

1VAd6doOvVOV

AdOOHIDAIANAAMNTISIOOHNS TA TAI THIA TIMMDAVIODAOIN 9Y0ANY

o

dA AdI

et -dH

WId dd

dryoid rejod refruirs
i ujoxd Juswdery

pauasur uroxd
NRYIUAS Jo Juswer)
i gpordrun Anug

US| ar #

(panunuoo) g djqe]

pringer

As



Cell Biochemistry and Biophysics (2018) 76:411-431

429

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Breman, J. G., Heymann, D. L., Lloyd, G., McCormick, J. B.,

Miatudila, M., Murphy, F. A., Muyembé-Tamfun, J. J., Piot, P.,
Ruppol, J. F., Sureau, P., van der Groen, G., & Johnson, K. M. J.
(2016). Discovery and Description of Ebola Zaire Virus in 1976
and Relevance to the West African Epidemic During 2013-2016.
Journal of Infectious Disease, 214(suppl 3), S93-S101.

. Centers for Disease Control and Prevention, 1600 Clifton Road,

Atlanta, GA 30329 USA. http://www.cdc.gov/vhf/ebola/outbrea
ks/history/chronology.html. Accessed 10 Oct 2016.

. Polanco, C. (2015). Adaptability of the Ebola virus disease (Letter

to the Editor) Heeney LJ. Ebola: Hidden reservoirs. Nature, 527,
453-455. https://doi.org/10.1038/527453a.

. Mooney, G., & Gilson, L. (2009). The economic situation in

South Africa and health inequities. Lancet, 374, 858—859. https://
doi.org/10.1016/S0140-6736(09)61125-9.

. Black, D., & Black, J. A. (2009). Review of the Urban Devel-

opment and Transport Impacts on Public Health with Particular
Reference to Australia: Trans-Disciplinary Research Teams and
Some Research Gaps. International Journal of Environmental
Research Public Health, 6, 1557-1596. https://doi.org/10.3390/
ijerph6051557.

. Polanco, C., & Samaniego, J. L. (2009). Detection of selective

cationic amphipatic antibacterial peptides by Hidden Markov
models. Acta Biochimica Polonica, 56, 167-176.

. Polanco, C., Buhse, T., & Uversky, V. N. (2016). Structure and

function relationships of proteins based on polar profile: a review.
Acta Biochimica Polonica, 63, 229-233. https://doi.org/10.
18388/abp.2014_919.

. Dillon, N., & Sabbattini, P. (2000). Functional gene expression

domains: defining the functional unit of eukaryotic gene regula-
tion. Bioessays, 22, 657-665.

. Oldfield, C. J., Cheng, Y., Cortese, M. S., Romero, P., Uversky,

V. N., & Dunker, A. K. (2005). Coupled folding and binding with
alpha-helix-forming molecular recognition elements. Biochem-
istry, 44, 12454-12470.

UniProt Consortium. (2015). UniProt: a hub for protein infor-
mation. Nucleic Acids Research, 43(Database issue), D204-D212.
Polanco, C. (2016). Polarity index in Proteins-A Bioinformatics
Tool 2016, https://doi.org/10.2174/97816810826911160101,
eISBN: 978-1-68108-270-7, ISBN:978-1-68108-269-1 (Bentham
Science Publishers Sharjah, U.A.E).

Dawkins, P. (2007) Calculus I, p. 272. Accessed 09 Jan 2018.
Uversky, V. N., Oldfield, C. J., & Dunker, A. K. (2005). Showing
your ID: intrinsic disorder as an ID for recognition, regulation and
cell signaling. Journal of Molecular Recognition, 18, 343-384.
Dunker, A. K., Silman, I., Uversky, V. N., & Sussman, J. L.
(2008). Function and structure of inherently disordered proteins.
Current Opinion in Structural Biology, 18, 756-764. https://doi.
org/10.1016/j.sb1.2008.10.002.

Uversky, V. N., & Dunker, A. K. (2010). Understanding Protein
Non-Folding. Biochimica et Biophysica Acta, 1804, 1231-1264.
https://doi.org/10.1016/j.bbapap.2010.01.017.

Uversky, V.N., Dunker A.K. (2013) The case for intrinsically
disordered proteins playing contributory roles in molecular
recognition without a stable 3D structure. F1000 Biology Reports.
https://doi.org/10.3410/B5-1.

Uversky, V.N. (2010) The mysterious unfoldome: structureless,
underappreciated, yet vital part of any given proteome. Journal of
Biomedicine and Biotechnology. 568068, https://doi.org/10.1155/
2010/568068.

Uversky, V. N. (2013). Unusual biophysics of intrinsically dis-
ordered proteins. Biochimica et Biophysica Acta, 1834, 932-51.
https://doi.org/10.1016/j.bbapap.2012.12.008.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Uversky, V. N. (2015). Functional roles of transiently and
intrinsically disordered regions within proteins. FEBS Journal,
282, 1182-1189. https://doi.org/10.1111/febs.13202.

DeForte, S., & Uversky, V. N. (2016). Order, disorder, and
everything in between. Molecules, 21, E1090 https://doi.org/10.
3390/molecules21081090. pii.

Van der Lee, R., Buljan, M., Lang, B., Weateritt, R. J., Daugh-
drill, G. W., Dunker, A. K., Fuxreiter, M., Gough, J., Gsponer, J.,
Jones, D. T., Kim, P. M., Kriwacki, R. W., Oldfield, C. J., Pappu,
R. V., Tompa, P., Uversky, V. N., Wright, P. E. & Babu, M. M.
(2014). Classification of intrinsically disordered regions and pro-
teins. Chemical Reviews, 114(13), 6589-6631. https://doi.org/10.
1021/cr400525m.

Peng, Z., Yan, J., Fan, X., Miziantly, M. J., Xue, B., Wang, K.,
Hu, G., Uversky, V. N., & Kurgan, L. (2015). Exceptionally
abundant exceptions: comprehensive characterization of intrinsic
disorder in all domains of life. Cellular and Molecular Life Sci-
ences, 72, 137-151. https://doi.org/10.1007/s00018-014-1661-9.
Xue, B., Blocquel, D., Habchi, J., Uversky, A. V., Kurgan, L.,
Uversky, V. N., & Longhi, S. (2014). Structural disorder in viral
proteins. Chemical Reviews, 114, 6880—-6911. https://doi.org/10.
1021/cr4005692.

Disfani, F. M., Hsu, W.-L., Mizianty, M. J., Oldfield, C. J., Xue,
B., Dunker, A. K., Uversky, V. N., & Kurgan, L. (2012).
MoRFpred, a computational tool for sequence-based prediction
and characterization of short disorder-to-order transitioning
binding regions in proteins. Bioinformatics, 28, 175-i83. https://
doi.org/10.1093/bioinformatics/bts209.

Cheng, Y., Oldfield, C. J., Meng, J., Romero, P., Uversky, V. N,
& Dunker, A. K. (2007). Mining o-helix-forming molecular
recognition features (ax-MoRFs) with cross species sequence
alignments. Biochemistry, 46, 13468—13477. https://doi.org/10.
1021/bi7012273.

Vacic, V., Oldfield, C. J., Mohan, A., Radivojac, P., Cortese, M.
S., Uversky, V. N., & Dunker, A. K. (2007). Characterization of
molecular recognition features, MoRFs, and their binding part-
ners. Journal of Proteome Research, 6, 2351-2366. https://doi.
org/10.1021/pr0701411.

Mohan, A., Oldfield, C. J., Radivojac, P., Vacic, V., Cortese, M.
S., Dunker, A. K., & Uversky, V. N. (2006). Analysis of mole-
cular recognition features (MoRFs). Journal of Molecular Biol-
ogy, 362, 1043-1059.

Tokuriki, N., Oldfield, C. J., Uversky, V. N., Berezovsky, I. N., &
Tawfik, D. S. (2009). Do viral proteins possess unique biophysical
features? Trends Biochemical Sciences, 34, 53-59. https://doi.org/
10.1016/j.tibs.2008.10.009.

Giri, R., Kumar, D., Sharma, N., & Uversky, V. N. (2016).
Intrinsically Disordered Side of the Zika Virus Proteome. Fron-
tiers in Cellular and Infection Microbiology, 6, 144 https://doi.
org/10.3389/fcimb.2016.00144.

Whelan, J. N., Reddy, K. D., Uversky, V. N., & Teng, M. N.
(2016). Functional correlations of respiratory syncytial virus
proteins to intrinsic disorder. Molecular Biosystems, 12,
1507-1526. https://doi.org/10.1039/c6mb00122j.

Meng, F., Badierah, R. A., Almehdar, H. A., Redwan, E. M.,
Kurgan, L., & Uversky, V. N. (2015). Unstructural biology of the
Dengue virus proteins. FEBS Journal, 282, 3368-3394. https://
doi.org/10.1111/febs.13349.

Fan, X., Xue, B., Dolan, P. T., LaCount, D. J., Kurgan, L., &
Uversky, V. N. (2014). The intrinsic disorder status of the human
hepatitis C virus proteome. Molecular Biosystem, 10, 1345-1363.
https://doi.org/10.1039/c4mb00027g.

Dolan, P. T., Roth, A., Xue, B., Sun, R., Dunker, A. K., Uversky,
V. N., & LaCount, D. J. (2015). Intrinsic disorder mediates
hepatitis C virus core-host cell protein interactions. Protein

@ Springer


http://www.cdc.gov/vhf/ebola/outbreaks/history/chronology.html
http://www.cdc.gov/vhf/ebola/outbreaks/history/chronology.html
https://doi.org/10.1038/527453a
https://doi.org/10.1016/S0140-6736(09)61125-9
https://doi.org/10.1016/S0140-6736(09)61125-9
https://doi.org/10.3390/ijerph6051557
https://doi.org/10.3390/ijerph6051557
https://doi.org/10.18388/abp.2014_919
https://doi.org/10.18388/abp.2014_919
https://doi.org/10.2174/97816810826911160101
https://doi.org/10.1016/j.sbi.2008.10.002
https://doi.org/10.1016/j.sbi.2008.10.002
https://doi.org/10.1016/j.bbapap.2010.01.017
https://doi.org/10.3410/B5-1
https://doi.org/10.1155/2010/568068
https://doi.org/10.1155/2010/568068
https://doi.org/10.1016/j.bbapap.2012.12.008.
https://doi.org/10.1111/febs.13202
https://doi.org/10.3390/molecules21081090
https://doi.org/10.3390/molecules21081090
https://doi.org/10.1021/cr400525m
https://doi.org/10.1021/cr400525m
https://doi.org/10.1007/s00018-014-1661-9
https://doi.org/10.1021/cr4005692
https://doi.org/10.1021/cr4005692
https://doi.org/10.1093/bioinformatics/bts209
https://doi.org/10.1093/bioinformatics/bts209
https://doi.org/10.1021/bi7012273
https://doi.org/10.1021/bi7012273
https://doi.org/10.1021/pr0701411
https://doi.org/10.1021/pr0701411
https://doi.org/10.1016/j.tibs.2008.10.009
https://doi.org/10.1016/j.tibs.2008.10.009
https://doi.org/10.3389/fcimb.2016.00144
https://doi.org/10.3389/fcimb.2016.00144
https://doi.org/10.1039/c6mb00122j
https://doi.org/10.1111/febs.13349
https://doi.org/10.1111/febs.13349
https://doi.org/10.1039/c4mb00027g

430

Cell Biochemistry and Biophysics (2018) 76:411-431

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Science: A Publication of the Protein Society, 24, 221-235.
https://doi.org/10.1002/pro.2608.

Goh, G.K.-M., Dunker, A.K., Uversky, V. (2013) Prediction of
Intrinsic Disorder in MERS-CoV/HCoV-EMC Supports a High
Oral-Fecal Transmission. PLoS Currents. https://doi.org/10.1371/
currents.outbreaks.22254b58675cdebc256dbe3c5aa6498b.
Uversky, V. N., Roman, A., Oldfield, C. J., & Dunker, A. K.
(2006). Protein intrinsic disorder and human papillomaviruses:
increased amount of disorder in E6 and E7 oncoproteins from high
risk HPVs. Journal of Proteome Research, 5, 1829-1842.

Xue, B., Mizianty, M. J., Kurgan, L., & Uversky, V. N. (2012).
Protein intrinsic disorder as a flexible armor and a weapon of HIV-
1. Cellular and Molecular Life Sciences, 69, 1211-1259. https://
doi.org/10.1007/s00018-011-0859-3.

Goh, G.K.-M., Dunker, A.K., Uversky, V.N. (2009) Protein
intrinsic disorder and influenza virulence: the 1918 HIN1 and
H5N1 viruses. Virology Journal. 6, https://doi.org/10.1186/1743-
422X-6-69.

Morin, B., & Whelan, S. P. J. (2014). Sensitivity of the Poly-
merase of Vesicular Stomatitis Virus to 2’ Substitutions in the
Template and Nucleotide Triphosphate during Initiation and
Elongation. The Journal of Biological Chemistry, 289,
9961-9969. https://doi.org/10.1074/jbc.M113.542761.

Uversky, V. N, Oldfield, C. J., & Dunker, A. K. (2005). Showing
your ID: intrinsic disorder as an ID for recognition, regulation and
cell signaling. Journal of Molecular Recognition, 18, 343-384.
Romero, P., Obradovic, Z., Li, X., Garner, E. C., Brown, C. J., &
Dunker, A. K. (2001). Sequence complexity of disordered protein.
Proteins, 42, 38-48.

Peng, K., Radivojac, P., Vucetic, S., Dunker, A. K., & Obradovic,
Z. (2006). Length-dependent prediction of protein intrinsic dis-
order. BMC Bioinformatics, 7, 208.

Peng, K., Vucetic, S., Radivojac, P., Brown, C. J., Brown, C. J.,
Dunker, A. K., & Obradovic, Z. (2005). Optimizing long intrinsic
disorder predictors with protein evolutionary information. Journal
of Bioinformatics and Computational Biology, 3, 35-60.

Xue, B., Dunbrack, R. L., Williams, R. W., Dunker, A. K., &
Uversky, V. N. (2010). PONDR-FIT: a meta-predictor of intrin-
sically disordered amino acids. Biochimica et Biophysica Acta,
1804, 996-1010. https://doi.org/10.1016/j.bbapap.2010.01.011.
Sidney, S. (1956). Nonparametric statistics for the behavioral
sciences. Series: McGraw-Hill series in psychology. McGraw-
Hill, New York. p 346.

Carette, J. E., Raaben, M., Wong, A. C., Herbert, A. S., Ober-
nosterer, G., Mulherkar, N., Kuehne, A. 1., Kranzusch, P. J.,
Griffin, A. M., Ruthel, G., Dal Cin, P., Dye, J. M., Whelan, S. P.,
Chandran, K., & Brummelkamp, T. R. (2011). Ebola virus entry
requires the cholesterol transporter Niemann-Pick CI1. Nature,
477, 340-343. https://doi.org/10.1038/nature10348.

Kuroda, M., Fujikura, D., Nanbo, A., Marzi, A., Noyori, O.,
Kajihara, M., Maruyama, J., Matsuno, K., Miyamoto, H., Yosh-
ida, R., Feldmann, H., & Takada, A. (2015). Interaction between
TIM-1 and NPC1 Is Important for Cellular Entry of Ebola Virus.
Journal of Virology, 89, 6481-6493. https://doi.org/10.1128/JVIL.
03156-14.

Fitzgerald, K. A., McWhirter, S. M., Faia, K. L., Rowe, D. C,,
Latz, E., Golenbock, D. T., Coyle, A. J., Liao, S. M., & Maniatis,
T. (2003). IKKepsilon and TBK1 are essential components of the
IRF3 signaling pathway. Nature Immunology, 4, 491-496.
Tojima, Y., Fujimoto, A., Delhase, M., Chem, Y., Hatakeyama,
S., Nakayama, K., Kaneko, Y., Nimura, Y., Motoyama, N., Ikeda,
K., Karin, M., & Nakanishi, M. (2000). NAK is an IkappaB
kinase-activating kinase. Nature, 404, 778-782.

Sharma, S., tenOever, B. R., Grandvaux, N., Zhou, G. P., Lin, R.,
& Hiscott, J. (2003). Triggering the interferon antiviral response
through an IKK-related pathway. Science, 300, 1148-1151.

@ Springer

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

tenOever, B. R., Sharma, S., Zou, W., Sun, Q., Grandvaux, N.,
julkunen, I., Hemmi, H., Yamamoto, M., Akira, S., Yeh, W. C,,
Lin, R. L., & Hiscott, J. (2004). Activation of TBK1 and IKK?
Kinases by Vesicular Stomatitis Virus Infection and the Role of
Viral Ribonucleoprotein in the Development of Interferon Anti-
viral Immunity. Journal of Virology, 78, 10636—10649. https://
doi.org/10.1128/JVI1.78.19.10636-10649.2004.

Unterstab, G., Ludwig, S., Anton, A., Planz, O., Dauber, B.,
krappmann, D., Heins, G., Ehrhardt, C., & Wolff, T. (2005). Viral
targeting of the interferon-p-inducing Traf family member-
associated NF-kB activator (TANK)-binding kinase-1. Proceed-
ings of the National Academy of Sciences of the United States of
America, 102, 13640-13645. https://doi.org/10.1073/pnas.
0502883102.

Zhao, C., Denison, C., Huibregtse, J. M., Gygi, S., & Krug, R. M.
(2005). Human ISG15 conjugation targets both IFN-induced and
constitutively expressed proteins functioning in diverse cellular
pathways. Proceedings of the National Academy of Sciences of the
United States of America, 102, 10200-10205. https://doi.org/10.
1073/pnas.0504754102.

Okumura, A., Lu, G., Pitha-Rowe, 1., & Pitha, P. M. (2006).
Innate antiviral response targets HIV-1 release by the induction of
ubiquitin-like protein ISG15. Proceedings of the National Acad-
emy of Sciences of the United States of America, 103, 1440-1445.
https://doi.org/10.1073/pnas.0510518103.

Hsiang, T.-Y., Zhao, C., & Krug, R. M. (2009). Interferon-
Induced ISG15 Conjugation Inhibits Influenza A Virus Gene
Expression and Replication in Human Cells. Journal of Virology,
83, 5971-5977. https://doi.org/10.1128/JV1.01667-08.

Okumura, A., Pitha, P. M., & Harty, R. N. (2008). ISG15 inhibits
Ebola VP40 VLP budding in an L-domain-dependent manner by
blocking Nedd4 ligase activity. Proceedings of the National
Academy of Sciences of the United States of America, 105,
3974-3979. https://doi.org/10.1073/pnas.0710629105.

Park, I.-K., Giovenzana, C., Hughes, T. L., Yu, J., Trotta, R., &
Caligiuri, M. A. (2009). The Ax1/Gas6 pathway is required for
optimal cytokine signaling during human natural killer cell
development. Blood, 113, 2470-2477. https://doi.org/10.1182/
blood-2008-05-157073.

Hunt, C. L., Kolokoltsov, A. A., Davey, R. A., & Maury, W.
(2011). The Tyro3 receptor kinase Axl enhances macro-
pinocytosis of Zaire ebola virus. Journal of Virology, 85,
334-347. https://doi.org/10.1128/JVI1.01278-09.

Miihlberger, E., Weik, M., Volchkov, V. E., Klenk, H.-D., &
Becker, S. (1999). Comparison of the Transcription and Repli-
cation Strategies of Marburg Virus and Ebola Virus by Using
Artificial Replication Systems. Journal of Virology, 73,
2333-2342.

Basler, C. F., Wang, X., Miihlberger, E., Volchkov, V., Paragas,
J., Klenk, H. D., Garcia-Sastre, A., & Palese, P. (2000). The Ebola
virus VP35 protein functions as a type I IFN antagonist. Pro-
ceedings of the National Academy of Sciences of the United States
of America, 97, 12289-12294.

Basler, C. F., Mikulasova, A., Martinez-Sobrido, L., Paragas, J.,
Muhlberger, E., Bray, M., Klen, H. D., Palese, P., & Garcia-
Sastre, A. (2003). The Ebola Virus VP35 Protein Inhibits Acti-
vation of Interferon Regulatory Factor 3. Journal of Virology, 77,
7945-7956. https://doi.org/10.1128/JV1.77.14.7945-7956.2003.
Morin, B., & Whelan, S. P. J. (2014). Sensitivity of the Poly-
merase of Vesicular Stomatitis Virus to 2’ Substitutions in the
Template and Nucleotide Triphosphate during Initiation and
Elongation. The Journal of Biological Chemistry, 289,
9961-9969. https://doi.org/10.1074/jbc.M113.542761.

Uversky, V. N, Gillespie, J. R., & Fink, A. L. (2000). Why are
“natively unfolded” proteins unstructured under physiologic
conditions? Proteins, 41, 415-427.


https://doi.org/10.1002/pro.2608
https://doi.org/10.1371/currents.outbreaks.22254b58675cdebc256dbe3c5aa6498b
https://doi.org/10.1371/currents.outbreaks.22254b58675cdebc256dbe3c5aa6498b
https://doi.org/10.1007/s00018-011-0859-3
https://doi.org/10.1007/s00018-011-0859-3
https://doi.org/10.1186/1743-422X-6-69
https://doi.org/10.1186/1743-422X-6-69
https://doi.org/10.1074/jbc.M113.542761
https://doi.org/10.1016/j.bbapap.2010.01.011
https://doi.org/10.1038/nature10348
https://doi.org/10.1128/JVI.03156-14
https://doi.org/10.1128/JVI.03156-14
https://doi.org/10.1128/JVI.78.19.10636�&nobreak;10649.2004
https://doi.org/10.1128/JVI.78.19.10636�&nobreak;10649.2004
https://doi.org/10.1128/JVI.78.19.10636�&nobreak;10649.2004
https://doi.org/10.1073/pnas.0502883102
https://doi.org/10.1073/pnas.0502883102
https://doi.org/10.1073/pnas.0504754102
https://doi.org/10.1073/pnas.0504754102
https://doi.org/10.1073/pnas.0510518103
https://doi.org/10.1128/JVI.01667-08
https://doi.org/10.1073/pnas.0710629105
https://doi.org/10.1182/blood-2008-05-157073
https://doi.org/10.1182/blood-2008-05-157073
https://doi.org/10.1128/JVI.01278-09
https://doi.org/10.1128/JVI.77.14.7945�&nobreak;7956.2003
https://doi.org/10.1128/JVI.77.14.7945�&nobreak;7956.2003
https://doi.org/10.1074/jbc.M113.542761

Cell Biochemistry and Biophysics (2018) 76:411-431

431

63.

64.

65.

66.

67.

68.

Polanco, C., Samaniego, J. L., Buhse, T., & Castafién Gonzélez, J.
A. (2014). Discrete dynamic system oriented on the formation of
prebiotic dipeptides from Rode's experiment. ACTA Biochimica
Polonica, 61, 717-726.

Rhein, B. A., & Maury, W. J. (2015). Ebola virus entry into host
cells: identifying therapeutic strategies. Current Clinical Micro-
biology Reports, 3, 115—124. https://doi.org/10.1007/s40588-015-
0021-3.

Banerji, A., & Ghosh, 1. (2011). Fractal symmetry of protein
interior: what have we learned? Cellular and Molecular Life
Sciences, 68, 2711-27317.

Doolittle, R. F. (1981). Similar amino acid sequences: chance or
common ancestry? Science, 214, 149-159.

Banerji, A., & Ghosh, 1. (2011). Fractal symmetry of protein
interior: what have we learned? Cell Mol Life Sci, 68, 2711-27317.
Doolittle, R. F. (1981). Similar amino acid sequences: chance or
common ancestry? Science, 214, 149-159.

69.

70.

71.

72.

Pande, V. S., Grosberg, A. Y., & Tanaka, T. (1994). Non-
randomness in protein sequences: evidence for a physically driven
state of evolution? Proceedings of the National Academy of Sci-
ences of the United States of America, 91, 12972-12975.
Polanco, C., Samaniego, J. L., Castafién-Gonzélez, J. A., Buhse,
T. & Sordo, M. L. (2013). Characterization of a possible uptake
mechanism of selective antibacterial peptides. Acta Biochimica
Polonica, 60, 629-633.

Polanco, C., Buhse, T., Castafion-Gonzilez, J. A., & Samaniego,
J. L. (2014). Possible computational filter to detect proteins
associated to influenza A subtype HINI1. Acta Biochimica Polo-
nica, 61, 693—698.

Taubenberger, J. K., & Morens, D. M. (2006). 1918 Influenza: the
mother of all pandemics. Emerging Infectious Diseases Journal,
12, 15-22.

@ Springer


https://doi.org/10.1007/s40588-015-0021-3
https://doi.org/10.1007/s40588-015-0021-3

	On the Regularities of the Polar Profiles of Proteins Related to Ebola Virus Infection and their Functional Domains
	Abstract
	Introduction
	Material and Methods
	Evaluation of Polar Profile
	Metrics
	Critical Points
	Evaluation of Intrinsic Disorder
	Data Acquisition
	Human proteins interacting with Ebola virus
	Ebola Virus Proteins
	Synthetic Proteins
	Evaluation of Intrinsic Disorder Predispositions of Proteins in Three Groups
	Test Plan
	Synthetic Proteins

	Results
	Disorder Level Profile
	Polar Profile

	Discussion
	Conclusions
	Compliance with Ethical Standards

	ACKNOWLEDGMENTS
	Appendix
	References




