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Abstract
Infection by the Alkhurma virus (ALKV) leading to the Alkhurma hemorrhagic fever is a common thread in Saudi Arabia, 
with no efficient treatment or prevention available as of yet. Although the rational drug design traditionally uses information 
on known 3D structures of viral proteins, intrinsically disordered proteins (i.e., functional proteins that do not possess unique 
3D structures), with their multitude of disorder-dependent functions, are crucial for the biology of viruses. Here, viruses 
utilize disordered regions in their invasion of the host organisms and in hijacking and repurposing of different host systems. 
Furthermore, the ability of viruses to efficiently adjust and accommodate to their hostile habitats is also intrinsic disorder-
dependent. However, little is currently known on the level of penetrance and functional utilization of intrinsic disorder in the 
ALKV proteome. To fill this gap, we used here multiple computational tools to evaluate the abundance of intrinsic disorder 
in the ALKV genome polyprotein. We also analyzed the peculiarities of intrinsic disorder predisposition of the individual 
viral proteins, as well as human proteins known to be engaged in interaction with the ALKV proteins. Special attention was 
paid to finding a correlation between protein functionality and structural disorder. To the best of our knowledge, this work 
represents the first systematic study of the intrinsic disorder status of ALKV proteome and interactome.

Keywords  Intrinsically disordered protein · Alkhurma virus · Proteome · Protein structure · Protein function · Protein 
folding · Partially folded conformation · Protein–protein interactions · Interactome

Introduction

Infection with a tick-borne Alkhurma virus (ALKV), which 
is a representative member of the tick-borne encephali-
tis virus (TBEV) family of the Flavivirus genus, triggers 
Alkhurma hemorrhagic fever (AHF) characterized by 
high mortality rates (up to 25%) [1, 2]. AHF cases appear 
to peak in spring and summer. It is believed that among 
the natural hosts of ALKV are camels and sheep possess-
ing Ornithodoros savignyi ticks, which are known to be 
actively seeking multiple hosts. The first confirmed case 
of the fatal ALKV infection was reported in 1995, when a 
Saudi patient, who slaughtered a sheep, died of hemorrhagic 
fever [3, 4]. This case as well as several subsequent AHF 
cases reported from 2001 to 2003 were found in a particular 
region of Saudi Arabia, namely, Alkhumra district, south 
of Jeddah [5], which gave the name to the virus causing 
this malady. Subsequently, from 2003 to 2009, about 150 
patients in Najran region in the south part of Saudi Arabia 
were suspected as being infected with ALKV, showing an 
exponential increase in the number of potentially infected 
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subjects [2] and indicating that AHF should be treated as 
an emerging infectious disease. In fact, although originally 
AHF was exclusively found in Saudi Arabia, several tourists 
in Egypt were reported to have this disease, indicating that 
the geographic range of the virus distribution is broader than 
one country and that ALKV might represent a serious global 
threat. All these clearly indicate that the improvement of 
public health measures requires in-depth analysis of AHFV.

Although ALKV belongs to the well-known Flavivirus 
genus of the Flaviviridae family, which, in addition to the 
tick-borne pathogens, such as ALKV, TBEV, Omsk hemor-
rhagic fever virus (OHFV), Kyasanur Forest Disease Virus 
(KFDV), and Powassan virus and others, includes exten-
sively studied human pathogens transmitted by mosquitoes, 
such as Zika Virus (ZIKV), Dengue Virus (DENV), West 
Nile Virus (WNV), and Japanese Encephalitis Virus (JEV) 
[6–9], ALKV (and, as a matter of fact, other tick-borne fla-
viviral pathogens) are studied to much lesser degree than 
their mosquito-borne counterparts. As a result, specific 
characteristics of the tick-borne flaviviruses (including 
ALKV) continue to be poorly understood, and even for the 
most studied tick-borne viral pathogen, TBEV, majority of 
structural information pertaining to its infection is extrapo-
lated from the better-characterized mosquito-borne flaviviral 
pathogens [10].

Under the electron microscope, ALKV viral particles are 
characterized by a dark hexagonal core (capsid) and a trans-
lucent envelope, and have a mean diameter of ~ 41 nm [11]. 
Similar to other flaviviruses [12], ALKV has a positive-
strand RNA (+RNA) genome that contains an open read-
ing frame (ORF) which is flanked by 5′ and 3′ untranslated 
regions (UTR), that play important roles in viral transcrip-
tion and replication. In relation to the protein expression 
order, ORF of ALKV has the structure similar to ORFs of 
other flaviviruses: 5′-C-prM-E-NS1-NS2A-NS2B-NS3-
NS4A-NS4B-NS5-3′. This ALKV ORF encodes a single 
polyprotein, which is processed during maturation into 
three structural proteins (capsid protein C, membrane pro-
tein prM, and envelope protein E) and seven non-structural 
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). 
In ALKV, the genetic polyprotein has 3416 residues (Uni-
Prot ID: Q91B85), whereas mature proteins and peptides 
range in length from 23 residues (peptide 2k) to 903 resi-
dues (RNA-directed RNA polymerase NS5). Similarly, the 
length of the polyproteins of four serotypes of the dengue 
virus [e.g., DENV-1 (UniProt ID: P33478), DENV-2 (Uni-
Prot ID: P29990), DENV-3 (UniProt ID: Q99D35), and 
DENV-4 (UniProt ID: P09866)] ranges between 3387 and 
3396 residues [13], whereas ZIKV genomic polyprotein 
(UniProt ID: Q32ZE1) has a length of 3419 residues [14]. 
The closest relative of ALKV is KFDV (which is present 
in the southern Indian state of Karnataka), with these two 
viruses sharing 89% nucleotide sequence homology [15], 

and with KFDV polyprotein (UniProt ID: D7RF80) contain-
ing 3416 residues.

Despite clear danger of this virus, no efficient treatments 
or prevention of ALKV infection are available as of yet. 
Although rational drug design traditionally uses information 
on known 3D structures of viral proteins, it is recognized 
now that intrinsically disordered proteins (IDPs) or intrinsi-
cally disordered protein regions (IDPRs, i.e., functional pro-
teins or protein regions do not possess unique 3D structures), 
with their wide spectrum of functions dependent on disorder, 
are crucial for the biology of viruses. One should keep in 
mind though that the disorder enrichment of viral proteins 
(which show the widest variability of the disorder levels 
[16]) is not an exception, and IDPs/IDPRs are abundantly 
present in all organisms, for which proteome information 
is currently available [17–25]. Proteins and protein regions 
can show different degrees and depth of disorder [20, 22, 26, 
27], giving rise to an intricate view of structures of IDPs and 
IDPRs as highly dynamic conformational ensembles [17, 
19, 23, 27–30] with different levels of residual structure 
that can range from collapsed (molten globule-like), to par-
tially collapsed (pre-molten globule-like), and even highly 
extended (coil-like) conformations [20, 22, 26, 27]. Some 
of the major biological functions associated with IDPs/
IDPRs are related to the control and regulation of various 
signaling pathways, and intrinsic disorder is important for 
recognition and promiscuous binding to multiple partners 
[19, 22, 24, 27, 31, 32]. On the other hand, IDPs/IDPRs are 
incapable of catalytic activities, and thereby serve as a cru-
cial complement to the functionality of ordered proteins [29, 
33–37]. Pathogenesis of numerous human diseases is associ-
ated with the misbehavior of IDPs/IDPRs [38, 39]. Viruses 
utilize disordered regions of their proteins for invasion of 
the host organisms and for the hijacking and repurposing of 
different host systems. Furthermore, the ability of viruses to 
efficiently adjust and accommodate to their hostile habitats 
and to evade the immune system of a host is also intrinsic 
disorder-dependent. It is also likely that the disorder-based 
lack of structural constraints in viral proteins allows them to 
resist high rates of spontaneous mutations, which are typi-
cally attributed to viruses [40].

Our previous in silico studies showed many viruses (such 
as HCV [41], HIV-1 [42], various HPVs [43, 44], Zika virus 
[14, 45], respiratory syncytial virus (RSV) [46], Dengue 
virus [13], and MERS-CoV [47]) are not only enriched in 
IDPs and IDPRs, but commonly utilized these structure-less 
proteins and regions for various purposes [41–44]. Based 
on these considerations, we hypothesized that IDPRs can 
be found in key ALKV proteins and that these IDPRs might 
have important biological functions. Since the currently 
available information on the commonness and functional-
ity of intrinsic disorder in the ALKV proteome is rather 
limited, the goal of this study was to fill this gap and to 
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shed new intrinsic disorder-centric light on the biology of 
this important virus. To check the validity of this hypoth-
esis, we utilized multiple bioinformatics and computational 
approaches that allowed us to analyze the intrinsic disorder 
predisposition of the ALKV genome polyprotein. We also 
looked at the individual ALKV proteins to find and charac-
terize peculiarities of disorder distributions in their amino 
acid sequences and to see if structural disorder is related to 
functions of these proteins. We also characterized intrinsic 
disorder predispositions and disorder-based functionality of 
human proteins known to be engaged in interaction with the 
ALKV proteins. To the best of our knowledge, this study 
represents a first systematic analysis specifically dedicated 
to the evaluation of the prevalence of intrinsic disorder and 
assessment of the disorder-based biological functions of the 
ALKV proteome and interactome. Results of this research 
will form a foundation for subsequent studies aiming at the 
development of novel antivirals for the ALKV infection.

Materials and methods

Data set

We collected all complete genomes of the Alkhurma virus 
from UniProt [48] in July 2018. The query consisted of 
“Alkhurma virus” keyword as the organism and included 
both reviewed and unreviewed entries. Although consid-
ering reviewed entries assures that the query polyproteins 
are manually curated and that include functional annota-
tions, there is only one curated entry of ALKV (UniProt 
ID: Q91B85). Therefore, the search was extended to include 
unreviewed entries. This extended query returned 66 poly-
protein sequences, of which only 19 entries were full-length 
genome polyproteins (UniProt IDs: Q91B85, V9NZA4, 
V9NZB5, H8Y6L8, H8Y6M2, H8Y6M0, H8Y6L6, 
H8Y6L1, H8Y6K8, H8Y6K5, H8Y6L2, U5I905, H8Y6K7, 
H8Y6K6, H8Y6K4, H8Y6M1, H8Y6K9, U5IAE3, and 
A0A1S6VSX4), whereas remaining 47 hits were fragments 
of the viral polyprotein ranging in length from 2455 to 69 
residues that were excluded from the subsequent analysis. 
The selected 19 ALKV polyproteins corresponding to the 
different ALKV isolates from infected humans have a simi-
lar length of 3416 residues. Each polyprotein encodes 12 
protein chains, for which cleavage sites were annotated in 
the UniProt.

We also collected the sequences of genome polypro-
teins of Kyasanur forest disease virus (KFDV, UniProt 
ID: D7RF80), Zika virus (strain Mr 766, ZIKV, UniProt 
ID: Q32ZE1), and Dengue virus type 1 (strain Singapore/
S275/1990, DENV, UniProt ID: P33478) from UniProt 
[48] in July 2018. We found a set of 38 human proteins 
interacting with ALKV proteins using a protein interaction 

database and analysis system IntAct (https​://www.ebi.ac.uk/
intac​t/) [49] accessed on September 9, 2018. These mem-
bers of the ALKV interactome include Centrosome-asso-
ciated protein CEP250 (CEP250, Q9BV73), Myomegalin 
(PDE4DIP, Q5VU43), Cadherin-11 (CDH11, P55287), 
Aryl hydrocarbon receptor nuclear translocator-like protein 
1 (ARNTL, O00327), TATA-binding protein-associated fac-
tor 2N (TAF15, Q92804), Laminin subunit beta-2 (LAMB2, 
P55268), Mitotic interactor and substrate of PLK1 (MISP, 
Q8IVT2), Macoilin (MACO1 or Transmembrane pro-
tein 57 (TMEM57), Q8N5G2), E3 SUMO-protein ligase 
PIAS3 (PIAS3, Q9Y6X2), Leucine-rich repeat-containing 
protein 45 (LRRC45, Q96CN5), Amyloid beta A4 precur-
sor protein-binding family B member 1-interacting protein 
(APBB1IP, Q7Z5R6), Protein jagged-1 (JAG1, P78504), 
Protein NipSnap homolog 1 (NIPSNAP1, Q9BPW8), 
Myosin-9 (MYH9, P35579), Vimentin (VIM, P08670), 
α-enolase (ENO1, P06733), Protein scribble homolog 
(SCRIB, Q14160), Zinc finger and BTB domain-containing 
protein 17 (ZBTB17, Q13105), Vacuolar protein sorting-
associated protein 11 homolog (VPS11, Q9H270), Latent-
transforming growth factor beta-binding protein 3 (LTBP3, 
Q9NS15), Protein phosphatase 1 regulatory subunit 3E 
(PPP1R3E, Q9H7J1), G patch domain-containing protein 
2-like (GPATCH2L or C14orf118, Q9NWQ4), Deoxynu-
cleotidyltransferase terminal-interacting protein 2 (DNT-
TIP2, Q5QJE6), Phosphorylated adapter RNA export protein 
(PHAX or RNA U small nuclear RNA export adapter pro-
tein (RNUXA), Q9H814), AT-rich interactive domain-con-
taining protein 2 (ARID2, Q68CP9), Four and a half LIM 
domains protein 2 (FHL2, Q14192), Protein melanophilin 
(MLPH, Q9BV36), Thioredoxin domain-containing protein 
9 (TXNDC9, O14530), Zinc finger protein 135 (ZNF135, 
P52742), Heterogeneous nuclear ribonucleoprotein H3 
(HNRNPH3, P31942), Polyhomeotic-like protein 2 (PNC2, 
Q8IXK0), Protein Spindly (SPDL1 or Coiled-coil domain-
containing protein 99 (CCDC99), Q96EA4), MyoD fam-
ily inhibitor (MDFI, Q99750), Granulins (GRN, P28799), 
E3 ubiquitin-protein ligase TRIM21 (TRIM21, P19474), 
Ras association domain-containing protein 7 (RASSF7, 
Q02833), Calmodulin-binding transcription activator 2 
(CAMTA2, O94983), Mitotic interactor and substrate of 
PLK1 (MISP or C19orf21, Q8IVT2), and Kinesin-like pro-
tein KIF3B (KIF3B, O15066).

Amino acid composition analysis of ALKV 
polyprotein and mature viral proteins

Since contents of amino acids in sequences of IDPs/IDPRs 
and ordered proteins/domains are characterized by large dif-
ferences (with disorder-promoting residues A, G, R, D, H, Q, 
K, S, E, and P being more common in IDPs/IDPRs, which 
thereby contain less order-promoting residues, such as W, 

https://www.ebi.ac.uk/intact/
https://www.ebi.ac.uk/intact/
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F, Y, I, M, L, V, N, C, and T [50]), some important informa-
tion on the overall predisposition of a query protein to order 
or disorder can be retrieved form the comparative analy-
sis of its amino acid composition using a specialized tool, 
Composition Profiler [17, 51] (http://profi​ler.cs.ucr.edu). 
This approach utilizes calculation of a fractional difference 
between a given protein set (or a query protein), and a set of 
ordered proteins in terms of their amino acid compositions 
[17, 51]. This fractional difference is computed for each resi-
due as (C − Corder)/Corder, where C is the fraction of a given 
amino acid in a given query protein or a query protein set, 
and Corder is the fraction of this residue in ordered proteins.

Functional and structural annotations of ALKV 
proteins

We collected 19 types of structural and functional anno-
tations for the ALKV genomic polyprotein. They were 
collected from a variety of resources including multiple 
sequence alignment with Clustal Omega [52], UniProt [48], 
eukaryotic linear motif (ELM) resource server [53], and a 
set of prediction methods: PONDR® VLXT [54], PONDR® 
VSL2 [55], PONDR® VL3 [55], PONDR® FIT [56], and 
IUPred [57, 58] were used to annotate putative intrinsic 
disorder and ANCHOR was utilized to predict disorder-
based protein–protein interaction sites known as molecular 
recognition features (MoRFs) [59, 60]. These annotations 
include polymorphisms within and between different virus 
serotypes; cleavage sites (CLV); transmembrane regions 
(Trans); intramembrane regions (Intra); topological cyto-
plasmic, extracellular, and luminal domains (Topo-cy, 
Topo-ex, Topo-lu); functional sites; eukaryotic linear motifs 
(ELMs); intrinsically disordered protein regions (IDPRs); 
molecular recognition features (MoRFs).

Annotations of polymorphisms, i.e., changes in amino 
acid type between aligned polyproteins, are derived by run-
ning multiple sequence alignment with the Clustal Omega 
algorithm (https​://www.ebi.ac.uk/Tools​/msa/clust​alo/). 
Here, we considered three types of annotations: conserved 
positions, strong polymorphisms, and weak polymorphisms. 
The conserved positions have identical amino acid type 
across all aligned sequences. The strong polymorphisms are 
defined as substitutions that involve amino acid types that 
are strongly dissimilar based on PAM substitution matrix 
[61]; these are denoted by space symbol in the Clustal 
Omega output. The weak polymorphisms involve substitu-
tions of amino acid types that have similar physico-chemical 
properties; these are denoted by colon and period symbols 
by Clustal Omega.

Annotations of cleavage sites, transmembrane and intram-
embrane regions, as well as the three types of topological 
domains and functional sites were derived directly from Uni-
Prot for the reviewed UniProt entry for ALKV polyprotein 

(Q91B85). The functional sites are a union set of annotations 
of regions of interest, active sites, binding sites, other func-
tional sites (except for the cleavage sites), and nucleotide 
binding regions. In other words, a given position is anno-
tated as functional site if any of these annotations is true.

ELMs are short, usually between 3 and 11 residues in 
length, conserved functional sequence motifs [62] which are 
often found in the IDPRs [53]. We include annotations of 
all six types of ELMs as defined by the ELM server [53]. 
They include motifs that serve as proteolytic cleavage sites 
(ELM_CLV); post-translational modification sites (ELM_
MOD); motifs for recognition and targeting to subcellular 
compartments (ELM_TRG); generic ligand-binding motifs 
(ELM_LIG); degron motifs that are involved in polyubiquit-
ylation and targeting the protein to the proteasome for degra-
dation (ELM_DEG); docking motifs that correspond to site 
of interactions with modifying enzyme that are distinct from 
active sites (ELM_DOC). The ELM_DEG and ELM_DOC 
motifs are specific subtypes of the ligand-binding motifs that 
were introduced recently to improve discrimination of func-
tions of ELMs [53]. These annotations are parsed from the 
results of ELM motif search after globular domain filtering, 
structural filtering, and context filtering.

The putative intrinsically disorder residues were predicted 
using a set of commonly used intrinsic disorder predictors, 
such as PONDR® VLXT, PONDR® VSL2, PONDR® VL3, 
PONDR® FIT, and IUPred. PONDR® VLXT is the first 
computational tool for evaluating the intrinsic disorder pre-
disposition of a query protein. It is a neural network-based 
disorder predictor with high sensitivity to local peculiarities 
of the query amino acid sequence [54]. PONDR® VSL2B 
(which in the following text will be called PONDR® VSL2) 
is a fastest member of the PONDR® VSL2 predictor family 
[55], which is among the more accurate intrinsic disorder 
predictors [56, 63]. Based on the comprehensive assessment 
of in silico predictors of intrinsic disorder [64, 65], PONDR® 
VSL2 was shown to perform reasonably well. PONDR® 
VL3 was designed for accurate prediction of long disordered 
regions in query proteins [55, 66]. IUPred identifies intrin-
sically disordered protein regions (IDPRs) from the amino 
acid sequence alone based on the estimated pairwise energy 
content [57, 58]. This algorithm has two implementations, 
IUPred_short and IUPRder_long, designed to predict short 
and long IDPRs, respectively. A meta-predictor, PONDR® 
FIT, is based on the combination of the outputs of six indi-
vidual predictors, such as TopIDP [50], PONDR® VSL2 
[67], PONDR® VL3 [55], PONDR® VLXT [54], IUPred 
[57], and FoldIndex [68]. Although component predictors 
are characterized by different accuracies, their combination 
makes PONDR® FIT relatively more accurate than its most 
accurate components [56].

Furthermore, in addition to the use of this set of six dis-
order predictors, all predictor-specific per-residue disorder 
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profiles were averaged to generate a mean per-residue intrin-
sic disorder profile of a given protein, and this mean disorder 
profile was also added to the corresponding plot. Use of 
consensus for evaluation of intrinsic disorder is motivated by 
empirical observations that this approach usually increases 
the predictive performance compared to the use of a sin-
gle predictor [65, 69, 70]. The outputs of the evaluation of 
the per-residue disorder propensity by these tools are rep-
resented as the real numbers between 1 (ideal prediction 
of disorder) and 0 (ideal prediction of order). A threshold 
of ≥ 0.5 was used to identify disordered residues and regions 
in query proteins, whereas residues/regions characterized 
by the disorder scores ranging from 0.2 to 0.5 are classified 
as flexible.

Analysis of the interactability of the members 
of ALKV interactome

We analyzed the interactability of human proteins shown to 
interact with ALKV proteins using the APID (Agile Protein 
Interactomes DataServer) web server (http://apid.dep.usal.
es) [71]. APID has information on 90,379 distinct proteins 
from more than 400 organisms (including Homo sapiens) 
and on the 678,441 singular protein–protein interactions. 
For each protein–protein interaction (PPI), the server pro-
vides currently reported information about its experimental 
validation. For each protein, APID unifies PPIs found in five 
major primary databases of molecular interactions, such as 
BioGRID [72], Database of Interacting Proteins (DIP) [73], 
Human Protein Reference Database (HPRD) [74], IntAct 
[75], and the Molecular Interaction (MINT) database [76], 
as well as from the BioPlex (biophysical interactions of 
ORFeome-based complexes) [77] and from the protein data-
bank (PDB) entries of protein complexes [78]. This server 
provides a simple way to evaluate the interactability of indi-
vidual proteins in a given data set and also allows research-
ers to create a specific protein–protein interaction network in 
which proteins from the query data set are engaged.

Results and discussion

Intrinsic disorder predisposition and functionality 
of the ALKV proteins

Similar to all other members of the Flavivirus genus of the 
Flaviviridae family, translation of the ALKV genome pro-
duces a single polypeptide, an ALKV genomic polyprotein 
containing 3416 residues. This polyprotein is subjected to 
the proteolytic processing to give rise to three active viral 
structural (highly basic capsid protein C, membrane pre-
cursor protein prM, and envelope protein E) and seven 
non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, 

NS4B/2k, and NS5). All the structural proteins, i.e., proteins 
playing various roles in the structural organization of the 
virion, are found within the N-terminal part of the polypro-
tein. On the other hand, all non-structural proteins, which are 
crucial for the control, coordination, and regulation of the 
various intracellular processes associated with the different 
stages of the virus life cycle are localized within the C-ter-
minal part of the ALKV polyprotein. Since no structural 
information is currently available about any of the ALKV 
proteins, we utilized a series of computational tools to gain 
some knowledge on their structure–function relationship and 
on the potential roles of IDPRs both in the ALKV genomic 
polyprotein and mature ALKV proteins.

Amino acid composition peculiarities of the ALKV 
polyprotein and mature viral proteins

First, we looked at the amino acid compositions of the 
ALKV polyprotein (UniProt ID: Q91B85) and mature viral 
proteins. This analysis was conducted based on the impor-
tant observation that the amino acid compositions of IDPs/
IDPRs are noticeably different from the compositions of 
their ordered counterparts. An illustrative example is given 
by the so-called natively-unfolded proteins/regions (or 
extended IDPs/IDPRs), which contain very high disorder 
levels and lack almost any residual structure [17, 20, 22, 
27, 79–81]. Such highly disordered and extended structure 
originates from the weak hydrophobic attraction and strong 
electrostatic repulsion caused by the low mean hydropa-
thy and high mean net charge of these proteins and regions 
[23]. In general, IDPs/IDPRs are significantly depleted in 
order-promoting residues, such as C, W, Y, F, I, L, V, and 
N, being instead substantially enriched in disorder-promot-
ing residues, A, R, G, Q, S, P, E, K, and D [17, 34, 54]. 
This observation provides means for a rather straightfor-
ward analysis of protein amino acid compositions, known 
as composition profiling [17, 51], which is based on evalu-
ation of the fractional difference in composition between a 
given protein or set of proteins (e.g., ALKV polyprotein, 
mature ALKV proteins, or a set of disordered proteins from 
the DisProt database [82, 83]) and a set of reference proteins 
(e.g., ordered proteins). In this study, the fractional compo-
sitional difference was computed using composition profiler 
[51]. Here, fractional compositional difference is calculated 
as (C − Corder)/Corder, where C is the content of a given amino 
acid in a query protein (set), and Corder is the corresponding 
value for the set of ordered proteins from PDB Select 25 
(which is a subset of all proteins in PDB that share below 
25% sequence identity) [84], and plotted for each amino 
acid. In a corresponding plot (see Fig. 1), the amino acids 
are arranged from the most order-promoting to the most dis-
order-promoting [34]. The amino acid types were separated 
into order-promoting residues (C, W, I, F, Y, L, H, V, N, and 

http://apid.dep.usal.es
http://apid.dep.usal.es


582	 E. M. Redwan et al.

1 3

M) and disorder-promoting residues (R, T, D, G, A, K, Q, S, 
E, and P) [50], which are shown in Fig. 1a, b, respectively. 
The bars represent fractional differences between the amino 
acid composition of the ALKV polyprotein or individual 
mature ALKV proteins and the ordered proteins from PDB, 
where positive and negative values indicate enrichment and 
depletion of a given residue in a query protein when com-
pared to the structured proteins. Since the composition pro-
filer computes these differences via bootstrapping, the cor-
responding standard deviations are shown in the plot as the 
error bars. The bars in Fig. 1a, b are color-coded to simplify 
the identification of various query proteins. The composition 
profile calculated for known IDPs from the DisProt database 
[82, 83] is also shown for comparison.

This analysis showed that the amino acid compositions 
of ALKV proteins are characterized by some interesting 
features. For example, Fig. 1a shows that all these proteins 
are noticeably enriched in some order-promoting residues, 
such as W, V, and M (except to envelope protein E, which 
is depleted in these residues). This enrichment is partially 
compensated by the almost invariant depletion in the other 
order-promoting residues (I, Y, F, and N). Other order-
promoting residues are rather differently represented in 

these viral proteins. For example, cysteine is common in 
ALKV polyprotein, proteins prM and M, envelope pro-
tein E, NS1, and NS5, whereas other viral proteins (capsid 
protein C, and non-structural proteins NS2A, NS2B, NS3, 
NS4A, and NS4B) are noticeably depleted in this residue. 
Leucine is commonly present in polyprotein, capsid pro-
tein C, proteins M and E, as well as NS2A, NS2B, NS4A, 
and NS4B, whereas prM, NS1, and NS3 are as depleted 
in this residue as typical IDPs. Finally, H is not common 
in proteins C, NS2A, NS4A, and NS5, being rather abun-
dant in proteins M, E, NS3, and NS4B. Similarly, Fig. 1b 
illustrates that disorder-promoting residues R, T, G, and A 
are very common in the majority of viral proteins, whereas 
contents of other disorder-promoting residues (especially 
D, E, K, and Q) are low. The general enrichment of viral 
proteins in the positively charged R and depletion in nega-
tively charged D and E defines the overall positive charge 
of these proteins. In the case of capsid protein C, which 
is exceptionally enriched in R, resulting high positive 
charge is needed for the RNA binding. Furthermore, with 
the exception for capsid protein C, NS1, NS3, and NS4B, 
mature ALKV proteins are depleted in strong disorder-
promoting proline residues, indicating that many ALKV 

Fig. 1   Compositional profiling of the ALKV polyprotein and mature 
viral proteins. a Results for the order-promoting residues, and b rep-
resents data for the disorder-promoting residues. This analysis was 
conducted by the web-based computation tool, fractional composi-
tional difference was computed using Composition Profiler (http://
profi​ler.cs.ucr.edu) [51]. Since this tool generates fractional com-
positional difference calculated as (C − Corder)/Corder, where C is the 
content of a given amino acid in a query protein (set), and Corder is 
the corresponding value for the set of ordered proteins from PDB 

Select 25 (which is a subset of all proteins in PDB that share below 
25% sequence identity) [84], the magnitudes of the bars indicate the 
fractional difference between the amino acid compositions, where 
positive (negative) value indicates enrichment (depletion) of the give 
amino acid type. The error bars indicate the standard deviations of 
the fractional differences based on the bootstrapping performed by 
the composition profiler. The proteins are color coded, and the cor-
responding keys are given in figure legends

http://profiler.cs.ucr.edu
http://profiler.cs.ucr.edu
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proteins are expected to be possessing rather moderate 
levels of structural disorder.

Intrinsic disorder in the ALKV genomic polyprotein

Figure 2 represents disorder profile generated for the ALKV 
genomic polyprotein by a set of commonly used disorder 
predictors, such as PONDR® VLXT, PONDR® VSL2, 
PONDR® VL3, PONDR® FIT, and IUPred (Fig. 2a) together 
with the mean disorder profile calculated by averaging of 
all predictor-specific per-residue disorder profiles (Fig. 2b). 
Although polyprotein is predicted to by mostly ordered, it 
is expected to possess noticeable structural flexibility (its 
mean disorder score is 0.243 ± 0.153) and have several short 
IDPs that account for 5.59% of its residues (see Table 1). 
Figure 2b shows that intrinsic disorder is unevenly distrib-
uted within polyprotein, with N-terminal part being more 
disordered than the C-terminal half. As a result, some of 
ALKV proteins within polyprotein are expected to be more 
disordered than others. Relatively high levels of intrinsic 
disorder are expected to be present in proteins C, M, NS3, 
and 2k, whereas proteins E, NS2A, and NS4A are predicted 
to be mostly ordered. Such unevenness of intrinsic disorder 

predisposition of individual ALKV proteins is further sup-
ported by the analysis of their mature forms (see below).

Figure 2 also indicates that the majority of proteolytic 
cleavage sites utilized by internal and external proteases for 
the generation of mature ALKV proteins have high intrinsic 
disorder predispositions, especially in comparison with the 
neighboring residues. This observation is further illustrated 
by Fig. 3 that represents zoomed-in regions surrounding 
all such cleavage sites of the ALKV polyprotein and shows 
that these sites either located within disordered/flexible 
regions or in the close proximity to such regions. The only 
two exceptions from this regularity are sites surrounding the 
most ordered ALKV protein, envelope protein E. However, 
even in these cases, cleavage sites are positioned in close 
proximity to regions with elevated structural mobility. Such 
localization of cleavage sites within the ALKV polyprotein 
reflects crucial role of intrinsic disorder and structural flex-
ibility in the polyprotein processing and maturation of indi-
vidual viral proteins. This correlation is also a reflection of a 
general phenomenon, where the rates of proteolytic cleavage 
in unstructured or flexible regions are known to be orders of 
magnitude higher than those within the structured protein 
regions [85–90], and thereby showing crucial importance of 

Fig. 2   Characterizing the intrinsic disorder predisposition of the 
ALKV genomic polyprotein (UniProt ID: Q91B85). a Disorder pro-
file generated by a set of commonly used disorder predictors, such as 
PONDR® VLXT (black curve), PONDR® VL3 (red curve), PONDR® 
VSL2 (green curve), PONDR® FIT (pink curve), IUPred_short (yel-
low curve), and IUPred_long (blue curve). Light pink shadow around 
the PONDR® FIT curve represents error distribution for this predic-
tor. b Mean disorder profile calculated by averaging of all predictor-
specific per-residue disorder profiles. Light blue shadow around the 

disorder curve show distribution of standard deviations. Positions of 
individual viral proteins within the ALKV polyprotein are indicated 
by differently colored bars, and the corresponding keys are given in 
figure legend. In both plots, light gray bars show locations of cleavage 
sites. In these analyses, the predicted intrinsic disorder scores above 
0.5 are considered to correspond to the disordered residues/regions, 
whereas residues and regions with the disorder scores between 0.2 
and 0.5 are considered as flexible
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the localization of cleavage sites within the regions that lack 
structure or possess high structural flexibility.

Since several ALKV polyproteins were found in different 
ALKV isolates from infected humans, we also investigated 
the effect of polymorphism on the intrinsic disorder pre-
disposition of the different variants of the ALKV polypro-
tein. Results of this analysis are shown in Fig. 4 and further 
summarized in Table S1 (see Supplementary Materials). 
Typically, disorder profiles were minimally affected by the 
majority of mutations, which were predicted to have rather 
limited local effects, causing moderate increase or decrease 
in intrinsic disorder predisposition of regions surrounding 
mutation sites (see Table S1). This is not too surprising, 
since, although variants of the ALKV polyprotein have sev-
eral polymorphic sides, the sequence identity of these pro-
teins does not decrease below 99.12% (see Supplementary 
Materials). However, Fig. 4 also shows that at least three 
regions with high levels of disorder (residues 175–205, 
341–379, and 3202–3222) were rather strongly affected by 
the polymorphism-related mutations. Although exact func-
tional consequences of these changes in the disorder pre-
disposition of these regions are not known, the first of these 
regions (residues 175–205) is located in the proximity to a 
cleavage site leading to the release of the pr peptide from 
the membrane precursor protein prM, suggesting that poly-
morphism in this region (that leads to the decrease in local 
disorder predisposition) can affect the efficiency of the prote-
olysis, thereby increasing the probability of the partial matu-
ration and existence of the uncleaved prM that can be related 
to the immune-evasion strategy of flaviviruses [91]. The 
second polymorphism-affected region (residues 341–379) 
is located within the extracellular domain of the envelope 
protein E, and, therefore, can be involved in the regulation 
of the capability of this viral protein to interact with the host. 
Finally, the last region strongly affected by polymorphism 
(residues 3202–3222) is located within the RNA-directed 
RNA polymerase (RdRp) NS5 in the close proximity to the 
RdRp catalytic domain of this protein (residues 3042–3191), 
suggesting that mutations in this region might affect effi-
ciency of the NS5 interaction with its partners.

Curiously, Fig. 5 shows that the peculiarities of the 
local intrinsic disorder predisposition are rather well pre-
served among the genomic polyproteins of the Flavivirus 
genus of the Flaviviridae family. In fact, polyproteins of 
closely related ALKV and Kyasanur forest disease virus 
(KFDV, UniProt ID: D7RF80) that share 97.16% of iden-
tical residues possess almost indistinguishable disorder 
profiles (see Fig. 5). Even disorder profiles of more dis-
tant ALKV relatives, Zika virus (strain Mr 766, ZIKV, 
UniProt ID: Q32ZE1) and Dengue virus (type 1, strain 
Singapore/S275/1990, DENV, UniProt ID: P33478) with 
the sequence identities to ALKV polyprotein of 41.63% 
and 40.88%, respectively, and with the sequence identity to Ta
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each other of 55.26% (see Supplementary Materials), share 
many local features with the disorder profiles of ALKV 
and KFDV. Furthermore, aligned amino acid sequences 
of these polyproteins shown in Supplementary Materials 
and their aligned disorder profiles shown in Fig. 5 illus-
trate remarkable conservation of cleavage sites and their 
preferential localization within the disordered/flexible 
regions. These observations are in line with the results 
of analogous analysis of DENV, where it was shown that 
IDPRs occurred in cleavage sites 6.2 times more often 

compared to the overall genome [13]. Therefore, cleavage 
sites in flaviviruses are substantially enriched in disorder 
and depleted in polymorphic sites. In general, all these 
observations clearly show high conservation level of the 
peculiarities of distribution of intrinsic disorder predis-
position within the sequences of studied flaviviral poly-
proteins, providing strong support for the importance of 
both ordered and disordered regions for the functionality 
of viral proteins.

Fig. 3   Disorder propensities of the ALKV polyprotein regions con-
taining cleavage sites between capsid protein C and ER anchor (a), 
ER anchor and protein prM (b), peptide pr and protein M (c), pro-
tein M and envelope protein E (d), proteins E and NS1 (e), NS1 
and NS2A (f), NS2A and NS2B (g), NS2A and NS3 (h), NS3 and 
NS4A (i), protein NS4A and peptide 2k (j), peptide 2k and NS4B 
(k), and proteins NS4A and NS5 (l). Disorder propensities were 
evaluated by PONDR® VLXT (black curves), PONDR® VL3 (red 

curves), PONDR® VSL2 (green curves), PONDR® FIT (pink curves), 
IUPred_short (yellow curves), and IUPred_long (blue curves). Mean 
disorder predisposition was calculated by averaging of all predictor-
specific per-residue disorder profiles (bold, dashed, dark cyan curves). 
Light pink shadow around the PONDR® FIT curve represents error 
distribution for this predictor, whereas light blue shadow around the 
mean disorder curve show distribution of standard deviations. Cleav-
age sites are shown as gray bars
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Fig. 4   Effect of amino acid polymorphism on the intrinsic disor-
der predisposition of the different variants of the ALKV polyprotein 
evaluated by PONDR® VSL2. Different plots show consecutive 500 
residue-long fragments of the ALKV polyprotein to better illustrate 

local changes in the disorder predisposition in regions surrounding 
polymorphic sites. The proteins are color coded, and the correspond-
ing keys are given in figure legends
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Intrinsic disorder and functionality of mature ALKV 
proteins

Viruses are characterized by a rational use of their lim-
ited genetic materials and proteins. As a result, many viral 
proteins have multiple functions and are utilized at differ-
ent stages of the viral life cycle. Although functions of the 
ALKV proteins are poorly characterized, and although no 
structural information is currently available for any ALKV 
protein, high sequence similarity of ALKV proteins to their 
homologues from other flaviviruses provides strong grounds 
for making reliable assumptions on the functionality of these 
proteins.

As it was already indicated, similar to other flavivi-
ral proteins, all ALKV proteins (three structural proteins, 
envelope, E; membrane precursor, PrM; capsid C, and 
seven non-structural (NS) proteins, NS1, NS2A, NS2B, 
NS3, NS4A, NS4B/2k, and NS5) are generated as a result 
of the co- and post-translational cleavage of the genomic 
polyprotein encoded by a single ORF. The viral genome 
is translated into the viral polyprotein on the rough endo-
plasmic reticulum (ER) [92]. NS1, prM, and E are trans-
lated into the ER lumen, the transmembrane domains of 
NS2A, NS2B, NS4A, and NS4B are translated into the 
ER membrane, and proteins C, NS3, and NS5 remain in 
the cytoplasm [12, 93]. Processing of this polyprotein is 

Fig. 5   Analysis of the evolu-
tionary conservation of the 
intrinsic disorder predisposition 
in some flaviviral polyproteins, 
such as ALKV (UniProt ID: 
Q91B85, black curves), KFDV 
(UniProt ID: D7RF80, dashed 
red curves), ZIKV (strain Mr 
766, UniProt ID: Q32ZE1, 
dashed green curves), and 
DENV (type 1, strain Singa-
pore/S275/1990, UniProt ID: 
P33478, dashed yellow curves). 
Different plots show consecu-
tive 870 residue-long fragments 
of the aligned polyproteins to 
better represent some peculiari-
ties in the local distribution of 
their intrinsic disorder predis-
positions. Sequences of these 
polyproteins were aligned using 
Clustal Omega algorithm [52]. 
The gaps in sequence align-
ments are shown as gaps in the 
corresponding disorder profiles. 
The original results of multiple 
sequence alignment including 
aligned sequences, conserva-
tion matrix, and evolutionary 
tree are shown in Supplemen-
tary Materials. Localization of 
cleavage sites is indicated by 
gray bars
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managed by a combined action of the furin-type or some 
other Golgi-localized cellular proteases and the viral NS3 
serine protease. As it follows from their names, structural 
proteins form the virus particle. They also play a role 
in virus entry into the host cell and are engaged in the 
assembly and release of new virions. For example, capsid 
C protein is classically depicted as a structural protein that 
functions by sheltering the viral genome via the assem-
bly of the viral nucleocapsid [94]. The nucleocapsid is 
surrounded by a host-derived lipid membrane, in which 
two transmembrane proteins are inserted, the major enve-
lope glycoprotein E (53 kDa) and the membrane protein 
M (8 kDa). On the envelope of the mature virus parti-
cle, there are 180 copies of the E and M proteins, where 
90 glycoprotein E dimers form icosahedral scaffold that 
completely covers the viral surface [95, 96]. Besides their 
classical structural roles, each of the structural proteins 
C, prM/M, and E has a multitude of functions that goes 
beyond the virus assembly process. Complete description 
of all the functions of the structural proteins is outside the 
scopes of this study. Therefore, they will be only briefly 
listed below.

As many of the viral proteins are known to interact 
with or be embedded into the membrane, we also looked 
at the presence of transmembrane regions in the ALKV 
proteins. According to UniProt, the ALKV genomic poly-
protein is predicted to contain 18 transmembrane α-helical 
regions (residues 100–120, 244–261, 263–281, 729–749, 
757–777, 1135–1155, 1163–1183, 1190–1210, 1236–1256, 
1296–1316, 1362–1379, 1385–1405, 2163–2183, 
2213–2233, 2247–2267, 2369–2389, 2433–2453, and 
2477–2497) and four intramembrane α-helical regions (resi-
dues 1459–1479, 2192–2211, 2302–2322, and 2346–2366). 
In other words, almost all processed ALKV proteins [except 
for the non-structural proteins NS1 (residues 778–1130), 
NS3 (residues 1492–2112), and RNA-directed RNA poly-
merase NS5 (residues 2514–3416)] are expected to possess 
membrane-interacting elements. For example, the C-termi-
nal region of capsid protein C contains ER anchor (resi-
dues 97–117), which is removed in the mature form of this 
protein by serine protease NS3. Similarly, small envelope 
protein M (residues 207–281) and envelope protein E (resi-
dues 282–777) each contain two transmembrane α-helices 
localized in their C-terminal regions. Non-structural pro-
tein NS2A (residues 1131–1360) has five transmembrane 
regions, whereas serine protease subunit NS2B (residues 
1361–1491) has two transmembrane and one intramembrane 
regions. Non-structural protein NS4A (residues 2113–2238) 
has two transmembrane and one intramembrane regions, 
and peptide 2k (residues 2239–2261) includes one trans-
membrane α-helix. Finally, non-structural proteins NS4B 
(residues 2262–2513) contains three transmembrane and two 
intramembrane regions. Since these regions of the ALKV 

proteins are embedded into the membrane, they are char-
acterized by high content of hydrophobic residues and are 
predicted to be ordered.

Protein C is crucial for virus budding and formation of a 
nucleocapsid representing the core of a mature virus particle 
[94]. Here, protein C binds to the membrane of a host cell 
and gathers the viral RNA into a nucleocapsid. It is also play 
a role in virus entry by inducing genome penetration into the 
host cytoplasm after hemifusion. The C protein can migrate 
to the nucleus of flavivirus-infected cells [97] and modulate 
functions of host nuclear proteins [94], e.g., acting as a his-
tone mimic, interacting with core histones, and disrupting 
nucleosome formation [98], or interacting with other host 
nuclear proteins, such as heterogeneous nuclear ribonucleo-
protein K (hnRNP-K) [99], death domain-associated protein 
6 (DAXX) [100], and nucleolin (NCL) [101]. Finally, the C 
protein can be involved in the inhibition of the RNA silenc-
ing via interference with the host ribonuclease Dicer [102].

The membrane protein M (also known as small envelope 
protein M) is produced in the ER of a host cell as a precur-
sor protein, pre-membrane protein (prM). Being inserted, 
together with the envelope protein E, into the ER membrane, 
prM plays an important role in acquiring viral envelope 
during budding. It forms heterodimers with protein E, and 
newly formed immature viral particle is covered with 60 
spikes composed of such heterodimers. The prM protein is 
also known for acting as a chaperone for envelope protein E 
during intracellular virion assembly by aiding folding and 
maturation of E proteins [103, 104], and protecting the E 
proteins from premature fusion by the low pH conditions in 
the transport vesicles via masking and inactivating envelope 
protein E fusion peptide [105–108]. Activation and matura-
tion of the assembled virion are initiated by the cleavage of 
the prM protein by furin, a protease residing in the trans-
Golgi network (TGN) [109]. It was also indicated that many 
flaviviral virions are only partially matured because of the 
inefficient prM cleavage, and such partial maturation and 
existence of the uncleaved prM represents an immune-eva-
sion strategy of flaviviruses [91]. Finally, besides playing a 
role in the virus budding, mature protein M possesses proa-
poptotic properties and shows the cytotoxic capability via 
the activation of a mitochondrial apoptotic pathway [110].

The major functions of the envelope protein E (which 
is a large membrane-bound glycoprotein) are to mediate 
virus attachment to cells and entry, as well as to promote 
fusion between viral and cellular membranes via binding 
to host cell surface receptors. It also plays a role in virion 
budding in the ER and serves as a main antigenic target 
for the development of neutralizing humoral immunity. 
Although the immature viral particle is characterized by a 
spiky surface due to the presence of 60 trimeric protrusions 
containing trimers of PrM-E heterodimers, the low pH envi-
ronment of the Golgi apparatus causes reorganization of the 
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spiky PrM-E heterodimers into antiparallel E homodimers 
that lie flat against the surface on the virion [110]. As a 
result of these structural reorganizations, cleavage site of 
prM becomes exposed and accessible for digestion by the 
host furin. Since not all prM can be cleaved [111], uncleaved 
E-prM heterodimers return back to a spiky immature trim-
eric structure [112].

All flaviviral NS proteins are multifunctional and play 
very diverse roles in the control and orchestration of vari-
ous stages of viral life, including regulation of viral mor-
phogenesis [113] and formation of the replication complex 
(RC) [114]. Only NS3 and NS5 possess enzymatic activities 
(which together account for all enzymatic activities required 
to amplify the RNA genome and to attach a type 1 cap to 
its 5′ end), whereas biological roles of other NS proteins 
are not related to the catalysis. NS1 is a secreted protein 
with multiple roles in immune evasion, pathogenesis, and 
viral replication cycle, which exists in multiple oligomeric 
forms and is found in different cellular locations, such as 
sites of viral replication within the cell, the cell surface, and 
secreted into the extracellular space [115]. It can be pre-
sent as a cell membrane-bound form in association the with 
virus-induced intracellular vesicular compartments, or on 
the cell surface, or as a soluble secreted hexameric lipopar-
ticle that plays a role against host immune response [115]. It 
is needed for the RC formation and recruitment of other NS 
proteins to the ER-derived membrane structures [115–117]. 
NS1 (especially its secreted form) interacts with numerous 
host proteins [115]. NS2A, NS2B, NS4A, and NS4B are 
transmembrane proteins located within the ER membrane. 
They serve as important components of the viral RNA RC 
and possess multiple crucial functions. For example, NS2A 
plays a role in viral RNA synthesis, viral assembly, inhibi-
tion of the interferon α/β response, virus-induced membrane 
formation, and production of NS1′ through a ribosomal 
frameshift mechanism [118]. NS2B is known as a regula-
tory subunit of the flaviviral serine protease NS3, plays a 
role controlling the localization of NS3 to membranes, pos-
sesses membrane-destabilizing activity [114], and may act 
as a viroporin (a class of small, hydrophobic, viral proteins 
that have ion-channel activity in vitro, and are involved in 
enhancing infectivity) [113]. NS3 is a multidomain pro-
tein that has three enzymatic activities, such as N-terminal 
domain with serine protease, and C-terminal domain with 
RNA helicase and RNA-stimulated nucleoside triphosphate 
hydrolase and 5′-RNA triphosphatase activities [119]. NS3 
serine protease uses NS2B as a cofactor and cleaves the viral 
polyprotein at several dibasic positions between C and prM, 
NS2A and NS2B, NS2B and NS3, NS3 and NS4A, NS4A 
and 2k, and between NS4B and NS5 [120]. After binding 
to RNA, the helicase activity of NS3 (which is regulated by 
the NS4A protein) is utilized for the unwinding of the dou-
ble-stranded (ds) RNA intermediate formed during genome 

synthesis, whereas the 5′-RNA triphosphatase activity of 
this polyfunctional protein is required for the 5′-RNA cap 
formation [121]. NS4B protein contains a 2k peptide that 
serves as a signal peptide for NS4B, and removal of this 
peptide is required for the NS4B-triggered formation of 
ER-derived membrane vesicles where the viral replication 
takes place [122]. Together with viral NS2A, NS2B, and 
NS4A proteins NS4B forms a scaffold for the assembly of 
NS3 and NS5 proteins [119], e.g., NS3 interacts with NS4B 
through its C-terminal helicase domain [123]. NS4B can 
also interact with NS1 [124] and counteract innate immune 
responses such as formation of stress granules, RNA inter-
ference, type I interferon signaling, and the unfolded pro-
tein response [125]. Finally, a second flaviviral protein with 
enzymatic activities is NS5, which is the largest protein in 
flaviviruses that has a multidomain organization and shows 
an N-terminal methyltransferase (MTase) and a C-terminal 
RNA-dependent RNA polymerase (RdRp) activities [119]. 
The MTase domain possesses RNA guanylyltransferase and 
methyltransferase activities needed for 5′-RNA capping and 
cap methylations [126, 127], whereas the RdRp domain of 
NS5 is used for the replication of viral genome and car-
ries out both (−) and (+) strand RNA synthesis [128, 129]. 
Furthermore, NS5 antagonizes the host type I interferon 
response by preventing JAK-STAT signaling and prevents 
the establishment of cellular antiviral state by blocking the 
interferon-α/β signaling pathway [130].

Since protein multifunctionality is commonly associated 
with the presence of intrinsic disorder [22, 27, 131–135], 
and since many viral proteins contain functional IDPRs [13, 
14, 41–47], we conducted comprehensive computational 
analysis of the mature ALKV proteins utilizing a set of com-
monly used disorder predictors. Results of this analysis are 
shown in Fig. 6 and further summarized in Table 1. The 
levels of intrinsic disorder in ALKV proteins range from 
39.8% in capsid protein C to 1.8% in envelope protein E (see 
Table 1). Two more ALKV proteins have PPIDs exceeding 
10%, PrM (19.5%) and NS3 (16.6%), whereas PPID val-
ues of the remaining proteins are below 10%. Curiously, the 
mean percent of predicted intrinsic disorder (i.e., percent of 
residues predicted to have the disorder score above 0.5 in 
mean disorder profile) does not always correlate with the 
mean disorder score of a query protein (see Table 1 and 
Fig. 7A). In fact, although E protein is characterized by 
the lowest PPID of 1.8%, it has the mean disorder score of 
0.235 ± 0.104, whereas the lowest mean disorder score of 
0.149 ± 0.158 is found for NS2A, which is characterized by 
the PPID of 7%.

Next, we look at the presence in ALKV proteins molecu-
lar recognition features (MoRFs), which are short disor-
dered regions that undergo disorder-to-order transition at 
binding to their protein partners, and which are commonly 
related to signaling and regulatory functions of their carriers 
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[136–139]. Table 1 shows that only three ALKV proteins (C, 
E, and NS3) contain MoRFs. Besides MoRFs, IDPRs are 
known to contain short (3–11 residue-long) conserved func-
tional sequence motifs [62]. Table 1 shows that the ALKV 
polyprotein contains 1286 ELMs belonging to 121 types, 
and all ALKV proteins have ELMs. Mature proteins contain 
from 40 (as in NS2B) to 314 (as in NS5) ELM instances 

per protein, with the number of different ELM types per 
ALKV protein ranging from 25 to 72. Data assembled in 
Supplementary materials show that ELMs found in ALKV 
proteins correspond to the motifs that serve as proteolytic 
cleavage sites, docking motifs corresponding to the interac-
tion sites that are distinct from active sites of the modifying 
enzyme, post-translational modification sites, ligand-binding 

Fig. 6   Intrinsic disorder predisposition of mature ALKV proteins: a 
Capsid protein C; b Protein prM; c Envelope protein E; d non-struc-
tural protein 1, NS1; e non-structural protein 2A, NS2A; f serine pro-
tease subunit NS2B; g serine protease NS3; h non-structural protein 
4A, NS4A; i non-structural protein 4B, NS4B; j RNA-directed RNA 
polymerase NS5. Disorder propensities were evaluated by PONDR® 
VLXT (black curves), PONDR® VL3 (red curves), PONDR® VSL2 

(green curves), PONDR® FIT (pink curves), IUPred_short (yellow 
curves), and IUPred_long (blue curves). Mean disorder predisposi-
tion was calculated by averaging of all predictor-specific per-residue 
disorder profiles (bold, dashed, dark cyan curves). Light pink shadow 
around the PONDR® FIT curve represents error distribution for this 
predictor, whereas light blue shadow around the mean disorder curve 
shows distribution of standard deviations
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motifs, motifs for recognition and targeting to subcellular 
compartments, as well as degron motifs that are involved in 
polyubiquitylation and targeting the protein to the protea-
some for degradation.

Intrinsic disorder in human proteins interacting 
with ALKV proteins

Although numerous human proteins targeted by various fla-
viviruses are known, information pertaining to the ALKV 
interactome is rather limited. According to the IntAct protein 
interaction database and analysis system (https​://www.ebi.
ac.uk/intac​t/) [49], 38 human proteins were shown to inter-
act with ALKV proteins. These proteins were identified in 
a high-throughput yeast two-hybrid (Y2H) screen of host 
proteins interacting with the NS3 and NS5 proteins of vari-
ous flaviviruses, which established a set of 108 human pro-
teins was found to interact with NS3 or NS5 proteins or both 
[140]. The authors of that study also emphasized that only 
one-third of the cellular targeted proteins was able to inter-
act with two or more flaviviruses, with only three human 
proteins (APBB1IP, ARID2, and ENO1) being able to inter-
act with at least four viruses, and with only five cellular 
proteins (CAMTA2, CEP250, SSB, ENO1, and FAM184A) 
being able to interact with both NS3 and NS5 proteins [140]. 
Among the 38 human proteins interacting with NS3 and NS5 
of ALKV, only four proteins (APBB1IP, CAMTA2, FHL2, 
and KIF3B) were engaged in binding to the NS3 protein 
(mostly to its helicase domain), whereas the vast majority of 
human proteins were interacting with the methyltransferase 
domain of NS5 from ALKV [140].

We looked at the intrinsic disorder predisposition of these 
38 proteins using a set of the disorder predictors utilized 
in the analysis of ALKV proteins. Results of these analy-
ses are shown in Figs. 7 and 8 and further summarized in 
Table 1. Note that area plots shown in Fig. 7 are used here 
for the demonstration purpose only (to illustrate the distribu-
tion of mean intrinsic disorder propensity in the members 
of ALKV interactome calculated for each protein by averag-
ing of predictor-specific per-residue disorder profiles gen-
erated PONDR® VLXT, PONDR® VL3, PONDR® VSL2, 
PONDR® FIT, IUPred_short, and IUPred_long), whereas 
detailed graphs showing the results of the multiparametric 
intrinsic disorder analysis in these proteins are shown in 
Supplementary Materials. This analysis revealed the pres-
ence of very high levels of intrinsic disorder in the majority 
of the ALKV interactome members. In fact, according to 
the accepted classification of proteins based on their PPID 
values as highly ordered, moderately disordered, or highly 
disordered if their PPID < 10%, 10% ≤ PPID < 30%, or 
PPID ≥ 30%, respectively [141], 27 of 38 human proteins 
shown to interact with ALKV proteins are predicted to by 
highly disordered, 7 members of the ALKV interactome 

are moderately disordered, and only 4 these proteins are 
predicted to be highly ordered. Table 1 also shows that 23 
ALKV-binding human proteins are expected to contain at 
least 50% disordered residues, with the overall disorder level 
can be as high 89.19%. The conclusion on the high disor-
der predisposition of these proteins is further illustrated by 
Fig. 8, where the dependence of the mean disorder score 
on the corresponding mean PPID for the 38 members of 
the ALKV interactome are shown. Analogous data for the 
mature ALKV proteins are also presented for the comparison 
(Fig. 8a). Figure 8b shows that the vast majority of human 
proteins interacting with ALKV are exceedingly disordered.

Furthermore, all members of the ALKV interactome 
analyzed in this study are expected to have multiple ELMs 
and almost all these proteins are expected to contain multi-
ple MoRFs, indicating that high levels of intrinsic disorder 
in these proteins are of functional importance, with their 
IDPRs being extensively utilized in protein–protein interac-
tions. In agreement with this hypothesis, Table 1 represents 
the results of the analysis of the interactivity of these pro-
teins by the APID web server (http://apid.dep.usal.es) [71]. 
This analysis revealed that, on average, the ALKV interac-
tome members are engaged in interaction with > 90 partners 
each, with the number of known partners for these proteins 
ranging from 2 (for PPP1R3E) to 387 (for myosin-9). Fur-
thermore, more than half of these proteins (55%) are able to 
interact with more than 50 partners each, and the vast major-
ity of the ALKV interactome members (92%) are interacting 
with more than ten partners each. These observations sug-
gest that many of the human proteins interacting with ALKV 
can be considered as hubs. Both high binding promiscu-
ity and ability to serve as hubs are considered as important 
consequences of the high disorder levels in such proteins. 
In fact, recent bioinformatics studies clearly showed that 
the common structural feature of many hub proteins is their 
intrinsically disordered nature or their ability to interact with 
intrinsically disordered partners [142–146].

All these ALKV-interacting human proteins were origi-
nally discovered in a large high-throughput yeast two-hybrid 
screen aimed at building of the flavivirus NS3 and NS5 
proteins interaction network for dengue virus serotype 1 
(strain D1/H/IMTSSA/98/606, DENV1), Alkhurma virus 
(strain 1176, ALKV), West Nile virus (Strain paAn001, 
WNV), Japanese Encephalitis virus (strain Beijing1, JEV), 
Kunjin Australian variant virus (MRM61C, KUNV), and 
Tick-borne encephalitis virus (strain 263, TBEV) [140]. 
These pathogens were selected based on their belonging 
to the major flavivirus evolutionary lineages, such as (a) 
aedes-borne pathogen: DENV; (b) culex-borne pathogens: 
WNV (including the Kunjin Australian variant (KUNV)) 
and JEV; (c) tick-borne pathogens: TBEV and ALKV 
[140]. Based on the enrichment analysis conducted in [140] 
where Gene Ontology (GO) database was used, the most 

https://www.ebi.ac.uk/intact/
https://www.ebi.ac.uk/intact/
http://apid.dep.usal.es
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over-represented molecular functions of human proteins 
interacting with ALKV NS3 and NS5 proteins were RNA 
binding (GO:0003723; proteins RNUXA, TAF15, TRIM21, 
and HNRNPH3), structural constituent of cytoskeleton 
(GO:0005200; proteins ZNF135, KIF3B, MYH9, and 
VIM), transcription factor binding (GO:0008134; proteins 
ARNTL and CAMTA2), and transcription corepressor activ-
ity (GO:0003714; protein ENO1). The authors of that study 
also indicated that flaviviral NS3 and NS5 proteins can inter-
act with the structural components of the cytoskeleton and 
with human cellular proteins involved in the Golgi vesicle 
transport and in the nuclear transport [140]. Furthermore, 
it was also shown that the human proteins targeted by the 
flavivirus NS3 and NS5 were highly over-represented in the 
human interactome, suggesting that the most of the human 
proteins targeted by the flaviviral NS3 and NS5 proteins 
are connected with other human proteins. These observa-
tions indicated that flavivirus can affect multiple cellular 

functions. As it was pointed out in this study, many of the 
ALKV-interacting human proteins are involved in interac-
tions with each other [140]. To understand how common 
this phenomenon is, we used the ability of the APID web 
server (http://apid.dep.usal.es) to build a specific PPI net-
work between proteins included in a query list [71]. Figure 9 
represents the results of application of this tool to the ALKV 
interactome and shows that many of these proteins interact 
with each other. Therefore, both internal (interactions with 
other proteins from the ALKV interactome) and external 
connectivities (interaction with other human proteins) are 
high for many proteins engaged in interaction with ALKV 
proteins.

Since, contrarily to the ALKV proteins, many human pro-
teins are rather well studied, we had an opportunity to use 
the outputs of the D2P2 database (http://d2p2.pro/) [147]. 
D2P2 is a database of predicted disorder for a large set of 
proteins from the completely sequenced genomes, which 
provides disorder evaluations together with important disor-
der-related functional information for query proteins [147]. 
This database uses outputs of IUPred [57], PONDR® VLXT 
[54], PrDOS [148], PONDR® VSL2B [55, 149], PV2 [147], 
and ESpritz [150] and is supplemented by data concerning 
location of various curated post-translational modifications 
(PTMs) and predicted disorder-based protein-binding sites. 
Figure 10 represents a set of the D2P2-generated profiles 
for six most disordered human proteins (i.e., proteins with 
PPID > 75%, which are TAF15, CEP250, DNTTIP2, PHC2, 
RASSF7, and MLPH) interacting with ALKV proteins, 
whereas analogous profiles for the remaining members of 
the ALKV interactome are shown in Supplementary Materi-
als. These data illustrate the abundance of functional disor-
der in human proteins interacting with ALKV and also show 
the abundant presence in these proteins of numerous sites 
of various PTMs and the existence of numerous MoRFs. 
These observations provide strong support to the crucial 
roles of intrinsic disorder in functionality of these proteins, 
which undergo extensive post-translational modifications 
(phosphorylation, acetylation, glycosylation, ubiquitina-
tion, nitrosylation, methylation, and SUMOylation) needed 
for regulation of their multiple functions, including binding 
to various partners. High prevalence of PTMs protein–pro-
tein-binding sites in the intrinsically disordered members 
of the ALKV interactome is in line with the previous stud-
ies, where it was indicated that the structural ‘floppiness’ 
defines the ability of IDP/IDPR to be controlled and regu-
lated at multiple levels [27, 81, 151–153], with PTMs being 
one of the most important means of regulation [154, 155]. 
Furthermore, among several consequences of the presence 
of intrinsic disorder in proteins is their multifunctionality, 
which is mostly determined by the mosaic architecture of 
IDPs/IDPRs, where multiple relatively short functional ele-
ments are spread within the amino acid sequences [27]. The 

Fig. 7   Intrinsic disorder predisposition of the members of ALKV 
interactome: A Q92804, TATA-binding protein-associated factor 
2N (TAF15); B Q9BV73, Centrosome-associated protein CEP250 
(CEP250); C Q5QJE6, Deoxynucleotidyl transferase terminal-
interacting protein 2 (DNTTIP2); D Q8IXK0, Polyhomeotic-like 
protein 2 (PHC2); E Q02833, Ras association domain-containing 
protein 7 (RASSF7); F Q9BV36, Protein melanophilin (MLPH); G 
Q9NWQ4, G patch domain-containing protein 2-like (GPATCH2L 
or C14orf118); H Q8IVT2, Mitotic interactor and substrate of PLK1 
(MISP); I Q5VU43, Myomegalin (PDE4DIP); J Q8N5G2, Macoilin 
(MACO1); K Q99750, MyoD family inhibitor (MDFI); L Q96EA4, 
Protein Spindly (SPDL1 or Coiled-coil domain-containing protein 
99 (CCDC99)); M Q9H814, Phosphorylated adapter RNA export 
protein [PHAX or RNA U small nuclear RNA export adapter protein 
(RNUXA)]; N Q96CN5, Leucine-rich repeat-containing protein 45 
(LRRC45); O Q9H7J1, Protein phosphatase 1 regulatory subunit 3E 
(PPP1R3E); P Q68CP9, AT-rich interactive domain-containing pro-
tein 2 (ARID2); Q P35579, Myosin-9 (MYH9); R Q7Z5R6, Amyloid 
beta A4 precursor protein-binding family B member 1-interacting 
protein (APBB1IP); S P08670, Vimentin (VIM); T Q14160, Protein 
scribble homolog (SCRIB); U O00327, Aryl hydrocarbon receptor 
nuclear translocator-like protein 1 (ARNTL); V O15066, Kinesin-
like protein KIF3B (KIF3B); W P31942, Heterogeneous nuclear 
ribonucleoprotein H3 (HNRNPH3); X O94983, Calmodulin-binding 
transcription activator 2 (CAMTA2); Y Q9Y6X2, E3 SUMO-protein 
ligase PIAS3 (PIAS3); Z O14530, Thioredoxin domain-containing 
protein 9 (TXNDC9); a Q9NS15, Latent-transforming growth fac-
tor beta-binding protein 3 (LTBP3); b Q13105, Zinc finger and BTB 
domain-containing protein 17 (ZBTB17); c P52742, Zinc finger pro-
tein 135 (ZNF135); d P55268, Laminin subunit beta-2 (LAMB2); e 
P55287, Cadherin-11 (CDH11); f P19474, E3 ubiquitin-protein ligase 
TRIM21 (TRIM21); g P78504, Protein jagged-1 (JAG1); h P28799, 
Granulins (GRN); i Q9H270, Vacuolar protein sorting-associated 
protein 11 homolog (VPS11); j Q9BPW8, Protein NipSnap homolog 
1 (NIPSNAP1); k P06733, α-Enolase (ENO1); l Q14192, Four and a 
half LIM domains protein 2 (FHL2). Each plot contains an area graph 
representing the distribution of mean disorder predisposition calcu-
lated for a given protein by averaging of the per-residue disorder pro-
files generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, 
PONDR® FIT, IUPred_short, and IUPred_long. The corresponding 
disorder profiles generated for query proteins by these six per-residue 
disorder predictors are assembled in Supplementary Materials

◂

http://apid.dep.usal.es
http://d2p2.pro/
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aforementioned multifunctionality is a specific feature of 
‘moonlighting’ proteins, many of which were shown to be 
either completely disordered or possess long IDPRs [156].

Our study shows that although the ALKV proteins con-
tain low-to-moderate levels of intrinsic disorder, their IDPRs 
have multiple important functions. In ALKV genome poly-
protein, IDPRs or regions with increased flexibility serve as 
sites of the proteolytic attack leading to the generation of 
the mature viral proteins. IDPRs and flexible regions in the 
mature ALKV proteins are utilized for protein–protein inter-
actions and as also serve as PTM sites. One should remem-
ber that the biological significance of intrinsic disorder does 
not necessarily correlate with the overall disorder level of a 
protein or the length of its IDPRs. In fact, multiple instances 
can be found where functionality of a protein is critically 
dependent on relatively short intrinsically disordered or flex-
ible regions. For example, the V3 loop (residues 424–461) 
of the envelope glycoprotein gp120 of human immunodefi-
ciency virus type 1 (HIV-1) is crucial for the virus entry to 
the host immune cell and plays a primary role in determin-
ing HIV-1 cell tropism and co-receptor specificity [157]. In 
fact, gp120 triggers HIV-1 cell entry by binding to two host 
immune cell membrane proteins, the CD4 receptor and the 
CCR5 or/and CXCR4 co-receptors [158]. HIV-1 cell tro-
pism is defined by the different usage of co-repressors, with 
R5 and X4 tropic viruses exclusively using the chemokine 
receptors CCR5 (R5) and CXCR4 (X4) as co-receptors, 
respectively, and with dual tropic viruses (R5X4) using 
both co-receptors for cell entry. It was also pointed out that 
disease progression and pathogenesis are correlated with the 
switch from CCR5 to CXCR4 [159, 160]. A recent study 
showed that the levels of intrinsic disorder in the V3 loop 
of gp120 are correlated with the HIV-1 cell tropism, where 

Fig. 8   Global disorder propensity of the members of ALKV pro-
teome (a) and interactome (b) presented as dependence of the per-
centages of residues in these proteins predicted to be disordered by 
averaging the outputs of PONDR® VLXT, PONDR® VL3, PONDR® 
VSL2, PONDR® FIT, IUPred_short, and IUPred_long on their mean 
disorder scores

Fig. 9   Evaluation of the interset interactivity of human proteins 
involved in interaction with the ALKV proteins using the APID 
web server (http://apid.dep.usal.es). This tool builds a PPI network 

between proteins included in a query list. Here, each node corre-
sponds to a protein, and where PPIs are shown as corresponding 
edges, thickness of which reflects the reliability of a given interaction

http://apid.dep.usal.es
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Fig. 10   Evaluating functional 
intrinsic disorder in six most 
disordered members of the 
ALKV interactome, a Q92804, 
TATA-binding protein-asso-
ciated factor 2N (TAF15); b 
Q9BV73, Centrosome-associ-
ated protein CEP250 (CEP250); 
c Q5QJE6, Deoxynucleotidyl 
transferase terminal-interacting 
protein 2 (DNTTIP2); d 
Q8IXK0, Polyhomeotic-like 
protein 2 (PHC2); e Q02833, 
Ras association domain-con-
taining protein 7 (RASSF7); f 
Q9BV36, Protein melanophilin 
(MLPH), using the D2P2 data-
base (http://d2p2.pro/) [147]. 
Here, the green-and-white bar 
in the middle of each plot shows 
the predicted disorder agree-
ment between nine predictors, 
with green parts correspond-
ing to disordered regions by 
consensus. Yellow bar shows 
the location of the predicted 
disorder-based binding sites 
(molecular recognition features, 
MoRFs), whereas colored 
circles at the bottom of the 
plot show location of various 
PTMs: phosphorylation (red), 
acetylation (yellow), glycosyla-
tion (orange), ubiquitination 
(violet), nitrosylation (light 
blue), methylation (dark blue), 
and SUMOylation (green)

http://d2p2.pro/
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the highest intrinsic disorder tendency is present in the V3 
loop of X4 virus, whereas R5X4 virus is characterized by 
the lowest disorder propensity in this loop [161]. Therefore, 
these data clearly indicated that structural disorder in the V3 
loop that constitutes just 3.6% of the gp120 plays an impor-
tant role in HIV-1 cell tropism and CXCR4 binding [161].

One can argue that HIV-1 is not a flavivirus, and there-
fore, these observations are not related to potential func-
tionality of IDPRs in ALKV proteins. However, it was 
pointed out that the presence of the noticeable conforma-
tional dynamics of the virion leading to the existence of an 
ensemble of conformations at equilibrium defines the anti-
genic structure of flaviviruses [162]. For example, the fact 
that ZIKV is poorly neutralized by the antibodies against 
the DII fusion loop (DII-FL) was attributed to the increased 
length of its intrinsically disordered glycan loop, which, 
in comparison with the similar region of DENV, extends 
further towards the DII-FL of the neighboring E proteins 
within E dimers on mature viruses [162]. Furthermore, the 
ability of a member of the Flaviviridae family, Dengue virus 
type 2 (DENV-2), to interact with and enter the host cells, 
was ascribed to the flexible/disordered loops I (amino acids 
297–312) and II (amino acids 379–385) of the viral enve-
lope protein E [163]. Similarly, a flexible loop 3 (residues 
362–370) of the Japanese encephalitis virus (JEV) envelope 
protein E was shown to be important to entry of this virus 
into the host cells [164].

Our analysis revealed that the vast majority of human 
proteins involved in the interaction with ALKV proteins are 
expected to be highly disordered. In fact, the mean content 
of predicted disordered residues evaluated for these proteins 
via averaging the outputs of PONDR® VLXT, PONDR® 
VL3, PONDR® VSL2, PONDR® FIT, IUPred_short, and 
IUPred_long is really very high, being equal to 47.3 ± 4.1%. 
Therefore, it is not surprising that the structural coverage of 
these proteins, which is the percent of residues with known 
structure, is relatively low (16.2 ± 4.5%), with no structural 
information being currently available for 23 members of 
the ALK interactome [CEP250 (PPID = 84.64%), DNT-
TIP2 (PPID = 78.04%), PHC2 (PPID = 77.51%), RASSF7 
(PPID = 77.48%), MLPH (PPID = 76.00%), GPATCH2L 
(PPID = 70.75%), MISP (PPID = 70.69%), PDE4DIP 
(PPID = 70.38%), MACO1 (PPID = 63.86%), MDFI 
(PPID = 62.20%), SPDL1 (PPID = 61.98%), LRRC45 
(PPID = 60.45%), PPP1R3E (PPID = 58.42%), ARID2 
(PPID = 57.44%), HNRNPH3 (PPID = 50.00%), CAMTA2 
(PPID = 48.59%), TXNDC9 (PPID = 34.51%), LTBP3 
(PPID = 30.24%), ZNF135 (PPID = 29.03%), LAMB2 
(PPID = 21.25%), CDH11 (PPID = 16.58%), VPS11 
(PPID = 8.11%), and NIPSNAP1 (PPID = 7.04%)]. Accord-
ing to their structural coverage, the remaining proteins 
from this set can be arranged in the following order: MYH9 
(2.3%) < APBB1IP (4.7%) < ARNTL (10.1%) < TAF15 

(15.7%) < PHAX (25.6%) < SCRIB (25.8%) < JAG1 
(25.9%) < GRN (28.3%) < KIF3B (47.4%) < ZBTB17 
(52.2%) < PIAS3 (56.7%) < VIM (60.7%) < TRIM21 
(65.1%) < FHL2 (97.5%) < ENO1 (99.5%). In other words, 
only two of 15 proteins have almost complete structural cov-
erage (about 100%), whereas, for the remaining proteins, 
structural information is available only for some of their 
parts. Therefore, even if one would not consider 23 pro-
teins with unknown structure, the structural coverage of the 
remaining 15 proteins is of 41.2 ± 7.9%. Among two obvi-
ous reasons for the lack of structural coverage for a given 
protein are the lack of current interest in this protein (no 
attempts were made to solve its structure) and the presence 
of some serious obstacles in protein crystallization experi-
ments. However, the “lack of interest” has to be excluded 
for proteins with partial structural coverage, since structure 
was determined for a part (often, several parts) of protein 
sequence. It is known that among bottlenecks in protein 
structural characterization is the presence of intrinsic disor-
der in a query protein [165]. In fact, in all stages, the struc-
ture determination pipeline, including protein expression, 
stability [166, 167], solubility [168, 169], and crystallization 
[89, 165, 168, 170–173], can be dramatically affected by 
intrinsic disorder. Therefore, highly disordered proteins are 
commonly excluded from the target list of many structural 
biologists, and long IDPRs (which can prohibit crystalliza-
tion) are typically removed from the proteins submitted to 
the structure determination pipeline. In line with these con-
siderations, 78% of human proteins interacting with ALKV 
for which structural information is currently unavailable are 
highly disordered (they have PPIDs exceeding 30%). The 
mean PPID of this set of proteins is 52.8 ± 4.9%, which is 
almost 1.5 times higher than the mean PPID of ALKV-inter-
acting proteins with some structural coverage (38.8 ± 6.6%). 
Furthermore, Fig. 11 illustrates the obvious negative correla-
tion between the structural coverage and mean PPID, with 
more disordered proteins possessing less structural coverage, 
thereby visualizing the idea that proteins with more disorder 
are more difficult to crystallize.

Results of our study suggest that intrinsic disorder in 
ALKV proteins and human proteins interacting with this 
tick-transmitted virus can be related to the ALKV patho-
genesis. Our work represents the first systematic analy-
sis of the functional intrinsic disorder in members of the 
ALKV proteome and interactome. We show here that 
intrinsic disorder is crucial for various functional aspects 
of these proteins, with IDPRs being used for protein–pro-
tein interactions, defining binding promiscuity of their 
carriers, and serving as sites of various PTMs. Therefore, 
intrinsic disorder should be taken into account while con-
ducting structural and functional analyses of these viral 
proteins and their human interactors.
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