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Abstract

Background: Interaction of non-structural protein 5A (NS5A) of Hepatitis C virus (HCV) with human kinases namely,
casein kinase Ta (ckla) and protein kinase R (PKR) have different functional implications such as regulation of viral
replication and evasion of interferon induced immune response respectively. Understanding the structural and
molecular basis of interactions of the viral protein with two different human kinases can be useful in developing
strategies for treatment against HCV.

Results: Serine 232 of NS5A is known to be phosphorylated by human ckla. A structural model of NS5A peptide
containing phosphoacceptor residue Serine 232 bound to ckla has been generated using the known 3-D
structures of kinase-peptide complexes. The substrate interacting residues in ckia has been identified from the
model and these are found to be conserved well in the ck1 family. ckla — substrate peptide complex has also been
used to understand the structural basis of association between ckla and its other viral stress induced substrate,
tumour suppressor p53 transactivation domain which has a crystal structure available.

Interaction of NS5A with another human kinase PKR is primarily genotype specific. NS5A from genotype 1b has
been shown to interact and inhibit PKR whereas NS5A from genotype 2a/3a are unable to bind and inhibit PKR
efficiently. This is one of the main reasons for the varied response to interferon therapy in HCV patients across
different genotypes. Using PKR crystal structure, sequence alignment and evolutionary trace analysis some of the
critical residues responsible for the interaction of NS5A 1b with PKR have been identified.

Conclusions: The substrate interacting residues in ckla have been identified using the structural model of kinase -
substrate peptide. The PKR interacting NS5A 1b residues have also been predicted using PKR crystal structure, NS5A
sequence analysis along with known experimental results. Functional significance and nature of interaction of
interferon sensitivity determining region and variable region 3 of NS5A in different genotypes with PKR which was
experimentally shown are also supported by the findings of evolutionary trace analysis. Designing inhibitors to
prevent this interaction could enable the HCV genotype 1 infected patients respond well to interferon therapy.
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Background

Hepatitis C virus (HCV) which belongs to the family flavi-
viridae, causes chronic liver disease, liver cirrhosis and
hepatocellular carcinoma in humans [1]. Non-structural
protein 5A (NS5A) of HCV is involved in regulating HCV
RNA replication [2] and evading the interferon induced
antiviral response [3] by interacting with human protein
kinases as the viral genome does not encode any kinase [4].

Structural information of NS5A at atomic level is known
only for the N terminal part of the protein. Residues 5-25
of NS5A adopts a-helical conformation which is amphi-
pathic and is embedded in a phospholipid bilayer on one
side and the other side has conserved polar residues [5].
Residues 36—198 of NS5A adopt a novel zinc coordination
motif which forms a homodimer and is organized into dif-
ferent forms to perform different roles such as viral repli-
cation and viral assembly [6,7]. Both the regions of NS5A
have been shown to be critical for viral replication [5,6].
Experimental work have shown that for the rest of the
protein whose structure is currently unknown it is natively
unfolded [8], lacks secondary structural elements, is less
hydrophobic, has high content of positively charged resi-
dues, has low complexity regions and many phosphoryl-
ation sites which predominantly occurs in intrinsically
disordered regions of the protein [9-11]. Due to these
attributes, NS5A which is natively unfolded, attains a
stable structural form when it is bound with a protein.
The natively unfolded nature of NS5A makes it capable
of interacting with many human as well other non-
structural proteins of HCV thereby carrying out multiple
functions [12].

NS5A interacts with different human kinases namely,
casein kinase la (ckla) [13] and Protein kinase R (PKR)
[14]. In the present study, the critical kinase and NS5A
residues involved in interaction have been predicted by
protein structure modeling and sequence analysis.

The Casein kinase la — NS5A interaction forms a tran-
sient enzyme-substrate complex [13]. Several amino acids
in NS5A get phosphorylated by different human kinases
[2]. Varying levels of NS5A phosphorylation modulates its
interaction with host and other viral proteins during viral
replication [2]. Phosphorylation of NS5A serves as a regu-
latory switch between viral replication and RNA transla-
tion and / or packaging [2]. NS5A phosphorylation is
observed among the flaviviridae family which points out
its functional significance for the viral life cycle [15].

Apart from the viral protein NS5A serving as a substrate
to CKla, one of the other substrate for CKla is tumour
suppressor p53 transactivation domain [16]. DNA virus
induced stress to human cells leads to phosphorylation
of serine 20 of p53 transactivation domain by CKla.
This phosphorylation enables the binding with a co-
activator (p300) and stimulates tumour suppressor p53
function [16].
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Casein kinase 1 is a serine / threonine protein kinase
which is ubiquitously expressed in all the tissues and
cellular compartments of eukaryotic organisms. Human
casein kinase 1 phosphorylates substrates which are
involved in the control of cell differentiation, proliferation,
chromosome segregation and circadian rhythm [17]. The
catalytic domain of casein kinase 1 is about 300 amino
acids long. The catalytic domain of casein kinase 1 is
made up of 2 lobes with a cleft between them for the sub-
strate peptide to bind [18].

Human ckl shows high sequence identity to the other
members of casein kinase 1 family [17]. The crystal struc-
ture of casein kinase 1, from Schizosaccharomyces pombe,
bound to ATP [18] closely resembles both cAPK (cAMP
dependent kinase) [19] and Cdk2 (cyclin dependent kin-
ase) [20], whose crystal structures have been solved along
with substrate peptide and ATP.

Even though NS5A is phosphorylated at several residues
by many human kinases [2], clear one-to-one mapping be-
tween phosphosite in NS5A and its corresponding human
kinase is not completely known. However the human
CKla phosphorylating sites have been mapped to Ser 232
of NS5A [13] and, therefore, phosphorylation by CKla is
the focus of the current study. In the present work, struc-
tural model of human CKla bound to NS5A peptide of
HCV containing the phophoacceptor serine 232 has been
built using available crystal structures of other kinase-sub-
strate/pseudosubstrate complexes. The aim of building
the model of the complex is to understand the structural
basis of the NS5A peptide recognition and identification
of NS5A interacting ckla residues. The analogy of ckla —
substrate recognition and interaction is also shown by
considering the example of another substrate of ckla -
tumour suppressor p53 transactivation domain, whose
crystal structure is known [21].

NS5A also interacts with another protein kinase PKR
during the life cycle [14]. NS5A does not get phos-
phorylated by PKR but only forms a protein-protein
complex [14].

Interferons lead to expression of IFN effector proteins
like the double-stranded RNA-activated protein kinase
(PKR). During viral infection, PKR becomes activated
upon viral dsRNA binding, dimerisation and trans-autop-
hosphorylation. PKR in its activated state phosphorylates
the eukaryotic translation initiation factor 2 (elF-2a),
thereby inhibiting cellular protein synthesis and blocking
viral replication [22].

In the recent past, triple therapy, which includes pegy-
lated interferon along with ribavirin and a HCV protease
inhibitor, has shown promising results with high rates of
sustained virological response compared to other treat-
ments currently available [23-25]. Combined pegylated
interferon, ribavirin therapy provides ~45-50% sustained
virological response in genotype-1 infected patients [26-28]
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while when interferon alone is administered only ~30% of
genotype 1 infected patients seem to respond to the ther-
apy [1]. This is mainly because a region in NS5A [inter-
feron sensitivity determining region-ISDR (237-302)]
interacts with PKR [dimerisation domain (244-296)],
thereby preventing PKR dimer formation and activation
[14]. Additionally, another region in NS5A, referred as the
Variable-region 3 (V3) (381-407) is located downstream
to ISDR which is also involved in the interaction and in-
hibition of PKR [29]. Interestingly, more than 60% of
genotype 2 and 3 patients respond well to the interferon
therapy. One of the reasons for this is that NS5A 2a/3a
are unable to bind and inhibit PKR efficiently [30].

An attempt has been made to narrow down the region
in NS5A and predict critical residues in NS5A 1b respon-
sible for interaction with PKR by two independent
approaches. Firstly, due to putative shared binding region
of NS5A 1b and PKR protomer with another PKR proto-
mer [14], one can hypothesize that structural features of
PKR dimer interface and PKR interacting region in NS5A
1b would be similar. The unstructured region of NS5A 1b
[9-11] could attain a stable structural form and have simi-
lar binding surface like that of PKR protomer as it binds
to the other PKR protomer. Some of the critical PKR
interacting residues of NS5A has been identified using this
approach.

Further, as the binding of NS5A with PKR is primarily
genotype specific [14,29,30], evolutionary trace analysis
[31,32] has been used to identify amino acid residues in
NS5A specific for genotype 1 that interacts with PKR and
residues in NS5A specific to genotype 2A and 3A which is
potentially incapable of binding and inhibiting PKR
efficiently.

Details of the NS5A and human kinase interacting resi-
dues shown in this study can provide insights to design
antivirals to inhibit these interactions.

Results and discussion

Homology modeling of human casein kinase 1a

Casein kinase 1 from Schizosaccharomyces pombe, for
which a crystal structure is available in complex with
MgATP at 2A resolution (PDB id:1CSN) [18], showed
45.5% sequence identity with the sequence of human
ckla. Casein kinase 1 from Schizosaccharomyces pombe
can be considered as a best template, as the kinase is in
the active conformation so that the substrate is accessible
to get phosphorylated by the kinase. The homology model
of the kinase domain of ckla is shown in Figure 1.

An insertion region (refer Methods section) away from
critical sites of kinase and the substrate interacting region
has not been modeled due to potentially poor reliability of
the modeled conformation. These inserts are unlikely to
have any influence on the substrate binding.
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Figure 1 Homology model of CK1a. Catalytic base Asp 136 shown
in stick representation in the catalytic loop is coloured in cyan.
Activation loop and glycine loop in the kinase are coloured red and
blue respectively. All the figures of protein structures in this analysis

were generated using PyMOL [33].

The sequence of human ckla can be accommodated
comfortably in the bilobal structure which is common to
all Ser/Thr/Tyr protein kinases [34]. It is ensured that all
the expected features such as presence of nucleotide bind-
ing site in the smaller lobe and the characteristic glycine-
rich ATP binding loop (GSGSFG) are present in the
model at the correct positions in the 3-D structure.

Modelling of NS5A peptide bound to human casein
kinase 1a model

Protein kinases recognize their substrates usually by
means of a substrate recognition motif surrounding the
phosphoacceptor residue [35]. Substrates of Casein kinase
1 have Asp/Glu or a phosphorylated amino acid residue
located three residues upstream of phosphoacceptor
serine and this residue is termed as the substrate con-
straint residue [13,35]. ckla phosphorylates NS5A which
contains the substrate constraint residue phosphoserine at
the position 229. This residue is three residues upstream
to Ser 232 targeted for phosphorylation by ckla thus de-
fining a substrate recognition motif of -S(P)-X-X-S, where
X refers to any amino acid and S(P) refers to phos-
phoserine [13]. The substrate sequence motif for cAMP
dependent kinase (CAMP) is R-R/K-X-S where S at the
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fourth position is the target site for phosphorylation [19].
It must be noted that both in CKla and cAMP kinase,
substrate specificity sequence pattern constraints are
imposed in first and fourth positions of the motif. Given
the conserved nature of catalytic and ATP anchoring resi-
dues in the 3-D structures of cAMP and CKla, it is
expected that phospho acceptor site and the residue two
positions upstream to the phosphor-acceptor site are
oriented in the similar way with respect to their respective
kinases. This leaves little scope for the variation in the
backbone conformation between the first and fourth resi-
due positions of the two substrates. Therefore, NS5A pep-
tide S(P)SAS has been modeled on to the structural model
of ckla which was generated based on the crystal struc-
ture of cCAMP dependent kinase — peptide inhibitor (PKI)
complex (PDB id: 1ATP) [19]. (Refer Methods section for
details). Hence the conformation of NS5A peptide is
based on the conformation of peptide inhibitor of cCAMP
dependent kinase.

The modeled complex of NS5A peptide bound to ckla
revealed that the phosphoserine is close to Asp 140
(Figure 2), which is unfavourable due to the proximity of
two strongly negative charges. Multiple sequence align-
ment (MSA) among the casein kinase 1 family also
revealed that the Asp is conservatively substituted to Glu
as shown in the Additional file 1. Therefore it was inferred
that the conformation of side chain of phosphoserine is
unlikely to be similar to that of Arg in "equivalent pos-
ition" of cCAMP dependent kinase [19]. The conformation
of side chain of phosphoserine was modelled in such a

Figure 2 Model of human CK1a bound to NS5A peptide whose
phosphoserine is topologically equivalent to arginine in
substrate peptide bound to cAMP dependent kinase. Stereo
figure showing modelled position of the side chain of
phosphoserine 229 of NS5A in the same orientation as its
topologically equivalent residue (an Arg) of the pseudosubstrate of
cAPK (cAMP dependent kinase). This brings the side chain of
phosphoserine 229 coloured in green unfavourably proximal to a
like charged side chain of Asp 140 coloured in cyan. Therefore, the
side chain of phosphoserine is unlikely to be oriented in the same
way as the topologically equivalent Arg in the pseudosubstrate of
cAMP dependent kinase. After the remodelling of the side chain of
phosphoserine 229 it points towards the putative substrate
interacting residues Arg 214, Lys 260, Gly 251 and makes favourable
ionic interaction as shown in Figure 3.
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way that the negatively charged phosphoserine can make
favourable ionic interactions with positively charged resi-
dues in the vicinity.

From the modeled complex structure, the positively
charged residues in close vicinity to phosphoserine were
found to be side chains of Arginine 214, Lysine 260 and
main chain nitrogen of Glycine 251 which are capable of
making ionic interactions as shown in Figure 3. These
residues are critical for the proper positioning of the HCV
NS5A for the phosphorylation to occur at Ser 232.

Multiple sequence alignment was used to check the
structural importance of these residues within the casein
kinase 1 family, as shown in the Additional file 1. Arginine
is completely conserved across the casein kinase 1 family.
Lysine is conservatively substituted to arginine across the
casein kinase 1 family. The glycine does not show absolute
conservation, but this does not affect its interaction with
phosphoserine because it is the main chain nitrogen that
is involved in the interaction. Previous crystal structure
studies of casein kinase 1 from Schizosaccharomyces
pombe used sulphate anion that can mimic the binding of
a phospho amino acid. The authors proposed that arginine
183, lysine 229 and glycine 220 are substrate interacting
residues [18]. These residues are found to be topologically
equivalent to the residues that had been identified in the
model as substrate interacting residues as shown in the
Figure 4. Sequence alignment between casein kinase 1
from Schizosaccharomyces pombe and human ckla and
structure alignment of casein kinase 1 from Schizosac-
charomyces pombe [PDB id: 1CSN] [18] and cAMP
dependent kinase [PDB id: 1ATP] [19] is shown in the
Figure 4.

The conformation of NS5A motif S (P) SAS as shown in
the Figure 3, would be functional irrespective of its entire
tertiary structure context in the protein. The interactions
shown in the modeled complex is likely to be identical
when the structure of the entire NS5A is considered. This
modeled complex has helped us to find out the substrate
interacting residues in kinase with the substrate constraint
residue phosphoserine which is common not only for
NS5A but many other substrates of ckla. However, it
should be noted that the sequence specificity (substrate rec-
ognition motif) of different kinases for phosphorylation is
different. Therefore, we believe that the modeled structure
of CKla -NS5A complex presented in our work cannot be
assumed for interaction of other kinases with NS5A.

Kinase inhibitors to prevent NS5A phosphorylation
could severely affect the biological role of ckla as it is
involved in cell cycle control, apoptosis, Wnt signaling
cascade for cell proliferation, differentiation and, deregula-
tion of ckla expression has been linked to Alzheimer’s
and Parkinson’s disease [17].

Other critical interactions specific to only NS5A and
ckla is not understood due to the unavailability of
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phosphorylation.

Figure 3 Model of human CK1a with NS5A substrate peptide (green) and ATP molecule (purple). a: Catalytic base Asp 136 in catalytic
loop (cyan), NS5A peptide (green) containing the phosphoacceptor serine 232 and phosphoserine 229 are shown in stick representation. Glycine
loop (blue) is also shown. b: Stereo figure showing the zoomed in view of the substrate interacting kinase residues Arg 214, Lys 260, Gly 251
(magenta) making ionic interactions with phosphoserine of NS5A peptide. Ser 230 of NS5A peptide interacts with Thr 212 by means of hydrogen
bonding. Phospho acceptor serine 232 of NS5A is proximal to the y phosphate of ATP molecule and the catalytic base Asp 136 to carry out

structural details of entire NS5A protein. A small mol-
ecule targeted to specifically bind to the suggested part of
NS5A to prevent its interaction with ckla could be very
useful.

Modeling of p53 transactivation domain bound to human
casein kinase 1a

The crystal structure of p53 transactivation domain [21]
contains the casein kinase 1 substrate consensus motif
(ETES). The substrate consensus motif contains the phos-
pho acceptor Ser 20 and glutamic acid, the substrate con-
straint residue spaced three residues upstream to Ser 20
[16]. This glutamic acid is equivalent to phosphoserine at
position 229 in NS5A.

Modeling of p53 transactivation domain [PDB id: 1YCR]
bound to ckla showed the analogy of substrate recogni-
tion and interaction with ckla. The substrate interacting
residues arginine 214, glycine 251 and lysine 260 makes
jonic interactions with the substrate constraint residue
glutamic acid 17 in the crystal structure of the transactiva-
tion domain of p53 tumour suppressor [21] as shown in
the Figure 5.

This modeled complex shows identical interactions be-
tween the substrate interacting residues of kinase and the
substrate constraint residues, which is common to all sub-
strate - ckla interaction. The other unique non-covalent
interactions made by the p53 transactivation domain and
kinase are listed in the Table 1.

Prediction of PKR interacting residues of NS5A
Information derived from crystal structure of PKR dimer

and pairwise sequence alignment of NS5A and PKR

Crystal structure of PKR dimer [PDB id: 2al9] [22] was
used to identify the interface residues listed in Table 2.
Given a reasonable sequence similarity between ISDR of
NS5A (237-302) [14] and a stretch of interface in PKR di-
meric interface (262-327) [22] we raise the possibility of
structural mimicry between a local (ISDR) region of NS5A
and a local stretch (interface segment) of PKR. This hy-
pothesis is attractive especially because available experi-
mental data suggests that ISDR is potentially preventing
dimerization of PKR [14]. However, the gross similarity in
the tertiary structures of PKR and NS5A is not implied.

NS5A could have independently evolved the binding
features of human PKR which is a mechanism commonly
observed in viruses to evade the host system [39]. This as-
sumption is convincing to us because the structural con-
straint imposed by the binding pocket in the PKR
protomer would make the natively unfolded region of
NS5A [9-11] to flexibly adopt a structural region that
could mimic the binding of PKR protomer.

However, the 3-D structure of NS5A is unlikely to be
similar to the tertiary structure of PKR and also a previous
study [10] showed that region of NS5A of current interest
contains many unstructured regions.

A portion of NS5A ISDR that could mimic the binding
of a PKR protomer to other PKR protomer has been
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Figure 4 Protein sequence and structure alignments. Sequence alignment between template sequence (yeast casein kinase 1) and CKla
shows 45.5% sequence identity. Protein structure alignment using DALI [36] between cAMP dependent kinase (1ATP) [19] and yeast casein kinase
(1CSN) [18] shows that the critical residues which are highlighted in blue are topologically equivalent. The substrate interacting residues in ckla is
highlighted in yellow and its structurally equivalent substrate interacting residues as proposed by the crystal structure study of yeast casein

kinase 1 is highlighted in green. This figure was produced using JOY [37]. Key to JOY notation: Solvent inaccessible - UPPER CASE (O); Solvent
accessible - lower case (0); Positive @ - italic (o); Cispeptide — breve (6); Hydrogen bond to other side chain, tilde (6); Hydrogen bond to main
chain amide, bold (0);Hydrogen bond to main chain carbonyl - underline (0); Disulphide bond, -cedila (g).
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shown in the Figure 6 in the form of pairwise alignment.
The dimer interface residues of PKR are marked in the
alignment and the equivalent residues were checked in
NS5A 1b sequence from the alignment. Interestingly, it
was found that the equivalent residues in NS5A 1b were
mostly biochemically and structurally similar to the dimer
interface residues in PKR, as shown in the Figure 7; there-
fore they may be capable of making identical or similar
interactions like PKR protomer. Thus the residues in
NS5A 1b equivalent to dimer interface residues of PKR
were predicted as PKR interacting residues. They are Ser
249, Asp 253, Thr 270, Val 272, Glu 273, and Phe 284 as
shown in the Table 3.

The conservation of the predicted PKR interacting resi-
dues from all NS5A-1b sequences (genotype 1b -331
sequences) was found to be above 90%. Even though Val
296 is similar to the dimer interface residue in the align-
ment, it was conserved below 80% and this position is
highly variable with substitutions like I, P and M. So this
position is not predicted as a PKR interacting residue.

It was further considered that the predicted PKR binding
residues from genotype 1b would be different to those
equivalent residues in genotype 2a and 3a which are unable
to bind and inhibit PKR efficiently. Multiple sequence align-
ment (Additional file 2) (MSA 1b Vs 3a, 1b Vs 2a) shows
different amino acids in genotype 3a and 2a equivalent to
the predicted PKR interacting residues in genotype 1b.

Prediction of PKR interacting residues of NS5A 1b by
evolutionary trace analysis

We have also predicted the PKR interacting residues
in NS5A of genotype 1b by a computational analysis
which is entirely independent of the analysis reported
in the previous section. Experiments have shown that
PKR interaction with NS5A is primarily genotype spe-
cific [14,29,30]. NS5A from genotype 1b is able to ef-
ficiently interact and inhibit PKR [14] whereas NS5A
from genotype 2a and 3a are unable to interact and
inhibit PKR efficiently [29,30].

Evolutionary trace analysis is based on the assumption
that residues responsible for functional specificity could
undergo many amino acid substitutions, which are re-
sponsible for variation in their function [31,32]. The vari-
ation in the binding abilities of NS5A across genotypes
with PKR can help us to predict the critical residues spe-
cific to NS5A 1b that could be involved in interaction with
PKR. Further evolutionary trace analysis could enable us
to predict NS5A 2A, 3A specific residues which are unable
to bind and inhibit PKR efficiently.

The residues unique to ISDR of genotype 1b have been
identified when the MSA of genotype 1b was compared to
MSA of genotype 3a as shown in the Additional file 2.
Analysis of V3 region of NS5A in the two genotypes
showed a clear difference. As reported earlier there is an
insertion within the V3 region [40] unique to all genotype
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substrates are shown as discussed in Table 1.

Figure 5 Model of CK1a (orange) with crystal structure of p53 transactivation domain (green) and ATP molecule (purple). a: Catalytic
base Asp 136 in catalytic loop of kinase is coloured in cyan. p53 transactivation domain coloured in green consists of phosphoacceptor serine
and the substrate constraint residue glutamic acid shown in stick representation. Substrate interacting residues arginine 214, lysine 260 and
glycine 251 are shown in magenta and glycine loop is coloured in blue. b: Stereo figure showing the zoomed in view of the interaction between
crystal structure of p53 transactivation domain and ckla homology model. Other non-covalent interactions made between the kinase and the

3a sequences and also few residues specific to genotype 3a
different from genotype 1b. Similar results were observed
for genotype 1b versus genotype 2a as shown in the
Additional file 2. Long insertion unique to both genotype
2a and 3a within the V3 region and residues unique to
both genotype 2a, 3a collectively in ISDR and V3 region
differing from genotype 1b have been identified as shown
in the Additional file 2.

Table 1 List of interactions between human casein kinase
1a and substrate p53 tumour suppressor transactivation
domain

Residues in the crystal
structure of p53
transactivation domain

Substrate interacting Nature of
residues of human interaction
casein kinase 1a

E17 R214, K260, G251 lonic interaction

T18 T212 Hydrogen bonding

F19 K260 Cation-Tt interaction

D21 K138 lonic interaction

K24 D136 lonic interaction

L25 F28 Hydrophobic
interaction

p27 A52, P55 Hydrophobic
interaction

E28 R135 lonic interaction

Interactions observed in the modelled complex of p53 tumour suppressor
transactivation domain [21] bound to CK1a model as shown in Figure 5.

The list of evolutionary trace residues [Refer Methods
section] picked up is provided in Table 4 along with the
extent of amino-acid substitution across genotypes shown
by means of BLOSUM-62 score. All the trace residues
show a high conservation of greater than 90% with very
few residues showing greater than 80% conservation in
the entire dataset (1b - 337 sequences, 3a —31 sequences,
and 2a — 16 sequences).

It is interesting to note that 4 out of the 6 residues (Ser
249, Asp 253, Val 272, Phe 284) predicted to be PKR inter-
acting residues in NS5A 1b by the method of aligning
NS5A 1b and PKR, has also been picked by evolutionary
trace analysis. This clearly shows the importance of these
residues in binding to PKR.

These observations again emphasizes that both ISDR as
well as V3 region are involved in PKR inhibition which are
primarily genotype specific as already shown by experi-
mental studies [14,29,30,40] and which is reflected in form
of trace residues in this study. The critical residues within
ISDR and V3 region involved in inhibition with PKR spe-
cific to only NS5A 1b have been identified for the first
time by evolutionary trace analysis method. The striking
common feature in genotypes 2a and 3a are the presence
of the insertion of few residues within the V3 region that
have been picked up as trace residues.

The finding from evolutionary trace analysis is con-
sistent with the experiments done previously showing
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Table 2 List of dimer interface residues in PKR and the
nature of interactions between them

PKR (B chain) PKR (C chain) Nature of interaction
R262 D266 lonic interaction
D266 R262 lonic interaction
H286 €326 Hydrogen bond : NE2 of His with
O of Cys
1288 Y300, V309 Hydrophobic interaction
D289 Y323 Hydrogen bond: OD2 of asp with
OH of Tyr
Y293 Y323 Hydrophobic interaction
D316 H322 lonic interaction,
V318 V318 Hydrophobic interaction
H322 D316,Y323 Hydrogen bond: ND1 of his with
OD1 of Asp
NE2 of his with OD1 of Asp
NE2 of his with O of Tyr
lonic interaction
Y323 Y293, H322,0289  Hydrophobic interaction
Hydrogen bond : O of Tyr with
NE2 of His
OH of Tyr with OD2 of Asp
N324 Y323,N324 Hydrogen bond: ND2 of Asn with
O of Tyr
ND2 of Asn with O of Asn
€326 H286 Hydrogen bond: SG of Cys with

NE2 of His

The list of non-covalent interactions at the dimeric interface of PKR [22] has
been obtained by using PIC (protein interaction calculator) server [38].

the importance of NS5A ISDR and V3 region to bind to
PKR [40].

V3 region in NS5A was found to be crucial for provid-
ing specificity to binding/ poor binding efficiency to PKR
in the case of genotype 1b and genotype 2a/3a respectively
[29,40]. The large number of trace residues been picked
up in V3 region as compared to ISDR shows its import-
ance and specificity for PKR binding. Insertion within V3
that is commonly observed in genotype 3a and 2a could
make NS5A unable to bind and inhibit PKR efficiently. It
was found that ISDR may not be critical for imparting
specificity of binding to PKR [40]. Though ISDR from
genotype 1b is capable of interacting with PKR, its final
interaction is solely dependent on the nature of V3
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present [40]. The PKR interacting residues in ISDR picked
in this analysis could be involved in stabilizing the
protein-protein complex in case of genotype 1b with PKR.

It should be noted that not all the variable positions
within NS5A 1b sequences may be completely respon-
sible for their interaction with PKR. Moreover NS5A
has binding partners other than PKR [12] and neutral
sequence evolution of various serotypes is also possible
[41]. Nevertheless, it is attractive to hypothesize
that sequence changes primarily in ISDR in NS5A
could be responsible for PKR interaction, as previous
studies have shown the physical interaction between
the ISDR region of NS5A and PKR [14]. Therefore,
mutagenesis experiments can be performed based on the
predicted PKR interacting NS5A 1b residues to validate
and filter them.

Conclusions

Structural modeling has provided insights about the struc-
tural basis of interaction and recognition of NS5A peptide
containing the phosphorylation motif with ckla. This
shows the viral mimicry of the substrate recognition motif
for human ckla. Mutation of Arg 214 and Lys 260 which
are predicted to interact with phosphorylated Ser in ckla
could serve as an interesting validation of the model.

Analogy of kinase recognition and substrate interaction
is shown by considering another substrate of ckla which
is p53 tumour suppressor transactivation domain [16]
whose crystal structure is known [21].The residues found
to interact in ckla with the substrate constraint residue
are common in the viral protein HCV NS5A and human
P53 tumour suppressor transactivation domain.

NS5A phosphorylation by ckla serves as a regulatory
switch between viral replication and RNA translation/pack-
aging [2]. On the other hand, p53 phosphorylation at the
transactivation domain by ckla upon DNA virus induced
stress is also shown [16,42]. It is well known that phos-
phorylated p53 triggers apoptosis in infected cells and
serves as a host response during viral infection [43]. Inter-
estingly, previous experiments have shown that NS5A binds
and sequesters p53 transactivation domain and thereby pre-
vents apoptosis to counteract the host response [44,45].

It is interesting to speculate that HCV infection could
trigger phosphorylation of p53 by ckla as a host response
which gets counteracted by the HCV NS5A sequestering
the p53 to prevent apoptosis [44,45].

because this position is highly variable.

NSS5A 1b SPDADLIEANLLWRQEMGGNI---TRVES
PKR  RFGMIFKEIELIGSGGFGQVFKAKHRING

Figure 6 Pairwise sequence alignment between ISDR (Interferon sensitivity determining region) of NS5A and PKR dimerisation region.
Some of the residues involved in dimerisation of PKR are highlighted in magenta. Equivalent residues in NS5A are highlighted in cyan. Non
equivalent residue in NS5A is highlighted in green. The equivalent position for dimer interface residue V is not marked in NS5A sequence

ILDSFDPIRAVEDEREISVPAEI

TKRVKENNE - - -KAEREJKALAKL
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Figure 7 Binding features of PKR protomer being mimicked by NS5A to interact with another PKR protomer. a: Binding features of PKR
being mimicked by NS5A [14] is coloured in green which is interacting with another PKR protomer coloured in magenta. The dimer interface
residues are shown in stick representation. b: Zoomed in view with labeled NS5A residues equivalent to the dimer interface residues as per the
pairwise sequence alignment shown in Figure 6. c: Stereo representation of the image in Figure 7b.

Thus, identification of residues in human ckla which
interacts with NS5A and p53 in this work could provide
further insights to understand the interplay between ckla
and its two substrates (NS5A and p53) which could influ-
ence the outcome of the viral infection.

Two different methods have been used to narrow down
the range in NS5A which might interact with PKR. Crit-
ical residues responsible for interaction of NS5A 1b with
PKR and residues unable to bind and inhibit PKR effi-
ciently in NS5A 2a/3a have been predicted for the first
time. The functional significance and nature of interaction
of ISDR and V3 region in NS5A with PKR which was

Table 3 Dimer interface residues in PKR that are
mimicked by the residues in HCV NS5A

Nature of interaction Dimer interface Equivalent

residues of PKR residues in
NS5A

D266 (lonic interaction) R262 5249

R262 (lonic interaction) D266 D253

(€326 (Hydrogen bond : H286 1270

NE2 of His with O of Cys )

Y300, V309 (Hydrophobic 1288 V272

interaction)

Y323 (Hydrogen bond: D289 E273

OD2 of Asp with OH of Tyr)

1288, V309 (Hydrophobic Y300 F284

interaction)

The equivalent residues in NS5A to the PKR dimer interface residues are
obtained from the pairwise alignment as shown in the Figure 6. The
equivalent residues in NS5A which are capable of interacting with PKR mimics
the binding of PKR protomer to the other PKR protomer due to the shared
binding region of NS5A and PKR protomer with another PKR protomer [14].

previously identified experimentally [14,29,30,40] are sup-
ported by evolutionary trace analysis.

Even though the clinical response to interferon therapy
has been studied for other HCV genotypes like 4, 5 and 6
[46], the molecular interaction with PKR is not known.
The findings of the evolutionary trace analysis can be
compared to further predict if NS5A in these genotypes
would interact with PKR and predict the PKR interacting
residues in them.

Recent work on evolution of PKR showed that each of
its 3 domains evolve rapidly to evade the viruses. Few resi-
dues within the dimerisation region of PKR have been
shown to undergo positive selection [39]. This could mean
that these could be NS5A interacting residues in PKR that
are under positive selection in order to overcome the
interaction with the viral protein NS5A. This shows the
“Evolutionary arms race” [39] between the host protein
PKR and the viral protein NS5A for their survival.

The information of interface residues in NS5A 1b and
PKR would be very helpful to design inhibitors that would
prevent this interaction to enable the HCV genotype 1
infected patients respond well to the interferon therapy
like the other genotype infected patients of HCV.

Methods

Homology modeling of human casein kinase 1a

Human ckla sequence [NCBL: NP_001020276.1] was
retrieved from NCBI database. It was searched for similar
sequences with known crystal structure in the protein
databank by using BLAST program [47]. The homology
model has been generated on the basis of the crystal
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Table 4 Evolutionary trace residues in ISDR and V3 region of NS5A from genotype 1b, 3a and 2a

Genotype 1b Vs 3a Genotype 1b Vs 2a Genotype 1b Vs 3a and 2a

Trace Trace Blosum-62 Trace Trace BLOSUM-62 Trace Trace BLOSUM-62
residues residues substitution residues residues substitution residues residues in Substitution
(NS5A -1b) (NS5A -3A) score (NS5A -1b) (NS5A -2A) score (NS5A-1b) (NS5A -3a and 2a) score
T244 Q244 0 K240 R240 2 1255 V255 V255 1
H247 R247 0 H247 G247 -2 E256 D256 D256 2
D248 p248 -1 P250 Y250 -3 N276 1276 S272 01
5249 H249 -1 A252 V252 -2 E293 D293 D289 2
D253 E253 2 L254 M254 2 - K384 P380
1255 V255 1 1255 V255 1 - P385 P381
E256 D256 2 E256 D256 2 - Q386 $382
G267 S267 0 260 F260 0 - E387 (G383
N276 1276 0 W261 - - E388 D384
E293 D293 2 R262 - A387 G394 G390 0
1302 €302 -1 Q263 - 1292 S399 D395 11
G381 P381 -2 E264 - A293 S400 $396 1
- K384 1269 V265 1 - V405 T400
- P385 V272 1268 3 S401 - -
- Q386 N276 S272 1 D402 - -
- E387 1280 V276 1 G404 - -
- E388 F284 1280 0 D405 - -
A387 G394 0 1287 M283 2
S390 1397 1 A289 E285 -1
G391 Q398 -2 D292 5288 0
T392 S399 1 E293 D289 2
A393 S400 1 R294 L290 -2
P396 S403 -1 V298 1294 3
P397 K404 -1 A300 S296 1
D398 V405 -3 1302 Y298 -1
Q399 P406 -1 - Q378
D402 P409 -1 - P379
D405 E412 2 - P380
G407 - - P381

- $382

- G383

- D384

- S385

- G386

- 1387

T389 1
A391 1

D392 0
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Table 4 Evolutionary trace residues in ISDR and V3 region of NS5A from genotype 1b, 3a and 2a (Continued)

E404

L407

-4

Trace residues are picked up if complete/ high conservation (mostly >90% and very few residues showing >80%) or conservative substitution of two different
residues or a residue and a gap from both multiple sequence alignment are being compared. The extent of amino acid substitution across genotypes in NS5A has
been shown using BLOSUM - 62 substitution score. The trace residues from NS5A genotype1b are predicted to be PKR interacting residues.

structure of ckla from Schizosaccharomyces pombe using
COMPOSER [48,49], which has been incorporated in
Sybyl (Tripos Inc. St Louis). Structurally conserved
regions in the template structure are extrapolated to ckla
sequence. Template matching approach has been used for
other regions which show sequence divergence from tem-
plate sequence. These regions are modeled by finding a
suitable fragment from a dataset which contains non iden-
tical protein structures using COMPOSER [50,51]. An in-
sertion region (146-182) of human ckla sequence [NCBIL:
NP_001020276.1) has not been modeled due to potentially
poor reliability of the modeled conformation as there is
no corresponding region in the template structure. This
region is situated far away from the functional site of the
kinase and so this region is not expected to influence the
function of the kinase.

Modeling of NS5A peptide bound to human casein

kinase Ta model

NS5A peptide S(P)SAS has been modeled on to the struc-
tural model of ckla which is re-generated based on the
crystal structure of cAMP dependent kinase [PDB id:
1ATP] [19]. This is because firstly, the modeled CKla
adopts a similar fold with cAMP dependent protein kinase
and the critical residues of both the kinases are topologic-
ally equivalent. Secondly, the substrate of cAMP
dependent kinase has a substrate constraint at the third
residue upstream of phosphoacceptor serine like ckla.
Hence ckla was superposed on to cAMP dependent
protein kinase- peptide complex by using the pairwise
structure alignment program DALI [36]. Further, local
superposition of critical regions like the glycine loop, cata-
lytic loop in cAMP dependent kinase and ckla model,
were carried out using the program SUPER (B.S. Neela,
unpublished). Therefore a model of ckla bound to pep-
tide inhibitor of cAMP dependent kinase at its substrate
binding site was generated. The substrate peptide of
cAMP dependent kinase has a phosphoacceptor Ser 21
which is replaced by alanine in the pseudo substrate, so
that phosphorylation and dissociation of the peptide are
not possible and the peptide is able to bind to the kinase.

The substrate constraint residue which is three residues
upstream to Ala 21 is a positively charged residue, Arginine
[19]. This substrate recognition motif of cCAMP dependent
kinase is now replaced by those found in the NS5A
substrate peptide (S (P) SAS) using Sybyl. The backbone of
NS5A peptide is in the same conformation of the substrate
recognition motif of cAMP dependent kinase. It was
ensured that there were no short contacts in the ternary
complex model of ckla bound to HCV NS5A peptide
along with ATP and was finally subjected to energy
minimization using Kollman united atom model as the
force field [52]. During energy minimization a distance
criterion was imposed between the phosphoacceptor serine
in the substrate and the catalytic base aspartic acid in the
kinase, so that they are in proximity for the hydroxyl group
of serine to accept the y phosphate from ATP. It was
ensured that the substrate interacting residues of the kinase
and the substrate constraint residue phosphoserine are at
optimal interacting distance. SYBYL and molecular
visualization software PyMOL [33] were used for modeling
and structural analysis of the complex.

Modeling of p53 transactivation domain bound to human
casein kinase 1a

A model of p53 transactivation domain for which the
crystal structure is available containing the phos-
phoacceptor serine bound to ckla model was gener-
ated as discussed in the previous section. It was made
sure that the structure of p53 transactivation domain
does not have any short contact with the kinase and
makes favourable interactions with the residues of the
kinase.

Multiple sequence alignment of the members of casein
kinase 1 family

Multiple sequence alignment of the members of casein
kinase 1 family (from www.kinase.com/kinbase) was car-
ried out using CLUSTALW [53]. The multiple sequence
alignment was used to find if the substrate interacting
residues in human casein kinase la was conserved across
the casein kinase 1 family.
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Information derived from crystal structure of PKR dimer
and alignment between NS5A and PKR

Crystal structure of PKR dimer was used to identify the
interfacial residues in the PKR dimer [PDB id: 2A19] [19].
An atom pair across the PKR subunits having a distance
less than the sum of the van der Waals radius of the 2
atoms + 0.5 A has been considered to be interfacial resi-
dues [54,55].

Pairwise consensus sequence alignment were obtained
from MAFFT, PROBCONS, T-coffee softwares [56-58] be-
tween the region in PKR that interacts with NS5A (PKR
dimerisation region) and the ISDR in HCV NS5A protein
(HCV-j 1b reference sequence). PKR dimer interface resi-
dues are noted in the PKR sequence and their equivalent
residues in NS5A in the alignment reveals the putative
residues in NS5A that could interact with PKR.

Multiple sequence alignment of NS5A sequences from
the different genotypes was carried out using MAFFT
[56]. The extent of conservation of the PKR interacting
residues in NS5A 1b and equivalent residues from geno-
type 3a and 2a obtained from the multiple sequence align-
ment were calculated. The multiple sequence alignments
were visualized using jalview [59].

Evolutionary trace analysis to identify PKR interacting
residues in NS5A 1b

Dataset

HCV polyprotein sequences were downloaded from
European HCV database (735 sequences) [60]. The refer-
ence NS5A sequence [AF0096061a] was searched against
the database containing 735 polyprotein HCV sequences.
NS5A sequences were extracted from the 735 polyprotein
sequences. Genotypes 1b, 2a and 3a sequences were only
considered for the study because the clinical studies of
response to interferon therapy, molecular studies of
NS5A-PKR interaction and its relation to inhibition of
PKR has been experimentally studied for these genotypes
[14,29,30,40]. The strains used in the experimental studies
and the reference strains of NS5A from genotype 1b, 2a
and 3a were also added to the sequences for the analysis.
Sequences with ambiguous amino acids (X) were omitted
and only full length NS5A sequences were considered for
the analysis. Since the sequences were highly similar they
were clustered at 95% sequence identity using CD-HIT
program [61] to get 69, 13, 7 representative sequences
respectively in genotype 1b, 2a and 3a respectively.

Evolutionary trace analysis

In this study, trace residues have been defined as those
residues which show a distinct sequence pattern in a par-
ticular position of both the multiple sequence alignment
which is compared. Trace residues are picked up if
complete/ high conservation (mostly >90% and very few
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residues showing >80%) / conservative substitution of two
different residues or a residue and a gap from both mul-
tiple sequence alignment are being compared.

Seven representative sequences each from genotype 1b,
2a & 3a were chosen for the evolutionary trace analysis
[31,32]. The multiple sequence alignment for the entire
dataset of genotype 1b (331), 2a (16) and 3a (31) was car-
ried out using MAFFT [56] and the extent of conservation
of trace residues was calculated in percentage. The mul-
tiple sequence alignments were visualized and analyzed
using jalview [59].

Additional files

Additional file 1: Multiple sequence alignment of members among
casein kinase 1 family. The additional file provides multiple sequence
alignment and the details of substrate interacting residues in human
ckla conserved within casein kinase 1 family. Arginine 214, lysine 260 is
absolutely conserved and conservatively substituted respectively. Glycine
251 is not conserved because the main chain nitrogen is involved in its
interaction with the substrate constraint residue — phosphoserine 229.
These substrate interacting residues are highlighted in blue. The aspartic
acid 140 of human ckla probably avoids the proximity of substrate
constraint acidic residue phosphoserine 229 of NS5A. Aspartic acid is
conservatively substituted among the ck1 family and is highlighted in
yellow.

Additional file 2: Prediction of PKR interacting residues in NS5A 1b.
(1) Alignment of PKR dimerisation region with ISDR (Interferon sensitivity
determining region) of NS5A. (a) Dimer interface residues are colored in
magenta in PKR sequence. The residues in NS5A 1b, 3a equivalent to the
dimer interface residues of PKR are colored in cyan and yellow
respectively. (b) Dimer interface residues are colored in magenta in PKR
sequence. The residues in NS5A 1b, 2a equivalent to the dimer interface
residues of PKR are colored in cyan and green respectively. (2) Trace
residues are identified when NS5A from genotype 1b which interacts and
inhibits PKR is compared with NS5A 3a and NS5A 2a which are unable to
bind and inhibit PKR efficiently in few representative sequences. All the
trace residues highlighted are highly conserved (> 80%) in the entire
dataset. (a) Trace residues picked when MSA of genotype 1b Vs 3a is
compared. (b) Trace residues picked when MSA of genotype 1b Vs 2a is
compared. (c) Trace residues picked when MSA of genotype 1b Vs 3a
and 2a are compared.

Competing interests
The authors declared that they have no competing interests.

Authors’ contributions

GS carried out the analysis. GS, YD and NT carried out the protein structure
modeling. NS and SD conceived the study. All authors read and approved
the final manuscript.

Acknowledgements

Authors are grateful to Department of Biotechnology, Government of India
for the support of the project under centre of excellence. We are grateful to
Department of biotechnology for awarding fellowship to GS and YD and
council of scientific and industrial research for awarding fellowship to NT.
Authors are also grateful to their group members for their useful
suggestions.

Author details

'Molecular Biophysics Unit, Indian Institute of Science, Bangalore 560 012,
India. German cancer research center, Bioquant, Heidelberg, Germany.
3European Bioinformatics Institute, Hinxton, Cambridge, UK. 4Departmem of
Microbiology and Cell Biology, Indian Institute of Science, Bangalore 560 012,
India.


http://www.biomedcentral.com/content/supplementary/1472-6807-12-28-S1.pdf
http://www.biomedcentral.com/content/supplementary/1472-6807-12-28-S2.pdf

Sudha et al. BMC Structural Biology 2012, 12:28
http://www.biomedcentral.com/1472-6807/12/28

Received: 20 July 2012 Accepted: 31 October 2012
Published: 13 November 2012

References

1.

20.

21.

Hoofnagle JH: Course and outcome of hepatitis C. Hepatology 2002,

36(5 Suppl 1):521-529.

Huang Y, Staschke K, De Francesco R, Tan SL: Phosphorylation of hepatitis
C virus NS5A nonstructural protein: a new paradigm for
phosphorylation-dependent viral RNA replication? Virology 2007,
364(1):1-9.

Wohnsland A, Hofmann WP, Sarrazin C: Viral determinants of resistance to

treatment in patients with hepatitis C. Clin Microbiol Rev 2007, 20(1):23-38.

Moradpour D, Penin F, Rice CM: Replication of hepatitis C virus. Nat Rev
Microbiol 2007, 5(6):453-463.

Penin F, Brass V, Appel N, Ramboarina S, Montserret R, Ficheux D, Blum HE,
Bartenschlager R, Moradpour D: Structure and function of the membrane
anchor domain of hepatitis C virus nonstructural protein 5A. J Biol Chem
2004, 279(39):40835-40843.

Tellinghuisen TL, Marcotrigiano J, Rice CM: Structure of the zinc-binding
domain of an essential component of the hepatitis C virus replicase.
Nature 2005, 435(7040):374-379.

Love RA, Brodsky O, Hickey MJ, Wells PA, Cronin CN: Crystal structure of a
novel dimeric form of NS5A domain | protein from hepatitis C virus.

J Virol 2009, 83(9):4395-4403.

Fink AL: Natively unfolded proteins. Curr Opin Struct Biol 2005, 15(1):35-41.
Hanoulle X, Verdegem D, Badillo A, Wieruszeski JM, Penin F, Lippens G:
Domain 3 of non-structural protein 5A from hepatitis C virus is natively
unfolded. Biochem Biophys Res Commun 2009, 381(4):634-638.

Liang Y, Ye H, Kang CB, Yoon HS: Domain 2 of nonstructural protein 5A
(NS5A) of hepatitis C virus is natively unfolded. Biochemistry 2007,
46(41):11550-11558.

Verdegem D, Badillo A, Wieruszeski JM, Landrieu |, Leroy A, Bartenschlager
R, Penin F, Lippens G, Hanoulle X: Domain 3 of NS5A Protein from the
Hepatitis C Virus Has Intrinsic {alpha}-Helical Propensity and Is a
Substrate of Cyclophilin A. J Biol Chem 2011, 286(23):20441-20454.
Macdonald A, Harris M: Hepatitis C virus NS5A: tales of a promiscuous
protein. J Gen Virol 2004, 85(Pt 9):2485-2502.

Quintavalle M, Sambucini S, Summa V, Orsatti L, Talamo F, Francesco RD,
Neddermann P: Hepatitis C virus NS5A is a direct substrate of casein
kinase 1-a, a cellular kinase identified by inhibitor affinity
chromatography using specific NS5A hyperphosphorylation Inhibitors.
J Biol Chem 2006, 282:5536-5544.

Gale M Jr, Blakely CM, Kwieciszewski B, Tan SL, Dossett M, Tang NM, Korth
MJ, Polyak SJ, Gretch DR, Katze MG: Control of PKR protein kinase by
hepatitis C virus nonstructural 5A protein: molecular mechanisms of
kinase regulation. Mol Cell Biol 1998, 18(9):5208-5218.

Reed KE, Gorbalenya AE, Rice CM: The NS5A/NS5 proteins of viruses from
three genera of the family flaviviridae are phosphorylated by associated
serine/threonine kinases. J Virol 1998, 72(7):6199-6206.

MacLaine NJ, Oster B, Bundgaard B, Fraser JA, Buckner C, Lazo PA, Meek
DW, Hollsberg P, Hupp TR: A central role for CK1 in catalyzing
phosphorylation of the p53 transactivation domain at serine 20 after
HHV-6B viral infection. J Biol Chem 2008, 283(42):28563-28573.
Knippschild U, Gocht A, Wolff S, Huber N, Lohler J, Stoter M: The casein

kinase 1 family: participation in multiple cellular processes in eukaryotes.

Cell Signal 2005, 17(6):675-689.

Xu RM, Carmel G, Sweet RM, Kuret J, Cheng X: Crystal structure of casein
kinase-1, a phosphate-directed protein kinase. FMBO J 1995,
14(5):1015-1023.

Knighton DR, Zheng JH, Ten Eyck LF, Xuong NH, Taylor SS, Sowadski JM:
Structure of a peptide inhibitor bound to the catalytic subunit of cyclic
adenosine monophosphate-dependent protein kinase. Science 1991,
253(5018):414-420.

Brown NR, Noble ME, Endicott JA, Johnson LN: The structural basis for
specificity of substrate and recruitment peptides for cyclin-dependent
kinases. Nat Cell Biol 1999, 1(7):438-443.

Kussie PH, Gorina S, Marechal V, Elenbaas B, Moreau J, Levine AJ, Pavletich
NP: Structure of the MDM2 oncoprotein bound to the p53 tumor
suppressor transactivation domain. Science 1996,

274(5289):948-953.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,
44,

45.

Page 13 of 14

Dar AC, Dever TE, Sicheri F: Higher-order substrate recognition of
elF2alpha by the RNA-dependent protein kinase PKR. Cell 2005,
122(6):887-900.

Bacon BR, Gordon SC, Lawitz E, Marcellin P, Vierling JM, Zeuzem S, Poordad
F, Goodman ZD, Sings HL, Boparai N, et al- Boceprevir for previously
treated chronic HCV genotype 1 infection. N £ngl J Med 2011,
364(13):1207-1217.

Poordad F, McCone J Jr, Bacon BR, Bruno S, Manns MP, Sulkowski MS,
Jacobson IM, Reddy KR, Goodman ZD, Boparai N, et al: Boceprevir for
untreated chronic HCV genotype 1 infection. N Engl J Med 2011,
364(13):1195-1206.

Swiss Association for the Study of the Liver: Treatment of chronic hepatitis
C genotype 1 with triple therapy comprising telaprevir or boceprevir.
Swiss Med Wkly 2012, 142:w13516.

Lemon SM, McKeating JA, Pietschmann T, Frick DN, Glenn JS, Tellinghuisen
TL, Symons J, Furman PA: Development of novel therapies for hepatitis C.
Antiviral Res 2010, 86(1):79-92.

Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Goncales FL Jr,
Haussinger D, Diago M, Carosi G, Dhumeaux D, et al: Peginterferon alfa-2a
plus ribavirin for chronic hepatitis C virus infection. N Engl J Med 2002,
347(13):975-982.

Begemann F, Jablonowski H: Enhancing the response to interferon-alpha.
J Clin Virol 1999, 13(1-2):1-7.

Noguchi T, Satoh S, Noshi T, Hatada E, Fukuda R, Kawai A, lkeda S, Hijikata
M, Shimotohno K: Effects of mutation in hepatitis C virus nonstructural
protein 5A on interferon resistance mediated by inhibition of PKR kinase
activity in mammalian cells. Microbiol Immunol 2001, 45(12):829-840.
Castelain S, Khorsi H, Roussel J, Francois C, Jaillon O, Capron D, Penin F,
Wychowski C, Meurs E, Duverlie G: Variability of the Nonstructural 5A
Protein of Hepatitis C Virus Type 3a Isolates and Relation to Interferon
Sensitivity. J Infect Dis 2002, 185:573-583.

Lichtarge O, Bourne HR, Cohen FE: An evolutionary trace method defines
binding surfaces common to protein families. J Mol Biol 1996,
257(2):342-358.

Lichtarge O, Yao H, Kristensen DM, Madabushi S, Mihalek I: Accurate and
scalable identification of functional sites by evolutionary tracing. J Struct
Funct Genomics 2003, 4(2-3):159-166.

Delano WL: The PyMOL Molecular Graphics System. San Carlos, CA, USA:
Delano Scientific; 2002.

Goldsmith EJ, Akella R, Min X, Zhou T, Humphreys JM: Substrate and
docking interactions in serine/threonine protein kinases. Chem Rev 2007,
107(11):5065-5081.

Songyang Z, Lu KP, Kwon YT, Tsai LH, Filhol O, Cochet C, Brickey DA,
Soderling TR, Bartleson C, Graves DJ, et al: A structural basis for substrate
specificities of protein Ser/Thr kinases: primary sequence preference of
casein kinases | and II, NIMA, phosphorylase kinase, calmodulin-
dependent kinase Il, CDK5, and Erk1. Mol Cell Biol 1996, 16(11):6486-6493.
Holm L, Park J: DaliLite workbench for protein structure comparison.
Bioinformatics 2000, 16(6):566-567.

Mizuguchi K, Deane CM, Blundell TL, Johnson MS, Overington JP: JOY:
protein sequence-structure representation and analysis. Bioinformatics
1998, 14(7):617-623.

Tina KG, Bhadra R, Srinivasan N: PIC: Protein Interactions Calculator. Nucleic
Acids Res 2007, 35(Web Server issue):W473-W476.

Elde NC, Malik HS: The evolutionary conundrum of pathogen mimicry.
Nat Rev Microbiol 2009, 7(11):787-797.

Tsai YH, Kuang WF, Lu TY, Kao JH, Lai MY, Liu CJ, Chen PJ, Hwang LH: The
non-structural 5A protein of hepatitis C virus exhibits genotypic
differences in interferon antagonism. J Hepatol 2008, 49(6):899-907.
Simmonds P: Genetic diversity and evolution of hepatitis C virus-15
years on. J Gen Virol 2004, 85(Pt 11):3173-3188.

Lazo PA, Santos CR: Interference with p53 functions in human viral
infections, a target for novel antiviral strategies? Rev Med Virol 2011,
21(5):285-300.

Kruse JP, Gu W: Modes of p53 regulation. Cell 2009, 137(4):609-622.

Lan KH, Sheu ML, Hwang SJ, Yen SH, Chen SY, Wu JC, Wang YJ, Kato N,
Omata M, Chang FY, et al: HCV NS5A interacts with p53 and inhibits
p53-mediated apoptosis. Oncogene 2002, 21(31):4801-4811.

Majumder M, Ghosh AK, Steele R, Ray R, Ray RB: Hepatitis C virus NS5A
physically associates with p53 and regulates p21/waf1 gene expression
in a p53-dependent manner. J Viro/ 2001, 75(3):1401-1407.



Sudha et al. BMC Structural Biology 2012, 12:28 Page 14 of 14
http://www.biomedcentral.com/1472-6807/12/28

46. Cannon NA, Donlin MJ, Fan X, Aurora R, Tavis JE: Hepatitis C virus diversity
and evolution in the full open-reading frame during antiviral therapy.
PLoS One 2008, 3(5):e2123.

47.  Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment
search tool. J Mol Biol 1990, 215(3):403-410.

48.  Sutcliffe MJ, Haneef |, Carney D, Blundell TL: Knowledge based modelling
of homologous proteins, Part I: Three-dimensional frameworks derived
from the simultaneous superposition of multiple structures. Protein Eng
1987, 1(5):377-384.

49.  Sutcliffe MJ, Hayes FR, Blundell TL: Knowledge based modelling of
homologous proteins, Part II: Rules for the conformations of substituted
sidechains. Protein Eng 1987, 1(5):385-392.

50. Srinivasan N, Blundell TL: An evaluation of the performance of an
automated procedure for comparative modelling of protein tertiary
structure. Protein Eng 1993, 6(5):501-512.

51. Blundell T, Carney D, Gardner S, Hayes F, Howlin B, Hubbard T, Overington
J, Singh DA, Sibanda BL, Sutcliffe M: 18th Sir Hans Krebs Lecture
Knowledge-based protein modelling and design. Eur J Biochem 1988,
172:513-520.

52. Weiner SJ, Kollman PA: An all atom force field for simulations of proteins
and nucleic Acids. J Comput Chem 1986, 7:230-252.

53. Thompson JD, Higgins DG, Gibson TJ: CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res 1994, 22(22):4673-4680.

54.  Keskin O, Tsai CJ, Wolfson H, Nussinov R: A new, structurally
nonredundant, diverse data set of protein-protein interfaces and its
implications. Protein Sci 2004, 13(4):1043-1055.

55. Chothia C: Structural invariants in protein folding. Nature 1975,
254(5498):304-308.

56. Katoh K, Misawa K, Kuma K, Miyata T: MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res 2002, 30(14):3059-3066.

57.  Notredame C, Higgins DG, Heringa J: T-Coffee: A novel method for fast
and accurate multiple sequence alignment. J Mol Biol 2000,
302(1):205-217.

58. Do CB, Mahabhashyam MS, Brudno M, Batzoglou S: ProbCons: Probabilistic
consistency-based multiple sequence alignment. Genome Res 2005,
15(2):330-340.

59. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ: Jalview
Version 2-a multiple sequence alignment editor and analysis
workbench. Bioinformatics 2009, 25(9):1189-1191.

60. Combet C, Garnier N, Charavay C, Grando D, Crisan D, Lopez J, Dehne-
Garcia A, Geourjon C, Bettler E, Hulo C, et al: euHCVdb: the European
hepatitis C virus database. Nucleic Acids Res 2007, 35(Database issue):
D363-D366.

61. Li W, Godzik A: Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics 2006,
22(13):1658-1659.

doi:10.1186/1472-6807-12-28

Cite this article as: Sudha et al.: Structural and molecular basis of
interaction of HCV non-structural protein 5A with human casein kinase
1a and PKR. BMC Structural Biology 2012 12:28.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Homology modeling of human casein kinase 1α
	Modelling of NS5A peptide bound to human casein kinase 1α model
	Modeling of p53 transactivation domain bound to human casein kinase 1α
	Prediction of PKR interacting residues of NS5A
	Information derived from crystal structure of PKR dimer and pairwise sequence alignment of NS5A and PKR

	Prediction of PKR interacting residues of NS5A 1b by evolutionary trace analysis

	Conclusions
	Methods
	Homology modeling of human casein kinase 1α
	Modeling of NS5A peptide bound to human casein kinase 1α model
	Modeling of p53 transactivation domain bound to human casein kinase 1α
	Multiple sequence alignment of the members of casein kinase 1 family
	Information derived from crystal structure of PKR dimer and alignment between NS5A and PKR
	Evolutionary trace analysis to identify PKR interacting residues in NS5A 1b
	Dataset
	Evolutionary trace analysis


	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

