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ABSTRACT

The increasing knowledge about the hepatitis CsiHCV) gives rise to the development of novel pramising antiviral
therapies. Despite apparent advances in this fieéddcommon inhibitor of the NS3/4A protease frdnH&EV genotypes has
not been designed yet. The main cause of the lfegkot an inhibitor are sequential and structuifééitnces among NS3/4A
protease variants from existing HCV subtypes. Hhigle presents differences and similarities s $kructure and substrate
specificity of selected enzyme isoforms, which rhajp to synthesise a specific inhibitor againsiollihem. The analysis
performed by the authors showed that the idenfifR dA sequences encoding the NS3 proteins frometih#3SV subtypes
ranges from 69 to 91% (73.4% on average) whiledbatity of corresponding amino acid sequencesushrhigher and
ranges from 80 to 95% (85.5% on average). Despiteedifferences between the peptide cofactors (N®##he proteases
from the selected HCV genotypes, their structurgrislar and the sequence identity of genes engpoitiia NS4A peptides
from the selected HCV genotypes ranges from 59%i %6 (77.7% on average). The alignment of amino segliences of
the NS4A peptide variants revealed that its mididigment, which is linked to the NS3 protein, ie thast conserved region.
The knowledge of differences in the structure disttate binding pockets of the NS3/4A proteaseoisa$, affecting the
strength of interactions with the substrates ahibitors, will help to design the universal inhilnitof these enzymes.
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According to the WHO dataapproximately 130 -
150 million people suffer from the chronic hepatiti
C infection, and 500 000 of them die each year from
hepatitis C-related liver diseases. Despite the
growing effectiveness of Direct-Acting Antivirals,
the high prevalence of HCV infections has beelh stil
a serious global problem. The diversity of HCV
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subtypes causes that elimination of infections and
their treatment are very difficult. The known HCV
variants were classifiédnto 7 genotypes that were
divided into 67 subtypes. Noteworthy, only 6 HCV
genotypes were presented in the majority of papers
that were published before 2014 while the genotype
7 was mentioned in only a few works. The RNA
heterogeneity of these genotypes and subtypes
reaches 30-35% and 259, respectively. The
prevalence of individual genotypes depends on the
level of safety in healthcare and geographical
conditions. According to WHO, in 2013 the
genotypes 1 and 2 were most widely distributed
round the world, and caused 46.2% and 9.1% of all
infections, respectively. Genotype 3 was the second
most prevalent (30.1% infections) and occurred
mainly in Southern Asia (3/4 of the cases, mainly i
India). Because of the prevalence, the subtypes la,
1b, 2a and 3a are regarded as epidemic ones, while
the other subtypes are endemic since the area of
relevant infections does not increase. The genstype
4, 5, and 6 are mainly found in Central Africa (®au
8.3% infections), South Africa (<1%) and Southeast
Asia (5.4%);.

HCV STRUCTURE AND REPLICATION
CYCLE

The structure and replication cycle of all HCV
genotypes are the same despite differences in the
RNA sequences that are the basis of the HCV
classification. The virus is built of a protein sap
covered by a lipid envelope which contains
glycoproteins E1 and E2 that are responsible fer th
infectivity of the virus and are characterized hg t
highest sequential heterogeneity among all HCV
proteins. The lipid envelope surrounds the protein
capsid encapsulating a single strand of RNA. The
HCV genome is a positively polarized ssRNA,
approximately 9500 bp long, which consists of one
long Open Reading Frame located between the two
regions that do not undergo expression such as
5NTR and 3'NTF. The genome translation results
in a polypeptide chain consisting of approximately
3037 amino acid residues, which contains 10 viral
proteins in the following order: NH2-C-E1-E2-p7-
NS2-NS3-NS4A-NS4B-NS5A-NS5B-COCH

These proteins are either structural or non-strattu
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The structural proteins are located at the N teasiin
of the polypeptide chain. The envelope protein (C)
and the glycoproteins E1 and E2 are building blocks
of the envelope and the capsid of the HCV virug Th
non-structural proteins located at the C terminus o
the polypeptide chain are involved in the RNA
replication, virus infectivity, proteolytic cleavagf

the polypeptide chain, and the host -cells’
modificatiorf. One of themost important viral
protein is NS5B, playing the role of RNA-dependent
RNA polymerase, catalysing the process of
formation of a daughter RNA strand. The proteins
from NS3 to NS5B take part in the virus RNA
replication process, yet, for most of them thisas

the only function. Among the non-structural progein
(NS), only p7 and NS2 are not involved in RNA
replication. These two proteins are responsible for
the ion channel formation and the autolytic removal
of NS2, respectively, and it is known that they can
interact with each othé?. The protein NS3 exhibits
the activity of RNA/DTP helicase, yet in the comple
with NS4A peptide (NS3/4A) it shows the activity of
serine protea8e NS4B is an endoplasmic protein
which reorganizes the membrane. The protein NS5A
is a phosphoprotein which is mainly involved in the
RNA replication but its function is not fully
specified®.

The cleavage of the polypeptide chain after
translation causes the release of the listed abioale
proteins. The proteins located between the N-
terminus and the protein P7 are liberated by the
host’s proteases. The protein NS2 has the actfity
cysteine protease that enables its auto-remova. Th
remaining proteins are released by the NS3/4A
protease, showing the auto-Proteolytic actfvity
Recent advances in analytic techniques enabled
characterization of HCV proteins that became
potential targets for antiviral therapies. For amste,

the applied for over a decade interferon Alpha (INF
and the pegylated interferon Alpha 2a (PEGINF) that
were used along with RBV (Ribavirin) have been
increasingly replaced by oral directly acting
antivirals (DAAs). The DAAs are applied in novel
3D therapies, involving inhibitors of NS3/4A
protease, NS5B polymerase and NS5A protein.
However, in developing countries the majority of
HCV infections are cured with a combination of
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PEGINF and RBV, causing various side effects,
from slight ones, like nausea and headaches, to
severe ones, like vomiting, anaemia and depression.
On the other hand, it is one of the most universal
therapies, acting against all types and subtypéseof
HCV virus. Therefore, it is so important to desin
universal inhibitor that would act against all
genotypes in a short time and with few side eftects
The virus replication cycle is relatively well
understoot although there are still certain details,
like interactions of viral proteins with each otlwer
details concerning HCV entry, which are of a
hypothetical nature. From the point of view of the
antiviral therapy, the most important of them are:
interactions of the virus with hepatocyte recepfors
endocytose and pH-dependent fuSjsynthesis of
precursor Polyprotein, Proteolytic cleavage of a
polypeptide chain, viral RNA replication, capsid
assembly, virion formation and exocytosis.

NS3/4A PROTEASE
FORMATION

The release of non-structural proteins (NS) from th
HCYV polypeptide, which is catalysed by the NS3 and
NS3/4A enzymes, is one of most important steps,
deciding of the development of HCV infection. NS3
is a multifunctional protein, containing 631 amino
acid residues. Its N-terminal serine protease domai
consists of 180 amino acid residues while the C-
terminal fragment contains the helicase and NTPase
domainé. The attachment of a peptide cofactor - a
fragment of NS4A protein - to the NS3 protein
causes that the activity of helicase is lost wtfile
proteolytic activity is increased tenfdfd From the
structural point of view, the NS3/4A protease
belongs to the family of trypsin/chymotrypsin-like
protease$. This protein is responsible for the
hydrolytic cleavage of the HCV polypeptide in four
sites: NS3-NS4A, NS4A-NS4B, NS4B-NS5A, and
NS5A-NS5B. The hydrolysis of the peptide bond
between NS3 and NS4A proteins is the
intramolecular process. The hydrolytic cleavage of
the linkages in the 3 remaining sites was showreto
specific for the trans conformation of the peptide
bond. It was also found that this protease is dapab
of carrying out proteolysis of some of the host’s
proteins, including MAVS (mitochondrial antiviral-

STRUCTURE,
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signalling protein, known as IPS1) and TRIF (TRI
domain-containing adapter inducing IB)Rhat are
responsible for induction of immune respdhse

The activity of NS3/4A protease depends on the
peptide cofactor (Figure No.la) and a zinc atom
(Figure No.1b). NS4A is a peptide consisting of 54
amino acid residues. The first 20 amino acid ressdu
are highly hydrophobic and form a trans-membrane
alpha helix, which is responsible for anchoring the
NS3/4A complex in the membrane of endoplasmic
reticulum. The central domain of NS4A peptide
(amino acid residues 21-34) directly interacts with
NS3 protein that causes the rise in Proteolytic
activity!®>. The C-terminal fragment of NS4A is
responsible for interacting with the helicase domai
and other viral proteirts

The 3D structure of NS3/4A serine protease of
genotype la was resolved in 1996, using X-ray
crystallography and NMR techniques. This enzyme
is a Heterodimer and, like the other serine pr&egas
from the trypsin/chymotrypsin family, has a struetu

of a double beta-barrel. The N-terminal subunié (th
first 93 amino acid residues) consists of 8 beta
strands, including seven strands of NS3 protein and
one strand of NS4A cofactor. Strong interactions
between NS3 and NS4A cause that the beta-barrel is
tightly packed and the surface of the protease is
increased. NS4A is non-covalently bound to the N-
terminal subunit of NS3, fitting between the twdae
strands of NS3 protein. The amino acid residues of
the central part of NS4A, including Val23, lle25,
lle/Val29 and Leu3l, are involved in numerous
hydrophobic interactions with many hydrophobic
side chains of NS3. This complex is also stabilized
by hydrogen bonds formed between the main chain
carbonyl and amide groups of NS4A and NS3. The
highly hydrophobic amino acid residues of peptide
NS4A such as lle25 and lle/Val29, are essential for
the interaction with peptide NS3 and for complete
activation of serine proted$e

The C-terminal sub domain (residues 96-180)
consists of six beta strands and one conservea alph
helix (Figure No.1a). This domain binds the zinc
atom, which is highly conserved in all closely teth
flavivirus proteasé§!’. The zinc atom is
tetrahedrally coordinated by Cys97, Cys99, Cys145,
water molecule and His149 (Figure No.1lb). The
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zinc-binding pocket is located in a cleft betwelea t
sub domains, opposite the catalytic triad, thakry
important for the catalytic functidh The catalytic
triad (Figure No.1a) is located at the interfaceéhef
sub domains, and consists of: His57 and Asp81
(located in the N-terminal sub domain) and Ser139
(located in the C-terminal sub domatt)

BINDING OF A SUBSTRATE BY NS3/4A
PROTEASE

The commonly applied model of protease’s active
centre, proposed by Schetcher and Béfgavas
used to describe interactions between the HCV
protease and its substrates and inhibitors. Theemod
substrate for NS3/4A protease is a decapeptide
consisting of 6 amino acid residues at the N-teusin
and four residues at the C-terminus, which can be
presented as: NH2-P6-P5-P4-P3-P2-P1-P1-P2'-
P3-P4’-COOH. The hydrolysis of this substrate
gives two products, named the P-side product (NH2-
P6-P5-P4-P3-P2-P1-OH) and the P’-side product
(NH2-P1-P2'-P3’-P4’-OH¥°. The substrate
specificity of NS3/4A is rather low and mainly
determined by Cys in position P1 and a small side
chain of the amino acid residue located in position
P1“. The study on the function of HCV protease
showed that it recognized the following amino acid
motif flanking the cleavage site: (Asp/Glu)-X-X-X-
X-(Cys/Thr)||(Ser/Ala)-X-X-X, where X means any
amino acid residdé The authors found that the most
important amino acid residue, enabling recognition
of the bond to be cleaved, is either Cys or Thated

in position P1 of the substrate. However, they have
not proved that the specificity of the NS3/4A
protease from all HCV genotypes is the same.
Potential inhibitors of this enzyme are small,
peptide-like compounds because the substrate-
binding pocket is small and exposed to solvents. Th
interactions between NS3/4A protease from
genotype la and its natural substrates were disduss
in detail by Romanet al®%.

NS3/4A PROTEASE INHIBITORS -
STRUCTURE AND INTERACTIONS

The analysis of the HCV replication cycle suggests
that each of its steps can be the target of traatme
The successful application of HIV protease
inhibitors caused that inhibition of the HCV pradea

Available online: www.uptodateresearchpublicatiomc

became one of promising options. Despite the fact
that also inhibitors of NS5B polymerase and NS5A
proteins are used in anti-HCV therapies, the HCV
protease inhibitors were a breakthrough in theckear
for a cure for this disease and opened a new era of
oral DAAs. These inhibitors are Telaprevir and
Boceprevir, both approved for use in 2011 by FDA.
However, because of the low effectiveness, these
inhibitors must be applied along with the pegylated
interferon pegINF and RBV that enabled to increase
the Sustained Virologic Response (SVR) against the
HCV genotype 1 up to 75%. This therapy was also
approved for “experienced” patients (who had
already undergone an ineffective therapy) infected
with the genotype 1. However, the enhanced side
effects, a high genetic diversity of the virus, and
numerous interactions with other drugs caused that
this treatment requires further improvement.
Telaprevir and Boceprevir are alpha ketoamides,
which reversibly form a covalent bond with Ser139.
The resulting inactive enzyme-inhibitor complex
dissociates very slowly. A common component of
these two inhibitors is a heterocyclic derivativie o
proline in position P2, which in both cases has a
similar spatial structure and is the most important
structural element of the inhibitor’s skeleton (Hig
No.2a).

The second generation of NS3/4A protease inhibitors
are compounds that non-covalently bind to this
enzyme and are analogues of natural polypeptides or
macrocyclic polypeptides. Their examples are:
Simiprevir, Danoprevir,  Asunaprevir, and
Paritaprevir. These inhibitors contain a residue of
hydroxyproline derivative in position P2. The
substituted Hyp residue is larger than the
heterocyclic proline derivative and better fitstie

site S2 in the protease molecule (Figure No.2b).

The main problem encountered when the known
NS3/4A protease inhibitors are administered to the
patients is the increased tendency towards mutation
within the protease gene, induced by the treatment.
This results in its ineffectiveness, which is taagon
why the inhibitors should be used in combination
with other types of inhibitors/DAAs.

According to the accepted treatment regimefts

the NS3/4A protease inhibitors are used only for
HCV genotype 1. In the other cases, the following
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combinations are applied: Sofosbuvir with Ribavirin
(genotypes 1, 4, 5, and 6) or Sofosbuvir and
Daclatasvir (Ribavirin can be additionally used) in
therapy against genotypes 1, 2, and 3. These
therapies are thus focused on the inhibition of BIS5
protease or NS5A protein and polymerase.

METHODS

SEQUENCE ALIGNMENT

The sequence alignment was carried out by
downloading files in FASTA format from Gen Bank,
their conversion in accordance with the requirement
of the software, generation of the alignment by the
Clustal Omega Multiple sequence Alignment
software for sequences of both the proteins and the
nucleotides, and selection of the default settifps.
generated alignment was visualized using the
Jalview 2.9.0b2 software. The calculation of
sequence identity was performed using the Blastp
multiple alignment for the amino acid sequences or
Blastn multiple alignment for the nucleotide
sequences (National Centre for Biotechnology
Information).

HOMOLOGY MODELLING
The protein homology models, based on the amino

terms of the inhibitor binding. The results of gz

of identity of nucleotide sequences of RNA,
encoding the NS3 protein variants from selected
genotypes, such as (subtype name - Gen Bank
number) la - EF154704.1, 1b - EF154705.1, 2a -
EF154709.1, 3a - EF154713.1, 4a- EF154714.1, 5a
- L29579.1, and 6a - DQ480523.1, are presented in
Table No.1. The identity of these RNA sequences
ranges from 69 to 91% (73.4% on average).
Surprisingly, the identity of corresponding amino
acid sequences of the NS3 proteins from these
subtypes (1la - ABL96703.1, 1b - ABL96704.1, 2a -
ABL96708.1, 3a - ABL96712.1, 4- ABL96713.1, 5

- AAA65789.1, and 6a - ABE98160.1) is much
higher and ranges from 80 to 95% (85.5% on
average).

Binding of the NS4A peptide to the NS3 protein is a
prerequisite of the protease activity and therefore
differences in the sequences of this peptide vemian
were also analysed. The results of this analysiis wi
help to design a synthetic peptide (an allosteric
inhibitor), being the NS4A analogue, whose
attachment to the NS3 protein will prevent folding

the active protease conformation. This in turn il
important for the anti-HCV therapy The results of
analysis of the sequence identity of genes encoding

acid sequences of NS3 protease from the selected the NS4A peptides from the selected HCV genotypes

genotypes (in the form of FASTA files), were
prepared using the protease from subtype la, i.e.
3LOX, as the matrix. The models were made using
the server SWISS-MODEL - swiss model, expasy.
org?>28in the automatic mode. The correctness of the
models was checked using the software available on
SWISS-MODEL, i.e. ModEval, ModFold, QMEAN
server, ProQ2, and CAMEO.

RESULTS

Sequence differences between ns3/4a protease
variants from the selected hcv genotypes,
substrate binding amino acid residues

To design of a common inhibitor, interacting witle t
NS3/4A protease variants from different HCV
genotypes, it is necessary to analyse nucleotide
sequences identity in the genes encoding these
proteins and analyse amino acid sequences identity
as well. Location of the active site suggests that
sequence of the NS3 apoenzyme is most important in

Available online: www.uptodateresearchpublicatiomc

(sequence access numbers as in Figure No.3) are
presented in Table No.2. The identity of gene
sequences ranges from 59% to 91% (77.7% on
average) while the alignment of amino acid
sequences of the peptide variants (Figure No0.3)
enabled to find certain highly conserved regioiks, |

the N- and C-terminal fragments of these peptides.
However, the analysis of the NS3/4A protease
structure (see chapter 2.2) showed that the middle
fragment (amino acid residues 21-34) of the NS4A
peptide binds to the NS3 protein. Surprisinglys ki

the least conserved region of this peptide.
Noteworthy, when the genotype 2 is not taken into
consideration in the analysis, the percentagesiod g
and peptide sequences identity are significantly
higher. The occurrence of conserved peptides in
these genotypes (with an exception of genotype 2)
may have therapeutic relevance (possibility of HCV
treatment with the same allosteric inhibitor). The
comparison of peptide sequences of genotype 2 and
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the other ones, showed that the corresponding amino
acid residues have a similar character, e.g. all th
amino acid residues in position 29 (V, I, or L) bav
branched aliphatic side group. The similar homology
can be found in the other positions, with an exoept

of position N0.30 in subtypes 2a and 3a, which
contain a charged amino acid residue (either basic
(2a) or acidic (3a)), in contrast to the other gpbs,
which contain a neutral amino acid residue in this
position.

SUBSTRATE SPECIFICITY OF NSBS3/4A
PROTEASES FROM DIFFERENT
GENOTYPES

To design a competitive inhibitor of NS3/4A
protease from all HCV genotypes it is necessary to
determine the substrate specificity of each enzyme
variant and find these amino acid residues thatare
same at specific substrate positions. The substrate
specificities of NS3 and NS3/4A proteases from the
selected HCV subtypes are shown in figure no. 4a
and 4b-4d, respectively (the natural cleavage sites
the polypeptides from the selected virus subtypes
were shown using their fragments consisting of 20
amino acid residues, including the sequence
recognized by the enzyme). The presented data
suggest that the amino acid residues that are
recognized by NS3 in peptide between NS3 and
NS4A are highly conserved both at the carboxyl and
the amino side of the scissile bond, with an exoapt

of positions P2, P8 and P6’ (the two latter posgio
are not recognized by the enzyme). Interestingly,
certain non-conserved amino acid residues are
homological in these positions. For instance,
residues of S or Q that contain uncharged sidepgrou
are located in position P8, residues of I, V, or M
(hydrophobic side groups) are located in positian P
while residues of V, A, or L (aliphatic amino adids
are located in position P6’. The opposite situaton
observed in case of the bonds cleaved by the NS3/4A
protease, which recognizes various conserved
regions. In case of the cleavage site NS4A-NS48, th
conserved amino acid residues are P7-P1’ (in fact,
only P6-P1’ are recognized). In the cleavage site
NS4B-NS5A, the sites that are the same in known
genotypes are P1, P2, P6, and P4’, as well asl®9, P

Available online: www.uptodateresearchpublicatiomc

P9, and P5’, which are not recognized by the
protease.

A small number of conserved amino acid residues in
the cleavage site may decide of the strength of
interactions between this peptide and the NS3/4A
protease. For instance, apart from the S and A
residues that were previously described in the
literature, also D, T and N residues were found in
position P1'. This was confirmed by the study of
Romanoet al?. Who found that the strength of
interactions between the peptide, which is located
the interface of proteins NS4B and NS5A, and the
protease is ten times lower than the strength of
interactions with the other polypeptide fragments
from the genotype 1. The opposite location of
conserved amino acid residues than in case of the
cleavage site NS4A-NS4B is observed in the
cleavage site NS5A-NS5B. In the latter case, the
conserved amino acid residues are located on the
opposite side of the cleavage site, i.e. between
position P3 and P10’. All these findings suggeat th
the universal inhibitor of NS3/4A protease should
contain the conserved regions of substrates tleat ar
recognized by this enzyme. Furthermore, this
fragment of the inhibitor, which is located on Huoyl

side of the peptide cleavage site (P1-P6) should be
similar to the site NS4A-4B while the fragment
interacting with S1’ should be alike the P1’ site
(taking into account its surrounding) in the
polypeptide region NS5A-5B.

The comparison of amino acid residues that are
conserved in the known HCV polypeptide cleavage
sites (Figure No.5) revealed that either the same o
similar amino acid residues are located in certain
positions. In all the cases, serine residue istéatn
position P1’. Therefore, this fragment of the
universal inhibitor, which will interact with thaets

S1’ of protease, should be a residue of either this
amino acid or a compound of a similar nature. All
peptides recognized by the NS3/4A protease contain
cysteine residue in position P1, but in molecules o
the currently used inhibitors (Figure No.5, examaple
are Boceprevir and Asuneprevir) the site S1 is
occupied by residues of more hydrophobic
compounds, which only fit into the pocket S1 but do
not generate any interactions. Noteworthy, the site
P6 in the known polypeptides is always occupied by
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a residue of an acidic amino acid. This suggests th
efficient inhibitors of the protease should inteérac
also with the site S6. However, the currently agapli
inhibitors interact with the NS3/4A protease onfy u
to the site S4. The position P4 of known polypegsid
(with an exception the cleavage site between NS5A
and NS5B) and the position P5 (with an exception of
the cleavage site NS3-NS4A) are occupied by polar
amino acid residues such as: S, C, M, and E.
Interestingly, the positions P3’ and P4’ are ocedpi
by aromatic amino acid residues, containing either
nitrogen (Trp and His) or oxygen (Tyr) atom. Their
analogues may be incorporated into the molecule of
a universal efficient inhibitor.

DIFFERENCES IN THE STRUCTURE OF
NS3/4A ACTIVE SITE FROM GENOTYPES 1-

6

To provide evidence that counterparts of the
mentioned above, conserved amino acid residues
contained in the HCV polypeptides should be
contained in the universal HCV protease inhibitbor,

IS necessary to compare the structures of the
enzyme'’s active site from the known genotypes (both
the amino acid sequences and the 3D structureg. Thi
may help to model the position of the substrat@en
catalytic pocket of proteases from different HCV
genotypes and estimate the strength of substrate-
enzyme interactions. This is particularly important
when certain positions in different natural peptide
digested by this enzyme are occupied by not th&@sam
but homologous amino acid residues. Because also
the amino acid sequence of the enzyme may decide
of interactions with the substrate, the differences
between the HCV genotypes have to be taken into
consideration (Figure No.6). The objective of this
analysis is to find differences in the structure of
NS3/4A protease variants that in turn will help to
design an inhibitor maintaining the naturally
occurring interactions with the enzyme, generating
an additional site or/and more exactly fitting itibe
substrate binding sites in the enzymes from all
known HCV genotypes.

As it was mentioned in chapter 4.1, despite some
differences between the peptide cofactors (NS4A) of
proteases from the known HCV genotypes, their
structure is similar. Particularly important are ke
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and lle/Val residues that always occupy positiohis 2
and 29 of the peptide cofactor, respectively, which
are crucial for the NS4A - NS3 interactions. This
suggests that the homologous structures generated
for the NS3 proteins from genotypes 2-6, using the
NS3/4A complex from subtype 1a as a matrix, will
be folded into the active conformation of serine
protease like the matrix protein. Because it isliik
that the subtle differences in the structure of NS4
peptides may affect the complex structures, the
complete analysis of substrates/inhibitors dockmng
the generated models was omitted in this work.
However, the differences in the structure of the
substrate binding pockets and their impact on the
putative interactions with the substrate amino acid
residues were discussed (Figure No.7).

Amino acid residues Thr38 and Ala39 are contained
in the NS3/A4 protease from all selected subtypes,
with an exception of 4a, in which they are replaced
by Ser38 and Val39. Although the corresponding
amino acid residues have the same characterdée si
groups of Thr and Val are larger than those of Ser
and Ala. The model presented in Figure No.7 shows
that the change of Thr/Ser does not affect theeshap
of the catalytic pocket since the methyl group
differentiating these amino acids is directed te th
interior of the protein molecule and the hydroxyl
group is exactly in the same site. However, the
change of Ala/Val renders the 4a subtype protein
surface more convex in the site (Figure No.7b),
which is located at the end of the substrate
recognition pocket (site S4’). Therefore, the latte
changes may not affect interactions with the
substrates/inhibitors. The opposite situation is
observed in case of the pocket S2' because the
enzyme variants from subtypes 1b and 4a contain
Ser42 while the counterparts from the other andlyse
subtypes contain Thr42. The analysis of Figure
No.7c shows that the surface of enzyme molecule
containing Thr42 is more convex with an exposed
oxygen atom. This structural change may affect
formation of hydrogen bonds in this site. The
significant changes in the 3D structure are cabyed
the replacement of Arg123 with Thrl23, observed
only in the subtype 3a, presented in Figure No.7d.
This mutation causes that the convex surface of the
alkaline character and bearing the positive charge
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changes into the convex surface with an exposed interactions with the substituent in position P1

neutral oxygen atom. According to Romasial??, because Aspl68 stabilizes a range of amino acid
depending on the substrate, Arg123 interacts either residues in the binding site S1. The change obderve
indirectly through Aspl168 with the site P1 of the in the subtype 5a, in which Asp168 was replaced by
substrate or directly with the acidic substrate Glu, seems to have no impact on the 3D structule an
substituent in site P4. It may also interact aloii) enzyme-substrate interactions.

Lys165 with the site P6. This example shows how

complex is the nature of enzyme-substrate

interactions is and how difficult is to predict the

conseqguences of enzyme mutations.

This analysis is more difficult in case of the gydat

3a, in which Aspl168 is replaced with Argl68. The

protease variants from the subtype la and 3a differ

amino acid residues in positions 123 and 168. ifhis

turn strongly affects interactions with an acidic

substituent in position P6 and may influence

Table No.1: Percentage identity of NS3 nucleotidefaino acid sequences from selected HCV genotypes;
Blastn multiple alignment (identity [%]

1b 2a 3a 4a 5a 6a NS3 form
genotype
79/92 79/91 69/81 74/86 74/86 71/83 la
91/95 71/83 75/88 73/86 71/85 1b
70/81 74/86 73/86 71/84 2a
69/80 73/84 70/81 3a
74/88 71/84 4a
70/85 5a
Table No.2: Percentage identity of NS4A peptide sagnces from selected HCV genotypes
1b 2a 3a 4a 5a ga | o4 form
genotype
89 91 83 80 76 70 la
87 87 85 76 67 1b
67 67 67 59 2a
81 78 72 3a
85 85 4a
80 S5a
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b)

Figure No.1: 3D structure of NS3/4A protease (PDB4k8b). a) The catalytic triad is coloured with red
(His57, Asp81, Serl39), amino acid residues stakilig oxyanion-hole are coloured with green, N-
terminal part - magenta, C-terminal - blue, NS4A fagment interacting with NS3 shaded with grey; b)
interaction of zinc ion with amino acid residues Cg97, Cys99, Cys145, His149 and a water molecule
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Figure No.2: Structure of NS3/4A protease active t& in a complex with the inhibitor a) with Boceprewr
(PDB-3lox), b) with Asunaprevir (PDB-4wf8)
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Figure No.4:ldentity of amino acid sequences in the selected NCgenotypes that are recognized by
either the NS3 protein (a), or NS3/4A protease (I, d). a) autolytic cleavage between NS3 and NS4A
proteins, b) cleavage between NS4A and NS4B protsic) between NS4B and NS5A proteins, d) between
NS5A and NS5B proteins. The cleavage site is betweB0th and 11th amino acid residues in the
presented sequences. The sequence name consis{mahis order): HCV subtype name, Gen Bank access
number, and cleavage site in polypeptide

NS3-4A
: o_o
o_o - e
s § [o] ~ Dy T o \?
o o ¢ o o col ol € o o °.3 2o o ° ° °
Nl EnT E NS BNt E NS S 2 NL—NW 0 Yy NS5 NL' N:ﬁ?—w-cu_n ci
NS4A- 4B
o
N_O N o o o . O o O.6 N_O |N= o_O0O o o
o éo < o oc‘;’o g o] & €d &4 Eo %%Xo/_}o <o \Io go § o
NSE NI ENE 1 dnSEnSEdne A s 2ne G nER ' NOE NS E NS SN NS BN NIZnNE NS
NS4B-5A P3
N__N
5) T
NS ©.o NS c NS T o
l : & o_o - o < 9 & o_o ©o_o
o O o .C o o s
NS nTonS20E AT 2l 8o, Sol, Y25 of (B9 [],80],_c2.E8qn 42 E2nT0 Zo To
NS5A-5B P4 o
o _o
oLl & s s ° s o o NS
re Y < Q Le) 7S G0 & S o] €o o =
N 2y = “N CN—A—-—O -l an -l 2nE QS 2 NI ;—I—LN—I—-ON—;‘L 3 <—JN—uC oN %N c_!LNJ_u_O NS S 2
P6 | P5 P1 P1 Pa
o C )
- -1 0 T Boceprevir
)
o
o~
[;—\ ,I/ll
1y
o
o o o > O i
%_N_]LNLNQJLN NZO Asunaprevir
o)

Figure No.5: HCV polypeptide cleavage consensus ftiie selected HCV genotypes. The highly conserved

amino acid residues were coloured with blue, the igments of inhibitor interacting with the deeper pat

of S2 pocket with red. The frames show these amirazid residues which can be the basis for designirag
universal inhibitor of NS3/4A protease from all HCV genotypes
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4123

SER

d)

Figure No.7: Differences in the active site structie of HCV protease from selected subtypes. a)
localization of substrate binding amino acids resides in relation to active Ser139 (undersigned for
subtype 1a), selected based on the analysis of FigiNo.6, b) structural differences resulting from a

change of Ala39Val, c) induced by a change of Thr&er, d) induced by a change of Arg123Thr

SUMMARY

The high costs of HCV therapies cause that the
majority of patients receive the treatment of tie 1
and 29 generation, based on NS3/4A protease
inhibitors. In case of patients infected by HCV
genotypes different than 1, only the newest
generation therapies, involving the inhibitors of
NS5A RNA polymerase and NS5B protein, and in
some cases also ribavirin, are efficient. Therefare
universal, unnatural peptide effectively inhibiting
NS3/4A proteases from all HCV genotypes has been
searched for. The knowledge about natural substrate
recognized by the NS3/4A enzyme is crucial for
designing this inhibitor. It is known that the natu
substrates are pentapeptides (P6-P4’) having nertai
common properties, i.e. an acidic amino acid residu
in position P6 (with an exception of proline in FRI
proteirf®, a polar amino acid residue in position P5,
cysteine residue in position P1, and serine residue
position P1. However, the currently applied
inhibitors of both $and 29 generation (Figure No.5)
do not interact with the pockets S6 and S5. The
fragments of certain inhibitors, such as Asunaprevi
and Boceprevir, that interact with the pockets &d a
S3, contain trim ethyl groups, which have the samil
character as Leu residue contained in natural

Available online: www.uptodateresearchpublicatiomc

peptides. However, their occurrence does not ensure
the sufficient specificity of the inhibitor. Althgh

the S2 site of the NS3/4A protease is highly
conserved, it was foutithat a slight change, such
as R155K or D168A mutation, is enough to make the
inhibitor ineffective. The analysis presented irsth
work shows that the amino acid residue in position
168 is crucial for the interactions with both the
inhibitor and other amino acid residues locatetthén
catalytic pocket. Noteworthy, the common
component of all currently applied inhibitors otth
NS3/4A protease from all HCV genotypes is a chiral
proline derivative in position P2.

The comparison of sequences of both the natural
substrates and active sites of the NS3/4A protease
suggests that the inhibitor only fitting into thetiae

site but do not interacting like the natural sudnsts,
may not effectively block the active site of the
enzymes from all HCV genotypes. Mapping of
natural interactions, with maintaining only the
structural features characteristic of the enzyromfr

all genotypes (e.g. proline derivative in site R2&R
firstly ensure an appropriate level of inhibitionda
secondly reduce a chance for virus mutations
induced by the treatment.
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Another option of HCV therapy is allosteric
inhibition caused by the NS4A peptide replacement
with a synthetic compound that will block the aetiv
conformation of NS3 apoenzyme. However, the
competition of the artificial inhibitor with the haal
cofactor is nearly impossible because the NS3/4A
complex is formed during the translation of the HCV
genome.
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