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Abstract: The hepatitis C virus (HCV) nonstructural (NS) protein 4B is known for protein—-protein
interactions with virus and host cell factors. Only little is known about the corresponding protein
binding sites and underlying molecular mechanisms. Recently, we have predicted a putative basic
leucine zipper (bZIP) motif within the aminoterminal part of NS4B. The aim of this study was to
investigate the importance of this NS4B bZIP motif for specific protein—protein interactions. We
applied in silico approaches for 3D-structure modeling of NS4B-homodimerization via the bZIP

motif and identified crucial amino acid positions by multiple sequence analysis. The selected sites
were used for site-directed mutagenesis within the NS4B bZIP motif and subsequent
co-immunoprecipitation of wild-type and mutant NS4B molecules. Respective interaction energies
were calculated for wild-type and mutant structural models. NS4B-homodimerization with a gradual
alleviation of dimer interaction from wild-type towards the mutant-dimers was observed. The putative
bZIP motif was confirmed by a co-immunoprecipitation assay and western blot analysis. NS4B-NS4B
interaction depends on the integrity of the bZIP hydrophobic core and can be abolished due to
changes of crucial residues within NS4B. In conclusion, our data indicate NS4B-homodimerization
and that this interaction is facilitated by the aminoterminal part containing a bZIP motif.
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Introduction
Chronic hepatitis C is a major cause of liver disease
with progression to liver cirrhosis and its sequelae,
including an elevated risk for the development of
hepatocellular carcinoma.’? The hepatitis C virus
(HCV) is a positive single-stranded RNA virus,
belonging to the Flaviviridae family, genus hepacivi-
rus.® The genome comprises ~9600 nucleotides cod-
ing for a polyprotein of about 3000 amino acids,
which is processed by cellular and viral proteases
in three structural and six nonstructural (NS)
proteins.>®

The HCV protein NS4B is a key player in the vi-
ral replication cycle.*® Adaptive amino acid muta-
tions within NS4B have been shown to enhance rep-
lication efficacy in the HCV replicon system.®51

NS4B is highly hydrophobic,'? which makes ex-
perimental structure determination a difficult task.
Amongst others, bioinformatics was used to study
protein structure and function as an alternative
approach.'®!® From several experimental and bioin-
formatics’ analyses, it is accepted that NS4B con-
tains at least four transmembrane domains (TMDs)
in its middle part, while the topology of a putative
fiftth TMD close to the aminoterminal part remains
controversial.'?>~*® Furthermore, amphipathic o-helix
structure elements were predicted within the amino-
terminal part and recently reported to be potential
targets of HCV replication inhibitors.” 67

The HCV NS4B protein integrates into the
endoplasmatic reticulum (ER) with subsequent
specific membrane alterations, described as membra-
nous web.'3'81® The subcellular structure is consid-
ered to harbour the HCV replication complex, since
all nonstructural proteins as well as viral genomic
RNA were found to co-localize within this ER altera-
tions.’®?° The aminoterminal amphipathic o-helix
(amino acid 1 to 26) has been described to mediate
membrane association and correct localization of the
replication complex within the ER.” Recently, Gout-
tenoire et al. proposed the amphipathic a-helix to be
located between amino acid 42 to 66.!7 In this publi-
cation no membrane association of amino acid 1 to
29 or amino acid 1 to 40 was detected.!” Most likely,
the HCV NS4B protein is anchored to the ER mem-
brane by the four TMDs, initiating ER membrane
alterations and recruiting other host and viral fac-
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tors of the replication complex,
terminal region contains an amphipathic a-helix and
mediates membrane association.”'” Exact mecha-
nisms how NS4B causes ER membrane alterations
or interacts with other proteins are still unknown.

Polymerization of different NS4B molecules has
been described previously.?2 Thereby, the main poly-
merization determinants were mapped within the
aminoterminal cytosolic domain of NS4B.?2 Further-
more, the aminoterminal part of NS4B was shown to
be involved in physical interaction with the cellular
ER-stress response element CREB-RP/ATF68.23
However, neither the molecular basis for specific
protein—protein interactions nor the biological rele-
vance of this finding is known.

We have previously used a bioinformatics
approach to predict a putative basic leucine zipper
(bZIP) motif,*? in part overlapping with the amino-
terminal amphipathic o-helical element. A leucine
zipper is a common supersecondary (coiled-coil)
structural element involved in protein—protein inter-
actions via parallel o-helices with similar sequence
motifs.?* Until now, existence of the NS4B bZIP has
not been tested and confirmed on the basis of experi-
mental data. Furthermore, its role as a potential
protein—protein interaction site within NS4B is
unknown. Therefore in the present study, we investi-
gated the existence of the bZIP motif and its rele-
vance in mediating specific protein—protein inter-
actions, particularly NS4B-homodimerization by co-
expression and co-immunoprecipitation studies, as
well as by bioinformatics’ analysis.

Results

Multiple sequence analysis and homology
structure modeling

The aminoterminal part of HCV NS4B contains a
putative basic leucine zipper (bZIP) motif ranging
from amino acid position 22 to 49 according to the
HCVJ prototype sequence of NS4B'%2% (Fig. 1). Pro-
tein—protein interactions mediated by bZIP motifs
are characterized by the formation of a non-covalent
hydrophobic core between the bZIP motifs with
hydrophobic amino acids at specific positions within
the motif and leucine residues for stacking interac-
tions, as well as amino acids at given positions
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Figure 1. Sequence alignment of the bZIP motif for the HCVJ prototype sequence (wild-type) and the corresponding
modified sequence upon site-directed mutagenesis (modified sites in bold and framed by grey shaded boxes). The alignment

is annotated with the corresponding heptad positions “a” to “g”

for each heptad repeat and numbered according to the

NS4B protein of prototype strain HCVJ. Note that a genotype 1b sequence was used within the present study, while

Gouttenoire et al. used a HCV genotype 1a sequence.'”
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Figure 2. Sequence logo of HCV NS4B in genotype 1
(487 sequences) showing the suspected bZIP motif region
(amino acid positions, X-axis) and the positions for
site-directed mutagenesis in black boxes. Amino acids are
colored as follows, according to their physico-chemical
properties: hydrophobic (green) — ACFILMPTVWY; charged,
positive (blue) - HKR; charged, negative (red) — DE; rest
(grey) — GNQS. The overall height of each stack indicates
the sequence conservation at a position (measured in bits,
Y-axis), whereas the height of each symbol within a stack
reflects the relative frequency of the corresponding amino
acid at a given position.
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outside the core for putative ionic interactions (salt
bridges). We used multiple sequence alignments to
determine amino acid positions of functional impor-
tance within the putative NS4B bZIP motif. The
four heptad repeats of the prototype sequence HCVJ
(genotype 1b) possess 7 over 8 apolar amino acids, A
(alanine), L (leucine), V (valine), and W (trypto-
phane) at positions “a” and “d,” important for the for-
mation of the bZIP hydrophobic core, and only 2
over 4 possible L (leucine) residues for stacking
interactions at position d. Furthermore, HCVJ pos-
sesses 5 over 8 polar amino acids, E (glutamate), K
(lysine), Q (glutamine), and R (arginine) at positions
e” and “g” (Fig. 2).

Natural polymorphisms within the putative
bZIP motif of HCV genotype 1 were investigated to
determine relevance and importance of the hydro-
phobic core and potential ionic interactions for pro-
tein—protein interactions. For that purpose, we used
sequence alignments and a sequence logo of the
bZIP motif within HCV genotype 1 (Fig. 2 and Table
I). Amino acid patterns at heptad positions a and d
as well as e and g are given in Table I. The hydro-
phobic core (heptad positions a and d) seems to be
better conserved than residues for putative ionic
interactions (heptad positions e and g). We found 6
over 9 polymorphisms to be hydrophobic at heptad
position a, and 5 over 5 hydrophobic polymorphisms
at position d. The 5 polymorphisms found at heptad
position d comprised 2 leucine residues. On the
other hand, we identified only 3 over 5 charged poly-
morphisms, negative or positive, at position e and
even solely 1 over 7 at position g. None of the heptad
repeats differed markedly from the other heptads in
term of the frequency of their polymorphisms. The
hydrophobic core seems to be mostly conserved and
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therefore an important site for protein—protein inter-
actions via the bZIP motif of HCV NS4B in genotype
1 (Table I). Change-to-alanine mutations were per-
formed at six positions putatively involved in the
formation of salt bridges (position e, n = 4; g, n = 2)
and at three positions considered to be involved in
the formation of the zipper hydrophobic core and
stacking interactions (position d).}? Because alanine
is compatible with o-helix structure elements, these
amino acid exchanges should only impact the bZIP
function while preserving the a-helix.

We computed sequence logos for HCV genotypes
1 to 6 based on multiple sequence alignments (com-
prising a total of 614 HCV NS4B sequences) to com-
pare the bZIP region among the different genotypes
(Supporting Information Fig. 1). Here, we found the
bZIP heptad repeat best conserved within HCV ge-
notype 1, whereas genotypes 4, 5, and 6 have been
the most diverse. Residues of the hydrophobic core
(heptad positions a and d) seem to be better con-
served among different genotypes than residues for
putative ionic interactions (heptad positions e and
g), with a highest degree of conservation found in
HCYV genotype 1.

The transcription factor c-Jun was used to
model the 3D-structure of the bZIP interaction
within an NS4B-homodimer. The 3D model shows a
highly symmetrical dimer interface with conserved
hydrophobic residues in dense packaging buried
within a hydrophobic core (Fig. 3). We also modeled
structures for the heterodimer and the mutant-
homodimer. The wild-type dimer [Fig. 4(A)] showed

Table I. Natural Amino Acid Polymorphisms Within
the bZIP Motif of HCV Genotype 1 at Positions
Important for the bZIP Functionality

Amino acid Hydrophobic or
bZIP position Natural charged residues
Heptad within amino acid versus all
position NS4B? polymorphisms®  polymorphisms
a 22 FIL 6/9 (hydrophobic)
29 ST
36 ATV
43 w

d 25 L
32 A 5/5 (hydrophobic)
39 MV 2/5 (leucine)
46 L

e 26 Q 3/5 (charged)
33 E
40 EQ
47 E

g 28 A 1/7 (charged)
35 ATV
42 KN
49 F

# Numbering according to the NS4B protein within the pro-
totype strain HCVJ.

® Natural polymorphisms in alphabetical order with hydro-
phobic or charged residues in italic/bold.
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Figure 3. Side view of the bZIP homology model for the
proposed NS4B homodimer structure. Alpha-helical
element in CPK mode on the left with corresponding
a-helical element as stick model on the right, colored
according to the sequence logo in Figure 1 with residues
labeled for site-directed mutagenesis.

the largest interaction interface and densest side
chain packaging in comparison with the hetero- and
mutant-homodimer investigated by co-immunopreci-
pitation experiments [Fig. 4(B,C)].

Interaction energies for the bZIP wild-type and
the two modified NS4B dimer structures

For calculation of differences in the chain-chain
interaction energies of the whole chains of the
dimers and of all residues, structures of the energy
minimized homology models of the wild-type NS4B
homodimer structure [Fig. 4(A)] and of the two
mutated structures, heterodimer [Fig. 4(B)] and mu-
tant-homodimer [Fig. 4(C)] were used. The energy
differences between the mutated structures and the
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wild-type structure were all positive, indicating
reduced interaction energy for mutated structures
(Table II). Comparing the chain-chain interaction
energies of all three structural models, the structure
of the wild-type homodimer showed the highest
interaction energy, whereas the mutant-homodimer
showed the lowest interaction energy, and the heter-
odimer had an intermediate interaction energy value
(Table II). For a more detailed, quantitative analysis
of the chain-chain interactions and their dynamics,
molecular dynamics simulations could be performed.
This, however, would go beyond the scope of the the-
oretical investigations in this manuscript, which
were performed with the goal of providing a qualita-
tive, structural interpretation of the experimental
results, which was achieved with the studies
performed.

Immunoblotting of wild-type and modified NS4B
expression plasmids

To investigate the role of the bZIP motif in NS4B-
homodimerization, HEK 293T cells were co-trans-
fected with equal amounts of different pairs of
expression plasmids (NS4B-bZIP+/MYC and NS4B-
bZIP+/FLAG; NS4B-bZIP+/MYC and NS4B-bZIP-/
FLAG; NS4B-bZIP-/MYC and NS4B-bZIP+/FLAG;
NS4B-bZIP-/MYC and NS4B-bZIP-/FLAG). Expres-
sion of each plasmid in the presence of the respec-
tive other expression plasmid was shown by immu-
noblotting of the lysates with either FLAG- or MYC-
specific antibodies in sequential experimental steps
[Fig. 5(A)]. Thereby, we found no evidence for per-
turbance in expression of plasmids in any combina-
tion. Moreover, immunoprecipitation of wild-type
and modified NS4B proteins with consecutive immu-
noblotting was performed. These results also showed
that expression of wild-type and modified plasmids
were not affected (data not shown).

Co-immunoprecipitation of wild-type and
modified NS4B expression plasmids

After co-transfection of HEK 293T cells with two
full-length NS4B expression plasmids of the bZIP
wild-type, which differed only by their implemented
tag (FLAG-tag, MYC-tag), co-immunoprecipitation
(co-IP) of the lysate was performed with either
FLAG- or MYC-specific antibodies and immunoblot-
ting was carried out with the accordant complemen-
tary antibody. Independently of the antibodies used
for co-IP and immunoblotting, interaction between
different NS4B molecules was shown by immuno-
blotting of the binding partner with the complemen-
tary tag [Fig. 5(B)]. The use of the MYC-specific
antibody for co-IP in combination with the FLAG-
specific antibody for immunoblotting showed best
results, and MYC-specific antibodies for co-IP with
FLAG-specific antibodies for immunoblotting were
used for the following experiments. We tested

HCV NS4B-Dimerization via Leucine Zipper



Mut/WT

Mut/Mut

Figure 4. Energy minimized bZIP homology structures of the wild-type homodimer (3A), the heterodimer (3B), and the
mutant-dimer (3C). The residues mutated for the mutant structures are labelled and schematically represented by van-der-
Waals spheres to illustrate the side chain packaging effects. The VMD software®® was used for the figure construction.

different combinations of full-length NS4B expres-
sion plasmids containing either wild-type or modi-
fied bZIP regions. In comparison with combinations
of two NS4B molecules with the wild-type bZIP
motif, the interaction of two NS4B molecules con-
taining the modified bZIP region was considerably
attenuated or even undetectable by co-IP and immu-
noblotting [Fig. 5(B,C)]. When only one NS4B mole-
cule contained the mutated bZIP region, whereas
the interaction partner possesses the wild-type bZIP
motif, a weaker protein—protein interaction com-
pared with the wild-type/wild-type combination was
found [Fig. 5(C)].

Discussion

The hepatitis C virus (HCV) nonstructural (NS) pro-
tein 4B is a key player in the viral replication cycle,
probably acting as a protein hub recruiting host
and viral determinants important for viral replica-
tion. 19292729 1t ig largely unknown how NS4B inter-
acts with other proteins. Recently, we have predicted
a basic leucine zipper (bZIP) motif within the amino-
terminal part of HCV NS4B.!2 A bZIP is a common
structural motif, known for a multitude of protein—
protein interactions and thus important for diverse
cellular functions and biochemical pathways.'? The
bZIP motif in HCV NS4B is located in the amino-
terminal part of the protein, which was reported
to mediate membrane association.”'” Interestingly,
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amino acid substitutions within the predicted bZIP
motif (Q26H, L46I) have been described to influence
viral replication efficacy in the replicon model.*+253°
The aim of the present study was to investigate the
capability of NS4B to interact with each other due
to specific interactions via this bZIP motif.

In this study, a homology-modeling approach
was used to propose a 3D-structural model for the
putative NS4B-NS4B interaction via the aminoter-
minal bZIP function. NS4B-homodimerization most
likely depends on the integrity of the hydrophobic
core of the bZIP structure as the major determinant
for protein—protein interaction and dimer stability in
this case. The hydrophobic core of the bZIP motif
appeared to be better conserved than residues out-
side the core and therefore crucial for protein—pro-
tein interactions via the bZIP motif of HCV NS4B.

Table II. Differences of Interaction Energies [k [ mol]
Between the Whole Chains (Chain/Chain) and the
Mutated Residues for the Three Modeled bZIP
Structures (Wild-Type Dimer, Heterodimer, and
Mutant Homodimer)

Mutant
Heterodimer homodimer Mutant
versus versus homodimer
wild-type wild-type versus
dimer dimer heterodimer
Chain/chain 302.76 596.01 293.25
Mutated residues 813.21 1606.47 793.26

PROTEIN SCIENCE ‘ VOL 19:1327-1336 1331



Amino acid positions outside the core are assumed
to be involved in putative ionic interactions (salt
bridges). Overall, the bZIP motif seems to be best
conserved within HCV genotype 1, whereas geno-
types 4 to 6 are least conserved. Our structural
model of the genotype 1b bZIP homodimer exhibited
two characteristic leucine residues for stacking
interactions with the parallel o-helical element.
Based on the structure modeling and a comprehen-
sive in silico sequence analysis, sites for subsequent
mutagenesis were selected to disturb the bZIP func-
tionality, while maintaining the o-helical structure
and amphipathic properties of this region.
Subsequently, interaction energies for the differ-
ent dimer structural models of wild-type and mutant
NS4B molecules were calculated. Positive energy
differences were observed for the mutant-dimers in
comparison to the wild-type homodimer. Here, the
NS4B bZIP wild-type homodimer represented the
most favourable 3D-structural model with the lowest
interaction energy, whereas the mutant-homodimer
was the least stable model. The heterodimer of a
wild-type and a mutant NS4B bZIP motif showed an
intermediate energy value. When investigating the
different 3D-structural models visually, it was
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observed that the side-chain packaging within the
bZIP hydrophobic core was the densest in the wild-
type homodimer with also the largest size of its
interaction surface, whereas both quantities, the
side-chain packaging and the interaction surfaces,
became gradually smaller for the heterodimer
towards the mutant-homodimer, confirming the
energetic observations. Thus, we proposed the bZIP
motif of NS4B to be crucial for protein—protein inter-
actions and homodimerization.

Subsequently, an in vitro approach was applied
to verify our in silico data. Protein—protein interac-
tion of NS4B molecules among each other was
shown upon co-expression and co-immunoprecipita-
tion for plasmids containing the bZIP wild-type
sequence. Furthermore, the question was addressed
whether this interaction could be altered by selective
modification of the aminoterminal bZIP functionality
by side-directed mutagenesis. Non-conservative
amino acid substitutions, for example, helix-braking
amino acids, were considered to likely disturb the
aminoterminal o-helical structure. Therefore, we

Figure 5. Western-blot analyses after diverse
co-transfection experiments showing undisturbed
co-expression of wild-type and mutant NS4B full-length
protein (A, B) and interaction of NS4B proteins (C, D). (A, B)
Co-expression of wild-type NS4B as well as mutant NS4B
with (A) FLAG- and (B) MYC-tag-specific antibodies,
demonstrating that neither insertion of FLAG-tag or
MYC-tag, nor site-directed mutations within the bZIP region
affected co-expression of NS4B full-length plasmids. HEK
293T-cells were co-transfected with GFP (negative control)
or NS4B full-length expression plasmids containing both
the wild-type (+) bZIP region and either FLAG-tag (f) or
MYC-tag (m) or NS4B full-length expression plasmids
containing both the modified (-) bZIP region and either
FLAG-tag (f) or MYC-tag (m). Immunoblotting of the lysates
was performed, and NS4B proteins were detected with
FLAG-specific (A) or MYC-specific antibodies (B),
subsequently visualized by enhanced chemiluminescence
after binding of an anti-mouse, horseradish peroxidase-
conjugated antibody. (C, D) Co-immunoprecipitation with a
MYC-specific antibody was performed with lysates of HEK
293T-cells either transfected with GFP (negative control) or
co-transfected with different combinations of NS4B
full-length expression plasmids containing either the wild-
type (+) or the mutant (-) bZIP motif, respectively. Plasmids
were labelled either with FLAG-tag (f) or MYC-tag (m).
Consecutive immunoblotting with a FLAG-specific antibody
(C) showed interaction of different NS4B molecules when
both interaction partners contained the wild-type bZIP
motif, whereas interaction was undetectable when both
partners contained the mutant bZIP motif, and weakly
detectable when one plasmid contained the mutated and
the other plasmid contained the wild-type bZIP motif (left).
Control staining (D) of co-immunoprecipitation was
performed with MYC-specific antibodies. Note the band
below the NS4B band (all columns) as an artefact, most
likely corresponding to the IgG light chain.

HCV NS4B-Dimerization via Leucine Zipper



used only conservative amino acid substitutions at
different sites, each with a minor effect on physico-
chemical properties at a given position. All substitu-
tions were chosen to ensure the integrity of the o-
helical structure as only change-to-alanine substitu-
tions were performed. It seemed unlikely that a sin-
gle change-to-alanine substitution would impair the
bZIP functionality. Thus, several amino acid substi-
tutions together have been performed to alter the
bZIP functionality as suggested by the previous cal-
culation of interaction energies. For further investi-
gation of this issue, successive co-immunoprecipita-
tions of NS4B proteins containing the wild-type or
the mutated bZIP motif were performed. A protein—
protein interaction of HCV NS4B was shown by
co-immunoprecipitation experiments and apparently
attenuated upon combining NS4B wild-type with
mutant molecules or largely abolished when only
mutant NS4B bZIP motifs were present in the co-
immunoprecipitation assay. The bZIP motif of HCV
NS4B is located in a region with an amphipathic
o-helix, mediating membrane association.”!” Goutte-
noire et al. proposed transmembrane orientation of
the amphipathic o-helix between amino acid 42 and
66, likely associated with oligomerization. They sug-
gested this segment as a potential multifunctional
site.!” These findings are in accordance with our
results. Furthermore, it has been reported that the
aminoterminal part of HCV-NS4B, containing the
first 33 amino acids, has the ability to translocate at
least partially towards the ER lumen.'®!® Thus,
bZIP-mediated NS4B protein interactions with other
host and viral factors may depend on different local-
ization of NS4B during the viral life cycle. Neverthe-
less, it must be discussed whether dimerization of
NS4B is mediated solely by the bZIP motif or if
other structural elements are involved. The presence
of an amphipathic o-helix and a bZIP motif within
the same protein region is no discrepancy. In the
current study, site-directed mutagenesis experiments
were chosen to maintain the o-helix structure of this
region and to specifically abolish the bZIP function.
Therefore, based on our experimental data, we con-
cluded NS4B dimerization to be specifically medi-
ated by its bZIP motif.

The relevance of the NS4B bZIP motif for viral
replication efficiency and the formation of the ER
membranous web should be further investigated
using replicon and cell culture systems, as well as
biochemical und fluorescence microscopy techniques.
Within additional in vitro mutagenesis experiments
at specific sites within the bZIP region subsequent
in silico analysis of the molecular effects using
molecular dynamics simulations of the bZIP dimer
should be performed.

In summary, we identified a specific protein—
protein interaction of HCV-NS4B molecules via an
aminoterminal bZIP motif. The existence of such a
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motif within HCV-NS4B was formerly only predicted
using a bioinformatics approach. Our in silico and in
vitro data are in agreement with previous publica-
tions, reporting polymerization of different NS4B
molecules.?? Tt cannot be excluded yet that NS4B
molecules may also form multimers. Furthermore,
there may be uncertainty as to exclude a yet uni-
dentified additional binding partner, mediating
the NS4B-NS4B interaction observed in this study.
Nevertheless, we provide the first experimental evi-
dence for the protein—protein interaction facilitating
bZIP motif within HCV NS4B. This protein—protein
interaction largely depends on the integrity of the
hydrophobic core within the leucine zipper and can
be abolished due to an exchange of crucial residues
at specific sites within the structural motif. We could
show that NS4B-homodimerization can be gradually
alleviated from the wild-type towards the mutant
NS4B-dimer. A multitude of different protein—pro-
tein interactions is known to be mediated by bZIP
motifs in general. Therefore, we suspect that the
bZIP motif maybe enables HCV NS4B to act as a
protein hub for interactions with other host and vi-
ral factors. Screening for bZIP motifs might be an
appropriate approach to identify proteins important
for the HCV replication cycle.

Material and Methods

Multiple sequence analysis of the NS4B

bZIP motif

We used the sequence of a previously predicted bZIP
motif for further analysis.!? We retrieved 614 NS4B
sequences from public HCV databases, UniProtKB
(http://au.expasy.org/uniprot/)®! and euHCVdb
(http://euhcvdb.ibep.fr/euHCVdD/),32 487 of HCV ge-
notype 1, 48 of HCV genotype 2, 10 of HCV genotype
3, and 69 of HCV genotypes 4, 5 and 6. Sequence
alignments were computed using CLUSTAL W32 and
MUSCLE,** and subsequently improved by minor
manual modifications using the SEAVIEW alignment
editor.?® WebLogo (http://weblogo.berkeley.edu/log-
o.cgi) was applied for computing the bZIP sequence
motif for HCV genotypes 1 to 6 (Fig. 2 and Support-
ing Information Fig. 1). In general, the bZIP motif
displays a pattern of amino acids with hydrophilic
and hydrophobic properties, which repeats every
seven residues. Residues are typically labelled a to
g, apolar amino acids are at positions a and d, and
aliphatic or aromatic amino acids at the remaining
positions. The leucine at position d is characteristic
and highly conserved in most eukaryotic bZIP
motifs. Viral proteins are more diverse in evolution-
ary terms than bacterial or eukaryotic proteins. The
NS4B bZIP motif shows a lower frequency of charac-
teristic amino acids but with a high proportion of
conserved physico-chemical properties.'?
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The sequence analysis was used to analyze the
amino acid variability within and among different
HCV genotypes, as well as to select specific sites
within the bZIP motif of HCV genotype 1 for site-
directed mutagenesis. The modified sequence was
based on the aminoterminal bZIP pattern of HCV
genotype 1b, prototype HCVJ.2®> We performed mul-
tiple, but conservative amino acid mutations at dif-
ferent positions within the bZIP motif to disturb the
protein—protein binding functionality while preserv-
ing the o-helix structure of this region. Therefore,
an alanine transfer was applied for amino acid sub-
stitutions at the selected sites.

Homology modeling of the NS4B bZIP

dimer structure

Homology modeling was applied to predict a struc-
tural model for schematic representation of the
homodimer interaction. The model was subsequently
used to select amino acid positions for further site-
directed mutagenesis experiments. Thereby, we used
a published bZIP motif within an amphipathic o-he-
lix of the NS4B aminoterminal part for subsequent
homology modelling.!? The bZIP motif was pre-
viously predicted using several state-of-the-art
in silico methods for transmembrane and secondary
structure prediction, as well as consensus proce-
dures. Pairwise sequence-structure alignments of
the bZIP sequences of the prototype HCVJ (wild-
type) and the mutant sequence with the template
structure 1JUN retrieved from Protein Data Bank
RCSB PDB (www.pdb.org)®® were performed to
model the 3D protein structure of the NS4B bZIP
wild-type homodimer (Fig. 3), heterodimer (wild-type
with mutant bZIP) and the mutant-dimer.?® The
template 1JUN is a high-resolution NMR solution
structure from the leucine zipper domain of the c-
Jun homodimer, a eukaryotic transcription factor.
The template was primarily selected because of its
homodimer structure. Though the number of identi-
cal amino acids between the model and the template
sequence is low, the physico-chemical properties are
rather conserved. Each alignment was submitted to
the WHAT IF (http:/swift.cmbi.ru.nl/servers/html/
index.html) homology modeling server. The protein
structure images were drawn in the Accelrys Discov-
ery Studio ViewerLite (http:/www.accelrys.com/).

Calculation of interaction energies

Calculation of interaction energies was aimed in
planning subsequent in vitro experiments, not for
absolute accuracy of the resulting energies. The
calculation of interaction energies for homology
modeled 3D-structures of the wild-type dimer, the
heterodimer and the mutant-dimer structures was
performed by computing minimized energies using
the OPLS-AA force field.3” Hereby, solvent effects
were approximated by the AGBNP implicit solvent
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Afterwards, the interaction energies were
calculated between the two chains as well as the
interaction energies between all residues mutated in
the hetero- and the mutant-dimers (amino acid posi-
tions 25, 26, 33, 39, 40, 42, 46, 47, and 49 within
NS4B; Fig. 4). The OPLS-AA force field was used for

all energy calculations.

Sequencing

Automated sequencing (Applied Biosystems 310 and
3100 DNA Sequencer, Weiterstadt, Germany) was
done after labelling of PCR products by performance
of one-sided PCR in a GeneAmp™ PE9700 thermo-
cycler (Perkin Elmer, Applied Biosystems, Weiter-
stadt, Germany) by use of commercial vector primers
(pcDNA3T7F, pcDNA3BGHR) according to manufac-
turer’s instructions (Big Dye® Deoxy Terminators,
Applied Biosystems, Weiterstadt, Germany).

Site-directed mutagenesis

Site-directed mutagenesis was used to modify resi-
dues important for (a) the bZIP hydrophobic core
with its leucine-leucine stacking interactions (heptad
positions d) and (b) residues at positions important
for putative ionic interactions (heptad positions e
and g). The new sequence was calculated to (a) dis-
turb the hydrophobic core essential for bZIP func-
tionality and (b) preserve the amphipathic a-helical
structure in this region. The nucleotide sequence
coding for the modified amino acid bZIP motif was
implemented in the NS4B plasmid by repeatedly
performed site-directed mutagenesis (QuickChange®
Site-Directed Mutagenesis Kit, Stratagene, Heidel-
berg, Germany). To ensure correct detection of the
protein, two different oligonucleotides coding for the
FLAG-tag and the MYC-tag were inserted into the
native NS4B full-length expression plasmid as well
as into the modified NS4B full-length plasmid, per-
forming additional site-directed mutagenesis steps.
Tags were inserted at the carboxyterminal end to
minimize the risk of potential interference with the
aminoterminal bZIP motif.

Cell culture and transfection

The expression plasmid containing the ¢cDNA of a
full-length HCV genotype 1b NS4B nucleotide
sequence was kindly provided by Professor Hak
Hotta from the Kobe University, Kobe, Japan.2?
Expression of wild-type NS4B proteins with intact
bZIP and integrated tags (NS4B-bZIP+/MYC; NS4B-
bZIP+/FLAG) and mutant bZIP and integrated tags
(NS4B-bZIP-/MYC; NS4B-bZIP-/FLAG) was per-
formed for a single given protein or for combination
of different proteins. Approximately 10 HEK 293T
cells were transfected with 3pug plasmid DNA sus-
pended in 3pl lipofectamine™ 2000 (Invitrogen,
Karlsruhe, Germany) and 150 pl medium
(OptiMem®, Invitrogen, Karlsruhe, Germany) for 28
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hours. Cells were lysed in 200 pl lysis buffer (1%
NP-40, 150mM NaCl, 10mM Tris-HCI pH 7.5, 1mM
EDTA, 1mM PMSF, 0.5mM DTT), and insoluble ma-
terial was removed by centrifugation.

(Co-)immunoprecipitation and immunoblotting
Antibodies (c-Myc 9E19 or OctAProbe F1, both
Santa Cruz, Heidelberg, Germany) were allowed to
attach for a minimum of 2 hours at +4°C, followed
by the addition of protein G-Sepharose (Pharmacia,
Karlsruhe, Germany), and completion of the incuba-
tion for additional 2 hours at +4°C. Proteins were
separated by sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE). After dilution in 30
ul loading buffer (Roti®-Load 1, Carl Roth GmbH,
Karlsruhe, Germany) and boiling for 3 min, the sam-
ples were separated by SDS-PAGE and electropho-
retic transferred to nitrocellulose membranes (What-
man Schleicher & Schell, Dassel, Germany). Non-
specific binding sites were blocked by incubation in
5% skim milk in buffer TBST (150mM NaCl; 30mM
Tris, pH 7.4; 0.05% Tween20) for 1 hour. Primary
antibodies were allowed to bind for a minimum of 2
hours. Detection of immune complexes was per-
formed using horse raddish peroxidase-conjugated
antibodies (Bio Rad Laboratories GmbH, Miinchen,
Germany) and the enhanced chemiluminescence
(Pierce, Rockford).
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