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Abstract

Hepatitis C Virus NS2-NS3 cleavage is mediated by NS2 autoprotease (NS2pro) and this

cleavage is important for genome replication and virus assembly. Efficient NS2-NS3 cleav-

age relies on the stimulation of an intrinsic NS2pro activity by the NS3 protease domain.

NS2pro activation depends on conserved hydrophobic NS3 surface residues and yet

unknown NS2-NS3 surface interactions. Guided by an in silico NS2-NS3 precursor model,

we experimentally identified two NS2 surface residues, F103 and L144, that are important

for NS2pro activation by NS3. When analyzed in the absence of NS3, a combination of

defined amino acid exchanges, namely F103A and L144I, acts together to increase intrinsic

NS2pro activity. This effect is conserved between different HCV genotypes. For mutation

L144I its stimulatory effect on NS2pro could be also demonstrated for two other mammalian

hepaciviruses, highlighting the functional significance of this finding. We hypothesize that

the two exchanges stimulating the intrinsic NS2pro activity mimic structural changes occur-

ring during NS3-mediated NS2pro activation. Introducing these activating NS2pro mutations

into a NS2-NS5B replicon reduced NS2-NS3 cleavage and RNA replication, indicating their

interference with NS2-NS3 surface interactions pivotal for NS2pro activation by NS3. Data

from chimeric hepaciviral NS2-NS3 precursor constructs, suggest that NS2 F103 is involved

in the reception or transfer of the NS3 stimulus by NS3 P115. Accordingly, fine-tuned NS2-

NS3 surface interactions are a salient feature of HCV NS2-NS3 cleavage. Together, these

novel insights provide an exciting basis to dissect molecular mechanisms of NS2pro activa-

tion by NS3.

Author summary

The replication strategy of many viruses involves the translation of a large polyprotein

that is processed by viral and/or cellular proteases. This genome organization has many

benefits for the virus; it allows the condensation of genetic information, as well as
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temporal and spatial regulation of protein activity depending on polyprotein cleavage

events. Because viral precursor proteins have important functions during all aspects of

viral life cycle, including genome replication and virion morphogenesis, a better under-

standing of polyprotein cleavage regulation and the structure/function of their precursor

proteins is necessary. However, many determinants of such regulation are still unknown.

Here we define such determinants for NS2pro activation by its cofactor NS3, required for

efficient NS2-NS3 cleavage of the HCV polyprotein. This protease activation within the

HCV polyprotein involves specific NS2:NS3 surface contacts that most likely result in an

optimized geometry of the NS2pro active site. These results offer novel insights into the

modes of HCV polyprotein processing.

Introduction

Worldwide approximately 70 million people are chronically infected by hepatitis C virus

(HCV) and are at risk of developing severe liver disease including fibrosis, cirrhosis, and hepa-

tocellular carcinoma. While the treatment options of HCV infections have been improved due

to the new era of direct acting antiviral agents (DAAs), HCV-related mortality and morbidity

is expected to increase due to ageing of the infected population [1]. There is no vaccine avail-

able, so major challenges in basic, translational, and clinical research remain.

HCV belongs to the Hepacivirus genus of the Flaviviridae family and is still the sole member

of the hepaciviruses that infect humans. However, multiple other hepaciviruses were discov-

ered recently from diverse host ranges, including horses, cattle, rodents, bats, and New and

Old-World primates [2]. The HCV genome consists of a 9.6 kb positive-strand RNA molecule

and encodes a polyprotein that is co- and post-translationally cleaved by cellular and viral pro-

teases. Host signal peptidase is processing the N-terminally encoded Core, E1, E2, and p7

[3,4]. NS2-NS3 autoprocessing is mediated by the NS2 cysteine protease [5,6]. The nonstruc-

tural polyprotein NS3-NS5B is processed by NS3 serine protease and its cofactor, NS4A [7].

HCV NS2 is a transmembrane protein consisting of an N-terminal domain with three

transmembrane helices and a C-terminal domain encoding a cysteine protease [8–10].

According to structural studies and reporter assays, NS2 forms a dimeric protease with two

composite active sites in which one monomer contributes histidine and glutamate residues

and the other contributes the cysteine residue [8,11]. NS2 proteins from nonhuman hepaci-

viruses are also dimeric cysteine proteases that form composite active sites and exhibit intrinsic

proteolytic activity, similar to HCV NS2 [11]. The activity of the NS2 cysteine protease cata-

lytic domain is regulated by the NS3 N-terminal domain [8–13]. Recently, a conserved hydro-

phobic surface area in the NS3 N-terminal protease domain was identified that activates NS2

protease to mediate efficient NS2-NS3 cleavage [13]. Studies with related hepaciviruses dem-

onstrated the importance of similarly located hydrophobic surface residues for the NS3-me-

diated NS2 protease activation in nonhuman hepaciviruses [11,14]. Interestingly, the NS2

protease was shown to exhibit efficient intrinsic proteolytic activity in the absence of NS3 moi-

ety when placed in the context of C-terminal tag fusions via flexible linkers [11]. These find-

ings indicate that the NS3 protease domain acts as a more complex regulatory cofactor for

hepaciviral NS2 protease to control the critical NS2-NS3 cleavage. Together, these observations

suggest hydrophobic NS2-NS3 surface interactions are a commonly shared unique mode of

NS2 protease regulation in hepaciviruses.

Whereas NS2 is dispensable for HCV RNA replication [15], inhibiting NS2-NS3 autopro-

cessing by either mutating the NS2 catalytic residues, inhibiting NS2 palmitoylation or by
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blocking NS3-mediated NS2 activation was shown to impair HCV replication by reducing the

availability of free NS3 [13,16,17]. Accordingly, this unique mode of NS2 protease regulation

shows the functional importance of this cleavage event in the hepacivirus life cycle. Interest-

ingly, the NS2-activating NS3 surface area is also promoting alternative protein-protein inter-

actions required for NS5A hyperphosporylation, replicase assembly, and genome replication

[13]. Despite its function during polyprotein processing, HCV NS2 also plays a critical role in

HCV particle assembly. It has been shown that NS2 promotes HCV assembly by recruiting the

viral envelope proteins to the virus assembly sites via interactions with both structural (E1 and

E2) and nonstructural (NS3 and NS5A) proteins [10,18–21].

Although much progress has been made in our understanding of NS2-NS3 biology, key

questions concerning intramolecular NS2:NS3 interactions and structural changes connected

to NS2pro activation, remain poorly understood. This is mainly due to the lack of structural

information of the uncleaved NS2-NS3 precursor protein [8,22]. Especially, the NS2 determi-

nants that interact with NS3 during NS2pro activation have not been characterized so far.

In this work, we identified NS2 surface residues in close proximity to the NS2 protease

active site as determinants of the NS3-mediated NS2pro activation. Mechanistic characteriza-

tion of this process led to the identification of two NS2 surface residues (F103 and L144),

which, when mutated, were able to increase the intrinsic NS2pro activity in the absence of NS3.

Their functional importance was emphasized by the demonstration that their stimulating

character is conserved among different HCV genotypes. A F103 and L144 permutation analy-

sis revealed striking differences between these determinants suggesting that both residues con-

tribute differently to an increased intrinsic NS2pro activity.

Interestingly, these activating NS2 mutations, when introduced into a NS2-NS5B replicon,

were reducing NS2-NS3 cleavage and RNA replication efficiency. This observation indicates

that these mutations, while stimulating NS2 protease in the absence of NS3, might interfere

with critical NS2-NS3 surface interactions during efficient NS2-NS3 cleavage. Accordingly, we

could identify two pivotal NS2-determinants for the intrinsic NS2 protease stimulation that, in

the absence of NS3, mimic structural changes occurring during NS3-mediated NS2 protease

stimulation. Therefore, this study provides an exciting basis to dissect molecular mechanism

(s) of NS2 activation by NS3 in more detail.

Results

The HCV NS2-NS3 site is cleaved by the NS2 cysteine auto-protease [8]. To do so efficiently,

the intrinsic proteolytic activity of NS2 is stimulated by the NS3 protease domain functioning

as its activating cofactor [8–13]. Recently, it was demonstrated that this activation depends on

conserved hydrophobic surface residues (Y105, P115 and L127) of NS3 protease domain and

that activation is a shared mode of NS2 protease regulation among different mammalian hepa-

civiruses [11,13]. However, the NS2 determinants important for NS2pro activation by NS3 are

still unknown.

Identification of NS2 surface determinants for NS3-mediated NS2 protease

activation by alanine mutagenesis based on a hypothetical NS2-NS3 model

We proposed that hydrophobic NS2-NS3 surface interactions are salient features for NS2 acti-

vation by NS3 [13]. Crucial for a better understanding of the process is the identification of the

NS2 determinants required for NS2pro activation. While structural information of the NS2pro

domain and the NS3 protein are available such information for the uncleaved NS2-NS3 pre-

cursor is still missing [8,23]. To overcome this lack of information, we generated an in silico
NS2-NS3 model based on post cleavage structures of the NS2pro and NS3pro domains
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representing protein sequences from hepatitis C virus genotype 1a (isolate H77), respectively

(Fig 1A). We hypothesized that the stimulating hydrophobic NS3 surface residues Y105, P115

and L127 interact with NS2 surface residues in the proximity of the NS2pro active site to allow

NS2pro activation by NS3. In addition, we placed in our NS2-NS3 precursor protein model

also the NS2-NS3 cleavage site in proximity to the NS2pro active site (see Materials and Meth-

ods section for details).

The results of the energetic minimization of this NS2-NS3 precursor model revealed a

potential NS2pro:NS3pro interaction region: surface residues in proximity to NS2pro active site

H143 could potentially form interactions with the activating NS3pro surface residues Y105,

P115 and L127 (Fig 1A). It is noteworthy, that F103, which is very exposed, would be able to

form potential interactions with any of the three activating NS3pro surface residues. Further-

more, NS2 L144 could potentially interact with NS3 Y105 or P115, respectively. In this

NS2-NS3 precursor model, L144 directly faces P115 of NS3, forming hydrophobic contacts

ranging between 5 and 7 Å, while F103 could form stacking interactions (π-π-interactions)

with Y105 in NS3, at a distance of approximately 4 Å for the aromatic ring structures. In addi-

tion, hydrophobic interactions of F103 with the side chains of P115 and L127 are also possible

at a distance of approximately 4–5 Å. According to this NS2-NS3 precursor model, the buried

surface for the NS2-NS3 interface was calculated to be approx. 1050 Å2 (Fig 1A). Interestingly,

the strict conservation of NS2 F103 and L144 among different HCV genotypes points to their

potential functional importance.

To test the importance of these hydrophobic NS2 residues for NS3-mediated NS2pro stimu-

lation, we mutated residues F103 and L144 to alanine. The mutagenesis was performed using

construct pcite-FLAG-NS2-NS3(1–172)-GST/BK (HCV genotype 1b) previously used to study

HCV NS2-NS3 cleavage (Fig 1B, [13]). In addition, we mutated several other residues that are

either in close proximity to the NS2pro active site (Y141, N142, T145, P146 and L147) or are

more distantly located to the active site residues (L90, I97, V104, L115, V119, L135 and V160).

Among the selected residues targeted by mutagenesis (Fig 1) most of them are either conserved

across different HCV genotypes (F103, L144, Y141, P146, V160) or have a conserved hydro-

phobic character (V104, L115, V119, L135, L147).

The NS2/C184A mutant with an inactive NS2 protease served as negative control. We also

included the NS3/YPL-AAA mutant (NS3/Y105A-P115A-L127A) that is unable to stimulate

NS2pro to show the extent of NS2-NS3 cleavage without NS3 activation [13]. Accordingly,

WT-like NS2-NS3 cleavage efficiencies would mark residues not critical for NS2 protease acti-

vation, while mutations with an impact on NS2-NS3 cleavage comparable to the NS3/

YPL-AAA mutant (NS3/Y105A-P115A-L127A) would identify NS2 amino acids potentially

involved in the NS3-mediated NS2pro activation process. We analyzed NS2-NS3 cleavage in a

replication-independent cell-based cleavage assay based on Huh7-T7 cells and T7 RNA poly-

merase-driven expression of FLAG-NS2-NS3(1–172)GST (Fig 1C and [13]). The uncleaved

FLAG-NS2-NS3(1–172)-GST/BK polyprotein fragment and the products of NS2-mediated

cleavage were separated by SDS-PAGE and analyzed by Western blot using anti-FLAG and

anti-GST antibodies, respectively (Fig 1D). Western blot signal intensities for uncleaved

FLAG-NS2-NS3(1–172)-GST and cleaved FLAG-NS2 were determined to calculate the indi-

vidual NS2-NS3 cleavage rates by quantification of signal intensities using the Odyssey SA

imaging system (LI-COR) (Fig 1E). As expected, WT FLAG-NS2-NS3(1–172)-GST/BK exhib-

its a strong NS2-NS3 cleavage, while C184A mutant did not show detectable cleavage. In the

case of NS3/YPL-AAA we only detected residual NS2pro activity marking the intrinsic NS2pro

activity in the absence of NS3 activation [13]. The alanine scanning mutagenesis revealed that

most of the tested NS2 mutations had no (L90A, I97A, F103A, V104A, L115A, V119A and

V160A) or moderate negative (L135A, N142A, T145A) effects on NS2-NS3 cleavage (Fig 1D
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and 1E). In contrast, Y141A and P146A inhibited NS2-NS3 cleavage similar to our active site

mutant NS2/C184A, indicating that either the active site configuration or NS2 protein confor-

mation is affected. Interestingly, mutations L144A and L147A did show a low level of

NS2-NS3 cleavage comparable to the one of mutant NS3/YPL-AAA known to block NS3-me-

diated NS2pro stimulation (Fig 1D and 1E; [13]).

Taken together, this mutagenesis suggests that the L144 and L147 residues, that are in close

proximity to the NS2pro active site residue H143, may play a critical for the NS2pro activation

by NS3. The identification of L144 and L147 as potential NS2 determinants engaged in func-

tional NS2:NS3 interactions during NS2pro activation by NS3 suggests that our NS2-NS3

model represents a valuable tool to dissect mechanistic aspects of this protease activation

process.

Analysis of NS2 alanine surface mutations for NS2 cleavage in the absence

of the NS3 cofactor revealed F103A mutation is stimulating the intrinsic

NS2 autoprotease activity

The observed interference of the L144A or L147A mutations with the NS3-mediated NS2 stim-

ulation during NS2-NS3 cleavage is indicating that these mutations might block crucial inter-

actions between activating NS2 and NS3 surface residues critical for this process. However, the

inefficient cleavage between NS2-NS3 could also originate from a diminished NS2pro activity

caused by a disruption of the NS2pro active site configuration. Accordingly, we analyzed the set

of NS2 mutations for their impact on the intrinsic NS2pro activity in the absence of the NS3-co-

factor to rule out direct effects on the NS2pro not related to NS2pro activation by NS3. For this

purpose, we employed the construct pcite-FLAG-NS2-APIT-GST in which FLAG-NS2 is C-

terminally fused to the N-terminal four amino acids of NS3 (APIT) to maintain the authentic

NS2-NS3 cleavage site upstream of GST used for monitoring NS2pro activity (Fig 2A).

Thus, cleavage of FLAG-NS2-APIT-GST is mediated by the intrinsic NS2pro activity. All

NS2pro mutations were introduced into this plasmid, generating the respective pcite-

Fig 1. Mapping of NS2 determinants important for NS3-mediated NS2pro activation by alanine scanning

mutagenesis. (A) Hypothetical model of NS2pro-NS3pro prior to NS2-NS3 cleavage. Structural model of a hypothetical

NS2pro-NS3pro precursor protein consisting of two NS2pro (light and dark gray, respectively) and one NS3pro molecules

(yellow). The overall structure is shown in surface representation. Carbon and backbone ribbon are colored in light

and dark grey for the two NS2pro domains and yellow for the NS3pro domain, respectively. Post-cleavage structures of

NS2pro (residues 94–217, pdb id 2HD0, [8]) and the crystal structure of the NS3 protease domain complexed with a

synthetic NS4A cofactor peptide (NS3 residues 1–180, pdb id 1A1R, [24]) representing protein sequences from

Hepatitis C virus genotype 1a (isolate H77) have been used to generate this model. One NS2pro composite active site is

shown with H143, E163 and C184 in red stick representation. The NS2pro-activating NS3 surface residues Y105, P115

and L127 are shown in different green spheres, respectively. The position of the NS2-NS3 cleavage site is indicated. An

enlargement of the proposed interacting surface area between NS2 residues in proximity to the NS2pro active site

(indicated in red stick representation) and the activating NS3pro surface residues consisting of Y105, P115 and L127 is

shown on the right. NS2 residues close to the NS2pro active site that were analyzed for their ability to functionally

interact with activating NS3pro surface residues during NS2pro stimulation by NS3pro are shown by stick representation

and their identities are given by rainbow coloring. NS2 pro residues I97, V104, L115, V119, L135 and V160, which were

mutated as controls are not indicated in the model for clarity of the figure. (B) Scheme of NS2-NS3 cleavage analysis

using FLAG-NS2-NS3(1–172)-GST expression (left). (C) Analysis of NS2-mediated cleavage of FLAG-NS2-NS3(1–

172)-GST polyprotein fragments by the MVA/T7pol expression system in Huh7-T7 cells. (D) Western blot analysis of

NS2-NS3 cleavage after expression of FLAG-NS2-NS3(1–172)-GST polyprotein fragments. One representative blot

from three independent experiments is shown. Positions of the uncleaved precursor protein FLAG-NS2-NS3(1–172)-

GST and cleavage products FLAG-NS2 and NS3(1–172)-GST are indicated by arrows on the right. (E) NS2pro cleavage

efficiencies. Signals of uncleaved FLAG-NS2-NS3(1–172)-GST and the cleavage products FLAG-NS2 and NS3(1–172)-

GST were quantified by ImageJ software from Western blots to calculate the percentage of NS2-NS3 cleavage. Mean

and standard deviations of NS2pro cleavage efficiencies from three independent experiments are presented. WT: wild-

type; mock: transfection control without plasmid DNA. Molecular mass standards are shown on the left. Asterisks

indicate statistically significant differences in comparison to WT (� p< 0.05; �� p< 0.01; ��� p< 0.001).

https://doi.org/10.1371/journal.ppat.1010644.g001
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Fig 2. Re-analyzing of NS2pro surface residues in the NS2-APIT-GST context revealed F103A as a stimulating

determinant for the intrinsic NS2pro activity in the absence of the NS3 cofactor. (A) Schematic representation of the

pcite-FLAG-NS2-APIT-GST expression construct used to analyze the NS2pro activity in the absence of its cofactor

NS3. Cleavage of FLAG-NS2-APIT-GST results in generation of FLAG-NS2 and APIT-GST. (B) Indicated pcite-

FLAG-NS2-APIT-GST plasmids were transfected into Huh7-T7 cells and expressed by the MVA/T7pol expression

system. One representative blot from three independent experiments is shown. Molecular mass standards are shown

on the left. Positions of the FLAG-NS2-APIT-GST and the cleavage product APIT-GST are indicated on the right. WT:

wild-type; mock: transfection control without DNA. (C) NS2 protease cleavage efficiencies. Signals of uncleaved

FLAG-NS2-APIT-GST and the cleavage product APIT-GST were quantified by ImageJ software from three Western

blots to calculate the percentage of FLAG-NS2-APIT-GST cleavage. Mean and standard deviations of NS2 cleavage

efficiencies from three independent experiments are presented. Asterisk indicate statistically significant differences in

comparison to WT (� p< 0.05).

https://doi.org/10.1371/journal.ppat.1010644.g002
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FLAG-NS2-APIT-GST derivatives. Again, we used MVA/T7pol-infected Huh7-T7 cells to

express wild-type and mutant FLAG-NS2-APIT-GST proteins to monitor NS2pro cleavage effi-

ciencies by Western blotting using anti-GST antibodies (Fig 2B).

As expected, wild-type FLAG-NS2-APIT-GST was cleaved to a lower percentage compared

to FLAG-NS2-NS3(1–172)-GST/BK, which is characteristic for the lower intrinsic NS2pro

activity (Fig 2B, lane 1). No intrinsic activity was detected for the FLAG-NS2-APIT-GST/

C184A negative control mutant, confirming the specificity of this assay. The NS2 mutations

L90A, I97A, V104A, L115A, N124A, L144A T145A and V160A showed slightly reduced intrin-

sic NS2pro activities in the absence of NS3 compared to WT (Fig 2B and 2C). Furthermore, the

Y141A, P146A and L147A mutations either abolished (Y141A and P146A) or strongly reduced

(L147A), intrinsic NS2pro activity in the FLAG-NS2-APIT-GST context suggesting a detrimen-

tal effect on the NS2 protease. The observation that the L144A exchange allows for intrinsic

NS2pro cleavage activity comparable to wild-type is indicating that (i) the NS2pro with this

mutation is functional and (ii) its strongly reduced activity in the FLAG-NS2-NS3-GST con-

text suggest its involvement in NS2pro activation by NS3. Together these results suggest that

L144 represents one NS2 surface residue important for the NS3-mediated NS2pro activation.

However, another highly interesting observation from this analysis was that the mutation

F103A led to an increased NS2pro cleavage activity in the absence of the NS3 cofactor when

compared to wild-type FLAG-NS2-APIT-GST (Fig 2B and 2C). An increased intrinsic NS2pro

activity could indicate that F103A exchange in FLAG-NS2-APIT-GST either enhances a better

positioning of the cleavage site relative to the NS2pro active site or allows for an optimized

NS2pro active site conformation in the absence of the stimulating NS3 cofactor.

The NS2-L144 permutation analysis of the NS2 protease in the absence of NS3

cofactor revealed that L144I is stimulating the intrinsic NS2 protease activity

Our surprising finding that the F103A mutation increases the NS2pro activity in the absence of the

NS3pro domain suggests that certain NS2 mutations have the ability to either induce optimizations

of the cleavage site positioning and/or active site conformation in the absence of NS3 cofactor.

Mechanistically, such mutations might mimic NS2 alterations induced by NS3 in the NS2-NS3

precursor resulting in efficient NS2pro activity. Considering the importance of the L144 residue

for NS2 activation by NS3 (Fig 1C), we next wanted to investigate whether the replacement of

L144 by other amino acids also increase intrinsic NS2pro activity. Accordingly, we analyzed a

panel of NS2 L144 permutations in the context of pcite-FLAG-NS2-APIT-GST/BK for their

impact on the intrinsic NS2pro activity (Fig 3). The pcite-FLAG-NS2-APIT-GST/BK permutation

derivatives were transfected into Huh7-T7 cells and NS2pro activity was analyzed by Western blot-

ting. The expression of FLAG-NS2-APIT-GST/WT and FLAG-NS2-APIT-GST/C184A served as

positive and negative control for intrinsic NS2pro activity, respectively.

While most of the analyzed L144 permutations (L144A, L144D, L144G, L144M and

L144N, L144Q, L144P and L144W) interfered with the intrinsic NS2pro activity in the

FLAG-NS2-APIT-GST context to different degrees (Fig 3), exchanging L144 to isoleucine

(L144I) is stimulating the intrinsic NS2pro activity compared to WT (Fig 3). Accordingly,

we identified two amino acid exchanges in the NS2pro domain (F103A and L144I) that can

stimulate the intrinsic NS2pro activity.

A comparison of NS2 F103 and NS2 L144 mutations revealed different

requirements for intrinsic NS2 protease activity at these positions

Our finding that two different NS2 mutations can stimulate the intrinsic NS2 protease activity

is intriguing since it could provide insight into the NS2 protease stimulation process. To also
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determine the amino acid characteristics critical for efficient intrinsic NS2 protease activity,

we introduced F103 permutations into pcite-FLAG-NS2-APIT-GST to perform a limited per-

mutation analysis for this amino acid. The pcite-FLAG-NS2-APIT-GST F103 permutation

plasmids were transfected into Huh7-T7 cells and NS2 protease activity was analyzed by West-

ern blotting with FLAG-NS2-APIT-GST/WT and FLAG-NS2-APIT-GST/C184A serving as

positive and negative control, respectively.

In contrast to the strict requirement for branched aliphatic amino acids observed for NS2

position 144, all analyzed F103 permutations showed a similar or slightly higher (F103A,

F103N, F103Q, F103P) intrinsic NS2 protease activity when compared to WT (Fig 4).

Fig 3. The amino acid exchange L144I is stimulating the intrinsic NS2pro cleavage efficiency in the absence of the

NS3 cofactor. (A) Analysis of the intrinsic NS2pro activity assay in the MVA/T7pol expression system in Huh7-T7 cells.

NS2-mediated cleavage of FLAG-NS2-APIT-GST/BK was analyzed by Western blotting using GST-specific antibodies.

One representative blot from three independent experiments is shown. (B) NS2pro cleavage efficiencies. Signals of

uncleaved FLAG-NS2-APIT-GST and the cleavage product APIT-GST were quantified by ImageJ software from three

Western blots to calculate the percentage of NS2-APIT-GST cleavage. Mean and standard deviations of NS2pro

cleavage efficiencies from three independent experiments are presented. Molecular mass standards are shown on the

left. Positions of the uncleaved precursor FLAG-NS2-APIT-GST and the cleavage product APIT-GST are indicated on

the right. WT: wild-type; mock: transfection control without plasmid DNA. Asterisks indicate statistically significant

differences in comparison to WT (� p< 0.05; �� p< 0.01; ��� p< 0.001).

https://doi.org/10.1371/journal.ppat.1010644.g003
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Fig 4. F103 permutation analysis revealed a broad spectrum of amino acids is allowing intrinsic NS2 protease

cleavage. (A) Analysis of the intrinsic NS2pro activity in the MVA/T7pol expression system in Huh7-T7 cells.

NS2-mediated cleavage of FLAG-NS2-APIT-GST was analyzed by Western blotting using GST-specific antibodies. (B)

NS2pro cleavage efficiencies. Signals of uncleaved FLAG-NS2-APIT-GST and the cleavage product APIT-GST were

quantified by ImageJ from three Western blots to calculate the percentage of NS2-APIT-GST cleavage. Mean and

standard deviations of NS2pro cleavage efficiencies from three independent experiments are presented. Molecular mass

standards are shown on the left. Positions of the uncleaved precursors FLAG-NS2-APIT-GST and the cleavage product

APIT-GST are indicated on the right. WT: wild-type; mock: transfection control without plasmid DNA. (C)

Conservation of HCV F103- and L144-corresponding NS2 residues in indicated mammalian hepacivirus species
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Accordingly, a broad functional flexibility for NS2 amino acid 103 exists to allow intrinsic NS2

protease activity. Thus, these results highlight striking differences regarding the required

amino acid characteristics at these two positions for NS2 protease functionality.

These observations are in line with conservation of these position in NS2 sequences of dif-

ferent mammalian hepaciviruses (NS2hepaci): Leucine is highly conserved at positions corre-

sponding to NS2HCV L144 while at the position corresponding to NS2HCV F103- a wide range

of amino acids can be found in different NS2hepaci sequences (Fig 4C; [11]). It is tempting to

speculate that these divergent amino acid requirements suggest NS2 F103 and L144 serve dif-

ferent tasks to support the intrinsic NS2pro activity and or its stimulation by NS3.

The combination of F103A and L144I exchanges is increasing the stimulation

of the intrinsic NS2 protease activity in different HCV genotypes

We next analyzed if the stimulation of the intrinsic NS2pro activity by the F103A and L144I

mutations is conserved among different HCV genotypes and whether a combination of both

exchanges would further increase the intrinsic NS2pro activity. To this end, we introduced

these mutations individually and in combination into pcite-FLAG-NS2-APIT-GST/JFH1

(genotype 2a) and determined their impact on intrinsic NS2pro activity side-by-side with their

respective genotype 1b (BK) derivatives (Fig 5).

The comparison of the intrinsic NS2pro activities of the two genotypes showed that the NS2

protease from the JFH1 strain (FLAG-NS2-NS3(1–172)-GST/JFH1-WT) achieved almost

complete NS2-NS3(1–172) cleavage with no detectable FLAG-NS2-NS3(1–172)-GST/JFH1

precursor protein. The NS2-protease with a NS2-C184A mutation is deficient in supporting

NS2-APIT cleavage in both genotypes, as expected. In contrast, the NS2 protease from the

genotype 1b BK strain cleaved only approximately 70% of the FLAG-NS2-NS3(1–172)-GST/

BK precursor protein (Fig 5A; compare FLAG-NS2-NS3(1–172)-GST/JFH1-WT with

FLAG-NS2-NS3(1–172)-GST/BK-WT). This difference is in part attributable to a more effi-

cient intrinsic NS2pro activity (Fig 5A; compare FLAG-NS2-APIT-GST/JFH1-WT with

FLAG-NS2-APIT-GST/BK-WT). The introduction of either NS2-F103A or NS2-L144I muta-

tions resulted in a slightly increased intrinsic NS2pro activity relative to the WT in the

FLAG-NS2-APIT-GST context of both genotypes (Fig 5A; see FLAG-NS2-APIT-GST/

JFH1-F103A and–L144I as well as FLAG-NS2-APIT-GST/BK-F103A and–L144I).

Interestingly, the combination of NS2-F103A and NS2-L144I resulted in a strong increase

in NS2-APIT cleavage efficiency in both genotypes leading to an approx. 4-fold increase in

cleavage efficiency compared to WT. In the context of genotype 2a, this F103A/L144I combi-

nation led to a remarkable efficient NS2-APIT cleavage of approx. 65% (Fig 5B). Together, this

observation demonstrates that the stimulating effect of F103A/L144I amino acid exchanges on

the intrinsic NS2pro activity is conserved between different HCV genotypes (Fig 5). The ability

of the double mutation F103A/L144I to strongly increase the intrinsic NS2pro activity suggests

that the functional roles of F103 and L144 might be mechanistically linked (Fig 5).

The stimulating NS2 protease mutations F103A and L144I enhance the

intrinsic NS2 proteolytic activity in absence of any NS3 sequence

It was previously reported that HCV NS2 exhibit efficient intrinsic activity in the absence of

any NS3 sequence and that NS3-specific amino acids immediately downstream of NS2

representatives are shown [11]. Asterisks indicate statistically significant differences in comparison to WT (� p< 0.05;
�� p< 0.01; ��� p< 0.001).

https://doi.org/10.1371/journal.ppat.1010644.g004
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Fig 5. The amino acid exchanges F103A and L144I lead to a stimulation of the intrinsic NS2pro cleavage efficiency

in the absence of the NS3 cofactor in two different HCV genotypes. (A) Analysis of the intrinsic NS2pro activity in

the MVA/T7pol expression system in Huh7-T7 cells. NS2-mediated cleavage of FLAG-NS2-NS3(1–172)-GST or

FLAG-NS2-APIT-GST polyprotein fragments was analyzed by Western blotting using FLAG-specific antibodies. One

representative blot from three independent experiments is shown. Molecular mass standards are shown on the left.

Positions of the uncleaved precursors FLAG-NS2-NS3(1–172)-GST or FLAG-NS2-APIT-GST and cleavage product

FLAG-NS2 are indicated by arrows on the right. (B) Quantification of NS2-protease mediated cleavage efficiencies

(percent of cleavage calculated as percent of cleavage product over the sum of uncleaved precursor plus cleaved

product) from lysates subjected to immunoblotting using infrared fluorescent-labeled secondary antibodies and the

Odyssey SA imaging system (LI-COR). Background was subtracted from FLAG-specific signals of uncleaved

precursors and cleavage product using the corresponding signal of the mock sample. Mean and standard deviation of

NS2pro cleavage efficiencies from three independent experiments are presented. WT: wild-type; mock: transfection

control without plasmid DNA. Asterisks indicate statistically significant differences in comparison to WT (� p< 0.05;
�� p< 0.01).

https://doi.org/10.1371/journal.ppat.1010644.g005
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(NS3-APITA) are reducing NS2pro function to a basal level that requires NS3 cofactor-medi-

ated stimulation for efficient NS2-NS3 cleavage [11]. Based on these observations, it was sug-

gested that the NS3 N-terminal sequence is having a negative modulating impact on NS2-NS3

cleavage that is compensated by specific surface residues in the NS3 protease domain, resulting

in NS2pro stimulation by NS3 [11,13]. To determine if the stimulating effect of the F103A and

L144I mutations on the NS2pro activity in the pcite-FLAG-NS2-APIT-GST context is compen-

sating for the negative impact of the NS3 N-terminal APIT sequence, we analyzed if the NS2pro

activity is stimulated by the F103A and L144 mutations in the absence of any NS3 sequence.

We inserted both mutations into the pcite-FLAG-NS2JFH1-G4S-eGFP construct (Fig 6A). In

this construct FLAG-NS2 is followed by the amino acid linker sequence GGGGS and eGFP so

that the NS3 sequence downstream of NS2 is replaced by an unrelated sequence. Thus, we

determined the effect of the stimulating amino acid exchanges F103A, L144I or F103A/L144I

in the context of FLAG-NS2JFH1-G4S-eGFP in the absence of any NS3 sequence (Fig 6B and

6C). The C184A mutant served as negative control.

We detected robust NS2pro cleavage activity (approx. 35%) with the FLAG-NS2JFH1-G4S-

eGFP reporter construct confirming earlier observations [11]. Furthermore, the stimulating

character of the NS2-F103A and NS2-L144I amino acid exchanges was also observed in

absence of any NS3 sequence. Interestingly, the NS2-F103A mutation increased NS2pro cleav-

age efficiency in the NS2JFH1-G4S-eGFP context only slightly from 35% to approx. 50%, while

the introduction of NS2-L144I amino acid exchange resulted in a higher improvement

(approx. 70%) of the intrinsic NS2pro activity (Fig 6B and 6C). Importantly, the NS2-F103A/

L144I combination led to approximately 90% NS2pro cleavage efficiency. Together, the stimu-

lation of the intrinsic NS2pro activity observed for the FLAG-NS2-APIT-GST_F103A/L144I as

well as for the NS2JFH1-G4S-eGFP_F103A/L144I variant is indicating that the identity of the

residues C-terminal to the scissile bond are not contributing to the increase of the intrinsic

NS2pro activity. An attractive hypothesis is that the F103A/L144I exchanges contribute to an

optimized NS2pro active site geometry that leads to an enhanced NS2pro activity.

The L144I mutation is activating the intrinsic NS2 protease activity in

other mammalian hepaciviruses

Comparative studies of several mammalian hepaciviruses have been useful to identify con-

served or divergent features of NS2 protein function(s) [11,14]. Alignment of NS2 sequences

of different mammalian hepaciviruses revealed that residues corresponding to HCV NS2 L144

are conserved among these viruses suggesting a functional importance for this residue (Fig 4C;

[11]). Therefore, we investigated whether the ability of the L144I exchange to activate the

intrinsic NS2pro activity is also conserved. For this purpose, we selected two hepaciviral NS2

proteins: equine hepacivirus (NPHV) strain H3-011 (NS2NPHV) closely related to HCV and

the rodent hepacivirus (RHV) strain NLR07-oct70 (NS2RHV) which is more distantly related

to HCV. We generated constructs pcite-FLAG-NS2RHV-G4S-eGFP and pcite-

FLAG-NS2NPHV-4GS-eGFP (Fig 7A) and introduced the leucine-to-isoleucine mutation at

positions corresponding to HCV NS2-L144 (e.g., NS2NPHV L144I and NS2RHV L132I).

The autoproteolytic properties of NS2NPHV-G4S-eGFP/L144I or NS2RHV-G4S-eGFP/L132I

were compared with their respective wild-type constructs after transient expression in

MVA/T7pol-infected Huh7-T7 cells. We used pcite-FLAG-NS2HCV-G4S-eGFP/WT and L144I

from JFH1 strain of HCV genotype 2a as reference. Western blotting with FLAG-specific anti-

body was used to monitor NS2 protease activities. Interestingly, the intrinsic activity of both

RHV and NPHV NS2 proteases could be stimulated by NS2NPHV L144I and NS2RHV L132I

exchanges relative to their respective wild-type proteins, similar to what could be observed for
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NS2HCV L144I (Fig 7B and 7C). Accordingly, these observations demonstrate that NS2HCV

L144 and corresponding residues in other mammalian hepaciviruses (NS2NPHV L144 and

NS2RHV L132) represent a conserved functional determinant for the activation of the intrinsic

NS2pro activity in these viruses.

Mutations stimulating NS2 autoprotease modulate viral RNA replication

in a NS2-NS5B replicon

The observation that the NS2 protease has efficient intrinsic proteolytic activity in the absence

of the NS3 cofactor is suggesting NS3 protease domain acts as a more complex, regulatory

cofactor for NS2 to control the critical NS2-NS3 cleavage (Fig 6; [11]). To determine whether

the presence of the activating NS2 mutations F103A and L144I is also stimulating NS2-NS3

cleavage in the HCV polyprotein context and thus enhancing RNA replication, we investigated

their effect in the pTM7-NS2-NS5B polyprotein expression construct and in the pFki389

FLuc_NS2-5B/JFH1 replicon (Fig 8A and 8C).

Accordingly, we introduced the NS2 mutations F103A, L144A, L144I and F103A-L144I

into pTM7-NS2-NS5B/JFH1 and pFki389 FLuc_NS2-5B plasmids (Fig 8A and 8C). The NS2

inactivating C184A mutation served as negative control in all experiments. To determine

NS2-NS3 cleavage, the indicated pTM7-NS2-NS5B/JFH1 plasmids were transfected into

MVA/T7pol-infected Huh7-T7 cells. This setup allows the replication-independent expression

of the NS2-5B polyprotein to determine NS2-NS3 cleavage efficiency by Western blotting (Fig

8A and 8B). As expected, the Western blot analysis showed that WT NS2 supported efficient

NS2-NS3 cleavage, while NS2 active site mutation C184A blocked NS2-NS3 cleavage (Fig 8B).

The individual activating NS2 exchanges F103A and L144I exhibited NS2-NS3 cleavage effi-

ciencies comparable to WT while the NS2 L144A mutation reduced NS2-NS3 cleavage (Fig

8B). These results were confirmed using pcite-FLAG-NS2-NS3(1–172)-GST/JFH1 and pcite-

FLAG-NS2-NS3(1–172)-GST/BK, respectively (S1 Fig).

Interestingly, the simultaneous introduction of both stimulating NS2 exchanges (F103A/

L144I) in the context of the NS2-NS5B polyprotein reduced the NS2-NS3 cleavage compared

to WT and the F103A and L144I single mutations (Fig 8B). Accordingly, the F103A/L144I

exchanges appear to interfere with an efficient NS2-NS3 cleavage in a NS2-NS5B polyprotein.

This is in contrast to their stimulating effect on the intrinsic NS2pro activity in the absence of

its activating NS3pro domain (compare Fig 8B with Figs 5 and 6). These observations are indi-

cating that interactions between previously identified specific activating NS3pro residues and a

NS2pro surface area comprising these NS2 mutations could contribute to an optimized NS2pro

active site conformation and efficient NS2-NS3 cleavage.

Next, RNA replication capabilities of the bicistronic Fki389 FLuc_NS2-NS5B/JFH1 deriva-

tives were analyzed (Fig 8C and 8D). Replicon RNAs were in vitro-transcribed from MluI-line-

arized Fki389 FLuc_NS2-NS5B/JFH1 template DNAs and electroporated into Huh7 Lunet

Fig 6. HCV NS2pro activity in the absence of any NS3 sequence is stimulated by NS2 mutations F103A and L144I.

(A) Scheme of pcite-FLAG-NS2JFH1-G4S-eGFP reporter construct to analyze NS2pro activity in the absence of NS3

cofactor domain in the context of a flexible linker (GGGGS). (B) The indicated plasmids were transfected into MVA/

T7pol-infected Huh7-T7 cells. Transfected cells were harvested and NS2pro activities were analyzed by Western blot

using anti-FLAG specific primary antibodies. One representative blot from three independent experiments is shown.

The positions of the uncleaved precursor FLAG-NS2JFH1-G4S-eGFP and the cleavage product FLAG-NS2 are indicated

by arrows on the right. (C) NS2 protease cleavage efficiencies. Western blot signals generated by using anti-FLAG-

specific primary and infrared fluorescent-labeled secondary antibodies were captured by the Odyssey SA imaging

system (LI-COR). Mean and standard deviations of NS2 cleavage efficiencies from three independent experiments are

presented. WT: wild-type; mock: transfection control without DNA. Asterisks indicate statistically significant

differences in comparison to WT (� p< 0.05; �� p< 0.01; ��� p< 0.001).

https://doi.org/10.1371/journal.ppat.1010644.g006
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Fig 7. Leucine-to-isoleucine exchanges in other hepaciviral NS2 proteins corresponding to mutation HCV NS2

L144I are activating the intrinsic NS2pro activity. (A) Scheme of pcite-FLAG-NS2hepaci-G4S-eGFP reporter construct

to analyze the intrinsic NS2 protease activity of related mammalian hepaciviruses. (B) Indicated pcite plasmid
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cells. The Fki389 FLuc_NS2-NS5B/JFH1_C184A plasmid with a C184A mutation served as

negative control. RNA replication of the Fki389 FLuc_NS2-NS5B/JFH1 replicon derivatives

with mutations F103A or L144I was similar to WT (Fig 8D) in agreement with their efficient

NS2-NS3 cleavage in the pTM7-NS2-NS5B/JFH1 context (Fig 8B). In contrast, replication of

the Fki389 FLuc_NS2-NS5B/JFH1_L144A replicon RNA was blocked (Fig 8D), which corre-

lates with its reduced NS2-NS3 cleavage efficiency (Fig 8B). RNA replication of the Fki389

FLuc_NS2-NS5B/JFH1_F103A/L144I replicon RNA was approx. 50-150-fold lower compared

to WT, F103A or L144I replicon RNAs at 48 h and 72 h pe (Fig 8D). These data confirm that

the F103A/L144I double exchange, which allows for enhanced intrinsic NS2pro activity in the

absence of the NS3 cofactor, is reducing NS2-NS3 cleavage efficiency in the NS2-NS5B poly-

protein context as well as RNA replication efficiency. Together these observations indicate that

optimal surface interactions between NS2 and NS3 are pivotal for efficient NS2-NS3 cleavage

and thus critical for viral RNA replication.

Evidence for a functional cooperation of NS2 and NS3 surface residues

during NS3-mediated NS2 protease stimulation

While NS2HCV L144 and corresponding residues in other mammalian hepaciviruses

(NS2NPHV L144 and NS2RHV L132) are conserved and functionally important for the activa-

tion of the intrinsic NS2pro activity in these viruses, the residues corresponding to NS2HCV

F103 show no such conservation (Fig 4C).

It has been demonstrated that the NS2HCV protease activity could be stimulated by heterol-

ogous hepacivirus NS3 protease domains from NPHV, BHV and RHV but only very weakly

from GHV and GBV-B, indicating specific requirements for the activating residues within the

hydrophobic NS3 surface patch [11]. This ability of NS3GHV to activate NS2HCV protease in

the context of NS2HCV-NS3GHV chimera was shown to rest on hydrophobic NS3 surface resi-

dues [11]. Interestingly, in the activating NS3 of NPHV, BHV and RHV conserved proline res-

idues are present at NS3 positions equivalent to NS3HCV Pro115 whereas in the non-activating

GHV NS3 protease domains NS3HCV Pro115 aligns with a negatively charged glutamate resi-

due (NS3GHV E116). When NS3GHV E116 was changed into the HCV-specific Pro (NS3GHV

E116P) a substantial gain-of-function of the NS3GHV protease domain as stimulating cofactor

for HCV NS2 protease in the chimeric NS2HCV-NS3GHV precursor was observed [11]. Accord-

ingly, this chimeric NS2HCV-NS3GHV precursor represents an excellent tool to study potential

NS2-NS3 surface interactions during NS3-mediated NS2 protease stimulation.

We generated a similar chimeric FLAG-NS2HCV-NS3GHV-GST precursor with an N-termi-

nal FLAG and C-terminal GST tag (Fig 9A) to determine whether NS2HCV F103 is interacting

with NS3GHV surface residues during NS3GHV-mediated NS2HCV protease stimulation. We

hypothesized that NS2HCV F103 has to interact with NS3GHV E116 (equivalent to NS3HCV

P115, Fig 9B) during NS2HCV activation by NS3GHV. This assumption was based on two obser-

vations: (i) in our NS2-NS3 precursor model NS2 F103 has the potential to interact with NS3

derivatives (pcite-FLAG-NS2hepaci-G4S-eGFP) were transfected into MVA/T7pol-infected Huh7-T7 cells. Transfected

cells were harvested in lysate buffer and NS2pro activities were analyzed by Western blot analysis using anti-FLAG-

antibodies. One representative blot out of three independent experiments is shown. Molecular mass standards are

depicted on the left. The positions of the uncleaved precursors FLAG-NS2hepaci-G4S-eGFP or FLAG-NS2hepaci cleavage

product are indicated by arrows on the right. (C) NS2pro cleavage efficiencies (indicated as percent of cleavage

determined by percent of cleavage product over the sum of uncleaved precursor plus cleaved product) determined

from lysates subjected to immunoblotting using infrared fluorescent-labeled secondary antibodies and the Odyssey SA

imaging system (LI-COR). Mean and standard deviations of NS2pro cleavage efficiencies from three independent

experiments are presented. Asterisks indicate statistically significant differences in comparison to the respective WT (�

p< 0.05; �� p< 0.01; ��� p< 0.001).

https://doi.org/10.1371/journal.ppat.1010644.g007
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P115 (Fig 1A) and (ii) mutating NS3GHV E116 to proline (NS3GHV E116P) rescues the ineffi-

cient NS2HCV activation by heterologous NS3GHV [11].

To test if the surface residues NS2HCV-F103 and NS3GHV E116 functionally interact during

NS2HCV activation by NS3GHV, we determined the NS2-NS3 cleavage of different chimeric

FLAG-NS2HCV-NS3GHV-GST precursor variants. Accordingly, we generated pcite-

FLAG-NS2HCV-NS3GHV-GST variants with a GHV-specific (2-F103R/3-E116) or a HCV-spe-

cific (2-F103/3-E116P) surface residue pair. In addition, we analyzed the chimeric HCV/GHV

Fig 8. The NS2 F103A/L144I double mutation is reducing NS2-NS3 cleavage efficiencies in the NS2-NS5B context and is reducing robust RNA

replication of a NS2-5B JFH1 replicon. (A, upper panel) Scheme of pTM7-NS2-NS5B/JFH1. (A, lower panel) schematic of the NS2-NS3 cleavage assay. 6 μg

of the indicated pTM7-NS2-NS5B/JFH1 plasmids were transfected into MVA/T7pol-infected Huh7-T7 cells. Lysates were analyzed by SDS/PAGE-Western

blotting using HCV anti-NS2 and anti-NS3 antibodies, respectively. (B) Quantification of the NS2-NS3 cleavage. Western blot signals of NS2, NS3 and

uncleaved NS2-NS3 of three independent Western blots were quantified by ImageJ software and the percentage of NS2-NS3 cleavage (% NS2-NS3 cleavage)

was calculated. Mean and standard deviations of NS2-NS3 cleavage efficiencies are presented. (C, upper panel) Experimental setup for RNA replication assay.

Huh7 Lunet cells were electroporated with 10 μg of respective FKi-389_FLuc-NS2-3’/JFH1 RNAs. Lower panel, determination of viral replication. HCV RNA

replication kinetics were quantified at 4, 24, 48 and 72 h post electroporation by measuring firefly luciferase activity (relative light units, RLU). Graphs are

representative results of three independent experiments with standard deviations. WT: wild-type; mock: electroporation control without RNA. Asterisks

indicate statistically significant differences in comparison to WT (� p< 0.05; �� p< 0.01; ��� p< 0.001).

https://doi.org/10.1371/journal.ppat.1010644.g008
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(2-F103/3-E116) and GHV/HCV (2-F103R/3-P116) situations at these surface positions in the

pcite-FLAG-NS2HCV-NS3GHV-GST context. An active-site mutation (2-C184A) was used as

negative control. As reported previously [11], we also detected a weak NS2pro activity in the

chimeric context of FLAG-NS2HCV-NS3GHV-GST (2-F103/3-E116) indicating inefficient

NS2HCV protease stimulation by the heterologous NS3GHV protease domain and the dramatic

gain-of-function stimulation by introducing the HCV-specific proline into NS3GHV (3-E116P)

in the FLAG-NS2HCV-NS3GHV-GST (2-F103/3-E116P) (Fig 9C). Importantly, this remarkable

gain-of-function was blocked by replacing the NS2HCV-specific F103 with the GHV-equivalent

arginine (2-F103R) resulting in very weak NS2-NS3 cleavage of this FLAG-NS2HCV-NS3GHV-

GST (2-F103R/3-E116P) variant. This activity is similar to the one of the parental chimeric

FLAG-NS2HCV-NS3GHV-GST (NS2HCV-F103/NS3GHV-E116) derivative indicating a func-

tional incompatibility of NS2HCV-F103R with NS3GHV-E116P. This defect caused by the

NS2HCV F103R mutation is not due to defects within the NS2HCV protease domain since a

F103R mutation in the non-chimeric HCV FLAG-NS2-NS3 (1–172)-GST context supports

NS2-NS3 cleavage comparable to wild-type (Fig 9D). The weak NS2-NS3 cleavage of the chi-

meric FLAG-NS2HCV-NS3GHV-GST could not be rescued by the combining GHV-specific

hydrophilic residues (2-F103R/3-E116) (Fig 9C). Together, the results suggest that NS2HCV-

F103 is indeed an important determinant of the NS2 stimulation by NS3. Furthermore, these

data indicate that an optimal communication between both surface areas (surrounding F103/

L144 in NS2HCV and E116 in NS3GHV) is pivotal for efficient NS3-mediated NS2pro stimulation

in this FLAG-NS2HCV-NS3GHV-GST chimera.

Discussion

Intramolecular protein-protein interactions between NS2 and NS3 are proposed to play an

essential role during NS2-NS3 cleavage due to the pivotal function of a conserved hydrophobic

NS3 protease surface patch during NS3-mediated NS2pro stimulation [11–13]. Despite recent

insights into NS2pro stimulation by NS3, including the recent findings that NS3pro domain acts

as a complex, regulatory cofactor for hepaciviral NS2 proteases, many mechanistic details of

this protease activation are still unknown [11,13]. Especially, the interactions between these

specific NS3 residues and a yet unidentified region on the NS2pro surface that are proposed to

contribute to NS2pro active site conformation in hepaciviruses remained enigmatic.

Among the tested NS2 mutations, which were chosen based on a in silico NS2-NS3 precur-

sor model, only L144A and L147A mutations phenocopied the inhibitory effect of the NS3

Y105A/P115A/L127A (YPL-AAA) surface mutations during NS3-mediated NS2pro activation

(Fig 1) [13]. The residues L144 and L147 are highly conserved and are close to the NS2pro

active site residue H143 suggesting they have a critical function. In the case of the L144, a func-

tional importance in NS2-3 processing and RNA replication has been already observed [25].

Specifically, this residue was suggested to assist in the formation of the correct NS2pro active

site architecture [25]. Interestingly, in the absence of the activating NS3 cofactor we detected

Fig 9. HCV-specific surface residues at the proposed NS2-NS3 interaction interface of a chimeric NS2HCV-NS3GHV precursor are

required for efficient NS2-NS3 cleavage. (A) Scheme of pcite-FLAG-NS2HCVNS3GHV-GST reporter construct to analyze NS2-NS3

cleavage in a chimeric FLAG-NS2HCV-NS3GHV-GST precursor protein. (B) GHV-specific residues corresponding to HCV NS2 (F103-

and L144) and NS3 (Y105, P115, L127) amino acids important for NS3-mediated NS2pro activation [11]. (C) Cleavage of pcite-

FLAG-NS2HCVNS3GHV-GST derivatives. (D) Upper, scheme of pcite-FLAG-NS2JFH1-NS3JFH1-GST reporter. (C and D lower panel),

indicated plasmids were transfected into MVA/T7pol-infected Huh7-T7 cells. Transfected cells were harvested and NS2-NS3 cleavage was

monitored by Western blot analysis using anti-FLAG and anti-GST antibodies. One representative blot out of three independent

experiments is shown. Molecular mass standards are depicted on the left. The positions of the uncleaved precursors FLAG-NS2HCV-

NS3GHV(1–216)GST or FLAG-NS2-NS3(1–172)-GST and cleaved products FLAG-NS2HCV, NS3GHV-(1–216)-GST are indicated by

arrows on the right. WT: wild type; mock: transfection control without DNA.

https://doi.org/10.1371/journal.ppat.1010644.g009
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differences between L144A and L147A mutations with regard to their impact on the intrinsic

NS2pro activity (Fig 2). While the L144A variant allowed wild-type-like intrinsic NS2pro activity

in the FLAG-NS2-APIT-GST context, the L147A mutation inhibited this activity (Fig 2). From

these results we conclude that the decrease for the FLAG-NS2-NS3(1–172)-GST L147A

mutant during NS3-mediated NS2pro stimulation is most likely due to its interference with

optimal NS2pro active-site formation and/or local NS2pro protein folding. Together, these

observations indicate that the NS2 L144 surface residue functions as a potential NS2 determi-

nant during NS2pro stimulation by NS3.

Another surprising aspect of this study was the identification of two amino acid exchanges

(F103A and L144I) that stimulated the intrinsic NS2pro activity in the absence of NS3 (Figs 2

and 3). Importantly, we found that a combination of F103A and L144I further stimulates the

intrinsic NS2pro activity, suggesting both exchanges might complement each other. Interest-

ingly, our permutation analysis revealed striking differences of the amino acid requirements at

both positions: While only L144I was clearly enhancing the intrinsic NS2pro activity, several

F103 amino acid exchanges (e.g., F103A, F103Q, F103R and F103N) were able to stimulate the

intrinsic NS2pro activity (Figs 3 and 4 and 9D). One possible interpretation of these observa-

tions is that the ability of these exchanges to stimulate the intrinsic NS2pro activity might be

achieved through distinct mechanisms (Figs 3 and 4). Importantly, the ability of F103A and

L144I to stimulate intrinsic NS2pro activity was confirmed in different HCV genotypes regard-

less of genotype-specific differences in their intrinsic cleavage efficiencies of FLAG-NS2-A-

PIT-GST/JFH1 (genotype 2a) compared to FLAG-NS2-APIT-GST/BK (genotype 1b) (Fig 5).

This functional conservation clearly supports their importance for the stimulation of the

intrinsic NS2pro activity.

The identification of amino acid exchanges that increase the intrinsic NS2pro activity above

wild-type level could point to changes within NS2pro domain required for optimized NS2

active-site formation and/or improved positioning of the cleavage site relative to the protease

active-site. Of note, such changes within NS2 in the context of the viral polyprotein most likely

are induced by selected surface residues in NS3pro domain, whose translation and folding are

promoting NS2pro stimulation [11,13]. Thus, an attractive hypothesis is that these stimulating

amino acid exchanges are providing first insights into the molecular dynamics within NS2

during NS2pro activation.

How exactly these stimulating NS2 exchanges modulate NS2pro activity remains to be deter-

mined. Mechanistically, the NS2pro stimulation by its cofactor NS3 could involve optimization

of the active site conformation, a more efficient global protein folding and/or a better position-

ing of the NS2-NS3 cleavage site relative to the nucleophilic active site cysteine residue. Along

these lines, it is noteworthy that the F103A/L144I exchange is increasing the intrinsic NS2pro

activity not only in the FLAG-NS2-APIT-GST but also in the FLAG-NS2-GS4-eGFP context

that has downstream of NS2 no sequence similarity to HCV NS2-NS3 cleavage sites (Figs 4

and 5). Therefore, we currently favor the hypothesis that these NS2 mutations stimulate NS2

protease function by optimizing protease active site geometry and/or by increasing local pro-

tein folding in a conserved fashion rather than by better positioning of the NS2-NS3 cleavage

site relative to the NS2 active-site. Interestingly, a possible contribution to the establishment of

the correct geometry of the NS2pro active site was proposed for P164 which is in close proxim-

ity to the catalytic E163 residue, most likely via its cis-conformation [8]. Of note, the NS2-NS3

cleavage reaction is bimolecular [26,27], and the dimeric enzymatic mechanism of NS2pro was

experimentally confirmed not only for HCV but also for related mammalian hepaciviruses

[8,11].

The strict conservation of NS2 L144 in HCV genotypes and in other mammalian hepaci-

viruses at equivalent positions argues for a central role of this leucine during NS3-mediated
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NS2pro stimulation. In support of this assumption, we observed an enhancement of the intrin-

sic NS2pro activities in related hepacivirus NS2 variants (e.g., NS2RHV L132I and NS2NPHV

L144I) with leucine-to-isoleucine exchanges at NS2 positions equivalent to NS2HCV L144 (Fig

8). A possible explanation for these observations could be that the replacement of leucine with

isoleucine at these positions leads to local changes around the active-site histidine that poten-

tially optimizes the NS2pro
NPHV and NS2pro

RHV active-site geometry in the absence of NS3

cofactor. Interestingly, for HCV NS2 it has been shown that H143 makes a higher number of

hydrogen bond contacts when compared to C184 [8]. The importance of these hydrogen bond

contacts for NS2 protease function was supported by the observation that a H143A, but not a

C184A mutation leads to a global loss of NS2 secondary structure characteristics [28].

The fact that NS2 dimerization is required for proteolysis led to the hypothesis that a certain

level of NS2 has to accumulate before NS2-NS3 processing and initiation of RNA replication

can occur efficiently. Accordingly, an increased intrinsic NS2pro activity of the NS2 F103A/

L144I variant should lead to increased viral replication. However, the introduction of these

mutations into a NS2-NS5B RNA replicon reduced its RNA replication capacity (Fig 7D). The

reduced efficiency of the NS2-NS3 cleavage observed for this mutant in the context of the

NS2-NS5B polyprotein most likely caused this attenuated replication phenotype (Fig 7C). This

observation suggests a F103A/L144I-mutated NS2 exhibits a reduced ability to interact with

stimulating NS3 surface residues critical for efficient NS2-NS3 cleavage. Such inefficient NS2/

NS3 communication within uncleaved NS2-NS3 is expected to decrease the kinetics of replica-

tion initiation, which relies on NS2-NS3 cleavage for the release of NS3-NS4A to drive the

active formation of the membranous HCV RC and therefore would delay or inhibit viral repli-

cation [29]. Such a delay of RNA replication initiation may also be required for the virus to

produce sufficient NS3/4A to antagonize cellular antiviral signaling before the onset of viral

replication [30].

Mechanistically, the NS2 F103 surface residue is the prime candidate for an amino acid that

contributes to the NS3-mediated NS2pro activation via NS2:NS3 surface contacts. Support for

this hypothesis comes from experiments with chimeric NS2HCV-NS3GHV. Its weak NS2HCV-

NS3GHV cleavage was proposed as an indication for a functional incompatibility between inter-

acting NS2 and NS3 surface areas during NS3-mediated NS2pro activation ([11] and Fig 9). It

was shown that this incompatibility is eliminated by a NS3GHV E116P exchange within the

activating NS3 surface patch that strongly increased the NS2pro stimulation by NS3GHV ([11]

and Fig 9). Thus, the NS3GHV E116P exchange most likely creates a specific NS3GHV surface

area better suited to interact with the NS2HCV surface around NS2 F103. Supporting this

assumption is our observation that a combination of NS2HCV F103R mutation with a NS3GHV

E116P exchange in NS2HCV-NS3GHV E116P context was drastically reducing the strong

NS2HCV protease activation by the NS3GHV E116P cofactor domain (Fig 9C) without affecting

the NS2HCV protease activity in the non-chimeric HCV FLAG-NS2-NS3(1–172)-GST context

(Fig 9D). These observations suggest the NS2HCV F103R mutation disrupts favorable surface

interactions during NS2HCV protease activation by the heterologous NS3GHV E116P cofactor

domain. It is noteworthy that the defect caused by the NS2HCV F103R mutation could not be

rescued by wild-type NS3GHV with E116 in the chimeric NS2HCV-NS3GHV context (Fig 9C).

One possible explanation is that the formation of a proposed surface interaction between both

residues with electrostatic complementarity was not sufficient to rescue the loss-of-function

phenotype. Most likely, additional surface residues are involved and required for efficient

NS2pro stimulation in this chimeric context. Together, these results not only highlight the role

of the hydrophobic NS3 surface patch for NS3 cofactor activity during NS2pro stimulation but

also provide first evidence for an involvement of a NS2 surface region involving F103 and

L144 in this activation process.
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Materials and methods

Cell culture

Huh7 Lunet [31], Huh7.5 and Huh7-T7 [32] cells were maintained in Dulbecco’s modified

Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 U penicillin/

100 μg/ml streptomycin, and 2 mM L-glutamine. Huh7-T7 cells were maintained in the pres-

ence of 400 μg/ml G418.

Plasmids and mutagenesis

The HCV genomes BK [33] and JFH1 [34] have been described. All mutations were intro-

duced via QuikChange (QC) mutagenesis according to instructions by the manufacturer

(Thermo Scientific). Plasmids pcite-FLAG-NS2-NS3(1–172)-GST/BK and pcite-

FLAG-NS2-NS3(1–172)-GST/JFH1have been described [13]. The plasmids pcite-FLAG-

NS2-APIT-GST/JFH1 and pcite-FLAG-APIT-GST/BK were generated as follows: an second

AgeI restriction site was introduced into pcite-FLAG-NS2-NS3(1–172)-GST/JFH1 and pcite-

FLAG-NS2-NS3(1–172)-GST/BK by QuikChange mutagenesis using primers APITJFH-AgeI

se (5’-ggggtggaagctccttgctcccatcactACCGGTgcccagcaaacacgaggcctcctg-3’) and APITJFH-AgeI

ase (5’-caggaggcctcgtgtttgctgggcACCGGTagtgatgggagcaaggagcttccacccc-3’) with pcite-

FLAG-NS2-NS3(1–172)-GST/JFH1 as template or APITBK-AgeI se (5’- Cgggggtggcgactcctc

gcgcccatcacgACCGGTtcccaacagacgcggggcc -3’) and APITBK-AgeI ase (5’- ggccccgcgtc

tgttgggaACCGGTcgtgatgggcgcgaggagtcgccacccccG -3’) with pcite-FLAG-NS2-NS3(1–172)-

GST/BK as template. The resulting pcite_-FLAG-NS2-NS3(1–172)-GST/JFH1_AgeI and

pcite-FLAG-NS2-NS3(1–172)-GST/BK_AgeI plasmids were cleaved with AgeI and religated to

generate pcite-FLAG-NS2-APIT-GST/JFH1 and pcite-FLAG-APIT-GST/BK, respectively.

The pCMV-NS2RHV-GGGGS-GFP, pCMV-NS2NPHV-GGGGS-GFP and pCMV-NS2JFH1-

GGGGS-GFP constructs were a kind gift from Dr. Annette Martin (Institute Pasteur, Paris,

France) and were used to generate pcite-FLAG-NS2hepaci-G4S-GFP derivatives. The pcite-

FLAG-NS2HCV-G4S-GFP, pcite-FLAG-NS2RHV-G4S-GFP and pcite-FLAG-NS2NPHV-G4

S-GFP constructs were generated as follows: NS2 sequences were amplified with NS2-specific

primers; NS2JFH1-G4S: NS2JFH1 se (5’- CCCGGGtatgatgcccctgtgcacggccagatc-3’) and NS2JFH1

ase (5’- cacggatcctccgcctcccagcagcttccatcccttgC-3’); NS2RHV-G4S: NS2RHV se (5’- CCCGGGag

cctgaacgatgtgctgctggccgtgtcc-3’) and NS2RHV ase (5’- cacggatcctccgcctccggttctttcccagccctgtG-

3’); NS2NPHV-G4S: NS2NPHV se (5’- CCCGGGttcgacaatacctctgccgtgaccgccgcc-3’) and NS2NPHV

ase (5’- cacggatcctccgcctcccagcagccgccatC-3’), respectively. PCR products were cloned into

pGEM-T vector, resulting in pGEM-T NS2JFH1-G4S, pGEM-T NS2RHV-G4S and pGEM-T

NS2NPHV-G4S, respectively. The NS2JFH1-G4S, NS2RHV-G4S and NS2NPHV-G4S inserts were

obtained by cleaving the respective pGEM-T NS2hepaci-G4S plasmids with XmaI and BamHI,

respectively. The GGGS-GFP fragment was taken from pCMV-NS2RHV-GGGGS-GFP by

restriction with BamHI and XbaI. The pcite-FLAG-NS2hepaci- G4S-GFP plasmids were gener-

ated by cloning the respective FLAG-NS2hepaci fragments and GGGS-GFP via XmaI, BamHI
and XbaI.

Mutagenesis of JFH1 NS2-NS3 cDNA was performed on a plit28-KpnI-NsiI/NS2-NS3/

JFH1 subclone containing the NS2-NS3/JFH1 fragment from pFKI389Luc/NS2-3’_dg [13].

The internal KpnI site has been destroyed by a silent mutation with oligos NS2JFH1KpnI QC se

(5’-gaagccatgattcaggagtgggtcccacccatgcaggtgcgcg-3’) NS2JFH1KpnI QC ase (5’-cgcgcacctg-

catgggtgggacccactcctgaatcatggcttc-3’). All mutations were cloned into pFKI389Luc/NS2-3’_dg

via KpnI/NsiI.
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In vitro transcription and electroporation of HCV RNAs

The experimental procedures used to generate in vitro transcripts from cloned HCV sequences

and transfection of Huh7 lunet cells by electroporation have been described [13]. After electro-

poration, cells were immediately transferred to complete DMEM and seeded as required for

the assay.

Determination of RNA replication by Luciferase assay

At each time point indicated (4 h, 24 h, 48 h, and 72 h post electroporation, pe), cells were washed

with PBS, scraped into 1 ml of PBS and collected by centrifugation. The cells were lysed in 40 μl

of lysis buffer (PJK-GmbH, Kleinblittersdorf, Germany). 20 μl of the lysate was analyzed using the

Beetle Juice luciferase assay system (PJK-GmbH, Kleinblittersdorf, Germany) and firefly luciferase

activity was measured in a luminometer (Junior LB9509, Berthold).

Vaccinia virus infection, DNA transfection and transient protein

expression

The applied procedures have been described [35]. HCV nonstructural proteins were expressed

from pcite_ plasmids. Briefly, 2 x 106 Huh7/T7 cells were infected with MVA/T7pol vaccinia

virus [36] for 1 h at 37˚C and subsequently transfected with 4 or 8 μg of plasmid DNA by

using Metafectene reagent (Biontex Laboratories GmbH, Munich, Germany). Transfected

cells were incubated for either 24 h or 48 h at 37˚C for protein expression. Cells were harvested

at indicated time points and subsequently lysed for SDS-PAGE and western blot analysis.

SDS-PAGE and Western blotting

Proteins were separated in polyacrylamide-Tricine gels. After SDS-PAGE, proteins were trans-

ferred onto a nitrocellulose membrane (Pall, USA). The membrane was blocked with 5% (w/v)

dried skim milk in phosphate-buffered saline with 0.05% (v/v) Tween 20 (Invitrogen). For

antigen detection, mouse monoclonal antibody against NS3 of the JFH-1 isolate (4D11; [13])

or anti-NS3 (2E3) [37], anti-FLAG (Sigma), anti-GFP (Cell signalling) and anti-GST (GE

Healthcare), antibodies were used in 2% (w/v) dried skim milk in phosphate-buffered saline

with 0.05% (v/v) Tween 20. For primary antibody detection, horseradish peroxidase-conju-

gated species-specific secondary antibodies (Dianova) were used at a 1:3000 dilution and

Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer) was applied prior to

imaging using a LI-COR imaging system (Biorad, Munich).

Quantifications of Western blots

Quantifications of NS2 cleavage efficiencies were carried out using ImageJ 1.47t (NIH,

Bethesda). The quantification of cleavage efficiencies was done by the determination of West-

ern blot signal intensities for uncleaved polyprotein precursor and cleaved product to calculate

the NS2 cleavage rate. The respective primary antibodies were either detected by IRDye

800CW-labeled secondary antibodies using the Odyssey SA imaging system (LI-COR) or by

horseradish peroxidase-conjugated species-specific secondary antibodies (Dianova) using the

LAS 4000 imaging system (Biorad, Munich) and Western Lightning Chemiluminescence

Reagent Plus (Perkin Elmer).

Construction of a NS2-NS3 precursor model

To construct the NS2-NS3 model, the software SybylX 1.2, the information from the NS2 pro-

tease domain crystal structure (residues 94–217, pdb id 2HD0, [8]) and the crystal structure of
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the NS3 protease domain complexed with a synthetic NS4A cofactor peptide (pdb id 1A1R,

[24]) representing protein sequences from Hepatitis C virus genotype 1a (isolate H77) were

used. The model was constructed as follows: the number of molecules in the asymmetric unit

was reduced to the smallest functional unit. Subsequently, hydrogen atoms were added by soft-

ware and the B-factors were replaced by charges according to the Gasteiger-Huckel model.

Refinement was achieved by undertaking independent energetic minimizations of both pro-

teins [38].

The following constrains were integrated into the model: The activating NS3 hydrophobic

region is formed by the amino acids Ile3, Tyr105, Pro115 and Ile127 [13]. The NS2 and the

NS3 proteins are covalently linked with a minimal interaction radius between both proteins.

The NS2-NS3 cleavage site should less than 4Å away from the active site sulfur atom of

Cys184. The structures of NS2 and NS3 are assumed to be identical to the determined post-

cleavage crystal structure, e.g., the NS2 is present as an active dimer, the NS3 protein as an

active monomer.

The NS2-NS3 model was constructed in several stages: (i) analysis of the NS2 hydrophobic

regions near the C-terminus and placement of the activating hydrophobic region of the NS3

protein into proximity of the identified NS2 regions, (ii) change of the binding angles of the

NS2 C terminus and the NS3 N terminus to optimize the distance between both atoms to

establish the covalent bond of the NS2-NS3 precursor protein and (iii) energetic minimization

of the NS2-NS3 precursor protein.

Statistical analysis

Experiments were conducted in at least three biological replicates unless stated otherwise. Graphi-

cal representations were performed with GraphPad Prism versions 8. Unless stated differently,

results are presented as the mean ± the standard deviation (SD) of three biological replicates. Sta-

tistical significance was determined using a Students t-test with SigmaPlot software (Systat Soft-

ware GmbH, Düsseldorf, Germany). P values of<0.05 were considered significant.

The numerical data used in all figures are included in S1 Data.

Supporting information

S1 Fig. NS2-NS3 cleavage in the FLAG-NS2-NS3(1–172)-GST context is reduced in

the presence of the NS2-L144I/F103A double mutations compared to the wild-type.

MVA/T7pol-infected Huh7-T7 cells were transfected with 4 μg of the indicated pcite-Flag-

NS-NS3(1–172)-GST/BK (A) or pcite-Flag-NS-NS3(1–172)-GST/JFH1 (B) plasmid deriva-

tives. Transfected cells were harvested 20 h post-transfection into lysate buffer. Afterwards,

protein lysates were separated by SDS-PAGE and analyzed by Western blot using anti-GST

antibody. Molecular mass standards are indicated on the left. Position of the uncleaved precur-

sor Flag-NS2-NS3(1–172)-GST and cleavage product NS3(1–172)-GST are indicated by

arrows on the right. WT: wild-type; mock: transfection control without DNA.

(TIF)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data

for Figure panels 1E, 2C, 3B, 4B, 5B, 6C, 7C, 8B, 8C.

(XLSX)
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