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Abstract: Hepatitis C Virus NS3/NS4A, a serine protease complex, has been found to interact with
many host proteins and cause various adverse effects on cellular function and immune response.
For example, the cleavage of important immune factors by NS3/NS4A has been suggested as a
mechanism for the hepatitis C virus to evade innate immunity. The spectrum of susceptible substrates
for NS3/NS4A cleavage certainly includes important immune modulator kinases such as IKKe,
IKKp, IKKe, and TBK1, as demonstrated in this paper. We show that the kinase activities of these
four host kinases were transformed in unexpected ways by NS3/NS4A. Treatment with NS3/NS4A
caused a significant reduction in the kinase activities of both IKK« and IKKp, suggesting that
HCV might use its NS3/NS4A protease activity to deactivate the NF-kB-associated innate immune
responses. In contrast, the kinase activities of both IKKe and TBK1 were enhanced after NS3/NS4A
treatment, and more strikingly, the enhancement was more than 10-fold within 20 min of treatment.
Our mass spectroscopic results suggested that the cleavage after Cys89 in the kinase domain of
IKKe by NS3/NS4A led to their higher kinase activities, and three potential mechanisms were
discussed. The observed kinase activity enhancement might facilitate the activation of both IKKe-
and TBK1-dependent cellular antiviral pathways, likely contributing to spontaneous clearance of
the virus and observed acute HCV infection. After longer than 20 min cleavage, both IKKe- and
TBK1 gradually lost their kinase activities and the relevant antiviral pathways were expected to be
inactivated, facilitating the establishment of chronic HCV infection.

Keywords: IKK«, IKKf3, IKKe, TBK1; HCV protease; kinase regulatory domain

1. Introduction

Liver diseases caused by the hepatitis C virus (HCV) are a serious health problem.
About 30% of HCV infection is acute infection since infected people can clear the virus
within 6 months of infection without any treatment. The remaining 70% of HCV infections
are chronic infections that may persist for decades. It is estimated that 10% to 20% of
chronically infected people will develop liver cirrhosis, while 1% to 5% will develop
hepatocellular carcinoma [1]. Currently, an estimated 58 million people worldwide have
chronic HCV infection, with about 1.5 million new infections occurring per year. Due to the
availability of cost-effective and efficacious generic direct-acting antiviral agents (DAAs),
the World Health Organization (WHO) has set up an ambitious target of HCV elimination
by 2030 and many countries are working towards the target [2—4].

The HCV genome is a plus-stranded RNA about 10 kb in length, and its organization
is similar to that of members of the family Flaviviridae [5-7]. Based on sequence analysis,
seven major HCV genotypes have been identified and each of them has sub-genotypes [8].
The genome encodes a single precursor protein that includes structural and nonstructural

Cells 2023, 12, 406. https:/ /doi.org/10.3390/ cells12030406

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells12030406
https://doi.org/10.3390/cells12030406
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-3871-3420
https://doi.org/10.3390/cells12030406
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12030406?type=check_update&version=3

Cells 2023, 12, 406

2 of 20

proteins [6,9]. The precursor protein is proteolytically processed by both host signal pepti-
dases and viral proteases to produce at least 10 viral proteins: Core, E1, E2, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B [9-11]. For example, the NS4A /NS4B, NS4B/NS5A, and
NS5A /NS5B junctions are cleaved in trans by a serine protease complex, NS3/NS4A [12]
while the NS3/NS4A junction is cleaved in cis by NS3 [13]. The NS3 protein is a multido-
main protein of about 70 kDa. The amino-terminal third of NS3 forms a chymotrypsin-like
serine protease domain [12,14,15] while the carboxyl-terminal two-thirds possesses both AT-
Pase and RNA helicase activities [16,17]. Based on the analysis of 1568 HCV NS3 sequences
derived from patients infected with HCV (genotypes 1 to 6), 85 of 181 amino acid residues
of the NS3 protease domain possess less than 1% variability [18]. The consensus sequence
alignment demonstrates that the catalytic triad residues His57, Asp81, and Ser139 for the
NS3 protease [19] are conserved across all HCV genotypes. NS4A, a 7-kDa and 54 amino
acid residue protein, acts as a cofactor of the NS3 protease. The N-terminal 20 residues of
NS4A are predicted to form a hydrophobic trans-membrane -helix [8,14], which presum-
ably inserts into the ER membrane to anchor the HCV replicase [8]. The NS4A residues
22-31 (consensus sequence: SVVIVGRIIL) constitute the hydrophobic core, which interacts
with two 3-strands of the NS3 protease domain [7-13,19]. In the absence of NS4A, the NS3
protease activity decreases significantly, e.g., a ~950-fold decrease at the cleavage of the
NS4A /NS4B junction [11]. After several decades of development of direct-acting anti-HCV
drugs, quite a few small molecule inhibitors, targeting NS3/NS4A protease, NS5B RNA
polymerase, and NS5A, have been approved by the Food and Drug Administration since
2011 and their various combinations have been widely used as therapies to treat HCV
infection with good tolerability and greater than 90% sustained virological response [20,21].

Intracellularly, NS3 has been shown to bind to the catalytic subunit of protein kinase
A (PKA) which prevents the nuclear translocation of this subunit and affects many PKA
functions [22]. The activation of oncogene products via cleavage by the NS3/NS4A protease
has been suggested as a possible role in the development of hepatocellular carcinoma by
HCYV [23]. NS3 is also shown to have oncogenic activity in NIH 3T3 mouse fibroblast
cells [23], rat fibroblast cells [24], and human hepatocyte lines [25]. Additionally, NS3
and HCV core have been found to activate inflammatory pathways in monocytes via
toll-like receptors [26].

Interestingly, the protease activity of NS3/NS4A has been implicated in the inhibi-
tion of cellular antiviral pathways, leading to persistent HCV infections. Foy et al. first
demonstrated that the NS3/4A protease blocks the phosphorylation and effector action of
interferon regulatory factor-3 (IRF-3) [27]. They subsequently found that NS3/NS4A de-
pressed retinoic acid-inducible gene I (RIG-]) signaling [28]. Meanwhile, Li et al. discovered
that NS3/NS4A cleaves toll-like receptor 3 (TLR3) adaptor protein, TRIF [29]. Moreover,
two other groups discovered that NS3/4A cleaves an adaptor protein in the RIG-I antiviral
pathway, resulting in the shutting down of RIG-I-dependent antiviral responses [30,31].

In addition to these signaling molecules, we hypothesized that NS3/NS4A may cleave
other proteins involved in innate immunity and antiviral pathways, e.g., cellular kinases
such as Inhibitor of kB kinase « (IKK«), IKKf, IKKe, and TBK1. These kinases are known
to phosphorylate IkB proteins to activate transcription factors nuclear factor-«B (NF-kB),
IRF-3, and IRF-7 [32,33], which are central to cellular immune and inflammatory responses
and cell survival in higher eukaryotes [34]. Specifically, the canonical NF-«B signaling
pathway is mediated by IKK{ while the non-canonical pathway depends on IKK« [35].
IKKp is primarily responsible for the phosphorylation of specific residues of prototypical
IkB proteins (IkBe, IkBf3, and IkBe) bound to NF-«B as well as an atypical IkB protein,
p105, which is the precursor of the NF-«B subunit p50 [36]. IKKa phosphorylates specific
residues of p100 to convert it to the NF-kB subunit p52 [35]. IKKe and TBK1 directly
phosphorylate IRF3 and IRF7 and such phosphorylation promotes the dimerization and
nuclear translocation of these transcription factors that stimulate the production of type
I interferons [37]. IKKe and TBK1 have also been found to play a role in oncogenic
transformation and thereby become novel drug targets with applications in the treatment of
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cancer and a variety of inflammatory diseases including rheumatoid arthritis and obesity-
related metabolic disorders [38]. To confirm our aforementioned hypothesis, we performed
in vitro cleavage of these kinases by recombinant NS3/NS4A. Our results demonstrate that
NS3/NS4A can cleave and regulate the kinase activities of IKK«, IKKf3, IKKe, and TBK1.

2. Experimental Procedures
2.1. Peptide Synthesis

All peptides utilized in this study were chemically synthesized and HPLC purified by
Peptides International Inc. (Louisville, KY, USA). All synthetic peptides were confirmed
to be the desired ones by analyses of amino acid composition and electron spray mass
spectrometry. Their purities exceeded 95%, and they were stored frozen at —80 °C as
10 mM stock solutions in deionized water or 100% dimethyl sulfoxide.

2.2. Protein Expression and Purification of HCV NS3

The N-terminal domain (residues 1-182) of the NS3 protein is as efficient as the full-
length NS3 protein in proteolytic activity [39]. We have cloned the N-terminal protease
domain and expressed the NS3 fragment in Escherichia coli BL21 (DE3) Gold (Millipore-
Sigma, Burlington, MA, USA). The truncated NS3 protein also contains a C-terminus Hisg
tag to facilitate the purification process. The cells were induced with 0.4 mM IPTG at
room temperature to increase the solubility of NS3 in the cytoplasmic extract [40]. The
NS3 was purified through a Ni-NTA affinity column, a heparin sepharose column, and
finally a Mono S 10/10 cation exchange column [40—43]. After concentration, the protein
was flash-frozen with liquid nitrogen before storage at —80 °C. SDS-PAGE of the puri-
fied NS3 showed a single protein band at 20.1 kDa (Figure 1), indicating that the protein
was highly purified. The concentration of the purified NS3 protease domain was mea-
sured spectrophotometrically at 280 nm using the calculated molar extinction coefficient of
17990 M tem™!.

0. M NS3
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Figure 1. SDS-PAGE of purified HCV NS3 protease domain expressed in E. coli. The NS3 was purified
through a Ni-NTA affinity column, followed by a heparin sepharose column, and finally a MonoS
10/10 cation exchange column. The left lane is protein size markers, and the right lane is purified
NS3 (20 kDa).

2.3. Purification of Recombinant Human IKKw, IKKB, IKKe, and TBK 1

IKK«, IKKf3, and IKKe were purified as described previously [44,45]. Flag-TBK1 was
cloned into pFastBac (Life Technologies, Carlsbad, CA, USA). Recombinant bacmids and
baculovirus were prepared according to the manufacturer’s instructions. Flag-TBK1 was
isolated from baculovirus-infected Sf9 cells and purified using M2-agarose Affinity Gel
(SigmaAldrich, St. Louis, MO, USA) equilibrated with 50 mM Tris, pH 8.0, 250 mM NacCl,
0.5 mM NaF, 0.5 mM DTT, 0.1% Tween-20, and 10% Glycerol, and eluted with 0.34 mg/mL
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flag peptide (Sigma) in the same buffer. The concentrations of the kinases were determined
using the Bradford assay (Bio-Rad, Hercules, CA, USA) with BSA as a standard.

2.4. Kinase Digestion Condition for Western Blot Analysis

Purified NS3 (6.4 uM) was preincubated with 94 uM of the NS4A synthetic peptide
(KKKGSVVIVGRIILS) from Peptides International Inc. on ice for 40 min in the 1X digestion
buffer (50 mM HEPES, pH 7.8, 0.5 mM EDTA, 25% glycerol, 10 mM DTT, 0.25 M KCl,
0.05 M NaCl, 0.2% CHAPS) to allow maximum interaction between NS3 and its cofactor
NS4A peptide. The affinity of the NS4A peptide to NS3 is lower in 20% glycerol-containing
buffers than in a solution containing 50% glycerol [46]. Water and kinases (1.2 pug) were
added to a final reaction volume of 25 uL. The reaction was incubated at 23 °C for 29 h.
The reactions were stopped by adding SDS loading dye and heated at 95 °C for 3 min and
electrophoresed on an 8% SDS-PAGE gel. The separated proteins were transferred to a
PVDF membrane, and immunoblotted with the following antibodies: anti-IKKa (sc7606,
Santa Cruz Biotechnology, Dallas, TX, USA), anti-IKKfp (IMG-159, Imgenex Corp., San
Diego, CA, USA), anti-TBK1 (IMG-139), and anti-IKKe [45].

2.5. MALDI-TOF and Nano-LC MS/MS Analysis

Purified NS3 (6.4 uM) was preincubated with 134 uM NS4A synthetic peptide on ice
for 40 min in the 1X digestion buffer to allow maximum interaction between NS3 and its
cofactor NS4A peptide. IKKe (8 pug)and deionized water were added to a final reaction
volume of 25 uL. The reaction was incubated at 23 °C for 30 min. The reaction was stopped
by adding SDS loading dye and heated at 95 °C for 3 min and electrophoresed on an 8% SDS-
PAGE gel. The ~70-kDa cleavage product of IKKe separated on the SDS-PAGE gel was in gel
digested with trypsin and analyzed by Matrix-Assisted Laser Desorption/Ionization Time-
Of-Flight mass spectrometry (MALDI-TOF) and Capillary-liquid chromatography-tandem
mass spectrometry (Nano-LC MS/MS) at the CCIC Mass Spectrometry and Proteomics
Facility of The Ohio State University.

2.6. Kinase Digestion Conditions for Pre-Steady-State Kinetic Assays

To achieve maximal interaction between NS3 and the NS4A peptide, high concen-
trations of the NS4A peptide were used. Previously, the binding affinity of NS3 to NS4A
was estimated at about 20 uM [47]. Based on this result, we estimated that about 92%
of NS3 will form a protease complex with NS4A if we use 5 uM NS3 and 244 pM NS4A.
We performed the single turnover kinetic assay using the same buffer condition as in the
digestion above. Digestions were performed on IKKe at 0.1 and 0.5 uM concentrations,
which are 50- and 10-fold less than the NS3/NS4A concentration. At different digestion
durations, a small aliquot was removed from the reaction and added to an excess amount of
gel loading buffer and frozen on a dry ice/methanol bath to stop the reaction. The reaction
was electrophoresed on a 5% SDS-PAGE gel, transferred onto a PVDF membrane, and the
remaining IKKe substrate was detected using anti-IKKe antibodies. The remaining IKKe
concentration was plotted versus time to obtain an exponential decay curve. The curve was
fitted to a single exponential equation:

[kinase] = ¢ + a*exp(—kopst) 1

The observed cleavage rate constant (k) and a constant c were yielded. The equi-
librium dissociation constant (K;) of the binding between a kinase and NS3/NS4A was
estimated based on the following equation:

K =c*(Et —)/(So — o) 2

where Sy is the initial kinase concentration, E; is the total concentration of the NS3/NS4A
complex, and c is assumed to be the concentration of unbound kinase.
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2.7. Kinase Digestion Condition for Kinase Activity Assay

Purified NS3 (1.25 pM) was preincubated with the NS4A peptide (325 uM) on ice
for 15 min followed by 15 min at 23 °C in the 5X concentrated digestion buffer. A kinase
(0.5 ng) was added to a final reaction volume of 50 uL and incubated at 23 °C. Aliquots
(5 uL each) were removed from the reaction at 1, 4, 8, 16, 32, 60, 300, 900, 1200 min and
flash-frozen in a dry ice/methanol bath and kept in storage at —80 °C until use. A control
reaction without NS3/NS4A was also performed to test the stability of the kinases in the
digestion buffer for the duration of the digestion.

2.8. Protease Inhibition Assay

Pefabloc SC (final concentration 2 mg/mL, Roche, Basel, Switzerland), was added at
the beginning of the 15 min preincubation of NS3 and NS4A at 23 °C (before the addition
of IKKe) or after the reaction was completed (prior to the flash-freezing step). Four reaction
conditions were set up: (i) IKKe without NS3/NS4A; (ii) IKKe with NS3/NS4A; (iii) IKKe
with NS3/NS4A pre-treated with Pefabloc; and (iv) IKKe with NS3/NS4A (Pefabloc was
added after 16 min of digestion). The reactions were performed at 23 °C for 16 min, and
stopped by flash-freezing in a dry ice/methanol bath. The kinase activity of the treated
IKKe was measured using GST-IkBx (residues 5-55) as substrate.

2.9. Kinase Activity Assay

Kinase activity assays were performed by incubating 1.5 uL of the digested kinases
with a 10 pL cocktail (20 mM HEPES, pH 7.6, 50 mM NaCl, 20 mM beta-glycerol phosphate,
1 mM sodium vanadate, 10 mM MgCl,, 1 mM DTT, 0.1 mg/mL substrate (GST-IkBo
(residues 5-55), GST-IkBa mutant S32A /S36A), 0.1 mM ATP, 0.015 pCi/uL [y-32P] ATP) at
23 °C for 30 min. The reactions were stopped by adding SDS loading dye. The samples
were separated by SDS-PAGE, and the gel was stained with Coomassie blue staining
solution. Band intensities were determined to ensure equal sample loading. The gel
was dried and then quantitated with a PhosphorImager 445 SI (Molecular Dynamics).
Radioactive intensities were determined from the bands (normalized to the amount of
substrate detected in the gel from the Coomassie stain) to measure kinase activity. Relative
kinase activity was determined by calculating the ratio of the kinase activity of NS3/NS4A-
treated kinase over the control kinase (in digestion buffer without NS3/NS4A) from the
same digestion duration.

3. Results
3.1. IKKa, IKKB, IKKe, and TBK1 Are Substrates for NS3/NS4A Protease In Vitro

The consensus sequence of (D/E)XXXXC(A/S) (X, any amino acid residue; the scissile
bond, between Cys and Ala or Ser) has been determined for all trans cleavage sites (Table 1)
in viral processing of the HCV polyprotein precursor by NS3/NS4A [9,48]. Interestingly,
protein sequence alignments in Table 1 suggest that IKK«, IKKf3, IKKe, and TBK1 all con-
tain potential NS3/NS4A cleavage sites which are similar in sequence to those junctions in
the HCV polyprotein precursor. To examine whether NS3/NS4A can cleave these kinases,
a recombinant NS3 protease domain (residues 1-182) containing a C-terminal hexahistidine
tag was chromatographically purified from E. coli with at least 95% purity (Figure 1). Since
the NS4A residues 22-31 (SVVIVGRIIL) constitute the hydrophobic core, which binds to
and activates NS3 [7-13], a synthetic peptide with the sequence of KKGSVVIVGRIILSGK
(the underlined residues are from the consensus HCV NS4A sequence while the three Lys
residues were added to increase the aqueous solubility of the peptide) was used as the NS4A
cofactor in all in vitro digestion assays in this paper. To examine the protease activity of
the NS3/NS4A complex, an internally quenched fluorogenic substrate (sequence: Ac-Asp-
Glu-Asp(Edans)-Glu-Glu-Abu {[COO]-Ala-Ser-Lys(Dabcyl)-NH;; Abu, 2-aminobutyric
acid; Ac, acetylation; Dabcyl, 4-[[4-(dimethylamino)phenyl]azo]benzoic acid; Edans, 5-
[(2’-aminoethyl)amino]naphthalenesulfonic acid; $[COQ], the ester bond between Abu
and L-(+)-lactic acid) [49] was used as the substrate. After cleavage of the peptide bond
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Abu P[COO]-Ala by NS3/NS4A, the fluorescence of the donor (Edans) increased. The
steady-state protease activity (355,000 M~ 1s~1) of the NS3/NS4A complex was close to
345,000 M~1s~! measured by Taliani et al. [49], indicating that our assembled NS3/NS4A
complex was active. To investigate if the steady-state protease activity was affected by
the molar ratio of NS3/NS4A, 2 uM of the internally quenched fluorogenic peptide sub-
strate was added to a preincubated solution of 20 nM NS3 and the NS4A peptide with
a concentration varied from 800 nM to 6 uM for 0 to 3 min at 23 °C. The steady-state
protease activity measured based on the time-dependent donor fluorescence change was
comparable, suggesting that the substrate cleavage kinetics was not significantly influenced
by the change of the molar ratio of NS3/NS4A from 40- to 300-fold.

Table 1. Sequence alignment of known NS3/NS4A cleavage sites on HCV polyprotein precursor and
putative NS3/NS4A cleavage sites on IKK«, IKK3, IKKe, and TBK1. The conserved residues are in
bold-face and the arrows depict the cleavage sites.

Residue

Proteins Number of P6 P6 P5 P4 P3 P2 P1 \L P1' P2’ P3' P4’
NS4A /NS4B DEMEECJASHL
NS4B/NS5A DCSTPClSGSW
NS5A /NS5B EDVVCC!SMSY
IKK o 173 DQGSLCITSEFEV
374 DGVRGCIDSYM
691 DHSLSClVVTP
711 EENLNCJ!LGHL
IKKB 174 DQGSLCITSEV
711 EAHNLCJ!TLLE
IKKe 84 LVMEYClSSGS
504 EVLSRC!SQNI
621 LRLVGCISVAA
TBK1 262 DMPVSCI!SLSR

The four human kinases were expressed and purified from baculovirus-infected insect
cells (Experimental Procedures). Figure 2 shows that IKK«, IKKf3, IKKe, and TBK1 proteins
were susceptible to degradation catalyzed by NS3/NS4A. To our knowledge, this is the first
report of NS3/NS4A having a direct proteolytic effect on these human kinases. Notably,
IKKo and IKK{ were cleaved into several small fragments after 29 h at 23 °C while one
large cleavage product was dominant in the degradation reactions of IKKe and TBK1,
e.g., the ~70-kDa cleavage product of IKKe (the band immediately below the intact IKKe
protein band). As a negative control reaction, Dpo4, a 40-kDa Y-Family DNA polymerase
from Sulfolobus solfataricus [50-52] that does not contain the NS3/NS4A cleavage sites
(Table 1) was not cleaved by NS3/NS4A. This indicates that NS3/NS4A did not randomly
cleave proteins in our reaction conditions. When the ~70-kDa cleavage product of IKKe
was sequenced through in gel trypsin digestion and then mass spectrometric analysis
(MALDI-TOF and Nano-LC MS/MS, see Experimental Procedures), we discovered that
peptide coverage was from residue 118 (cleavage after Argl17 by trypsin) to the C-terminus
of IKKe. This suggested that the two predicted NS3/NS4A cleavage sites (after Cys509, and
Cys626) in IKKe (Table 1) were inaccessible to the protease during degradation. Cleavage
after Cys89 (the third predicted NS3/NS4A cleavage site in IKKe) would produce a large
~70-kDa peptide, corresponding to the cleavage product observed in Figure 2, and a small
~15-kDa peptide that was not observed in Figure 2. The reason why residues 90-117 were
not identified by our mass spectrometric analysis was not clear. Similarly, cleavage of
TBK1 at the predicted NS3/NS4A cleavage site (after Cys267, Table 1) would produce a
large ~50-kDa peptide (corresponding to the cleavage product observed in Figure 2) and a
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smaller ~30-kDa peptide (not observed in Figure 2). The generation of the ~50-kDa peptide
was confirmed through MALDI-TOF and Nano-LC MS/MS analysis of the large TBK1
cleavage product, which covered residue 268 to the C-terminus of TBK1.

Kinase: |KKa IKK] TBK1 IKKe

Digestion: _ 3+ - 4 - + -+
kDa I
207- ™ u
129-
g5 W< “t/ < QK
(L 2 ! 3 N -a
40- o~
-

Figure 2. Western blot analysis of in vitro digestion of recombinant human IKK«, IKK3, IKKe, and
TBK1 with NS3/NS4A. The kinases (1.2 pug) were digested with NS3/NS4A (6.4 uM NS3 + 94 uM
NS4A) at 23 °C for 29 h. Arrows indicate bands of intact kinases.

3.2. Estimation of the Substrate Specificity of IKKe by Pre-Steady-State Kinetic Methods

To examine if NS3/NS4A cleaves these four kinases with reasonable efficiency and
to avoid the complication of product inhibition, we measured the cleavage efficiency of
IKKe at 23 °C under single-turnover conditions. At least a 10-fold excess of NS3/NS4A
over IKKe was used in the kinetic assay. As a kinetic strategy, the single-turnover kinetic
assay was employed to estimate the cleavage rate of a human kinase by NS3/NS4A. It
does not mean that the single-turnover reaction conditions would be certainly encountered
in vivo. The single-turnover assay was performed by using 5.0 uM NS3/NS4A with one of
two different IKKe concentrations and the data were fit into a single exponential equation,
Equation (1) (see Experimental Procedures). The observed cleavage rate constants (k,ps)
at IKKe concentrations of 0.1 and 0.5 uM were determined to be 0.0075 and 0.0145 s 1,
respectively (Figure 3). Due to the lack of enough protein substrate IKKe, we did not
determine the substrate concentration dependence of k,,; which can yield the maximum
ky and the equilibrium dissociation constant K; for the binding of IKKe to NS3/NS4A.
However, we can estimate the K; from these time courses shown in Figure 3. By assuming
the constant in Equation (1) to be the concentration of unbound IKKze in a cleavage reaction,
we estimated the K; to be 4.57 and 1.68 pM in the presence of 0.1 and 0.5 uM IKKg,
respectively (see Experimental Procedures). These low micromolar K; values indicate the
binding between the protease complex NS3/NS4A and IKKe is moderately strong. The
substrate specificity ks /K, for the degradation of 0.1 and 0.5 pM IKKe was estimated to
be 1641 and 8631 M~1s~!, respectively. Previously, steady-state kinetic analysis has been
used to estimate the cleavage efficiency (ke /Ky,) of peptide substrates representing the
viral NS4A /NS4B (1600 M~!s~1) and NS4B/NS5A (110 M~ !s™!) cleavage sites catalyzed
by NS3/NS4A at 30 °C [53]. These kgps/Ky and kest /Ky, values suggest that IKKe is as
good a substrate, if not better, to NS3/NS4A as those HCV junction-mimicking substrates.
Thus, HCV NS3/NS4A protease is capable of cleaving IKKe, and possibly IKKe, IKKf3,
and TBK1, in vivo.
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Figure 3. Pre-steady-state kinetic analysis of the cleavage of IKKe by NS3/NS4A (5 uM NS3 + 244 uM
NS4A) at 23 °C. The IKKe concentration was 0.1 uM (A) and 0.5 uM (B). In each time course, the
concentration of remaining IKKe was plotted against time. The data were fit to Equation (1) (see
Experimental Procedures) to yield 0.0075 and 0.0145 s~ for the observed cleavage rate constants in
(A,B), respectively.

3.3. NS3/NS4A Modulates Kinase Activity

We expected that proteolytic digestion of these four kinases by NS3/NS4A would
reduce their respective kinase activities. This assay is more sensitive than the detection of
cleavage products since changes in the kinase activity will reflect the physiological changes
in the kinases. Since we are only measuring the kinase activity and not the cleavage
products, much lower concentrations of NS3 (1.25 uM) and the NS4A peptide (325 uM)
were used. Each of those kinases was reacted with NS3/NS4A at 23 °C for 35 min and
the reaction was stopped by flash-freezing the reaction in a dry ice/methanol bath. The
treated kinases (with or without NS3/NS4A) were then tested for their kinase activities
to phosphorylate GST-IkBa (residues 5-55). Figure 4 shows that the kinase activities of
IKKx and IKK 3 were reduced after treatment with NS3/NS4A, but surprisingly, the kinase
activities of IKKe and TBK1 increased after treatment with NS3/NS4A. Moreover, the
NS3/NS4A treatment also increased TBK1 phosphorylation of mutant GST-IkBa (residues
5-55) containing Ser32Ala/Ser36Ala, a substrate that was normally not phosphorylated by
TBK1, IKKe, IKKf3, and IKKe. This suggests the substrate specificity of TBK1 was altered
by NS3/NS4A.
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Figure 4. Effect of the proteolytic activity of NS3/NS4A on IKKe, IKKf, IKKe and TBK1 kinase
activities. The kinases (0.5 pug) were treated with NS3/NS4A (1.25 uM NS3 + 325 uM NS4A) at 23 °C
for 35 min. The kinase activities were tested using GST-IkBa (residues 5-55) and [y-32P]ATP as
substrates. Phosphorylated GST-IkBa bands were detected by exposing to X-ray film. wt, wild type
GST-IkB« (residues 5-55); m, GST-IkBa S32A /S36A mutant; no enz, reaction without kinase.

To test the stability of the kinases in the NS3/NS4A digestion buffer condition, a time-
course digestion assay was set up at 23 °C. In the control reactions (without NS3/NS4A),
the duration of incubation from 1 min to 20 h significantly reduced the kinase activity of
IKKf (Figure 5B), suggesting that IKK{3 was not stable. In contrast, the kinase activities of
IKKe (Figure 6B) and TBK1 (Figure 7B) were stable over the 20-h incubation, indicating
that IKKe and TBK1 were more stable than IKK(. In Figure 5C, treatment with NS3/NS4A
further reduced the kinase activity of IKKf compared to undigested IKK{3. Amazingly,
treatment of IKKe with NS3/NS4A increased kinase activity up to 11-fold within the first
16 min, and then gradually returned to the level of control IKKe over a period of 1200 min
(Figure 6C). Similarly, treatment of TBK1 with NS3/NS4A increased kinase activity up to
14-fold within the first 8 min, and then gradually returned to the level of control TBK1 over
a period of 1200 min (Figure 7C). The cause of the initial increase in kinase activities of
both IKKe and TBK1 by NS3/NS4A may be due to the degradation of a kinase regulatory
domain (see Discussion). As these two kinases were further degraded by NS3/NS4A, their
overall kinase activities dropped significantly with time. After five hours of cleavage by
NS3/NS4A, the remaining kinase activities of digested IKKe and TBK1 were still slightly
higher than those of undigested kinases.

3.4. The NS3/NS4A Proteolytic Activity Is Essential for Modulation of the Kinase Activities of
Both IKKe and TBK1

Enhancement of the kinase activities of IKKe and TBK1 during cleavage could be
due to either NS3/NS4A mediated cleavage or protein/protein interactions such as the
binding of IKKe to NS3/NS4A, or both. To examine these possibilities, we used Pefabloc
SC, a broad-spectrum serine protease inhibitor, to covalently modify NS3 and permanently
inhibit its serine protease activity. Figure 8 shows that the IKKe kinase activity was not
affected by NS3/NS4A which was pretreated with Pefabloc SC, but untreated NS3/NS4A
was able to enhance the kinase activity of IKKe. Similar results were also observed with
TBK1, suggesting the cleavage of these two kinases by N53/NS4A was likely the reason for
their kinase activity enhancement.
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Figure 5. Effect of the proteolytic activity of NS3/NS4A on IKKf kinase activity in a time-dependent
manner. The kinases (0.5 ug) were treated with NS3/NS4A (1.25 uM NS3 + 325 uM NS4A). (A) IKKB
was treated with or without NS3/4A for up to 20 h. The kinase activity was tested using GST-IkBo
(residues 5-55) and [y-32P]ATP as substrates. Phosphorylated GST-IkBx bands were detected by
a Phospholmager. (B) The band intensities detected by the Phospholmager were plotted versus
time. (C) The relative kinase activities IKKf{ treated with NS3/NS4A versus untreated control) were
plotted versus time.
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Figure 6. Effect of NS3/NS4A cleavage of IKKe in a time-dependent manner. The kinases (0.5 pg)
were treated with NS3/NS4A (1.25 uM NS3 + 325 uM NS4A). (A) IKKe was treated with or without
NS3/4A up to 20 h. The kinase activity was tested using GST-IkBa (residues 5-55) and [y-32P] ATP
as substrates. Phosphorylated GST-IkBa bands were detected by a Phospholmager. (B) The band
intensities detected by the PhosphoIlmager were plotted versus time. (C) The relative kinase activities
(IKKe treated with NS3/4A versus untreated control) were plotted versus time.
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Figure 7. Effect of NS3/NS4A digestion on TBK1 kinase activity in a time-dependent manner. The
kinases (0.5 ug) were treated with NS3/NS4A (1.25 pM NS3 + 325 uM NS4A). (A) TBK1 was treated
with or without NS3/4A up to 20 h. The kinase activity was tested using GST-IkB« (residues 5-55)
and [y-32P] ATP as substrates. Phosphorylated GST-IkBx bands were detected by a Phospholmager.
(B) The band intensities detected by the Phospholmager were plotted versus time. (C) The relative
kinase activities (TBK1 treated with NS3/NS4A versus untreated control) were plotted versus time.



Cells 2023, 12, 406

13 of 20

(1) (i) (ii)* (ivy**

NS3/4A - + + +
Pefabloc - - + +
IKKe + + + +
8e+5

z

@ 6et5 -

o

2

£

o

c

3

~ 4e+b +

=

2

°

©

@

[22]

& 2e+5 1

X

0 T T T T
i ii iii iv
Digestion conditions

* NS3/4A was pretreated with Pefabloc.
** Pefabloc was added after digestion was completed.

Figure 8. Effect of Pefabloc SC on the capability of NS3/NS4A to enhance the kinase activity of
IKKe. Pefabloc SC was added at the beginning of the 15 min preincubation of NS3 and NS4A
(1.25 uM NS3 + 325 uM NS4A) at 23 °C (before addition of IKKe) or after the reaction was completed
(prior to the flash-freezing step). Four reaction conditions were set up: (i) IKKe not treated with
NS3/NS4A; (ii) IKKe treated with NS3/NS4A; (iii) IKKe treated with NS3/NS4A (pre-treated with
Pefabloc) and (iv) IKKe treated with NS3/NS4A (Pefabloc added after completion of digestion). The
digestions were performed at 23 °C for 16 min, and the reaction was stopped by flash-freezing in dry
ice/methanol bath. The kinase activities were measured using GST-IkBx as substrate.

4. Discussion

There are many reports about the interactions of HCV proteins with host cell factors
involved in cell signaling, apoptosis, transcriptional regulation, transformation, membrane
rearrangements, and immuno-modulation, which lead to dysregulation of cellular func-
tions [54]. Among the HCV proteins, NS3 actively interacts with cellular proteins through
either direct binding interactions, or its protease activity, to influence cellular processes such
as triggering inflammation [26], affecting PKA activity [22], inhibiting cellular antiviral
responses [29,55], and cell transformation [23-25]. It is likely that more host proteins will
be found to interact with NS3 through new assays or methodologies.

In this paper, we used pre-steady-state kinetic methods to examine the cleavage of
NS3/NS4A under single turnover reactions, in which the molar excess of the protease
complex was reacted with each of the four human kinases (IKK«, IKKf3, IKKe, and TBK1).
The single turnover conditions ensured that most of the examined kinase were bound and
cleaved by NS3/NS4A during the first turnover. In contrast, many reports used steady-state
kinetic assays in which a small amount of NS3/NS4A was used to digest the molar excess of
a protein substrate (kinase) for long times [29,41,47,56]. The steady-state kinetic parameters
including ket and Ky from these assays are difficult to kinetically interpret because they
are complex functions of all reactions occurring at the enzyme active site over multiple
turnovers [57-61]. To make it worse, the fact that NS3/NS4A has a tendency to be bound
and inhibited by one of its proteolytic products [62] makes the interpretation of the steady-
state kinetic parameters more challenging. Under these steady-state reaction conditions,
the cleavage of a protein substrate by a protease such as NS3/NS4A may appear to be
slow because of product inhibition. Furthermore, the detection of interactions between the
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NS3 protease domain with cellular protein targets will be difficult if their interactions are
transient and weak [41,47,56]. With these factors in mind, we used 10-fold more NS3/NS4A
(6.4 uM) over the kinase substrate (0.6 uM) to enhance the binding interaction between
the protease and its protein substrate. We were able to demonstrate that the NS3/NS4A
indeed cleaved IKKe, IKK(, IKKe, and TBK1 which were expressed and purified from
baculovirus-infected insect cells (Figure 2). To further support the results from the cleavage
assays, the kinases were first treated with a small amount of NS3/NS4A various times
and then assayed for their remaining kinase activities (Figures 4-7). Surprisingly, the
kinase activities of IKKe and TBK1 were significantly enhanced by appropriate levels
of NS3/NS4A cleavage while the opposite results were observed with IKKa and IKKf
(Figures 4-7). In contrast to our observation, the in vitro cleavage of IKKe and TBK1 by
NS3/NS4A was not observed previously by Li et al. [29]. In their digestion assays, the
kinases were synthesized from in vitro translation reactions, rather than purified from
baculovirus-infected insect cells, the cleavage reaction buffer was different from ours and
not optimized, and the molar ratio between N53/NS4A and each kinase was unknown. In
addition to these factors, the components in Flexi-Rabbit reticulocyte lysate may inhibit the
cleavage of IKKe and TBK1 by NS3/NS4A in their in vitro reactions [29].

Notably, contradicting results for the cleavage of IKKe and TBK1 by NS3/NS4A in
cell-based assays can be found in the literature. In one publication, neither IKKe nor TBK1
is cleaved by NS3/NS4A when each of these kinases is individually co-transfected with
NS3/NS4A into an osteosarcoma cell line UNS3-4A-24 [29]. Similarly, Breiman et al. [63]
who also perform co-transfection of NS3/NS4A with each of these kinases but in a different
cell line (HEK 293T cells) conclude that NS3/NS4A does not cleave IKKe and TBKI.
Notably, in Figure 2B of reference [63], it is shown that in cells transfected with 5 pg IKKe
DNA, the IRF-3P level (phosphorylation of IRE-3) is considerably higher in the presence
than in the absence of NS3/NS4A. However, the cells that are transfected with less IKKe
DNA (0.2, 1, and 2 ng) do not show any difference in the level of IRF-3 phosphorylation
in the presence or absence of NS3/NS4A. To reanalyze their results based on our current
knowledge, we would suggest that a higher level of IKKe expression, resulting from 5 ug
IKKe DNA transfection, increases the binding interaction between IKKe and NS3/NS4A
and subsequent cleavage of IKKe by the protease, leading to the enhanced phosphorylation
of IRF-3 in the cells. This scenario is likely considering that the binding affinity between
IKKe and the protease domain of NS3/NS4A was moderate with a K; in the low micromolar
range (Figure 3).

More interestingly, our data (Figures 4-7) indicate that NS3/NS4A mediated cleavage
of cellular kinases significantly affected their kinase activities in a time-dependent man-
ner. For example, the kinase activities of IKK« and IKKp were reduced by NS3/NS4A
treatment (Figures 4 and 5) and cannot phosphorylate inhibitor IkB«x, leading to a direct
inhibition to NF-«B activation in vivo [32,33]. This represents another mechanism of viral
immune evasion. In stark contrast, with the cleavage of IKKe and TBK1 by NS3/NS4A
within the first few minutes the kinase activities of IKKe (Figure 6) and TBK1 (Figure 7)
to phosphorylate IkBx were enhanced more than 10-fold. We further showed that the
enhancement in kinase activity in IKKe by NS3/NS4A was dependent upon its proteolytic
activity because pretreatment of NS3/NS4A with Pefabloc SC eliminated any effect of
the protease on the kinase activity of IKKe (Figure 8). Pefabloc SC is a serine protease
inhibitor that acylated highly conserved Ser139, one of the NS3 protease catalytic triad
residues [19], leading to the inactivation of this protease activity. If occurring in vivo, the
initial cleavage-caused kinase activity enhancement will facilitate the activation of both
IKKe- and TBK1-dependent cellular antiviral pathways, leading to enhanced immune
responses to the early stage of HCV infection. This could be one of the reasons for many
patients whose acute HCV infection is controlled and rapidly cleared from the blood [64].
After NS3/NS4A cleavage for extended times, the kinase activities of IKKe (Figure 6) and
TBK1 (Figure 7), just like those of IKK« (Figure 4) and IKK( (Figure 5), were eventually
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eliminated. Thus, NS3/NS4A eventually allows HCV to evade cellular immune responses
and establish a chronic infection.

At present, we can only speculate on how the cleavage of four canonical and non-
canonical IKK kinases (IKK«, IKKf3, IKKe, and TBK1) by NS3/NS4A enhanced or abolished
their kinase activities (Figures 4-7). Human IKK kinases share 28% sequence identity and a
similar domain structural organization with an N-terminal kinase domain (KD) followed by a
ubiquitin-like domain (ULD), a helical scaffold dimerization domain (SDD), and a C-terminal
domain (CTD) as illustrated by the solved structures of C-terminal truncated IKK«, IKKf3,
and TBK1 (Figure 9) [38]. Notably, the structure of IKKe has not been made available yet. The
kinase activities of IKKo and IKKf are regulated by phosphorylation on two serine residues
within their classical kinase activation loops [37]. In comparison, the phosphorylation of a
single serine residue in the activation loops of IKKe and TBK1 activates the kinase activities of
IKKe and TBK1 [37]. Several predicted HCV NS3/NS4A cleavage sites (Table 1) were mapped
onto the structures of truncated IKK«, IKKf3, and TBK1 with activated KDs (Figure 9). Based
on the KDs of IKKe and TBK1 [37,38,45,65] (Figures 9C and 10), the sizes of the main cleavage
products (Figure 2), and our MALDI-TOF and Nano-LC MS/MS analysis of the protein
sequence of the 70 kDa cleavage product of IKKe (Figure 2), cleavage after Cys89 in IKKe and
after Cys267 in TBK1 occurred within their respective KDs (see Results). The first possible
scenario is that the kinase activation loop in the cleaved KD of TBK1 (or IKKe) can be more
efficiently trans-autophosphorylated for its kinase activation than the same kinase activation
loop in intact TBK1 (or IKKe), which is believed to be trans-autophosphorylated through
higher-order oligomerization of TBK1 (or IKKe) dimers [38]. The second possible scenario
is that their KDs were cleaved and reassembled due to protein-protein interaction between
different kinase cleavage products that remained in the same reaction solution. Cleavage
of the KDs might cause these kinases to adopt conformations that were more catalytically
efficient than the intact IKKe and TBK1. The third possible scenario is that both IKKe and
TBK1 possess an autoinhibitory domain. The NS3/NS4A cleavage of these autoinhibitory do-
mains led to the up-regulation of the kinase activities of IKKe (Figure 6) and TBK1 (Figure 7).
Interestingly, both N- and C-terminal autoinhibitory domains have been identified in other
kinase families, and these autoinhibitory domains usually lie outside the kinase catalytic
domain [66,67]. Because the likely cleavage site of TBK1 (after Cys267) by NS3/NS4A is near
the C-terminus of the KD (Figures 9C and 10), we speculate that the autoinhibitory domain is
within the C-terminus of the KD in TBK1. In comparison, such an autoinhibitory domain
was expected to lie within the N-terminal 89 amino acid residues of IKKze since this region
was cleaved off IKKe by NS3/NS4A and not observed in Figure 2 (see above discussion).
Future studies are needed to further investigate these three mechanistic scenarios regarding
the correlation between the cleavage of IKKe and TBK1 by HCV NS3/NS4A and the kinase
activities of the two noncanonical IKK kinases.

Figure 9. Cont.
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Figure 9. Ribbon diagram representation of the X-ray crystal structures of three truncated human IKK
kinases generated by using PYMOL [68]. The N-terminal KD (salmon) including its activation loops
(cyan), ULD (blue), and SDD (green) are shown while the CTD is missing. (A) IKK« (residues 6-660)
(PDB: 5EBZ) [35]. The phosphoacceptor sites S176 and S180 of the kinase activation loop (cyan) were
mutated to glutamate to mimic their phosphorylation status. HCV NS3/NS4A was predicted to cleave
after C178 (magenta, spheres) within the kinase action loop and C379 (magenta, spheres) in the ULD
(Table 1). (B) IKKp (residues 1-671) complexed with a staurosporine analog inhibitor K252a (black)
(PDB: 4KIK) [69]. The kinase activation loop (cyan) has three disordered residues (residues 174-176)
and its phosphoacceptor sites (5177 and S181) were phosphorylated. NS3/NS4A was predicted to
cleave after C179 (magenta, spheres) within the kinase action loop (Table 1). (C) TBK1 (residues 1-657)
complexed with a specific inhibitor BX7 (black) (PDB: 4IW0) [38]. The kinase activation loop (cyan) was
well ordered and its sole phosphoacceptor site S172 was phosphorylated. NS3/NS4A was predicted to
cleave after C267 (magenta, spheres) within the KD (Table 1).
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Figure 10. Alignment of protein sequences of human IKKe and TBK1. The solid backgrounds indicate
identical amino acid residues. Vertical brackets define the KD, while the horizontal bracket denotes the
kinase activation loop. The heptad repeats of hydrophobic residues within the putative leucine zipper
domain are indicated with “+” symbols. Two helices of the potential helix-loop-helix domain are overlined.
These domains were predicted previously by Shimada et al. [65] and Peters et al. [45] and mostly validated
by the crystal structures of human TBK1 [37,38]. The predicated NS3/NS4A cleavage sites on IKKe and
TBK1 (Table 1) are represented by arrowheads on top (IKKe) or bottom (TBKT1) of their protein sequences.
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Human IKKe and IKKf3 are highly homologous canonical IKK kinases [35]. Notably,
HCV NS3/NS4A cleaved both IKKx and IKKf( into several fragments (Figure 2). One of
the predicted cleavage sites in both IKKx and IKK is in their respective kinase activation
loops containing the mitogen-activated protein (MAP)-kinase kinase consensus motif SXXXS,
where X is any amino acid residue [70-73] (5176 and 5180 in IKK«, S177 and S181 in IKK{3,
Table 1). The X-ray crystal and cryo-EM structures of human IKK« [35], and the X-ray crystal
structures of human IKKf [69,74] show that their classical kinase activation loops protrude
outside of their KDs before the phosphorylation of two serine residues and subsequent kinase
activation, and are well exposed to solvent even after serine phosphorylation (Figure 9A,B).
In other words, the kinase activation loops in IKK« and IKKf, regardless of their serine
phosphorylation status, will be accessible by HCV NS3/NS4A for cleavage. Consistently, the
kinase activation loops are predicted to be cleaved by NS3/NS4A right after C178 in IKKo and
C179 in IKK} (Table 1) and these cysteine residues are on the surface of activated IKKa and
IKKp (Figure 9A,B). Thus, we hypothesize that the observed time-dependent decreases in the
kinase activities of IKKo and IKK( (Figures 4 and 5) were mainly due to the gradual cleavage
of the kinase activation loops in these kinases by HCV NS3/NS4A. 1t is possible that the kinase
activity decreases also contributed through the NS3/NS4A cleavage at other predicated sites
of the KDs of IKK«x and IKKf3 (Table 1), e.g., the cleavage of the ULD of IKK« (Figure 9A). The
exact NS3/NS4A cleavage sites in IKKo and IKKf3 will be unambiguously identified through
future sequencing of the isolated peptide fragments by mass spectrometry analysis.

5. Conclusions

In this paper, we discovered that the HCV protease complex of NS3/NS4A was able
to cleave human IKK«, IKKf{3, IKKe, and TBK1. The cleavage of IKKo and IKKf3 decreased
their kinase activities in a time-dependent manner. Surprisingly, the short cleavage time
of IKKe and TBK1 enhanced their phosphorylation of the protein substrate IkBo and the
scenarios for such an increase in the kinase activities were discussed. After a long cleavage
time by NS3/NS4A, IKKe and TBK1 were cleaved into small peptides and their kinase
activities were gradually decreased and eventually lost.
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