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Abstract: The nucleocapsid (N) protein of mouse hepatitis virus (MHV-N) has been reported to be a multifunctional
protein involved in viral RNA replication and translation. However, how N protein interacts with host protein re-
mains largely elusive. To identify cellular proteins that interact with the N protein, a cDNA library of mouse liver was
screened using a yeast two-hybrid system assay. We have identified the receptor for activated C kinase 1 (RACK1)
as a novel interaction partner of N protein by yeast two-hybrid system. The direct interaction and co-localization of
N protein with RACK1 were confirmed by immunoprecipitation and confocal microscopy analysis, respectively. The
mapping studies localized the critical N sequences for this interaction to amino acid 150-220 including SR motif by
yeast two-hybrid system. Function assay showed that overexpressin N protein significantly inhibited RACK1 expres-
sion, thereby leading to suppress Akt pathway activation, which might contribute to induce apoptosis of host cells.
To the best of our knowledge, this is the first report that MHV-N protein interacts with the RACK1 within host cells.
These findings contribute to enhance our understanding of the pathological mechanisms of MHV.
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Introduction tural proteins, namely the membrane (M),
nucleocapsid (N), and spike (S) proteins [4, 5].
The N protein is the most abundant viral protein
in coronaviruses which is produced throughout
infection and is an important multifunctional
protein. Several functions have been postulat-
ed for the coronavirus N protein throughout the
virus life cycle, including viral packaging, viral
core formation, and signal transduction [6, 7].
Primarily, the N protein of MHV is an extensively
phosphorylated, highly basic and vital structur-
al protein, the function of which is to form a heli-

As a member of the family Coronaviridae,
mouse hepatitis virus (MHV) is a positive-
strand RNA virus representing a significant
ubiquitous group of viral pathogens. MHV is a
natural pathogen of mice, normally infecting
the liver, gastrointestinal tract, and central ner-
vous system, causing a wide range of disease,
including hepatitis, gastroenteritis, and acute
and chronic encephalomyelitis [1-3]. Although
MHV had been the wide-studied coronavirus
both in vivo and in vitro as well as at the molec-

ular level, many scientific questions remain to cal ribonucleoprotein complex with viral RNA;
be answered, such as which specific features of the complex comprises the core structure of
the virus are responsible for its pathogenicity, the MHV virion. Moreover, the N protein shows
and which mechanisms are at work during intrinsic multimerization and interacts with M
infection. Therefore, understanding the infec- protein, suggesting that it is both critical to for-
tion mechanism at the molecular level of MHV mation of the viral nucleocapsid core and is
is crucial need, since it is a foundation for dis- involved in virion assembly [8, 9].

covering and developing anti-MHV drugs or

Mapping virus-host protein interactions can
provide important clues on the initial stages of
Like other known coronaviruses, MHV is an infection. For coronaviruses, the N protein plays
enveloped virus containing three outer struc- an important role during host cell entry and

vaccine.
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Figure 1. Analysis of the N and RACK protein interaction by yeast two-hybrid.
A. Schematic representation of the MHV-N protein and the truncated mu-
tants used in the yeast two-hybrid system, the SR-rich motif is highlighted.
B. Mapping the interaction domain of MHV-N. The empty vectors pGBKT7
and pGADT7 co-transformed were used as the negative control and the pG-
BKT7-53 and pGADT7-T co-transformed were used as the positive control.
Every experiment was repeated for at least three times and the data were
obtained by average. The error bars represent standard error of the mean.

virus particle assembly and release [10-12]. It
has been reported that the N protein of MHV
interacts with mouse cellular heterogeneous
nuclear ribonucleoprotein A1 (hnRNPA1) [13],
which showed that N protein plays a crucial role
in viral RNP assembly and replication by inter-
action with host proteins. However, how the N
protein interacts with other host protein is still
unclear. To obtain a more detailed insight into
the relationship of the N protein and host cell
protein, a yeast two-hybrid system was
employed in the present study to identify which
proteins can bind to N protein of MHV.

Materials and methods
Strains and general techniques

The strain of Saccharomyces cerevisiae used
in this study was AH109 from Clontech (USA).
Yeast cells were cultured at 30°C either in a
complete YPD medium (1% yeast extract, 1%
peptone, 2% glucose) or in a synthetic defined
(SD) medium supplemented with required
essential nutrients. Plates contained 1-2%
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; in Roswell Park Memorial
80 Institute (RPMI) 1640 (Gibco,
Grand Island, NY, USA) medi-
um supplemented with 10%
(v/v) fetal bovine serum (FBS;
HyClone, USA), 100 units/ml
penicillin and 100 mg/ml
streptomycin in a humidified
atmosphere consisting of 5%
CO, and 90% humidity at
37°C.

Plasmids and construction of recombinant
vectors

For bait construction, the full-length N gene of
the MHV (MHV-A59) was amplified from a
genomic construct of clone by PCR, and cloned
into the pMD18-T vector (Takara, Dalian,
Japan), and designated as pMD18-T-N. The full-
length N gene was subjected to DNA sequenc-
ing, and the inserts were verified against the
corresponding region of the MHV coronavirus.
The N gene was excised from the pMD18-T-N
construct using the restriction enzymes EcoR |
and BamHI, and ligated into the pGBKT7 vector
to generate an N-terminal in frame fusion with
the GAL4 activation domain (BD), and the resul-
tant plasmid was named as pGBKT7-N. To iden-
tify the putative domain of amino acid sequence
required for RACK1/N interaction, The truncat-
ed mutants N1-149, N150-300, N301-455,
N150-220 and N221-300 (constructs and
putative functional domains were shown in
Figure 1A) were subcloned into pGBKT7. The
RACK1 gene was amplified by PCR using the
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the substrate ONPG as desc-

pCMV-myc  — + -
ribed standard Protocols Han-
pCMV-HA  + - - dbook (PT3024-1, Clontech,
pCMV-N-myc  + - + USA). The positive pGADT7-
cDNA plasmids were isolated
pCMV-HA-RACK1 - + + from positive yeast transfor-
mants by culture in leucine-
N-myc ams 'Po-HAIB-myc  geficient medium, and trans-
' formed into E. coli KC8 for
N-mye — @® |nput, IB:a-myc sequence analysis. The result-
- ing sequence was analyzed in
HA-RACK1 — Input, 1B:a-HA the database of EMBL\Gene

Bank by the BLAST program.

Figure 2. RACK1 protein was immunoprecipitated with the MHV-N protein.

Indicated plasmids were simultaneously transfected into 293T cells. Twenty-

In vivo co-immunoprecipita-

four hours after transfection, co-immunoprecipitation was performed using tion
anti-HA magnetic microbeads, the proteins immunoprecipitated (IP) were as-

sayed with an anti-myc monoclonal antibody. Cell lysates were immunoblot-

To confirm the results observ-

ted (IB) with anti-Myc to confirm the expression of the object proteins.

mouse liver cDNA library, and subcloned into
the yeast vector pGADT7. For mammalian cell
expression, the full-length N gene and RACK1
were subcloned into the pCMV-Myc vector
(Clontech, USA) and pCMV-HA, and fluores-
cence vector pEGFP-N1 and pDsRed-N1,
respectively. siRNA against RACK1 (si-RACK1),
siRNA against negative scramble control (si-NC)
were purchased from RiboBio (Guangzhou,
China). In addition, the N gene was amplified by
PCR and inserted into eukaryotic expression
vector pCDNA3.O (Invitrogen, Grand Island, NY,
USA) to study its function. All constructs were
verified by restriction digestion and sequen-
cing.

Yeast two-hybrid screening

Yeast two-hybrid experiments were performed
as described in the Clontech manual for the
Matchmarker GAL4 two-hybrid system and
Clontech yeast protocols handbook (Clontech,
USA). Briefly, the mouse liver Matchmaker
cDNA library (Clontech, USA) was cloned in
frame with the GAL4 activation domain in the
PGADT7 vector as a prey. The bait pGBKT7-N
was transformed into yeast strain AH109. The
bait construct did not show any toxic effect and
autonomous transcriptional activation on the
host strain. The prey PGADT7-library was then
transformed into the bait-transformed AH109
cells, and the cells were incubated on minimal
synthetic dropout medium for yeast (SD)/-His/-
Leu/-Trp at 30°C. The fresh growing clones
were assayed for 3-galactosidase activity using
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ed from yeast two-hybrid ass-

ays, another independent ass-
ay, co-immunoprecipitation was performed as
previous described [13].

Confocal microscopy

293T cells were grown on coverslips in a 6-well
chamber and simultaneously transfected with
the recombinant plasmids pEGFP-N and
pDsRed-RACK1. After 24 h transfection, the
cells were washed with PBS three times and
fixed in 4% paraformaldehyde for 20 min at
room temperature. The coverslips were then
washed with PBS and mounted. Intracellular
localization of the N protein and RACK1 was
observed under a Leica confocal microscope
(Germany).

Western blot assay

Total proteins were extracted from cultured
cells by using lysis buffer (Beyotime Institute of
Biotechnology, Guangzhou, China). The protein
concentration was quantified by the bicincho-
ninic acid protein assay kit (Beyotime). Equal
amounts of protein (30 yg) was insolated using
sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and then electro-
transferred to the polyvinylidene difluoride
membranes (PVDF, Millipore, Bedford, MA,
USA). The membranes were blocked in 5% non-
fat dry milk diluted with TBST (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.1% Tween-20) at room
temperature for 2 h and incubated overnight at
4°C with primary antibody against RACK1, Akt,
p-Akt (Serd73) and GAPDH (all from Santa Cruz
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N-PEGFP

RACKI1-Red

Figure 3. Co-localization of the MHV-N protein and RACK1. The pEGFP-N (green) and pDsRed-RACK1 (red) were co-
transfected into 293T cells. After 24 h, cells were fixed, mounted, and the localization of the proteins was observed
with a Leica confocal microscope. As shown, both N protein and RACK1 protein were colocalized in the cytoplasm.

Biotechnology Inc., California, USA). After the
membrane was washed three times with TBST,
was further probed with horseradish peroxi-
dase (HRP)-conjugated second antibody (Santa
Cruz, USA) for 2 h at room temperature. The
protein bland was detected with using the
enhanced chemiluminescence (ECL) luminol
reagent (PerkinElmer Inc.).

Statistical analysis

The data were expressed as the mean + SD
(standard deviation) from at least three inde-
pendent experiments. All data are analyzed by
Statistical SPSS Version 19.0 (IBM, Chicago,
USA). Group differences were compared using
two-tailed Student’s T-test or one-way ANOVA.
The differences were considered to be statisti-
cally significant at P < 0.05.

Results

Yeast two-hybrid screens identified RACK1 as
an N interacting protein

A yeast two-hybrid approach was used to iden-
tify host proteins that interact with the N pro-
tein. Through B-galactosidase assay and tech-
nique of segregation analysis. 6 clones were
considered to be possible positive clone. One
of these clones was identified as receptor for
activated C kinase 1 (RACK1), which encodes a
317-amino acid protein. To confirm this protein
interaction with N protein, we cloned RACK1
full length by PCR, and subcloned it into pGBK,
and then yeast two-hybrid assay and B-galac-
tosidase assay were performed. As shown in
Figure 1, the protein encoded by the pGAD-
RACK1 clones interacted specifically with the N
protein and did not interact with the unfused
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GAL4-BD protein expressed from the parental
pGBKT7 vector.

To map the involved regions of the N protein in
the N/RACK1 interaction, the full-length N pro-
tein was divided into three domains to study
the binding domain of the N protein: the
N-terminal domain N1-149, the middle domain
N150-300 containing the SR-rich motif and the
C-terminal domain N301-454 (Figure 1A).
These three truncated proteins were tested for
RACK1 binding using yeast two-hybrid assay.
The results indicated that N150-300, the mid-
dle domain of the N protein, is responsible for
the interaction (Figure 1B). To determine fur-
ther the region of the N protein involved in
RACK1 binding, the middle domain was divided
into two parts, N150-220 containing the SR-rich
motif and N221-300, In the yeast two-hybrid
assay, the B-galactosidase activity of N150-
220 fragment is much higher than the activity
of N221-300 fragment (Figure 1B). These
results implied that the SR-rich motif of the N
protein is responsible for the majority of the
binding to RACK1.

Co-immunoprecipitation determined the inter-
action of the N protein and RACK1

To confirm the specific interaction between the
N protein and RACK1 protein, co-immunopre-
cipitation was performed. The N protein was
fused at the amino terminus with a Myc-tag,
and RACK1 was fused at the carboxyl terminus
with a HA tag. The two plasmids were cotrans-
fected into 293T cells and immunoprecipitated.
The immunoprecipitated complexes were sepa-
rated on SDS-PAGE, and analyzed by Western
blot with anti-Myc monoclonal antibodies. As
shown in Figure 2, the Myc-fused N protein
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Figure 4. MHV-N downregulated RACK1 expression and inhibited activa-
tion AKT signaling pathway. Western blot analysis of p-AKT, AKT and RACK1
protein levels in U20S cells transfected with N overexpression plasmid
(pCDNA3.0-N) or si-RACK1. GAPDH was used as internal control.

immunoprecipitated with HA-RACK1. However,
it did not immunoprecipitate with HA alone.
These findings indicate that N protein interacts
with RACK1 in mammalian cells.

Confocal microscopy assay localized the N pro-
tein and RACK1

To further confirm the interaction between N
and RACK1 proteins, the localization patterns
of the N protein and RACK1 were investigated
in 293T cells using confocal microscopy tech-
nology. pEGFP-N and pDsRed-RACK1 were
transfected simultaneously into 293T cells. As
shown in Figure 3, RACK1 and N protein mainly
were localized in the cytoplasm. The merged
image revealed that the N protein and RACK1
co-localized in the cytoplasm of 293T cells indi-
cating that the N protein interacts with RACK1
in cells.

MHV-N downregulated RACK1 expression and
inhibited activation AKT signaling pathway

RACKZ1 (receptor for activated C-kinasel), as a
crucial scaffold protein, has been reported to
involve in various biological procession includ-
ing cell proliferation, cell cycle, metastasis and
apoptosis by regulating multiple signaling path-
ways, such as PKC pathway, AKT pathway, and
IGF1R pathway [14, 15]. Here, we only focus-
ed on AKT signal pathway which involved in
virus infection, including Coronaviridae [16,
17]. Therefore, we hypothesized that by inter-
action with RACK1, N protein might affect the
AKT signaling pathway in infected cells. To test
this hypothesis, RACK1, AKT and pAKT protein
levels were determined in vero cells after trans-
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N fection with the N overexpres-
O‘}’ sion plasmid (pCDNA3.0-N) or

\
. ec" Q-\> si-RACK1. The results showed
2

that overexpression of N in
vero cells obviously decreased
RACK1 and p-AKT protein ex-
pression, but the total AKT lev-
els did not significantly change
(Figure 4). Similarly, downreg-
ulation of RACK1 by transfec-
tion of si-RACK1 in Vero cells
reduced RACK1 and p-AKT
protein expression, without
effect total AKT expression
(Figure 4). These results indi-
cate that N exerts biological
function by interaction with RACK1, and thus
indirectly regulating the AKT signaling pathway.

Discussion

In the present study, we have firstly reported
that the MHV-N protein has a specific binding to
mouse RACK1, and the further yeast two-hybrid
assay demonstrated that the fragment amino
acid 150-220 of MHV-N probably contribute to
the N/RACK1 interaction. RACK1 was originally
identified on the basis of its ability to bind the
activated form of PKC, stabilize this protein and
facilitate its trafficking within the cell [18]. It
has been reported that RACK1 played a role in
complex protein-protein interactions between
signaling molecules, such as integrins, phos-
phodiesterase 4D5, Src tyrosine kinase, RhoA
small GTPase, as well as PKC [19, 20]. Our
results combined with previous study demon-
strated that RACK1 may function as a scaffold-
ing protein to mediate protein-protein interac-
tion and facilitate tight regulation of various
cellular biological functions, including cell cycle,
survival, adhesion, and migration.

Accumulating evidence has implied that RACK1
was involved in various biological procession by
regulating multiple signal pathways, inculding
AKT pathway, IGF1R pathway, and Sonic hedge-
hog signaling pathway [14, 15, 18, 21, 22]. In
this study, we only focused on AKT signal path-
way since this pathway has been confirmed to
involve in Coronaviridae infection, and induce
apoptosis of host cells [16, 17, 23]. In this
study, we found that overexpression of MHV-N
or knockdown of RACK1 in vero cells signifi-
cantly inhibited RACK1 expression and phos-
pho-Akt expression, suggesting that MHV-N

Int J Clin Exp Med 2017:10(3):4950-4956



MHV-N interaction with RACK1

protein targets RACK1, and thus indirectly regu-
lating the AKT signaling pathway. Previous a
report showed that that SARS coronavirus
nucleocapsid protein induced apoptosis of host
cells by regulating MAPK pathway and AKT
pathway [23]. Our study together with previous
study implied that coronavirus nucleocapsid
protein could induce apoptosis of host cells by
regulating AKT signal pathway.

In addition, the yeast two-hybrid result has
clearly indicated that only one fragment of
MHV-N (aa 150-220) is required for N/JRACK1
interaction. To our knowledge, the fragment aa
150-220 contains SR-rich motif (containing
rich serine and arginine) that is multifunctional
and conserved in the N protein of coronavirus-
es [13]. The SR-related proteins are often
involved in protein-RNA and protein-protein
interactions, and the SR-rich motif is conserved
in the N protein of coronavirus [24]. It has been
reported that SR-rich motif is indispensable for
SARS N oligomerization and for N protein inter-
action with SARS-CoV membrane protein [25].
The SR-rich motif is also responsible for the
interaction with hnRNPAZ1 in SARS [26]. In addi-
tion, this motif is also involved in interaction
with Hubc9 in SARS [27]. All of these facts indi-
cate that the SR-rich motif of the N protein
might play a crucial role in MHV infection.

In conclusion, our data have shown for the first
time that the nucleocapsid protein of MHV has
a high binding affinity to mouse RACK1 and
such a protein-protein interaction involves the
region aa 150-220 of MHV-N. In addition, our
study also revealed that MHV-N overexpression
could decrease RACK1 expression and down-
regulate its downstream signal pathway, AKT
pathway. To the best of our knowledge, this is
the first report that MHV-N protein interacts
with the receptor for activated C kinase 1
(RACK1) within host cells and our findings con-
tribute to enhance our understanding of the
pathological mechanisms of MHV.
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