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Abstract The pathogenesis of SARS-CoV remains lar-

gely unknown. To study the function of the SARS-CoV

nucleocapsid protein, we have conducted a yeast two-

hybrid screening experiment to identify cellular proteins

that may interact with the SARS-CoV nucleocapsid pro-

tein. Pyruvate kinase (liver) was found to interact with

SARS-CoV nucleocapsid protein in this experiment. The

binding domains of these two proteins were also deter-

mined using the yeast two-hybrid system. The physical

interaction between the SARS-CoV nucleocapsid and cel-

lular pyruvate kinase (liver) proteins was further confirmed

by GST pull-down assay, co-immunoprecipitation assay

and confocal microscopy. Cellular pyruvate kinase activity

in hepatoma cells was repressed by SARS-CoV nucleo-

capsid protein in either transiently transfected or stably

transfected cells. PK deficiency in red blood cells is known

to result in human hereditary non-spherocytic hemolytic

anemia. It is reasonable to assume that an inhibition of

PKL activity due to interaction with SARS-CoV N protein

is likely to cause the death of the hepatocytes, which results

in the elevation of serum alanine aminotransferase and

liver dysfunction noted in most SARS patients. Thus, our

results suggest that SARS-CoV could reduce pyruvate

kinase activity via its nucleocapsid protein, and this may in

turn cause disease.

Introduction

The etiology of SARS (severe acute respiratory syndrome)

is associated with a newly discovered coronavirus, SARS-

associated coronavirus (SARS-CoV) [24, 28, 30]. SARS-

CoV is of animal origin, and its precursor is still present in

animal populations [8]. To date, no specific treatment

exists to treat infection with this virus [48]. SARS-CoV is

only distantly related to members of the other coronavirus

clades [18, 24]. Coronaviruses are exceptionally large RNA

viruses that employ complex regulatory mechanisms to

express their genomes [18, 31]. The genomic structure,

gene expression pattern and protein profiles of SARS-CoV

are similar to those of other coronaviruses. There are

fourteen potential open reading frames (ORF) in the gen-

ome of SARS-CoV. Nine SARS-CoV-specific mRNAs

have been shown to be synthesized in virus-infected cells.

These RNAs are predicted to encode four structural pro-

teins (spike, membrane, envelope, and nucleocapsid

[N] proteins), sixteen non-structural proteins and eight

accessory proteins [31, 36]. As a structural protein, SARS-

CoV N protein has been demonstrated to interact with itself

and other structural proteins [16, 21, 34, 50]. SARS-CoV

M and E proteins are also able to interact with each other

and other structural proteins [1, 5, 16].

The pathogenesis of SARS-CoV remains largely

unknown [40]. SARS-CoV E protein is thought to interact
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with PALS1 and alter tight junction formation and epithelial

morphogenesis [37]. The N protein of murine hepatitis virus

type 3, another member of the family Coronaviridae, is

known to cause fulminant hepatitis [26]. SARS-CoV N

protein has multiple activities [35]. In addition to its role as a

structural protein that packages the viral genome, the SARS-

CoV N protein has also been demonstrated to interact with

cellular proteins, and it also performs regulatory functions

[14, 33, 41, 42, 51–54]. To study the function of the SARS-

CoV N protein, a yeast two-hybrid screening experiment was

conducted to identify cellular proteins that may interact with

the SARS-CoV N protein. Although the lungs and immune

system are the organs that sustain the most severe damage

during SARS-CoV infection, the tissue tropism of this virus

includes not only the lung but also the gastrointestinal tract,

kidney and liver [9, 12, 13, 40]. Liver tissues of SARS

autopsies have shown hepatocyte mitoses, balloon degen-

eration of hepatocytes, lymphocytic infiltrates, fatty degen-

eration, or central lobular necrosis [4, 7, 12, 19, 32].

Abnormal liver function (e.g., elevated serum aminotrans-

ferase levels) is often found in SARS patients [6, 43, 47].

Infection of SARS-CoV in liver has also been demonstrated

in animals experimentally infected by this virus [11, 45].

Hepatoma cell lines could also be infected by pseudotype

viruses with SARS-CoV S proteins [15]. Therefore, the

cDNA library used for the yeast two-hybrid screening in this

study was derived from liver, a target organ of SARS-CoV

[2, 12, 27].

Materials and methods

Plasmid construction

To isolate the DNA fragment that contains the SARS-CoV N

protein coding sequence, PCR reactions were performed

using SARS-CoV cDNA [16, 20] as template and the olig-

omers 50 CGCGGATCCATGTCTGATAATGGACC 30 and

50 TGCTCTAGATTATGCCTGAGTTGAATC 30 as prim-

ers. After PCR, the DNA fragment was digested by the

restriction enzymes BamHI and XbaI and inserted into the

vectors pcDNA3 (Invitrogene, USA) and pcDNA3-myc

[23], which had been linearized with BamHI and XbaI, for

transient expression. This SARS-CoV N DNA fragment was

also amplified using the primers 50 CGGAATTCATG

TCTGATAATGGACCC 30 and 50 TGCTCTAGATGCC

TGAGTTGAATC 30, digested by treatment with the

restriction enzymes EcoRI and XbaI, and inserted into the

vector pcDNA3.1-V5-HisA (Invitrogen, USA), which had

been linearized with EcoRI and XbaI, for stable expression.

To clone the DNA fragment encoding the SARS-CoV N

protein for yeast two-hybrid screening, the oligonucleotide

primers 50 CGGAATTCATGTCTGATAATGGACCC 30

and 50 TTATTATGCCTGAGTTGAATC 30 were used to

perform PCR. After PCR, the DNA fragment was treated

with T4 polynucleotide kinase, digested by treatment with

the restriction enzyme EcoRI, and cloned into the pBDGal4

Cam (Stratagene, USA) expression vector, which had been

linearized with EcoRI and SmaI. The first 220 codons of

this DNA fragment were cloned using the same forward

primer and a different reverse primer (50 CTATTAGAG

GGCAGTTTCACCACC 30). The same reverse primer and

another forward primer (50 CGGAATTCGCGCTATTGCT

GCTAGA 30) were used to clone the DNA fragment

without the first 220 codons.

To clone the full-length pyruvate kinase (liver) DNA

fragment (Gene ID: 5313; gi: 19343992) for yeast two-

hybrid screening, PCR was performed using the oligomers

50 CCGAATTCGCATGTCGATCCAGGAGAA 30 and 50

CCGCTCGAGTCAGGATATGCTTAGCAC 30 as primers

and the cDNA library from HuH7 cells as template. After

PCR, the DNA fragment was digested using the restriction

enzymes EcoRI and XhoI and cloned into the pACT2

(Clontech, USA) expression vector (linearized by EcoRI/

XhoI). The same forward primer and a different reverse

primer (50 CCGCTCGAGTTATGACAGCATGATGCAG

TC 30) were used to clone the DNA fragment that contained

the first 405 codons of the PKL sequence for yeast two-

hybrid screening. The same forward primer and a different

reverse primer (50 CCGCTCGAGTTACTGCTCGGAC

AGCCC 30) were used to clone the DNA fragment that

contained the first 267 codons of the PKL sequence for

yeast two-hybrid screening. To clone the C-terminal

domain (aa 352-530) of the M2PK gene (Gene ID: 5315;

NM_002654.3) into the pACT2 expression vector (linear-

ized by EcoRI/XhoI), the primers 50 CCGAATTCGC

GTCCTGGATGGAGCCGACT 30 and 50 CCGCTCGAG

TCACGGCACAGGAACAAC 30 and the cDNA library

from NIH3T3 cells were used. To clone the full-length

PKL for transient expression in mammalian cells, the

primers 50 CCGAATTCGCATGTCGATCCAGGAGAA 30

and 50 TGCTCTAGAGGATATGCTTAGCAC 30 were

used to perform PCR. After PCR, the DNA fragment was

digested using the restriction enzymes EcoRI and XbaI and

inserted into the vector pcDNA3.1-V5-HisA, which had

been linearized with EcoRI and XbaI.

To clone the DNA fragment encoding the full-length

SARS-CoV N protein for the expression of a GST-N fusion

form of the protein, the primers 50 CGCGGATCCATG

TCTGATAATGGACC 30 and 50 CGGAATTCTTAT

GCCTGAGTTGAATC 30 were used to perform the PCR.

After PCR, the DNA fragment was digested using restric-

tion enzymes BamHI and EcoRI and cloned into the

pGEX2T (Amersham Biosciences, USA) expression vec-

tor, which had been linearized by BamHI and EcoRI. All of

the expression plasmids were verified by sequencing.
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Yeast two-hybrid screening

The yeast two-hybrid system used for screening was pur-

chased from Clontech Laboratories (USA). The screening

procedures were conducted following the manufacturer’s

instructions [23]. The cDNA library used for this screening

was a human fetal liver library, HL4029AH (Clontech,

USA).

The GST pull-down assay

Glutathione-S-transferase (GST) and GST-fusion proteins

were purified following the manufacturer’s instructions

(Pharmacia, USA). Vero E6 cells were maintained in RPMI

1640 medium containing 10% fetal calf serum, 1% gluta-

mine (200 mM, Biological Industries, USA), and 100 lg/

ml penicillin/streptomycin (Gibco BRL, USA). A total of

2.5 9 106 cells were plated in a 100-mm dish. After

overnight incubation, cells were transfected with 4 lg

plasmid DNA (vector pcDNA3.1-V5-His A or pcDNA3.1-

PKL expression plasmid) using Effectene transfection

reagent (QIAGEN, Germany). At 48 hours after transfec-

tion, recombinant proteins in the cells were released by

lysis in buffer containing 50 mM Tris-HCl (pH 7.4),

300 mM NaCl, 10 mM NaN3, 0.2 mM DTT, 1% NP-40

and 1x protease inhibitor cocktail (Sigma, USA) and then

analyzed by GST pull-down assay. In total, 10% of the cell

lysate was loaded directly onto the SDS-PAGE gel to serve

as a control and 90% of the cell lysate was incubated at 4�C

with about 2 lg purified GST or GST-fusion protein. After

overnight incubation, glutathione beads (Pharmacia, USA)

were added to the reaction mixture. Two hours later, the

samples were centrifuged. After washing, the pellet was

resuspended in the protein sample buffer and analyzed by

SDS-PAGE and western blotting. In order to detect the

PKL protein using western blotting analysis, mouse anti-

V5 monoclonal antibody (Invitrogen, USA) was used as

the primary antibody.

Co-immunoprecipitation assay

HuH 7 or Vero E6 cells (2 9 106) were harvested 48 hours

after transfection with the expression plasmids pcDNA3-

myc-N and/or pcDNA3.1-PKL (or using the N-terminus of

PKL or the C-terminus of PKL instead of full-length PKL),

washed three times in PBS, and lysed in RIPA buffer

(150 mM NaCl, 1% NP40, 0.5% deoxychloic acid, 0.1%

SDS and 50 mM Tris, pH 7.5). After centrifugation for 5

minutes at full speed in a microcentrifuge, the supernatant

was used for further analysis. In each experiment, 10% of the

supernatant was used directly for expression analysis by

western blotting assay, while 90% of the supernatant was

used for the co-immunoprecipitation assay. The supernatant

was incubated with homemade rabbit anti-nucleocapsid

polyclonal antibody (or anti-myc) at 4�C overnight with

shaking. The antigen-antibody complexes were then pulled

down using PANSORBIN cells (Merck, USA). The immu-

noprecipitated pellets were treated at 100�C in the sample

buffer (67.5 mM Tris-HCl (pH 6.8), 5% 2-mercaptoethanol,

3% SDS, 0.1% bromophenol blue and 10% glycerol) for 10

minutes, and this was followed by SDS-PAGE and western

blotting analysis. In order to detect PKL protein, alkaline-

phosphatase-conjugated anti-V5 antibody (Invitrogen,

USA) was used, while mouse anti-myc monoclonal antibody

(Oncogene, USA) (or homemade rabbit anti-nucleocapsid

polyclonal antibody) was used as the primary antibody to

detect SARS-CoV N protein.

Western blotting analysis

After electrophoresis, the SDS-PAGE gel was transferred to

PVDF paper (Pall Corporation, USA). All procedures were

then carried out at room temperature following our previous

procedures [20, 22] except that the primary antibodies used

in this study were different, namely anti-PK rabbit mono-

clonal antibody (Abcam, USA), anti-ERK-2 rabbit poly-

clonal antibody (Santa Cruz, USA), etc., as appropriate.

Confocal analysis

About 2.5 9 105 Huh7 or Vero E6 cells were seeded in

35-mm culture dishes. After overnight incubation, the

cells were transfected with various different plasmids

(pcDNA3-myc-N and/or pcDNA3.1-PKL) using an Effec-

tene transfection kit (QIAGEN, Germany). At 48 hours

after transfection, the recombinant proteins in the cells

were analyzed. All procedures were then carried out fol-

lowing our previous procedures [5, 16, 46] except that the

antibodies used in this study were different. Specifically,

anti-myc mouse monoclonal antibody (Upstate, USA) fol-

lowed by RITC-conjugated anti-mouse IgG antibody was

used to detect SARS-CoV N protein, and FITC-conjugated

anti-V5 monoclonal antibody (Invitrogen, USA) was used

to detect PKL protein. DAPI (Merck, Germany) was used

to stain DNA for localization in the nucleus. Finally, the

samples were observed under a confocal microscope (Leica

TCS SP2).

Pyruvate kinase activity assay

HuH7 or Vero E6 cells (2 9 106) in 100-mm dishes were

harvested 48 hours after transfection with the expression

plasmids pcDNA3-myc vector, pcDNA3-myc-N or

pcDNA3.1-PKL for transient expression, washed three

times in PBS, and then lysed in RIPA buffer. The cellular

pyruvate kinase activity was determined following
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published procedures [10, 39]. For the activity assay in the

stable clones, 48 hours after transfection with the

pcDNA3.1-N plasmid, the HuH7 cells were treated with

800 lg/ml G418 for selection. After seven days, the

transfected cells were harvested and the pyruvate kinase

activity assay carried out.

RNAi experiments

RNAi experiments were performed using a lentiviral

expression system (http://rnai.genmed.sinica.edu.tw), fol-

lowing the manufacturer’s instructions. RNAi reagents

were obtained from the National RNAi Core Facility

Fig. 1 The N-terminal domain

of SARS-CoV N protein

interacts with the C-terminal

domain of the PKL protein in

the yeast two-hybrid system.

A The various constructs used

for the yeast two-hybrid system.

B Growth of yeast (JY980),

either mock-transfected or

transfected with plasmids as

indicated on YEPD without

tryptophan and leucine (left

panel), or on YEPD without

tryptophan, leucine and

histidine (right panel)
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located at the Institute of Molecular Biology/Genomic

Research Center, Academia Sinica.

Results and discussion

Identification of pyruvate kinase (liver) as an interactive

protein of SARS-CoV nucleocapsid protein by yeast

two-hybrid screening

The SARS-CoV N protein was used as the bait for yeast

two-hybrid screening in order to identify cellular proteins

that interact with it. Only one cDNA clone, which encoded

the C-terminal domain of the pyruvate kinase (liver) (PKL)

protein (aa 406-581), was found to interact with the N

protein, out of a total of 1 9 106 transformants (Fig. 1).

This yeast two-hybrid system was further used to identify

the interactive domains of these two proteins. As shown in

Fig. 1, the deletion of the C-terminal sequence of PKL

downstream of amino acid 406 abolished the interaction

between these two proteins in the YTH assay. Similar

deletion-mapping experiments were conducted on the

SARS-CoV N protein. As shown in Fig. 1, deletion of the

C-terminal sequence of the N protein downstream of amino

acid 220 had no significant effect on the binding of these

two proteins. However, deletion of the N-terminal

sequence upstream of amino acid 221 abolished the inter-

action of these two proteins in the YTH assay. These

results indicate that the N-terminal domain of the N protein

interacts with the C-terminal domain of the PKL protein.

There are four different PK isoenzymes present in

mammalian tissues [17]. These are M1 (in skeletal muscle),

M2 (in kidney, adipose tissue, and lungs), L (in liver), and

R (in red blood cells). The M1 and M2 proteins are the

products of alternative splicing of the same mRNA. The

other two mammalian PK isoenzymes from the liver and

erythrocytes are encoded by the same PKLR gene but by

tissue-specific alternate promoters [17, 25]. To determine

whether the C-terminal domain of the M2-PK protein, an

isoform of the PKL protein, interacts with SARS-CoV N

protein, similar experiments were performed (Fig. 1).

Unlike the PKL protein, the C-terminal domain of the

M2-PK protein does not interact with the SARS-CoV N

protein (Fig. 1B). The differences in the C-terminal domains

of the PKL and M2-PK proteins therefore appear to affect

the interaction with the SARS-CoV N protein [25]. The

M2-PK protein has been demonstrated to interact with Rous

sarcoma virus [29], human papilloma virus HPV-16 E7

oncoprotein [55], and hepatitis C virus NS5B protein [44].

However, to our knowledge, no other viral protein has been

reported to interact with the PKL protein to date.

Physical interaction between SARS-CoV N and PKL

proteins in vitro

To confirm that the SARS-CoV N and PKL proteins could

indeed bind to each other, we conducted a GST pull-down

experiment. To avoid the interaction between endogenous

PKL in HuH7 cells and SARS-CoV N protein, the PKL

protein was expressed exogenously in Vero cells before

lysis. As shown in Fig. 2B, this PKL protein was pulled

down by GST-N fusion protein (lane 6) but not by the GST

control protein (lane 5). This result confirmed that SARS-

CoV N protein is indeed able to bind to PKL in vitro.

Physical interaction between SARS-CoV N and PKL

proteins in cultured cells

To test further whether SARS-CoV N and PKL proteins

are able to bind to each other in cells, we performed a

co-immunoprecipitation experiment. V5-tagged full-length

PKL protein and myc-tagged N protein were co-expressed

in HuH 7 cells by transient transfection. Forty-eight hours

after transfection, cell lysate was immunoprecipitated with

anti-myc antibody followed by western blotting using the

anti-V5 antibody. As shown in Fig. 3A, the V5-tagged

Fig. 2 GST-pull down experiment for the analysis of the interaction

between SARS-CoV N and cellular PKL proteins. (A) Coomassie

blue staining of purified GST (lane 1) and GST-N (lane 2) used in this

experiment. (B) Vero E6 cells were transfected with empty vector

(lanes 1 and 4) or PKL-V5 (lanes 2, 3, 5 and 6). At 48 h after

transfection, cell lysates were extracted. Samples consisting of 10%

of each cell lysate were then loaded directly onto an SDS-PAGE gel

to serve as controls (lanes 1, 2 and 3). The remaining 90% of the cell

lysates were incubated with an equal amount of purified GST (lane 5)

and GST-N (lanes 4 and 6). The pulled-down samples were analyzed

by western blotting using the anti-V5 antibody
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PKL protein was immunoprecipitated by the anti-myc

antibody in the presence (lane 8), but not in the absence

(lane 6), of the N protein. This result confirmed that SARS-

CoV N and PKL proteins are able to bind to each other in

cultured cells. The same experiment was also performed in

Vero cells (Fig. 3B). The co-immunoprecipitation of these

two proteins in different cells further supports the direct

interaction between these two proteins. To avoid the

interaction between endogenous PKL in HuH7 cells and

SARS-CoV N protein, experiments mapping the binding

domain of PKL with SARS-CoV N protein were done in

Vero cells. The C-terminus (aa 406-581) but not the

N-terminus (aa 1-405), of the PKL protein was found to

interact with the SARS-CoV N protein using co-immuno-

precipitation experiments (Fig. 3C, D).

The SARS-CoV N protein is a cytoplasmic protein [16]

that has a nuclear localization signal (NLS) [49]. PKL is

also a cytosolic protein [25]. If SARS-CoV N and PKL

proteins are indeed able to bind to each other in cells, then

it is likely that they will be co-localized in cells. For this

reason, we performed confocal microscopy to examine the

subcellular localization of these two proteins. HuH7 or

Vero E6 cells were transfected with DNA plasmids that

expressed full-length PKL protein and SARS-CoV N pro-

teins, either individually or together (Fig. 4A, B). When

these two proteins were expressed individually, both pro-

teins are localized predominately in the cytoplasm (data not

shown). When these two proteins were expressed together,

PKL protein was found to be co-localized almost entirely

with the SARS-CoV N protein in the cytoplasm (Fig. 4A, B).

These results further indicated that SARS-CoV N and PKL

proteins are able to physically interact with each other in

cultured cells.

The PK activity in HuH7 cells is repressed by SARS-

CoV N protein in both transiently transfected and stably

transfected systems

PK, a key enzyme in the glycolytic pathway, catalyzes the

conversion of phosphoenolpyruvate (PEP) to pyruvate with

Fig. 3 Co-immunoprecipitation experiments on SARS-CoV N pro-

tein and PKL protein in HuH7 cells (A) or in Vero E6 cells (B).

(A) HuH7 cells were mock transfected (lanes 1 and 5), transfected

with a plasmid allowing expression of the PKL protein with the V5

tag (lanes 2 and 6) or the SARS-CoV N protein with the myc tag

(lanes 3 and 7), or co-transfected with both these two constructs (lanes

4 and 8). Cell lysates were analyzed directly by western blot (lanes

1-4) or were immunoprecipitated with the anti-myc antibody prior to

western blotting (lanes 5-8). Upper panel, western blot analysis

carried out using anti-V5 antibody; lower panel, western blot analysis

carried out using anti-N antibody. (B) All of the experimental

procedures are similar to those described in (A) except Vero cells

were used. (C and D) Co-immunoprecipitation experiments on SARS-

CoV N protein and the N-terminus (aa 1-405) of the PKL protein

(C) or the C-terminus (aa 406-581) of the PKL protein (D) expressed

in cells. All of the experimental procedures are the similar to those

described in (B) except the N-terminus of PKL (C) or the C-terminus

of PKL (D) was used instead of full-length PKL
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the synthesis of ATP [25]. PK is a 200-kDa tetramer with

four identical subunits, each consisting of four domains,

namely domains N (residues 1-42), A, which is subdivided

into A1 and A2 (residues 43-115 and 224-387, respec-

tively, of the F. silvestris muscle PK sequence), B (residues

116-223), and C (residues 388-530). The active site lies in

a pocket between domains A and B, where there is a high

degree of identity among various PK sequences from dif-

ferent organisms [25]. Both erythrocyte and liver isoen-

zymes are activated by PEP (phosphoenolpyruvate) and

F1,6BP (fructose 1,6-bisphosphate). The binding site for

F1,6BP involves 16 residues within domain C [25]. To

determine whether SARS-CoV N is able to affect the

function of the PKL protein, the PK activity in hepatoma

cells (HuH7) was analyzed following a published proce-

dure [10, 39]. To confirm the accuracy of this assay, PKL

shRNA was used as a loss-of-function control. Comparing

the shRNA to the luciferase control, PKL shRNA reduced

PK activity significantly (Fig. 5). When overexpressed

PKL protein was used as a gain-of-function control in

HuH7 cells, as expected, the PK activity measured in these

transfected cells was much higher than that of vector-

transfected cells (data not shown). To determine whether

the presence of SARS-CoV N protein was able to affect

PKL activity, since these two proteins interact with each

other, HuH7 cells were transiently transfected with a

plasmid encoding the SARS-CoV N protein (Fig. 5C, D). It

was found that the PK activity in HuH7 cells was repressed

Fig. 4 Confocal microscopy analysis of SARS-CoV N and exoge-

nous PKL proteins in cultured cells. HuH7 (A) or Vero E6 (B) cells

were transfected with the plasmid that expressed the SARS-CoV N

protein with a myc tag and the plasmid that expressed the PKL protein

with the V5 tag. Forty-eight hours after transfection, the cells were

fixed and stained with mouse anti-myc, followed by RITC-conjugated

anti-mouse antibody, and finally with FITC-conjugated anti-V5

antibodies. Blue, nucleus stained with DAPI; red, SARS-CoV N

protein; green, PKL protein; yellow, colocalization of SARS-CoV N

and PKL proteins. (C) Confocal microscopy analysis of SARS-CoV

N and intracellular PK proteins in Vero E6 cells. Cells were

transfected either with empty vector (upper panel) or with the plasmid

expressing the SARS-CoV N protein with a myc tag (lower panel).

Cells were fixed and stained with mouse anti-myc and rabbit anti-PK

antibodies, followed by RITC-conjugated anti-mouse and FITC-

conjugated anti-rabbit antibodies. Blue, nucleus stained with DAPI;

red, SARS-CoV N protein; green, PK protein; yellow, colocalization

of SARS-CoV N and PK proteins
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by N protein in a dose-dependent manner (Fig. 5D),

although expression of PKL was not affected by SARS-

CoV N protein (Fig. 5C). A HuH7 cell line showing stable

expression of SARS-CoV N protein was also established

(Fig. 6A). The PK activity in these cells was repressed by

the N protein to 60% compared to the vector-transfected

HuH7 cells (Fig. 6B), while PKL expression was not

affected (Fig. 6A). These results indicated that the SARS-

CoV N protein is able to repress PKL activity in both

transiently expressed and stably expressed systems

(Figs. 5, 6), possibly through interaction with domain C of

PKL, which might result in a reduction of F1,6BP inter-

action in this region. PK deficiency in red blood cells is

known to result in human hereditary non-spherocytic

hemolytic anemia [38, 39]. Thus, it is reasonable to assume

that an inhibition of PKL activity due to interaction with

the SARS-CoV N protein (Figs. 5, 6) is likely to cause the

death of the hepatocytes, which results in the elevation of

serum alanine aminotransferase and liver dysfunction

noted in most SARS patients [3, 6, 43, 47]. Whether PKL is

able to affect the assembly of SARS-CoV in some way due

to its interaction with the N protein needs further

investigation.

The PK activity in Vero E6 cells was not affected

by SARS-CoV N protein in the transiently transfected

system

Vero E6 cells are often used for the propagation of SARS-

CoV [30]. In this study, we have demonstrated that SARS-

CoV N protein can be detected as partially co-localized

with the endogenous PK protein in Vero E6 cells (Fig. 4C).

However, unlike HuH7 cells, the PK activity of Vero E6

cells was not affected by the presence of SARS-CoV N

protein (data not shown). This is possibly due to the fact

that domain C of the PK protein is highly variable across

different PK protein sequences compared, for example, to

the more highly conserved domain A [25].

In summary, pyruvate kinase (liver) was found to

interact with SARS-CoV nucleocapsid protein in this study

using the yeast two-hybrid system, GST pull-down assay,

co-immunoprecipitation assay and confocal microscopy.

Fig. 5 A and B The pyruvate kinase activity was reduced when the

PKL gene was knocked down in the cells. (A) Western blotting

analysis of PKL expression in HuH7 cells stably expressing either

shLuc or shPK. ERK2 protein served as the loading control. (B) The

pyruvate kinase activity was measured in HuH7 cells stably

expressing either shLuc or shPK. (C and D) The pyruvate kinase

activity in HuH7 cells was suppressed by transiently expressed

SARS-CoV N protein. (C) Cell lysates were prepared from HuH7

cells transfected with empty vector (lane 1), or 2 lg (lane 2), 6 lg

(lane 3), or 10 lg (lane 4) of vector expressing SARS-CoV N protein.

Protein expression was detected using antibodies against PKL (upper

panel), against myc tag to detect SARS-CoV N protein (middle

panel), and against ERK2 protein to serve as a loading control (lower

panel). (D) The pyruvate kinase activity was measured in HuH7 cells

transfected with empty vector, or 2 lg, 6 lg, or 10 lg of vector

expressing SARS-CoV N protein
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Cellular pyruvate kinase activity in hepatoma cells was

repressed by SARS-CoV nucleocapsid protein. Thus, our

results suggest that SARS-CoV could reduce pyruvate

kinase activity via its nucleocapsid protein, and this may in

turn cause abnormal liver function.
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