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The pathogenesis of severe acute respiratory syndrome coronavirus (SARS CoV) is an important
issue for treatment and prevention of SARS. Previously, SARS CoV 3C-like protease (3CLpro) has
been demonstrated to induce apoptosis via the activation of caspase-3 and caspase-9 (Lin, C. W.,
Lin, K. H., Hsieh, T. H., Shiu, S. Y. et al., FEMS Immunol. Med. Microbiol. 2006, 46, 375-380). In
this study, proteome analysis of the human promonocyte HL-CZ cells expressing SARS CoV
3CLpro was performed using 2-DE and nanoscale capillary LC/ESI quadrupole-TOF MS. Func-
tional classification of identified up-regulated proteins indicated that protein metabolism and
modification, particularly in the ubiquitin proteasome pathway, was the main biological process
occurring in SARS CoV 3CLpro-expressing cells. Thirty-six percent of identified up-regulated
proteins were located in the mitochondria, including apoptosis-inducing factor, ATP synthase
beta chain and cytochrome c oxidase. Interestingly, heat shock cognate 71-kDa protein (HSP70),
which antagonizes apoptosis-inducing factor was shown to down-regulate and had a 5.29-fold
decrease. In addition, confocal image analysis has shown release of mitochondrial apoptogenic
apoptosis-inducing factor and cytochrome c into the cytosol. Our results revealed that SARS CoV
3CLpro could be considered to induce mitochondrial-mediated apoptosis. The study provides
system-level insights into the interaction of SARS CoV 3CLpro with host cells, which will be
helpful in elucidating the molecular basis of SARS CoV pathogenesis.
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811 deaths worldwide in a short period from February to
June, 2003 [1-5]. The SARS patients had manifested symp-
toms, like bronchial epithelial denudation, loss of cilia, mul-
tinucleated syncytial cells and squamous metaplasia in their
lung tissue [6, 7]. Other studies have shown that SARS CoV
replicates in Vero-E6 cells with cytopathic effects [8, 9], and
induces AKT signaling-mediated cell apoptosis [10].

SARS CoV particles contain an approximately 30-kbp
positive-stranded RNA genome with a 5’ cap structure and a
3’ poly(A) tract [11-13]. The SARS CoV genome encodes
replicase, spike, envelope, membrane, and nucleocapsid
proteins. The replicase gene encodes two large overlapping
polypeptides (replicase la and lab, ~450 and ~750 kDa,
respectively), including 3C-like protease (3CLpro), RNA-de-
pendent RNA polymerase, and RNA helicase for viral repli-
cation and transcription [14]. The SARS CoV 3CLpro med-
iates the proteolytic processing of replicase 1a and 1ab into
functional proteins, playing an important role in viral repli-
cation. Therefore, the SARS CoV 3CLpro is an attractive tar-
get for developing effective drugs against SARS [12-14].
Recently, a SARS CoV 3CLpro-interacting cellular protein,
vacuolar-H+ ATPase (V-ATPase) G1 subunit with a 3CLpro
cleavage site-like motif was identified, affecting the intracel-
lular pH in 3CLpro-expressing cells [15]. In human pro-
monocyte cells, SARS CoV 3CLpro has been demonstrated to
induce apoptosis via caspase-3 and caspase-9 activities [16].
In addition, 3C protease of picornaviruses poliovirus,
enterovirus 71 and rhinovirus have been demonstrated to be
associated with host translation shutoff by cleaving the
translation initiation factor eIF4GI and the poly(A)-binding
protein (PABP) [17], and inactivation of NF-kappaB function
by proteolytic cleavage of p65-RelA [18]. Apparently, SARS
CoV 3CLpro plays a pivotal role in the pathogenesis pro-
cesses. Therefore, investigating pathogenesis of SARS CoV
3CLpro has become an important issue.

In the post-genomic era, the combination of 2-DE and
MS has provided an alternative approach to examine a com-
parative analysis of proteomic profiling during viral infec-
tion, allowing new insights into cellular mechanisms
involved in viral pathogenesis [19-24]. The 2-DE/MS prote-
omic technologies have been used to analyze the protein
profiles of plasma from SARS patients [19, 24], and to differ-
entiate up-regulated and down-regulated proteins in SARS
CoV-infected African green monkey kidney cells [20]. To
identify proteomic alternations induced by SARS CoV
3CLpro, the combination of 2-DE and MS can be performed
for quantitative analysis and identification of the unique
protein profiling in the transfected cells-expressing 3CLpro.

In this study, we intended to investigate the comparative
proteome analysis of human promonocyte HL-CZ cells in
the presence and absence of SARS CoV 3CLpro. Seventy-
three up-regulated and 21 down-regulated proteins identified
in the 3CLpro-expressing cells were categorized according to
their subcellular location, biological process and biological
pathway based upon the PANTHER classification system
(http://www.pantherdb.org/). Functional analysis of up-
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regulated proteins identified in the 3CLpro-expressing cells
was further examined using immunoblot analysis and con-
focal microscopy.

2 Materials and methods
2.1 Cell culture

In our previous study [16], human promonocyte HL-CZ cell
clone co-transfected with the plasmid p3CLpro plus indicator
vector pEGFP-N1 was established for 3CLpro-expressing
cells, whereas human promonocyte HL-CZ cell clones co-
transfected with the plasmid pcDNA3.1 plus indicator vector
PEGFP-N1 were used as mock cells. The transfected cells
were incubated with RPMI 1640 medium containing 10%
FBS and 800 pg/mL of antibiotic G418. For determining
expression of SARS CoV 3CLpro, the transfected cells were
analyzed using Western blotting. The cell lysates were dis-
solved in 2X SDS-PAGE sample buffer without 2-mercapto-
ethanol, and boiled for 10 min. Proteins were resolved on
12% SDS-PAGE gels and transferred to NC paper. The re-
sultant blots were blocked with 5% skim milk, and then
reacted with appropriately diluted mouse mADb anti-His tag
(Serotec), anti-Rpt4 (26S protease regulatory subunit 6A)
(abcam) or rabbit anti-apoptosis-inducing factor (Sigma) for
a 3-h incubation. The blots were then washed with TBST
three times and overlaid with a 1/5000 dilution of alkaline
phosphatase-conjugated with secondary antibodies. Follow-
ing 1-h incubation at room temperature, blots were devel-
oped with TNBT/BCIP (Gibco).

2.2 2-DE and protein spot analysis

For 2-DE, mock cells and 3CLpro-expressing cells were har-
vested, washed twice with ice-cold PBS, and then extracted
with lysis buffer containing 8 M urea, 4% CHAPS, 2% pH 3-
10 non-linear (NL) IPG buffer (GE Healthcare), and the
Complete, Mini, EDTA-free protease inhibitor mixture
(Roche). After a 3-h incubation at 4°C, the cell lysates were
centrifuged for 15 min at 16 000 x g. The protein concentra-
tion of the resulting supernatants was measured using the
BioRad Protein Assay (BioRad, Hercules, CA, USA). Protein
sample (100 pg) was diluted with 350 uL of rehydration buf-
fer (8 M urea, 2% CHAPS, 0.5% IPG buffer pH 3-10 NL,
18 mM DTT, 0.002% bromophenol blue), and then applied
to the nonlinear Immobiline DryStrips (17 cm, pH 3-10; GE
Healthcare). After the run of 1-D IEF on a Multiphor II sys-
tem (GE Healthcare), the gel strips were incubated for
30 min in the equilibration solution I (6 M urea, 2% SDS,
30% glycerol, 1% DTT, 0.002% bromophenol blue, 50 mM
Tris-HCI, pH 8.8), and for another 30 min in the equilibra-
tion solution II (6 M urea, 2% SDS, 30% glycerol, 2.5%
iodoacetamide, 0.002% bromophenol blue, 50 mM Tris-HCI,
pH 8.8). Subsequently, the IPG gels were transferred to the
top of 12% polyacrylamide gels (20 x 20 cm x 1.0 mm) for
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the secondary dimensional run at 15 mA, 300V for 14 h.
Separated protein spots were fixed in the fixing solution
(40% ethanol and 10% glacial acetic acid) for 30 min, stained
on the gel with silver nitrate solution for 20 min, and then
scanned by GS-800 imaging densitometer with PDQuest
software version 7.1.1 (BioRad). Data from three independ-
ently stained gels of each sample were exported to Microsoft
Excel for creation of the correction graphs, spot intensity
graphs and statistical analysis.

2.3 In-gel digestion

The modified in-gel digestion method based on previous
reports [25, 26] was performed for nanoelectrospray MS.
Briefly, each spot of interest in the silver-stained gel was
sliced and put into the microtube, and then washed twice
with 50% ACN in 100 mM ammonium bicarbonate buffer
(pH 8.0) for 10 min at room temperature. Subsequently, the
excised-gel pieces were soaked in 100% ACN for 5 min, dried
in a lyophilizer for 30 min and rehydrated in 50 mM ammo-
nium bicarbonate buffer (pH 8.0) containing 10 pg/mL
trypsin at 30°C for 16 h. After digestion, the peptides were
extracted from the supernatant of the gel elution solution
(50% ACN in 5.0% TFA), and dried in a vacuum centrifuge.

2.4 Nanoelectrospray MS and database search

The proteins were identified using an Ultimate capillary LC
system (LC Packings, Amsterdam, The Netherlands) coupled
to a QSTARXL quadrupole-time of flight (Q-TOF) mass
spectrometer (Applied Biosystem/MDS Sciex, Foster City,
CA, USA). The peptides was separated using an RP C18
capillary column (15 cm x 75 um id) with a flow rate of
200 nL/min, and eluted with a linear ACN gradient from 10—
50% ACN in 0.1% formic acid for 60 min. The eluted pep-
tides from the capillary column were sprayed into the MS by
a PicoTip electrospray tip (FS360-20-10-D-20; New Objective,
Cambridge, MA, USA). Data acquisition from Q-TOF was
performed using the automatic Information Dependent
Acquisition (IDA; Applied Biosystem/MDS Sciex). Proteins
were identified by the nanoLC-MS/MS spectra by searching
against NCBI databases for exact matches using the ProlD
program (Applied Biosystem/MDS Sciex) and the MASCOT
search program (http://www.matrixscience.com) [27]. A
Homo sapiens taxonomy restriction was used and the mass
tolerance of both precursor ion and fragment ions was set
to = 0.3 Da. Carbamidomethyl cysteine was set as a fixed
modification, while serine, threonine, tyrosine phosphoryla-
tion and other modifications were set as variable modifica-
tions. The protein function and subcellular location were
annotated using the Swiss-Prot (http://us.expasy.org/sprot/).
The proteins were also categorized according to their biolog-
ical process and pathway using the PANTHER classification
system (http://www.pantherdb.org) as described in the pre-
vious studies [28-30].
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2.5 Immunocytochemistry

For determining subcellular localization, HL-CZ cells were
transiently co-transfected with p3CLpro or pcDNA3.1 plus a
mitochondrial localization vector pDsRed-Mito (Clontech)
using the GenePorter reagent. After a 3-day incubation, the
cells were fixed on glass coverslips with ice-cold acetone for
4 min, and blocked with 1% BSA. The co-transfected cells
were subsequently incubated with mouse mAD anti-His tag,
anti-cytochrome ¢, or rabbit anti-apoptosis-inducing factor
(Sigma) at 4°C overnight. After washing, the cells were incu-
bated with FITC—conjugated goat anti-mouse immuno-
globulin or anti-rabbit immunoglobulin at room tempera-
ture for 2 h. Confocal image analysis of the cells was per-
formed using Leica TCS SP2 AOBS laser-scanning
microscopy (Leica Microsystems, Heidelberg, Germany).

3 Results

3.1 Comparison of differential protein expression
between mock cells and SARS CoV
3CLpro-expressing cells

To identify specific cell responses to SARS CoV 3CLpro, the
differential expression of proteins in mock cells and 3CLpro-
expressing cells were analyzed using 2-DE and nanoscale
capillary LC/ESI Q-TOF MS. After confirming expression of
SARS CoV 3CLpro in the transfected cells as previously
described [16], protein extracts prepared from mock cells and
3CLpro-expressing cells were separated using 2-DE. The
resolved protein spots in gels were presented using silver
staining (Fig. 1). About 1000 protein spots in the pI range of
3.2 to 10 and the molecular weight range of 14 to 97.4 kDa
were detected on the gels of mock (Fig. 1A) and 3CLpro-
expressing cells (Fig. 1B), respectively. For comparison, three
independent 2-DE images of each protein extract from three
independent cell cultures of mock cells and 3CLpro-expres-
sing cells were selected for statistical analysis. Protein pro-
filing revealed that 154 * 15 up-regulated proteins and
141 = 12 down-regulated proteins in SARS CoV 3CLpro-
expressing cells were determined using GS-800 imaging
densitometer with PDQuest software (Fig. 1). After the sta-
tistical analysis with Student’s t-test, 75 up-regulated pro-
teins (Spot ID number between 1 and 75) showed a statisti-
cally significant 1.5-fold increase in spot intensity (p<<0.05)
(Table 1), whereas 21 down-regulated proteins (Spot ID
number between 76 and 96) had a statistically significant 2.0-
fold decrease in 3CLpro-expressing cells (Table 2). Moreover,
enlarged images of the selected protein spots were used to
indicate spots with significant differences between mock
cells and 3CLpro-expressing cells (Fig.2). A dramatic
(greater than 100-fold) increase for Spot ID 19, a 3.3 = 0.13-
fold increase for Spot ID 55, a 5.29 * 0.12-fold decrease for
Spot ID 83, and a 6.25 = 0.09-fold decrease for Spot ID 89
were found in 3CLpro-expressing cells (Fig. 2, Tables 1 and

www.proteomics-journal.com



Proteomics 2007, 7, 1446-1460 Microbiology 1449

HLCZ control
A

M.W (KDa)

674 —

H10 —

216 —»

144 —p

HLCZ SARS

= |
M.W (KDa)

874 —» o 8

853 — - [

554 —p

.('!

-

—_— -

Figure 1. 2-DE image for total cell extracts from human promonocyte HL-CZ cells (A) and SARS CoV 3CLpro-expressing cells (B). Protein
sample (100 pg) was diluted with 350 uL of rehydration buffer, and then applied to the nonlinear Immobiline DryStrip (17 cm, pH 3-10).
After incubation in the equilibration solutions, the IPG gels were transferred to the top of 12% polyacrylamide gels (20 x 20 cm x 1.0 mm).
Finally, the 2-DE gels were stained with the silver nitrate solution. Protein size markers are shown at the left of each gel (in kDa). The protein
spot ID numbers were consistent with those in Tables 1 and 2.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



Proteomics 2007, 7, 1446-1460

C.-C. Lai et al.

1450

000> LI0 6% 1€ L €60 €6/25C snajanN ¢ uieyoud Buipuig-9osyd 182 889000 9
1000 500 t7 7l ) 0L €6/LTC wnnanal alwse|dopuy g aseawos sueu}-sia jAjoid-jApndad BLVS  ¥8ZEld 19
100°0> 00L< 1e 3 8 L1857l wsedolAy LN 8seajonuoqiy 201 86/25d (S
1000 00 §2 0 le 780l 0%8/LTL Jesjony Z uteyoud Buipuiq Juswaya weasnsdn Je4 0,68  G¥6Z6D €5
000> [20 L€ 62 6 e 06/LGH UuoLIpuoyIONN aseJajsues)jiaoe yo)-|A1poy NN ATA 4 8y
1000 VAN I X4 6l ¥ GZl  €8/59C snajanu pue wsejdojA) L adAy ejaq Jiungns awosesyoud 6896 819024 6¢
2000 0o 61 w GL 8y TLWL leajony L utajold Buipuiq Juawaya weansdn te4 0888  ¥3V96D £
000> 710 €F 1z L 08¢  €L/56% UOLIpUoyYIONN nJ Joyoe} uonebuol3 ¥8zL LL¥6td 6e
€000 70 8l (11 L e gLeLL wse|doiA) v aselawos| suel-sid |Ajoud-|Apndad 815 1£629d 0¢
1000> 0oL< 15 8 992 Il wse|dojA) Z1S ulajoud |ewosoqu SOy 9029  86EGZd 8z
000> L0 66 €z L 9y 0'9/8°95 wnnanal djwse|dopuy €V aselawos|-apy|nsip ulajold €26 L010ed 4
000> 110 99 4 8 e rrel N z3 awAzua Bunebnluoa-uninbign veeL 88019d 174
000> #20 0Ll I l 8 6S/ELL G uungns uipjojaid 025 LL¥66D ¥4
000> 600 87 I ¥ 0L L'S/Z6Y snajanu pue wsejdojA) 9 Hungns AlojenBas aseajold 59z 2015 086.1d 1z
1000> 00L< 9l L BGC  €S/9LY wn|napas olwse|dopuy G u1830.d Bujurejuod-urewop uixopaloly | 19618  6SANSD 0z
100°0> 00L< Gl g 68E  G6'W/L'8Y wn|nanas olwse|dopu3 9y 9SeJawos!-apiy|nsip uiajoid 0€L0l  ¥805LD 8l
1000> 00L< el 14 62 Ls/L9l VG J0J0B} UONeNIUI Uoe[SUBL) d0AIRNNT 7861 1¥2€9d el
1000> 00L< 0L v 886  E£H/L8Y wn|nanas olwse|dopu uinanaljeg 118 16Lled Ll
100°0> 00L< 8l 9 (TR R (1 0 v utajoud Buiutejuoa-jeadal apndadoatiena) you-aulwen|b jews 6779  G9/EV0 8

uoineolyipow pue wsijogelsw uialold
100°0> 00L< I g LLL  £'8/795  wse|dojAd pue uoLpuoyaIoH|| 8sejonpal auolylen|g 9€67 06£00d 0§
1000 o 1z w 0L e 9IS aseuaboupAyap |AodijoipAyig 8eLL 29604 (34
1000 70 €7 1z 0L 991 98/8€S uoLIpuoyIoNN 8seJoNpaJopIXo uIxopouaipe:HdayN 4544 0L5¢ed 9
1000> 600 8¢ Gy 9l 789  98/99y UuoLpUoYION a1j198ds ujeya-wnipaw ‘aseusboipAysp yo)-jhoy ¥ olelld €e
100°0> 00L< 174 g 67l L'6/LEL UOLIpUOYI0NN A apndadAjod asepixo 9 swoiyaoih) (745} 9090Ld 67
1000> 00L< 4 6L €6 £6/59G uoLpuoyION uleyd eyaq aseyjuAs 41y 908 9/590d 6l
2000 G0 6l g5 g ¥2z  88W/E9l UuoLIpUOYIoHN WLI0J0S| BUBJGUIBW [BLIPUOYIOHW 18IN0 GG BLI0IYI0IA) L1108 B9LEVO 14
000> #l'0 9§ 9 ) 88 ¥H/L0L UuoLIpuoyION uigjold ey || xajdwod asejonpal 9 swouydoho-joulnbign 88¢L  616L0d l

Jodsuel} uo3aa|3
000> #10 g T4 L G2 68ELL lej0ajanu pue snajanN I\l utejoidoajanuoqti Jeajanu snoauabolalay 009  ZLT7Sd 6L
1000 00 LT 6 ) vzl L8fyey wse|doiAg | utajoud pajeldosse-zyQ 82697 543960 0L
000> 600 G€ 9 L 109 O6/4'LE snajony L9/gy sulejoidoajonuogu Jeajanu snosuabolaley 18l 9z9zed 89
1000 00 §2 0 le 780l 0%8/LTL snajanN z uieyoud Buipuiq Juswaya weassdn se4 0,68  G¥6Z6D €5
000> 800 9¢ 4 ¥ 9z 9LeE snajonp 0@ urajoidoajanuoq Jeajanu snoauabolsiay ¥8l€  €0LYLD Ly
000> 950 L0l 6 ) 69  06/9°9¢ snajanN g/v utejoidoajonuoqys Jesjonu snoauaboisley 8lE  6CL66D Iy
2000 0o 6l 144 GL 8Ly TLWLI snajanN | utajoud Buipuiq Juswaya weassdn se4 0888  ¥3V96D g
100'0> 00L< w 8 79 06/Lee snajanN 29/19 suiajoidoajonuoqu Jeajanu snosuabolsley €8le  016L0d 9l

Buissasoid yNYw-ald

(%) ssaooud

eanjead gs ueapy abelanod  yolew 1d/(eay) uoneoo| | 8uag ‘ON al |eal

abueya pjo4 aouanbag apndad 981035 MIN Je[njjaagng uonealyiuapl udlold YIHINYd uoissasoy  1ods -Bojoig

a1om sulajold paleinbai-dn yyum pajeioosse sassaosoud |eoibojolg 's|j9o Buissaidxa-01d]Dg A0D SHYS Ul sulaloid pajeinfal-dn Jo UOIIBOIJISSE|O |BUOIIOUNY PUB UOIIBDIHIIUBP| "L d|gel

wiaisAs uoleolyisse|o Jayiued Buisn paziiohaled

l.com

ics-journa

www.proteom

inheim

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, We



1451

Microbiology

Proteomics 2007, 7, 1446-1460

1000 600 €7 6 14 8 ¥8/LHT uoLpuoyIONN [u\] eseanwsip apixosadng 8199 6L10d 8¢
€000 vo gl (1] L e gLeLL wse|doiA) \ 8SBJaWOS! SueJl-s19 [Ajod-jApndag 8L45 L£629d 0¢
asuajep pue Ajunwuw
100°0> 00L< 8 ¥8 L0V 1'G/8°€S upuawiIn LEpL 0£980d w
000> 9l'T 969 43 Ll €92 €£9/81ly wse|doiA) Z dlwse|doiho ‘unoy 1L 192€9d Ll
1000 0o 27 L g 951 L'v/8TE ureya ¢ eydje uisoAwodo] 0LLL €6490d L
a1njanJis (|89
100°0> 00L< 0¢ Ll Iy €8/5 wse|doA] | aseuny| a1esa9A|Boydsoyy 0825 85500d 69
1000 elo 1e 14 8 6EC  6'8/GGE UoLIpUOYIONN aseuaBoipAyap ajeje|y 6Ly 9Z60td 19
100°0> 00L< 1] G 08 tLvS8 uoLpUOYIONI asejelpAy ajepuoay 05 86660 ]
100°0> 00L< Ge 0z L6 9L/90L uoLIpUOYIONN aseupjAxoq.ed ajeaniAdjousoydsoyqd LG 778910 14
1000> 00L< g 14 1zl ve/eer UoHpUOYIONIA yungns eyde yusuodwod |3 aseuaBoipAyap ajeaniAd 0915 65580d e
000> €10 Lt Ll 14 86  £8/Le UOLIpUOYI0NN asejelphy yo)-jAoug 7681 #800€d 1€
wsijogelaw ayelpAyog.e)
000>  #10 g A Ll 6L 68ELL Je|oajanu pue snajony IN uteloidoajanuoqu Jeajonu snosuabolaiay 09y  TL225d 5L
1000 600 LT 6 ) vzl L8ey wse|doiA) | utslold pajeldosse-zyQ 87697  Gd396D 0L
000> 600 G€ 9 L 109 O6/LE snajonp Lg/gy sutejoidoajonuogu Jeajonu snoauabolsley 18le  9z97¢d 89
000> LI0 6% 1g L g8 €6/TST snajany € urajoud Buipuig-9oGi4 (82 889000 59
000> G0 8¢ 9 GL GG  T6/SC UuoLIpUOYIONN [elpuoyodopw asessysueoydsoyd 4i\y:d19 80805  LrIN6D 9
1000> 00L< 14 6 09¢  '6/9°LL 81dVyS Hungns xa|dwo? ase|Ajpaeap suolsiy 8201 221000 9
1000 00 5T it & 780l 08/ snajanN Z utajoud Buipuiq Juswaya weaJsdn Je4 0/68  G¥6Z6D £g
000> 0l0 87 Ge L 199  838/095 UoLIpUOYIONN aselajsuelyjAylawAxoipAy suliag U9 168%€d 15
000> 800 9¢ 1) ¥ az  9LHsE snajanN 0@ utajoidosjanuogu sesjanu snoauabolsley ¥8lE  €0LYLD 1y
000> 950 L0l 6 ) 69  06/99¢ snajanN /v utejoidoajanuoqu Jeajonu snoauabolaiay 8l€  67L66D It
000> €10 Lt 1z ¥ LIl 6L/£9C UOLPUOYIONIA| ¢ dwAzuaos| aseury ajejAuapy 02 618%5d 11
2000 0o 61 w GL 8Ly TLWL snajanN | utejold Buipuiq juawa|e weassdn Jed 0888  +3V960 £
1000> 001< Gt 0Z 188 95/86¢ UOHPUOYIONIA 1yold GhZG  7€T5Ed 9
1000> 00L< 14 6 g0z 8G/1LL wse|dojho pue snajonp v aseury ajeydsoydip apisosjany 0e8Y 1€551d 74
1000> 00L< 141 6l €6 £6/598 UoHPUOYIONIA| ureyd e18q aseyuAs 41y 905 9/590d 6l
1000> 00L< w 8 79 0G/LEe snajony 0/19 suigioidoajonuoqu Jeajonu snoauaboisley €8le  016L0d 9l
1000 60 L7 i 9¢ 698  9¥/9Z€ snajanN ulwsoydoajony 6987  8¥/90d ol
000> €10 LG 8y (AL A 714 wse|doiA) 10308} ymolB paniiap-ewoieday 890 85815d 6
100°0> 00L< 0¢ g e EHHLT | Bojowoy uigloid xogowouy) 15601 916¢8d 9
wisIjogelaw pIoe 218|onu pue aploajanu ‘apisoajany
1000> 001< 1z L 66 889 wninapal olwsejdopug 10sinaaid z utajoud Buipuig-uabejo) 18 ¥6706d 1L
(%) ssa0.d
£3N[eAd gs uespy abelanod  yolew 1d/(e@) uoneao| Q] 8uag ‘ON al |eal
abueya pjo4 aouanbag apndad 91095 MIN Je|n|jaagng uoneayuapl udlold YIHINV4 uoissadoy  1ods  -Bojoig

panunuo) 'L ajqeL

l.com

ics-journa

www.proteom

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Proteomics 2007, 7, 1446-1460

C.-C. Lai et al.

1452

‘1S81-] s,)uspnig (e

1000> 0oL< ¥e 7l ¥8L  T6/L'6S uoLpuoyIoUN utey eydje aseypuhs 41y 861 60£52d €L

1000> ¥20 6§ 0¢ € 68l  G'8/€°Ge awosIxolad | eddey| aseJaysueli- auolyiein|g 961ELE €0CA60 €9

1000> ooL< oy 9 LIz €oL/gel snajonN 1/1/u/6/e'dgH Buolsiy 6€€8 £0829d 6

1000> ooL< Ll 4 L8 76/0GL Z laquiaw Ajiwepadns aselaisaoly| 96895 E€MdN6D 84

1000> 891 8G9 18 oL GGE  G'8/6ML L-uljjold 9128 LELL0d 9

G000 1lzo 91 96 Gl €9L  9'9/1°GE UoLIpuoOyaoNN uungns-eydie uiajoidoneyy Jajsuel} U03a8|3 8012 708€ld 43

100°0> 00L< 9 8 L9 €9/891 uoLIpUOY 0NN e/ apndadAjod asepixo J awoiya01A) LI1g6  ¥L902d €

9o 1¢ € 9 987 /8L uolpuoyaouN G ursyoud Bunoeisiul-yy|H LyeLe  0SINNGD 4
payissejoun

000> 600 t€ 9 oL Ly oSt v apndadAjod 1b1| uisoApy Gy 628eld Gl
U0I3BIIUOD BJISNIA

100°0> 10 JArd) 1S 9 161 N.m\N.m— wnjnanal o_Emm_QOt:m 1l c_w«o‘_a m:_c_m«:oo.:_m_:ov uixopaJoly 090G 188660 7l
Buijeubis pajelpaw-auowioy ploials

1000> 001< 14 G GGZ  9'8/9°0¢ UOLpUOyaoA | urajoud [auuByD 8ARD8|3s-UOIUE Juspuadap-abeljop 9lvL 96.12d 99
Jodsuely uoluy

1000> 810 8¢ 0z [ UL 9/l aWOS0.IN | Jusuodwod Joydadal auoialsabold pajeroosse aueiqualy 16801 ¥92000 [
WwISI|0gelaw xopal unyng

000> €0 €¢ 8l 8 75 06/6'99 uolpuoyaou 103084 Butonpul-sisoydody LEL6 1€8560 6§
sisoydody

1000> €20 8 8¢ Ll 906 6Ly uolpuoyaoU aselajsuesjoulwe ajepedsy 908¢ 60500d [

1000> 900 87 1A 6 €L€  6'8/9¥S  Wse|dolAd pue uolpuUOYIONN asejepAy ajesewny LLTC ¥56.0d G
ws1jogeiaw pioe oulwy

1000> 001< 6¢ ol v6E L0V aselajsueljouiwe sulasoydsoyd 89662 L19A6D 114

1000 G610 t¢ 9l 14 €Ll 68/€LE uolpuoyaouN ase|olpAyo|aAa/aseuaboipAyap aie|ojoipAyenelausiAyiow L6L0L G66€Ld A4
sisayjuAsolq proe oulwy

1000> L0 67 e L €€ €6/CGC snajonN ¢ urajoud Buipuig-9ogy4 182t 889000 q9

1000> ooL< GL 0C 168  9'G/8'6C uolpuoyaouN uniqiyoad Ghes z€esed 9

000> 917 969 € Il €9 €98y wse|dojAg ¢ dlwse|dojAd ‘unoy 1L 192€9d Ll
CIRLSRER]

1000> L0 67 e L €L €6/CGC snajonN ¢ urajoud Buipuig-9oGy4 182t 889000 99

1000 500 ¥¢ vl € 00l E€6/LT wnnapai olwse|dopuy g aseJawos| sued}-sio |Ajoid-jApndagd 6LYS  ¥8zeed 19
(%) ssao0ud
oNeAd qs uesy  8belsnod  yojew 1d/(eay) uoneIo| Q| auag ‘oN al |eal
abueya pjo4 aouanbag apndad 91095 MIN Jejn|jaagng uoneayiuapl udlold YIHINVd uoissasoy 1odg  -Bojoig

panunuoy °| ajqeL

l.com

ics-journa

www.proteom

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Proteomics 2007, 7, 1446-1460

HLCZ SARS

HLCZ Control

=

Spot 19,21
.
‘_- - - -
- a =
., -
Spot 24,25
- - —
Spot 55
Spot 83
Spot 86, 88, 89, 91

Figure 2. Close-up comparisons of spots on 2-DE images. The
interested protein spots showing significant expression differ-
ences were enlarged. The circles indicated protein spots of total
cell extracts from mock cells (left) and 3CLpro-expressing cells
(right). The protein spot ID numbers were consistent with those
in Tables 1 and 2.

2). These selected protein spots were picked out of the
stained gel, subjected to in-gel tryptic digestion, and under-
went PMF using the NanoLC Trap Q-TOF MS (Tables 1 and
2). The representative peptide peaks from Q-TOF MS analy-
sis were detected, such as 26S protease regulatory subunit 6A
(Spot ID 21) (Fig. 3A) and apoptosis-inducing factor (Spot ID
55) (Fig. 3B), resulting in confident protein identification by
MASCOT searching. The search results indicated that 73 up-
regulated and 21 down-regulated proteins showed the best
match with a protein score of greater than or equal to 67,
considered to be significant using the MASCOT search algo-
rithm (p<<0.05) (Tables 1 and 2). The amino acid sequence
coverage of identified up-regulatory and down-regulatory
proteins varied from 9 to 85%. For example, ubiquitin-con-
jugating enzyme E2 N (Spot ID 24) had a MASCOT score of
217, sequence coverage of 52%, and eight matched peptides,
while apoptosis-inducing factor (Spot ID 55) showed a
MASCOT score of 252, sequence coverage of 18%, and eight
matched peptides. Therefore, comparative analysis of pro-
tein profiling indicated that 73 up-regulated and 21 down-
regulated proteins were identified in 3CLpro-expressing
cells.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2 Functional classification of the identified
up-regulated and down-regulated proteins

As for the implication of cellular responses to SARS CoV
3CLpro, these up-regulated and down-regulated proteins
were further categorized according to their subcellular loca-
tion, biological process and biological pathway using the
PANTHER classification system (Figs. 4 and 5, Tables 1, 2
and 3). Interestingly, up-regulated proteins in 3CLpro-
expressing cells were mainly located in the mitochondrion
(26/73, 36%) (Fig. 4A). By contrast, down-regulated proteins
were distributed within different parts of the cells (19% in
mitochondrion, 24% in cytoplasm, and 10% in nucleus)
(Fig. 4B). Biological process categorization revealed a diver-
sity of biological processes associated with the proteins
identified (Fig.5). The up-regulated proteins were respon-
sible for the five main biological processes of protein metab-
olism and modification, nucleoside, nucleotide and nucleic
acid metabolism, electron transport, pre-mRNA processing,
and immunity and defense (Fig. 5, Table 1). Comparison of
the sub-categories of protein metabolism and modification
showed significant differences between the biological pro-
cess of up-regulated and down-regulated proteins (Fig. 5).
The biological processes of proteolysis and protein mod-
ification were significantly up-regulated, but the biological
processes of the protein biosynthesis and protein complex
assembly were down-regulated in 3CLpro-expressing cells.
Furthermore, 26S protease regulatory subunit 6A (Spot ID
21) and ubiquitin-conjugating enzyme E2 N (Spot ID 24),
which is up-regulated in the biological processes of proteo-
lysis and protein modification that are key to the ubiquitin
proteasome pathway (Table 3). According to the biological
pathway categorization, up-regulated proteins are associated
with 11 signaling pathways, including de novo purine bio-
synthesis, ubiquitin proteasome, ATP synthesis, and apop-
tosis signaling pathways (Table 3). Identified down-reg-
ulatory proteins in 3CLpro-expressing cells were involved in
five signaling pathways, including de novo purine biosynthe-
sis, apoptosis signaling, and mRNA splicing pathways
(Table 3). Interestingly, analysis of apoptosis signaling path-
way revealed that the mitochondrial apoptogenic apoptosis-
inducing factor (Spot ID 55) was up-regulated and anti-
apoptogenic heat shock cognate 71-kDa protein (HSP70)
(Spot ID 83) was down-regulated in 3CLpro-expressing cells
(Table 3). This finding suggested that expression of SARS
CoV 3CLpro resulted in activation of the apoptosis signaling
pathway.

3.3 Expression increases of 26S protease regulatory
subunit 6A and apoptosis-inducing factor

To confirm the expression levels of these identified proteins,
Western blotting analysis of cell lysates from mock cells and
SARS-CoV 3CLpro-expressing cells was carried out, in which
beta-actin was used as an internal control (Fig. 6). After nor-
malization with beta-actin, densitometric analysis of immuno-

www.proteomics-journal.com
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reactive bands revealed that 26S protease regulatory subunit
6A and apoptosis-inducing factor were significantly
increased 3- and 1.5-fold, respectively, in 3CLpro-expressing
cells. The results were consistent with proteomic analyses of
silver-stained 2-DE gels as shown in Fig. 1.

3.4 Subcellular localization of apoptosis-inducing
factor and cytochrome ¢

To further investigate the role of mitochondria in SARS
3CLpro-induced apoptosis, confocal imaging analysis was
applied to determine subcellular localization of apoptosis-
inducing factor (Fig. 7). HL-CZ cells were transiently co-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

factor.

transfected with pcDNA3.1 or p3CLpro plus a mitochondrial
localization vector pDsRed-Mito. After immunofluorescent
staining, apoptosis-inducing factor labeled with FITC-con-
jugated secondary antibodies showed green fluoresce,
whereas mitochondria were targeted by red fluorescent pro-
teins (Fig. 7A). Confocal imaging of the stained cells revealed
that the release of apoptosis-inducing factor from mitochon-
dria was found in the SARS CoV 3CLpro-expressing cells
(Fig. 7A, right), but not in mock cells (Fig. 7A, left). In addi-
tion, cytochrome c, the other mitochondrial pro-apoptotic
protein, was also found to be released from mitochondria to
cytosol in 3CLpro-expressing cells (Fig. 7B). The results
indicated that SARS CoV 3CLpro induced mitochondria

www.proteomics-journal.com
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Figure 4. Subcellular localiza-
tion of up-regulated (A) and
down-regulated (B) proteins
identified in 3CLpro-expressing
cells. Subcellular localization of
4 the identified proteins was clas-
5% sified using the Swiss-Prot.

alternations in release of apoptosis-inducing factor and cyto-
chrome c, therefore responsible for activation of upstream
caspase-9 and downstream caspase-3.

4 Discussion

In this study, 73 up-regulated and 21 down-regulated pro-
teins in 3CLpro-expressing cells were identified using the
combined analysis of 2-DE and Q-TOF MS (Figs. 1 and 2,
Tables 1 and 2). Of the up-regulated proteins identified, 36%
(26/73) were mitochondrial proteins that are associated with
many biological processes, particularly in electron transport,
ATP synthesis, carbohydrate metabolism and apoptosis
(Fig. 4A, Table 1). By contrast, only 19% of down-regulated
proteins were located within mitochondrion (Fig. 4B). Up-

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

regulation of activation of the mitochondrial electron trans-
port system coupled with ATP synthesis was identified in
SARS 3CLpro-expressing cells (Fig. 5, Tables 1 and 3), in
which ATP synthase (Spot ID 19) and cytochrome c oxidase
were also in involved in the control of mitochondrial mem-
brane potential A¥m and formation of reactive oxygen spe-
cies (ROS) [31]. This finding could be associated with gen-
eration of ROS in 3CLpro-expressing cells as described in our
previous report [16].

Protein metabolism and modification was the major
biological process for up-regulated and down-regulated pro-
teins in 3CLpro-expressing cells (Fig. 5). However, analysis
of the biological process indicated that proteolysis and pro-
tein modification were significantly up-regulated, but pro-
tein biosynthesis and protein complex assembly were down-
regulated in 3CLpro-expressing cells. Significant increases of

www.proteomics-journal.com
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Figure 5. Comparison of biological processes associated with up-regulated
compared with mock cells. Biological bioprocesses associated with up- and down-regulated proteins were classified using Panther Clas-
sification system (http://www.pantherdb.org/). Percent of biological process was calculated as the number of identified proteins in the
indicated biological process/the number of the total identified proteins x 100.

and down-regulated proteins in 3CLpro-expressing cells

Table 3. Comparison of biological pathways associated with up-regulated and down-regulated proteins in 3CLpro-expressing cells. Bio-
logical pathways associated with proteins identified were classified using Panther Classification system

Up-regulated proteins

Down-regulated proteins

Pathways Protein identification

Spot ID

Pathways

Spot ID

Protein identification

De novo purine biosynthesis

25 Nucleoside diphosphate kinase A
40 Adenylate kinase isoenzyme 2
64 GTP:AMP phosphotransferase mitochondrial

Apoptosis signaling
55 Apoptosis-inducing factor
Ubiquitin proteasome

21 26S protease regulatory subunit 6A
24 Ubiquitin-conjugating enzyme E2 N
ATP synthesis

19 ATP synthase beta chain

Glutamine glutamate conversion
36 Glutamate dehydrogenase 1

Asparagine and aspartate biosynthesis

72 Aspartate aminotransferase

TCA cycle

45 Fumarate hydratase

Glycolysis

69 Phosphoglycerate kinase 1

62 Histone deacetylase complex subunit SAP18

Toll receptor signaling pathway

24 Ubiquitin-conjugating enzyme E2 N
Cytoskeletal regulation by Rho GTPase
56 Profilin-1

De novo purine biosynthesis

89

Bifunctional purine biosynthesis protein PURH

Apoptosis signaling

83 Heat shock cognate 71 kDa protein
Phenylethylamine degradation

86 Aldehyde dehydrogenase

91 Retinal dehydrogenase 1

mRNA splicing

88 Pre-mRNA-splicing factor 19
5-Hydroxyptamine degradation

86 Aldehyde dehydrogenase

91 Retinal dehydrogenase 1

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the 26S protease regulatory subunit 6A (Spot ID 21) and
ubiquitin-conjugating enzyme E2 N (Spot ID 24), which is
involved in the ubiquitin proteasome pathway was demon-
strated by sliver staining of 2-DE gels and Western blotting
(Figs. 1, 2 and 6). Interestingly, up-regulation of proteasome
subunits was also found in SARS CoV-infected Vero E6 cells
and hepatitis virus B (HBV) HBx-expressing mice [20, 22].
The ubiquitin-proteasome pathway plays a central role in
several cellular processes including antigen processing,
apoptosis, cell cycle, inflammation, and response to stress
[32], and is involved in the replication of several viruses, such
as mouse hepatitis virus (murine coronavirus) [33, 34],
adenovirus [35], hepatitis C virus [36], and human immuno-
deficiency virus [37]. Therefore, up-regulation of the ubiqui-
tin-proteasome pathway induced by SARS-CoV 3CLpro pro-
tein might be involved in the SARS pathogenesis.

Five kinds (C1/C2, A/B, DO, A2/B1 and M) of hetero-
geneous nuclear ribonucleoproteins (hnRNP) were identi-
fied as being significantly up-regulated in SARS-CoV
3CLpro-expressing cells (Fig. 1, Table 1), and responsible for
transcription, pre-mRNA processing, mRNA splicing, and
nucleoside, nucleotide and nucleic acid metabolism (Fig. 5
and Table 1). The finding was in agreement with the protein
profiling of SARS-CoV-infected cells in a previous report [20].
HnRNP have also been reported to be involved in the repli-
cation of mouse hepatitis virus (MHV) [38, 39]. In addition,
hnRNP A2/B1 and A/B have been demonstrated to interact
with the negative-strand MHV leader RNA and to enhance

1 2

-— 265 protease regulatory subunit 6A

\ ” ’ - Apoptosis-indueing factor

hf \-d - Beta-actin

Figure 6. Western blot analysis of 26S protease regulatory sub-
unit 6A and apoptosis-inducing factor in mock cells and 3CLpro-
expressing cells. Each lysate was analyzed by 12% SDS-PAGE,
and then electrophorectically transferred onto NC paper. The blot
was probed with monoclonal antibodies to 26S protease reg-
ulatory subunit 6A and apoptosis-inducing factor, and developed
with an alkaline phosphatase-conjugated secondary antibody
and NBT/BCIP substrates. Lane 1: mock cells; lanes 2: 3CLpro-
expressing cells.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Confocal image analysis of apoptosis-inducing factor
(A) and cytochrome ¢ (B) in mock cells and 3CLpro-expressing
cells. HL-CZ cells were transiently co-transfected with plasmid
pcDNA3.1 or pSARS-CoV 3CLpro plus a mitochondrial localiza-
tion vector pDsRed-Mito (enhanced red fluorescent protein).
After immunofluorescent staining, apoptosis-inducing factor and
cytochrome ¢ were probed by FITC—-conjugated secondary anti-
bodies. Confocal image analysis of the cells was performed using
Leica TCS SP2 AOBS laser-scanning microscopy.
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MHYV RNA synthesis [40]. Therefore, the SARS-CoV 3CLpro
that induced a significant increase in hnRNP expression
could play an important role in coronavirus infection.

Interestingly, analysis of the apoptosis signaling path-
way revealed that the mitochondrial apoptogenic apoptosis-
inducing factor (Spot ID 55) was up-regulated and anti-
apoptogenic heat shock cognate 71-kDa protein (HSP70)
(Spot ID 83) was down-regulated in 3CLpro-expressing
cells (Figs. 1, 2 and 6, Tables 1, 2 and 3). Apoptosis-indu-
cing factor (Spot ID 55) was also released from the mito-
chondria of 3CLpro-expressing cells (Fig. 7A). Release of
apoptosis-inducing factor from mitochondria results in a
caspase-independent pathway of programmed cell death
[41, 42]. Moreover, the other mitochondrial apoptogenic
protein cytochrome c has been demonstrated to be released
from mitochondria (Fig. 7B). Since the activation of cas-
pase-3 and caspase-9 has been demonstrated previously to
be involved in 3CLpro-inducing apoptosis [16], release of
apoptosis-inducing factor and cytochrome ¢ in the cytosol
ise suggested to interact with apoptotic protease-activating
factor 1 (Apaf-1) and dATP/ATP to activate apoptosome-
mediated caspase-9 and process downstream effector cas-
pases such as caspase-3. Therefore, the results reveal that
SARS CoV 3CLpro induces mitochondrial-mediated apop-
tosis.

In conclusion, proteomic analysis of cellular responses
to SARS CoV 3CLpro demonstrated that SARS CoV
3CLpro up-regulates the main biological process of protein
metabolism and modification, particularly in the ubiquitin
proteasome pathway. Moreover, the results showed that
SARS CoV 3CLpro induces mitochondrial alternation in
apoptosis signaling, electron transport and ATP synthesis.
The study provides system-level insights into the interac-
tion of SARS CoV 3CLpro with host cells, and is helpful
for elucidating the molecular basis of SARS CoV patho-
genesis.
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