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Abstract

Background: Despite the successful eradication of smallpox by the WHO-led vaccination programme, pox virus
infections remain a considerable health threat. The possible use of smallpox as a bioterrorism agent as well as the
continuous occurrence of zoonotic pox virus infections document the relevance to deepen the understanding for
virus host interactions. Since the permissiveness of pox infections is independent of hosts surface receptors, but
correlates with the ability of the virus to infiltrate the antiviral host response, it directly depends on the hosts
proteome set. In this report the proteome of HEK293 cells infected with Vaccinia Virus strain IHD-W was analyzed
by 2-dimensional gel electrophoresis and MALDI-PSD-TOF MS in a bottom-up approach.

Results: The cellular and viral proteomes of VACV IHD-W infected HEK293 cells, UV-inactivated VACV IHD-W-treated
as well as non-infected cells were compared. Derivatization of peptides with 4-sulfophenyl isothiocyanate (SPITC)
carried out on ZipTipμ-C18 columns enabled protein identification via the peptides’ primary sequence, providing
improved s/n ratios as well as signal intensities of the PSD spectra. The expression of more than 24 human
proteins was modulated by the viral infection. Effects of UV-inactivated and infectious viruses on the hosts’
proteome concerning energy metabolism and proteins associated with gene expression and protein-biosynthesis
were quite similar. These effects might therefore be attributed to virus entry and virion proteins. However, the
modulation of proteins involved in apoptosis was clearly correlated to infectious viruses.

Conclusions: The proteome analysis of infected cells provides insight into apoptosis modulation, regulation of
cellular gene expression and the regulation of energy metabolism. The confidence of protein identifications was
clearly improved by the peptides’ derivatization with SPITC on a solid phase support. Some of the identified
proteins have not been described in the context of poxvirus infections before and need to be further characterised
to identify their meaning for apoptosis modulation and pathogenesis.
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Background
Despite remarkable progress in the control and treat-
ment of infectious diseases, the problem of emerging
and re-emerging pathogens is likely to be one of the
main issues of medical science and public health in the
twenty-first century [1]. In this respect viral diseases are
of particular concern, because advances in the field of
antiviral drugs have lagged behind those regarding bac-
tericidal drugs and antibiotics. It was shown by the
emergence of the severe acute respiratory syndrome
(SARS) that new members of neglected virus families
can cross into humans from unsuspected reservoirs,
making rapid advances in our understanding of virus-
host dynamics necessary [2]. In this regard poxviruses
are of particular importance. Despite the success of the
WHO-led smallpox eradication programme, other
related human-pathogenic poxviruses remain a consider-
able threat. In particular, the 2003 outbreak of human
monkeypox virus in the United States of America
pointed out the imminence posed by zoonotic pox
infections originating from animal-borne viruses [3].
Moreover, an increasing number of human cowpox
virus infections, especially affecting younger people lack-
ing smallpox vaccination, have been reported in Europe
in recent years [4]. In addition to the threat of zoonoses,
the relevance of a deeper understanding of the interac-
tions of poxviruses with their host cells is pointed out
by considering the classification of smallpox as a cate-
gory A bioterrorism agent by the Centers for Disease
Control and Prevention (CDC), especially since no
acceptable treatment is available and the immunity in
the population is declining [5].
In contrast to many other viruses, the ability of pox-

viruses to productively infect a given cell is not deter-
mined at the level of specific host receptors, but is
regulated downstream of virus adsorption to the cell
surface and virus entry by intracellular processes which
for the most part are unexplored [6-10]. Since the per-
missiveness of orthopoxviruses is therefore dependent
on the hosts proteome set, the identification of cellular
proteins affected by the protein products of the so-called
viral host-range genes with proteomic approaches will
be a starting point for further functional protein analy-
sis. The characterization of the Vaccinia Virus (VACV)
virions’ proteome has enlightened the protein equip-
ment of the virus at the entry stage of infection [11].
Furthermore, virus-host dynamics have been analysed by
yeast two-hybrid (Y2H) studies to identify interaction
partners [12]. No closer look at the dynamic changes of
the human proteome during a VACV infection has been
taken yet on a global scale.
In this report an infection of human embryonic kidney

(HEK) 293 cells with well-studied VACV was chosen as

a model system. Uninfected HEK 293 cells serve as a
control, while VACV-infected HEK 293 cells inactivated
with UV enable the study of the influence of the virions’
proteins on the cellular proteome. The investigation of
infection effects on the expression of the cellular pro-
teome was carried out in the late phase of virus replica-
tion. An offline-coupling of two-dimensional sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Matrix Assisted Laser Desorption/Ionisation
Time of Flight Mass Spectrometry (MALDI-ToF MS)
was used in a bottom-up approach. In-gel trypsinated
proteins from relevant spots of the 2-D gels are unam-
biguously identified via Mascot database search of the
peptide mass fingerprint (PMF) recorded in positive ion
reflectron mode of the MALDI-ToF MS. Identification
rate was improved by obtaining additional sequence
data of selected peptides in post source decay (PSD)
mode, whereas a considerably advanced data quality was
achieved by N-terminally derivatising the peptides on a
ZipTipμ-C18 solid phase support with 4-Sulfophenyl
isothiocyanate (SPITC) prior to MS measurement.

Results
PSD spectra of SPITC derivatized peptides improve
protein identification efficiency
Improved protein identification by combined Mascot
search of PMF and PSD spectra is shown exemplarily in
Figure 1 for the spot C-5, human prohibitin (PHB).
Database search of the underivatised PMF has not led to
unambiguous protein identification. The best hits held
protein scores between 55 and 57 at a threshold value
for significance of 64. Among these, prohibitin is ranked
third with a score of 56.
After SPITC derivatization, the ten most intensive m/z

values of the derivatised PMF were selected by an ion
gate for PSD fragmentation. The amino acid sequence
of selected peptides can be distinguished considering the
series of y-fragments. For the peptide of m/z 1365.0 the
sequence FDAGELITQR (Figure 1c), for the peptide of
m/z 1401.1 the sequence DLQNVNITLR (data not
shown) and for the peptide of m/z 1160.3 the sequence
IFTSI[GE]DYDER (data not shown) was confirmed.
Sequencing enables the mapping of a peptide to a cer-

tain protein within the confidence interval of its m/z
value and increases its Mascot score. If the sequenced
peptides do not represent homologue sections in the
human proteome even one peptide sequence can be sig-
nificant. In case of prohibitin each of the three peptides
alone was sufficient for unambiguous protein identifica-
tion. The combined search of PMF and PSD spectra of
SPITC-derivatised peptides identifies spot C-5 as being
human PHB with a Mascot Ion Score of 237 at a thresh-
old for significance of 34.
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Enhanced sensitivity of SPITC derivatization on solid
phase support
The peptide mass fingerprint of tryptic digested protein
standard serum albumin (bovine) before and after
SPITC derivatization is shown in Figure 2. The intensity
is normalised on m/z value of 1479.9 of underivatised
PMF spectra. The SPITC derivatization introduces a
mass shift of 215 Da to the peptides and has strongly
decreased their intensities. Many peptides could no
longer be detected after derivatization, which negatively
affects the sensitivity of protein identification. The

underivatised protein standard was unambiguously iden-
tified with a MascotScore of 129 and a significant
threshold of 61, but could no longer be identified from
the PMF after SPITC derivatization.
The influence of the N-terminal sulfonation on the

quality of PSD spectra is shown exemplarily in Figure 2c
and 2d for the m/z value of 1480.4 of 10 pmol tryptic
digested BSA. The intensity is normalised on the

Figure 1 MALDI-ToF MS spectra of prohibitin. The peptide mass
fingerprint of prohibitin is shown before (a) and after (b) solid phase
supported SPITC derivatisation as well as the PSD spectrum of the
m/z value 1364.6 along with the corresponding y-series
representing the primary sequence (c).

Figure 2 MALDI-ToF MS spectra of serum albumin (bos taurus).
The pmf is faced before (a) and after (b) solid phase supported
SPITC derivatization. The PSD spectra of m/z 1480,4 are shown
before (c) and after (d) the derivatization along with the y-series.
The pmfs of solid phase supported (e) and in solution (f)
derivatization are opposed with the s/n ratios of identified peptides
and the overall signal intensity charted.
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precursor ion of the underivatised PSD spectra. Despite
the reduction of the precursor ions’ intensity of 95%, the
signal to noise (s/n) ratio of the peaks in the PSD spec-
tra as well as the frequency of fragmentation were
clearly increased by the N-terminal sulfonation. The
improved coverage of the precursor ion y-series raised
the Mascot Ion Score of the peptide with the mass of
1480.4 Da from 10 to 88.
The sulfonation of primary amines was done in aqu-

eous solution at slightly alkaline pH value (pH = 8.6).
Purification of peptides was carried out with ZipTipμ-
C18 columns according to the principle of reversed
phase chromatography. Generally, SPITC derivatization
of peptides can be performed in solution prior to column
binding as well as solid phase supported. Both sulfona-
tion methods were modified compared to the literature
with respect to signal intensity in order to enable protein
identification with maximum sensitivity 15-16. Exempla-
rily, the resulting PMF spectra for in-solution trypsinated
BSA has been compared with the solid phase supported
approach concerning signal intensity, which is shown in
Figure 2e/f. The signal to noise ratios (s/n) of m/z values
used for identification were about 2 to 4 times higher for
peptides derivatised on solid phase support than for the
ones sulfonated in solution. The overall signal of PMF
spectra in the mass range between 1000 and 2500 m/z is
about 7 times larger for the standard derivatised on C18
columns. The improved s/n ratio and the increased signal
intensity of the solid phase supported approach in PSD
mode enlarges the coverage of the precursor ions’ y-ser-
ies and simplifies the automation of peak picking. The
Mascot Score of the database search of ten accumulated
PSD spectra was 176 for the solid phase supported
approach and 139 for in solution sulfonation at a thresh-
old value for significance of 33.

Comparative Proteome Analysis of VACV IHD-W infected
HEK293 cells
The comparative Proteome Analysis of infectious and
UV-inactivated VACV IHD-W-infected HEK293 cells
with non-infected control cells led to the identification of
24 modulated human proteins as well as 3 viral proteins.
The proteins were identified via offline-coupling of 2D-
SDS-PAGE (Figure 3) in the pI range of 4-9 and the mass
range of 10-250 kDa with MALDI-PSD ToF MS and are
classified according to their physiological role in the
dynamic proteome. The five protein classes are proteins
relevant for energy metabolism (A), proteins associated
with gene expression and protein biosynthesis (B), pro-
teins relevant for apoptosis (C), viral proteins (D) and
other proteins (E). Proteins of the same class are num-
bered consecutively. The positions of the proteins identi-
fied in the 2DE gel are shown in different apertures in
Figure 3. The molecular weight and pI values of these

proteins are compared with the theoretical values in the
SwissProt database (table 1). The entire protein denota-
tions are listed in table 2.

Discussion
Protein identification via MALDI-PSD-ToF MS spectra of
on solid phase support SPITC derivatized peptides
The recording of PSD spectra from m/z values of peptide
mass fingerprints provides information about the peptides’
primary structure and enables the unambiguous identifica-
tion of proteins from few peptides with significant Mascot
ion scores by an analysis of fragmentation patterns. The
difficulties of protein identification with MALDI-PSD-ToF
MS spectra are low s/n ratios of fragments, incomplete
sequence coverage and complex fragmentation patterns
as a cause of random charge stabilisation. The protonation
of peptides during the MALDI process is mediated by
carboxyl groups of the matrix and mainly stabilised at
primary amine groups of the N-termini and the Lysine
residues. The stabilised charge induces different fragmen-
tations of the same ion. The derivatization of peptides
with SPITC binds a negatively charged sulfonic acid to the
peptides’ N-terminus [13]. This negative charge neutralises
the protonation of C-terminal fragments which are no
longer detectable in mass spectrometry. Primarily, the
PSD spectra of SPITC-derivatised peptides show frag-
ments of the y-series, whose appearance among the
N-terminal fragments is promoted by the large electron
density around the peptide bond. The derivatization with
SPITC enables the detection of complete y-series with
good s/n ratios and offers the elucidation of the peptides’
primary sequence. The unambiguous mapping of peptides
with completely known primary sequences to proteins
registered in databases is remarkably simplified and is
expressed in increased Mascot scores [14]. However,
the application of SPITC derivatization for protein identifi-
cation from complex mixtures is limited by the reduction
of the peptides’ signal intensities following N-terminal
sulfonation. This degradation of sensitivity could be
decreased by an optimization of the reaction conditions.
For increased sensitivity the N-terminal sulfonation of
peptides bound on C18 solid phase support is preferable
compared to an in solution approach since signal intensity
is increased and quality of PSD spectra is raised.

Comparative Proteome Analysis of VACV IHD-W infected
HEK293 cells
The comparison of the proteome analysis of VACV IHD-
W-infected HEK293 cells with non-infected control cells
9 h post infection has enabled the identification of
24 human proteins, whose expression has been regulated
by infection, as well as of 3 viral proteins. Since the gen-
ome of VACV IHD-W is not available, the identification
of viral proteins occurred via sequence homologies of the
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VACV strains Western Reserve and Copenhagen. After-
wards peptide sequences were derived from spectra of 13
spots representing proteins regulated in their expression,
whose database search gained no result. Single-base

substitutions among different VACV strains, which led to
amino acid replacement, might have resulted in different
peptide mass fingerprints. PSD spectra are in correlation
to the confidence interval of the m/z values of the

Figure 3 Identified protein spots in 2D gels. The spots of identified proteins are shown in the 2D gels of the negative control, HEK293 cells
infected with VACV IHD-W and HEK293 incubated with UV inactivated VACV IHD-W concerning their classification. (+ identified, - not identified)
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precursor ion. Therefore, protein identification via Mas-
cot Search is disabled by mass shifts of precursor ions
resulting from an amino acid replacement. De novo
sequencing of viral proteins could not be assured because
of the polyproteonality of 2D-gel spots. The unambigu-
ously identified differences in the expression profile of
HEK 293 cells resulting from VACV IHD-W infection
are discussed in the following sections.

Proteins relevant for energy metabolism
The infection of HEK293 cells with active and inacti-
vated Vaccinia Virus IHD-W significantly affects the
cells’ energy metabolism. The expression of fructose-
bisphosphate aldolase A (A-1), which acts as a central
enzyme in the glycolysis by catalysing the retro-aldol
cleavage of fructose-1,6-bisphosphate into dihydroxyace-
tone phosphate and glycerinaldehyde, is increased by
both types of infection [15]. Also the enhanced expres-
sion of the enzyme malate dehydrogenase (A-2) is

directly associated with a boost in the energy metabo-
lism, which serves the viruses’ need for energy for DNA
replication. This enzyme is an integral part of the citric
acid cycle by catalysing the oxidation of malate to fuma-
rate [16]. The resulting reduction equivalent NADH/H+

transfers electrons to the electron transport chain which
builds up a proton gradient at the inner mitochondrial
membrane, resulting in ATP-synthesis catalysed by the
H+-transporting two-sector ATPase (A-3, A-4) [17]. A
modification of the a-chain precursor of the H+-trans-
porting two-sector ATPase (A-3, A-4), resulting in spot
migration, is triggered by both types of infection and
has been detected as well as an overexpression of the
mtDNA stabilising ATPase family AAA domain contain-
ing 3A (A-6) protein, whose existence has just been evi-
denced at transcript level [18]. Another energy
metabolism-related protein whose expression is up-regu-
lated by the VACV IHD-W infection is the bsubunit of
the electron transfer flavoprotein (A-5) which acts as a

Table 1 Molecular masses and pI values of identified proteins

SpotID Swiss Prot Accession # Mascot Score #
peptides (PSD)

Sequence
coverage [%]

theor. MW [kDa] MW [kDa] Δ MW [kDa] theor. pI pI ΔpI

A-1 P04075 45(35) 2 7 40 41 -1 8.3 7.5 0.8

A-2 Q6FHZ0 179(36) 2 8 36 34 2 8.9 7.6 1.3

A-3 P25705 132(35) 3 6 60 50 10 9.2 6.3 2.9

A-4 P25705 94(35) 3 5 60 49 11 9.2 5.8 3.4

A-5 P38117 86(36) 2 9 28 26 2 8.3 6.5 1.8

A-6 Q5SV24 117(35) 3 5 65 63 2 9.5 7.4 2.1

B-1 P41091 71(20) 1 2 52 52 0 8.7 6.4 2.3

B-2 P41091 44(35) 1 2 52 50 2 8.7 7.5 1.2

B-3 Q15056 95(39) 1 5 27 26 1 6.9 6.0 0.9

B-4 HCC1 57(36) 1 6 24 31 -7 6.1 6.1 0.0

B-5 P22626 259(35) 3 10 38 35 3 9.0 7.3 1.7

B-6 Q9NU36 48(33) 1 4 29 27 2 9.1 7.2 1.9

B-7 HNRPM 121(36) 4 6 78 66 12 8.9 6.8 2.1

B-8 Q96AE4 140(36) 3 5 68 73 -5 7.2 5.9 1.3

B-9 Q96FE8 37(34) 1 2 69 98 -29 9.4 5.6 3.8

B-10 O60925 75(36) 1 9 14 14 0 6.3 5.9 0.4

C-1 P63244 282(36) 4 13 36 31 5 7.6 6.1 1.5

C-2 Q4G1B8 117(42) 1 6 24 25 -1 8.6 6.4 2.2

C-3 1BD9A 71(36) 2 7 21 20 1 7.2 6.3 0.9

C-4 1BD9A 55(36) 1 7 21 21 0 7.2 6.4 0.8

C-5 Q6FHP5 237(34) 3 11 30 29 1 5.6 5.5 0.1

C-6 Q6FHP5 176(35) 3 11 30 28 2 5.6 5.5 0.1

C-7 Q5EU94 95(41) 1 4 33 37 -4 4.7 6.9 -2.2

D-1 Q4PL71 173(37) 2 11 22 24 -2 5.4 5.3 0.1

D-2 P20535 84(38) 2 15 13 14 -1 5.3 5.4 -0.1

D-3 P20642 66(38) 1 9 23 25 -3 5.5 6.3 -0.8

E-1 P32119 31(28) 1 5 22 21 1 5.7 5.5 0.2

E-2 P37802 158(35) 3 17 23 21 2 8.5 5.9 2.6

E-3 Q4TT31 37(35) 1 6 19 17 2 8.7 6.8 1.9

E-4 1AWIA 92(36) 1 10 15 14 1 8.5 6.7 1.8
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specific electron acceptor for several dehydrogenases, e.
g. malate dehydrogenase (A-2), and transfers them to
the respiratory chain [19].
All changes detected in the human proteome profile

caused by the infection which are related to energy
metabolism indicate an enhancement of the metabolic
rate of the glycolysis as well as of the oxidative phos-
phorylation in order to fulfil the viruses’ energy need for
replication.

Proteins associated with gene expression and protein
biosynthesis
The expression of the eukaryotic translation initiation
factor 4H (eIF-4H) (B-3) is up-regulated by infectious
and inactivated VACV IHD-W. The protein eIF-4H sti-
mulates protein biosynthesis, ATP hydrolysis and heli-
case activity of eIF-4A. Enzymatic investigations show
that the affinity of eIF4A to RNA is increased two-fold
and helicase activity four-fold by an interaction with

Full names of identified proteins Full names of identified proteins

SpotID NC UV VACV Accession # Protein

A-1 - + + P04075 Fructose-bisphosphate Aldolase A

A-2 - + + Q6FHZ0 Malate dehydrogenase 2

A-3 - + + P25705 H+-transporting two-sector ATPase
alpha chain precursor

A-4 + - - P25705 H+-transporting two-sector ATPase
alpha chain precursor

A-5 - + + P38117 Electron transfer flavoprotein subunit
beta (Beta-ETF)

A-6 - + + Q5SV24 ATPase family, AAA domain containing 3A

B-1 + - - P41091 Translation initiation factor eIF-2
gamma chain

B-2 - + + P41091 Translation initiation factor eIF-2
gamma chain

B-3 - + + Q15056 Eukaryotic translation initiation factor 4H (eIF-4H)

B-4 - + + HCC1 Nuclear protein Hcc-1
(CIP29)

B-5 - + + P22626 Heterogeneous nuclear ribonucleoprotein B1

B-6 - + + Q9NU36 Novel protein similar to small nuclear ribonucleoprotein polypeptide A

B-7 - + + HNRPM Heterogeneous nuclear ribonucleoprotein M
(hnRNP M)

B-8 - + + Q96AE4 Far upstream element-binding protein 1
(FUSE-binding protein 1)

B-9 + - - Q96FE8 Ewing sarcoma breakpoint region 1,
isoform EWS (EWSR1 protein)

B-10 - + - O60925 Prefoldin subunit 1

C-1 + - - P63244 Guanine nucleotide binding protein

C-2 + - - Q4G1B8 PSMA8 protein

C-3 + - - 1BD9A Phosphatidylethanolamine binding protein, chain A

C-4 - + + 1BD9A Phosphatidylethanolamine binding protein, chain A

C-5 + + - Q6FHP5 Prohibitin

C-6 + + - Q6FHP5 Prohibitin

C-7 + + - Q5EU94 Nucleophosmin

D-1 - - + Q4PL71 Putative double-stranded RNA binding protein - vaccinia virus

D-2 - - + P20535 14K cell fusion protein - vaccinia virus

D-3 - + + P20642 major core protein P4a - 23kDa - vaccinia virus

E-1 - + + P32119 Peroxiredoxin-2
(Natural killer cell-enhancing factor B)

E-2 + + - P37802 Transgelin-2 (SM22-alpha homologue)

E-3 - + + Q4TT31 Sorting nexin 3

E-4 - + + 1AWIA Profilin, chain A

NC = negative control,

UV = UV inactivated VACV IHD-W infected HEK293,

VACV = VACV IHD-W infected HEK293

+ identified, - not identified
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eIF-4H [20]. The regulation of eIF-4H may contribute to
an enhancement in protein biosynthesis which is
required by the virus’ need for protein expression.
Further on an increased expression of nuclear protein

Hcc-1 (CIP29) (B-4) is denoted in both types of infected
HEK293 cells. This protein possesses a binding domain
for ss and dsDNA and is postulated to be part of the ribo-
nuclein complex. Interactions with the RNA-helicases
DDX39 and BAT 1 are verified which proves the influence
of Hcc-1 on the transcription of DNA. The overexpression
of Hcc-1 in HEK293 cells is known to decrease the cells’
growth rate [21,22].
Several members of the spliceosome, heterogeneous

nuclear ribonucleoprotein B1 (B-5), novel protein similar to
small nuclear ribonucleo-protein polypeptide A (B-6), het-
erogeneous nuclear ribonucleoprotein M (B-7), are modu-
lated in both types of VACV IHD-W-infected HEK2093
cells. This heterogeneous protein complex splices introns
of the hnRNA. Since the poxvirus genome has no introns
and splicing of mRNA is therefore obsolete, viral effectors
may control the cells’ protein biosynthesis by interfering
with the cellular hnRNA processing [23,24].
Far upstream element-binding protein 1 (FUBP1) (B-8)

stimulates the expression of transcription factor c-myc by
binding onto far upstream element (FUSE) upstream of
the c-myc promoter [25]. The protein is a known link
between the apoptosis cascade and the c-myc oncogene, it
further possesses helicase activity for dsDNA. Experiments
with transfected cells show that a high FUBP1 expression
increases the expression level of c-myc and in this way
protects the cell from apoptosis, while caspase-mediated
cleavage of FUBP1 induces apoptosis [26]. Both infectious
and inactivated VACV IHD-W enhance the expression of
FUBP1.
Ewing sarcoma breakpoint region 1 (B-9) is a multifunc-

tional protein with essential functions in gene expression,
signal transduction, and mRNA transport and processing.
Mutations in the protein-expressing gene lead to the
development of Ewing sarcomas and other tumours. The
protein expression is suppressed after an infection with
UV-inactivated as well as with active viruses [27].
Prefoldin subunit 1 (B-10) is part of a heterohexamer

chaperon (prefoldin) which binds cytosolic chaperonin
(c.CPN) and transports target proteins to the hexamer.
It is also involved in the folding of nascent peptides.
Gene deletions of prefoldin result in a dysfunction of
the actin-tubulin cytoskeleton [28]. Prefoldin subunit 1
is exclusively identified in cells infected with UV-inacti-
vated VACV.
The described alterations caused by the infection are

results of the fact that the virus is taking control of the
cells’ gene expression as well as the protein biosynthesis
and so aims for effective expression of viral proteins and
the control of the cellular response.

Proteins relevant for apoptosis
Several viruses in general and poxviruses in particular
are known to modulate the hosts’ apoptosis pathways in
order to avoid the antiviral defence mechanism at a cel-
lular level [29]. This results in an altered expression pro-
file of apoptosis-relevant genes caused by viral gene
products. During VACV transcription double-stranded
RNA (dsRNA) is synthesised, since the virus possesses
overlapping genes on both strands of its DNA. The pre-
sence of dsRNA activates the dsRNA-dependent serine/
threonine kinase (PKR) which phosphorylates the a-sub-
unit of the translation initiation factor eIF-2 which is
essential for protein biosynthesis. This phosphorylation
inhibits the translation of mRNA and thereby induces
apoptosis [30-33]. An altered modification on the g-sub-
unit of the translation initiation factor eIF-2 (B-1, B-2)
caused by the infection was detected by a spot migration
in the 2-DE gel the relevance of which has not yet been
determined in the literature. The dsRNA-dependent
PKR is usually inhibited by nucleophosmin 1 (C-7)
which is ubiquitously expressed in human cells and
translocates between nucleus and cytoplasm [34]. The
downregulation of nucleophosmin 1 (C-7), which can
not be detected in cells infected with active VACV IHD-
W, suggests that it is a cellular response to the infection
for the purpose of anti-viral defence. This immune
response is undercut by the product of the VACV E3L
gene, the putative double-stranded RNA binding protein
(D-1) which binds dsRNA and inhibits apoptosis induc-
tion by preventing PKR from phosporylating the g-subu-
nit of the translation initiation factor eIF-2 [35,36]. The
E3L gene product has been identified in HEK 293 cells
infected with active VACV IHD-W, which is in correla-
tion to proteome analysis of VACV virions that indicate
that the putative double-stranded RNA binding protein
(D-1) is not present in the virion but is expressed in the
early replication phase.
The present proteome analysis has led to the identifi-

cation of several further apoptosis-relevant proteins. The
expression of two isoforms of prohibitin (C-5, C-6) is
decreased after infection with active VACV IHD-W.
Prohibitin regulates cell division, inhibits DNA synthesis
and sensibilises cells for apoptosis by destabilising the
mitochondrial membrane [37]. Beyond that, prohibitin
enhances the transcription of p53 [38].
The infection of HEK293 cells with active and inacti-

vated VACV IHD-W inhibits the expression of the protein
Guanine nucleotide-binding protein subunit beta 2-like 1
(C-1) which is an acceptor for activated protein kinase C
(PKC). PKC is then bound to the cytoskeleton and con-
veyed to its target proteins, the MARCKS proteins. The
receptor is also engaged in the regulation of the SRC
kinase which can inhibit apoptosis by a phosphorylation of
caspase-8 [39,40].
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The reduced expression of the proteasome subunit
alpha type-7-like (C-2) can be seen as a further cellular
defence strategy. The proteasome subunit alpha type-7-
like (C-2) is part of the proteasome complex which
cleaves peptides proteolytically at the amino acids Arg,
Phe, Tyr, Leu and Glu [41]. The inhibition of the pro-
teasome in tumour cell lines induces apoptosis.
The phosphatidylethanolamine-binding protein (C-3, C-

4) is modified by an infection with active and inactivated
VACV IHD-W, which results in an altered pI value. The
protein binds to phosphatidylethanolamine which is
presented at the surface of apoptotic cells, inhibits the Raf-
kinase, prevents the activation of the MAP-Kinase-cascade
and the antiapoptotic transcription factor NF�-B [42,43].
It is to be postulated that the protein modification is asso-
ciated with an altered physiological activity.

Viral proteins
In this comparative proteome analysis the 14 kDa cell
fusion protein (D-2) is identified in HEK293 cells infected
with active VACV IHD-W. Its presence is predicted
according to Swissprot [44]. The variola homologue of
the A27L gene is known to play an import role in virus
penetration by fusing the outermost of the Golgi-derived
membranes enveloping the virus with the cells’ plasma
membrane.
As expected, the major core protein P4a (D-3) of Vac-

cinia virions is further identified in both infected cell
culture approaches [45].

Other proteins
Peroxiredoxin-2 (E-1) is an antioxidative enzyme which
reduces hydrogen- and alkyl-peroxides and supports the
antiviral activity of CD8(+) T-cells [46]. In contrast to
the negative control, protein expression is enhanced by
an infection with active and UV-inactivated viruses.
Transgelin-2 (SM22-alpha homologue) (E-2) has not

been functionally characterised yet. The protein possesses
an actin-binding domain and is overexpressed in cells
infected with both infectious and inactivated VACV
IHD-W. It seems as if human transgelin is packed into
Vaccinia virions and transferred from cell to cell for an
unknown reason [47]. It can be hypothesised that it may
serve as an anchor for the virus to move along the
cytoskeleton.
Sorting nexin 3 (E-3) has a binding domain (PX

domain) for phospholipids and transports proteins within
cells from organelles to membranes [48]. The protein
expression is enhanced after infection of HEK293 cells
with active and UV-inactivated VACV IHD-W.
Profilin (E-4) binds actin and participates in the build-up

of the cytoskeleton. As a response of extracellular signals,
high concentrations of profilin inhibit the Actin-polymeri-
zation which is enhanced by low profilin concentrations

[49]. Both types of infection increase expression of human
profilin, while VACV possesses a profilin homologue by
itself.

Conclusions
Chemical assisted fragmentation (Caf) of peptides by N-
terminally sulfonation with SPITC improves confidence in
protein identification from PSD spectra. ZipTipμ-C18 col-
umns solid phase-supported SPITC derivatization is pre-
ferable compared to an in-solution approach, since s/n
ratios as well as signal intensities are increased, and so the
sensitivity for recording high quality PSD spectra is
enhanced. Proteome analysis of VACV IHD-W-infected
HEK293 cells in the late replication phase shows the up-
regulation of the energy metabolism and alteration of gene
expression regulation. Further on the modulation of apop-
tosis which counteracts the cellular anti-viral response is
demonstrated by the regulation of several proteins from
different signalling pathways. Interestingly the effects of
UV-inactivated viruses and infectious viruses on the hosts’
proteome are quite similar. There is no difference between
the identified alterations of the energy metabolism and
just one differentially expressed protein associated with
gene expression and protein biosynthesis (B-10). Therefore
the up-regulation of the energy metabolism and alterations
in the regulation of the cellular gene expression are results
of virus entry and virions’ proteins. However, the modula-
tion of apoptosis is clearly affected by effects that correlate
with infectious viruses. The absence of nucleophosmin in
cells infected with infectious viruses, for example, may be
the response on viral dsRNA resulting from transcription
of viral DNA, as the competing apoptosis modulator puta-
tive double-stranded RNA binding protein (D-1) is not a
part of the virion.
In part, the identified proteins have not yet been

described in the context of poxvirus infections and need
to be further characterised using virological methods to
identify their meaning for apoptosis modulation and
pathogenesis.

Methods
Chemicals and equipment
All of the electrophoresis apparatus (IPGphor II, Multi-
phor II chamber Electrophorese, EPS 3500 power supply)
were purchased from Amersham Pharmacia Biotech
(Uppsala, Sweden). IPG DryStrips and Pharmalyte pH 3-
10 were obtained from GE Healthcare (Chalfont St Giles,
Great Britain). Acrylamide, bis-acrylamide, iodoacetamide
(IAA), thiourea, dithiothreitol (DTT), 3-[(3-Cholamido-
propyl)-dimethylammonio]-1-propane sulfonate (CHAPS),
a-cyano-4-hydroxycinnamic acid (CHCA), acetonitrile
(ACN), trifluoroacetic acid (TFA), 4-sulfophenyl isothio-
cyanate (SPITC), biammonium citrate, bovine serum albu-
min (BSA), sodium dodecyl sulfate (SDS), Trypsin Profile

Bartel et al. Virology Journal 2011, 8:380
http://www.virologyj.com/content/8/1/380

Page 9 of 12



IDG Kit and the ProteoSilver Plus Silver Stain Kit were
bought from Sigma-Aldrich (Taufkirchen, Germany). Tris
(hydroxymethyl) aminomethane (TRIS) and solvents used
(dichloromethane, ethanol, isopropanol) were supplied in
analytical form by Merck (Darmstadt, Germany). Dulbec-
co’s Modified Eagle Medium (DMEM) as well as foetal
bovine serum (FBS) were purchased from Gibco (Eggen-
stein, Germany). TRIzol® Reagent was purchased from
Invitrogen (Carlsbad, USA). Ultrapure water was gener-
ated by a water purification system and used throughout
for standard and sample preparation.

Cell Culture and Proteome Extraction
HEK 293 cells (ATCC-CRL-1573™) were cultured in
three 150 cm2 cell culture flasks with 25 ml culture media
(DMEM containing 5% FBS [v/v] and 4 mM L-glutamine)
up to a density of 2.3 × 107 cells/flask at 37°C and 5% CO2

in an incubator. Cells in one flask were infected with
VACV IHD-W (ATCC-VR-1441™) and in the other one
with UV-inactivated VACV IHD-W with a multiplicity of
infection (MOI) of 5. Cells in the third flask were cultured
as a negative control. 1 h post infection the infection
media (11.5 × 107 plaque forming units [PFU] in 10 ml
culture media/flask) was exchanged for fresh 25 ml culture
media. Proteomes of all three cell culture approaches were
purified 9 h post infection by use of TRIzol® Reagent
(Invitrogen) according to the manufacturer’s instructions.
Dried proteome pellets were stored at -20°C until further
use.

UV inactivation of VACV IHD-W
Virus stock solution containing 11.5 × 107 PFU was centri-
fuged for 1 h at 21,000 × g and 4°C. The virus pellet was
resuspended in 1 ml phosphate buffered saline (PBS),
transferred into a 6-well plate and inactivated by UV irra-
diation of 0.05 W/m2 in a StrataLinker 2400. Success of
inactivation was checked by immunofluorescence staining
of infected cells.

Two-Dimensional Polyacrylamide Gel Electrophoresis:
2D-SDS-PAGE
The two-dimensional polyacrylamide gel electrophoresis
with immobilised pH gradient was performed according to
the procedure by Görg et al [50]. Initially, 100 μg dried
protein was solubilised in 400 μl rehydration solution
(8 M urea, 2 M thiourea, 16 mM Chaps, 20 mM DDT,
0.5 vol.-% Pharmalyte 3-10, 10 μg bromphenol blue) and
loaded onto isoelectric focusing strips with a linear gradi-
ent (pH 3-10, L = 18 cm) for 12 h. The rehydration
occurred up to a thickness of 0.5 mm for 12 h passively
and for 2 h actively, before the isoelectric focusing was
done with the following parameters in 8 steps: S1: 100 V
14 h, S2: 100 V to 1800 V 30 min, S3: 1800 V 1 h, S4:
1800 V to 6000 V 40 min, S5: 6000 V 2 h, S6: 6000 V to

8000 V 15 min, S7: 8000 V 3 h, S8: 8000 V 5 h. For equili-
bration, the proteins were reduced for 15 min at 60°C with
solution A (10 vol.-% 0.5 M Tris-HCl, pH 6.8, 6 M urea,
30 vol.-% glycerol, 140 mM SDS, 20 mM DDT) and then
alkylated with solution B (10 vol.-% 0.5 M Tris-HCl, pH
6.8, 6 M urea, 30 vol.-% glycerol, 140 mM SDS, 240 mM
iodoacetamid, bromphenol blue) for 15 min at 25°C in the
dark. In the second dimension the proteins were separated
in a 12-%-polyacrylamide gel (250 × 200 × 1 mm3) at 4 W,
600 V and 30 mA for 14 h at 12°C in a horizontal system.
The size marker was RotiMark® 10-150 kDa (Roth, Karls-
ruhe, Germany) and a Tris-glycine buffered system
according to Laemmli (1970) was used [51]. After electro-
phoresis, the proteins were silver stained with the Proteo-
Silver Plus Silver Stain Kit (Sigma-Aldrich) according to
the manufacturer’s instructions.

Gel image analysis
Differences in the protein expression profile of the 2-D
gels were identified by use of the image analysis software
Melanie 7.0 (Swiss Institute for Bioinformatics). A quanti-
tative analysis was disclaimed since silver staining is not
an end point method. A match set was created from
scanned gel images in order to compare protein spots
across gels. The gel containing the best resolution and
most spots was chosen as the master gel. Landmark spots
were defined and manual editing of the matching proce-
dure was performed to improve the automated matching
results. Finally, the mismatched spots representing differ-
ences in protein expression were manually checked and
selected for Mass Spectrometric analysis.

In-gel trypsination
Differences in the protein expression profile of the 2-D
gels were identified by use of the image analysis software
Melanie 7.0 (Swiss Institute for Bioinformatics, Lausanne,
Switzerland, http://www.expasy.org/melanie). A quantita-
tive analysis was disclaimed since silver staining is not an
end-point method. Spots representing differences in pro-
tein expression were excised as dice with 1 mm edge
length each, which were destained with the ProteoSilver™
Plus Silver Stain Kit (Sigma-Aldrich) according to the
manufacturer’s instructions. Gel dice were then dried in a
SpeedVac after dehydration in 100 μl ACN. The dried dice
were swollen in 10 μl reaction buffer (25 mM ammonium
bicarbonate [NH4HCO3] pH 8.0) containing 500 ng tryp-
sin (Trypsin Profile IGD Kit, Sigma-Aldrich) for 15 min at
4°C, before another 40 μl reaction buffer was added. The
tryptic digest was incubated overnight at 37°C. The pro-
teolytic peptide containing supernatant was transferred
into a new reaction tube. Peptides remaining in the gel
dice were extracted by adding 20 μl 1:1 ACN/0.1%TFA for
30 min. Pooled peptides were evaporated to dryness in a
SpeedVac for further analysis.
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In-solution trypsination of serum albumin (bos taurus)
Reduction of disulfide bonds was done by addition of 2 μl
2 M dithiotreitol (DTT) to 200 μl 0.1 μg/μl BSA in 25 mM
NH4HCO3 pH 8.0 at 60°C for 30 min. Subsequently free
thiol groups were carboxyamidomethylated by adding 6 μl
1 M IAA at 25°C for 30 min in the dark. Excessive iodoa-
cetamide (IAA) was converted with 1 μl 2 M DTT at 60°C
for 15 min before the proteolytic digest was induced by
addition of 1 μg trypsin (1:20 w/w) and incubated for 16 h
at 37°C. For SPITC derivatization the desired amount of
protein was transferred to a microcentrifuge tube and eva-
porated to dryness in a SpeedVac.

N-terminal peptide derivatization with 4-sulfophenyl
isothiocyanate on ZipTipμ-C18 columns
Dried peptides were resolved in 5 μl 0.1% TFA, 0.5 μl of
which were mixed with 0.5 μl matrix (10 mg a-Cyano-4-
hydroxycinnamicacid [CHCA] in 1 ml ACN/0.1% TFA
[1:1 v/v]) on a stainless steel carrier and were air-dried.
Prior to the recording of peptide mass fingerprints, the
spots were washed with 1.5 μl 10 mM biammonium
citrate three times. The remaining peptide solution was
bound to a ZipTipμ-C18 (Millipore) pipette tip which was
wetted with 10 μl ACN/0.1% TFA (1:1 v/v) and washed
twice with 10 μl 0.1% TFA. Subsequently the ZipTipμ-C18
was loaded with 10 μl 5 mg/ml 4-Sulfophenyl isothiocya-
nate (SPITC) in 20 mM NaHCO3 pH 8.6 and incubated at
55°C for 1 h in a circulating air oven. Derivatised peptides
were washed five times with 0.1% TFA and three times
with 10 mM biammonium citrate prior to elution with
1 μl ACN/0.1% TFA (1:1 v/v) directly onto the MALDI
target. 0.5 μl matrix (10 mg CHCA in 1 ml ACN/0.1%
TFA [1:1 v/v]) was added and the spot was air-dried.

N-terminal peptide derivatization with 4-sulfophenyl
isothiocyanate in aqueous solution
Dried peptides were resolved in 10 μl derivatization solu-
tion (10 mg/ml 4-Sulfophenyl isothiocyanate [SPITC] in
20 mM NaHCO3 pH 8.6) and incubated at 60°C for
30 min. Purification, elution and co-crystallization of deri-
vatised peptides was done by use of ZipTipμ-C18 (Milli-
pore) pipette tips as described above.

MALDI-ToF curved field reflectron (CFR)
The mass spectrometric investigations have been carried
out using an AXIMA-CFRPLUS (Kratos Analytical, Man-
chester, UK). Peptide mass fingerprints were recorded in
positive ion reflectron mode with a setting of the laser
intensity of 2.2 μJ and a maximum laser-repetition rate of
5.0 Hz at a pulse extraction of 1500 m/z (Delay-time).
Each recorded spectrum was the sum range of 200 pro-
files, accumulated from five laser shots. Ten m/z values
greater than 1200 were automatically selected with des-
cending intensity by the Launchpad Software (Kratos

Analytical) for post source decay (PSD) measurement. 100
profiles accumulated from ten laser shots were accumu-
lated for one PSD spectrum which was recorded in posi-
tive ion reflectron mode with a laser intensity of 4.0 μJ and
a maximal laser-repetition rate of 5.0 Hz at a pulse extrac-
tion of 1500 m/z (delay-time). An external 5-points cali-
bration was performed by using appropriate peptide
standard (calibration Mix [Proteomix] 500-3500 Da
[LaserBio Labs]) prior to each measurement. A combined
data file of m/z values of the PMF and PSD spectra was
sent to the ExPAsy Server (Swiss Institute for Bioinfor-
matics) and synchronised with the SwissProt database for
protein identification. Peaks from the raw data were
picked using MascotDistiller (Matrix Science, Boston,
USA) with a minimal signal/noise of 3 and a peak width of
0.3 m/z values were annotated with a mass tolerance of
+/-0.3 Da in MS1 and +/-0.7 Da in PSD mode. Carbami-
domethylated cystein residues and SPITC derivatised
N-termini were set as fixed modifications, oxidised
methionine residues as a variable modification.
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