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A quantitative proteome study using the stable isotope labeling with amino acids in cell culture technique
was performed on bovine kidney cells after infection with the alphaherpesvirus pseudorabies virus (PrV), the
etiological agent of Aujeszky’s disease. To enhance yields of proteins to be identified, raw extracts were
fractionated by affinity solid-phase extraction with a combination of a cibacron blue F3G-A and a heparin
matrix and with a phosphoprotein-specific matrix. After two-dimensional gel electrophoresis in different pH
ranges between pH 3 and pH 10, 2,600 proteins representing 565 genes were identified by mass spectrometry
and screened for virus-induced changes in relative protein levels. Four hours after infection, significant
quantitative variations were found for constituents of the nuclear lamina, representatives of the heterogeneous
nuclear ribonucleoproteins, proteins involved in membrane trafficking and intracellular transport, a ribosomal
protein, and heat shock protein 27. Several proteins were present in multiple charge variants that were
differentially affected by infection with PrV. As a common pattern for all these proteins, a mass shift in favor
of the more acidic isoforms was observed, suggesting the involvement of viral or cellular kinases.

Herpesviral genes are generally expressed in three kinetic
classes (18, 19), which are regulated sequentially by a number
of positive and negative feedback mechanisms exerted by virus-
encoded proteins. However, herpesvirus infection also influ-
ences the expression of cellular genes, e.g., by host cell shutoff
mechanisms that target the integrity of cellular mRNA and
thus block the synthesis of cellular proteins. Herpes simplex
virus type 1 (HSV-1), the prototypical alphaherpesvirus, ex-
presses two shutoff proteins, ICP27 and pUL41. Whereas
ICP27 interferes with mRNA splicing (16, 17), pUL41 de-
grades mRNA by virtue of its endoribonucleolytic activity (10,
29, 54), with specificity for mRNAs containing AU-rich ele-
ments (11). Homologs of both proteins are also present in
pseudorabies virus (PrV), an alphaherpesvirus causing Aujesz-
ky’s disease. PrV, whose main host is the pig, infects numerous
mammalian species except higher primates including humans.
In contrast to HSV-1 ICP27, the PrV homolog pULS54 is dis-
pensable for virus replication in cell culture (47, 49). Transcript
analyses of PrV-infected rat (44), human (6), and porcine (12)
cells demonstrated alterations in the abundance of individual
cellular transcripts, which resulted in the depletion or accumu-
lation of specific mRNAs. Of the 9,850 genes examined in one
study (6), the number of significantly up- or downregulated
genes increased from approximately 1,000 to over 2,400 be-
tween 6 and 9 h after infection. Evaluation of the functions
annotated for highly regulated cellular genes shows that PrV
infection influences numerous cellular pathways and that genes
involved in protein and nucleic acid metabolism, signaling,
transport, cell cycle control, adhesion, transcription, the stress
response, and innate immunity are affected most frequently.
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However, alphaherpesvirus infection has an impact not only on
the transcription of cellular genes but also on posttranslational
protein metabolism. Alphaherpesviruses encode several gene
products with enzymatic functions to alter proteins by post-
translational modification. These include the protein kinases
pUL13 and pUS3 as well as pUL36, a large structural protein
that mediates deubiquitination (21, 23). Examples for post-
translational modifications of cellular proteins induced by in-
fection with HSV-1 are the phosphorylation of lamins A/C and
B (35, 40), the ICP27-stimulated phosphorylation of heteroge-
neous nuclear ribonucleoprotein (hnRNP) K by casein kinase
2 (CK2) (25), and the block of histone deacetylase 1 by pUS3
and viral ICPO (43). Infection with HSV-1 also induces the
proteasome-dependent degradation of a number of proteins
like CD83 (26), the ND10-related proteins PML and Sp100
(8), or the catalytic subunit of the DNA-dependent protein
kinase (41). However, a systematic examination of the impact
of alphaherpesvirus infection on the protein composition of
the infected cell has not yet been performed. Thus, the objec-
tive of this study was to establish a quantitative protein expres-
sion profile of PrV-infected cultured cells, which includes post-
translationally modified isoforms of individual proteins.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby bovine kidney cells (31) were provided by the
Collection of Cell Lines in Veterinary Medicine, Insel Riems, Germany. Prv
strain Kaplan (22) was used.

Stable isotope labeling. The original stable isotope labeling procedure (38)
was adapted as follows. Dulbecco’s modified Eagle (DME)/F12 medium (D-
9785; Sigma-Aldrich, Taufkirchen, Germany) was supplemented with 5% dia-
lyzed fetal calf serum and all missing amino acids (Sigma-Aldrich) except L-
leucine. Medium was then divided and supplemented with conventional or
deuterated r-leucine (L-leucine-5,5,5-D; [99 atom% D]) (catalog number
486825; Sigma-Aldrich) to produce PROLeu-DME/F12 or DEULeu-DME/F12
medium, respectively. MDBK cells were passaged in parallel in both media at a
1:10 ratio every 3 days. After four passages, aliquots of the cell cultures were
lysed, and proteins were separated by gel electrophoresis. The efficiency of the
exchange of normal by deuterated leucine was controlled by mass spectrometry.
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The incorporation of L-leucine-5,5,5-D5 increases the mass of leucine-containing
peptides by 3 mass units per leucine residue.

Infection. Deuterium-labeled cells were used as mock-infected controls, and
cells grown on the conventional amino acid source were infected. Cell batches
passaged in the two media were seeded in 75-cm? or 150-cm? cell culture flasks
and inoculated with virus stock corresponding to a multiplicity of infection of 10
(cells grown in PROLeu-DME/F12 medium) or mock inoculated (cells grown in
DEULeu-DME/F12 medium) on ice for 1 h and then incubated at 37°C for 4 h.

Extraction of phosphoproteins. Phosphoproteins of infected and mock-in-
fected cells were purified with the PhosphoProtein purification kit (catalog num-
ber 37101; Qiagen, Hilden, Germany). In short, 1 X 107 cells were extracted with
the buffer supplied with the kit, containing 0.24% 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propansulfonate (CHAPS), and unsolubilized material was
removed by centrifugation. The protein concentration in the clarified extract was
determined with the BCA protein assay (Pierce, Rockford, IL), and equal
amounts of proteins were mixed and applied onto the column supplied with the
kit. The eluate containing mainly phosphoproteins and the flowthrough contain-
ing mainly the nonphosphorylated proteins were concentrated by ultrafiltration
in Nanosep tubes equipped with a 10-kDa-cutoff membrane. Protein concentra-
tions were assayed with the BCA protein assay (Pierce). Total eluates, usually
containing approximately 200 pg of protein and aliquots of 1 mg of the concen-
trated flowthrough, were precipitated (2D clean-up kit, catalog number 80-6484-
51; GE Healthcare, Braunschweig, Germany), and the pellets were dissolved in
200 pl of rehydration buffer (RHB) (7) with mild sonication and either used
immediately or stored at —20°C. The resulting fractions are referred to as the
phosphoprotein fraction and nonphosphoprotein fraction (flowthrough). Both
fractions were tested for the phosphorylation status of the included proteins by
Western blotting with antibodies directed against phosphoserine, phosphothreo-
nine, or phosphotyrosine, and the efficiency of the separation for HeLa cells as
given by the manufacturer (PhosphoProtein purification kit user manual) was
confirmed for the MDBK cells used.

ASPE with cibacron blue F3G-A-Sepharose and heparin-Sepharose. Two 150-
cm? flasks each of labeled and unlabeled cells corresponding to approximately 8 X
107 cells in total were harvested in 10 ml extraction buffer (10 mM Na,HPO,-
KH,PO,, 150 mM NaCl, 1% CHAPS [pH 7.0]) supplemented with protease
inhibitors (Complete Mini, 1 tablet/10 ml; Roche), extracted for 60 min on ice
with occasional shaking, and centrifuged (15 min at 4°C at 4,000 X g) to remove
unsoluble material. Extracts from unlabeled and isotope-labeled cells were
mixed at a 1:1 protein ratio. HiTrap columns (1-ml column volume) (catalog
numbers 17-0412-01 and 17-0406-01; GE Healthcare) were washed with 10
column volumes each of water, elution buffer (10 mM Na,HPO,-KH,PO,, 2 M
NaCl, 1% CHAPS [pH 7.0]), and extraction buffer before the extract was applied
with a peristaltic pump and recirculated for 30 min. The columns were washed
with 10 column volumes of extraction buffer, and bound material was eluted with
5 ml elution buffer. Samples containing 1 mg of the eluates or the flowthrough
were precipitated with trichloroacetic acid, and precipitates were resuspended in
RHB and stored at —20°C. The resulting fractions are referred to as the cibacron
fraction, the heparin fraction, and the affinity solid-phase extraction (ASPE)
flowthrough in the text. Protein yields were approximately 11% in the cibacron
fraction and 17% in the heparin fraction, and the rest was found in the
flowthrough. Protein recoveries approximated 100%.

Two-dimensional (2D) gel electrophoresis. Phosphoproteins were analyzed on
11-cm ReadyStrips (Bio-Rad, Munich, Germany) with a nonlinear pH range of
3 to 10, nonphosphoproteins were analyzed on 24-cm strips with a nonlinear pH
range of 3 to 10, and all other fractions were analyzed on 24-cm strips with linear
pH ranges of 3 to 6, 4 to 7, and 6 to 9. Precipitated samples were resuspended
in RHB, briefly sonicated on ice, and extracted for 2 h at 20°C with intensive
shaking. Undissolved material was removed by centrifugation (20°C at 10 min at
14,000 X g), and sample proteins were allowed to diffuse into ReadyStrips and
focused in an IEF cell (Bio-Rad) according to the guidelines provided by the
manufacturer. Focused strips were frozen at —80°C, thawed, and sequentially
equilibrated in buffers containing dithiothreitol and iodoacetamide as recom-
mended by the manufacturer. The second dimension was run on hand-cast
full-size 12% acrylamide gels in a Dodeca cell electrophoresis chamber (Bio-
Rad) with two 11-cm strips or one 24-cm strip loaded per gel. After the electro-
phoretic run, gels were fixed, stained overnight with colloidal Coomassie brilliant
blue (36), and scanned.

Peptide mass fingerprint (PMF) analysis. After evaluation of the gel scans
with Delta2D software (version 3.4; Decodon, Greifswald, Germany), lists of
protein spots to be picked were used to operate a Proteineer SPII Spotpicker
(Bruker Daltonics, Bremen, Germany). Tryptic digestion (46) was carried out in
96-well V-bottom polypropylene microtiter plates for 3 h with 30 ng trypsin
(catalog number V5111; Promega, Mannheim, Germany) per sample at 37°C.
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Fingerprint and up to four tandem mass (MS/MS) spectra per sample were
registered on a Bruker Ultraflex I tandem time-of-flight instrument (Bruker) and
processed by flexAnalysis 2.0 software (Bruker). For the quantitation of mass-
tagged peptide peak pairs, it was crucial to choose the “SNAP” option as the
peak detection algorithm in the flexAnalysis software, which is robust with
respect to overlapping isotope patterns. A batch database search (MASCOT
Server 2.0.0 software; Matrix Science Ltd., London, United Kingdom) (42) was
launched by Biotools 2.2 (Bruker) using the bovine International Protein Index
(IPT) database (www.ebi.ac.uk) (24) or an in-house database covering the PrV
proteome as compiled from the Swiss-Prot database (www.expasy.org) (13).
Carbamidomethylation was set as a fixed modification for cysteine residues, the
significance level was set to 95%, and mass tolerance was set to 50 ppm for the
fingerprint spectra. Proteins were considered as identified and selected for quan-
titative evaluation if significant molecular weight search (MOWSE) scores (39)
were obtained with the fingerprint spectrum or in a combined search of the
fingerprint and MS/MS spectra.

Quantitation and data processing. Quantitation was carried out by in-house
software (AMaDEuS) based on Visual Basic for applications (Microsoft, Red-
mond, WA) macros. For identified samples, peaks representing the protein with
the highest MOWSE score were selected, and the masses of the expected iso-
tope-labeled peaks within error margins of 15 ppm were calculated on the basis
of the number of leucine residues present in the peptide and the mass shift of +3
Da per leucine residue. If the spectrum contained the mass of the expected
deuterated peak, the peak pair was selected for quantitative evaluation, and the
intensity ratio of the peaks was calculated. If more than four peak pairs were
obtained from one spectrum, outliers were eliminated by the symmetrical trun-
cation of intensity ratios. Truncation was limited to a maximum of three rounds
or the number of rounds that would leave a minimum of three values. Truncated
mean values and standard deviations of the intensity ratios of qualified peak pairs
representing the identified protein were calculated. Relative standard deviations
rarely exceeded 15%. The database query was then repeated with a fixed mod-
ification of +3 Da for leucine residues to ensure the identification of proteins
that were strongly downregulated after infection. Quantitative evaluation was
again carried out as described above, with the only difference being that a —3-Da
shift was used to calculate the expected mass of the unlabeled peptide peak in the
AMaDEuS software. Results of both queries and calculations were combined
and compared. Data sets resulting from the same sample (protein spot) yielding
higher MOWSE scores were preferred to those with lower scores. The final
output for every sample was the truncated mean of the ratios (unlabeled over
labeled, that is, infected over mock [IOM]) of qualified peak pairs, which will be
abbreviated as IOM ratios. IOM ratios greater than 1.0 indicate higher relative
levels, and IOM ratios below 1.0 indicate lower relative levels of the respective
proteins after infection with PrV. The average number of qualified peptides in
identified proteins was 3.3, and the maximum number was 18.

RESULTS

Experimental design. The strategy for the fractionation and
analysis of raw cell extracts is depicted in Fig. 1. The design of
the experiment aimed at two goals. First, the very complex
protein mixture present in whole-cell extracts was prefraction-
ated into well-defined fractions in order to facilitate further
analysis (45); second, proteins with interesting features like
phosphorylation as well as nucleotide-binding capacities (ciba-
cron blue F3G-A-Sepharose) or DNA- and RNA-binding ca-
pacities (heparin-Sepharose) were enriched by affinity purifi-
cation. Quantitation was carried out with the stable isotope
labeling with amino acids in cell culture (SILAC) technique
(38), which makes use of the high resolution of mass spectrom-
etry to allow the differentiation and quantitation of isotopically
modified peptides that are chemically identical. Thus, the ma-
jor steps for quantitation by SILAC are the metabolic labeling
of a sample with stable isotopes, mixing with an unlabeled
reference (or vice versa), purification of individual proteins
from the mix, digestion of the proteins to peptides, and calcu-
lation of intensity ratios of protein-specific peptides in a pep-
tide mass fingerprint spectrum. Ratios of isotope-labeled pep-
tides reflect the relative levels of the protein in sample and
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FIG. 1. Flowchart of sample preparation and analysis. Note that all separation and analytical procedures (affinity extractions, 2D gel electro-
phoresis, tryptic digestion, and mass spectrometric analysis) were carried out with a 1:1 protein mixture of extracts of conventional and
heavy-isotope-labeled cells. After extraction with three different affinity matrices and separation in different pH ranges, a total of 11 2D

electrophoretic gels were analyzed for each experiment. FT, flowthrough.

reference with high accuracy. In the experiments reported
here, the intensity ratios of unlabeled over labeled peptide
peaks were calculated to result in IOM ratios given in the text
and figures. Cell cultures metabolically labeled with deuterated
L-leucine and unlabeled cultures served as starting material.
After infection with PrV or mock infection and incubation for
4 h, a mix of raw extracts from labeled (mock-infected) and
unlabeled (PrV-infected) cells at 1:1 protein ratios was then
used for the parallel extraction of phosphoproteins with a
commercially available reagent kit and a two-step ASPE pro-
cedure with cibacron blue F3G-A-Sepharose and heparin-
Sepharose. All five resulting fractions (phosphoproteins and
nonphosphoproteins from the phosphoprotein-specific extrac-
tion and the heparin-binding proteins, the cibacron blue-bind-
ing proteins, and the flowthrough fraction from the ASPE)
were then analyzed by large-format 2D gel electrophoresis in
different pH ranges in order to maximize the yield of separated
proteins. Isolated proteins were identified by PMF analysis
using matrix-assisted laser desorption—ionization mass spectrom-
etry with the MS/MS option and quantitated from the PMF spec-
tra. Three repetitions of the experiment were performed to screen
for proteins with significantly altered relative protein levels. Can-
didate proteins were then evaluated by additional experiments
focusing on the fractions and gel regions of interest.

The time point of 4 h after infection was chosen to monitor
early effects of infection under conditions where cellular pro-
tein synthesis is already effectively blocked by viral shutoff
mechanisms (data not shown), but the cell is still morpholog-
ically intact and not massively damaged by the release of prog-
eny virions.

In the course of this study, over 4,000 proteins were identi-
fied, and 2,374 proteins were quantified from a minimum num-
ber of three qualified peptide pairs. Of the 1,490 spots quan-
tified in infection experiments, IOM ratios of 109 samples
(7.3%) representing 55 genes (Table 1) were beyond the em-
pirical 1% and 99% quantiles of 0.63 and 1.63. Thus, approx-
imately 30 of the 109 samples were expected to result from the
statistical variance of the experiment itself, and approximately
79 samples were expected to result from virus-induced
changes.

Performance of the ASPE. Representative gels from the
three fractions of the ASPE at the pH range of 4 to 7 show very
distinct protein spot patterns (Fig. 2). The distribution of iden-
tified proteins over the ASPE fractions is shown in Fig. 3A (9).
Overlaps among the three fractions were low and are not
necessarily attributable to the unsatisfactory performance of
the ASPE, since different isoforms of the same protein may
distribute into different fractions on the basis of their biochem-
ical properties. Yields of identified proteins in the range of pH
3 to 6 (12%) were lower than those in the ranges of pH 4 to 7
(51%) and pH 6 to 9 (37%). Protein compositions of the
cibacron and heparin fractions of the ASPE differ markedly
from the composition of the phosphoprotein fraction (Fig. 3B),
indicating that phosphoprotein extraction and the ASPE pro-
cedure are largely complementary, and a combination of both
significantly enhances the yield of identified proteins from a
single sample. The specificity of the ASPE procedure was es-
timated by statistical evaluation (http://gostat.wehi.edu.au) (3)
of the Gene Ontology (GO) annotations (“molecular function”
branch at www.geneontology.org) (2) characterizing the pro-
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TABLE 1. Proteins up- or downregulated after infection with Prv-Ka“
Gene® [P accession Description” 10M SD9
number

540272 1P100695524 Proliferation-associated 2G4 0.18 0.04
505686 IPI00706431 Ladinin 1 0.29 0.08
511512 1P100690613 RNA binding protein 14 0.36 0.01
509771 IP100688922 RNA binding motif protein 3 0.36 0.04
281165 1P100692328 Filamin A 0.40 0.45
527471 1P100725795 hnRNP D (AU-rich element RNA binding protein 1) 0.42 0.09
282419 1P100707334 CK2 subunit alpha 0.47 0.04
505242 IPI00706906 EBP50 0.48 0.06
404098 IP100695802 Staphylococcal nuclease domain-containing protein 1 0.48 0.13
533874 IPI00705755 Proteasome subunit beta type 3 0.49 0.16
510041 IPI00837986 Proteasome activator subunit 1 0.49 0.28
511048 1P100726962 RuvB-like 2 0.50 0.15
507345 1P100710727 Transitional endoplasmic reticulum ATPase 0.53 0.02
539060 1P100827112 Serpine 1 mRNA binding protein 1 0.53 0.05
533851 1P100829551 Enigma protein 0.54 0.23
353121 IP100693691 Macrophage-capping protein 0.55 0.18
530409 IPI100688006 Prohibitin 0.55 0.03
511475 IPI00685691 RuvB-like 1 0.57 0.09
327682 IP100700792 Guanine-nucleotide-binding protein subunit beta-2-like 1 0.58 0.15
615447 IP100686420 Nucleoside diphosphate kinase B 0.59 0.21
281574 1P100694641 Ezrin 0.59 0.20
515646 1P100693645 Chloride intracellular channel protein 1 0.59 0.19
513410 1P100691068 hnRNP AB 0.60 0.16
281615 1P100692627 Retinal dehydrogenase 1 0.60 0.09
541202 1P100734138 hnRNP H 0.62 0.10
282485 IP100695563 Sulfotransferase 1A1 0.62 0.09
535119 IP100689197 Cytokine-induced apoptosis inhibitor 1 0.63 0.13
514355 IP100700509 T-complex protein 1 subunit beta 0.63 0.02
507197 IP100702566 Serine hydroxymethyltransferase, mitochondrial precursor 1.65 0.42
282689 IPI00706002 Annexin A2 1.67 0.01
539218 1P100716493 Calumenin precursor 1.68 0.23
533746 IPI00698338 Dihydropyrimidinase-related protein 2 1.73 0.4
513793 1P100715791 elF-3F 1.73 0.29
505968 1P100704474 Acyl-coenzyme A dehydrogenase, C-4 to C-12 straight chain 1.73 0.23
506059 1P100699601 Acyl-coenzyme A synthetase long-chain family member 6 1.75 0.02
540643 IPI00701266 Lamin B1 1.77 0.21
281544 IP100708322 Tropomyosin alpha-1 chain 1.79 0.27
512584 1P100711352 Small nuclear ribonucleoprotein polypeptide A 1.79 0.15
510201 IP100698102 Serine/threonine kinase receptor-associated protein 1.85 0.32
ENSBTAG00000033117 IP1I00842846 Histone H3 1.88 0.17
504912 1P100711479 Target of Mybl 2.04 0.50
281660 IP100686760 L-Caldesmon 231 0.27
281181 1P100713814 GAPDH 2.32 0.3
732539 IP100697070 Cytokine-induced protein 29 kDa 2.64 0.66
539060 IP100827112 Serpine 1 mRNA binding protein 1 2.67 0.66
507564 IPI00691167 hnRNPs A2 and B1 2.69 1.50
782669 IP100690667 hnRNP A3 2.80 0.23
281961 1P100717623 Osteoclast-stimulating factor 1 4.57 1.02
404144 IP100689750 Lamin A/C 0.72->10¢
528135 IPI00696554 hnRNP K 0.43-3.03¢
506218 IP100697355 SNX-9 0.53-1.99¢
505850 IPI00700182 elF-4B 0.32-3.19¢
286868 IP100703564 60S acidic ribosomal protein PO 0.61-2.32°
516099 IP100704836 Heat shock 27-kDa protein 1 0.42->10¢
516326 1P100713660 Lamin B2 0.38-2.01¢

“ Gene identifiers referenced in the IPI database from the Entrez Gene (33) or the Ensembl (12) database are given.
® Descriptions given in the TPI data set or the referenced gene in the Entrez Gene database.

¢ See the text for details.

@ 1In three rounds of screening. One hundred nine of the 1,490 quantified protein spots representing 55 genes showed IOM ratios beyond the empirical cutoff values

of 1.63 and 0.63.

teins of each fraction. In both affinity fractions (cibacron and
heparin), the GO accession numbers with the highest frequen-
cies were GO:0000166 (“nucleotide binding”) (78/233 in the
cibacron fraction and 98/340 in the heparin fraction) and GO:
0017076 (“purine nucleotide binding”) (59/233 in the cibacron

fraction and 82/340 in the heparin fraction). In the heparin
fraction, GO:0008135 (“translation factor activity”) and GO:
0003743 (“translation initiation factor activity”) followed,
whereas in the cibacron fraction, GO:0003676 (“nucleic acid
binding”) and GO:0017111 (“nucleoside-triphosphatase activ-



VoL. 82, 2008 PROTEOME OF PrV-INFECTED CELLS 9693

85 kDa -

17 kDa -

85 kDa -

17 kDa -

-

FIG. 2. Scans of 2D electrophoretic gels representing the two affinity-purified fractions (BLUE, cibacron fraction; HEP, heparin fraction) and
the flowthrough (FT) of the ASPE separation procedure. Differing protein patterns reflect an efficient separation into three well-defined protein
fractions. Boxes indicate gel regions that were analyzed in more detail (Fig. 6 and 7) for modifications of eIF-4B and SNX-9 (box A), lamin B2
(box B), 60S acidic ribosomal protein PO (box C), Hsp27 (box D), and hnRNP K (box in panel FT).
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FIG. 3. Graphic representation of separation results. Overlaps
were calculated on the basis of the number of entries of identified
proteins found in the IPI database. Shown are overlaps between the
different fractions of the ASPE (BLUE, cibacron fraction; HEP, hep-
arin fraction; FT, flowthrough) (A) and overlaps between the cibacron,
heparin, and phosphoprotein (PP) fractions (B) demonstrating a high
selectivity of the ASPE procedure (A) and a good complementarity of
the ASPE with phosphoprotein extraction (B).

ity”’) were the next most numerous. All mentioned annotations
were significantly overrepresented in the affinity fractions com-
pared to the raw extract on the basis of P values of 0.05. Thus,
both affinity fractions contained a high abundance of proteins
with molecular functions in accordance with the properties of
cibacron blue F3G-A (nucleotide binding) and heparin (DNA
binding, with affinity for translation factors).

Determination of a cutoff value. In a pilot experiment, a mix
of unlabeled and labeled cell extracts, both originating from
mock-infected cells, was analyzed. The purpose of this exper-
iment was to determine the precision and the variation of our
quantitation. As expected, most of the isotope ratios were close
to 1.0, and the frequency distribution of isotope ratios was very
narrow (Fig. 4) so that empirical 1% and 99% quantiles were
determined for isotope ratios of 0.63 and 1.63 and were used as
cutoff values in the following infection experiments.

Infection experiments. In three independent infection ex-
periments, quantitative protein profiles were determined for
PrV-infected MDBK cells. Figure 5 shows that the distribution
of IOM ratios in the five protein fractions is much broader than
the distribution of isotope ratios in the control experiment
(Fig. 4), indicating that infection leads to numerous changes in
the quantitative composition of the MDBK proteome. Up- and
downregulated proteins were about equal in all fractions,
which was surprising, since under the experimental conditions
used, the biosynthesis of cellular proteins is severely inhibited
due to PrV-mediated host cell shutoff (4, 20), and a significant
bias to IOM ratios smaller than 1.0 had been expected. For a
number of proteins that were identified in multiple isoforms,
differential or even inverse effects were found for different
charge variants (Fig. 6 and 7). In subsequent experiments,
proteins that showed relative protein levels beyond the calcu-
lated cutoff values or showed interesting differential regula-
tions were reanalyzed. All qualitative and quantitative data
reported in the text or in figures rely on a minimum of three
experiments.

Stress response proteins. Heat shock protein 27 was found
in five spots, two of which (spots B and D) (Fig. 6A) represent
over 90% of the total protein. Relative protein levels of 2.11
and 0.57 in spots B and D, respectively, indicate that a consid-
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quantile 0.01% 1.0% 50% 10% 90% 95% 99% 99.9%

isotope 0.53 0.63 0.80 071 1.13 121 1.63 741
ratio

frequency
30

0
0.1 1 10
isotope ratio

FIG. 4. Distribution of isotope ratios of proteins identified in a
control experiment with labeled and unlabeled mock-infected cells.
Isotope ratios were calculated as described in Materials and Methods.
The frequency of isotope ratios was registered in steps of 0.01. As
expected, the distribution centers around 1.0. Quantiles are given in
percentages, and the corresponding isotope ratios are shown as plain
numbers.

erable fraction of available Hsp27 had undergone modification
at 4 h after infection. Spot A was not detectable by Coomassie
staining of gels from mock-infected cell extracts (not shown)
and contains only very little material from mock-infected ref-
erence cells used in the SILAC procedure (see spectra in Fig.
6B). Other stress-related proteins that had been identified and
quantified (alpha crystalline B chain; heat shock 70-kDa pro-
teins 1B, 5, and 9B; heat shock cognate 71-kDa protein; and
heat shock protein 90-alpha) did not show significant varia-
tions.

Lamins. Lamin A/C was found mainly in the phosphopro-
tein fraction but was also present in the nonphosphoprotein
and heparin fractions of the ASPE in two strings of poorly
resolved protein spots representing the unprocessed lamin A
and the approximately 20-kDa-smaller proteolytic cleavage
product, lamin C (Fig. 7A). For both proteins, a shift to more
acidic isoforms was observed after infection. As found for the
most acidic modification of Hsp27, the protein spot represent-
ing the most acidic variant of lamin C contained hardly any
material from mock-infected cells. Lamin B2 was found in one
major and one minor more acidic spot (Fig. 7B). Considering
the relative protein levels and the distribution of the total mass
between the two spots, gains and losses are not nearly balanced
so that under the condition that no other lamin B2 isoforms
have been missed, a total loss of protein occurred after infec-
tion. Lamin B1 was also identified in three protein spots with
quantitative variations within the isoforms being less pro-
nounced than those for lamin B2, although for lamin B1 in-
creasing abundances were also found with increasing acidity
(IOM ratios from the most acidic spot to the least acidic spot
were 1.77, 1.08, and 0.80).

Proteins involved in translation. Although numerous ribo-
somal proteins and translation factors were identified and
quantified, only one ribosomal protein (60S acidic ribosomal
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FIG. 5. Distribution of relative cellular protein levels 4 h after infection with PrV-Ka. Error bars indicate the standard deviations of the isotope
ratios of the peptides used for the calculation of the IOM ratio. PP, phosphoprotein fraction; PP-FT, flowthrough of the PhosphoProtein
purification kit (nonphosphoproteins); BLUE, cibacron fraction; HEP, heparin fraction; FT, ASPE flowthrough. Cutoff values of 0.63 and 1.63 are

given as horizontal lines.

protein PO) (Fig. 7C) and two translation initiation factors
showed a significant (eukaryotic initiation factor 4, subunit B
[eIF-4B]) (Fig. 7D) or a moderate response (eIF-3F) (Table 1)
to PrV infection. eIF-4B was present in seven charge variants
most likely representing different phosphorylation levels.

hnRNPs. hnRNPs were highly enriched in the cibacron frac-
tion with the exception of hnRNP K, which reliably separated
into the flowthrough of the ASPE (Fig. 2). A number of
hnRNP representatives like hnRNP A3 (IOM of 2.80 = 0.23),
hnRNP D (IOM of 0.42 = 0.09), and hnRNP A2/B1 (IOM of
2.69 £ 1.50) showed significant variation after infection, while
others (hnRNP A1l and hnRNP F) remained constant or were
only slightly changed (IOM of 0.62 = 0.1 for hnRNP H and
IOM of 0.60 = 0.16 for hnRNP A/B). Of the six spots that were
identified as being hnRNP K (Fig. 7E), two migrated with a
slightly smaller apparent molecular weight and decreased in
abundance after infection, whereas relative levels of the
slightly larger proteins increased, with gains being more pro-
nounced for the more acidic isoforms.

Proteins related to intracellular transport and the cytoskel-
eton. Sorting nexin 9 (SNX-9) (Fig. 7D), enriched in the hep-
arin fraction, appeared in four distinct spots, which followed
the observed shift to more acidic isoforms. However, in this
case, the mass gain was not highest for the most acidic form. A

functionally related protein, ezrin-radixin-moesin-binding
phosphoprotein 50 (EBP50) was found with decreased relative
levels (IOM of 0.48 = 0.06) in the heparin fraction. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), which, apart
from its function in the glycolytic pathway, is involved in in-
tracellular membrane trafficking (55, 57), was present in the
cibacron fraction and found to be markedly upregulated (IOM
of 2.32 = 0.30). Relative levels of the other glycolytic enzymes
that were identified and quantified (fructose-bisphosphate al-
dolase, triosephosphate isomerase, phosphoglycerate kinase,
enolase, and pyruvate kinase) did not differ significantly be-
tween infected and noninfected cells.

DISCUSSION

The aim of this study was to systematically screen for alter-
ations in the amounts of cellular proteins during infection with
PrV. To increase the number of cellular proteins that could be
identified by 2D gel electrophoresis followed by mass spec-
trometry, a simple prefractionation scheme was established,
which yielded three fractions with well-defined compositions.
Overlaps between fractions were low, and the fractions con-
tained a high abundance of proteins with the expected bio-
chemical properties and molecular functions. The parallel ex-
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FIG. 6. (A) Detailed view from a 2D electrophoretic gel of a heparin fraction analyzed in the pH range 4 to 7 (box D in Fig. 2). Five protein
spots were identified as being Hsp27, and the relative protein levels, given in numbers, were calculated as described in the text. Details of mass
spectra originating from spot A (most acidic isoform) and spot E (least acidic isoform) show two peptide peaks containing one (1,413 Da) or two
(1,163 Da) leucine residues. IOM ratios were calculated from intensity ratios of peak pairs with a mass distance corresponding to the number of
leucine residues present, in this case 3 Da (1,413 Da) and 6 Da (1,163 Da). The respective deuterium-labeled peaks at 1,416 Da and 1,169 Da
representing peptides from mock-infected cells are marked with asterisks. Both labeled and unlabeled peptides occur in their natural isotope
patterns, giving rise to multiple peaks with descending intensities in 1-Da distances. Note that reliable relative quantitation was restricted to ratios
between 1:10 and 10:1 so that IOM ratios of the most acidic spots of Hsp27 and lamin C (Fig. 7A) could be assessed only as “greater than 10”.

traction of phosphoproteins was shown to be highly efficient, as
both procedures yielded largely complementary protein frac-
tions. Prefractionation was not detrimental for the subsequent
mass spectrometric quantitation using the SILAC technique.
The high precision of the mass spectrometric quantitation al-
lowed us to set cutoff values close to 1.0, which provided the
high sensitivity of the procedure for the detection of regulated
protein spots.

Overall, the cellular proteome appeared to be very stable.
The relative levels of the vast majority of proteins were unaf-
fected by infection with PrV, and the calculated IOM ratios
were close to 1.0 despite the known detrimental effects of PrV
infection on the stability of mRNA and cell protein synthesis
due to viral host cell shutoff functions (29, 49). Thus, the
delayed character of PrV-induced host cell shutoff indicated by
microarray studies in porcine (12), rat (44), and human (6)
cells was confirmed on the protein level for the bovine cells
used here. From time course studies with unfractioned mate-
rial and analysis with 2D electrophoresis in the pH range of 3
to 10 (data not shown), there was no indication for a global
decrease of protein levels up to 8 h after infection with PrV,
indicating that the degradation of cellular mRNA by viral
pUL41 and other mechanisms of host cell shutoff seem to
exclusively target the RNA metabolism but do not interfere
with the physiological steady-state levels of most proteins, at
least not at early times after infection.

Nevertheless, the IOM ratios of a considerable number of
protein spots did change significantly in either direction. More-
over, in several cases, e.g., Hsp27, lamin A/C, lamin B2,
hnRNP K, SNX9, eIF-4B, or 60S acidic ribosomal protein PO,
inverse modulations of different charge variants of the same
protein were observed.

Stress response proteins. The most acidic of the five iso-
forms of Hsp27 was detected almost exclusively in infected
cells, indicating that PrV infection caused a sharp rise in these
isoforms. Most probably, the charge variants are the result of
differential phosphorylation, which was previously described
for human (37, 48) and bovine (28) Hsp27. A similar shift to
higher phosphorylated forms of Hsp27 has been observed after
treatment of bovine cells with cadmium (28), indicating that
this reaction is not specific for infections with herpesviruses but
rather reflects phosphorylation of Hsp27 during cellular stress
(27). However, other stress-related proteins that were identi-
fied and quantified showed no significant changes in relative
protein levels (data not shown). Hsp27 is a multifunctional
protein (1) with strong antiapoptotic properties. It is unclear so
far if the changes in levels of Hsp27 are related to the pUS3-
mediated suppression of apoptosis (14), which is observed af-
ter infection with PrV.

Lamins. The observed shift to more acidic isoforms of lamin
A/C parallels the reported changes of 2D gel electrophoretic
patterns of lamin A/C caused by the viral kinase pUS3 after
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infection with HSV-1 (35). In an ongoing study with a US3-
deleted PrV mutant, the impact of pUS3(PrV) on the phos-
phorylation pattern of lamin A/C will be addressed. Infection
with HSV-1 is also accompanied by an intracellular rearrange-
ment (5) and loss (50) of B-type lamins, which were identified
and quantified from the heparin fraction. A shift to more acidic
isoforms was observed for both, which corresponds to the pre-
viously reported phosphorylation of B-type lamins following
HSV-1 infection (40). The hyperphosphorylation of the lamins
precedes the disintegration of the nuclear lamina in many
physiological processes, which is presumably a prerequisite for
the transfer of PrV capsids from the nucleus into the cytoplasm
for secondary envelopment (34).

Proteins related to translation. After infection with HSV-1,
the synthesis of several ribosomal proteins and their assembly
into ribosomes continue in spite of a general inhibition of
cellular protein synthesis and a concomitant loss of the mRNA

encoding the respective ribosomal proteins (15, 52). With the
exception of the redistribution seen within the isoforms of the
60S acidic ribosomal protein PO, we also found stable levels of
ribosomal proteins after PrV infection. Likewise, significant
changes in relative levels of translation factors were not ob-
served, with the exception of elF-4B and the F subunit of
elF-3.

Proteins related to intracellular transport and the cytoskel-
eton. So far, none of the three proteins related to intracellular
transport and the cytoskeleton (SNX9, EBP50, and GAPDH),
which we found to be significantly altered in abundance, have
been correlated with any step during herpesvirus replication.
However, they exhibit interesting features, which may have
functions related to herpesvirus infections. Members of the
SNX family of proteins contain a Phox domain that mediates
binding to membrane-anchored phospholipids. They are in-
volved in intracellular membrane trafficking (51), which is im-
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portant for the replication of enveloped viruses. SNX9 shares
a relative promiscuity with other SNXs with respect to the
different phosphatidylinositols that are bound by the Phox do-
main, the presence of an SH3 domain, and the presence of a
BAR dimerization domain. SNX9 is activated by phosphor-
ylation (30), which correlates with the observed shift to more
negatively charged variants, which we observed after infection
(Fig. 7D). After phosphorylation, SNXO9 is translocated to the
plasma membrane, where it can interact with transmembrane
proteins, but also recruits dynamin to the plasma membrane
(30). It is also required for effective clathrin-mediated endo-
cytosis (53). By virtue of its BAR domain, it may be involved in
the stabilization but also in the sensoring of strongly curved
membranes (30), which occur during budding.

EBP50 is a peripheral membrane protein that resides at the
plasma membrane and supports functions of the ezrin-radixin-
moesin proteins in connecting the actin cytoskeleton to the
plasma membrane. Cytomorphological alterations of PrV in-
fection have been attributed to actin stress fiber breakdown
mediated by the pUS3 kinase (58), which may occur via the
phosphorylation of EBP50.

Apart from its function in glycolysis, GAPDH plays a major
role in the early steps of the secretory pathway during the
transport of cargo from the endoplasmic reticulum to the Golgi
apparatus (55). As was exemplarily demonstrated with the G
glycoprotein of vesicular stomatitis virus, the transport func-
tion of GAPDH was independent of its enzymatic activity but
depended on the phosphorylation of GAPDH mediated by the
cellular Src protein (56, 57). In the context of PrV infection,
GAPDH may play a role in the transport of viral glycoproteins
to late secretory compartments like the trans-Golgi network,
where the PrV particles acquire their final envelope in a bud-
ding process (33).

hnRNPs. Four types of hnRNP were significantly (hnRNPs
A3, A2/B1, D, and K) and two were moderately (hnRNPs H
and A/B) modulated after infection with PrV. Since infection
with alphaherpesviruses is accompanied by drastic changes in
RNA metabolism, which is, at least in part, caused by herpes-
viral shutoff mechanisms, the modulation of hnRNPs, which
are involved in RNA processing and turnover, was not unex-
pected. The host shutoff protein pUL41 of HSV-1 acts as an
endoribonuclease, preferentially degrading mRNA containing
AU-rich elements (11). In this context, the loss of hnRNP D,
which is also known as AU-rich element binding protein 1
(AUF-1), might be important for the function of pULA41.

Another viral protein that is involved in HSV-1-mediated
host cell shutoff, ICP27, interacts with hnRNPs K and CK2
(59), which phosphorylates hnRNP K in an ICP27-dependent
manner (25). The impact of this phosphorylation, which is
probably reflected by the observed shift to more acidic variants
of hnRNP K, in the progress of the infection is still unclear but
might be of importance across the herpesvirus family, since a
similar interaction between hnRNP K and CK2 and the
ORF57 protein has been found in Kaposi’s sarcoma-associated
herpesvirus-infected cells (32).

The proteomic screen described here resulted in the identi-
fication of a number of cellular proteins that are potentially of
significance for herpesvirus infection. The fact that several
of them have previously been linked to the replication cycle of
alphaherpesviruses (lamin A/C, the B-type lamins, and hnRNP

J. VIROL.

K) serves to validate our experimental system. The newly es-
tablished protocol can be easily adapted to study virus-host cell
interactions of any virus that can be propagated in cultured
cells of a species with a sequenced and annotated genome. It
can be further refined by the application of additional affinity
matrices or the use of narrow-range isoelectric focusing strips
to improve yields of less abundant proteins. The demonstra-
tion that most of the observed changes affected the distribution
of protein in different posttranslationally modified isoforms
rather than absolute expression levels underlines the impor-
tance of analysis at the protein level for a comprehensive
understanding of the molecular effects of virus infections on
the cellular metabolism.
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