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Herpesviruses Encode an Unusual Protein-Serine/Threonine Kinase
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We have performed large-scale random oligonucleotide insertion mutagenesis on a 41-kbp genomic segment
derived from the unique long (UL) region of the alphaherpesvirus pseudorabies virus (PRV). This procedure
has resulted in the generation of a series of PRV strains, each carrying a single gene whose termination of
translation is induced by the inserted oligonucleotide. To relate the genes that were involved in the
mutagenization to genes previously identified in herpes simplex virus type 1, the prototype alphaherpesvirus,
we have performed cross-hybridization studies. In this way, we have mapped the location of the homolog of a
gene which was described to have sequence characteristics of a eukaryotic phosphotransferase. We character-
ized the phenotype of a mutant PRV strain lacking this putative phosphotransferase and also the phenotype of
a PRV strain lacking, in addition to the UL-encoded putative phosphotransferase, the protein kinase encoded
within the unique short region of the virus. To assess the enzymatic activity of the UL region-encoded
phosphotransferase, we expressed the gene transiently in a eukaryotic expression system. Immunoprecipitation
of the protein followed by kinase assays and phosphoamino acid analyses revealed protein-serine/threonine
kinase activity. Implications of sequence divergence of this protein from classical protein-serine/threonine
kinases for kinase structure and function are discussed in view of the recent resolution of the structure of the
catalytic domain of cyclic AMP-dependent protein kinase.

Herpesviruses are large enveloped viruses containing a
linear double-stranded DNA genome. They can be divided
into three subgroups; examples of human herpesviruses
from these groups include the alphaherpesviruses herpes
simplex virus types 1 and 2 (HSV-1 and HSV-2) and vari-
cella-zoster virus (VZV), the betaherpesviruses human cy-
tomegalovirus (HCMV) and human herpesvirus 6 (HHV6),
and the gammaherpesvirus Epstein-Barr virus (EBV). The
genomes of HSV-1, VZV, HCMV, and EBV have been
sequenced completely (1, 8, 15, 40, 42, 43, 46). The alpha-
herpesviruses and EBV encode about 70 genes, whereas
HCMV encodes approximately 200 genes. These analyses
also revealed the presence of large genomic regions that are
partially syntenic, especially within subgroups (7, 8, 16, 35,
40; see references 38 and 39 for reviews). This finding made
it possible to use data obtained on gene organization and
function in a single herpesvirus as the basis for the study of
gene structure and function in other herpesviruses. Func-
tional analyses of genes, using virus strains with the gene of
interest disrupted, have been performed predominantly with
HSV-1 as a model system. Mutagenesis is generally per-
formed by cotransfecting naked viral DNA together with a
DNA fragment containing a copy of the gene with an

inserted marker gene. This procedure is followed by screen-

ing for virus mutants that have incorporated the marker gene

in the cognate locus by homologous recombination. Com-
monly used marker genes for this purpose are lacZ (23) and
the thymidine kinase gene (reviewed in reference 48).
We recently described a novel approach for the mutagen-

esis of large genomic regions of a herpesvirus yielding, in a

single experiment, a large series of virus mutants (19). Each
of these mutants bears an oligonucleotide, containing trans-
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lational stop codons in all reading frames, at a different site.
Here, we report on the large-scale mutagenesis of a 41-kbp-
long segment of the porcine alphaherpesvirus pseudorabies
virus (PRV). We cloned short sequences flanking the in-
serted oligonucleotide from all mutants and used these
sequences as probes to investigate colinearity between PRV
and HSV-1. In this way, we traced a gene which has been
found in herpesviruses of all subfamilies (9) and which is
reported to have sequence characteristics of a phosphotrans-
ferase (9, 53).
We studied the phenotype of PRV strains carrying the

mutagenic oligonucleotide within the gene. In addition, we
sequenced the gene and expressed it transiently in mamma-
lian cells. Immunoprecipitated protein was shown to have
protein-serine/threonine (S/T) kinase activity on a number of
protein substrates. On the basis of clustering alignments with
other, classical S/T kinases, we show that the herpesvirus
proteins form a distinct subgroup. On the basis of these
alignments and of the recently resolved structure of the
catalytic domain of the alpha form of cyclic AMP-dependent
kinase (cAPK-oa [32, 33]), a prototype S/T kinase (see
reference 56 for a review), we discuss possible implications
of the divergencies of the PRV-encoded S/T kinase for the
structure and function of the enzyme.

MATERIALS AND METHODS

Cells and viruses. PRV mutants were derived from PRV
strain NIA-3 (2). Porcine kidney cell lines PK15 and SK6
were used for transfections and for virus growth and RNA
isolation, respectively. Simian virus 40 large-T-antigen-
transformed cell line COS-7 was used for transient expres-
sion studies. All cells were grown in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum.

Construction of PRV mutants. Oligonucleotide insertion
mutants were generated as described previously (19), using
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FIG. 1. (A) Schematic genomic map of PRV. The length of the
total genome is estimated to be 140 kbp (3). UL, unique long region;
US, unique short region; IR and TR, internal and terminal repeats.

(B) Cloned fragments used to regenerate PRV by cotransfection
(adapted from reference 57). C, c-448, a derivative of c-27, subjected
to oligonucleotide insertion mutagenesis. Locations of the PRV
homologs of HSV-1 UL12 and UL13 and the 5' end of UL14 are

indicated. Arrows indicate oligonucleotide insertion sites relevant to
this study. B, BamHI; Bg, BglII; K, KpnI, S, ScaI. The locations of
probes 1 and 2, used for Northern blotting, are indicated. The
putative locations of the transcripts found in this region are shown
below. EL, early-late transcript; L, late transcript.

as a target for mutagenesis cosmid c-448 (Fig. 1B), which is
a derivative of cosmid clone c-27 (57) with HindIII linkers
instead of EcoRI linkers attached to the insert. Briefly, c-448
was linearized at quasi-random sites, using restriction en-

zymes with 4-bp specificity, in the presence of ethidium
bromide. Subsequently, a palindromic oligonucleotide con-

taining stop codons in all three reading frames as well as an

EcoRI restriction site, which is not present in the wild-type
(wt) PRV genome, was ligated to the fragment. After EcoRI
digestion and recircularization, Escherichia coli DH5 was

transformed. The site of insertion of the mutagenic oligonu-
cleotide was mapped by double digestions with EcoRI and
either BamHI, KpnI, Scal, or BglII. Mutant PRV strains
were generated by cotransfection of PK15 cells with the
mutagenized fragment, together with overlapping insert frag-
ments (derived from c-179, c-443, and pN3HB; Fig. 1B),
together comprising the complete PRV genome, as described
previously (57). Viable PRV mutants were plaque purified
three times on SK6 cells. DNA was isolated from all
mutants; the site of insertion of the oligonucleotide and
integrity of the viral genome were investigated by restriction
enzyme analysis.
A double mutant bearing the oligonucleotide insertion in

both PRV protein kinase genes was constructed by cotrans-
fection of the inserts of mutant clones pN3HB-549 (mutant
for the protein kinase encoded within the unique short [US]
region of the virus [19]) and c-448-B24 (mutant for the PRV
UL13 homolog [this work]) with c-179 and c-447 (a deriva-
tive of c-443 [19]) inserts.
DNA sequencing. Overlapping fragments of both DNA

strands of the region of interest were subcloned into
M13mpl8 and M13mpl9. Sequencing according to the
method of Sanger et al. (51) was performed by using the T7
sequencing kit from Pharmacia (Uppsala, Sweden), with
7-deaza-2'-dGTP substituting for dGTP. Sequencing prod-
ucts were analyzed on 4.5 or 6% polyacrylamide gels con-
taining 8 M urea at 55°C, using a Macrophor electrophoresis
unit (LKB Instruments).
Computer analyses. Sequence data were analyzed by using

the PC/Gene software package (Intelligenetics Inc. and
Genofit SA) and the GCG software package of the Univer-

sity of Wisconsin Genetics Computer Group (18). Searches
of the GenBank (version 70.0) and SWISS-PROT (version
19.0) data bases were performed by using the GCG program
FastA. The alignment shown in Fig. 5 was performed by
using the GCG programs Gap and PileUp and was modified
by eyeball scanning to optimize grouping of residues in
kinase subdomains as defined previously (25, 26). Multiple
sequence alignments, yielding phylogenetic relationships,
were performed by using the GCG program PileUp.

In vitro transcription and translation. Transcription in
vitro by SP6 RNA polymerase in the presence of m7G(5')
ppp(5')G was performed as suggested by the manufacturer
(Promega), with minor modifications. We used covalently
closed templates and a GTP concentration of 200 ,LM instead
of 50 ,uM to improve transcription of the G+C-rich PRV
DNA. In vitro translation, using rabbit reticulocyte lysates,
was performed in the presence of [35S]methionine as recom-
mended by the manufacturer (Promega). Synthesized pro-
teins were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and detected by
autoradiography.

Isolation of mRNA, gel electrophoresis, and blotting. RNA
was isolated from SK6 cells that had been infected with wt
PRV 2 or 6 h previously with a multiplicity of infection of 10.
Cells were extracted with acid phenol and then subjected to
ethanol precipitation and poly(A)+ selection on oligo(dT)-
cellulose columns. RNA was subjected to electrophoresis on
1% agarose-formaldehyde gels and blotted to Nytran mem-
branes (Schleicher & Schuell). Probes were labelled with
[a*-32P]dATP by random priming. For these procedures and
for hybridization of the Northern (RNA) blots, we used
protocols essentially as described elsewhere (49).
PCR and site-directed mutagenesis. The high (80%) per-

centage of G. C base pairs in the 5' part of the PRV gene
interfered with amplification by the polymerase chain reac-
tion (PCR) technique. Therefore, standard PCR conditions
were adjusted to 60 cycles (1 min at 95°C, 1 min at 60°C, and
2 min at 72°C) in the presence of 0 to 5% dimethyl sulfoxide
(depending on the fragment to be amplified). Ten nanograms
of linearized plasmid DNA was used per amplification reac-
tion. PCR primers used for fusion of a BamHI site to the 5'
end of the PRV UL13 homolog were CCGCGTGGATCC
ATGGCTGCTGGAGGAGGCGGAG and CGCGTACTGC
AGGTCGTCCGGC. Site-directed mutagenesis of the PRV
UL13 Lys-103 residue by using PCR was performed essen-
tially as described previously (27) after subcloning of a
315-bp PstI-SacI DNA fragment into the polylinker of pSP72
(Promega). Oligonucleotides carrying the desired mutation
were CGGTGGCCGTGATGACGCTCCG and CGGAGCG
TCATCACGGCCACCG. External oligonucleotides, hybrid-
izing to the SP6 and T7 promoters of the vector, were ATA
CACATACGA'TTl'AGGTGACAC and AAATTAATACGA
CTCACTATAGGG, respectively. All PCR products were
sequenced prior to use.

Transfections and immunoprecipitations. Ten-centimeter-
diameter dishes with 5 x 106 cells of the COS-7 cell line were
transfected by DNA-calcium phosphate coprecipitation as
described previously (24), using covalently closed plasmid
DNA that was purified by two successive cesium chloride-
ethidium bromide density gradient centrifugations. The vec-
tor used for transient expression studies was pMT2 (31).
Thirty-six hours after transfection, cells were labelled for 12
h with 50 ,uCi of [35S]methionine per ml in methionine-free
Dulbecco's modified Eagle's medium containing 10% dia-
lyzed fetal calf serum and then subjected to lysis on ice in
Nonidet P-40 (NP-40) lysis buffer (50 mM Tris-HCl [pH 7.5],
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150 mM NaCI, 5 mM MgCl2, 1 mM EGTA, 0.5% NP-40, 7
mM 13-mercaptoethanol) containing 1 mM phenylmethylsul-
fonyl fluoride, 10 ,g of aprotinin per ml, 1 Rxg of pepstatin per
ml, and 10 ,ug of leupeptin per ml. Lysates were spun for 5
min in a microcentrifuge to remove nuclei, precleared twice
with normal mouse serum and protein A-Sepharose beads
(Pharmacia), and immunoprecipitated with 100 ,u of culture
supernatant of hybridoma P5D4 (34) and 4 mg of protein
A-Sepharose beads. Beads were washed twice in NP-40 lysis
buffer containing protease inhibitors and three times in NET
buffer (50 mM Tris/HCl [pH 7.5], 150 mM NaCl, 0.5%
NP-40, 7 mM P-mercaptoethanol), transferred to new tubes
onto a 20% sucrose cushion in NET buffer, and pelleted.
After two additional washings in NET buffer, immunopre-
cipitates were used either for direct analysis on SDS-poly-
acrylamide gels or for kinase assays.

Kinase assays. Protein A-Sepharose beads containing im-
munoprecipitated protein kinase were given a final wash in
20 mM Tris-HCl (pH 7.5)-150 mM NaCl-7 mM 3-mercapto-
ethanol, resuspended in 10 p,l of the same buffer containing
10 mM MgCl2 or MnCl2, and preincubated for 5 min on ice,
after which 5 ,uCi of [-y-32P]ATP was added. The final
reaction volume was 15 ,ul; the phosphorylation reaction was
for 30 min at 30°C. Phosphorylated proteins were analyzed
by PAGE and autoradiography. Exogenous kinase sub-
strates sometimes included were bovine histone mix and
purified bovine histone H2B (Boehringer), salmon protamine
(free base; Sigma), casein (Sigma), and the oligopeptide
PLSRTLSVAAKK, from glycogen synthase (28; a gift from
T. Eichholz), as S/T kinase substrates and angiotensin I
peptide (Sigma), Src peptide (Sigma), and enolase (Sigma) as
protein-tyrosine kinase substrates. Of the exogenous pro-
teins, 1 pug was included per reaction; the final concentration
of included peptides was 0.5 mM.
Phosphoamino acid analysis. Phosphorylated amino acids

were identified by hydrolysis of phosphorylated proteins
after elution from polyacrylamide gels, followed by two-
dimensional electrophoresis on thin-layer cellulose plates
and autoradiography, as described previously (6).

Nucleotide sequence accession number. The sequence data
reported in this paper have been submitted to GenBank and
assigned accession number M94870.

RESULTS

Mutagenesis of PRV. Cosmid c-448, containing 41 kbp of
PRV sequences (Fig. 1B), was mutagenized at quasi-random
sites by insertion of a palindromic oligonucleotide containing
stop codons in all reading frames and an EcoRI site which is
not present in the PRV genome (3). Mutant PRV strains were
generated by cotransfecting the c-448-derived viral DNA
fragments with the inserts from PRV clones c-179, c-443, and
pN3HB (Fig. 1B) (57). All resulting mutant virus strains
were verified for the integrity of the viral genome and the
presence of the inserted oligonucleotide by restriction en-
zyme analysis (not shown). Small EcoRI-Sau3A fragments,
flanking the insertion sites of all mutagenized c-448 deriva-
tives, were cloned and used as probes to detect cross-
hybridization with cloned HSV-1 fragments under low-
stringency conditions. The HSV-1 clones used were selected
on the basis of earlier cross-hybridization studies (4, 17). In
this way, we were able to map the PRV gene, homologous to
HSV-1 gene UL13 (and to VZV gene 47, EBV gene BGLF4,
HCMV gene UL97 or HSRF3, and HHV6 gene 15R [9]). The
mapping data were confirmed by sequencing the clones
flanking oligonucleotide insertion sites 24 and 5 (Fig. 1C); in

A
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FIG. 2. Northern blot analysis of transcripts in the PRV UL14-
UL13-UL12 region. Poly(A)+ RNA was derived from wt NIA-3-
infected SK6 cells isolated 2 and 6 h after infection. (A) Blot
hybridized to probe 1 (Fig. 1C); (B) blot hybridized to probe 2 (Fig.
1C). The bands are numbered as follows: 1, approximately 3.5 kb
late; 2, approximately 3.2 kb early-late; 3, 2.1 kb early-late; 4,
approximately 1 kb late. Arrows indicate the positions of 28S and
18S rRNAs (4.7 and 1.9 kb, respectively).

these mutants, the oligonucleotides were found to be in-
serted in the 5' and 3' ends of the gene, respectively (see also
below).

Northern blot analysis. To detect early and late PRV-
encoded transcripts, Northern blots were made with
poly(A)+ mRNA that was isolated from SK6 cells after
infection with wt PRV for 2 or 6 h. Probes flanking the
oligonucleotide insertion sites 24 (probe 1) and 34 (probe 2;
Fig. IC) were used for hybridization. As shown in Fig. 2, a
number of overlapping transcripts were found. A late tran-
script of approximately 3.5 kb and a slightly shorter early-
late transcript, detected with both probes 1 and 2, most
probably represent messengers for PRV homologs of HSV-1
genes UL14 and UL13 (40, 44) (designated PRV UL14 and
PRV UL13, respectively). The 2.1-kb early-late transcript,
which is detected with probe 2 only, is probably the mRNA
for the PRV homolog of the HSV-1 UL12 (alkaline nuclease
[AN] [20, 40, 44]) protein. The small (about 1-kb) late
transcript, detected with probe 2, probably represents the
mRNA for a PRV homolog of HSV-1 open reading frame
(ORF) UL11 (20, 40). These data indicate that all transcripts
terminate 3' of the latter gene, downstream of the tandem of
PRV homologs of HSV-1 UL14, UL13, UL12, and UL1l
(Fig. 1C). This conclusion is in concordance with the ab-
sence of poly(A) addition signals downstream of PRV UL14
and PRV UL13 (Fig. 3). This transcriptional organization
closely resembles that of the corresponding HSV-1 genomic
region (12, 13, 20).

Sequence analysis of PRV UL13 and expression of the gene
in vitro. We sequenced 2,202 bp of PRV DNA, containing
the PRV homologs of HSV-1 UL14, UL13, and the 5' end of
UL12 (Fig. 3). The PRV UL14, PRV UL13, and PRV UL12
homologs partially overlap. In mutant 24, the oligonucleo-
tide is inserted between positions 716 and 852, in the 5' part
of PRV UL13; in mutant 5, it is inserted between positions
1602 and 1617, in the 3' part of PRV UL13. These are the
only oligonucleotide insertion mutants that were found to be
accompanied by a small deletion. The deduced molecular
size of the PRV UL13 protein is 41.5 kDa; the calculated
isoelectric point of the protein is 9.2. For the PRV UL14

J. VIROL.



VOL. 66, 1992 CHARACTERIZATION OF A NEW PRV KINASE 5203

GGACCACCGTCTGGTGGCGCTGTGGGGCGGCGATGGCAAAGTTGAAAAAGCGGGCCTCCTCGGCGCAGTCGCGCTCACTGGCCTCGCGCTTGCGCTTGAG

PRV UL14->M L A S D R R E R R V R L E E A F Q R E
GTCCGCGTAGTAGCGCCGCGTCGCGTCGCCCAGGCCGAACATGCTCGCCTCGGACCGCCGGGAGCGCCGCGTGCGCCTCGAGGAGGCCTTTCAGCGCGAG101

S V F K A R T V E L L R G R A D K K N P E F V R A F M A A K Q A R
201 AGCGTCTTCAAGGCGCGCACCGTCGAGCTTCTGCGCGGGCGCGCCGACAAGAAAAACCCCGAGTTCGTCCGGGCCTTTATGGCGGCCAAACAGGCCCGGC

R D V E R H L R L A A R V E S V E Q K A R A L Q A R V E A Q A A V R
301 GGGATGTAGAGCGCCACCTGCGGCTGGCCGCCCGGGTGGAGTCTGTGGAACAAAAAGCGCGCGCGCTGCAGGCCCGCGTGGAAGCCCAGGCGGCCGTCCG

G V L D R H R R F T R A D F A E A L D A A E D A L A A G E D R L D
401 CGGGGTCCTGGACAGGCACCGGCGGTTCACGCGGGCGGACTTTGCGGAGGCGCTCGACGCCGCGGAGGACGCGCTCGCGGCCGGCGAGGACCGGCTCGAC

PRV UL13->M A A G
D A A A L D E D W A G G G A P D E D E G E E A D E A L L T Q W L L

501 GACGCGGCCGCGCTCGACGAGGACTGGGCCGGCGGCGGGGCGCCCGACGAGGACGAGGGGGAGGAGGCGGACGAGGCCCTGCTGACCCAATGGCTGCTGG

G G G G G V S R A A L A R P P I H R G T S A P G G A I A A A G G D
E E A E E A *PRV UL14 END

601 AGGAGGCGGAGGAGGCGTGAGCCGGGCCGCGCTGGCGCGGCCGCCCATCCACCGCGGCACGTCCGCGCCGGGCGGCGCCATCGCCGCCGCCGGCGGCGAC

G D G D E A S R L L G R A Q P R E A P Y L I P R P D G D L A V P D
701 GGGGACGGGGACGAGGCCTCCCGGCTCCTGGGCCGCGCGCAGCCGCGCGAGGCCCCCTACCTGATCCCGCGCCCGGACGGGGACCTCGCCGTGCCGGACG

D L Q Y A T L D L T G D P V A V G A G S Y G S V L V Y G S V A V K T
801 ACCTGCAGTACGCGACCCTCGACCTCACGGGCGACCCCGTGGCCGTCGGGGCCGGATCGTACGGCAGCGTGCTCGTGTACGGCTCGGTGGCCGTGAAGAC

L R A G F G H E A V M T L L A A E E A R S A G V R G V V R L M G L
901 GCTCCGCGCCGGCTTCGGCCACGAGGCCGTCATGACGCTGCTGGCCGCGGAGGAGGCGCGCTCCGCCGGCGTCCGCGGCGTGGTGCGCCTGATGGGACTC

S A P L R Q L M F P A Y E M D M D A Y R R S L T A R P G H V V H A
1001 TCGGCGCCGCTGCGCCAGCTCATGTTCCCGGCCTACGAGATGGACATGGACGCGTACCGCCGCTCGCTCACGGCGCGCCCGGGGCACGTGGTGCACGCCC

L G R V F T E L G R A L V F L N G R G L S H L D V K G G N I F V R T
1101 TGGGGCGCGTCTTCACCGAGCTCGGCCGCGCGCTCGTGTTCCTCAACGGCCGCGGGCTCAGCCACCTGGACGTCAAGGGCGGCAACATCTTTGTGCGCAC

C G N M V V T A V I G D F S L M A L N S R S A L A D P R F R L A R
1201 GTGCGGCAACATGGTCGTGACGGCCGTCATCGGGGACTTTAGCCTCATGGCCCTCAACTCGCGCAGCGCGCTCGCGGACCCGCGCTTCCGCCTCGCGCGC

R K A L K I T S L A R S P P T G V L L G H A R D R P T R V L M D F
1301 CGCAAGGCGCTGAAGATCACGTCGCTGGCGCGGAGCCCGCCGACGGGCGTCCTCCTGGGGCATGCGCGCGACCGGCCCACGCGGGTGCTGATGGAC m A

I N G R P P P P G P L P Y E V G L A I D L C A L G H V L L D V A L G
1401 TTAACGGGCGCCCGCCGCCGCCGGGCCCCCTGCCGTACGAGGTGGGCCTGGCGATCGACCTGTGCGCGCTGGGCCACGTGCTGCTGGACGTGGCGCTCGG

L R P Q R G Q A L T R E Y A V E V L A R R C V L F A A L L P P G S
1501 CCTGCGCCCGCAGCGCGGCCAGGCGCTGACGCGCGAGTACGCCGTGGAGGTGCTCGCGCGCCGCTGCGTGCTCTTCGCGGCCCTGCTCCCGCCGGGCAGC

G P S A E A L A G D I L E E E L A A G F R E G V A S S R P G N Q P
1601 GGCCCCTCCGCCGAGGCCCTCGCCGGGGACATCCTCGAGGAGGAGCTGGCCGCCGGCTTCCGCGAGGGCGTGGCCAGCTCGCGCCCCGGCAACCAGCCCC

PRV UL12->M A A L V L P N S L P E E L A A
P R T V A P L L E L V A R F C G E D G G A R F A E L A A *PRV UL13 END

1701 CGCGCACGGTGGCCCCGCTGCTCGAGCTCGTGGCCCGGTTCTGCGGCGAGGATGGCGGCGCTCGTTTTGCCGAACTCGCTGCCTGAGGAGCTGGCCGCGC

R T F L R F L R G A P R P A A G G A A P L A Y R L A Y V H D L L V E
1801 GCACCTTCCTGCGGTTCCTGCGCGGGGCGCCGCGCCCCGCGGCCGGCGGCGCGGCGCCGCTGGCGTACCGCCTGGCGTACGTGCACGACCTGCTCGTCGA

L A R H G L A A P D A A A A A F G G A R P P P A P A G V P A A A A
1901 GCTGGCGCGCCACGGCCTCGCCGCCCCCGACGCGGCCGCGGCGGCCTTTGGCGGCGCGCGCCCGCCGCCCGCGCCCGCGGGCGTCCCCGCCGCGGCGGCG

R A A I L T V E A A T R A Q S E S D L W T L L R R G L A T A S T V
2001 CGCGCCGCCATCCTGACGGTGGAGGCGGCCACGCGCGCGCAGAGCGAGAGCGACCTGTGGACGCTGCTGCGCCGCGGGCTGGCCACGGCCTCGACCGTGC

R W G A D G P H F P P T W C E A S T A R C G T P D N A A L I F G R V
2101 GCTGGGGGGCGGACGGCCCGCACTTCCCGCCGACGTGGTGCGAGGCCAGCACGGCGCGCTGCGGCACGCCCGACAACGCGGCGCTCATCTTTGGCCGCGT
2201 CG

FIG. 3. Nucleotide and predicted amino acid sequences of the PRV UL14 and PRV UL13 (phosphotransferase) genes and part of PRV
UL12 (AN) gene. The N and C termini of the ORFs are indicated. Amino acids are displayed in the one-letter code.

homolog, the calculated molecular size is 18 kDa. To verify
that the PRV UL13 ORF was assigned correctly, a number
of fragments were used as templates in an in vitro transcrip-
tion-translation system. An autoradiogram demonstrating
the correctness of the assignment is shown in Fig. 4. Lane 1
contains protein encoded by a clone containing a PRV DNA
fragment starting 224 bp 5' of the putative start codon of the
PRV UL13 ORF (Fig. 3). Lane 2 demonstrates that the same

protein is synthesized by a cloned PRV DNA fragment that
starts at the putative start codon of PRV UL13 at position
590. These lanes both show the expected product of 41.5
kDa. As expected, no protein, except a version that is
probably internally initiated, is synthesized from a clone
starting at position 803 (lane 3). The product in lane 4,
synthesized from a clone harboring oligonucleotide insertion
24, is most likely represented by a faint band that comigrates
with the bromophenol blue dye. This result demonstrates

that translation of the mutant gene product is terminated
prematurely as expected.
Data bank computer searches yielded clear homology only

between the deduced protein sequence encoded by the PRV
UL13 gene and its HSV-1 and VZV homologs. Alignment
between the protein encoded by the PRV UL13 gene and the
HSV-1 UL13-encoded protein (Fig. 5) reveals that the
HSV-1 protein has additional stretches of amino acid resi-
dues at a number of sites. These sites are particularly at the
N terminus, which shows no homology, and at sites that
coincide predominantly with the putative borders of protein
kinase subdomains as defined by Hanks et al. (25, 26). For
comparison, the sequence of the catalytic domain of cAPK-ax
is also included in Fig. 5. From this alignment and also from
alignments between the herpesvirus homologs of the PRV
UL13-encoded protein and a series of protein kinase se-

quences (9, 53; our results), it is apparent that a number of



5204 DE WIND ET AL.
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- 68 kd

- 43 kd

- 29 kd

18 kd

FIG. 4. In vitro transcription-translation of PRV UL13-contain-
ing DNA fragments, analyzed on an SDS-12.5% polyacrylamide gel.
Lanes: 1, PstI (position 366 in Fig. 3)-EcoRI (derived from an
oligonucleotide insertion, about 2 kbp downstream of the PstI site);
2, BamHI (fused by PCR to the putative start codon at position 590;
Fig. 3)-EcoRI; 3, PstI (position 803; Fig. 3)-EcoRI; 4, PstI (position
366; Fig. 3)-HindII (at about hypothetical position 2250 in Fig. 3)
containing oligonucleotide insertion 24 within PRV UL13. The band
comigrating with the bromophenol dye in this lane is indicated with
an asterisk. Molecular sizes of the marker proteins are indicated on
the right.

the residues highly conserved in many kinases are absent in
this protein and in the homologs from other herpesviruses
(discussed below). In addition, many moderately conserved
residues are absent from these proteins.
The phylogenetic relationship between the putative kinase

catalytic subunit of the herpesvirus genes and that of classi-
cal kinase domains is illustrated in Fig. 6. A dendrogram that
displays phylogenetic relationships among the putative cat-
alytic domains of the herpesvirus proteins, a variety of
protein kinase catalytic domains, and the catalytic domain of
sea urchin guanylate cyclase, a protein related to protein
kinases, was constructed by clustering computer alignment.
This dendrogram demonstrates that PRV UL13 and its
herpesvirus homologs form a subgroup distinct from classi-
cal protein kinases and even from the guanylate cyclase
protein.

Phenotype of PRV UL13 mutants. Plaquing assays do not
reveal significant differences in end titer and plaque size
between the PRV UL13 mutant strain B24 and wt PRV
(Table 1). To assess a role of the PRV UL13 gene in the viral
infection cycle in cultured cells, we constructed a PRV
UL13- double mutant that carries an additional oligonucle-
otide insertion in the protein kinase encoded by the US
region of the virus (USPK [58, 60; see reference 36 for a
review]). This double mutant yielded a strongly reduced end
titer compared with that of wt PRV; in addition, the plaque
size of the double mutant was very small (Table 1). The
phenotype of the double mutant could be rescued by
cotransfecting naked DNA of the double mutant with a 3-kbp
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PRV 1 MAAGGGGGGVSRAALARPPIHRGTSAPGGAIAA 33
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VIII
194. TWTLCGTPEYLAPEII ............... LSKGYNKAVDWW 222
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335 TALTTANFHTLVGIGYNQPPELLVKYLNNERAEFTNHRLKHDVGLAVDLY 384
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223 ALGVLIYEMAAGYPPFFA . ...........DQPIQIYEKIVSGKV 255
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256 RFPSH................................. 260
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364 SSRPGNQPPRTVAPLLELVARFCGEDGGARFAELAA*
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FIG. 5. Alignment between the catalytic domain of cAPK-a, of
the PRV U113 gene product, and of the HSV-1 UL13 gene product.
Kinase subdomains I to XI, as identified by the alignment of
catalytic domains of 75 S/T kinases (25), are indicated. Arrows
indicate the borders between the domains. Below the alignment,
residues that are conserved in more than 72 of 75 S/T kinases are
shown in capitals; residues that may be replaced by amino acids of
similar nature are shown in lowercase. Groupings used for this
purpose are nonpolar chain R groups (M, L, I, V, and C), aromatic
or ring-containing R groups (F, Y, W, and H), small R groups with
near-neutral polarity (A, G, S, T, and P), acidic and uncharged polar
R groups (D, E, N, and Q), and basic polar R groups (K, R, and H).
Amino acids deviating from the consensus are shaded.

intact DNA fragment encompassing the insertion site of B24,
resulting in a PRV strain with a restored PRV UL13 gene.
This result clearly indicates a role of the PRV UL13 gene
product in the viral infection cycle.

Immunoprecipitation of the PRV UL13 gene product, ki-
nase assays, and phosphoamino acid analysis. To determine
whether the gene product of PRV UL13 is a protein kinase,
we expressed the gene transiently in cultured cells. To be
able to purify the protein from cells, we added an 11-amino-
acid-long epitope (tag; derived from the vesicular stomatitis
virus glycoprotein C-terminal end [34]) to the 3' end of the
PRV UL13-encoded protein. This was performed by re-
moval of the TGA stop codon by Saul digestion and mung
bean nuclease treatment, followed by ligation to a DNA
fragment containing the coding sequence for the epitope
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TABLE 1. Virus end titers in a plaquing assay of PRV strains

Titer Plaque
Strain Genotype (106 PFU/ml) size ± SD

(mm)

B24 PRV UL13- 250 1.42 + 0.09
FH549 USPK- 60 1.44 ± 0.08
B24/FH549 PRV UL13- USPK- 15 0.40 ± 0.07
NIA-3 wt 300 1.66 ± 0.23

FIG. 6. Dendrogram displaying clustering relationships between
catalytic domains of a variety of S/T kinases (solid lines), protein-
tyrosine kinases (bold lines), a kinase with dual specificity (inter-
rupted line), and sea urchin guanylate cyclase. Herpesvirus ho-
mologs of PRV UL13 are boxed. See reference 25 for references on

the kinases (and guanylate cyclase) with the exception of PRV
USPK and VZV 66, the PRV (58, 60) and VZV (15, 41) homologs of
the alphaherpesvirus S/T kinase encoded in the US region (HSVK in
HSV-1 [22, 25, 41, 47]), Pknl (45), STY (29), and the herpesvirus
homologs of UL13 (this report).

preceded by codons for glycine, arginine, and proline (as a

helix breaker).
To exclude the possibility that phosphorylation is per-

formed by a contaminating kinase which could be physically
associated with the PRV UL13 gene product or fortuitously
recognized by the antibody, we constructed a mutant that
has no intrinsic protein kinase activity but has probably
retained its overall structure. To this end, we changed
Lys-103 to the structurally similar amino acid methionine by
site-directed mutagenesis. By analogy with known protein
kinases, Lys-103 is predicted to be involved in ATP binding
(5, 30, 32, 33, 54, 61); the mutation to Met was previously

shown to abolish enzymatic activity of the epidermal growth
factor receptor protein-tyrosine kinase (10) and the Pim-1
S/T kinase (52). Both the tagged PRV UL13 product and its
mutant tagged derivative were cloned in expression vector
pMT2. Immunoprecipitations of lysates from transfected
COS-7 cells labelled with [35S]methionine revealed the ex-
pected product for both wt and mutant proteins (Fig. 7, lanes
1 and 2). When these products are incubated with [y-32p]
ATP, label is incorporated only in the presence of the wt
protein (Fig. 7, lanes 5 and 6). In addition to the PRV UL13
gene product, several proteins of higher molecular weight
that are present as [35S]methionine-labelled minor contami-
nants in the immunoprecipitated material are phosphory-
lated as well. The phosphorylating activity is dependent on
the presence of Mn2+ ions; in the presence of only Mg2+, no
phosphorylation is found (Fig. 7, lanes 3 and 4). The exog-
enous substrates Src peptide, angiotensin I peptide, enolase
(protein-tyrosine kinase substrates), and protamine (S/T
kinase substrate) were not detectably phosphorylated by the
kinase (not shown). In contrast, several histones, including
H2B, are readily phosphorylated, as are casein and an
oligopeptide substrate for protein kinase, derived from gly-
cogen synthase. The latter peptides are all substrates for S/T
kinases.
To determine the amino acid specificity of the kinase, we

performed phosphoamino acid analysis on the autophospho-
rylated kinase and on histone H2B phosphorylated by the
protein. Figure 8 shows that phosphorylated amino acids are
serine and threonine in the autophosphorylated protein and
serine in histone H2B. This result demonstrates that the
protein is an S/T kinase.

DISCUSSION

We performed random oligonucleotide insertion mutagen-
esis of a 41-kbp cloned PRV genomic fragment. Mutant virus
is reconstituted by cotransfecting the mutagenized fragment
with overlapping cloned fragments, together comprising the
entire viral genome. Short DNA fragments flanking oligonu-
cleotide insertion sites were cloned and used as probes to
map viral transcripts and in cross-hybridization experiments
with HSV-1 clones. This procedure enabled us to delineate
colinear regions between the mutagenized part of the viral
genome and the prototype alphaherpesvirus HSV-1. In this
way, we traced the PRV gene homologous to the HSV-1
UL13 gene. The latter gene and homologs of this gene in
other herpesviruses were recently reported to have charac-
teristics of eukaryotic phosphotransferases (9, 53).

In two of the oligonucleotide insertion mutants, B24 and
B5, expression of the PRV UL13 gene product is affected by
premature termination of translation as a result of the
presence of stop codons in the inserted oligonucleotide.
Analysis of the end titer and plaque size of mutant B24
revealed almost no reduction in comparison with wt PRV.
To reveal a role of the protein in the viral infection cycle in
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FIG. 7. SDS-20% polyacrylamide gel of the immunoprecipitated
Lys-103--Met mutant of tagged PRV UL13 protein (-) and of wt
tagged PRV UL13 protein (+). Lanes: 1 and 2, [35S]methionine-
labelled protein; 3 and 4, autophosphorylation in the presence of
Mg2+; 5 and 6, autophosphorylation in the presence of Mn2+; 7 to
14, phosphorylation in the presence of Mn2+ and added peptide or

protein; 7 and 8, containing added histone mixture; 9 and 10,
containing added histone H2B; 11 and 12, containing added glyco-
gen synthase peptide; 13 and 14, containing added casein; 15,
molecular weight markers (sizes indicated on the right). In lanes 3 to
14, approximately 3% of the amount of PRV UL13-encoded protein
of lanes 1 and 2 is present.

cultured cells, we constructed a double mutant in which the
expression of both the PRV UL13 gene and the S/T kinase
encoded in the US region of PRV (58, 60) and of other
alphaherpesviruses (22, 41, 47; see reference 36 for a review)
was abolished. This double mutant showed a strongly re-
duced end titer and plaque size. This result suggests syner-
gism between both kinases, although it is also possible that
the two kinases have the same substrate(s) and are able to
take over each other's function so that only one of the genes
is required for the virus. On the basis of the differences in
substrate specificity in vitro (36), the latter possibility seems
not very likely. At present, we have no clear indications as
to the exact function of the PRV UL13 protein in the viral
infection cycle. Determining the natural substrate(s) of the
protein will be instrumental in this respect.
The derived amino acid sequence of the PRV gene reveals

a basic protein (pl 9.2) of 398 amino acids with a molecular
size of 41.5 kDa, considerably smaller than its herpesvirus
homologs (9). Alignments show that most differences are

found in the N-terminal parts of the proteins, outside the
catalytic domain. In addition, we find a PRV homolog of
HSV-1 UL14 at the 5' of, and overlapping with, PRV UL13
(Fig. 1). The PRV homolog for the AN (UL12) gene is also
found; the ORF starts at position 1752 within the 3' end of
the PRV UL13 ORF. This gene organization closely resem-

bles that of herpesviruses of all other subgroups (although
EBV possibly has no UL14 homolog [35, 44]). Northern blot

A B

Y:

FIG. 8. Phosphoamino acid analysis of autophosphorylated
tagged PRV UL13 protein (A) and of histone H2B3 phosphorylated
by tagged PRV UL13 (B). Ninhydrin staining of marker phosphoam-
ino acids is indicated by dotted circles; amino acid names are
indicated in the one-letter code.

analysis indicates that in PRV, the transcripts for the UL14,
UL13, UL12, and UL11 homologs probably all terminate
downstream of the UL11 homolog. This transcriptional
organization is similar to that of the corresponding segment
of the HSV-1 genome except for the absence of one of the
two transcripts for the AN gene in PRV (probably the longer,
late AN transcript [12, 13, 20]). The assignment of the size
and location of the PRV UL13 gene and the absence of the
protein as a result of the inserted oligonucleotide in mutant
B24 were confirmed by expression of the PRV UL13-
encoded protein in vitro.
Comparison of a series of 75 catalytic domains of S/T

kinases has demonstrated the presence of many residues that
are conserved in almost all kinases. However, a significant
number of these highly conserved residues and many less
well conserved residues are absent in the herpesvirus UL13
homologs (see also below). Moreover, a phylogenetic tree
based on a multiple alignment of the catalytic domains of the
herpesvirus proteins and those of classical S/T and protein-
tyrosine kinases (and sea urchin guanylate cyclase) shows
the herpesvirus proteins to belong to a very distinct branch
(Fig. 6).
To directly assess the activity of the PRV UL13-encoded

protein, we fused a tag to the C terminus and transiently
expressed the protein in cultured cells. Immunoprecipita-
tions followed by kinase assays demonstrated that the pro-
tein has intrinsicMna2 -dependent protein kinase activity,
both in an autophosphorylation reaction and in phosphory-
lation of added substrates. Autophosphorylation is weak
compared with the phosphorylation of contaminants in the
immunoprecipitate. In this context, it is worthwhile to note
that immunoblotting has shown that the major phosphory-
lated contaminant is recognized by antibody P5D4, suggest-
ing that the contaminant may be a modified form of the PRV
UL13-encoded protein. Surprisingly, both acidic (casein)
and basic (histones and the glycogen synthase peptide but
not protamine) polypeptides were substrates for the kinase.
Phosphoamino acid analysis of autophosphorylated protein
and of phosphorylated histone H2B revealed phosphoserine
and phosphothreonine. This finding is in agreement with the
presence of some S/T kinase-specific amino acid residues in
the protein (see also below). Recently, Cunningham et al.
(14) demonstrated the protein encoded by HSV-1 UL13 to be
a virion protein (Vmw57) that is phosphorylated by a protein
kinase which is induced in cells after virus infection. In view
of the results described here, it is likely that this phosphor-
ylation represents autophosphorylation of Vmw57; more-
over, the HSV-1-induced kinase activity shows a specificity
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for exogenous substrates similar to that of the PRV UL13
gene product (casein is a substrate, but not protamine).

Besides the S/T kinase encoded in the US region in
alphaherpesviruses and the kinase domain present in the
large subunit of the ribonucleotide reductase protein in
HSV-2 (11), this is the third protein kinase found in herpes-
viruses. The product of the UL13 homolog is, however, the
only kinase found in all (a, ,B, and y) subgroups of herpes-
viruses (9). This finding suggests that the gene was acquired
at an early stage of herpesvirus evolution, and this may also
be the reason for the extensive sequence divergence from
classical eukaryotic S/T kinases. In light of the recent
resolution of the structure of the catalytic subunit of cAPK-at
as a prototype S/T kinase (32, 33), the role of many of the
amino acid residues in the kinase catalytic domain is re-
solved. Alignments between the deduced protein sequences
of the herpesvirus UL13 homologs and classical S/T kinases
(Fig. 5) (9, 53) provide additional information on the rele-
vance of protein subdomains and conserved residues for
kinase function. (i) In the PRV protein, the C-terminal part
of subdomain I and the loop between subdomains I and II are
absent. As in cAPK-a, these subdomains likely reside within
the small lobe of the catalytic subunit and constitute the
nucleotide-binding domain. Residues 57 to 63 and 67 to 75 in
cAPK-a form antiparallel 1 strands. The sequence absent in
the PRV protein (and some of its herpesvirus homologs),
between subdomains I and II, is distal to the actual nucle-
otide-binding site. For this reason, the deletion is not ex-
pected to affect nucleotide binding directly. (ii) cAPK-a
residues 78 to 87, which are absent in the PRV kinase, are
close to the phosphate anchor in cAPK-a, although they
extend somewhat from the protein core. Apparently, these
residues are not essential for the conformation of the nucle-
otide-binding site, at least in the PRV UL13 gene product.
(iii) Inserts as found between subdomains III and IV and
between several other subdomains are present in more
protein kinase catalytic domains (25) and generally form
loops between regions of secondary structure in cAPK-a;
inserts at these sites do not interfere with the activity of the
enzyme (see also reference 32). Most divergences between
the PRV kinase and classical S/T kinases reside in the large
lobe of the catalytic subunit which extends from subdomains
V (residue 126 in cAPK-a) to XI. This lobe is responsible for
substrate recognition and binding. (iv) Subdomain VIb,
containing a loop (residues 165 to 171 in cAPK-a) involved in
orienting the substrate and in catalysis and an indicator of
specificity towards S/T phosphorylation (26), essentially
corresponds to the consensus in the herpesvirus proteins. (v)
In subdomain VII, the highly conserved triplet DFG (posi-
tions 184 to 186 in cAPK-a) is DFS in PRV and HSV-1 (DYS
in HHV6, HCMV, and VZV and DYG in EBV). Asp-184 is
conserved in all 75 protein kinases aligned by Hanks and
Quinn (25) and thought to be involved in interaction with
MgATP (or MnATP) during catalysis. Its carboxylate inter-
acts with the backbone amide of Gly-186, leading to stabili-
zation of the local secondary structure. Tyr and Ser (in some
of the herpesvirus proteins) are structurally very similar to
Phe and Gly, respectively, so the function of the triplet is
probably unchanged in the herpesvirus kinases. (vi) In
subdomain VIII, dramatic differences are found between the
herpesvirus sequences and the consensus. The conserved
triplet Ala-Pro-Glu (positions 206 to 208) in this subdomain is
considered to be an important protein kinase catalytic do-
main indicator. In the cAPK-a tertiary structure, this region
is in close contact with the catalytic center and is involved in
substrate binding. In addition, Thr-201 is an indicator of

specificity toward S/T phosphorylation (26). Glu-208, which
is invariant among all 75 S/T kinases aligned by Hanks and
Quinn (25), strongly interacts with Arg-280 to stabilize this
region of the protein. In our alignments with the other
herpesvirus homologs, residues homologous with amino
acids 201 to 208 (in cAPK-a) have also diverged (HGT
NQPPE in VZV, KDTYKPLC in EBV, HPAFRPMP in
HCMV, and NPGFRPLV in HHV6). The influence of these
divergences on kinase function is unclear, although they
demonstrate that the triplet APE that is found in the vast
majority of the classical kinases is not pivotal for the activity
of the enzyme. (vii) Subdomain IX, involved in stabilization
of the catalytic center, largely conforms in our alignments to
the consensus in all herpesvirus homologs (DLYALG in
VZV, DLQSLG in EBV, ELSALG in HCMV, and DLQSL
G in HHV6). (viii) We were unable to unambiguously align
subdomain XI with the consensus. Hallmarks of this subdo-
main are an invariant arginine residue (Arg-280, interacting
with Glu-208 in the substrate-binding domain), preceded at
11 amino acids by a hydrophobic residue and often followed,
at 12 to 18 amino acids, by a 4-amino-acid-long stretch
consisting of His, Pro, aromatic, and hydrophobic residues
(25). We were not able to trace this pattern in the herpesvirus
proteins, although we found conserved arginine residues
preceded by a hydrophobic residue at -11 in all virus
proteins except the HHV6 homolog. These aberrancies are
not surprising since Glu-208 is also absent in most of the
proteins. It is likely that the tertiary structure in the herpes-
virus kinases is stabilized by another mechanism, although
we cannot exclude, in light of the divergences in the sub-
strate-binding domain, that these proteins bind to their
substrates in a way fundamentally different from that of
classical S/T kinases.
S/T kinases with highly aberrant sequences have been

found to be encoded by some RNA viruses (hepatitis B virus
transcriptional activator [59] and L proteins of vesicular
stomatitis virus [50] and Sendai virus [21]); a mammalian S/T
kinase (BCR) lacking a classical kinase domain has been
described recently (37). The sequences of these SIT kinases
have no clear homology with those of classical kinase
catalytic domains. The S/T kinase family described here,
however, is likely to be transduced by an ancient herpesvi-
rus from a classical cellular kinase, as has been found to be
the case with a number of other herpesvirus genes (see
reference 55 for a review). The divergent evolution between
the cellular proteins and their herpesvirus descendants al-
lows further refinements of structure-function relationships
of S/T kinases. Our analysis illustrates that a number of
conserved kinase residues are not required for the catalytic
activity of an S/IT kinase.
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