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Background: Vaccinia virus gene BIR encodes a serine/threonine protein kinase. In vitro this pro-
tein kinase phosphorylates ribosomal proteins Sa and S2 and vaccinia virus protein H5R, proteins
that become phosphorylated during infection. Nothing is known about the sites phosphorylated on
these proteins or the general substrate specificity of the kinase. The work described is the first to
address these questions.

Results: Vaccinia virus protein H5R was phosphorylated by the BIR protein kinase in vitro, digest-
ed with V8 protease, and phosphopeptides separated by HPLC. The N-terminal sequence of one
radioactively labelled phosphopeptide was determined and found to correspond to residues 81-87
of the protein, with Thr-84 and Thr-85 being phosphorylated. A synthetic peptide based on this
region of the protein was shown to be a substrate for the BIR protein kinase, and the extent of
phosphorylation was substantially decreased if either Thr residue was replaced by an Ala.

Conclusions: We have identified the first phosphorylation site for the vaccinia virus BIR protein
kinase. This gives important information about the substrate-specificity of the enzyme, which differs
from that of other known protein kinases. It remains to be seen whether the same site is phospho-
rylated in vivo.

Background

Vaccinia virus is a large DNA virus that replicates in the
host cell cytoplasm in granular sites called virosomes [1].
It encodes at least two protein kinases belonging to the
cellular family of serine/threonine protein kinases, the
products of the B1R [2,3] and F10L genes [4]. The FioL
kinase is encapsidated in the virion and plays an essen-
tial role in virion morphogenesis [5,6]. The B1R protein
kinase is expressed early in infection, is found in the vi-
rosomes, and is also packaged into virions [7]. It appears

to be an essential viral protein, and temperature-sensi-
tive mutations that map to the B1R gene produce virus
that cannot replicate its DNA at the restrictive tempera-
ture [2,8]. The B1iR kinase does not appear to have a
broad substrate specificity, and, although it has some ac-
tivity against the acidic protein, casein, this is a poor sub-
strate compared with the enzyme's known physiological
substrates. Three proteins which become phosphorylat-
ed during infection of cells with vaccinia virus have been
shown to be substrates of the B1R protein kinase in vitro.
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Two of these are the ribosomal proteins Sa and S2 [9,10]
and the third is the product of the H5R open reading
frame of the vaccinia virus genome [10,11].

The fact that the BiR kinase phosphorylates these pro-
teins in vitro does not, of course, prove that it is respon-
sible for their phosphorylation during infection by virus
in vivo. However, one piece of evidence consistent with
this possibility is that all these proteins have multiple
phosphorylation sites predominantly involving threo-
nine (rather than the more usual serine) residues, and it
is threonine residues on the proteins that the B1R kinase
phosphorylates in vitro. In the case of protein H5R - the
subject of the current work - there is further reason to be-
lieve that the B1R kinase contributes to the phosphoryla-
tion in vivo. In a mutant strain of virus, temperature-
sensitive for B1R, the proportion of underphosophorylat-
ed H5R decreases at the restrictive temperature (G.
Beaud and R. Beaud, unpublished).

In cells infected with a temperature-sensitive mutant of
the B1R gene, the proportion of underphosphorylated
H5R protein decreases at the restrictive temperature,
showing that the B1R protein kinase controls the phos-
phorylation state of the H5R protein synthesized at the
early stage of vaccinia virus infection [12]. It has recently
been shown that most of the H5R protein is found in vi-
rosomes, although some of the more highly phosphor-
ylated forms of the protein appear to be cytoplasmic,
suggesting multiple roles in vaccinia virus development
[13]. Kovacs and Moss [14] have demonstrated that the
H5R protein is, in fact, equivalent to the late stage-spe-
cific transcription factor VLTF-4, and Black et al. [15]
have showed that it associates with protein G2R, a puta-
tive late transcription elongation factor. In contrast,
studies of a dominant temperature-sensitive mutant of
H5R by DeMasi and Traktman [16] suggest a role in vir-
ion morphogenesis. A knowledge of the phosphorylation
sites on the H5R protein is needed to test whether phos-
phorylation has a role in either of these processes, and
we have made the first steps in this direction by identify-
ing two threonine residues in the protein that are sub-
strates for the B1R protein kinase.

Results

Vaccinia virus protein H5R isolated from infected HeLa
cells was labelled in vitro with [y-32P]JATP by recom-
binant B1R protein kinase, all as described in Experi-
mental. The products of the reaction were digested with
V8 protease and then passed through a SEP-PAK car-
tridge to remove the majority of the unreacted [y-
32PJATP. The radioactive V8 peptides recovered from
the cartridge were then applied to a reverse-phase HPLC
column and eluted with a gradient of acetonitrile. This
removed the residual [y-32P]JATP, and the majority of the
radioactivity associated with peptides eluted as a doublet
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at 20-30% acetonitrile (designated 3 in Fig. 1), which was
collected, concentrated by centrifugal evaporation, re-
dissolved and applied to a microbore HPLC column to
resolve the peptides further. A first run using a 15-25%
gradient of acetonitrile in 0.1% trifluoroacetic acid re-
vealed that this preparation of the radioactive doublet
contained perhaps a dozen peptides (Fig. 1). As these
were incompletely resolved, two regions of the gradient
containing the most radioactive peaks (designated in the
figure as I and II, containing gradient fractions 30-33
and 35-36, respectively) were collected and reapplied in
turn to the microbore column, but this time the gradient
for elution comprised 0-50% acetonitrile in 20 mM NaCl
without trifluoroacetic acid. Insufficient radioactivity
was recovered from the peaks resolved in fraction I for
sequence analysis. Fraction II yielded more radioactive
peptides, separated from adjacent peptides and partly
resolved from each other (peaks 28 and 29 in Fig 1).

The two peaks, 28 and 29, from the microbore HPLC
separation of fraction II (Fig. 1) were separately subject-
ed to sequence analysis using an Applied Biosystems gas
phase sequencer, and the radioactivity of the PTH deriv-
ative at each cycle of Edman degradation was deter-
mined by scintillation spectrometry. The results of
thirteen cycles of automatic Edman degradation on peak
29 are shown in Fig 2. The first seven residues of the pep-
tide were identified as YHQTTEK, which correspond ex-
actly to residues 81-87 of H5R and do not occur
elsewhere in the protein [17]. (The preceding residue 80
in the protein is glutamic acid, consistent with the sub-
strate specificity of V8 protease.) The 3°P was released
from the peptide predominantly at cycles 4, 5 and 6. As
there is always carry-over from one cycle to the next, we
can conclude that both residues Thr-84 and Thr-85 of
Hs5R are phosphorylated by the vaccinia virus BiR pro-
tein kinase. Analysis of fraction 28 gave similar results to
those for fraction 29 (not shown).
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Figure |
HPLC fractionation of V8 peptides from vaccinia virus protein
H5R. (a) HPLC fractionation of hydrolysate after passage
through a SEP-PAK column using a gradient of 0-50% ace-
tonitrile. The fractions encompassed by the horizontal bar
(region 3) were collected for further analysis. (b) Microbore
HPLC fractionation of region 3 from (a). A gradient of 15-25%
acetonitrile in 0.1% trifluoroacetic acid was used and the frac-
tions encompassed by the horizontal bars (regions | and I)
collected for further analysis). (c) Microbore HPLC fractiona-
tion of region Il from (b). A gradient of 0-50% acetonitrile in
20 mM NaCl (in the absence of trifluoroacetic acid - i.e. at
neutral pH) was used and the fractions 28 and 29 collected for
sequence analysis). The direction of increasing gradient is
from left to right in all three frames; the ultraviolet absorb-
ance trace is labelled as A,gg, and the radioactivity trace as
P.
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Figure 2

Sequence analysis of H5R phosphopeptide. Fraction 29 from
F%g | was subjected to automatic Edman degradation, and the
3%p radioactivity released at each stage measured. The identity
of the phenylthiohydantoin derivative from the first seven cy-
cles was unequivocal and is indicated.

In many cases it has been found that peptides containing
the phosphorylation sites of proteins are also substrates
for the protein kinase catalysing the phosphorylation of
the protein. We therefore synthesized the peptide
RRIEEYHQTTEKN, which represents amino acid resi-
dues 78-88 of H5R preceded by two arginine residues
(not present at positions 76-77 of the protein) to make
the peptide easier to handle. As preliminary studies indi-
cated that this served as a substrate for the B1R kinase we
had two additional peptides constructed in one of which
Ala replaced Thr-84 and in the other of which it replaced
Thr-85. After incubation with BiR kinase and [y-
32P]ATP the peptides were subjected to high-voltage thin
layer electrophoresis to resolve the peptides from the un-
reacted [y-32P]ATP. Fig 3 shows that although there was
some labelling of the two Ala-replacement peptides, this
was much less than with the parent peptide. (Measure-
ment indicated that this was about 10% of incorporation
into the parent peptide). It would therefore appear that
the recognition specificity for phosphorylation at either
Thr residue includes the other Thr, despite the fact that
in one case it is on the N-terminal side of the phosphor-
ylated residue, and in the other case on the C-terminal
side.
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Figure 3

Phosphorylation of synthetic peptides. Peptides were phos-
phorylated as described in the Experimental section and sub-
jected to electrophoresis on thin-layer cellulose at pH 3.5.
The position of the phosphopeptides is indicated by the ar-
row, the identification being based on the fact that the ninhy-
drin-stained material (predominantly unphosphorylated and
hence with a greater positive charge) migrated just ahead of
this. Lane | contained RRIEEYHQTTEKN, lane 2: RRIEEY-
HQATEKN, lane 3: RRIEEYHQTAEKN, and lane 4; no pep-
tide.

Discussion

We have identified two phosphorylation sites for vaccin-
ia virus protein kinase B1R in viral protein H5R, the first
phosphorylation sites to be determined for this protein
kinase. Although we have not established whether these
same sites are also phosphorylated during viral infection,
our work provides important biochemical information
on the substrate specificity of the protein kinase. The se-
quence containing the two phosphorylated threonine
residues - EEYHQTTEKNSP - is neither particularly ba-
sic or acidic, consistent with the failure of basic or acidic
model peptides to serve as substrates for the BiR protein
kinase. It is interesting that this does not resemble se-
quences reported to be phosphorylated by other protein
kinases, including those phosphorylated by CKi, the
known cellular protein kinase most closely related to the
B1R kinase. This latter generally requires a phosphoser-
ine three amino acids to the N-terminal side of the phos-
phate-acceptor site, although in some artificial
substrates a highly acidic N-terminal region can substi-
tute for this [18]. One interesting biochemical question is
what residues in the target sequence we have identified
are the determinants for the substrate-specificity for the
B1R protein kinase. In one approach to this we have ex-
amined the sequences of other known substrates for the
B1R kinase (ribosomal proteins Sa and S2) but have been
unable to identify potential similarities to the H5R phos-
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phopeptide. In this regard it should be mentioned that
although the synthetic peptide RRIEEYHQTTEKN did
serve as a substrate for the enzyme (Fig. 3), we found its
phosphorylation to be weak compared with that pro-
duced by other protein kinases on their model peptides
(Approximately 0.1 mol phosphate per mol of peptide,
compared with 1.8-2.0 mol phosphate per mol H5R pro-
tein). Although the additional arginine residues in the
peptide complicate the interpretation, it may well be that
there are three-dimensional determinants - absent from
the synthetic peptide - that contribute to the substrate
specificity of the enzyme. There are precedents for this in
some other protein kinases [18].

The vaccinia protein H5R has been shown by isoelectric
focusing to exist in at least four differently charged forms
[11,13], suggesting that there are at least least five differ-
ent phosphorylation sites on the protein. Consistent with
this are the results of experiments (not shown) in which
we employed recombinant H5R in which Thr-84 and
Thr-85 had been replaced by Ala residues, and found
that this still served as a substrate for the B1R protein ki-
nase. It is possible that one or more of these additional
sites is present in the HPLC fraction I of Fig 1, the pep-
tides resolved from which were insufficiently radioactive
for sequence analysis.

Although this work represents the first identification of
phosphorylation sites for the vaccinia B1R kinase, it re-
mains to be established whether these same sites are
phosphorylated in vivo, and, if so, with what physiologi-
cal significance. However it should now be possible to
address this question by constructing recombinant virus
with amino acid substitutions at the positions of phos-
phorylation.

Conclusions

Vaccinia virus protein kinase B1R phosphorylates the vi-
rus protein H5R in vitro at the threonine residues Thr-
84 and Thr-85 within the region:

EEYHQTTEKNSP

A synthetic peptide based on this sequence also acted as
a substrate. We conclude that this sequence determines,
at least in part, the substrate specificity of the vaccinia
B1R protein kinase, although it is unclear which amino
acid residues are the key determinants within this se-
quence. There are other phosphorylation sites for the ki-
nase on protein H5R, but these remain to be determined.

Materials and Methods

Preparation and labelling of H5R protein

The preparation of authentic vaccinia H5R protein and
recombinant B1R protein kinase were as previously de-
scribed [11]. In some experiments a trpE-H5R fusion
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protein (pATH11-Ag35) was used [19]. For phosphoryla-
tion, three identical reactions contained H5R protein (70
pmol), B1R protein kinase (90 ul), Tris-HCI, pH 7.4 (20
mM), magnesium chloride (5 mM), ATP (50 uM), [y-
32PJATP (50 pCi) and dithiothreitol (2 mM) in a total
volume of 500 pl. Incubation was for 30 min at 30° C.

Proteolytic digestion of H5R protein

The 500 ul reaction mixtures, above, were adjusted to 50
mM Tris-HCI, pH 7.4, and 0.01% reduced Triton X-100
at a final volume of 600 pl. To this was added 0.4 ug V8
protease (Boehringer Mannheim) and incubation car-
ried out at 30° C for 18 h. To prepare the peptides for
HPLC analysis the reaction mixtures were pooled and
applied to a SEP-PAK cartridge (prewashed with succes-
sive 10 ml portions of 50% acetonitrile and water) and
eluted with water (40 ml) followed by 50% acetonitrile
(40 ml) and finally 100% acetonitrile (30 ml). A large
peak of radioactivity (unreacted ATP) eluted with the wa-
ter and was discarded, and a smaller broad peak of radi-
oactivity that eluted with 50% acetonitrile was retained
and concentrated to 200 pl by rotary evaporation.

Purification of H5R peptides and sequence analysis
Initial purification was with a Vydac protein and Peptide
C18 column (25 x 04 cm) on a Gilson HPLC system, and
this was followed by further purification on a Vydac C18
2.1 x 180 mm microbore column. Details of the gradients
used are given in the text. Peptides were sequenced on an
Applied Biosystems 476A protein sequencer and phos-
phorylation sites were analysed using solid phase Ed-
mann sequencing [20].

Labelling and analysis of synthetic peptides

Synthetic peptides were purchased from Thistle Re-
search, Glasgow, UK. Each peptide (3 mM) was incubat-
ed with [y-3P]ATP (6.3 uCi) B1R protein kinase (4 pl),
Tris-HCl, pH 7.4 (20 mM), magnesium chloride (5 mM),
ATP (50 uM), and dithiothreitol (2 mM) in a total volume
of 20 pl. Incubation was for 30 min at 30° C. The reaction
mixtures were applied in 1 ¢cm strips to thin layer cellu-
lose plates and subjected to electrophoresis for 4 h at 200
V in a solution of pyridine : acetic acid : water
(20:200:1780) at pH 3.5. The plates were dried, stained
with ninhydrin to locate the unphosphorylated peptides,
and subjected to autoradiography.
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