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FIG. 5. Schematic representation of the positional relationship of
ORF P and -y34.5. Also shown are the positions of the in-frame
insertions of the sequences encoding the first (BstEII) and second
(DraIII) degenerate sequences encoding the CMV epitope.
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lose sheet, probed with the CH28-2 anti
reacted with anti-mouse immunoglobu
phatase secondary antibody, using 5-bi
phate toluidinium-nitroblue tetrazolium
cell lines were human 143TK- (lanes 1
SK-N-SH (lanes 7 to 11), and Vero (lane
were infected at 40°C and maintained at
electrophoretically separated lysates of c

band observed in the lanes containing lys
recombinant R7519 and maintained at 39
insertion and is labeled ORF-P1. The
contains lysates of cells infected with a r
gene with an in-frame insertion of the
lysate loaded in lane 1 is 1/10 of the amou
all other lanes. Note that the apparent mc
of the ORF-P protein was determined by
the electrophoretic mobility of ICP4, ICP
The positions of the bands containing the
by immunoblotting with corresponding an
the band containing the UL20 protein is

nants containing epitope insertions i
tively, were shown to contain the d:
expected position (Fig. 2).

(iii) To recombine the epitopical
R3616 DNA was cotransfected with
The R3616 virus lacks 1 kbp from the
to replicate following either corneal
tion of mice, and therefore virus in(
does not appear as infectious virus i:
to 4 days postinoculation (47). The pi
used to infect mice by the eye route
and Methods, and the trigeminal gar

postinfection and plated on Vero c

that only recombinant viruses in w
would reach and replicate in the t
time. Approximately 50% of plaqu
contained intact, repaired -Yi34.5 gc
ORF M (data not shown). As shou

recombinant R7512 contained the diagnostic XbaI site in both
copies of the BamHI S fragment. Furthermore, the fragments

ORF-P1 generated by the digestion were of the predicted sizes.
(iv) To recombine the epitopically tagged ORF 0 or ORF P,

intact R4002 viral DNA was cotransfected with either
pRB4791 or pRB4792. The progeny of transfection were
plated on 143TK- cells in the presence of BUdR, and the

SK-N-SH Vern tk-minus progeny was screened for the presence of the epitope
insert into both copies of the BamHI S DNA fragment. The tk

ically separated polypeptides gene of the recombinant viruses selected for further studies
iHSV-(F), R7519,or R7405- was repaired. As shown in Fig. 2, R7020 with an insert in ORF
s, transferred to a nitrocellue 0 and R7019 with an insert in ORF P contained the diagnostic
ibody to the epitope tag, and XbaI cleavage site at the expected position in the BamHI S
lin IG coupled with phos- fragment.
romo-4-chloro-3-indolylphos- Expression of the ORFs. Two series of experiments were
colorimetric detection. The done. In the first, replicate Vero, Sk-N-Sh, and 143Tk- cells in

to 6), human neuroblastoma 25-cm2 flask cultures were infected with the wild-type parent or
12). Lanes 4 to 6 and 9 to 12 recombinant viruses. Cells were harvested at 10 and 18 h after
39.5°C. All other lanes show infection at 37°C and at 20 h after infection at 39.5°C.
-ells maintained at 37°C. Theesatna*T Cycloheximide reversal experiments were also done with one;ates of cells infected with the . s>.50C contains a single epitope cell line (24). Cells were then solubilized, electrophoretically
positive control in lane 1 separated in denaturing gels, transferred to a nitrocellulose

recombinant carrying a UL20 sheet, and probed with the anti-CMV epitope monoclonal
CMV epitope (R7405). The antibody as described in Materials and Methods. Lysates of
Lint of cell protein loaded into cells infected with R7405 carrying a UL20 ORF tagged with the
)lecular weight of the product CMV epitope served as a positive control. The tagged UL20
extrapolation on the basis of protein migrates with an apparent Mr of 26,000 (3). None of

'35, and of theUL20 proteins. the cell lines infected with either wild-type or recombinant
ese proteins were determined viruses and incubated at 37°C expressed detectable protein
itibodies. Only the position of bands reactive with the CMV monoclonal antibody (data notshown. shown). We also failed to detect protein bands following

cycloheximide reversal done as described in Materials and
Methods (data not shown). Of all of the conditions tested, only

in ORFs A and B, respec- lysates of cells infected with R7519 and incubated at 39.5°C
Liagnostic XbaI site at the expressed a protein reactive with the anti-CMV monoclonal

antibody (Fig. 4). The polypeptide band reactive with the
Lly tagged ORF M, intact monoclonal antibody to CMV migrated more slowly than the
IpRB4790 plasmid DNA. tagged UL20 protein. The apparent M, of the ORF-P protein
Yy34.5 gene and is unable was estimated to be 30,000, as described in the legend to Fig.

I or intracerebral inocula- 4. The apparent Mr of the protein is in good agreement with
oculated by the eye route the predicted Mr of 28,000 calculated from its amino acid
n the trigeminal ganglia 3 sequence.
rogeny of transfection was The purpose of the second series of experiments was to
as described in Materials verify that the expression of the tagged protein detected in cells
nglia were removed 3 days infected with R7519 was in fact genetically determined by ORF
ells. The expectation was P. Specifically, a second oligonucleotide encoding the CMV
,hich -y,34.5 was repaired epitope was inserted into ORF P (ORF P2; Fig. 5) and cloned
:rigeminal ganglia at that in pRB4793. The nucleotide sequence but not the predicted
ies formed on Vero cells amino acid sequence of the second insert was modified to
-nes and an insert in the preclude recombinational events between the two inserts. ORF
vn in Fig. 2, the resulting P2 was recombined into the viral genome as was described for
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FIG. 6. Photograph of electrophoretically separated polypeptides
from Vero cells infected with HSV-1(F), R7519, R7520, or R7522 and
incubated at 37 or 39.5°C, as indicated. The procedures for processing
the infected cell lysates were done as described in the legend to Fig. 4.
The band obtained in cells infected with the virus carrying a single tag
in ORF P is labeled ORF-Pl, whereas the band obtained with the
double tag is labeled ORF-P2.

R7519 to yield the recombinant virus R7522, which is shown to
contain the two inserts, as evidenced by the two diagnostic
XbaI sites in Fig. 2. As shown in Fig. 6, the lysates of Vero cells
infected with R7522 express a protein with a mobility slower
than that of ORF P1 expressed by R7519 and which reacts with
the CMV antibody. This same result was also seen in rabbit
skin cells (data not shown). Our results indicate that the
protein band tagged by the CMV epitope is genetically deter-
mined by the sequence of ORF P and that this ORF is
expressed and encodes a protein.

A
HSV- 1(F)
HSV-1(17)
HSV -1 (CVG)
HSV- 1(MGH10)
Consensus

HSV-1(F)
HSV-1(17)
HSV-1(CVG)
HSV- 1(MGH10)
Consensus

HSV-1(F)
HSV- 1(17)
HSV- 1(CVG)
HSV- 1(MGH10)
Consensus

HSV- 1(F)
HSV-1(17)
HSV-1(CVG)
HSV- 1(MGH10)
Consensus

HSV-1(F)
HSV-1(17)
HSV-1(CVG)
HSV- 1(MGH10)
Consensus

MTASASATRR RNRARSARSR AHEPRRARRA AEAQTTRWRT RTWGEKRTR
MTASASATRR RNRARSARSR AHEPRRARRA AEAQTTRWRT RTWGEKRTR
MTASASATRR RNRARSARSR AHEPRRARRA AEAQTTRWRT RTWGEKRTR
MTASASATRR RNRARSARSR AHEPRRARRA AEAQTTRWRT RTWGEKRTR
MTASASATRR RNRARSARSR AHEPRRARRA AEAQTTRWRT RTWGEKRTR

(AGV)lo AGGSGAPS PPARRRRRRA RCSAVTRRRR ARRGGRRKGR EGGWE
(AGV)5 AGGSGAPS PPARRRRRRA RCSAVTRRRR ARRGGRRKGR EGGWE
(AGV)6 AGGSGAPS PPARRRRRRA RCSAVTRRRR ARRGGRRKGR EGGWE
(AGV)6 AGGfGAPS PPARRRRRRA RCSAVTRRRR ARRGGRRKGR EGGWE
(AGV)n AGGSGAPS PPARRRRRRA RCSAVTRRRR ARRGGRRKGR EGGWE

GIAPPPGPAPGGGDR GRGAAAVGRA SGAGSGGGLS GQSSSSSSSD ADSG
GsAPPPGPtPGGGgR GRGAAAVGRA SGAdSGGGLS GQSSSSSSSD ADSG
GsAPPPGPAPGGGDR GRGAAAVGRA SGAGSGGGLS GQSSSSSSSD ADSG
GlAPPPGPAPGGGDR GRGAAAVGRA SGAGSGGGLS GQSSSSSSSD ADSG
G-APPPGPAPGGGDR GRGAAAVGRA SGAGSGGGLS GQSSSSSSSD ADSG

TWSHWRSSSEQEGGGP 1AGGGGGAAA GALLTaGSEL GVEVTWDCAV GTA
TWSHWRSSSEQEGGGP PAGGGGGAAA GALLTaGSEL GVEVTWDCAV GTA
TWSHcRSSSEQEGGGP PAGGGGGAAA GALLTtGSEL GVEVTWDCAV GTA
TWSHWRSSSEQEGGGP P....... AA GALLTtGSEL GVEVTWDCAV GTA
TWSHWRSSSEQEGGGP PAGGGGGAAA GALLT-GSEL GVEVTWDCAV GTA

PVGPGGRGRRGPRW.RR RRAMETESVP GW*
PVGPGGRGRRGPRW.RR RRAMETESVP GW*
PVGPGGRGRRGPRWRRR RRAMETESVP GW*
PVGPGGRGRRGPRWRRR RRAMETESVP GW*
PVGPGGRGRRGPRWRRR RRAMETESVP GW*

DISCUSSION

The salient features of the results presented in this report
are as follows.

(i) We have chosen for these studies five ORFs among the
16 predicted to encode more than 50 codons as more likely to
express and allow detection of translated gene products. These
studies do not exclude the possibility that some of the other
ORFs are expressed.

(ii) Of the five ORFs tested, only one yielded a translation
product. The protocol that we have chosen to demonstrate
gene expression unambiguously identifies the polypeptide seen
in the gel with ORF P inasmuch as we show that the migration
of ORF P is genetically determined by the epitopic inserts into
its coding domain. The fact that the other four tagged ORFs
did not yield a translation product adds to the cumulative
evidence that insertion of the epitope 3' to the translation
initiation site does not endow transcripts with a capacity to be
translated.
While a negative result does not constitute compelling

evidence, particularly since expression could be tissue specific,
we should note that the procedures that we have used are
extremely sensitive. For example, the amount of CMV epitope
attributed to ORF P protein detected in these studies consti-
tutes approximately 1% of the amount of UL20 produced in
infected cells.

(iii) The observation that ORF P is expressed was not
expected because it is nearly completely antisense to the y1 34.5
ORF. Only 8 codons of ORF P are not antisense to y34.5, and
only 23 codons of yi34.5 are not antisense to ORF P. As such,
this is the first instance in which two ORFs in the HSV genome
are quasi-totally antisense to each other. Because of the
overlap, the sequence of ORF P is well conserved among
HSV-1 strains (Fig. 7A): the only major variability noted to
date is in the number of triplet Ala-Gly-Val repeats corre-
sponding to the Ala-Thr-Pro repeats of the 1y34-5 gene (8).
An ORF also exists in HSV-1(HG52) at approximately the

B
HSV-1(F) MTASAsATRR RNRaRSARSR AhEPRRARRA AeaQtTRWRT rTWGEKrT..
HSV-2(HG52) MTASAaATRR RNRsRSARSR AqDPRRARRA AvsQaTRWRT cTRGEKhTcg
Consensus MTASA-ATRR RNR-RSARSR A-- PRRARRA A- -Q-TRWRT -T-GEK-T--

HSV-1(F) ..raGVaGva .... GVaGva GvaGVaGva. ...GVaGvaG vaGgsGapsp
HSV-2(HG52) rgdtGVgGas ggrrGVrGse GrqGVgGasg grrGVrGseG rqGvgGeayl
Consensus .... GV-G---.-GV-G-- G--GV ------GGV-G--G --G- -G----

HSV-1(F) PARRrRrRaR csa...... vtRRRR
HSV-2(HG52) PARRvRgRgR ggpppaqaqa rqvlrrgaqp *rqvgrkgal rpallaRRRR
Consensus PARR-R-R-R-R-------- ---------- ---------- ----- RRRR

HSV-1(F) arrGGRRkgR eggWeglApp pGp...... aPgg
HSV-2(HG52) gagGGRRgvR girRlppAla rGavrplcvv vagvvrvvav vrlghqqPap
Consensus - - -GGRR- -R ......A.-G.A.- P--

HSV-1(F) gDRGRGaaAv gRaSgagsgg ..GlsGqsss ssssdadsGt WshWrssseq
HSV-2(HG52) qERGRGrrAl dRgSrvvrrd hlGvcGwera garhgwsaGa RhgWsagarp
Consensus --RGRGA R S--A----G--G --------G- ---W------

HSV-1(F) egGgPlAGgg ggaaaGaLlt Agselgvevt WDcavGT.Ap Vgpggrgrrg
HSV-2(HG52) apGtPaAGtp aaghgGrLgs A*arsrsasg REsslGThAr Vtaspclpse
Consensus - -G-P-AG .- ....G-L-- A--------- ----GT-A- V .-------

HSV-1(F) prWrrRRAme tesvpgw*
HSV-2(HG52) ltRpgWRAqp gpccgps*
Consensus . RA -- -.------

FIG. 7. Comparison of the amino acid sequences predicted for HSV-1 (A) and HSV-2 (B) ORF P. (A) Sequence alignment of ORF P in
HSV-1(F), HSV-1(17), HSV-1(CVG2), and HSV-1(MGH10); (B) sequence alignment of ORF P in HSV-1(F) and an ORF in the corresponding
position in HSV-2(HG52). The comparison was done with the aid of the Gap program of the University of Wisconsin Genetics Computer Group
package.
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same place in the genome (25). Thus, the HSV-2 sequence
contains a TATA box, upstream sequences encoding se-
quences similar to SPi response elements, and a binding site
for ICP4 at position +22. Moreover, the first 50 predicted
amino acids of HSV-1 and HSV-2 ORF P show good homol-
ogy (Fig. 7B). However, downstream sequences beginning with
the triplet repeat AGV in HSV-1 show little or no homology to
the published HSV-2 sequence. The extent of the homology of
HSV-1 and HSV-2 predicted proteins can be improved by
assuming sequencing errors involving frameshifts. This would
not be surprising since this region of the HSV-2 genome
contains a very high G+C content. The possibility that the
reported sequence of HSV-2 ORF P requires reassessment is
suggested by the report that whereas the HSV-1 antisense gene
-Yi34.5 yields an unspliced mRNA, the HSV-2 equivalent was
reported to yield a spliced mRNA (25). HSV genes which yield
spliced mRNAs are few in number and well conserved among
HSV-1 and HSV-2 strains (2).

(iv) The regulation of the expression of ORF P is puzzling
and remains to be determined. Bohenzky et al. reported that
the RNA was present in infected cells at 10 h after infection
and found the RNA by nuclear run-on experiments under
cycloheximide treatment (5). Yeh and Schaffer failed to detect
the RNA in cells infected and maintained in the presence of
cycloheximide (48). The finding of an ICP4 binding site close
to the transcription initiation of ORF P DNA suggested that
ORF P is inhibited by ICP4 but requires other at proteins for its
expression. At face value, our results are concordant with but
not necessarily supportive of this conclusion. Both(x4 and
ORF P contain ICP4 binding sites near the transcription
initiation sites, and in the case of the a4 gene, it has been
demonstrated that ICP4, the product of thea4 gene, inhibits
transcription ofao4 (27). This has not been shown as yet for
ORF P, but the close proximity of the binding site to the
transcription initiation sites raises the possibility that in this
case ICP4 can also block transcription of ORF P, and the
observation that cells infected with recombinants derived from
HSV-1(F), a wild-type virus temperature sensitive in ICP4
express ORF P is consistent with this conclusion. The distinc-
tion between the expression of thea4 gene and ORF P is based
on the observation that(x4 is expressed in the presence of
cycloheximide whereas ORF P is not (18). Such findings, while
potentially significant, are not compelling evidence since the
ORF P transcript may be unstable in the presence of cyclo-
heximide.

Perhaps more significant is the report by Yeh and Schaffer
(48) that they failed to detect the ORF P mRNA in murine
trigeminal ganglia harboring latent virus. At face value, this
observation suggests that ORF P is not a member of the family
of the 3' coterminal LATs. However, in the same assays, Yeh
and Schaffer (48) failed to detect the 8.3-kb unspliced LAT,
raising the possibility that the assays were not sensitive enough
to detect small amounts of ORF P mRNA which could be
present only in the small fraction of total neurons harboring
latent virus (34).
A more satisfying scenario would be if ORF P were to be

expressed during latency and if its transcription were to be
suppressed by newly synthesized ICP4. Its accumulation late in
infection would reflect loss of activity of ICP4 due to posttrans-
lational modification late in infection. The evidence to satisfy
this scenario, and to support a role for ORF P in latently
infected cells, is not yet available. We should note, however,
that none of the deletions previously reported in the domain of
the LAT transcript encompassed ORF P (19, 22, 36, 38). The
only mutations introduced into the domain of ORF P are those
genetically engineered in the Yi34.5 gene (6). It is noteworthy

that the deletion mutants in theYi34.5 gene exhibit a reduced
capacity to establish latency or reactivate from the latent state
(47). Studies designed to determine whether the reduced
capacity to establish latency reflects the mutations in y,34.5 or
the ORF P are in progress. The phenotype ascribed to-Yi34.5,
i.e., blocking the stress response which results in the premature
total shutoff of protein synthesis (9, 10), is indeed that of-Y,34.5
inasmuch as the human neuroblastoma cell line SK-N-SH
expressing only the -Yi34.5 gene does not exhibit the stress
response associated with infection of the parental line with the
-y134.5- (5a).
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