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Of 18 mutants containing clustered point mutations within UL24 (an open reading frame that overlaps the
herpes simplex virus thymidine kinase gene on the opposite strand), 15 formed small plaques and were

substantially impaired for virus growth in cell culture. Mutations conferring the small plaque phenotype
disrupt regions of UL24 that share considerable sequence similarity with open reading frames common to
herpesviruses of mammals and birds. We infer that UL24 is expressed and important for virus growth in cell
culture and suggest that possible effects on UL24 should be considered in studies of thymidine kinase-deficient
mutants.

Herpes simplex virus (HSV) types 1 and 2 encode a
thymidine kinase (tk) that is able to phosphorylate thymidine
and a variety of other pyrimidine deoxynucleosides and
various nucleoside analogs (2, 8, 10, 13, 15, 24). The tk gene
and its mRNA and polypeptide products have been mapped
onto the HSV genome at approximately 0.3 map unit, and
the sequence of this region has been determined from several
strains (5, 11, 14, 16, 17, 23, 25; A. F. Irmiere, M. M. Manos,
J. G. Jacobson, J. S. Gibbs, and D. M. Coen, Virology, in
press) (Fig. 1). During productive infection of cells in culture
under ordinary conditions, tk is not essential for virus
growth (8), although tk-deficient mutants have been shown
to be impaired for growth in serum-starved cells (9, 13).
Many such mutants are also impaired in their ability to
mount acute and latent infections of mammalian hosts (for a
review, see reference 20).
To study the regulated expression of the tk gene during

HSV infection, a number of linker-scanning (LS) muta-
tions-clustered point mutations created by replacement of
wild-type sequences with a restriction enzyme linker-were
introduced into the HSV-1 strain KOS chromosome at the tk
gene promoter (4). Studies of the resulting HSV LS mutants
identified promoter domains required for efficient tk expres-
sion during HSV infection (4). During construction of the
HSV LS mutants, we observed by visual inspection that
many of them appeared to form small plaques. The studies
reported here document these observations and correlate the
plaque size phenotypes of the HSV LS mutants with alter-
ations in an open reading frame (ORF), conserved among
many herpesviruses, that overlaps the tk gene on the oppo-
site strand.

Certain HSV LS mutants form small plaques. To determine
whether the apparent differences in plaque size were signif-
icant and to test whether there was a correlation between
plaque sizes and levels of tk expression, crystal violet-
stained plaques from HSV mutants PKG7, LS -16/-6, LS
-21/-12, and LS -105/-95 were measured with a standard
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plaque assay (3). PKG7 (Irmiere et al., in press), like the LS
mutants, contains a tk mutation conferring temperature-
dependent drug resistance derived from mutant KG111 and a

DNA polymerase mutation derived from antimutator strain
PAAr5. It does not contain an LS mutation and thus it serves
as a control virus. These four viruses vary in terms of tk
expression, with HSV LS -21/-12 and LS -105/-95 ex-

pressing roughly half as much tk (4; unpublished results) as

the other two viruses (Table 1). Wells containing plaques
from the various viruses were coded, and the plaques were

measured blindly. Table 1 shows the results of these mea-

surements in terms of mean plaque diameter. On average,
HSV LS -21/-12 and LS -16/-6 had plaque diameters 2 to
3 times smaller than those of the other two viruses. The
Student t test showed that this difference was significant,
validating our conclusions from visual inspection. However,
there was no correlation between plaque sizes and levels of
tk expression. Similar results were obtained in repeat exper-
iments.

Also included in Table 1 are the peak virus yields per cell
after infection of 2.5 x 105 Vero cells by each mutant at a

multiplicity of infection of 5 PFU/cell at 37°C. Inocula were

titrated to verify this multiplicity of infection. The yields of
HSV LS -16/-6 and LS -21/-12 were between 40- and
200-fold lower than those of the other two viruses, consistent
with the differences in plaque sizes. Such reductions in virus
yield probably explain why it was difficult to obtain stocks
with titers of >2 x 107 PFU/ml of the LS mutants that by
visual inspection form small plaques, while stocks of those
that form large plaques routinely gave titers of >108 PFU/ml
(unpublished results).
Examination of the kinetics of virus growth of the four

viruses from yield experiments such as those reported in
Table 1 revealed little difference in the times at which the
mutants entered into and came out of the eclipse phase (data
not shown). In addition, no correlation was found between
plaque size and the ratio of extracellular virus to intracellular
virus or between plaque size and thermal stability of virus
stocks (data not shown).
Of the 18 HSV LS mutants (4), 15-all except HSV LS

-105/-95, LS -95/-85, and LS +5/+15-exhibited a small
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FIG. 1. A map showing the region of the HSV-1 genome which contains the tk and UL24 genes. The top line is a schematic representation
of the HSV genome in the prototype arrangement. *, Major repeat sequences. The next line shows the location of the restriction sites for
BamHI, EcoRI, and BgIII in the region of the tk gene. The ATG and TGA marked above the line indicate the beginning and end of the tk
coding region, and the locations of the tk transcript start site and polyadenylation site are shown (5, 11, 16, 17, 25; Irmiere et al., in press).
The ATG and TGA marked below the line indicate the beginning and end of the UL24 ORF (16). The 5' ends of two potential UL24 transcripts
shown are those mapped in vivo by Read et al. (21) and Wilkie et al. (26). These transcripts have only been mapped to the right of the BgII
site. The transcripts are continued as dotted lines between the BglIl site and the potential UL24 polyadenylation site (16), as no intervening
polyadenylation signals have been identified.

plaque phenotype by visual inspection. The 15 small plaque
HSV LS mutants, but not LS -105/-95, LS -95/-85, and
LS +51+15, formed syncytial plaques at 39°C. All 18 LS
mutants formed nonsyncytial plaques at 34°C (data not
shown). At 37°C, the plaque morphology varied from assay
to assay, which we ascribe to incomplete penetrance at the
intermediate temperature. Both the small plaque phenotype
and the syncytial plaque morphology could be ascribed to
the 15 LS mutations because they were observed in at least
two independent viruses derived from each original LS
plasmid. Thus, the LS mutations define a function that is
required for normal virus growth and plaque morphology in
cell culture, at least in the genetic background of the HSV
LS mutants, and map it to a region that overlaps the 5' end
of the tk gene.
The LS mutations disrupt a conserved ORF that overlaps

the tk gene. Gompels and Minson reported a partial ORF in
the 5' region of the tk gene from HSV-1 strain HFEM in a
head-to-head orientation to, and overlapping, the tk gene
(11). The complete version of this ORF has been sequenced
from HSV-1 strain 17 by McGeoch et al., who have desig-

TABLE 1. Expression of tk, viral plaque size, and growth

Virus tk expression" Mean plaque Burst size'size (mm)"

PKG7 1 0.6 58
HSV LS -16/-6 1 0.3 1
HSV LS -21/-12 0.5 0.2 0.4
HSV LS -105/-95 0.6 0.6 42

" The value given under tk expression is the relative level of tk expression
as measured by primer extension of tk RNA (4).

b Mean plaque size represents the average width of crystal violet-stained
plaques at their widest points after a standard plaque assay (3). The Student
t test yields a probability, P < 0.05, that the mean plaque sizes of HSV LS
-16/-6 and HSV LS -21/-12 represent the same plaque size population as
the mean plaque sizes of PKG7 and HSV LS -105/-95. The number of
plaques counted was between 32 and 56 for each sample.

' Burst size indicates the peak yield, in PFUs per cell, of a single-cycle virus
growth experiment.

nated it UL24 (16). While determining the sequence of the tk
gene of herpesvirus of turkeys (HVT) (S. L. Martin, D. I.
Aparisio, and P. K. Bandyopadhyay, submitted for publica-
tion), we found an ORF, similar to UL24, in a head-to-head
orientation with respect to the HVT tk gene. We therefore
asked whether similar ORFs were present in other herpes-
viruses. We learned that such ORFs were present in human
cytomegalovirus (P. Tomlinson, C. M. Brown, A. T. Bank-
ier, and B. G. Barrell, personal communication), Epstein-
Barr virus (1), equine herpesvirus (G. Robertson, personal
communication), herpes simplex virus type 2 (HSV-2) (14,
23), herpesvirus saimiri (U. Gompels, personal communica-
tion), and varicella-zoster virus (6). In all these viruses,
except cytomegalovirus, the UL24-like ORF is also in a
head-to-head orientation with respect to the viral tk gene.
However, no such strong sequence similarity was observed
between UL24 and an ORF with a similar orientation to the
viral tk gene, deduced from the sequence of the region of
marmoset herpesvirus encoding its tk (19).
The predicted amino acid sequences of ORFs from the

eight herpesviruses, arranged so that alignment to UL24 is
maximal, were compared by using the algorithm of Needle-
man and Wunsch (7; see also reference 18) (Fig. 2). The
alignment reveals five regions of strong sequence similarity.
Of the 15 small plaque HSV LS mutants, 14 have mutations
altering-either by substitution or by causing a frameshift-
one or more of the amino acids contained in the five regions
strongly conserved among the eight herpesviruses. The
small plaque virus that is the exception, HSV LS -84/-74,
contains a mutation immediately adjacent to one of these
regions; perhaps this mutation leads to some disruptive
effect on the adjacent conserved region. None of the muta-
tions in the three LS viruses retaining the large plaque
phenotype alters any conserved amino acids (Fig. 2). Thus,
the small plaque phenotype is highly correlated with alter-
ations in regions of UL24 that are strongly conserved among
the herpesviruses. We infer that UL24 is expressed during
HSV infection and is a function that is important, although
not absolutely required, for virus growth in cell culture.

J. VIROL.

5' -3'



1
HSC ..........

CMV..........
EBV ..........

EHV .....

HS2 MARTGRRAAV
HVS ..........
HVT ..........
VzV ..........
Con ..........
LS+5/+15

K 70
.MAARTRSLV ERRRVLMAGV RSHTRFYKAL AEE..VREFH ATKICGTLLT LLSGSLQGRS
MPSGRGDDAD STGNALRRLP HVRKRIGKRK HLDIYRRLLR VFPSFVALNR LLGG..LFPP
..MDPTRGLC ALSTHDLAKF HSLPPARKAA GKRAHLRCYS KLLSLKSWEQ LAS.FLSLPP
... MKRRQRL TARSRLRAGI RCHNRFYNA. MVQDLASAKR NGVYGERLAP LFSELVPAET
GRPARTSSLT ERRRVLLAGV RSHTRFYKAF ARE..VREFN ATRICGTLLT LMSGSLQGRS..... ............MLS VIKQRDKEVL AHLPNKRKIA GNKAHLETYK KLAKYTVSAS...........MAGLLKAGV RGHNRFYXK L AAENFDQSSA GNTVGRTLQK ILSKILPSEL.....MSASR IRAKCFRLGQ RCHTRFYDVL KKDIDWRRG FADAFNPRLA KLLSPLSHVD
**-------------L-AG- R-H-RFYYL A-----R--- -------L-- LLS--I

71 A
HS1 VFEATRVTLI CEVDLGPRRP
CMV ELQKYRRRLF IEVRLSRRIP
EBV GPTFTDFRLF FEVTLGRRIA
EHV LKTALGVSLA FEVNLGQRRP
HS2 LFEATRVTLI CEVDLGPRRP
HVS IFKFLSISHP CPLRAKTRLF
HVT LKGASAFRLA FEVDLGRRRP
VZV VQRAVRISMS FEVNLGRRRP
Con ---A-R--L- FEV-LGRRP
-16/-6 AGVST
-42/-32 PDPG::::
-47/-37 DRIR:::
-56/-46 PRIR
-59/-49 RRI
-79/-69
-80/-70
-84/-74
-95/-85
-105/-95
-111/-101
-115/-105
-119/-109

140
DCICVFEFAN D... KTLGG. .. VCVIIELK TCKY..... I SSGDTASKRE
DCVLVF.... ..LPPDSGSR GIVYCYVIEF KTTYSDADDQ SVRWNATHSL
DCVVVALQPY PRCYIVEFKT AMSNTANPQS VTRKAQRLEG TAQLCDCANF
DCVCTVQFGK GSDAK..... .GVCILIELK TC.....RFS KNMNTA;SKNL
DCICVFEFAN D......KTL GGVCVILELK TCK.....SI SSGDTASKRE
FEVSLGNRIA DCVMLTSCGE TRICYVIELK TCMTSNLDLI S.... DIRKS
DCICMF.... T LSGGLLVEGC NNVCVIIELK TC.....RFY RNLKTASKNE
DCVCIIQTES SGAGKT.... ..VCFIVELK SC.....RFS ANIHTPTKYH
-DCVCVF-------------- --- --- S---TAh--

R
AGSG :: :
VRIR :: :

RDR :
INh-I : ::

R. . .DRV::
AGSG:

RIR

141 * 210
HS1 QRATGMKQLR HSLKLLQSLA PP..GDKIVY LCPVLVFVAQ RTLRVSRVTR LVPQKVSGNI TAVVRML...
CMV QYAEGLRQLK GALVDFDFLR LPRGGGQVWS WPSLVFFQQ KADRPSFYRA FRSGRFDLCT DSVLDYLGRR
EBV LRTSCPPVLG SQGLEVLAAL VFKNQRSLRT LQVEFPALGQ KTLPTSTTGL LNLLSRWQDG ALRARLDRPR
EHV QRKGGMRPVH DSCRLLARTL PP..GSGEIV LAPVLVFVAQ RGMRVLRVTR LSPQVVYSNA AVLSCTISRL
HS2 QRTTGMKQLR HSLKLLQ ....................................................
HVS QRSQGLCQLA DTVNFIHNYA PLGRQAWTVL PILIFKSQKT LKTLHIETPK FPVNLTHTSE EKLSCFLWSR
HVT QRATGTKQLL ESKTLIERMA P..RGSDHTI ICPVLVFVAR RGLWIRSTP L.KKKAICTD FHRLAS?t4IYLVZV QFCEGMRQLR DTMALIKETT P..TGSDEIM VTPLLVFVSQ RGLNLLQVTR LPPKVIHGNL VMLASHLENV
Con OR--M-OT- -S--L----- P-.-G-- --P-V-0 R-L-----T- L--------- ------L---

211 M 280
HS1. SLST YTVPIEPRTQ RARRRRGGAA RGSASRPKRS HSGARDPPES AARQLPPADQ TPTSTEGGGV
CMV QDESVAHLLA ATRRRLLRTA RGKRAALPRA RASAVAGGRG GDNARRGLAR GRAHGPGAQT VSASGAOGSG
EBV PTAQGHRPRT HVGPKPSQLT ARVPRSARAG RAGGRKGQVG AVGQVCPGAQ K...................
EHV AEYAPPVSAK ST... RRRCV AKGTKAKAFS TKAAAEPVPS ITPAQPSAAA AWSLFPAAV PANTTNAAAV
HS2..........
HVS ADVEIRKKIH LAPKPKRIFK WDSLLDSTST EHSAYRQKLI ERNKKKCFTL QNQTSKFRDR PNK'KSNDQLR
HVT RSEYRLYDSG MCKPMRKICH RNKRTVSTVR RMRCGISDTG VLPIEKQHVD ARGKDCGTSG IEGEPIMQRM
VZV AEYTPPIRSV RERRRLCKKK IHVCSLAKKR AKSCHR.... SALTKFEEN AACGVDLPLR RPSLGACGGI
Con ---------- ---------- ---------- R-SA------ ---------- A--------- ----------

281 343
HS1 LKRIAALFCV PVATKTKPRA ASE........................................
CMV SQGADLLRGS RRARVRGGGA VEPAVRARRR TVAADAATTT VSSAFFVPRD RRGRSFCRPT RSL
EBV...........

EHV HQPVAVSHVN PLAWAASLFSPK.
HS2..........
HVS ARQANARPCK KKQHNNKRLR NNRKHGGKVS RLTTTTSFSS EAAFSNYPVSTHE.
HVT RNIISHLSRR H....................
VZV LQSITGtMFSH G................... . .

Con-......... .......... .......... .......... ......... .......... ...

FIG. 2. Optimal alignment of the predicted amino acid sequences of the UL24-like ORFs of seven other herpesviruses (1, 6, 14, 23;
Tomlinson et al., G. Robertson, and U. Gompels, personal communications; Martin et al., submitted) to the HSV-1 strain 17 UL24 (HS1)
sequence (16). Dots indicate gaps inserted into the sequences to achieve this optimal alignment. Amino acids shown in the consensus line are
present at the position in four or more of the aligned sequences. We designated five regions as strongly conserved (shown underlined in the
figure). Each of these regions was nine or more amino acids in length and had greater than 65% conserved amino acids. Letters appearing
above the HS1 sequence represent amino acids which are different in the predicted amino acid sequence of another HSV-1 strain. The K at
position 31 is found in strains KOS and clone 101 (25; Irmiere et al., in press). The A at position 75 is found in strain MP (11). The asterisk
at position 150 indicates where the clone 101 (25) nucleotide sequence is frameshifted with respect to the strain 17 sequence. The predicted
amino acid sequence for clone 101 continues for only six more amino acids before encountering a stop codon. The M at position 214 is found
in strain KOS (Irmiere et al., in press; unpublished results). Available nucleotide sequence data for these other strains were not sufficient to
predict the amino acid sequence for the whole UL24 ORF; therefore, there may be more strain-specific differences than are shown here. The
HSV-2 (HS2) sequence shown was derived by translation of nucleotide sequence reported by Swain and Galloway (23). The HS2 nucleotide
sequence of this region reported by Kit et al. (14) contains a frameshift relative to the Swain and Galloway sequence and, when translated,
yields an UL24-like ORF beginning at position 62 on this figure, thereby lacking the most N terminal of the strongly conserved regions. Below
the consensus line are the predicted amino acid changes of the LS mutants. The LS changes have been gapped where the HS1 sequence is
gapped. The amino acid alterations of the three HSV LS mutants which do not display the small plaque phenotype, HSV LS +51+15, LS
-95/-85, and LS -105/-95, are boxed. All the remaining HSV LS mutants made small plaques. There are four small plaque mutants, HSV
LS -7/+3, LS -21/-12, LS -29/-18, and LS -70/-61, that are not shown in this figure. The LS mutations in these viruses resulted in
frameshifts within UL24. For ease of reference, dotted lines are drawn from conserved amino acids to LS mutations that alter them.
Abbreviations: CMV, human cytomegalovirus; EBV, Epstein-Barr virus; EHV, equine herpesvirus 1; HVS herpesvirus saimiri; VZV,
varicella-zoster virus; Con, censensus.
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Transcripts that potentially could encode UL24 have been
reported by several laboratories (12, 21, 26). The 5' ends of
two potential UL24 transcripts are shown in Fig. 1. We are
currently investigating the possibility that one or more of
these transcripts is involved in expression of the UL24 gene
product.

In HVT, the tk gene and the UL24-like ORF are head-
to-head but nonoverlapping, assuming that the initiator
methionines for these reading frames are those indicated by
Martin et al. (submitted) and in Fig. 2. The codons for these
two methionines are separated by 93 nucleotides. In scan-
ning the 6-kilobase-pair region encompassing the HVT tk
gene for sites that would allow insertion of the kanamycin
resistance (Kan'-) gene from pUC4K, we were unable to
recover viruses with inserts in the UL24-like ORF, although
recombinant viruses with insertions adjacent to the 3' end of
the tk gene were consistently recovered (P. K. Bandyopad-
hyay, D. I. Aparisio, R. Florkiewicz, D. Doherty, and S. L.
Martin, submitted for publication). We were able to recover
viruses with insertions of the Kan'- gene in the 5' end of the
tk gene near the UL24-like ORF by selecting for resistance
to arabinosylthymine. However, these mutant viruses grew
poorly, yielding titers <1/1000th those of wild-type HVT and
<1/100th those of tk-deficient viruses with mutations in the
3' end of the HVT tk gene such as mutant ATR° described by
Martin et al. (submitted). These results suggest that, like the
HSV UL24, the HVT UL24-like ORF is important for virus
growth in cell culture.

Sanders et al. (22) have reported that two HSV mutants
containing deletions covering much of the tk gene and its
promoter grew poorly in BHK-21 cells in culture. These
deletion mutants, like the LS mutants, also formed small
syncytial plaques at 37°C. The deletion mutations would
evidently disrupt tk, UL24, and several smaller ORFs, the tk
promoter, and putative promoters for three other transcripts
that map (21) to this region. It is possible that the disruption
of UL24 is responsible for the phenotype of these mutants.
However, Sanders et al. (22) reported alterations in eclipse
phase for these two deletion mutants that we did not observe
in the LS mutants (data not shown).
Because UL24 overlaps the tk gene, many previously

reported HSV tk-deficient mutants may also contain muta-
tions that affect UL24 or its expression. Although it is clear
that certain UL24 mutations such as LS -105/-95 do not
affect HSV growth in cell culture under normal conditions, it
is possible that they could affect HSV growth under other
culture conditions or during HSV infection in animal models
of latency and pathogenesis.
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