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VIRUS TYPE 1 VARIANTS CONTAINING DUPLICATION OF SEQUENCES 
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Summary.  - This paper reports the first spontaneous isolation of two DNA duplication variants in the 
unique long (UL) component of herpes simplex virus type 1 (HSV-1) strain 17+genome, one (1719) with 
a duplication of 7.5 kb DNA sequences centered around OriL and the other (1740In) with a 356 bp DNA 
duplication between the UL19 (MCP) and UL20 open reading frames (ORFs). The variant 1719 is stable with 
the rare isolation of a wild type (strain 17+) genome presumably generated by the excision of the duplicated 
sequences during homologous recombination. Because of the 7.5 kb duplication, UL29 (DBP) is diploid and 
UL30 (DNA pol) is present as one complete and one partial copy. Although duplication in the variant 1740In 
involved sequences from the UL20 ORF, the virus produces an intact UL20 gene product. Both variants show 
normal growth characteristics when compared with the parental viruses. DNA duplications in these variants 
suggest a link between replication and recombination in HSV-1. 
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I n t r o d u c t i o n  

The genome o f  HSV-1 consists o f  two covalently linked 
components,  l o n g  (L)  and short  (S), each compr i s ing  
a unique sequence (UL and U s )  bounded b y  inverted repeats 
(TRL/IRl; I R / n y .  The genome contains three origins o f  
replication; o n e  (Ori L )  s i tuated in the middle  o f  U L  at 
nucleotide position (np) 62475/6 and one each (Ori s )  in 
IRS and TR S  at np 131999 and 146234, respectively. 

'Present address: Department of Molecular Genetics and Bio­
chemistry, University of Pittsburgh, School ofMedecine, E1240 
Biomedical Science Tower, Pittsburgh, PA 15261, USA 

Abbreviations: DNA pol = DNA polymerase; HS V = herpes 
simplex virus; IR = inverted repeat; M = molarity; mc = map co­
ordinate; MDBP = major DNA binding protein; MOI = multi­
plicity of infection; np = nucleotide position; ORF = open read­
ing frame; Ori = origin of replication; PAGE = polyacrylamide 
gel electrophoresis; PBS = phosphate buffered saline; p.i. = post 
infection; PMSF = phenylmethylsulfonyl fluoride; SDS = sodium 
dodecylsulfate;TR = terminal repeat; UL,US = unique component 
long, short; W T  = wild type; BSA = bovine serum albumin 

T h e  isolation o f  either spontaneous  o r  constructed H S V  

deletion and/or  insertion variants h a s  faci l i tated t h e  identi­

f icat ion o f  a n u m b e r  o f  genes  non-essential  f o r  H S V  D N A  

replication  in vitro (Post  a n d  Roizman ,  1981; Har land  a n d  

Brown,  1985, 1989; B r o w n  a n d  Harland, 1987; M a c L e a n  

a n d  Brown,  1987b,c; Barker  and  Roizman ,  1990; Ba ines  

and  Roizman,  1991; MacLean ,  A R  et al., 1991; M a c L e a n  

C A  et al., 1991; Fareed, 1992; Fareed a n d  Spivack, 1994). 

T h e  removal  o f  a n  entire O R F  o r  deletion/insert ion disrupt­

ing  an  O R F  is  u sed  t o  de termine  t h e  essential/non-essential  

na ture  o f  a part icular  gene.  M o s t  o f  t he  previously repor ted  

spontaneous variants o f  H S V  have  involved rear rangement  

o f  the  repeat elements a long wi th  pa r t  o f  the  adjacent  unique 

sequences. T h e  hypothesis  p roposed  f o r  t h e  f requency  o f  

these  occurences,  is that  t he  repea t  e lements  p romote  r e ­

combinat ion a n d  m a y  contain h o t  spots  f o r  homologous  re­

combinat ion o r  a si te-specif ic recombinase  (Dutch  et al., 

1992, 1994; U m e n e ,  1993). Since two  copies  o f  each  repea t  

is  present  within the  viral  genome ,  o n e  copy  is  easily d e ­

leted o r  rearranged wi thout  having any  e f fec t  o n  the  viabil­

ity o f  t he  vi rus  (Harland and  Brown,  1985, 1989; M a c L e a n  

a n d  Brown,  1987b,c). I n  this  paper,  w e  repor t  t h e  isolation 
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o f t w o H S V - 1  strain 17+variants containing duplicated cop­

ies o f  spec i f i c  un ique  sequences  wi th  n o  involvement o f  

a n y  o f  t h e  r epea t  e lements .  T h e  var iant  1719  con ta ins  

a tandemly duplicated 7.5 k b  sequence around Ori, where­

as  t he  variant  1740In duplicates a 356  b p  sequence whose  

5'-end poin t  starts f r o m  21  b p  downstream o f  the  3'-end o f  

UL20.  T h e  s tructure o f  these  variants suggests  a possible 

l inkage between the  processes  o f  D N A  replication a n d  re­

combinat ion in HSV. 

Materials  and Methods  

Cells. Baby hamster kidney 21 clone 13 (BHK21/C13) cells 
(MacPherson and Stoker, 1962) were grown in Eagle's medium 
containing twice the normal concentration of vitamins and amino 
acids, 10% (v/v) tryptosc phosphate broth and 10% (v/v) calf se­
rum (ETC 10). 

Viruses. HSV-1 Glasgow strain 17 syn*(Brown etui., 1973) 
was the parental wild type (WT) virus used in most experiments. 
The variants 1702 (MacLean and Brown, 1987a), devoid of the 
four normally occuring Xhu\ sites, 1708 (MacLean and Brown, 
1987b) containing an additionalXbal site at 0.74 map coordinates 
(mc) and the variants desribed in the present work were all derived 
from the parental strain 17 synf. 

The nucleotide numbers used throughout this paper represent 
the numbering system of HSV-1 strain 17 syn4 DNA sequence, as 
described by McGeoch el al. (1988). The numbers given represent 
the first base of the respective restriction endonucleasc cleavage 
site or the first base of the respective ORF/gene and/or specific 
sequence of HSV-1 DNA. 

Preparation of virion DNA was done by the method of Wilkie 
(1973) as described by Fareed and Spivack (1994). 

Restriction endonuclease analysis of virus genomes was car­
ried out by a modification of the method described by Lonsdale 
(1979). Cells were infected in the presence of [32P] orthophosphate 
in phosphate-free Eagle's medium containing 1% (v/v) calf sc­
rum and incubated at 31 'C  for at least 48 hrs. 32P-labclled virus 
DNA was extracted with SDS and phenol and precipitated with 
ethanol. The DNA was subjected to digestion with appropriate 
restriction cndonuclcascs using the manufacturer's recommended 
conditions.The digests were analysed by electrophoresis on agarose 
gels of the appropriate concentrations (0.5 to 1.2%) inTBE buffer 
p H  7.8 (89 mmol/l Tris-HCI, 89 mmol/l boric acid, 2 mmol/l 
EDTA). The gels were air-dried and exposed to Kodak XS1 film 
for 24 to 72 hrs. 

DNA-DNA hybridization. DNA fragments from restriction 
endonucleasc digests were transferred from agarose gels to Hybond 
nylon membranes (Amersham) and hybridized with nick-trans-
lated DNA by the method of Southern (1975). Nick-translated DNA 
was prepared from the plasmid containing the appropriate HSV-1 
restriction endonucleasc fragment (Sambrook et al, 1989). Hy­
bridization was carried out as described by MacLean AR et al. 
(1991). 

Virus growth properties. Single-cycle growth experiments were 
carried out as described by Harland and Brown (1989). Multiple-
cycle growth experiments were performed as described by MacLcan 
and Brown (1987a). 

DNA sequence determination. As described previously (Junejo 
et al., 1991; MacLean, AR et al., 1991), DNA sequence was de­
termined by dideoxynucleotide sequencing using the chain termi­
nation reaction method of Sanger et al. (1987). The appropriate 
restriction endonuclease fragments were initially cloned into the 
multiple cloning regions o f p G E M  vectors, positive clones identi­
fied and analysed by restriction endonucleases and/or Southern 
blotting (Sambrook et al., 1989). The cloned fragments were ei­
ther used directly in sequence determination or where necessary, 
sequencing of their small subfragments cloned into M13mpl8/19 
vectors was carried out. 

Immunoprecipitation was carried out as previously described 
(MacLean CA et al., 1991). Briefly, BHK2I/C13 cell monolayers 
were grown in 50 mm Petri dishes, infected at a multiplicity of 
infection (MOI) of 20 PFU/cell in 0.5 ml Eagle's medium con­
taining 5% newborn calf serum and the virus adsorbed at 37 'C  
for 1 hr. The inoculum was removed and the monolayers washed 
twice with Eagle's medium containing one-fifth the normal con­
centration of methionine and 2% calf serum (Emet/5C2) before 
being maintained in 2 ml Emet/5C2 at 37 "C. At 4 hrs post infec­
tion (p.i.), 100 nCi of [3!S]methionine (Amersham) per plate was 
added and at 24 - 29 hrs p.i., cells were washed twice with PBS 
before being harvested in 0.5 ml of extraction buffer [100 mmol/l 
Tris-HCI pH 8.0, 10% (v/v) glycerol, 0.5% (v/v) NP40, 0.5% 
(w/v) sodium deoxycholate, 0.2 mmol/l PMSF]. The cell extracts 
were sonicated and centrifuged at 11,000 x g for 10 mins in 
a Beckman microfuge. The supernates were then stored at -70 'C 
until used. Extracts (100 p.1 each) were incubated with 100 nl of 
extraction buffer and 25 p.1 of anti-peptide serum in the presence 
of 10 ng of the relevant peptide or unrelated control peptide at 
37 "C for 30 mins and then at 4 'C overnight. 60 |il of a 50% (v/v) 
suspension of protein A-Sepharose was added to each sample and 
the samples were incubated on ice for 45 mins with occasional 
mixing. The immunoprecipitates were then pelleted by centri-
fugation and the pellets washed 4 times with extraction buffer. The 
bound proteins were eluted by boiling for 5 - 10 mins in 60 |il of 
clution buffer (50 mmol/l Tris-HCI pH 6.7, 2% SDS, 70 mmol/l 
2-mercaptoethanol, 10% glycerol and 1% bromphenol blue) and 
analysed by SDS-PAGE (Marsdcn et al., 1978). 

Preparation and analysis of HSV-infected cell polypeptides. 
Confluent monolayers ofBHK21/C13 cells in 35 mm Petri dishes 
were infected at a MOI of 20 PFU/cell. The monolayers were 
treated as described under immunoprecipitation (see above). How­
ever, the samples were harvested in 0.75 ml of sample buffer 
[151 mmol/l Tris-HCI pH 6.7, 6.28% (w/v) SDS, 0.15% (v/v) 
2-mcrcaptocthanoI, 0.31% (v/v) glycerol, 0.1% (w/v) bromphenol 
blue] and heated at 80 'C  for 5 mins. Immediately prior to use, 
the extracts were boiled for 10 mins and analysed by SDS-PAGE 
(Marsdcn et al., 1978). 

Results 

Introduction o f  mutat ions within the  H S V  g e n o m e  re­

quires cotransfect ion o f  cells wi th  intact  viral  D N A  and  

linearised p lasmid D N A  car ry ing  the  des i red mutat ion.  T h e  

resultant progeny virus is titrated, individual plaques  picked, 
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small scale v irus  stocks grown and their  3 2P-labelled DNA 
analysed wi th  restriction endonucleases (Lonsdale, 1979). 
During such analyses two variants showing aberrant restric­

tion enzyme  prof i l e s  we re  ident if ied.  

The variant 1719 

T h e  var iant  1719 w a s  isolated as  a result  o f  a marker  

transfer exper iment  involving intact HSV-1 strain 17 syn+  

D N A  and a l inearised p lasmid  containing HSV-1 BamHl 

K f ragment .  T h e  BamHl K fragment w a s  isolated f r o m  the  

HSV-1 strain 17 syn + var iant  1714 a n d  contained a 7 5 9  b p  

deletion spanning m o s t  o f  the  R L 1  ( ICP 34.5  o r  g a m m a -

34.5) O R F  (MacLean  A R  et al., 1991). 

O n B g ľ l l  digestion (Fig. l , l a n e  2), a 7 M b a n d o f 7 . 5  k b p  
was  seen running above the M band, but  no other altera­

tions were  apparent.  O n  £ c o R I  digestion (Fig. 1, lane 4) ,  

a s imilar  p ro f i l e  w a s  seen;  a novel  7.5 kbp ,  1M b a n d  b u t  

n o  fu r ther  alteration. O n  a BamHl digest  (Fig. 1, lane  6), 

the  normal ly  1M2.3 k b p  V a n d  3.3 k b p  R bands  appeared 

to b e  2M a n d  a novel  2 kbp ,  1M b a n d  w a s  present  above 

the 1.9 k b p  Y band .  O n  a Kpnl digest,  (Fig. 1, lane  8), t he  

molari ty  o f  t he  1.95 k b p V  a n d  1.15 k b p  A ' b a n d s  appeared 

t o  b e 2 M a n d  a novel  1 M  b a n d  runn ing  above the  4 .4  k b p  P 

band  was  seen. T h e  relevant restriction e n z y m e  m a p s  a re  

illustrated in  Fig.  2 .  Taken together  these  resul ts  suggested 

that  7.5 k b p  o f  sequences,  centred a round  0 .4  m c  are  reit­

erated.  T h e  insert  appeared t o  start wi th in  t h e i t a m H I  G frag­

men t  (np  52588 - 60362)  a n d  terminated wi th in  BamHlYJ 

(np  66018  - 66238).  

I f  t he  restriction e n z y m e  used  t o  digest  t he  D N A  cuts  

only once  within the  reiteration, t he  no rma l  bands  are  unal­

te red  wi th  the  only addit ional b a n d  be ing  tije s a m e  size as  

t h e  reiterated sequences.  This  is exempl i f ied  b y  bo th  BglII 

and £ c o R I  digestion.  I f  t h e  e n z y m e  cuts  mul t ip le  t imes  

wi th in  the  reiteration, those f ragments  be tween sites wh ich  

are entirely within the  reiteration will  b e  duplicated and  thus  

become  2M. T h e  two  f ragments  a t  t he  ends  o f  t he  reitera­

tion will  b e  1 M a n d  a novel fragment consisting o f  covalently 

l inked reiterated sequences  from these  two  fragments wi l l  

b e  seen.  T h e  additional f ragments  wi l l  a d d  u p  t o  t he  s ize o f  

t he  rei terat ion.  T h i s  is  e x e m p l i f i e d  o n  t h e  BamHl a n d  

Kpnl digests.  W h e n  a n  enzyme  does  n o t  cu t  wi th in  the  reit­

eration, t he  f ragment  containing the  reiterated sequence wi l l  
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Fig. 1 
Restriction endonucleasc prof i les  of strain 17* (Davison, 1981; Wilkie, 1976) a n d  the variant 1719 "P-DNAs labelled  in vivo 

W T  strain 17+(lanes 1,3,5,7), variant 1719 (lanes 2,4,6,8). BglII (lanes 1,2), £coRI  (lanes 3,4), BamHl (lanes 5,6), Kpnl (lanes 7,8). The W T  bands 

are labelled on the left hand side. The novel bands in 1719 are indicated with open triangles. 
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Fig. 2 
Restriction enzyme maps  of  HSV-1 strain 17' (Davison, 1981; 

Wilkie, 1976) and genome structures of  the duplication variants 
1719 and 1740In 

(a) HSV-1 genome in the prototype orientation. U, and U s  sequences 
bracketed withTRL,TR s  and IR; , IRS are as shown. Approximate locations 
of the UL19, UL20, UL21, UL29 and UL30 genes and OriLare indicated 
with arrows below the line representing UL. The arrowheads represent 
direction of transcription of the respective genes, (b) The HindIII (above 
the line) and /?#/II (below the line) maps of HSV-1 strain 174. (c) The 
l/pal (above the line) and Bam HI (below the line) maps of HSV-1 strain 
17'. (d) The Kpn I (above the line) and £ t o R I  (below the line) maps of 
HSV-1 strain 17*. The two EcoRl sites at np 64121 and 64133 (12 bp 
apart; between F and M) arc shown as a single site, (e) Structure of the 
variant 1719, The restriction cndonuclcasc sites shown below the line 
are: B, BamM; Bg, Bglll, E, EcoRI; H, ///Will; Hp, Hpal, K, Kpnl. 
Approximate boundaries of 7.5 kbp DNA duplication arc shown with 
open boxes above the line and below the restriction cndonuclease sites. 
The restriction enzyme fragments affcctcd by 1719 duplication are 
highlighted with capital letters (upper case), (f) Location of  the 356 bp 
DNA duplication in the variant 1740In. The fig/II n, BamYU f and 
Upal i fragments containing the 356 bp duplication are indicated with 
bold letters. The nucleotide positions (np) are those of HSV-1 strain 17+ 

DNA (McGeoch et al.. 1988). 
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Fig.  3 
Expanded region of the genomes of  strain 17' and the variant 1719 

around 0.4 mc  (np 52,000 - 70,000) (a), a n d  of  strain 11*Bglll n 
restriction fragment  (np 35,729 - 41,448) (b) 

(a) The diagonal lines before 17* and 1719 indicate the extent of the 
reiterated sequences. The novel band at the junction of the reiteration is 
indicated with arrows and its approximate size is marked. The position of 
OriL is shown with a vertical arrow, (b) The relevant BamHl (B) and 
//pal(Hp) sites and their np are shown for 17* and 1740In. The 356 bp 
duplication in 1740In is shown with diagonal lines and the relevant np 

(McGeoch et al, 1988) are given. 

b e  increased in s ize  b y  7.5 kbp, an example o f  which is 
//pal (see Fig. 2;  data not shown). 

The structure o f  1719 w a s  confirmed b y  Southern blot 
hybridization (data not shown). The proposed structure is 
shown in Fig. 2(e) and 3(a). The region o f  the genome 
around 0 . 4  m c  (np 3 9 8 4 9  - 8 9 3 6 4 )  i s  h i g h l i g h t e d  in 
Fig. 2(e) with the relevant restriction enzyme sites and with 
open b o x e s  represent ing  the dupl icated  sequences .  In 
Fig. 3(a), the region o f  the genome around 0.4 m c  (np 52  -
7 0  kb)  is expanded and the position o f  O r i L i s  marked with 
an arrow. The upper line f o r  each restriction enzyme map 
represents the W T  strain 17+ structure with the fragments  
and sizes marked; the lower lines show the proposed 1719 
structure, with the positions o f  restriction sites and frag­

ments;  t he  reiterated sequence  is marked  b y  diagonal  lines. 
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The boundaries o f  the reiterated sequence are delimited b y  
the observed restriction enzyme profi les  (see Fig. 1); the right 
hand boundary at one side b y  the reiteration o f  the BamHl 
R/K' site g iv ing a 2M R band. The exact end points o f  the 
novel junction o f  G to K '  are within the novel 2 k b p  BamHl 
fragment, presumably near the left  hand end as this band con­

tains at  m o s t  2 2 0  b p  o r  probably considerably less o f  K '  se­

quences as  indicated b y  the  weak intensity o f  hybridization 

to it  (data no t  shown).  T h e  left  hand  boundary is indicated b y  

the absence o f  thzKpnl X / C  site within the rei terated-4.5 kbp  

band, giving a IM X band. T h e  lef t  hand  boundary is also 

indicated by  the  size o f  the  reiteration (7.5 kbp)  and  the  novel 

BamHl 2 k b p  band, which consists o f  between 1.8 and 2 k b p  

of BamHl G .  T h e  reiteration in 1719 is therefore almost  ex­

actly centered around OriL, which  is thus present  twice. T h e  

whole o f  U L 2 9  ( M D B P )  is n o w  diploid and  U L 3 0  (pol) is 

present as o n e  complete copy and  o n e  partial copy. 

T h e  growth  characteristics o f  1719 are  s imilar  t o  that  o f  

W T  virus  (data not  shown).  Virus  s tocks w i th  titers greater  

than  lO9 PFU/ml  have been  obtained.  In  this  respec t  it  d i f ­

fers  f r o m  defect ive amplicons generated b y  h igh  multiplic­

ity passage,  which  b y  def ini t ion m u s t  contain an  Ori  a n d  

are  also dependent  o n  he lper  v i rus  f o r  replicat ion (Frenkel  

et al., 1980; Spaete  and  Frenkel,  1982). Homologous  re­

combinat ion might  b e  expected t o  occur  be tween  the  di­

rectly repeated sequences  in  1719 a n d  it h a s  b e e n  shown,  

o n  p l a q u e  p u r i f i c a t i o n  t h a t  W T  v i r u s  is  g e n e r a t e d  a t  

a f requency o f  0.5 - 1%. 

The variant 17401n 

T h i s  v a r i a n t  w a s  i s o l a t e d  d u r i n g  t h e  a n a l y s e s  o f  

recombinants  f r o m  a cross be tween t h e  variant  1708 con­

taining an  additional  Xbal site at  0 .74  m c  (MacLean  and 
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Fig. 4 
Restriction cndonucleasc prof i les  o f  strain 1 7 ' a n d  the variants 1721 (Fareed, 1992; Fareed a n d  Brown, unpub l i shed  data), 1708 (MacLean 

a n d  Brown, 1987b) a n d  1740In  3 2P-DNAs labelled  in vivo 
W T  strain 17 f(lanes 1,6), variants 1721 (lanes 5,7), 1708 (lanes 3,7) and 1740In (lanes 2,4,9,10). Bglll (lanes 1,2), Bglll-Xbal (lanes 3-5), BamHl 
(lanes 6-10). The W T  bands are labelled on the left hand side of lanes 1,3 and 6. The missing bands are indicated with a filled triangle [the missing 

BamHl F '  band (lanes 9,10) can not be seen because of comigration with the E'.G'.H' and ľbands]  and the novel bands with an open triangle. 
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Brown, 1987b) and the variant 1739 containing an addi­
tional //('ní/III site at 0 .374  m c  (Fareed and Brown, unpub­

l ished data) .  T h e  variant  1739 w a s  derived f r o m  the  variant 

1702 (Maclean  and  Brown,  1987a) lacking the  four  nor­

m a l l y  o c c u r i n g  Xbal s i t e s  and ,  t h e r e f o r e ,  c o n t a i n s  n o  

Xbal restriction endonuclease  sites. O n  Hind\\\ digestion, 

the  D N A  prof i l e  o f  1740In was  identical t o  that  o f  1739 

whereas the  Xbal p rof i l e  indicated deletion o f  bo th  0 .07 

and  0 .29  mc Xba\ sites (Fig. 2 ;  data  not  shown) .  O n  Bglll-

Hindlll digestion, the f ig / l l  N '  band  was  missing and  a novel 

band  w a s  runn ing  slightly above the  Bglll J '  band  (data no t  

shown).  O n  Bgl\\-Xba\ d igest ion a novel band  was  seen 

migra t ing  be tween M and  the  comigrat ing D '  and  N bands  

(Fig. 4 ,  lane 4).  O n  Bglll digestion a lone  the  N band  w a s  

miss ing  a n d  a novel band  w a s  runn ing  below M (Fig. 4 ,  

lane 2).  Taken toge ther  t he se  p ro f i l e s  indicated that  t he  

g e n o m e  o f  1740In contained an  insert  o f  est imated M ( o f  

a b o u t 0 . 3 2  x 1 0 6 ( b e t w e e n 3 5 0 a n d 4 0 0  bp ) .  T h e  insert  w a s  

fu r the r  de l imi ted  t o  t he  BamHl F '  f r agmen t  within  Bglll 

N (Fig. 2 ;  Fig.  4 ,  lanes  9 ,  10). T h e  BamHl F '  f r a g m e n t  

f r o m  1740In w a s  c l o n e d  in to  p G E M  a n d  subsequen t ly  

a Hpal s u b f r a g m e n t  ( s e e  b e l o w )  o f  BamHl F '  i n t o  

M 1 3 m p  19 a n d  cfideoxy sequencing carr ied o u t  a s  described 

previously ( June jo  et al., 1991).  A l ignmen t  o f  t h e  sequence  

wi th  tha t  f r o m  t h e  equivalent  W T  sequence  revea led  tha t  

t h e  D N A  inser t  in t h e  variant  1740In  w a s  t h e  resul t  o f  

a duplicat ion o f  a 3 5 6  b p  reg ion  be tween  n p  4 0 8 0 1  a n d  

4 1 1 5 7  [(Fig. 2 (f)] .  T h e  dupl icat ion con ta ined  Hpal N/I  

si te  ([see Fig.  2 (c);  n p  41134] ,  thus  genera t ing a novel  

3 5 6  b p  Hpal f r agmen t  [Fig. 3 (b)].  T h e  3 5 6  b p  region w a s  

inserted between n p  4 0 8 0 1  a n d  40802 ,  2 1  b p  downst ream 

o f  the 3' end o f  the  U L 2 0  ORF. To determine whether  1740In 

p r o d u c e d  n o r m a l  leve ls  o f  t h e  U L 2 0  p ro t e in  i m m u n o -

precipitations were  carr ied o u t  (MacLean  C A et al., 1991). 

T h e  22  K protein was  specifically precipitated from extracts 

o f  cells infected with HSV-1 strain 17+and the  variants 1708, 

1739 and 1740In. It  can  b e  seen  that  t he  insert  in 1740In 

did no t  a f fec t  the  product ion o f  t h e  U L 2 0  g e n e  p roduc t  

1 2 3 4 5 6 7 8 9 1 0  11 1 2  13  14 15 16  1 7  1 8  1 9 2 0  21 

Fig. 5 
Iniiiiiiiiopri'cipitation of the UL20 gene product 

Antiserum was raised against a synthetic oligopeptide, NHj-Gln-Mct-Leu-Pro-Pro-Thr-Asp-Pro-Leu-Arg-Thr-Arg-Tyr-COOH, representing amino 

acids 168 to 179 of the UL20 ORF with a carboxy-terminal tyrosine residue added to facilitate coupling to BSA (MacLean CA  el al, 1991). Proteins 

from HSV-1 strain 17*-infectcd (lanes 9,10), I7401n-infccted (lanes 11,12), 1721 -infected (lanes 13,14; Fareed, 1992), 1708-infected (lanes 15,16) or 

mock-infected (lane 8) cell extracts labelled with ["SJmethionine were precipitated using immune serum in the presence of  10 ng  of  the peptide 

against which the scrum was raised (lanes 9,11,13,15) or an unrelated control peptide (lanes 8,10,12,14,16), and analysed on 5 - 12.5% SDS-PAGE. 

A band which appeared to be specifically precipitated is shown with an open arrowhead. Values o f M r ( K )  are shown on both sides of  the figure. HSV-

1 strain 17*-infected (lanes 6,20), 1740In-infected (lanes 1,2,5,19), 1721-infected (lanes 4,18), 1708-infected (lanes 3,17) and mock-infected (lanes 7,21) 
cell extracts labelled with [35S] methionine are also shown. 
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(Fig. 5). Single cycle  (Fig. 6)  and multiple cycle (data not 
shown) growth experiments showed that the insert had no 
ef fect  on the viability o f  the variant. 

Discussion 

The process o f  recombination in H S V  is complex being 
modulated b y  a number o f  factors. There are seven genes  
required f o r  HSV-1 DNA replication (Wuetal., 1988)which 
have been shown to direct recombination events independ­

ent o f  spec i f ic  D N A  sequence  requirements  (Weber  et al., 

1988). O n e  o f  these  genes ,  U L 2 9 ,  h a s  recently been  shown 

to p romote  t h e  renaturat ion o f  complementary  single D N A  

strands (Dutch  a n d  L e h m a n ,  1993) a n d  to  catalyse strand 

exchange (Bortner  et al., 1993), indicating that  t h e  m a j o r  

s sDNA binding  protein (Ruyechan,  1983) m a y  also play 

a ro le  in  H S V  recombinat ion.  I n  addition, dur ing vira l  rep­

lication, H S V  also undergoes  g e n o m e  isomerisation result­

ing in f o u r  equimolar  isomeric  populat ions  o f  D N A  (Delius 

and  Clements ,  1976; Jenkins  a n d R o i z m a n ,  1986). Families 

o f  tandemly rei terated shor t  sequences  in  (repeat  c o m ­

ponent ,  long;  R i x o n  et al., 1984), t h e  " a "  sequence  (Dutch  

et al, 1992, 1994; U m e n e ,  1993), manipulat ions  such  a s  

transfection a n d  restriction endonuclease  t reatment  o f  D N A  

(Brown  et al., 1984; M a c L e a n  a n d  Brown,  1987a; Fareed, 

1992),  u s e  o f  h i g h  M O I  i n  r ecombina t ion  expe r imen t s  

(Umene,  1986) a n d  u s e  o f  dif ferent  cell  types  (Brown  et al., 

1992) have  also b e e n  implicated i n  enhancing  the  process  

o f  H S V  recombinat ion  ei ther directly o r  indirectly. 

D u r i n g  t h e  g e n o m i c  analyses  o f  over 6 0 0 0  individual 

p l a q u e s  i n  t h e  p r e s e n t  s tudy,  0 . 6 2 %  s h o w i n g  g e n o m i c  

rearrangements  we re  ident i f ied  (Fareed, 1992). This  was  i n  

contrast  t o  t h e  spontaneous  isolation f requency (0 .02%) o f  

deletion/insertion variants o f H S V - 1  strain 17+reported pre­

viously. (MacLean  a n d  Brown,  1987b,c).  These  f igures  are  

however low compared  t o  ou r  f ind ings  wi th  HSV-2 strain 

H G 5 2  which  demonstrated a f requency o f  2 4 %  variants wi th  

genomic  delet ions wi th in  a W T  stock (Harland a n d  Brown,  

1985). U p  t o  the  present,- t h e  spontaneously isolated dele-

> tion/insertion variants have  all h a d  genomic  rearrangements 

involving R L ,  R s  ( repeat  component ,  short)  and/or  adjacent  

un ique  sequences  and  have  possibly arisen as  t he  result  o f  

i l legitimate recombinat ion  events between tandemly reiter­

ated sequences  wi th in  these  regions.  

T h e  origin o f  t he  variants 1719 a n d  1740In is open  t o  

specula t ion .  1719 w a s  i so la ted  du r ing  t h e  sc reen ing  o f  

p laques  from a marker  t ransfer  exper iment  [the fragment 

BamHI K spanning  t h e  R L 1  g e n e  (joint  region o f H S V - 1  

genome)  w a s  used  i n  marke r  t ransfer  exper iment  (MacLean  

A R  et al., 1991) and, therefore,  unlikely t o  take any  par t  in 

the  7.5 k b  D N A  duplication which  occured within the unique 

sequences approximately 6 0  k b p  upstream o f  the  R L  1 O R F ]  

10 
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Fig. 6 
Single-cycle growth curves of the strain 17 syn+ and the variants 

1708 and 1740In 
BHK21/C13 cells were infected at a MOI of 5 PFU/cell and the viruses 

adsorbed at 37 "C for 4 5  mins. The  cell monolayers were washed twice 

with PBS, overlaid with EMEM containing 10% calf serum and incubated 

at  37  'C. Cells were harvested at 0,2,4,6,8,10,12,16,24 and 3 6  hrs p.i. 

and viruses titrated on BHK21/C13 cell monolayers at 37 "C. 

whereas  1740In w a s  isolated dur ing  a recombinat ion  ex­

per iment .  Bo th  variants car ry  duplicat ion o f  D N A  within  

the  U L  component  o f  thei r  genomes ,  indicating crossovers 

be tween partially replicated g e n o m e s  dur ing  D N A  replica­

t ion.  Recombinat ion  i n  H S V  h a s  b e e n  shown t o  occur  a f te r  

t h e  onse t  o f  replication suggest ing tha t  t h e  t w o  processes  

are  linked (Ritchie  etal, 1977). Moreover,  Batra  a n d  Brown 

(1989) have demonstra ted the  occurence  o f  preferential  re ­

c o m b i n a t i o n  b e t w e e n  i n t a c t  g e n o m e s  a n d  r e s t r i c t i o n  

endonuclease fragments containing a n  Ori .  T h e y  have  fu r ­

ther  demonstrated that  large fragments wh ich  preferential ly 

recombined always included t h e  Ori  reg ion  o f  t h e  genome.  

D N A  replication-mediated recombination in HSV-1 has  also 

been  demonstrated between T n 5  repeats  wi th in  p lasmids  

which occur only in  the  presence o f  t he  seven enzymes  which 

constitute HSV-1 D N A  replication machinery  (Webere ta l . ,  

1988). H S V  replication machinery  includes enzymes ,  such  

as  D N A  polymerase  and  M D B P  which  m a y  ca r ry  ou t  f u n c ­

t ions (Bor tner  et al., 1993; D u t c h  a n d  L e h m a n ,  1993) s imi­

lar to  those o f  E. coli S S B  (Christian a n d  Ba ldwin ,  1977), 

T 4  gene  32  protein (Alberts  and  Frey, 1970) and  E. coli 

R e c A  (McEntee,  1985) and  R e c T  proteins (Hall  etal., 1993). 

T h e  duplication o f  regions containing the  entire U L 2 9  gene  

( M D B P )  and  OriL  a long with  partial  dupl icat ion o f  U L 3 0  

( D N A  pol)  sequences  in t he  variant 1719 implicate  t he  pos -
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sible involvement o f  DNA pol in repair synthesis and MDBP 
in renaturation o f  ssDNA as wel l  a s  strand exchange to pro­

m o t e  recombinat ion between partially replicated genomes,  

each  containing a n  intact copy o f  Or i j .  Although D N A  du­

plication in 1740In has occurred between U L 1 9  and  U L 2 0  

at  a dis tance o f  approximately 21.5  k b p  f r o m  Or i ( ,  it could 

have arisen by  a s imilar  process.  T h e  isolation o f  1719 and  

1740In suppor t  a link between replication a n d  recombina­

tion in H S  V and  suggest  that the  two processes involve com­

m o n  enzymes .  
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