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Abstract

In  cells In fected  w ith  herpes s im p lex v irus  typ e  1 (H S V -1 ), one o f th e  f irs t  

p ro te ins  to  be produced is in fected cell po lypep tide  (IC P) 27. This 512-am ino  

acid p ro te in , w h ich  localizes p re dom ina n tly  to  th e  in fec ted  cell nucleus, is 

abso lu te ly  essentia l fo r  v ira l rep lica tion  in cell cu ltu re . ICP27 p lays an 

im p o rta n t ro le  in th e  trans-m odu la tion  o f the  expression o f m any HSV-1 and 

ce llu la r genes, and appears to  e ffect its  ge ne -re g u la to ry  a c tiv ity  in a post- 

transcrip tiona l m anne r by a ffecting  th e  processes o f po lyadeny la tion  and 

sp lic ing. The p ro te in  b inds to  RNA, and is believed to  m ed ia te  th e  tra n sp o rt 

o f v ira l RIM As fro m  th e  nucleus to  the  cytop lasm  o f th e  in fected cell.

The process o f p ropaga ting  IC P 27-m utan t v iruses in th e  he lper-ce ll line 

V27, which p rov ides ICP27 in trans, a llow s fo r recom b ina tion  between 

ce llu la r and v ira l genom es, and the  poss ib ility  o f th e  gene ra tion  o f 

re p lica tion -co m p e te n t (RC) v irus  w ith in  th e  h ig h -titre  s tock. Analysis o f 

ex is ting  h ig h - titre  stocks o f g row th -de fec tive  ICP27 m u ta n ts  revealed th a t all 

conta in  RC v irus , b u t th a t it  is present a t low  levels, a t a frequency  

approx im ating  1 0 '7. RC v irus  present w ith in  th e  h ig h - titre  stock o f th e  ICP27- 

de le tion  m u ta n t d 2 7 - l  was found to  possess both its  o rig in a l de le tion  alle le, 

as w ell as the  w ild -ty p e  a lle le  o f ICP27. The genera tion  o f RC v irus  appears 

to  depend upon th e  presence o f DNA-sequence hom o log y  betw een genom es.

The ex is ting  lite ra tu re  on ICP27 suggests th a t th e  carboxy (C )-te rm ina l 

ha lf o f ICP27 is fu n c tio n a lly  im po rta n t. A  re ve rta n t o f th e  C -te rm ina l ICP27 

m u ta n t M16 w as iso la ted . The re ve rta n t, te rm e d  M16R, conta ins an
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in tragen ic  m u ta tio n  as w ell as one o r m ore  extragen ic  m u ta tions . The 

in tragen ic  m u ta tio n , a base addition  a t codons 2 1 5 -2 1 7 , fram esh ifts  th e  

sequence such th a t  a new stop codon is read a t position 290. The extragen ic  

m u ta tio n (s ) are unknow n.

The trunca ted  ICP27 o f 289-am ino  acids produced by M16R is ab le  to  

com p lem ent th e  g ro w th  o f J2 7 -1 , bu t is unable, in th e  absence o f the  

extragen ic  m u ta tio n (s ), to  suppo rt v ira l rep lica tion  in a non -h e lpe r-ce ll line. 

The novel s tre tch  o f  72 -am ino  acids, which com prises th e  C -te rm inus o f the  

trunca ted  p ro te in  and is arg in ine and g lyc ine  rich, con tribu tes  s ign ifican tly  to  

its  func tion .
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Introduction

The Herpesviridae Family

Herpesviruses are eukaryo tic  v iruses (th e  w ord herpes is derived from  the  
G reek ve rb  herpein, to  creep). O ver 100 herpesv iruses have been 

isolated to  d a te , fro m  a w ide v a r ie ty  o f ve rte b ra te  species. Species- 
association is usua lly  h igh ly  specific , a lthough  in te r-spec ies  transm ission o f 
herpesviruses can occur and can cause severe disease (e .g . in fection  o f 
hum ans w ith  th e  non-hum an p rim a te  v irus  ce rcop ithec ine  herpesvirus 1 
(2 8 9 ), also know n as B -v irus). Fo llow ing p rim a ry  in fe c tion , herpesviruses can 
establish a la te n t in fection  w ith in  th e  na tu ra l host; th a t is, they are able to  
persist in th e  h o s t fo r  life  in the  absence o f de tectab le  in fectious v irus .

A he rpesv irus  v ir ion  is characterized by th e  presence o f a single, doub le­
stranded, lin e a r DNA genom e o f 1 2 0 -2 4 0  kilobase pa irs (kb p ), conta ined 
w ith in  an icosahedra l nucleocapsid. The nucleocapsid is em bedded in a 
prote in  laye r—know n as the  te g u m e n t—which is surrounded by a p ro te in - 
conta in ing lip id  m em brane  (F igure 1 -1A ). DNA rep lica tion , transcrip tion , and 
capsid assem bly occu r w ith in  th e  nucleus o f th e  host cell.

The Herpesvirus Virion

The v ir io n  is th e  in fectious p a rtic le  produced du ring  th e  ly tic  cycle. 
Herpesvirions range  in d iam e te r fro m  1 0 2 -2 0 0  nm , and are unstab le in
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de te rg e n ts  and o th e r lip id  so lven ts  (3 3 0 , 333 ). This in s ta b ility  resu lts  fro m  
th e  p resence o f, and re q u ire m e n t fo r, a lip id  envelope. The lip id  enve lope  is 
acqu ired  fro m  the  cell du ring  v ir io n  m a tu ra tio n . V ira l g lycopro te ins , 
em bedded in the  envelope, a p pe a r as sp ikes on th e  v irion  surface unde r 
e lec tron  m ic rog raphy (3 3 8 ); th e  g lycop ro te ins  m ed ia te  a tta ch m e n t o f th e  
he rpesv irion  to  the ta rg e t ce ll. P enetra tion  in to  th e  ta rg e t cell is e ffected 
th ro u g h  v ira l g lycop ro te in -induced  fus ion  o f the  envelope w ith  th e  p lasm a 
m em brane  o f the  ta rg e t cell (2 2 6 ).

S andw iched between th e  lip id  enve lope  and th e  nucleocapsid is a 
s tru c tu ra l laye r unique to  h e rpesv irio ns : th e  tegum en t. This o ften  
a sym m e tric  layer is poorly  cha racte rized  w ith  respect to  fu n c tio n , bu t 
con ta ins  im p o rta n t v ira l re g u la to ry  p ro te ins .

N udeocapsids o f he rpesviruses a re  icosahedral in shape, and are 
com posed o f 162 capsom ers; 150 o f th e  162 capsom ers are hexam eric, w h ile  
the  re m a in in g  12 are pen tam eric . N udeocapsids are typ ica lly  100 nm in 
d ia m e te r.

C on ta ined  w ith in  the  nucleocapsid o f  th e  herpesvirion  is th e  genom ic 
core. T he  v ira l DNA is associa ted w ith  p ro te in , and appears as a to ro id  under 
e lec tron  m ic rog raphy (96 , 2 3 6 ). L ittle  is known o f the  precise a rra n g e m e n t o f 
the  v ira l DNA in the  to ro id ; th e  genom ic  te rm in i are no t linked cova len tly  to  
p ro te in , as th e y  are in adenov iruses (2 7 4 , 2 84 ), nor do th e  ends o f th e  
genom e fo rm  te rm ina l ha irp in  loops, as is th e  case in poxviruses (8 ). The 
G +C base com position  o f he rpesv irus  DNAs ranges from  3 2 -7 5 % .

Herpesvirus Taxonomy

The c u rre n t c lassification schem e app lied  to  the  Herpesviridae fa m ily  has 
evo lved fro m  one based so le ly  on b io log ica l p roperties (e .g . host-ce ll range, 
e ffic iency  o f m u ltip lica tio n ), to  one focus ing  m ore  on m o lecu la r c r ite r ia , such 
as sequence data and genom e s tru c tu re . Three subfam ilies ex is t: Alpha-, 
Beta-, and Gammaherpesvirinae.

A lp h ah erp esv irin ae

M em bers o f th is  sub fam ily  (a lso  know n as a -herpesv iruses) e xh ib it a 
w ide and  va riab le  experim enta l host range , a re la tive ly  sh o rt rep roductive  
cycle (a llo w in g  fo r re la tive ly  rap id  g ro w th  in cell cu ltu re ), a high degree o f 
e ffic iency  w ith  respect to  host cell d e s tru c tion , and the  a b ility  to  estab lish  
la te n t in fe c tion s  in sensory gang lia . Exam ples o f a -herpesviruses are herpes 
s im p lex  v iru s  typ e  1 and 2 (HSV-1 and H SV-2), va rice lla -zos te r v irus  (V ZV ), 
equine herpesv irus  typ e  1 (E H V -1), pseudorabies v irus (PRV), and B -v irus.
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B etaherpesvirinae

M em bers o f th is  sub fam ily  (a lso known as p-herpesviruses) are classified 
on th e  basis o f a narrow  experim enta l host range, re la tive ly  long 
re p roductive  cycle (in fec tion  progresses slow ly in cell cu ltu re ), p roduction  o f 
an en larged in fected cell m orpho logy (cytom egalia), and th e  a b ility  to  
estab lish  la te n t in fections in secre tory glands, k idneys, and lym p h o re ticu la r 
cells. Exam ples o f p -herpesviruses are human cytom ega lov irus  (HCMV), 
m u rin e  cy tom ega lov irus  (MCMV), and human herpesviruses 6 and 7 (H HV-6 
and H H V-7).

G am m aherpesvirinae

M em bers o f th is  sub fam ily  (a lso known as y-herpesviruses) are 
lym ph o tro p ic , w ith  spec ific ity  fo r  e ith e r T- o r B -lym phocytes. In  vitro, ly tic  
in fec tions can be effected in som e types o f fib rob lastic  and ep ithe lio id  cells, 
in add ition  to  lym phob lasto id  cells. Latency is o ften estab lished in lym pho id  
tissue ; ly tic -s ta g e  in fections ra re ly  produce infectious p rogeny. Exam ples o f 
y-herpesviruses are E pste in-B arr v irus  (EBV), hum an herpesvirus 8 (H H V -8; 
com m on ly  re fe rred  to  as Kaposi's sarcom a-associated herpesv irus, KSHV), 
equine herpesv irus typ e  2 (EH V-2), and herpesvirus sa im iri (HVS).

The Human Herpesviruses

To da te , e ig h t herpesviruses have been associated w ith  hum ans as th e ir  
na tu ra l host: th e  a -herpesv iruses HSV-1, HSV-2, and VZV; th e  p- 
herpesviruses HCMV, HHV-6, and HHV-7; and the  ^h e rp e sv iru se s  EBV and 
HHV-8.

H S V -1  and H SV-2

HSV-1 and HSV-2, w h ile  an tigen ica lly  d istinct, d isp lay  a high degree o f 
s im ila rity  a t th e  cod ing-sequence level (approx im ate ly  7 0 -8 0 %  ide n tity ) 
(2 0 3 ). P rim ary HSV in fection  no rm a lly  occurs a t a m ucocutaneous 
surface—usua lly  o ra l-fac ia l fo r  HSV-1 and genital fo r  HSV-2—w here th e  v irus 
undergoes a period o f p roductive  rep lication (49). V ira l rep lica tion  w ith in  
in fected  cells, accom panied by the  host im m une response, o ften  leads to  
tissue  dam age th a t is m an ifes t as painfu l vesicular lesions. N ot all v irus  is 
con ta ined a t th e  ep ithe lia l tissue , however, as ad jacen t sensory nerve 
endings exposed to  progeny are sensitive  to  in fection ; nudeocapsids can 
tra ve l, th ro u gh  re trog rade  axonal transpo rt, to  neuronal cell bodies in
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sensory gang lia . A cute  gang lion ic  in fection can be  des truc tive  to  th e  infected 
cells, b u t usua lly  th e  v ira l genom e enters a s ta te  o f  la tency, ha llm arked by 
the  absence o f de tectab le  genom e replication and in fec tious progeny 
production . T he  es tab lishm ent o f la tency a llow s fo r  th e  sequestra tion  and 
persistence o f v ira l DNA w ith in  th e  infected neurons fo r  th e  life-span o f the  
host.

Follow ing p rim a ry  HSV in fec tion , an in fected ind iv idua l m ay neve r again 
experience re c u rre n t HSV disease. Most in fected ind iv idua ls , though , do 
experience re c u rre n t in fections, a lthough these a re  usually less severe than 
the  p rim ary  in fec tion  in the  im m uno -com pe te n t ind iv idua l. The fac to rs  
con tribu ting  to  th e  reactiva tion  o f v irus  rep lica tion  are poorly  understood, bu t 
reactiva tion  has been associated w ith  a va rie ty  o f  s tim u li, such as physical 
dam age to  m ucocutaneous tissue , exposure to  u ltra -v io le t (UV) lig h t (e .g . a 
sunburn ), exposure  to  an unre la ted  d isease-agent, em otiona l stress, and 
horm onal changes. During th e  reactiva tion  process, v ira l genom es are 
rep licated in th e  sensory ganglia and progeny are transported  back th rough  
nerve cell axons to  ep ithe lia l s ites a t o r near th e  s ite  o f th e  p rim a ry  in fection. 
R ecurrent v ira l in fections o f ep ithe lia l tissue a re  m a n ifes t as ves icu la r lesions 
(com m on ly  re fe rred  to  as cold sores fo r  o ra l-fac ia l in fec tions). U nfo rtuna te ly , 
in fectious v irus  m ay be tra n sm itte d  from  the  les ions du ring , o r before, the 
vesicu la r phase o f disease via d ire c t contact w ith  a m ucocutaneous surface o f 
ano ther ind iv id u a l; transm ission  o f v irus is ve ry  e ffic ien t, and o ften  occurs 
before the  in fec tious  ind iv idua l even realizes th a t  a re cu rre n t in fection is in 
progress.

Rarely are HSV in fections d eb ilita tin g  in th e  im m un o -co m p e te n t host. 
Prim ary HSV in fec tion  o f the  eye can lead to  b lindness (5 0 ), and on very rare 
occasions, a p r im a ry  HSV in fection  can resu lt in encepha litis  (50, 159). HSV 
infections can have serious consequences in an im m uno-com prom ised  
ind iv idua l, as w ell as in newborns (337 , 377).

vzv
VZV is th e  e tio log ica l agen t responsib le fo r  tw o  d is tin c t diseases: varice lla  

(ch ickenpox) and zoste r (sh ing les) (4 ). P rim ary VZV in fec tion  usually occurs 
during ch ildhood , as the  v irus is transm iss ib le  in th e  aerosolized resp ira to ry  
secretions o f in fected  ind iv idua ls d isplaying th e  varice lla -d isease s ta te . 
In fection  w ith  VZV in itia lly  resu lts  in varicella , a disease characterized by 
w idespread m ucosal and cutaneous lesions. As is th e  case fo r  HSV, VZV can 
establish a la te n t in fection  in neura l gang lia ; re cu rre n t in fections are 
m an ifes t as zos te r. The zoster-d isease s ta te  is d iffe re n t fro m  varice lla , and is 
presented as a pa in fu l skin rash. The seve rity  o f d isease experienced by
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ind iv idua ls  exposed to  p rim ary  VZV infection increases w ith  the  age o f 
exposure. In  im m uno-com prom ised  ind iv idua ls , VZV in fections can be fa ta l.

HCM V

HCMV is a ub iqu itous  hum an pathogen. M ost p rim a ry  in fections w ith  the  
v irus  are ina ppa ren t, and infected ind iv idua ls usua lly  rem ain  asym ptom atic  
(256 , 275 ). W hen sym ptom atic , p rim a ry  in fec tions  in ch ild ren and adu lts  can 
re su lt in a w ide  va r ie ty  o f clin ical m an ifes ta tions, such as m ye litis , card itis , 
and hepa titis  (1 6 0 ). HCMV is th e  m ost com m on cause o f v ira l b irth  defects in 
congen ita lly  in fected  babies; both deafness and m enta l re ta rda tion  can resu lt 
from  congenita l HCMV infections (3 3 5 ). In  im m uno-com prom ised  ind iv idua ls , 
HCMV can cause severe  d issem inated disease.

V ira l transm iss ion  is effected th rough  m ilk , sem en, urine, saliva, and 
cervical secre tions, and the  v irus can be acquired  sexua lly , transp lacen ta lly , 
pe rina ta lly , as w ell as via blood transfus ion  and organ o r bone m arrow  
tra n sp lan ta tion  (4 6 , 176, 272, 336). A num ber o f  cell types  can be infected 
by th e  v irus, inc lud ing  leukocytes, endothelia l ce lls, ep ithe lia l cells, and 
connective tissue  cells (135, 233, 272).

H H V -6

HHV-6 is a T -c e ll- tro p ic  v irus  th a t was o rig in a lly  isolated from  AIDS 
patien ts  w ith  lym phop ro life ra tive  d isorders (1 5 4 , 293). HHV-6 isolates are 
d iffe ren tia ted  in to  tw o  groups—varian ts  A and B—on th e  basis o f an tigen ic 
specific ity , gene tic  po lym orph ism , and in vitro g row th  (1 1 3 ). The v irus  is 
believed to  be w idespread in th e  popula tion, b u t, like  HCMV, is no t th o u g h t to  
cause disease in th e  healthy ind iv idua l. HHV-6 in fec tion  o f in fants can cause 
exanthem  sub itum  (a genera lly  non-serious sk in  rash) (386 ). In  adults , HHV- 
6 in fection has been linked w ith  m en ingoencephalitis  (1 4 5 ), in fectious 
m ononucleosis (1 3 ), au to im m une disorders (1 6 6 ), chron ic  fa tigue  syndrom e 
(2 6 ), and m u ltip le  sclerosis (38 ). HHV-6 has been proposed to  be a co facto r 
in A IDS progression (1 9 0 ), and may p lay a ro le  in th e  reactiva tion  o f la ten t 
hum an im m unodefic iency v irus (H IV ) (77 ).

H H V -7

A no th e r T -c e ll- tro p ic  v irus is HHV-7, a close v ira l re la tive  o f HHV-6 (238). 
Prim ary in fec tion  w ith  HHV-7 no rm a lly  occurs in in fancy (seroprevalence 
reaches a t least 8 0 % ) (3 8 3 ), and is associated w ith  exanthem  sub itum  
(3 4 9 ). In  ra re  instances, HHV-7 in fection  can cause encephalitis  and seizures 
due to  invasion o f th e  centra l nervous system  (C NS), b u t usually th e  v irus is 
no t pa thogen ic  beyond th e  se lf- lim iting  ch ildhood disease.
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EBV

EBV is a nea r-u b iq u itous  hum an herpesvirus (1 1 4 ), f ir s t  discovered 
because o f its  association w ith  B urk itt's  lym phom a (1 5 7 ), a B-cell lym phom a 
com m on in sub-Saharan A frica . EBV stra ins are classified as e ith e r type  A o r 
typ e  B based upon DNA sequence and in vitro g row th  (1 1 4 , 298). Primary 
EBV in fec tion  in it ia lly  occurs in oropharyngeal ep ithe lia l ce lls (v irus  is 
acquired fro m  in fected  sa liva ), and a fte r an in itia l round o f p roductive  
rep lica tion , proceeds to  B -lym phocytes (116 ). In fec tion  o f B -lym phocytes 
tra n s fo rm s  th e m , and th e  resu lting  p ro life ra tion  can resu lt in a sta te  o f 
in fec tious m ononucleosis (usua lly  only observed in ind iv idua ls  infected la te r 
than  ea rly  ch ildhood). A lthough  EBV infections are genera lly  asym ptom atic, 
the  v irus  has been shown to  con tribu te  to  the  genesis o f several m alignant 
tu m o u rs  o f hem atopo ie tic  o r ep ithe lia l o rig in , including B u rk itt 's  lym phom a, 
nasopharyngeal carc inom a, and Hodgkin's disease (157 , 193 ). EBV is 
su ffic ie n t fo r  th e  fo rm a tio n  o f B- and T-cell lym phom as in im m u n o ­
com prom ised ind iv idua ls .

H H V -8

HHV-8 is th e  m ost recen t hum an herpesvirus id e n tifie d ; i t  is com m only 
re fe rred  to  as KSHV as it  was discovered during an inves tiga tion  into the  
causative  agen t o f Kaposi's sarcoma (KS) (40, 361). In a dd ition  to  its 
association w ith  KS, HHV-8 has been linked to  tw o  types o f B-cell tum ours: 
p rim a ry  e ffus ion lym phom a (PEL) and m u ltice n tric  C aste lm an 's disease (67 ). 
The v irus  appears to  be sexually  transm itted .

HSV-1

Because HSV-1 can be propagated to  high titre s  in tissue -cu ltu re  
system s, it  serves as a p ro to type  fo r understanding how th e  herpesviruses 
rep lica te  and e ffe c t disease w ith in  th e ir hosts.

The g en o m e

The HSV-1 genom e is 152 kbp in size, and consists o f tw o  covalently 
linked com ponents , L and S (F igure  1-1B) (287 ). Both com ponents are 
s im ila r in a rrangem ent, in th a t th e y  are composed o f a un ique  sequence (UL 
and Us) flanked  by a pa ir o f opposite ly orien ted  repeat e lem en ts  (RL and Rs). 
The UL section is m uch la rge r than  the  Us section (108  kbp versus 13 kbp,
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re spec tive ly ). Present a t the  te rm in i o f th e  genom e are 3 ' s ing le-base 
extens ions (225 ).

A s h o rt sequence, known as a, is p resen t a t th e  ju n c tio n  o f th e  L and S 
com ponen ts , and is a lso present a t th e  te rm in i o f the  genom e; one to  several 
copies o f th e  a sequence are present a t th e  L -S  junc tion  and a t th e  end o f 
th e  L com ponent, w h ile  on ly a single copy is p resent a t the  end o f the  S 
com ponen t (55 , 185, 36 5 ). The L -S  ju n c tio n  a sequence is inverse ly  o rien ted  
w ith  respect to  th e  o rien ta tions  o f th e  a  sequences o f th e  te rm in i (2 2 4 ). The 
a sequence is an essentia l c/s-acting e lem en t th a t is invo lved in a num ber o f 
im p o rta n t events, inc lud ing  the  c ircu la riza tion  o f v ira l DNA pos t-in fec tion , the  
c leavage and packaging o f replicated v ira l DNA, and the  isom eriza tion  o f th e  
v ira l genom e (57 , 69 , 235, 303, 320, 323, 360).

Preparations o f HSV-1 DNA conta in  equ im o la r am ounts o f fo u r  sequence- 
o r ie n ta tio n  isom ers, illu s tra ted  in F igure 1-1C (1 29). The presence o f 
inve rted  repea t e lem en ts  (i.e . the  a, RL, and Rs sequences) a llows fo r 
recom b ina tion  du ring  rep lica tion , leading to  L -S  inversion (isom eriza tion ). An 
in fe c tious  v irion  con ta ins  a single genom e in one o f the fo u r possible 
o rie n ta tio n s , b u t pos t-rep lica tion , th e  in fected cell w ill conta in equ im o la r 
am o un ts  o f the  fo u r isom ers as a re su lt o f the  isom erization process. All 
isom eric  fo rm s are fun c tion a lly  equ iva len t (149 ).

T h e ly tic  cycle

E n try  in to  the  ta rg e t cell is e ffected th rough  envelope g lycopro te ins 
p re sen t on the  surface o f the  v irion  (3 2 9 ). F irst, m em brane g lycopro te ins C 
(gC) and B (gB) bind to  the  heparan-su lfa te  m oie ties o f ce ll-surface  
p ro teog lycans (1 2 3 ). The presence o f gC and heparan-su lfa te  is im p o rta n t fo r  
v ir io n  adsorp tion , as loss o f e ithe r resu lts  in a s ign ifican t reduction  in v ira l 
a tta ch m e n t (11 7 , 131, 317, 382). N ext, a n o th e r m em brane g lycopro te in , 
g lycop ro te in  D (gD ), b inds tig h tly  to  a herpesvirus en try  m e d ia to r (Hve) 
p re sen t on th e  surface  o f the  ta rg e t ce ll; th ree  Hves have been iden tified  (A, 
B, and C) (167, 304, 369, 376, 380). HveA is a m em ber o f th e  tu m o u r 
necrosis fa c to r (T N F )/ne rve  grow th fa c to r (NGF) receptor superfam ily , 
w hereas HveB (also know n as po liov irus receptor-re la ted  pro te in  2) and 
HveC (a lso  known as po liov irus recep to r-re la ted  protein 1) are m em bers o f 
th e  im m unog lobu lin  superfam ily . The b ind ing o f gD to  a Hve leads to  v ira l 
and ce llu la r m em brane  fusion, effected th rough  additional envelope 
g lycop ro te ins  (3 2 9 ), and de livery o f th e  te g u m en t and nucleocapsid in to  the  
cy top lasm  o f the  cell.

Once in th e  cy top lasm , the  te g u m e n t disassembles and th e  nucleocapsid 
b inds to  m ic ro tubu les  v ia  th e  m ic ro tub u le -m o to r m olecule dyne in ; i t  is 
be lieved th a t th e  nucleocapsid is tran spo rted  along the m ic ro tubu le  ne tw ork
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to  th e  cell's nuc leus (226 , 3 24 ). D isassem bly o f th e  te g u m e n t releases 
several im p o rta n t v ira l p ro te ins , inc lud ing  v ir io n  p ro te in  16 (VP16) and the 
v irio n -induced  h o s t s h u to ff (vhs) p ro te in . VP16 is a pow erfu l tra n s -a c tiva to r 
o f th e  im m e d ia te -e a rly  (IE  o r a ) genes o f HSV-1 (1 0 , 3 5 ), w h ile  vhs effects 
s h u to ff o f hos t m acrom o le cu la r syn thes is  th ro u g h  th e  degrada tion  o f host 
mRNA (162, 169, 242 , 3 18 ).

V ira l DNA leaves th e  nucleocapsid and en te rs  th e  ce ll's  nucleus a t a 
nuc lea r pore (9 ) . In s id e  th e  nucleus, th e  te rm in i o f th e  v ira l genom e fuse, 
y ie ld ing  a c ircu la r DNA m olecu le  (1 5 2 ). The genom e is now  prim ed  fo r  
procession th ro u g h  th e  v ira l reg u la to ry  cascade.

The v ira l re g u la to ry  cascade is defined by th e  sequen tia l a c tiva tion  o f 
th re e  d is tin c t te m p o ra l classes o f v ira l genes: IE , d e layed -ea rly  (DE o r P), 
and la te  (L  o r y) (1 3 6 -1 3 8 ). The IE genes are  th e  f irs t  to  be expressed, and 
fo r  th e  m ost p a rt fu n c tio n  as tra n s -re gu la to rs  o f DE and L genes. The rates o f 
syn thes is  o f IE  p o lypep tides  are h ighes t 3 -4  hours p os t-in fec tion  (hp i). 
T ranscrip tion  o f  th e  IE genes is s tim u la ted  by VP16. Each IE  gene contains 
w ith in  its  p ro m o te r one o r  m ore copies o f th e  c/s-acting  e lem en t 
TAATGARAT (w h e re  R is a purine res idue) (1 0 3 , 191). VP16 has been shown 
to  b ind d ire c tly  to  th e  ce llu la r p ro te ins  O ctam er tra n sc rip tio n  fa c to r  1 (O ct-1) 
(3 4 0 ) and H ost cell fa c to r (HCF) (1 0 5 ), and i t  is th e  com p lex o f these  three 
p ro te ins  th a t b inds to  th e  TAATGARAT m otifs  and activa tes transcrip tion . 
T ranscrip tion  o f  all v ira l genes is carried  o u t by  th e  host RNA po lym erase I I  
(RNA pol I I )  (1 1 ).

P roduction o f th e  IE  p ro te ins  resu lts  in th e  expression o f th e  DE genes. 
The ra tes o f syn the s is  o f DE po lypep tides are h ighes t 5 -7  hpi. The protein 
p roducts o f th e  DE genes are genera lly  responsib le , bo th  d ire c tly  and 
in d ire c tly , fo r  e ffe c tin g  rep lica tion  o f th e  v ira l genom e. U nlike the  
dependence on th e  host-ce ll RNA pol I I  fo r  tra n sc rip tio n , th e  v irus  supplies its 
own DNA po lym erase  (3 7 4 ).

Induc tion  o f v ira l DNA rep lica tion  occurs when su ffic ie n t qu an titie s  o f DE 
p ro te ins  have been syn thesized. Three o rig ins  o f rep lica tion  e x is t w ith in  the 
genom e; the  UL section  conta ins one, w h ile  th e  Rs e lem ents each conta in 
a n o th e r (342 , 3 7 5 ). In te ra c tio n  o f th e  rep lica tion  m ach ine ry  w ith  any o f the 
o rig ins  o f rep lica tion  resu lts  in the  in itia tio n  o f b i-d irec tiona l DNA replication.
I t  is believed th a t  th is  th e ta  ty p e -lik e  rep lica tion  is th e  m echanism  in itia lly  
responsib le  fo r  v ira l DNA rep lica tion  (37 , 312, 395 ). A t la te r stages, however, 
v ira l DNA rep lica tion  is th o u g h t to  proceed via a ro liing -c irc le  m echanism , as 
large conca tem eric  DNA m olecules are genera ted  (147 , 152).

V ira l DNA syn th es is  s tim u la tes  expression o f th e  L genes. L polypeptides 
are m ade a t increas ing  ra tes  un til a t least 12 hp i. M ost o f th e  L genes encode 
s tru c tu ra l p ro te ins , as w ell as p ro te ins  invo lved  in th e  assem bly and egress
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o f progeny v irio n s . The L genes are separated in to  tw o  sub-classes based 
upon th e  re q u ire m e n t o f  DNA rep lica tion  fo r  expression. Leaky-la te  ( y l )  gene 
expression occurs in th e  absence o f v ira l DNA re p lica tion , bu t is enhanced by 
DNA rep lica tion . T ru e -la te  (y2) gene expression is s tr ic t ly  dependent on the 
onse t o f v ira l DNA rep lica tion . The VP16 and vhs p ro te ins  are y l  p ro te ins.

Accum ula tion  o f L p ro te ins leads to  the  se lf-assem b ly  o f v ira l capsids in 
th e  nucleus o f  th e  host cell (2 3 7 ). The  concatem eric DNAs generated by 
ro lling -c irc le  rep lica tion  are then  cleaved p rio r to , o r  du ring , packaging into 
th e  capsids to  y ie ld  m a tu re  linea r genom es (3 6 0 ); c leavage o f the  v ira l DNA 
and its  encapsidation  are believed to  be tig h tly  coupled events e ffected  by 
th e  v ira l c leavage-packag ing  sys tem . The signals th a t d ire c t s ite -spec ific  
cleavage in to  u n it- le n g th  genom es a re  c/'s-acting sequences—p a d  and pac2 
sequences—p re se n t w ith in  th e  a sequence (57 , 3 5 8 ). I t  has been proposed 
th a t v ira l DNA is spooled in to  a capsid until a second a sequence m atch ing  
th e  o rien ta tion  o f th e  f irs t is encountered , tr ig g e rin g  cleavage (5 7 ). S ite - 
specific  cleavage genera tes th e  3 ' s ing le-base extens ions found a t th e  te rm in i 
o f th e  genom e.

Assem bly o f a HSV-1 v irion  is n o t com plete u n til th e  teg um en t and lipid 
envelope have been acquired. Nucleocapsids bud th ro u gh  the  inne r nuclear 
m em brane, and in th e  process are enveloped (5 4 , 309). Two m odels have 
been proposed to  account fo r  th e  fa te  o f the  enveloped nucleocapsids; the  
m odels are n o t m u tu a lly  exclus ive , and it  is possib le  th a t both are being 
e ffected in th e  hos t cell. In  one m odel, the  te g u m e n t and lipid envelope are 
acquired as a re su lt o f passage th ro u gh  the  inn e r nuc lea r m em brane (34 ,
150, 352, 368 ). The v irions then pass th rough th e  endop lasm ic re ticu lum  
(ER)/G olg i appa ra tus  secre tory pa thw ay, and are transported  to  th e  ce llu lar 
m em brane in m em brane-bound  vesicles. In  th e  a lte rn a te  m odel, the  
enveloped nucleocapsids in th e  perinuc lear space de-enve lope via fus ion  w ith 
th e  o u te r nuc lear m em brane, and are thus de live red  in to  the  cytop lasm  as 
naked nucleocapsids (24 , 43 , 74, 75, 334, 357). The te g u m en t and lip id 
envelope are n o t acquired un til th e  nucleocapsids bud in to  the  ER a n d /o r 
Golgi apparatus. As w ith  the  f irs t  m odel, the  assem bled v irions are 
transported  to  th e  ce llu la r m em brane.

Laten cy

In fec tion  o f sensory neurons w ith  HSV-1 estab lishes a s ta te  o f la tency in 
which none o f th e  v ira l genes o f th e  ly tic  cycle are expressed (92, 3 4 1 ). The 
VP16 pro te in  m ay p lay a key ro le  in th e  e s tab lishm en t o f latency. VP16 is 
able to  e ffect th e  tra n s -a c tiva tio n  o f IE  gene expression in non-neurona l cells 
because o f its  in te rac tio n  w ith  HCF; VP16 relies on HCF fo r  im po rt in to  the  
nucleus o f th e  non-neurona l cell (1 7 0 ). In  sensory neurons, HCF is non-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I n t r o d u c t io n 10

nuclear in its  loca lization  (165). VP16 m ay the re fo re  be unable to  en te r th e  
neuronal cell nucleus because o f th is  HCF loca lization p ro file—the  ly tic  cycle 
is abrogated and la tency results.

In  la te n tly  in fected neurons, the  v ira l genom e is m a in ta ined as an 
episom e (212 , 285 ). As th e  ly tic -cyc ie  v ira l genes are no t expressed, the  
v ira l genom e is n o t ac tive ly  rep licated, and exists essentia lly  in a qu iescent 
s ta te . However, th re e  la tency associated transcrip ts  (LATs) can be detected 
in la te n tly  in fected  cells. One is a m ino r LAT, o r mLAT, o f approx im ate ly  8 .3  
kilobases (k b ), transcribed  from  a region o f th e  RL (2 2 1 ). The o th e r tw o LATs, 
ap prox im a te ly  2 .0 and 1.5 kb in size, map to  the  5 ' region o f th e  mLAT and 
are th o u g h t to  be th e  stab le  sp lice-products o f th e  ml_AT (89 , 332, 363, 364, 
372). These RNAs are unusual in th a t they are no t capped o r po lyadenylated, 
rem ain in th e  nucleus, and do no t produce any known p ro te in  products (63 , 
364). The ro le  o f th e  LATs in latency rem ains large ly unde term ined , bu t 
evidence ex is ts  suggesting a contribu tion  to  reac tiva tion  (16 , 18, 66, 134, 
249, 250).

The IE Genes

The IE genes o f HSV-1 are the  f irs t to  be expressed during the  ly tic  cycle, 
and are ope ra tiona lly  defined as those transcribed in th e  absence o f p rio r 
v ira l p ro te in  syn thes is  (3 7 0 ). Five IE genes exist: in fected cell po lypeptide 
(ICP) 47 , ICP22, ICPO, ICP4, and ICP27. The locations and o rien ta tions o f the  
IE mRNAs fo r  one o f th e  fo u r possible HSV-1 isom ers are presented in Figure 
1-1B. A lte rn a tive  IE gene m onikers are presented in Table 1-1.

IC P 4 7

ICP47 is a 12-k iloda lton  (kDa) prote in th a t localizes to  the  cytop lasm  o f 
the  infected cell (195 , 261). I t  is no t essential fo r  HSV-1 rep lication in cell 
cu ltu re  (1 8 8 ), b u t a lm o s t certa in ly  con tribu tes to  th e  pa thogen ic ity  o f the  
v irus during  in fection  o f a hum an host. In  cells th a t express m a jo r 
h is tocom p a tib ility  com plex (MHC) class I  m olecules (e .g . ep ithe lia l cells), 
ICP47 has been shown to  bind to  the  tra n sp o rte r associated w ith  antigen 
processing (TAP), p reven ting  viral peptide trans loca tion  into the  ER (95,
133). Because o f th is , loading o f v ira l peptides onto  MHC class I  m olecules 
does no t occur, and th e  em p ty  MHC molecules rem ain in the  ER (393). 
Antigen p resen ta tion  by MHC class I  molecules on th e  infected cell surface is 
required fo r  recogn ition  by CD8+ T cells; by inh ib iting  an tigen presenta tion , 
ICP47 effects a sh ie ld ing o f H S V -l- in fe c te d  cells fro m  HSV-specific CD8+ 
cyto tox ic  T  lym phocytes (CTLs).
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IC P 2 2

ICP22 is a 68-kDa pro te in  th a t localizes p redom inan tly  to  th e  nucleus o f 
th e  in fec ted  cell (181 , 260 ). I t  has been shown to  ex is t in several 
phosphory la ted  s ta tes, and can be nucleo tidy ly la ted  by casein kinase I I  (219, 
220, 265 , 266 ). V iral dependence on th e  p ro te in  fo r  v ia b ility  va ries  am ongst 
in fected  cell typ e s—ICP22 is essential fo r  p roductive  HSV-1 rep lica tion  in 
co n flue n t res ting  HEL cells, as well as RAT-1 and BHK cell lines, b u t is 
d ispensab le  fo r  v irus  g row th  in Vero and HEp-2 cells (257, 3 1 0 ). In  infected 
cells, IC P22 plays a ro le  in the  pos t-trans la tiona l m odifica tion  o f  th e  large 
su b u n it o f RNA pol I I .  The presence o f ICP22 induces th e  fo rm a tio n  o f a 
novel phosphory la ted  fo rm  o f the  subun it, which is hypothesized to  aid in the  
tra n sc rip tio n  o f th e  v ira l genome (187 , 280, 281, 331).

ICPO

ICPO is a 110-kDa phosphoprotein  th a t localizes to  th e  nucleus o f the 
in fected  cell (2 0 1 ). W hile  the  pro te in  is n o t abso lu te ly  essentia l fo r  viral 
g row th  in cell cu ltu re , ICPO m utan ts are im pa ired  fo r  IE, DE, and L gene 
expression a t low m u ltip lic ity  o f in fection  (M O I) in fections; th e  absence o f 
ICPO, how ever, can be overcom e by carry ing  o u t in fections a t h igh MOI (79, 
291, 3 4 3 ). ICPO m ost like ly  effects v ira l gene trans-ac tiva tion  a t th e  
tra n sc rip tio n a l level (31 , 153, 184, 297). In  tra n s ie n t co -trans fec tion  assays, 
ICPO can s tim u la te  gene expression fro m  a va rie ty  o f p rom o te rs  (33 , 81, 82, 
102, 104, 184, 240, 241, 270).

The actions o f ICPO are not confined to  th e  v ira l genom e. ICPO has been 
shown to  localize to  d iscre te  nuclear dom ains, known as ND10, causing 
d is rup tio n  and d ispersion o f th e ir co ns titu en t p ro te ins (78 , 85 , 200 , 201). In 
add itio n , ICPO has been shown to  d irec tly  in te ra c t w ith  a n u m b e r o f ce llu lar 
p ro te ins  and to  induce th e  degradation o f key ce llu la r facto rs (4 2 , 83, 84, 87, 
155, 156, 177, 213, 214, 232, 244). I t  is possible th a t th is  a lte ra tio n  o f the  
ce llu la r e n v iro n m e n t fac ilita tes  e n try  o f HSV-1 in to  the  ly tic  cycle  (28 , 84,
86 ). R ecently , i t  was dem onstra ted th a t ICPO is required to  overcom e the 
a n tiv ira l e ffects  o f th e  im m une-system  m olecu le  alpha in te rfe ron  (IFN -a) 
(2 2 8 ).

A n u m b e r o f lines o f evidence suggest th a t ICPO and VP16 are  
fu n c tio n a lly  re lated w ith  respect to  th e ir  ro les in the  ly tic  cycle (1 , 30, 33, 53, 
184, 229 , 291 , 319, 343, 390). ICPO also appears to  play an im p o rta n t role 
in th e  e s tab lishm en t and m aintenance o f la tency; ICPO m u ta n ts  establish 
la tency m uch less e ffic ie n tly  than w ild -typ e  v irus  and exh ib it reduced 
reac tiva tion  frequencies (29 , 47, 121, 128, 178, 288, 378, 3 9 9 ). I t  is
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possible th a t ICPO su bs titu tes  func tiona lly  fo r  VP16 in th e  tra n s -a c tiva tio n  o f 
IE genes during  the  reac tiva tion  process.

IC P 4

ICP4 is a 175-kD a p ro te in  th a t localizes p rim a rily  to  the  nucleus o f th e  
infected cell (51 , 2 48 ). Several ce llu la r kinase-consensus sites, as w ell as an 
au tophosphory la tion  s ite , have been identified  in the  p ro te in  (3 8 4 ,
3 8 5 )—these  m ost like ly  co n trib u te  to  the  observed existence o f th e  m u ltip le  
e lec tropho re tic  species o f th e  p ro te in  (2 , 248 ). ICP4 can ho m od im erize  (215, 
314 ). I t  is abso lu te ly  requ ired  fo r  p roductive  in fection, as v irus  m u ta n ts  
lacking func tio na l ICP4 are n o t v iab le  (56 , 58, 59, 64, 262, 264 , 3 4 4 ).

ICP4 func tions  as th e  m a jo r transcrip tiona l ac tiva to r o f DE and L genes 
(60 , 82, 104, 110, 240, 270 ), b u t can also act as a repressor o f its  own 
expression (61 , 241 , 245 ). The p ro te in  can be dissected in to  d iscre te  
functiona l dom ains th a t are responsib le  fo r  nuclear loca liza tion , d im e riza tion , 
DNA b ind ing , and transc rip tio n a l ac tiva tion  (61 , 88, 245, 316). A lthough  the  
DNA-binding a c tiv ity  o f  ICP4 appears to  be required fo r  both tra n s -a c tiva tio n  
and trans-repress ion  (88 , 119, 283, 316), trans-activa tion  is no t associated 
w ith  specific  b ind ing sites (48 , 73, 80, 122, 322). T rans-ac tiva tion , however, 
is dependen t upon th e  presence o f the  carboxy (C )-te rm ina l reg ion  o f ICP4, 
which has been shown to  sup po rt the  in te raction  o f the  p ro te in  w ith  th e  
general tran sc rip tio n  fa c to r T F IID  (36 , 59, 60, 118, 314).

IC P 2 7

ICP27 is a 63-kDa p ro te in  (137 , 290), composed o f 5 1 2 -a m ino  acids 
(2 0 4 ). The theo re tica l m o lecu la r w e igh t o f th e  protein is 56-kD a, and i t  is 
believed th a t th is  d iffe rence  betw een observed and theore tica l m o lecu la r 
w eights is due to  a h igh ly  acid ic region located near th e  am ino (N )-te rm in u s  
o f th e  p ro te in  (2 7 9 ), as well as one o r m ore pos t-trans la tiona l m od ifica tions . 
M odification by phosphory la tion  has been dem onstrated (3 79 ) invo lv ing  
various serine  residues p resen t w ith in  ICP27 (397). N uc leo tidy la tion  (1 4 , 15) 
and m e thy la tion  (2 1 1 ) have also been observed. A lthough ICP27 can a c t as a 
substra te  fo r  phosphory la tion  by a num ber o f d iffe ren t kinases (3 9 7 ), and 
can be nuc leo tidy la ted  and m e thy la ted , it  is unclear w ha t co n tr ib u tio n  these 
m od ifica tions m ake to  p ro te in  func tion .

Like m ost o f th e  IE  p ro te ins , ICP27 localizes p redom inan tly  to  infected 
cell nuclei (2 ). The s ta in ing  pa tte rn  w ith in  the  nucleus can be described as 
speckled, o r puncta te , in appearance (2 8 2 ), and appears to  be th e  re su lt o f 
co localization o f ICP27 w ith  sm all nuclear ribonucleopro te in  p a rtic le  (snRNP) 
c lusters (2 5 3 , 3 0 1 ); snRNPs co n s titu te  the  m a jo r subunits o f th e  spliceosom e 
(31 3 ).
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ICP27 is abso lu te ly  essentia l fo r  v ira l rep lica tion  in cell cu ltu re . This 
conclusion was f irs t  d raw n  fro m  stud ies o f tem p e ra tu re -se n s itive  (£s) 
m u ta n ts  o f  HSV-1 w hose lesions w ere found to  m ap to  th e  ICP27 gene (290 ). 
The construc tion  and cha racte riza tion  o f IC P27-deletion m u ta n ts  confirm ed 
th e  fundam enta l im po rtan ce  o f th e  prote in in th e  production o f  in fectious 
p rogeny (202 , 277). V ira l m u tan ts  defective in ICP27 p roduction  are unable 
to : ( i)  e ffic ie n tly  express som e DE genes, and m ost L genes (2 0 2 , 205, 277, 
290, 3 5 6 ); ( ii)  dow n -re gu la te  IE  and DE gene expression a t la te  tim es post­
in fection  (202 , 277, 2 9 0 ); ( iii)  e ffic ien tly  rep licate the  v ira l genom e (202, 
277, 3 56 ). There fo re , IC P27's ro les in the  ly tic  process inc lude th e  trans­
m odu la tion  o f  gene expression  fro m  all th ree  tem pora l gene classes, as well 
as th e  enhancem ent o f DNA rep lica tion .

S tudies inves tiga tin g  th e  reg ion (s) o f ICP27 responsib le fo r  its  gene 
reg u la to ry  and rep lica tion -enhanc ing  activ ities have revealed th a t  its  ab ility  
to  s tim u la te  DNA rep lica tion  can be genetica lly separated fro m  its  a b ility  to  
e ffe c t expression o f th e  L genes. Analysis o f ICP27-£s m u ta n ts—w hich are 
ab le  to  rep lica te  th e ir  DNA to  substan tia l levels, bu t are unable to  synthesize 
appreciable  levels o f L p ro te in s—firs t provided evidence th a t D N A-replication 
s tim u la tion  and L gene trans-ac tiva tion  are genetica lly  separab le  functions 
(2 9 0 ). Analysis o f ICP27 m u ta n ts  th a t contain C -te rm ina l tru n ca tion s  
revealed th a t th e  a b ility  o f  th e  p ro te in  to  activa te  L gene expression is 
sensitive  to  even a ve ry  sm a ll C -te rm ina l de le tion, bu t th a t th is  sam e 
de le tion has no e ffec t on th e  a b ility  o f the  prote in  to  enhance DNA rep lication 
(2 7 7 ). In  add ition , a n u m b e r o f C -term ina l IC P 27-codon-substitu tion  m utan ts 
d isp lay phenotypes de fined by w ild -typ e  levels o f DNA rep lica tion , bu t defects 
in L gene expression (2 7 8 ). In  con tras t, ICP27 m u tan ts  bearing a N -te rm ina l 
de le tion  (codons 1 2 -6 3 ) are d e fic ien t in th e ir a b ility  to  rep lica te  th e ir  v ira l 
genom es, b u t e xh ib it o n ly  m odest reductions in L pro te in  p roduction  (279). 
T here fo re , th e  data sugges t th a t th e  C -term inus o f ICP27 encodes an a c tiv ity  
crucia l fo r  th e  ac tiva tion  o f  L gene expression, whereas the  N -te rm inus  o f the  
p ro te in  con tribu tes  to  th e  s tim u la tio n  o f viral DNA rep lica tion . N ot 
su rp ris ing ly , i t  has been dem onstra ted  th a t ICP27 is required fo r  th e  e ffic ien t 
expression o f a subset o f  th e  DE genes responsible fo r e ffec ting  DNA 
rep lica tion  (20 5 , 356). As such, it  appears th a t ICP27's ab ility  to  s tim u la te  
DNA rep lica tion  is in d ire c t in na tu re , and is a func tion  o f its a b ility  to  trans- 
ac tiva te  th e  DE genes responsib le  fo r  DNA rep lica tion.

The repression o f hos t-ce ll p ro te in  synthesis observed in ce lls  ly tica lly  
in fected w ith  HSV-1 is a b i-phas ic  process, in itia lly  effected by th e  vhs 
p ro te in , and la te r requ iring  one o r m ore viral p ro te ins produced as a resu lt o f 
v ira l gene expression (9 0 , 169, 239, 273, 345). ICP27 co n tribu te s  to  the  
sh u to ff o f host-ce ll gene express ion , as cells in fected w ith  IC P 27 -m u tan t
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v iruses— in co n tra s t to  cells in fected  w ith  w ild -type  H SV-1—e xh ib it e levated 
levels o f  bo th  ce llu la r mRNA (1 2 4 , 325) and prote in  (2 9 0 , 325).

R ecently , ICP27 has been associated w ith  ano the r func tion  during  ly tic  
in fe c tion . In fe c tio n  o f a nu m be r o f  hum an cell lines w ith  an IC P27-deletion 
v irus  resu lted  in ce llu la r death  ha llm arked by the  s igns o f apoptosis (6 ), and 
no t th e  n o rm a lly  observed cy to p a th ic  e ffec t (CPE) (2 8 6 ). A pop to tic  death was 
no t observed in hum an and non-hum an cells infected w ith  w ild -typ e  HSV-1, 
no r in non -hum an  cells in fected  w ith  th e  IC P27-deletion v irus  (6 ). In  infected 
hum an ce lls , th e re fo re , ICP27 appears to  be required, e ith e r d ire c tly  or 
ind ire c tly , fo r  th e  p reven tion  o f apoptosis.

In s ig h ts  in to  ICP27's modus operandi were in itia lly  fo rm u la ted  from  
p lasm id -based  trans fec tion  s tud ies, which dem onstra ted  th a t th e  prote in 
could e ffe c t th e  ac tiva tion  and repression o f reporte r genes unde r th e  contro l 
o f v ira l p ro m o te rs  (125 , 208, 276, 278, 279, 282, 311, 3 4 7 ). A ttem p ts  a t 
m apping th e  physica l dom ains o f ICP27 responsible fo r  th e  observed trans­
ac tiva tion  and trans- re press ion have yielded com plex and o ften  con trad ic to ry  
data . Tw o sets o f experim en ts  led to  th e  conclusion th a t th e  regions 
im p o rta n t fo r  repression and ac tiva tion  map to  the  C -te rm ina l h a lf o f ICP27 
(1 25 , 2 0 8 ). How ever, th is  postu la tion  is challenged by th re e  add itiona l sets 
o f expe rim en ts . The f irs t  showed th a t plasm ids encoding ICP27 p ro te ins C- 
te rm in a lly  trunca ted  re ta in  th e  a b ility  to  trans-a c tiva te  and trans-re  press 
(2 8 2 ). The second revealed th a t an ICP27-encoding p lasm id conta in ing a N- 
te rm ina l de le tion  is de fec tive  in trans- re press ion (b u t n o t trans-activa tion ) 
(2 7 9 ). The th ird  dem onstra ted  th a t plasm ids encoding ICP27 p ro te ins  w ith  
codon su b s titu tio n s  in th e  C -te rm inus , w hile  able to  trans-repress, are unable 
to  tra n s -a c tiv a te  (278 ). Thus, w ith  respect to  the  loca lization  o f th e  reg ion(s) 
o f ICP27 responsib le  fo r  e ffec ting  trans-ac tiva tion , m os t o f th e  data indicate 
th a t th e  C -te rm ina l section o f th e  pro te in  is im po rta n t; th e  presence o f 
m u ltip le  tra n s -a c tiva tio n  dom ains w ith in  the  prote in canno t be rig id ly  ruled 
ou t, how ever. W ith  respect to  th e  localization o f the  reg ion (s ) o f ICP27 
responsib le  fo r  e ffec ting  trans- re press ion, the  data su p p o rt a m u ltip le  trans- 
rep re ss io n -d o m a in  m odel, w ith  both the  N- and C -te rm ina l sections o f ICP27 
conta in ing  a dom ain .

The tra n s -a c tiv ity  d isplayed by ICP27 was firs t be lieved to  be 
tra n sc rip tio n a lly  based, m uch like  the  tra n s-ac tiv ity  d isp layed by ICPO and 
ICP4. H ow ever, w h ile  som e ex is ting  evidence suggests a transcrip tiona l ro le 
fo r  ICP27 (2 0 2 , 243, 33 1 ), th e  bu lk  o f the  recently accum ula ted  data 
s tro n g ly  su p p o rt a scenario in w hich ICP27 contro ls gene expression in the  
infected cell p o s t-tra n sc rip tio n a lly  by a ffecting the  processes o f 
po lyadeny la tion  (e ffec ting  trans-ac tiva tion ) and splicing (e ffec ting  trans­
repress ion).
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ICP27's a b ility  to  trans-ac tiva te  gene expression appears to  be inverse ly 
proportiona l to  th e  basa l-leve l e ffic iency a t w hich its  ta rg e t pre-m RNAs are 3 ' 
processed. C onstruc ts  bearing weak (non-consensus) po lyadenyla tion  sites 
can be activa ted  in th e ir  expression by ICP27 in a p rom o te r-inde penden t 
fashion (41 , 205, 2 0 7 , 3 0 2 ). The po lyadeny la tion  s ites  o f som e L genes have 
been shown to  be in e ffic ie n tly  3 ' processed a t th e  basal level, and constructs 
conta in ing them  are  responsive to  ICP27, resu lting  in an increase in 3 ' 
processing (2 0 5 ). In  co n tra s t, the  po lyadenyla tion  s ites  o f som e IE  and DE 
genes have been show n to  be (m ore) e ffic ien tly  3 ' processed a t th e  basal 
leve l, and co n s tru c ts  con ta in ing  them  are unresponsive  to  ICP27. I t  is 
possible th a t ICP27 m odu la tes  L gene expression th ro u g h  its a b ility  to  
s tim u la te  3 ' p rocessing . S tim u la tion  o f 3 ' processing coincides w ith  an 
increase in th e  b ind ing  to  RNA o f p ro te ins responsib le  fo r  e ffec ting  3 ' 
processing, and IC P27 is required fo r  th is  observed increase in b ind ing (205 ).

A sp lic in g -in h ib itio n  function  was in itia lly  ascribed to  ICP27 based upon 
analysis o f tra n s fe c tio n  assays. Ta rge t genes con ta in ing  an in tron  were 
repressed in th e ir  expression  in the  presence o f ICP27, irrespective  o f the  
na tu re  o f th e ir  po lyadeny la tion  region (3 0 2 ). F u rth e r investiga tion  in to  the  
re la tionsh ip  be tw een IC P27 and the  splic ing process revealed th a t ICP27 
could: (i) fa c ilita te  th e  red is tribu tion  o f snRNPs in in fected  cells (2 5 3 ); (ii) 
con tribu te  (p o s t-tra n sc rip tio n a lly ) to  a decrease in th e  accum ulated levels o f 
th re e  spliced ce llu la r mRNAs (1 2 4 ); ( iii)  co n tr ib u te  to  th e  nuclear 
accum ulation o f v ira l pre-m RNA transcribed  fro m  th e  in tron -con ta in ing  genes 
ICPO and UL15 (a L gene) (1 2 6 ); ( iv ) e ffec t th e  nuc lea r reasso rtm en t o f the  
non-snRNP sp lic ing fa c to r  SC35, an essentia l m e m b e r o f the  SR-splicing 
fa c to r fam ily  (11 5 , 3 0 1 ) ; (v ) co im m unoprec ip ita te  w ith  an ti-S m  an tise ra - 
reactive  splic ing fa c to rs  and a lte r th e  phosphory la tion  s ta te  o f a t least tw o o f 
these  splicing fa c to rs  (a n ti-S m  antisera  p rec ip ita tes  nucleop lasm ic snRNPs) 
(252 , 300); (v i)  p ro m o te  th e  nuclear re ten tion  o f in tro n -co n ta in in g  
transcrip ts  fro m  th e  ICPO and UL15 genes a t nuc lea r locales th a t colocalize 
w ith  snRNP c luste rs  (2 5 5 ). ICP27, the re fo re , appears to  d irec tly  in te rac t w ith  
th e  splicing m ach ine ry  o f th e  infected ce ll, causing an ind iscrim ina te  
inh ib ition  o f pre-m R N A  splic ing. This ind isc rim ina te  inh ib ition  o f splicing may 
be analogous to  vhs 's  ind iscrim ina te  degrada tion  o f both ce llu la r and vira l 
mRNAs (169 , 242 ). S ince on ly  five  o f a p p rox im a te ly  80 genes expressed by 
HSV-1 contain in tro n s  (these  are th e  genes responsib le  fo r  th e  production  o f 
th e  ICP0-, UL15-, IC P 22-, ICP47-, and gC -pro te in  p roducts ), a v ira l prote in  
w ith  a sp lic in g -in h ib ition  function  w ould  have lit t le  e ffe c t on th e  expression o f 
th e  m a jo rity  o f v ira l genes, bu t would have an enorm ous e ffec t on the  
expression o f m o s t ce llu la r genes and ce rta in ly  w ou ld  play a ro le  in the  
observed sh u to ff o f  ce llu la r gene expression.
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R ecently, investiga tions focusing on IC P27's ro le  in th e  post- 
tra n sc rip tio n a l processing o f th e  a -g lo b in  tra n s c r ip t (w h ich  conta ins tw o 
in tro n s ) induced by HSV-1 in fection  have  provided evidence arguing aga inst 
ICP27 acting  as an ind iscrim ina te  in h ib ito r  o f p re-m R N A sp lic ing. Rather than  
reduc ing  th e  accum ula tion  o f th e  spliced RNA, expression o f ICP27 did no t 
d e te c ta b ly  a lte r  th e  levels o r ra te  o f accum ula tion  o f  th e  fu liy  spliced a -g lob in  
RNA in in fected  cells (4 4 ). The observed a b ility  o f ICP27 to  in h ib it splicing, 
th e re fo re , does n o t appear to  be g lobal in na tu re .

ICP27 m o s t like ly  binds to  RNA in th e  in fected  cell. Th is conclusion is 
based upon th e  find ing  th a t purified  IC P27 fro m  Escherichia coli (£. coli) 
express ion  system s can bind in vitro to  va rious  RNA substra tes  (23 , 144), as 
w ell as th e  fin d in gs  th a t in v /fro -tra n s la te d  ICP27 can b ind to  poly(G ) and 
po ly (U ) RNA hom opo lym ers (211 ) and th a t  ICP27 can be UV crosslinked to  
RNA in th e  in fected  cell (299 ). The reg ion o f th e  p ro te in  th a t appears to  
m ed ia te  RNA b ind ing locates to  codons 1 3 8 -1 5 2 , and is com posed o f 15 
consecu tive  a rg in ine  and g lyc ine residues (2 1 1 ); runs o f a rg in ine  and g lyc ine  
residues are cha rac te ris tic  o f RGG boxes, RNA-binding m o tifs  found in a 
n u m be r o f ce llu la r nuclear pro te ins (2 7 , 158, 198). I t  has also been proposed 
th a t th e  C -te rm inus  o f ICP27 conta ins th re e  K hom ology (K H )-like  RNA- 
b ind ing  m o tifs  (3 2 6 ), b u t the  evidence su ppo rting  th is  c la im  is no t 
subs tan tia l.

E m erg ing fro m  an ever-expand ing  co llection  o f w o rk  is a m odel in which 
ICP27 m ed ia tes the  tra n sp o rt o f v ira l RNAs fro m  th e  nucleus to  the  
cy top lasm  o f th e  infected cell. The p ro te in  con ta ins a s trong  nuclear 
loca liza tion  signa l (NLS), which m aps to  codons 1 1 0 -1 3 7 , as well as a 
nuc leo la r loca lization  signal (NuLS), w h ich  m aps to  codons 1 3 8 -1 5 2  (the  
RGG b o x ); one o r m ore w eaker NLSs are be lieved to  ex is t in th e  C -term inal 
p o rtion  o f th e  p ro te in  (2 0 9 ). A leuc ine-rich  nuclear e xp o rt s ignal (NES), 
w h ich  maps to  codons 5 -1 7  and resem bles th e  leuc ine-rich  NES o f the  HIV 
p ro te in  Rev (2 1 6 ), has also been iden tified  (2 9 9 ). D isrup tion  o f the  strong 
NLS, NuLS, o r NES results in v ira l m u ta n ts  th a t are g ro w th  de fective  (209, 
2 7 9 ).

The presence o f th e  NLS and th e  NES a llow  ICP27 to  sh u ttle  between th e  
nucleus and cytop lasm  o f in fected cells (2 1 0 , 254, 299, 325 ). The 
d e m o n s tra tio n  th a t ICP27 can bind to  RNA, coupled w ith  th e  observations 
th a t sh u ttlin g  o f ICP27 requires th e  presence o f a v ira l RNA co fac to r (325), 
th a t  it  is ab le  to  bind and a ffec t th e  nuc lea r e xp o rt o f a nu m be r o f intronless 
HSV-1 tra n sc rip ts  (b u t no t in tro n -co n ta in in g  tra n sc rip ts ) (2 9 9 ), and th a t an 
e x p o rt-b lo c k  o f ICP27 resu lts  in a reduc tion  o f L RNAs in th e  infected cell 
cy top lasm  (3 2 6 ), has resu lted in th e  proposa l th a t ICP27 p rom otes the 
specific  tra n s p o rt o f v ira l in tron iess RNAs. H ow ever, th is  m odel o f in tron-
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based tra n s p o rt has recently  been challenged by data  collected from  studies 
invo lv ing  th e  processing o f a -g lob in  and ICPO RNAs in infected cells. Central 
to  these  s tud ies  is th e  unexpected find ing th a t ICP27 can prom ote, to  
d iffe re n t degrees, th e  cytop lasm ic accum ulation o f  bo th  spliced and in tron - 
bearing a -g lo b in  and ICPO RNAs in infected cells (4 4 , 76 ). This suggests th a t 
the  IC P 27-dependen t nuc lear e xp o rt o f RNA m ay n o t be a function  o f th e  
presence o r absence o f an in tron , b u t m ay instead be based upon specific 
c/'s-acting tra n s c r ip t sequences; such c/s-acting sequences have been alluded 
to  as being p re se n t in th e  ICPO (2 5 5 ), beta in te rfe ron  (IFN-fJ), and c-myc 
tra n sc rip ts  (2 3 ). In  th is  scenario, ICP27 would e ffe c t tra n s p o rt o f RNA in a 
sp lice -independen t m anner, s im ila r to  the Rev p ro te in  o f HIV (259, 346).

Few p ro te ins  are com p le te ly  autonom ous, and ICP27 is no exception. The 
p ro te in  can be co im m unoprec ip ita ted  w ith a n ti-S m  an tisera , suggesting an 
in te rac tion  w ith  one o r m ore snRNPs (300). In te ra c tio n s  have also been 
dem onstra ted  w ith  th e  ce llu la r pro te ins he terogeneous nuclear 
ribonuc leop ro te in  K (hnRNP K), casein kinase I I  (3 6 2 ), and p32 (2 5 ). The 
hnRNP K p ro te in  is th o u g h t to  serve as a p re-m R N A -process ing  pro te in  in th e  
cell (1 9 9 ), casein kinase I I  is an ub iqu itous eu ka ryo tic  kinase (1 4 6 ), and p32 
func tions  as a RNA-splice regu la to r (251). The on ly  HSV-1 pro te in  fo r which 
evidence ex is ts  describ ing a d irec t physical in te rac tion  is ICP4 (243). 
Recently, th e  a b ility  o f ICP27 to  self-associate in vivo has been dem onstrated 
(3 9 8 ). A know n C -te rm ina l z inc-finge r-like  region m ay be key to  th is  
in te rac tion  (3 5 9 ).

Recombination and Reversion

R ecom bination and reversion are two im p o rta n t b io logical events th a t 
en large th e  gene tic  repe rto ire  o f an organism , th e re b y  increasing its chances 
o f p ropaga ting  under th e  continued pressure o f na tu ra l selection.

R eco m b ination  o f H S V -1

HSV-1, like  any o th e r organ ism , relies on recom b ina tion  both fo r  th e  
genera tion  o f gene tic  d ive rs ity , as well as fo r  th e  m ain tenance o f genetic 
in te g rity . Four types  o f recom bination  exist: hom ologous, s ite-specific , 
transpos itio n , and ille g itim a te  (132 ). Homologous recom bination , also known 
as "g e n e ra l"  o r  " le g it im a te "  recom bination , occurs betw een DNA molecules 
th a t have an extended stre tch  o f nucleotide hom ology. S ite-specific  
recom bina tion  occurs between DNA molecules th a t share  little  o r no 
sequence hom o logy ; th is  type  o f recom bination d iffe rs  from  hom ologous 
recom b ina tion  in th a t th e  basis fo r recognition is p ro te in -D N A  or p ro te in -
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pro te in  in o rig in , and n o t the  DNA sequence itse lf. An exam ple o f  s ite -specific  
recom bina tion  is th e  insertion  o f H IV-1 cDNA in to  ce llu la r ch rom atin  (111). 
Transposition  occurs fo r  defined DNA sequences, know n as transposable  
e lem ents, w hich are recognized by transposon-encod ing  p ro te ins and moved 
to  random  locations w ith in  th e  genom e. Ille g itim a te  recom bination  defines 
recom bination  events  th a t do n o t f i t  in to  th e  f irs t  th re e  types o f 
recom b ina tion . Because th is  type  o f recom b ina tion  occurs in an env ironm en t 
w here  lit t le  o r no sequence hom ology exists betw een th e  recom bin ing 
m olecules, i t  is o ften  re ferred to  as non-hom ologous recom bina tion . O f the  
fo u r types o f recom b ina tion , on ly  hom ologous and ille g itim a te  are  believed to  
apply to  HSV-1.

The HSV-1 genom e is composed o f tw o  un ique  sections, each o f which is 
bracketed by repea t reg ions (R gure  1 -1B ). H om ologous recom bination  
between repea t reg ions—both in te r- and in tra -m o le cu la rly—can occur, and 
has been observed to  re su lt in th e  de le tion  (3 2 1 ) and invers ion (258 ) o f 
un ique sequences, as w ell as th e  tra n s fe r o f a gene tic  m a rke r fro m  one 
repea t region to  a n o th e r (3 0 6 ). Hom ologous recom bina tion  is th o u g h t to  
con tribu te  to  th e  genera tion  o f the  fo u r isom ers o f HSV-1 (68 , 303, 320,
371). The process o f hom ologous recom bination  is cen tra l to  th e  generation 
o f de fine d -m u ta tio n  v iruses (33 , 112, 260). Because hom ologous 
recom bination  invo lv ing  HSV-1 is associated w ith  v ira l DNA rep lica tion  (68, 
22 3 ), i t  is like ly  th a t m any o f the  DE p ro te ins produced by th e  v irus  are 
invo lved in th e  hom ologous recom bination process (1 9 , 20, 70).

Unlike hom ologous recom bination , ille g itim a te  recom bination  occurs 
between reg ions th a t share ve ry  little , i f  any, sequence hom ology. Key to  the  
ille g itim a te  recom b ina tion  process is th e  liga tion  o f  non-hom ologous DNA 
te rm in i, genera ted  e ith e r th rough  enzym atic  e rro r (e .g . DNases gone aw ry), 
o r by m ic ro -hom o logy  associated strand invasion (7 2 ). The presence o f 
inverted  repeats w ith in  th e  HSV-1 genom e can be expla ined by illeg itim a te  
recom bination  be tw een tw o  opposite ly  o rien ted  genom es. In  add ition , like 
hom ologous recom b ina tion , illeg itim a te  recom bina tion  is th o u g h t to  
con tribu te  to  th e  genera tion  o f the  HSV-1 isom ers. Unusual HSV-1 variants 
conta in ing e ith e r en larged inverted  repeat reg ions (3 5 3 ), sh ifted  inverted 
repeat reg ions (1 2 7 ), o r  a sho rt inverted  repea t dup lica tion  (3 5 5 ), are 
believed to  be th e  p roducts  o f ille g itim a te  recom b ina tion  events. Class I  
de fective  HSV-1 DNAs, sm all re p lica tion -com pe ten t un its  o f v ira l DNA, are 
defined by th e  presence o f DNA sequences from  th e  S com ponent o f the  
genom e—includ ing  an o rig in  o f rep lication and an a sequence (3 0 8 ). I t  is 
assumed th a t ille g it im a te  recom bination between an a sequence a t the  L-S  
jun c tio n  and th e  Us is responsib le fo r th e  genera tion  o f class I  DNAs (222).
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R ev e rs io n  o f H S V -1

The g ene tic  in te g rity  o f an o rgan ism  is con tinuous ly  being com prom ised  
by m u ta tio n s . Reversing th e  e ffec ts  o f m u ta tions  is known as reve rs ion , and 
o rgan ism s th a t have undergone revers ion  are known as reve rtan ts . Three 
typ e s  o f revers ion  ex is t: p rim a ry , second-s ite  in tragen ic , and second-s ite  
ex tra gen ic . A m u tan t pheno type  th a t  has been suppressed by a m u ta tio n  a t 
th e  s ite  o f th e  orig inal m u ta tion  is said to  have undergone a p rim a ry  
revers ion  ( th e  organism  is th e re fo re  re fe rred  to  as a p rim ary re v e rta n t). A 
m u ta n t pheno type  th a t has been suppressed by a m u ta tion  e lsew here in the  
sam e gene as th e  orig inal m u ta tion  is said to  have undergone a second-s ite  
in tra g e n ic  reversion (second-s ite  in tragen ic  re ve rta n t). Suppression by a 
m u ta tio n  in a com ple te ly d iffe re n t gene refers to  a second-s ite  ex tragen ic  
e ve n t (second-s ite  ex tragen ic  re ve rta n t).

R eve rtan t viruses can be usefu l in th e  investiga tion  o f the  fun c tion a l 
p rope rtie s  o f a p ro te in . C haracte riza tion  o f th e  ICP4 (3 1 5 ) and VP5 (6 2 ) 
p ro te ins  o f  HSV-1 has been aided by th e  s tudy  o f reve rtan ts . In  th e  case o f 
th e  characte riza tion  o f ICP4, exam ina tion  o f a second-s ite  in tragen ic  
re v e rta n t o f  a g row th -de fec tive  ICP4 m u ta n t revealed th a t the  re g u la to ry  
a c tiv ity  associated w ith  the  p ro te in  could be restored w ith o u t a con com ita n t 
re s to ra tion  o f DNA-binding a c tiv ity ; th is  suggests th a t th a t ICP4 m ay in te ra c t 
w ith  a m olecu le  o ther than  DNA to  p rom ote  transcrip tiona l a c tiva tion . In  th e  
case o f th e  characteriza tion o f VP5, exam ina tion  o f second-site  e x tragen ic  
re ve rta n ts  o f a g row th -de fec tive  U L26/U L26.5  m u ta n t revealed a partia l m ap 
o f VP5 residues th a t are im p o rta n t fo r  its  in te raction  w ith  th e  p ro te in  
p roducts  o f th e  UL26/UL26.5 genes.

O ften , in o rder to  p rovide evidence th a t a pa rticu la r m u ta tion  is 
responsib le  fo r  a particu la r pheno type , " re v e rta n t"  HSV-1 v iruses are created 
by hom ologous recom bination  o f a w ild -ty p e -a lle le  fra g m e n t in place o f a 
m u ta n t fra g m e n t (189, 350, 373 ). Th is is an inco rrec t use o f th e  re v e rta n t 
labe l—said v iruses should be p ro pe rly  re ferred to  as rescuants, and no t 
re ve rta n ts .

HSV-1 and Modern Medicine

HSV-1 is s low ly estab lish ing its e lf  as a va luab le  too l in the  era o f m odern 
m o lecu la r m edicine. Two approaches fo r  HSV-1 use have been developed 
th u s  fa r : one based upon the  use o f m u ta n t v iruses, and the  o th e r based 
upon th e  use o f am plicons.
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M u ta n t v iru s  approach

Replication o f HSV-1 du ring  th e  ly tic  cycle kills ce lls, and i t  is th is  a b ility  
th a t is being harnessed as a novel cancer therapy. O f concern is the  
es tab lishm ent o f re p lica tion  se le c tiv ity , such th a t on ly  tu m o u r cells, and n o t 
th e  su rround ing  no rm a l ce lls, a re  a ffected. A num ber o f s tra teg ies  have been 
fo rm u la ted  to  address th is  concern ; one o f the  m ost successful involves th e  
inactiva tion  o f v ira l genes associated w ith  neurov iru lence. V iral m utants 
conta in ing inac tive  th y m id in e  kinase ( tk )  o r ICP6 (th e  large  subun it o f 
ribonucleo tide  reduc tase ) genes ca nno t replicate in p o s t-m ito tic  cells (e .g . 
neurons), b u t can re p lica te  in a c tive ly  d ivid ing tu m o u r cells, as the  tu m o u r 
cells p rovide ce llu la r tk  and ICP6 equiva lents (21, 197, 217, 268). 
A dd itiona lly , in a c tiva tio n  o f the  y34.5 gene produces v ira l m u tan ts  th a t g row  
well in tu m o u r ce lls, b u t w hich a re  extrem e ly  re tarded fo r  g row th  in neurons 
(3 , 39, 271). Th is g ro w th  d isp a rity  can be partia lly  a ttr ib u te d  to  the  ina b ility  
o f m ost tu m o u r ce lls  to  induce an an tiv ira l response based upon the  doub le ­
stranded R N A-dependent p ro te in  kinase (PKR). A m u lti-m u ta te d  HSV-1 
(conta in ing both  ICP6 and y34.5  inactiva tions) has shown m uch prom ise fo r  
the  tre a tm e n t o f re c u rre n t g liom as (142 , 218, 348).

HSV-1 m u ta n ts  a re  being developed as vectors fo r  gene the rapy  (1 7 3 ); 
the  virus is p a rticu la rly  well su ited  fo r  the  tre a tm e n t o f neurological 
disorders, due to  its  capac ity  fo r  la tency. H S V -l-d e riv e d  vectors  m ust be 
defective fo r  IE  gene expression, how ever, as expression o f th e  IE pro te ins 
(w ith  the  exception o f ICP47) is to x ic  to  the  infected cell (1 51 , 263, 295, 
381). To e ffec t p ropaga tion  o f th e  vecto rs , cell lines p rov id ing  the  IE p ro te ins 
in trans are em p loyed . U n fo rtu na te ly , in itia l a ttem p ts  to  achieve long-te rm  
expression o f transgenes  y ie lded m ostly  d isappointing resu lts , as transgene 
prom oters w ere unab le  to  m a in ta in  transgene expression, and became 
silenced du ring  la tency  (17 , 71, 171, 186). Problems associated w ith  
transgene s ilencing du rin g  la tency have recently been successfu lly addressed 
th rough th e  use o f th e  LAT p ro m o te r to  drive  expression o f an internal 
ribosom e e n try  s ite  (IR E S )-linked  transgene (174, 196).

A m p lico n  approach

Am plicons are p lasm id -de rived  vectors th a t conta in  th e  m in im um  cis- 
acting e lem ents o f HSV-1 requ ired  fo r  replication (an o rig in  o f rep lica tion) 
and packaging (th e  pac  sequences) as in fectious partic les (99 , 328). C arrying 
the  desired tra nsgen e , am plicons are dependent upon a he lpe r v irus to  
provide, in trans , th e  v ira l p ro te ins  necessary fo r  genera tion  o f the  in fectious 
particle. Early sys tem s fo r  am plicon generation were p lagued by he lper v irus  
con tam ina tion—re su ltin g  in to x ic ity  to  the  cells ta rge ted  fo r  gene 
the rapy—and low  am p licon  yie ld  (1 0 0 , 182, 247, 396). Im p ro ve m e n t was
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in troduced  th ro ugh  th e  use o f overlapp ing  HSV-1 cosm id clones as he lper 
v irus  (5 2 ) ;  th e  cosm ids lack the  pac  sequences needed fo r  DNA cleavage and 
packag ing , and thus  w hen transfec ted  a long w ith  the  am plicon vecto r, a llow  
fo r  th e  se lec tive  packaging o f the  am p licon  p lasm id and n o t th e  he lper v irus 
(9 1 ). M ost recen tly , th e  system  has been re fined to  increase th e  yie ld  o f 
packaged ve c to r (3 3 9 ). Because am p licons are free  o f v irus-encoded genes, 
th e ir  use as vecto rs  fo r  gene th e ra py  is n o t com plicated by th e  cy to to x ic ity  
and p ro m o te r s ilencing associated w ith  HSV-1 m utants .

Preface to Thesis Research

The w o rk  presented in th is  thesis de ta ils  investiga tions in to  
recom b ina tion  and reversion events invo lv ing  th e  ICP27 gene o f HSV-1. 
C hap te r 3 exam ines the  presence o f re p lica tion -com p e te n t v iruses w ith in  
g ro w th -d e fe c tive  stocks o f HSV-1, and reveals th a t rep lica tion -co m pe ten t 
v irus  can e x is t a t ve ry  low  levels in h ig h - titre  stocks and can be generated in 
unusual and unexpected circum stances. C hapters 4 and 5 focus on the  
cha rac te riza tion  o f a second-site  re v e rta n t o f an IC P 27-m utan t v irus. The 
resu lts  o f  th is  characteriza tion  lead to  a su rp ris ing  conclusion regard ing the  
C -te rm ina l h a lf o f ICP27.
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CapsidLipid Envelope

T egum en tS urface  G lycopro te in

DNA

B.
ICPO ICP27 ICP22 ICP4

ICPO ICP4 ICP47
L S

F ig u re  1 -1 . H S V -1  v ir io n  a n d  g e n o m e  sch em atics  (A ) H erpesvirion  
a rch itec tu re ; (B ) S truc tu re  o f HSV-1 DNA. The genom e consists o f tw o  
com ponen ts , L and S, each o f w hich is com posed o f a un ique sequence (U L 
and Us) bracketed by inverted  rep ea t sequences (RL and Rs). D oub le -line  
a rrow s ind ica te  th e  o rien ta tions o f th e  repea t sequences. One o r m ore  a 
sequences are p resent a t the  ends o f th e  L and S com ponents. A lso shown 
are th e  loca tions and 5 '-* 3 ' o rie n ta tio n s  o f th e  IE  mRNAs; (C) The fo u r  
possib le  isom ers o f HSV-1 DNA.
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IC P  n u m b e r
M o le c u la r  w e ig h t  

o f  p o ly p e p tid e
L o ca tio n  o f  ORF  

in  g e n o m e

ICPO IE 110  o r  V m w llO RL2

IC P27 IE 63  o r  Vm w63 UL54

ICP4 IE 175  o r  V m w l7 5 R S I

IC P22 IE 68  o r  Vm w 68 US1

IC P47 IE 12  o r  V m w l2 US12

T ab le  1 -1 .  IE  g e n e  n o m e n c la tu re  Several sys tem s o f IE gene 
nom enc la tu re  ex is t. The IE  genes can be re fe rred  to  by th e ir  in fected cell 
po lypep tide  (IC P ) num ber, by th e  m o lecu lar w e ig h t o f th e ir  po lypeptide , o r 
by th e  loca tion  o f th e ir  coding reg ion  in the  genom e.
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Materials and Methods

Cells

V ero ce lls, ob ta ined  from  the  Am erican Type C ultu re  C ollection, and V27 
cells—a V ero-ce ll de riva tive  (277) con ta in ing  one o r m ore s tab ly  

transfected  copies o f th e  ICP27 alle le from  KOS1.1—w ere m ain ta ined in 
Dulbecco's m in im a l essentia l m edium  (DMEM) conta in ing 200U penicillin  per 
mL and 200 pg s trep tom yc in  per mL (G ibco-BRL), supplem ented w ith  5%  
fe ta l-bov in e  serum  (FBS) and 5%  FBS plus 100 pg per mL G eneticin (G418; 
G ibco-BRL), respective ly .

Viruses

HSV-1 KOS1.1 (1 4 1 ) was propagated on Vero cells. HSV-1 c/27-1 (277), 
c /4 -5  (209 ), M i l ,  M15, and M16 (278) w ere propagated on V27 cells. H igh- 
t it re  stocks o f th e  re ve rta n t v iruses M16R, exC d305R l, and exCd305R2, and 
the  recom b inan t v iruses c/27-2, M16exC, exCd305, and n217d , w ere 
prepared using V27 cells. V iral in fections w ere m ain ta ined in m ed ium  199 
(Gibco-BRL) con ta in ing  2%  heat-inactiva ted  new born -ca lf serum  (Gibco-BRL) 
w ith  200U pen ic illin  per mL and 200 pg s trep tom yc in  per mL. For v ira l plaque 
assays, 1%  pooled norm al hum an serum  (IC N ) was present in th e  medium 
199 in add ition  to  th e  new born-ca lf serum , pen ic illin , and s trep tom ycin .
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Plasmids

Plasmid p P s2 7 p d l, conta in ing the ICP27 alle le fro m  KOS on a Pstl 
fra g m e n t, has been described previously (282). Th is  p lasm id was used to  
cons truc t pPsd27-2, th e  vec to r employed in the  c rea tion  o f th e  recom binant 
v irus  d 2 7 -2 . B rie fly , p P s2 7p d l was digested w ith  A a tll  and Stu l; th is  
generates tw o  A a tll  fra g m e n ts , and tw o A a tll-S tu l  fra g m e n ts  (encoding 
w ild -typ e  IC P27). The tw o  A a tll fragm ents were liga ted  to g e th e r, resulting in 
th e  p lasm id pPsd27-2. pPsd27-2 lacks the  en tire  ICP27 a lle le , as well as a 
m a jo r ity  o f th e  UL55 coding region.

Plasmid pM 16R27 was created by cloning the  B am H l-S ac l ICP27-allele 
fra g m e n t fro m  th e  re ve rta n t v irus M16R in to  pUC19. The  p lasm ids p27 and 
pM 1627 w ere  construc ted  by cloning the  8 a m H I-S a c I ICP27 alle le fragm ents 
fro m  pM27, encoding w ild -typ e  ICP27 (2 7 8 ), and pM 16, encoding 
s u b s titu tio n -m u ta tio n -in a c tive  ICP27 (278), respective ly , in to  pUC19.

The tw o  extra  cytos ine-conta in ing  plasm ids, p27exC  and pM1627exC, are 
both de riva tives  o f th e  engineered plasmid pM27exC. O ligonucleotide- 
d irected  m utagenesis (A lte red  Sites system ; P rom ega) was used to  in troduce 
an extra  cy tos ine  in to  pM27 a t codon position 2 1 5 -2 1 7  o f th e  ICP27 allele, 
thus  crea ting  pM27exC. The plasm ids p27exC and pM 1627exC were then 
created by liga ting  th e  S a c I-S am H I fragm e n t from  pUC19 and the  
B am H l-S a ll IC P27-a lle le  fra g m e n t from  pM27exC to  e ith e r the  Safl-Sacl 
IC P27-alle le  fra g m e n t fro m  p27, or the  S afl-S ac l IC P 27-a lle le  fragm en t from  
PM1627.

Plasmids pexCd305 and pn217d possess the  sam e C -te rm ina l-codon  
de le tion  in th e ir  ICP27 alle les. To create th is  de le tion , th e  p lasm id pPsdlO -11 
(1 8 0 )—w hich conta ins th e  B am H l-Sacl IC P27-alle le  fra g m e n t from  KOS1.1 
w ith  an engineered Xhol s ite  a t codons 3 0 5 -3 0 6 —w as d igested w ith  Xhol 
and EcoNI. The 3 '-recessed ends were filled  in w ith  K lenow (th e  large 
fra g m e n t o f E. co/i DNA polym erase I)  and then liga ted  to g e th e r resulting in 
a p lasm id, pPsd305, w ith  an ICP27 allele m issing codons 3 0 6 -5 1 2 . Plasmid 
pexCd305 is th e  p rodu c t o f the  ligation o f the  S a c l-B a m h l fra g m e n t from  
pUC19, the  B am H l-S a /l ICP27-allele fragm en t fro m  pM27exC, and the 
S afl-S ac l IC P 27-a lle le  fra g m e n t from  pPsd305. To crea te  pn217d, 
o ligonuc leo tide -d irec ted  m utagenesis was used to  in troduce  an ochre- 
te rm ina tio n  signal in to  pM27 a t codon position 218 o f th e  ICP27 allele. The 
B am H l-S afl IC P27-a lle le  fra g m e n t conta in ing th is  s top  codon was then 
liga ted to  th e  S afl-S ac l ICP27-allele fra g m e n t fro m  pPsd305 and the 
S a c I-B a m H I fra g m e n t fro m  pUC19, resulting in pn217d.
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The p lasm ids em p loyed  fo r recom binan t HSV-1 p roduction  are based 
upon p P s2 7p d l (2 8 2 ). pPsM1627exC, pPsexCd305, and pPsn217d w ere 
constructed by  c lon ing  th e  B am H I-S a c I IC P27-alle le  fra g m e n ts  from  
pM1627exC, pexC d305, and pn217d, respective ly, in place o f th e  
B a m H I-S ac I IC P 27-a lle le  fra g m e n t fro m  pP s27pd l.

Plasmid p d 3 0 5 R l was created by cloning th e  B a m H I-S a c I ICP27-allele 
fragm en t fro m  th e  re v e rta n t v irus exC d305R l in to  pUC19; p lasm id pd305R2 
was created id e n tica lly , save fo r th e  fa c t th a t th e  re v e rta n t v irus  used was 
exCd305R2.

PCR analysis and PCR primers

Vero o r V 27 cells grow ing in w ells o f a tw e lve -w e ll p la te  w ere infected 
w ith  v irus, and a t one to  th ree  days post-in fection  (d p i)  w ere harvested into 
400 pL o f IX  lys is  b u ffe r (10 mM T ris  [pH 8 .0 ], 10 mM EDTA, 2%  sodium  
dodecyl su lfa te  [S D S ], 100 pg o f prote inase K pe r m L). Follow ing incubation 
a t 37°C fo r  a p p ro x im a te ly  24 hours, 48 pL o f 3 M sod ium  ace ta te  (pH 5.2) 
w ere added to  th e  lysates, which w ere  then ex tra c ted  once w ith  phenol- 
ch lo ro fo rm /isoam y l a lcohol (2 5 :2 4 :1 )  and once w ith  ch lo ro fo rm /isoam y l 
alcohol (2 4 :1 ) . DNA was precip ita ted w ith  95%  e tha no l, resuspended in TE 
(10  mM Tris [pH  7 .6 ],  1 mM EDTA), and subjected to  RNase A d igestion (50 
ng per pL) a t 37°C  fo r  approx im ate ly  one hour. Five to  f i f ty  pe rcen t o f to ta l 
DNA isolated w as used as tem p la te  in the  am p lifica tion  reactions, which were 
composed o f 10 pL o f "m a g ic " PCR b u ffe r (300 mM T ric ine  [pH 8 .4 ], 20 mM 
MgCI2, 50 mM (3-m ercaptoethanol, 1%  Thesit), 10 pL o f dNTP m ix  (2 mM 
each), 10 pL o f  P r im e r l (2 .5  pM in TE), 10 pL o f P rim er2  (2 .5  pM in TE), 10 
pL o f d im e thy l su lfox ide  (DMSO), 1 0 -5 0  pL o f DNA, and 5U Thermus 
aquaticus (Taq) DNA polym erase (G ibco-BRL), in a fin a l vo lum e o f 101 pL. 
A m p lifica tions, fo llo w ing  an in itia l dena tu ra tion -25  cycle  (dena tu ra tion , 
annealing, e lo n g a tio n )-fin a l e longation profile , w ere  ca rried  o u t using a PTC- 
100 P rogram m able  Therm a l C on tro lle r (MJ Research, In c .) . Products were 
visualized using agarose-ge l e lectrophoresis.

The HSV-1 p rim ers  R51 (g tgc tcg tggcgcttcac ta ), R62 
(tagcccctgggccccgg tgc), R63 (gg ttgg tg agggggg tcgc t), R64 
(aaacagggag ttgcaa taaa), R65 (g tttg gcg tcg tga g tcccg ), R66 
(tggcag tgg tacacga tccc), R72 (gagcggcagggccccaacga), R78 
(tgccg tgcacg tacgggggg), R96 (gacgggtctcctgggaaacc), R97 
(gcgctcggaga tggagcgca), and R99 (gg tg tca ta g tg ccc ttag g ) w ere synthesized 
a t th e  B iochem is try  Core DNA fa c ility  o f the  U n ive rs ity  o f A lberta  using an 
Applied B iosystem s 394 DNA/RNA Synthesizer.
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Sequence analysis

Plasmid cons truc ts  w ere  sequenced a t th e  B iochem istry  Core DNA fa c ility  
o f th e  U n ive rs ity  o f  A lberta  using an Applied B iosystem s 373A  DNA 
Sequencer. DNA p rim ers  fo r  sequencing w ere synthesized a t th e  same locale 
using an Applied B iosystem s 394 DNA/RNA Synthesizer.

Construction of recombinant viruses

Viruses w ere  construc ted  using a hom ologous-recom bina tion  procedure, 
described p rev ious ly  (2 7 7 -2 7 9 ). C o-transfections w ere carried  o u t using a 
m odified  lipofectAM INE (2  m g per m L; Gibco-BRL) p ro toco l. B rie fly , 1 pg o f 
Pstl fra g m e n t and 1 pg o f in fec tious  d27-lacZ l DNA, in a fin a l vo lum e o f 200 
pL o f se rum -free  DMEM, w ere  m ixed w ith  10 pL o f lipofectAM INE per pg o f 
DNA, in a fina l vo lum e  o f 200 pL o f se rum -free  DMEM, and allowed to  s it fo r  
1 5 -4 5  m inu tes a t room  te m p e ra tu re . Each DNA-lipofectAM INE m ix tu re  was 
m ade up then  to  a fina l vo lum e  o f 2 mL w ith  se rum -free  DMEM and added to  
Vero cells th a t had been rinsed w ith  se rum -free  DMEM. A fte r a five  hour 
incubation a t 37°C , th e  trans fec tion  m ix tu res  w ere rem oved and replaced 
w ith  DMEM (5 %  FBS). One day la te r the  DMEM was rem oved and replaced 
w ith  m edium  reserved fo r  v ira l in fections (described above). For each 
m u ta n t, tw o  independen t v ira l isolates, designated a and b, w ere obtained. 
The genom ic s tru c tu re s  o f a ll v ira l isolates w ere confirm ed by PCR.

Isolation of celMine derived recombinant viruses

Aliquots o f M16—which had been UV irrad ia ted  fo r  0, 18, 30, 60, 120, 
240, o r 480 seconds in a UV S tra ta lin ke r 2400 (S tra tagene) a t 120 mJ per 
cm 2—were used to  in fec t Vero cells grow ing in 150-cm 2 flasks a t a MOI o f 
one. A fte r a llow ing  th e  in fec tions to  proceed fo r  48 hours, th e  flasks were 
sub jected to  th re e  rounds o f freeze-thaw ing , and used to  in fec t, a t a 1 :5  
d ilu tio n , 75 -cm 2 flasks o f Vero cells. Plaques ind ica tive  o f a g row th - 
com peten t v irus  appeared in all flasks tw o dp i. V irus p resen t w ith in  the  cells 
o f th e  flasks was released th ro u g h  th ree  rounds o f free ze -thaw ing , and used 
to  in fec t Vero cells fo r  th e  purpose o f ind iv idua l plaque se lection . Three dp i, a 
sing le  plaque fro m  each o f th e  in fec tions—all seven o f th e  UV tim e  
po in ts—was iso la ted , sub jec ted  to  th ree  rounds o f freeze -thaw in g , and used
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to  in fec t, a t  a 1 :5  d ilu tio n , Vero cells g row ing  in wells o f a tw e lve -w e ll p la te . 
Vero cells w ere  in fected  also w ith  M16 a t a MOI o f one. Two dp i, to ta l DNA 
was harvested  fo r  PCR and res tric tion -en zym e-d ig es t analysis.

Vero cells g row ing  in 75-cm 2 flasks w ere  infected w ith  M i l ,  M15, M16, 
c /4 -5 , d 2 7 - l ,  and th e  zero -second-U V -irrad ia ted  M16 a liquo t, a t a MOI o f 
one. Tw o dp i, th e  in fections were ha rves ted , subjected to  th re e  rounds o f 
fre e ze -th a w in g , prepared as stocks, and used to  in fect, a t a 1 :5  d ilu tion ,
Vero ce lls g row ing  in 75 -cm 2 flasks. P laques ind icative  o f a g ro w th -co m p e te n t 
v irus  appeared in all flasks two dpi. For th e  purpose o f ind iv idua l plaque 
iso la tion , th e  stocks w ere  used then to  in fe c t Vero cells. Three dp i, tw o 
plaques fro m  each o f the  infections w ere  iso la ted, subjected to  th ree  rounds 
o f freeze -tha w ing , and used to  in fect, a t  a 1 :5  d ilu tion , Vero cells grow ing in 
w ells o f  a tw e lve -w e ll p la te. Vero cells w ere  infected also a t a MOI o f one 
w ith  KOS and c/27-1. Two dpi, to ta l DNA was harvested fo r  PCR, re s tric tion - 
enzym e d ig es t, and Southern b lo t analys is. The tw o plaques isolated from  
th e  d 2 7 - l  s to ck  w ere plaque purified tw o  add itiona l tim es in Vero cells, 
y ie ld ing  th e  isolates c /2 7 rc -la  and - lb .

E ight c/27-1 plaques grow ing on V27 cells were isolated, subjected to  
th re e  rounds o f freeze-thaw ing , and used to  in fect, a t a 1 :5  d ilu tion , V27 
cells g row ing  in 2 5 -cm 2 flasks. In fec tions  w ere m aintained u n til five  dp i, a t 
which t im e  sm all w ork ing  stocks were p repa red ; these stocks w ere used then  
to  p repare h ig h -titre  stocks in V27 cells. To address the  question o f the  
presence o f ce ll-line  recom binants w ith in  these  h ig h -titre  stocks, 75-cm 2 
flasks o f Vero cells w ere infected a t a MOI o f one. A fte r a llow ing  the 
in fec tions  to  proceed fo r  48  hours, th e  flasks  w ere subjected to  th ree  rounds 
o f free ze -th a w in g , prepared as stocks, and used to  in fect, a t a 1 :5  d ilu tion , 
Vero cells g row ing  in 75 -cm 2 flasks. By th re e  dp i, tw o o f the  e ig h t flasks had 
v ira l p laques fo rm ing  on th e ir  cell m onolayers. The stocks corresponding to  
th e  tw o  p la que -pos itive  flasks were used then  to  in fect Vero cells grow ing in 
w ells o f a s ix -w e ll p la te  fo r  the purpose o f ind iv idual plaque iso la tion . Two 
plaques fro m  each in fection  were iso la ted ; all fo u r were p laque purified tw o  
add itiona l tim e s  in Vero cells, y ie ld ing th e  isolates </27rc-2a, -2b , -3a, and - 
3b.

The genom ic  s truc tu res o f c /2 7 rc - la , -2a , and -3a were exam ined by 
in fec ting  Vero cells a t a 1 :5  d ilu tion , a long w ith  KOS (a t a MOI o f one) and 
d 2 7 - l  (a t a MOI o f te n ) .  Two dpi, to ta l DNA was harvested fo r  PCR analysis.
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Isolation of revertant viruses

The genesis o f M16R was as fo llow s : six M16 plaques g row ing  on V27 
cells w ere iso la ted , sub jected to  th re e  rounds o f fre e ze -th a w in g , and used to  
in fec t, a t a 1 :5  d ilu tio n , Vero cells g row ing  in 2 5 -cm 2 flasks. A fte r  a llow ing 
th e  in fections to  proceed fo r  48  hours, th e  flasks w ere  sub jected  to  th re e  
rounds o f free ze -thaw ing , and used to  in fect, a t a 1 :5  d ilu tio n , 2 5 -cm 2 flasks 
o f Vero cells. Plaques ind ica tive  o f a g ro w th -co m p e te n t v irus appeared w ith in  
one o f th e  flasks th re e  dp i. Follow ing in itia l p laque pu rifica tion  in Vero cells, 
PCR and re s tric tio n -d ige s t analysis w ere  used to  con firm  the  presence o f the  
X ho l s ite  w ith in  the  ICP27 a lle le . The v irus  was p laque purified  in Vero cells 
one add itiona l tim e  and a sm all w ork ing  stock o f M16R was prepared  in Vero 
cells.

The genesis o f exC d305R l and exCd305R2 was as fo llow s: fo u r  exCd305 
plaques g row ing  on V27 cells w ere  iso la ted, sub jected  to  th re e  rounds o f 
freeze -thaw ing , and used to  in fec t, a t a 1 :5  d ilu tio n , V27 cells g row in g  in 
w ells o f a tw e lve -w e ll p la te . S ix dp i, th e  plate was sub jected  to  th re e  rounds 
o f freeze -thaw ing  and used to  in fec t, a t a 1 :5  d ilu tio n , Vero cells g row ing  in 
75 -cm 2 flasks. A fte r a llow ing th e  in fections to  proceed fo r  48 hours , th e  
flasks w ere sub jected  to  th re e  rounds o f freeze -thaw ing  and used to  in fect, a t 
a 1 :50  d ilu tio n , 25 -cm 2 flasks o f  Vero cells. Four dp i, one o f th e  flasks was 
de leted from  th e  experim e n t as it  was observed to  con ta in  w ild -typ e  v irus 
(w hich was con firm ed using PCR), w h ile  the  rem ain ing  th re e  fla sks  w ere 
sub jected to  th re e  rounds o f freeze -th aw in g  and used to  in fec t, a t a 1 :5  
d ilu tio n , 2 5 -cm 2 flasks o f Vero cells. A t five  dpi, th e  flasks w ere sub jected  to  
th ree  rounds o f freeze -thaw ing  and used to  in fec t, a t a 1 :10  d ilu tio n , 25 -cm 2 
flasks o f Vero cells. Four dp i, tw o  o f th e  th ree  flasks conta ined p laques 
ind ica tive  o f a g ro w th -co m p e te n t v irus . The tw o  new  v iruses w ere  then  
plaque pu rified  th ree  tim es in V27 cells and sm all w o rk in g  stocks o f 
exC d305R l and exCd305R2 w e re  prepared in V27 cells. PCR ana lys is 
con firm ed th e  presence o f th e ir  engineered ICP27 a lle les and th e  absence o f 
the  w ild -typ e -IC P 2 7  alle le.

Complementation assay

The d 2 7 - l  v irus -com p lem en ta tion  assays w ere ca rried  o u t as described 
prev ious ly  (2 7 9 , 282), except th a t Vero cells w ere trans fec ted  fo llo w in g  a 
m od ified-lipo fectA M IN E  (2  mg p e r m L; Gibco-BRL) p ro toco l. B rie fly , 1 pg o f 
pUC19, w ild - ty p e - , o r m u tan t-IC P 27  p lasm id, in a fina l vo lum e o f  200 pL o f 
se rum -free  DMEM, was m ixed w ith  10 pL o f lipofectAM INE per pg o f DNA, in a
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fina l vo lum e  o f  200 p.L o f se ru m -free  DMEM, and a llow ed to  s it  fo r 1 5 -4 5  
m inu tes a t roo m  te m p e ra tu re . Each p lasm id-lipo fectA M IN E  m ix tu re  was 
m ade up th en  to  a fina l vo lum e  o f 2 m L w ith  se rum -free  DMEM and added to  
Vero cells th a t  had been rinsed w ith  se ru m -free  DMEM. A fte r a five  hour 
incubation a t 37°C , th e  tra n s fe c tio n  m ix tu re s  w ere  rem oved and replaced 
w ith  DMEM (5 %  FBS). A ll o th e r incuba tions w ere carried o u t a t 37°C fo r  
app ro x im a te ly  2 4  hours.

Virus yield assay

R evertan t and recom b in an t v iruses w ere exam ined fo r  th e ir  ab ility  to  
produce in fe c tiou s  p rogeny th ro u gh  th e  course o f a s ing le  rep lica tion cycle, 
as described p re v iou s ly  (2 7 8 , 279 ). B rie fly , paralle l cu ltu res  o f  Vero and V27 
cells w ere  in fec ted  a t a MOI o f te n  w ith  v irus  and a t tw o  hpi w ere trea ted  
w ith  a g lyc ine -sa line  so lu tion  (pH 3 .0 ) (3 2 ). Follow ing incuba tion  fo r 
app ro x im a te ly  24  hours, v iru s  y ie ld  was de te rm ined  by p laque assay on V27 
cells.

Immunofluorescence

Vero cells w ere  in fected  a t a MOI o f ten  and a t fo u r hpi processed fo r  
ind irec t im m uno fluo rescence  as described p rev ious ly  (2 6 9 ). H1113 (G oodwin 
In s titu te  fo r  C ancer Research, P lantation , Fla.) (2 ), a t a 1 :6 0 0  d ilu tion , was 
the  p rim a ry  a n tib o d y  used. The secondary an tibody  used was te tra m e th y l 
rhodam ine iso th io cyan a te -con juga ted  g oa t an ti-m ouse  im m unog lobu lin  G 
(Jackson Im m unoR esearch  Labora to ries In c ., M ississauga, O ntario , Canada) 
a t a 1 :200  d ilu tio n . The cells w ere  visua lized w ith  a Zeiss Axioskop 20 
fluorescence m icroscope equipped w ith  a P lan-N eofluar 63X ob jective  lens.

Southern blot analysis

V27 o r V ero  cells g row ing  in w ells o f a tw e lve -w e ll p la te  w ere infected 
w ith  v irus  a t a MOI o f te n , and harvested  a t e ith e r 48 hpi o r a t the tim es 
ind icated in to  4 0 0  p.L o f IX  lysis b u ffe r (10  mM Tris [pH 8 .0 ], 10 mM EDTA, 
2%  SDS, 100 p.g o f p ro te inase  K pe r m L). Follow ing incuba tion  a t 37°C fo r  
ap p rox im a te ly  2 4  hours, 48  p.L o f 3 M sod ium  ace ta te  (pH 5 .2 ) were added to  
the  lysates, w h ich  w ere then  ex trac ted  once w ith  ph eno l-ch lo ro fo rm /isoam yl 
alcohol (2 5 :2 4 :1 )  and once w ith  ch lo ro fo rm /iso a m y l a lcohol (2 4 :1 ). DNA was
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prec ip ita ted  w ith  95%  e thano l, resuspended in TE, and sub jected  to  RNase A 
d igestion  (50  ng per pL) a t 37°C fo r  a pp rox im a te ly  one hour. Based upon 
q u a n tita tio n  by UV absorp tion  a t 260 nm , 3 pg o f DNA w ere cleaved w ith  Pstl 
and S ail and separated on a 1%  agarose gel. Following acid c leavage and 
a lka li dena tu ra tion , DNA was tra n s fe rre d  to  a nylon m em brane and 
hybrid ized  to  a 32P-labeled probe—genera ted  by random p rim in g —in Church 
b u ffe r (250  mM sodium phosphate b u ffe r [pH 7 .2 ], 7%  SDS, 1%  bovine 
serum  a lbum in  [BSA], 1 mM EDTA) a t 65°C  fo r  approx im ate ly  12 hours. The 
probe exam in ing  the s truc tu res  o f th e  d27rc  viruses was EcoR I-linearized 
p P s2 7p d l. The probes exam in ing  reve rtan t-geno m e  s tru c tu re  w ere  a 510- 
base pa ir PCR fra gm en t spanning N -te rm ina l codons 9 0 -2 5 9  o f  w ild -typ e  
ICP27, and a 588-base p a ir PCR fra g m e n t spanning C -te rm ina l codons 
3 0 8 -5 0 3  o f  w ild -type  ICP27. The p robe  exam in ing  levels o f v ira l DNA 
rep lica tion  was a 480-base pa ir PCR fra g m e n t spanning codons 1 -1 4 2  o f 
UL55, plus an additional 55 nucleo tides upstream  w ith in  th e  non-cod ing  
reg ion. Membranes w ere washed tw ice  fo r  15 m inutes a t 68°C  in  2X SSC- 
0 .1%  SDS and tw ice fo r 15 m inu tes a t 68°C  in 0.1X SSC -0.1%  SDS p rio r to 
film  exposure. Signal quan tita tio n  was m easured by phosphorim age analysis 
using a Fu jix  BAS100 b io im aging ana lyze r w ith  MacBAS im ag ing  softw are.

Western blot analysis

Vero cells grow ing in 25 -cm 2 flasks w ere infected w ith  v iru s  a t a MOI o f 
te n , and a t e ith e r fou r o r six hpi w ere  harvested as described p rev ious ly  
(177 , 281). Tota l prote ins w ere separated on 15%  SD S -po lyacry lam ide  gels, 
trans fe rred  to  n itrocellu lose m em branes, and blocked w ith  10%  skim  m ilk  in 
TBS-T ( IX  T ris-bu ffe red  sa line, 0 .2%  Tween 20). The m em branes w ere 
washed tw ice  w ith  TBS-T and probed w ith  H1113, a t a 1 :1000  d ilu tio n  in 
TBS-T, fo r  45 m inutes. M em branes w ere  washed again tw ice  w ith  TBS-T, and 
p ro te in  was visualized using a horserad ish  peroxidase-con jugated  secondary 
an tibody , a t a 1 :3000 d ilu tion  in TBS-T fo r  30 m inutes, and an enhanced 
chem ilum inescence system  (A m ersham  Pharm acia).

Plaque morphologies

A sing le  p laque/focus grow ing on Vero cells was photographed using an 
O lym pus SC 35 Type 12 cam era m ounted  on an Olympus CK40 m icroscope 
a t fo u r dpi.
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Investigation of Unexpected Recombinants 
Present in ICP27-Mutant Stocks

V ectors based upon HSV-1 hold g reat prom ise fo r  th e  tre a tm e n t o f certain 
gene tic  defects and hum an diseases. Neurological cond itions , such as 

A lzhe im er's , Parkinson's, and H unting ton 's  diseases, are w ell su ited  to  
the ra pe u tic  m an ipu la tion  th ro u g h  th e  use o f HSV-1 as a d e live ry  vehicle fo r 
required genetic  m a te ria l (22 , 93 , 98, 101, 106-109, 172, 173, 179). 
C onverse ly, HSV-1 has th e  po ten tia l to  e ffec t th e  des truc tion  o f unwanted 
neuro logica l tu m o u rs ; g liob las tom as—the m ost com m on fo rm  o f brain 
tu m o u r—are ex trem e ly  d iff ic u lt to  tre a t successfu lly, w ith  c u rre n t trea tm en ts  
(su rge ry , rad ia tion , and chem othe rapy) changing lit t le  th e  h igh m o rta lity  
associated w ith  the  a fflic tion  (2 46 , 267, 294). HSV-1 d ire c tly  in troduced a t 
th e  tu m o u r s ite  would e ffe c tive ly  kill the  tu m o u r cells via its  n a tu ra lly  
cy to to x ic  process o f v ira l rep lica tion  (161, 206, 351). A lte rn a tiv e ly , the  HSV- 
1 genom e could be engineered to  express specific exogenous gene products 
necessary fo r  th e  ac tiva tion  o f a specific a n ti- tu m o u r p ro -d ru g  (1 6 1 , 218).

One caveat associated w ith  th e  use o f HSV-1 and HSV-1 vec to rs  is the 
po ten tia l fo r  uncon tro lled , ra m pa n t v ira l rep lica tion  and sp read . HSV-1 is 
ex tre m e ly  e ffec tive  a t k illing  cells th a t it  in fects. A rare b u t c ripp ling  fo rm  o f 
encepha litis  is th e  re su lt o f v ira l spread in th e  brain (5 , 120, 3 0 7 ); any HSV- 
1 in troduced  a t th is  s ite  w ould  have to  be unable to  rep lica te  and spread 
beyond th e  confines and cond itions o f its the rapeu tic  purpose. A t present, 
tw o  stra teg ies  have evolved th a t  address th is  concern: th e  use o f g row th - 
a ttenua ted  HSV-1, and th e  use o f rep lica tion -de fective  HSV-1. The
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inac tiva tion  o f th e  tk ,  ICP6, o r y34.5 genes o f HSV-1 seve re ly  ham pers v ira l 
rep lica tion  and spread in norm al, n o n -tu m o u r ce lls; ina c tiva tio n  o f these 
genes seem s to  have lit t le  e ffec t on v ira l rep lica tion  and spread in active ly  
d iv id ing  tu m o u r  ce lls (7 , 65, 161, 175, 206, 218, 227, 351 , 366, 367, 392). 
However, th e  use o f  g row th -a ttenua ted  HSV-1 th a t p re fe ren tia lly  rep licates in 
tu m o u r ce lls s till carries w ith  i t  the  r isk  o f in fection  o f h e a lth y  cells, and the  
subsequen t des truc tion  o f those  cells. The m ore  favoured s tra te g y  invo lves 
the  use o f rep lica tion -de fec tive  HSV-1. N ot on ly  is th e  risk  o f spread to  
hea lthy  tissu e  o bv ia ted , in s itua tions w here  lon g -te rm  expression o f a gene 
p roduct is des ired , ta rg e t cells can be spared fro m  th e  no rm a lly  cyto tox ic  
process o f v ira l rep lica tion . HSV-1 s tra ins  th a t are rep lica tion -de fec tive  
usually con ta in  one o r m ore IE gene—ICP4, ICP22, and IC P27—deletions (97 , 
140, 163, 164, 194, 196), a lthough o th e r rep lica tion -d e fec tive  stra ins ex is t 
as well (1 9 6 , 38 9 ). Common to  all rep lica tion -de fec tive  HSV-1 is the  fa c t th a t 
the  v irus  m u s t be propagated in he lpe r cell lines, which express stably 
in tegra ted  copies o f  th e  m issing v ira l gene(s).

W henever a rep lica tion -de fec tive  v irus  is propagated in a helper-cell line, 
the re  ex is ts  th e  poss ib ility  th a t th e  fina l s tock w ill conta in  a sub-popu la tion  o f 
v irus th a t has ob ta ined rep lica tion -com petency th rough  th e  process o f 
hom ologous recom bina tion  between th e  v ira l genom e and th e  integra ted 
v ira l gene (s) p resen t in the  ce llu la r genom e (130 , 394 ). A ny rep lica tion- 
com pe ten t (RC) v iru s , which w ould behave pheno typ ica lly  as w ild -type  v irus , 
would pose a serious problem  to  th e  th e ra pe u tic  use o f rep lica tion -de fective  
stocks.

T h e  h ig h - t it r e  s to ck  o f M 16  c o n ta in s  re p lic a tio n -c o m p e te n t v iru s

The inve s tig a tio n  in to  recom bination  events in o u r lab o ra to ry  stocks o f 
HSV-1 s tem m ed fro m  the  in itia l purpose o f iso la ting  second-s ite  revertan ts  o f 
ICP27 m u ta n ts —th e  results o f th a t investiga tion  are p resented  in Chapters 4 
and 5. As second-s ite  revertan ts  had never spontaneously arisen in our 
IC P 2 7 -m u tan t s tocks, i t  was believed th a t changes to  th e  v ira l genom e had 
to  be in troduced  a rtific ia lly  using a m utagen ic  process. W hile  use o f a 
chem ical m u tagen  was considered, fo r  procedura l reasons i t  was dism issed in 
favo u r o f th e  energy  m utagen, UV ligh t. UV lig h t is capable o f  inducing the  
fo rm a tion  o f th y m in e  d im ers and DNA breaks (3 9 1 ); th is  dam age m ust be 
repaired in o rd e r fo r  th e  in te g rity  o f th e  gene tic  m a te ria l to  be preserved. 
Repair o f DNA dam age is an inhe ren tly  e rro r-p ro n e  process, leading to  th e  
poss ib ility  o f p e rm a n e n t genetic changes (1 8 3 ). The r ig h t m u ta tions  can 
e ffec t a suppress ion  o f the  de fective  parenta l phenotype, resu lting  in progeny 
th a t e x h ib it a g row th -co m p e te n t phenotype.
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The v iru s  in itia lly  chosen fo r  se co n d -s ite -re ve rta n t iso la tion was M16, a 
s u b s titu tio n -m u ta tio n  inactive  ICP27 m u ta n t (278). M16 canno t grow  in Vero 
ce lls—an A frican  green m onkey k idney-ce ll line com m on ly  used to  p ropagate  
HSV-1 s tocks—b u t can grow  in V27 cells, which conta in  one o r tw o  copies 
pe r-hap lo id -V e ro -genom e  o f a cloned H S V -l-g e n o m ic  fra g m e n t encoding 
ICP27 (2 7 7 ). A liquo ts  o f h ig h -titre  M16 (> 1 0 8 plaque fo rm in g  un its  [PFU] per 
m L), w hich had been prepared using V27 cells, were exposed to  UV lig h t fo r  
defined periods o f tim e . The a b ility  o f  th e  UV ligh t to  in troduce  genetic  
changes was re flected  in a plaque assay o f th e  UV-exposed vira l a liquots on 
V27 ceils. Exposure fo r  240 seconds resu lted  in a tw o -lo g  decrease in the  
v ira l t itre .

All e xpe rim en ts  screening v ira l stocks fo r  RC va rian ts  fo llow ed a tw o - 
round -in fec tion  p rocedure  w hereby Vero cells were in fected  in itia lly  w ith  th e  
v irus (e s ) o f in te re s t (am p lifica tion  ro u n d ), allowed to  incubate  fo r  tw o  days, 
and th e n  harvested  fo r  a subsequent Vero-cell in fec tion  (de tection  round ). In  
th e  in itia l e xpe rim en t, Vero cells w ere  in fected a t a MOI o f one w ith  th e  UV- 
exposed M 16-v ira l a liquo ts , and a t tw o  dpi were harvested fo r  subsequent 
V ero-ce ll in fec tion . Tw o dpi, RC va rian ts  w ere  observed in all flasks. V irus 
fro m  th e  flasks was harvested and used to  in fect, in a se ria l-d ilu tion  series, 
Vero cells. One v ira l p laque from  each in fection  was iso la ted . To de te rm ine  
w h e th e r these  p laques represented second-s ite  re ve rta n ts , a sm all num be r o f 
Vero cells w ere  in fec ted  e ith e r w ith  th e  p laque lysates, o r w ith  th e  orig ina l 
M16 h ig h - titre  stock. Tota l DNA was harvested  tw o  dp i, and PCR analysis was 
pe rfo rm ed  using HSV-1 prim ers R62 and R63; these p rim ers  am p lify  a 9 20 - 
base p a ir region dem arcated from  codon 289 o f UL54 (ICP27) to  codon 9 o f 
UL55 (F igure  3 -1 ). A pp rox im a te ly  o n e -fifth  o f the  post-PCR DNA was cu t w ith  
Xhol and sub jected  to  agarose-gel e lectrophores is , as shown in Figure 3-2 . 
Only th e  PCR p rodu c t am plified  from  th e  h ig h -titre  M 16 -s tock  DNA d igested 
successfu lly  w ith  Xhol. D igestion o f th e  M16-PCR DNA was expected, as M16 
is defined geno typ ica lly  by a Xhol s ite  a t codons 4 8 8 -4 8 9  o f its ICP27 a lle le. 
The fa c t th a t none o f th e  o the r PCR products  could be digested w ith  Xhol 
ind ica ted  th a t th e ir  ICP27 alleles had lost th e  Xhol s ite , and suggested th a t 
rep lica tion -com pe te ncy  had been ob ta ined  e ith e r as a re su lt o f p rim ary  
revers ion , o r as a re su lt o f hom ologous recom bination  between v ira l and 
ce llu la r ICP27 alle les. The p robab ility  th a t all six o f th e  RC varian ts had been 
genera ted  independen tly  by p rim a ry  revers ion  seemed h igh ly  un like ly ; one o r 
m ore  o f th e  RC va ria n ts  were m ost like ly  w ild -typ e  recom binan ts th a t had 
acquired th e  w ild -typ e  ICP27 alle le  v ia  recom bination  w ith  the  V27-cell 
genom e. Lacking any a lle lic  m arkers, how ever, it  was im possib le  to  
d is tingu ish  betw een a RC va rian t genera ted  by p rim a ry  revers ion , and one 
genera ted  by hom ologous recom bina tion . I f  one o r m ore  o f th e  RC va rian ts
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was indeed recom b ina tion -de rived , th is  would m ean th a t RC v irus  is present 
in th e  h ig h - titre  s tock  o f M16, b u t th a t i t  is p resen t a t low  enough levels to 
escape de tec tion  by a standard p laque assay on Vero  cells ( i.e . less than 
a p p ro x im a te ly  0 .0 0 1 %  o f th e  h ig h -titre  stock is RC v iru s ).

R e p lic a tio n -c o m p e te n t v iru s  is p re s e n t in  o th e r  h ig h -t itre  stocks

I f  RC v iru s  ex is ts  a t low levels w ith in  the  M16 s tock, is th is  also the  case 
fo r  th e  o th e r  h ig h -titre  stocks o f ICP27 m utants?  To address th is  question, 
flasks o f V ero  cells con ta in ing  app rox im a te ly  l x lO 7 cells w ere  infected a t a 
MOI o f one w ith  th e  fo llow ing  V27-ce!l p ropagated v iruses: th e  substitu tion - 
m u ta tion  ina c tive  ICP27 m utan ts  M i l ,  M15 (2 7 8 ), and M 16; th e  non-UV 
irrad ia ted  M16 a liq u o t; the  RGG-box de letion m u ta n t c /4 -5  (2 0 9 ); and the 
IC P 27-de le tion  m u ta n t d 2 7 - l  (2 7 7 ). Two dp i, v iru s  fro m  th e  flasks was 
harvested and p repared as w ork ing  stocks fo r  each m u ta n t. Vero cells were 
infected w ith  th e  w ork ing  stocks fo r  the  purpose o f RC v irus  de tection, and 
allowed to  incuba te  fo r  tw o  days. S urp ris ing ly , w hen th e  flasks were checked 
fo r ev idence o f RC-virus p laquing, all flasks w ere  found  to  conta in  viral 
plaques (a m o ck-in fec ted  flask was p laque-free). A ga in , these  RC variants 
could have arisen e ith e r th rough  revers ion, o r th ro u g h  recom bination  w ith 
the  V 27-ce ll genom e.

I t  is re la tive ly  easy to  envision how hom ologous recom bination  between 
vira l and ce llu la r genom es could account fo r  RC v iru s  p resen t w ith in  the  h igh- 
t itre  stocks o f  M i l ,  M15, M16, and d 4 -5  (F igure  3 -3A ). I t  is m ore d ifficu lt to  
envision how  hom ologous recom bination could accoun t fo r  RC v irus  present 
w ith in  th e  h ig h - titre  stock o f d 2 7 - l  (F igure 3 -3 B ); hom ology between the 
d 2 7 - l  genom e and th e  cloned ce llu la r inse rt ex is ts  on ly  a t one end o f the 
insert. In tro d u c tio n  o f th e  ICP27 a lle le fro m  th e  ce llu la r inse rt in to  the  viral 
locus w ou ld  have to  be effected th rough  a com b ina tion  o f hom ologous and 
ille g itim a te  recom b ina tion  processes.

To charac te rize  th e  RC viruses, tw o  plaques fro m  w ork in g -s to ck  infected 
cells w ere  iso la ted fo r  each v irus and used to  in fe c t a sm all num ber o f Vero 
cells a long w ith  h ig h -titre  KOS and h ig h -titre  d 2 7 - l .  To ta l DNA was isolated 
from  each in fec tion , and a portion  o f the  DNA fro m  one in fection  fo r  each 
v irus—w ith  th e  exception  o f the  d 2 7 - l  RC DNA iso la tes, w here  both were 
exam ined—was sub jected  to  PCR am p lifica tion  using HSV-1 prim ers R62 and 
R63 (F igure  3 -1 ). Agarose-gel e lectrophoresis o f th e  post-PCR DNA revealed 
the  presence o f th e  920-base pa ir p roduct in all sam ples except fo r  the  high- 
t itre  d 2 7 - l-D N A  prepara tion  and th e  m ock-in fec tion  DNA preparation  (Figure 
3 -4 ). The presence o f th e  920-base pa ir p roduct in th e  KOS lane was 
expected, as th is  is th e  appropria te  a m p lifica tion -p ro du c t size fo r  the  w ild- 
typ e  genom e. Since p rim e r R62 is hom ologous to  sequences deleted in the
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c/27-1 v irus , i t  was a lso expected th a t th e  h ig h - titre  c /2 7 -l-D N A  prepara tion  
would n o t be ab le  to  produce th e  920-base  p a ir product. The presence o f th e  
920-base  p a ir p ro d u c t in th e  c /4 -5 , M i l ,  M15, and M16 lanes was expected ; 
na tive , re v e rta n t, and recom b inan t genom es would ail produce th e  sam e­
sized p roduct. Presence o f th e  920-base p a ir p roduct in the  tw o  c/27-1 RC 
DIMA lanes ind ica tes th a t the  RC va rian ts  p resen t in the h ig h -titre  c/27-1 s tock 
conta in  a t leas t th e  C -te rm in a l-e n co d in g  section o f  the ICP27 a lle le, as well 
as th e  beg inn ing  section  o f th e  UL55 a lle le . I t  is a lm ost ce rta in  th a t the  en tire  
ICP27 a lle le  is p resen t w ith in  th e  genom e o f these  RC va rian ts  g iven th a t th e  
N -te rm ina l h a lf o f ICP27 is essentia l fo r  p ro te in  function , and the re fo re  v ira l 
v ia b ility  (20 9 , 2 79 ).

To d e te rm ine  w h e th e r th e  RC va rian ts  fro m  th e  M i l ,  M15, and M16 
in fections had re ta ined  th e ir  respective  Xhol s ites—M i l  con ta ins an 
engineered s ite  a t codons 3 4 0 -3 4 1 , and M15 conta ins an engineered s ite  a t 
codons 4 6 5 -4 6 6  (2 7 8 )—aliquots o f post-PCR DNA were d igested w ith  Xhol 
and sub jected  to  agarose-gel e lectrophores is . As Figure 3 -5  c lea rly  shows, 
on ly th e  920-base  p a ir p roduct am plified  fro m  h ig h -titre  M 16 -s tock DNA 
could be d igested  w ith  Xhol) p roducts in th e  M i l ,  M15, and M16 lanes w ere  
unaffected , as was th e  p roduct in th e  c/27-1 RC-DNA lane (nega tive  co n tro l). 
As before, loss o f Xhol s ites could have occurred e ithe r th ro ugh  p rim ary  
revers ion, o r as a re su lt o f recom bination  w ith  th e  V27-cell genom e. I t  is 
un like ly  th a t re p lica tion -com pe tency  was achieved in all cases th rough  
p rim ary  revers ion  know ing th a t recom b ina tion -de rived  RC v irus  can be 
generated and ex is ts  in the  h ig h -titre  s tock o f c/27-1.

The data  p resented  here reveal th a t RC v irus , m ost like ly  derived th ro u gh  
recom bination  w ith  th e  v ira l fra g m e n t p resen t w ith in  the  genom e o f the  V27 
cells, com m on ly  exists in V27-cel! prepared h ig h -titre  stocks o f ICP27 
m u tan ts . Based upon th e  fac t th a t RC v irus  was found when lx lO 7 cells w ere  
infected a t a MOI o f one, RC v irus  m ust co n s titu te  g rea ter th an  o r equal to  
0 .00001%  o f an exam ined h ig h -titre  stock.

R e p lic a tio n -c o m p e te n t c /27 -1 : o n e  v iru s , tw o  IC P 2 7  a lle les

The RC v irus  p resen t w ith in  th e  h ig h -titre  s tock o f c/27-1 has acquired th e  
w ild -typ e -IC P 2 7  a lle le , p resum ably via a com bina tion  o f hom ologous and 
ille g itim a te  recom b ina tion  w ith  the  V27-cell genom e. To con firm  th a t th e  
w ild -typ e  a lle le  had recom bined in a t th e  ICP27 locus o f the  v ira l genom e, a 
portion  o f o '2 7 - l-R C  DNA from  each iso la te  (h e re a fte r known as c /2 7 rc -la  
and - lb ) ,  a long w ith  h ig h -titre  c/27-1 DNA, was am plified using PCR and 
HSV-1 p rim ers  R51 and R63 (F igure  3 -1 ). The resu lting  PCR products w ere 
sub jected to  agarose-gel e lectrophoresis (F igure  3 -6 ). P rim er R51 was 
chosen fo r  th e  reaction  because it  anneals to  a portion  o f th e  UL53-coding
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reg ion, w h ich  is n o t found  w ith in  th e  cloned v ira l fra g m e n t p resen t in the  V27 
cells, and th e re fo re  can be em ployed in an exam ina tion  o f  th e  na tu re  o f the  
v ira l ICP27 locus. PCR am p lifica tion  using p rim ers  R51 and R63 should yie ld a 
757-base p a ir p ro du c t fo r  h ig h -titre  c/27-1 DNA. A p ro du c t o f th is  size is 
presen t in th e  c/27-1 lane. U nexpectedly, a p roduct o f th is  size is also found 
in the  tw o  d2 7 rc  lanes. Since both c /2 7 rc - l isola tes are RC, a p roduct o f 
2382-base  pa irs w as expected fo r  PCR am p lifica tion  across a supposed w ild - 
typ e -IC P 2 7  locus (see F igure 3 -8 ). The 757-base pa ir p rodu c t can only be 
generated fo r  am p lifica tion  across th e  de le tion  (c/27-1) a lle le. Its  presence in 
th e  c/27rc lanes m eans th a t  these iso la tes have re ta ined th e  IC P27-deletion 
a lle le a t th e  v ira l ICP27 locus; the  w ild -typ e -IC P 2 7  a lle le  conveying 
rep lica tion -com pe tency  has recom bined in e lsew here in th e  v ira l genom e.

As a va lid a tio n  o f th e  PCR resu lts , and ve rifica tion  th a t th e  c/27rc isolates 
possess un ique  genom ic s tru c tu res , Southern  b lo t analysis o f DNA 
representing  KOS, c/27-1, and the  c/27rc iso la tes w as carried  o u t. Duplicate 
DNA sam ples w e re  cu t e ith e r w ith  P s tI o r Safi, and fra g m e n ts  w ere 
separa ted , tra n s fe rre d , and probed w ith  th e  p lasm id pP s2 7p d l which had 
been linearized  w ith  EcoRI and labeled w ith  rad ioactive  phosphate  (F igure 3- 
7 ). Plasmid p P s2 7 p d l con ta ins the  la rge  IC P27-encoding P stI fra g m e n t from  
KOS (2 8 2 ); because a section o f th is  is RL sequence, i t  is ab le to  hybrid ize  to  
frag m e n ts  con ta in ing  RL sequence fro m  both RL-U L ju n c tio n s  (see Figure 1- 
1). The h yb rid iza tio n  pro files  presented in F igure 3 -7  are th o u g h t to  
dem onstra te  exa c tly  th is  phenom enon—the  com m on bands p resen t a t 
app rox im a te ly  5 .7  kb fo r  th e  PstI d igestions and ap p ro x im a te ly  9 .4  kb fo r  the  
Safi d igestions are  m ost like ly  the  re su lt o f hyb rid iza tion  w ith  th e  f irs t RL-U L 
ju n c tio n  (as o rie n ted  in F igure 1-1). In  add ition  to  th e  com m on bands, 
expected hyb rid iza tio n  p a tte rn s  were ob ta ined fo r  both w ild -ty p e  and c/27-1 
genom es: the  p P s2 7p d l p robe hybrid izes to  a 6.0 kb fra g m e n t fo r  P s tl- 
d igested KOS DNA and a 4 .3  kb fra g m e n t fo r  P s tl-d ig es ted  c/27-1 DNA, and 
to  7.1 and 6 .4  kb fra g m e n ts  fo r  S a /I-d igested  KOS DNA and a 11.8 kb 
fra g m e n t fo r  S a /I-d iges ted  c/27-1 DNA (th e  11.8 kb fra g m e n t is generated 
because th e  c/27-1 de le tion  includes a Safi s ite ). W hile th e  hybrid iza tion  
pa tte rns fo r  th e  w ild -typ e  and c/27-1 genom es w ere as expected, a novel 
hyb rid iza tion  p a tte rn  p resented itse lf fo r  th e  c/27rc iso la tes. There fore , the  
Southern b lo t ana lys is con firm ed th a t the  c/27rc isolates are geno typ ica lly  
d is tin c t fro m  bo th  KOS and c/27-1.

T h e  issu e  o f re c o m b in a tio n  an d  D N A -s eq u e n c e  h o m o lo g y

The c/27rc iso la tes con ta in  both th e  w ild - ty p e -  and de le tion-IC P27 alleles. 
S im ple hom ologous recom bination  betw een v ira l and ce llu la r genom es 
canno t exp la in  th e  presence o f the  w ild -ty p e  a lle le  in th e  c/27rc iso la tes; a
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less obv ious , and perhaps m ore  unusual, recom b ina tion  mechanism  seems to  
have been responsib le  fo r insertion  o f the  w ild -ty p e  alle le in the  viral 
genom e. An in te res ting  question is w h e the r a ppa ren t DNA-sequence 
hom ology betw een th e  ce llu la r ICP27 a lle le  and th e  v ira l ICP27 allele is 
essentia l fo r  th e  generation o f RC v irus. To address th is  question , a new <727 
v irus, co m p le te ly  devoid o f apparent hom ology  between itse lf and th e  cloned 
vira l fra g m e n t p resen t in th e  V27-cell genom e, was created. The recom binan t 
v irus <727-2 conta ins an e n tire  de le tion o f th e  ICP27 gene, as well as a 
de le tion  o f  m os t o f th e  coding reg ion—codons 1 -1 1 9  o f 186—o f the  UL55 
gene (F igu re  3 -3C ). Deletion o f m ost o f th e  U L55-coding region was 
unavo idab le  due to  th e  UL55 sequence p resen t in the  ce llu la r HSV-1 
fra g m e n t; fo rtu n a te ly , the UL55 alle le is no t essentia l fo r HSV-1 grow th in 
cell c u ltu re  (1 9 2 , 234). A m a rke r-tran s fe r p ro toco l based upon hom ologous 
recom b ina tion  between plasm id DNA con ta in ing  th e  de letion allele and 
genom ic v ira l DNA conta in ing the  tacZ a lle le  in th e  ICP27 locus was em ployed 
in the  c rea tion  o f <727-2 (2 7 7 ). Verifica tion  o f successful m a rke r-trans fe r was 
effected th ro u g h  PCR analysis o f independen tly  generated v ira l isolates using 
HSV-1 p rim e rs  R65 and R66 (F igure 3 -1 ). P rim er R65 anneals to  a region o f 
sequence in th e  UL53 allele which lies ou ts ide  o f th e  hom ologous 
recom b ina tion  area, and thus when paired w ith  p rim e r R66—which is 
hom ologous to  th e  sequence representing codons 1 3 6 -1 4 2  o f UL55—allowed 
fo r  pos itiona l con firm ation  o f th e  de le tion a lle le  w ith in  the  v ira l genom e (data  
no t show n).

Recall th a t RC v irus is p resen t in h ig h -titre  <727-1 stock a t a frequency o f 
g re a te r th a n  o r equal to  one per l x lO 7 PFU (o r  0 .00001%  o f the  viral s tock). 
The a b ility  o f <727-2 to  recom bine w ith  th e  V 27-ce ll genom e was exam ined in 
parallel w ith  c/27-1 ove r th e  course o f tw o  experim en ts . E ight c/27-1 and 
e igh t c/27-2 plaques grow ing on V27 cells w ere  isolated and used to  in fec t 
3 x l0 6 V 27  cells each fo r  the  purpose o f w ork ing  stock generation. T ite ring  o f 
the  w o rk in g  stocks suggests th a t c/27-2 canno t be fu lly  com plem ented by the  
ICP27 expressed by th e  V27 cells. Plaques o f < /27-2 -in fected  cells too k  
m arked ly  long e r to  develop, and titre s  o f th e  c /27 -2 -w o rk ing  stocks were 
reduced in com parison to those  o f <727-1 by an average o f ten -fo ld . The 
re la tive ly  poor g row th  o f c727-2 in V27 cells m ay be the  resu lt o f the  
pred icted lack o f expression o f the  UL55-gene p roduct. However, it is 
possible th a t  th e  <727-2 phenotype is th e  re su lt o f  the  lack o f expression o f 
an o the r v ira l p ro te in  as well. The <727-2 de le tion  rem oves a polyadenylation 
s ite  th o u g h t to  be associated w ith  the  UL53 tra n s c rip t (204 , 230), and as 
such m ay a lte r  th e  production level o f th e  UL53 pro te in .

As an in itia l m easure o f frequency o f R C -virus genera tion , the  w orking 
stocks o f <727-1 and <727-2 w ere  used to  each in fe c t lx lO 7 Vero cells a t a MOI
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o f 0 .2 . Two dpi, th e  in fections w ere harvested and used to  in fe c t a n o th e r set 
o f l x lO 7 Vero cells. In fec tions  w ere m on itored  fo r th e  appearance o f RC-viral 
plaques un til fo u r dp i. D uring th is  period o f tim e, none o f th e  16 in fections 
showed any signs o f con ta in ing  RC v irus . Because 2 x l0 6 PFU w ere  in itia lly  
in troduced  to  th e  Vero cells, th e  frequency o f RC-virus genera tion  appears to  
be less th an  one e ven t per 2 x l0 6 PFU (constitu ting  less than  0 .0 0 0 0 5 %  o f 
th e  stocks) fo r  c/27-1 and c/27-2.

H ig h -titre  stocks w ere prepared fo r  th e  e ight d 2 7 - l -  and th e  e ig h t c/27- 
2 -w o rk in g  stocks. As was th e  case w ith  th e  working stocks, w hen  th e  h igh- 
t i t re  stocks w ere t itre d , c/27-2 p laques to o k  longer to  develop on th e  V27 
cells and th e ir  t itre s  w ere  on average five -fo ld  low er than th ose  o f c/27-1. 
W he the r th is  g row th  defic iency is th e  re su lt o f an extension o f th e  ly tic  cycle 
o f th e  v iru s —leading to  fe w e r p rogeny being produced fo r a g iven  t im e —o r 
th e  re su lt o f few e r progeny being produced per ly tic  cycle is n o t know n.

To fu r th e r  investiga te  th e  frequency o f RC-virus genera tion  in c/27-1 and 
c/27-2 stocks, lx lO 7 Vero cells w ere in fected with the  h ig h -titre  s tocks o f 
both c/27-1 and c/27-2 a t a MOI o f one. Tw o dpi, the  in fections w ere  
harvested and used to  in fe c t l x lO 7 Vero cells. The appearance o f  RC-viral 
plaques in these in fections was m on ito red  until fo u r dpi, a t w h ich  tim e  tw o  o f 
the  c/27-1 in fections w ere RC-virus pos itive . None o f the  rem a in ing  in fections 
had any ind ica tion  o f RC v irus  being p resen t and w ere te rm in a te d . The fa c t 
th a t on ly  tw o  o f e ig h t c/27-1 h ig h -titre  stocks tested were found  to  conta in  
RC v irus  suggests th a t the  th resho ld  frequency fo r  RC v irus in a c/27-1 s tock 
approaches one per lx lO 7 PFU (co n s titu tin g  approxim ate ly 0 .0 0 0 0 1 %  o f the  
s tock). For c/27-2, RC v irus  appears to  be present a t a frequency  less than 
one pe r l x lO 7 PFU. W hile i t  is te m p tin g  to  conclude th a t the  absence o f RC 
v irus  in c/27-2 stocks is th e  de fin ite  re su lt o f an inab ility  o f the  v ira l genom e 
to  recom bine  w ith  th e  cloned v ira l fra g m e n t present in the  ce llu la r genom e 
due to  a lack o f apparen t hom ology between the tw o , it  w ould be p rem atu re  
to  do so. RC v irus m ay ex is t in c/27-2 stocks at very low o r a lm o s t 
unde tectab le  levels. A m ore sensitive  c/27-2 stock screening w ou ld  have to  be 
perfo rm ed to  tru ly  address th e  question  o f w hether th e  genera tion  o f RC 
v irus  via recom bination  requ ires appa ren t DNA-sequence hom ology. For 
exam ple , l x lO 7 Vero cells could be in fected  a t a MOI o f ten  w ith  th e  h igh - 
t i t re  stocks o f c/27-1 and c/27-2; RC-virus presence could be de tec ted  down 
to  a frequency  o f a p p rox im a te ly  one per 1x10® PFU. In  the  case o f c/27-1, 
such an assay would be expected to  reveal the presence o f RC v iru s  in all 
e igh t h ig h -titre  stocks. The screening o f c/27-1 and c/27-2 s tocks a t even 
m ore sens itive  levels, how ever, would requ ire  (especially in th e  case o f c/27- 
2, which grow s re la tive ly  poorly  in V27 cells) the creation o f m uch la rge r 
vo lum es o f m ore concentra ted  stocks.
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A ll th re e  re p lic a tio n -c o m p e te n t < /2 7 - l  v a ria n ts  a p p e a r to  be id en tica l

Tw o RC d27~ l va ria n ts  w ere observed to  be p resen t in th e  d 2 7 - l  h igh - 
t i t re  stocks tes ted . The in itia l RC c/27-1 va ria n t iso la ted , c /2 7 rc -l, 
d is tingu ished  its e lf w ith  an unusual tw o -IC P 27-a lle le  genotype. Are th e  tw o 
o th e r RC c/27-1 va ria n ts , he rea fte r re fe rred  to  as c/27rc-2 and c/27rc-3, 
p roducts  o f a s im ila r genesis? To address th is  que ry , tw o  isolates fro m  each 
c/27rc va ria n t ( -1 , -2 , and -3 ) were p laque purified  in Vero cells th ree  tim es.
A sm a ll num ber o f Vero cells were in fected then w ith  th e  -a isolate fro m  each 
va ria n t, along w ith  h ig h -titre  KOS (a t a MOI o f one) and h ig h -titre  c/27-1 (a t 
a MOI o f te n ) ,  fo r  th e  purpose o f PCR analysis. In fe c tio n s  w ere a llowed to  
p rogress until tw o  dp i, a t which tim e  th e y  were harvested  fo r  to ta l DNA. PCR 
am p lifica tion  using HSV-1 prim ers R51 and R63 (F igure  3 -1 ) was perfo rm ed 
on an a liq u o t o f DNA representing each v irus ; th e  PCR products th a t w ere 
ob ta ined  are shown in Figure 3-8 . The expected KOS p roduct o f 2382 base 
pairs and c/27-1 p ro du c t o f 757 base pa irs are bo th  p resent in th e ir 
respective  lanes. The 757-base pa ir p ro duc t was also am plified  fo r c /2 7 rc -la , 
-2a , and -3a, ind ica ting  th a t all th re e  RC varian ts  have reta ined the  parenta l 
IC P 27-de le tion  a lle le  a t its orig inal locus.

H aving estab lished th a t the  th ree  RC varian ts  conta in  th e  IC P27-deletion 
a lle le , th e  next log ica l step was to  con firm  th a t rep lica tion -com petency had 
been achieved th ro u g h  th e  in tegra tion  o f the  w ild -typ e -IC P 2 7  alle le p resent 
in th e  V27 cells. PCR analysis using HSV-1 p rim ers R62 (hom ologous to  
ICP27 sequence rep resen ting  codons 2 8 9 -2 9 6 ) and R78 (hom ologous to  
ICP27 sequence represen ting  codons 4 9 7 -5 0 4 ) w as perfo rm ed on all five  
v ira l genom es. Use o f th is  p rim e r pa ir a llows fo r  th e  am p lifica tion  o f a DNA 
region p resent on ly  in th e  w ild -type  a lle le  (F igure 3 -1 ). Figure 3-9 presents 
the  PCR-analysis da ta . The 643-base p a ir p roduct am plified  in the  KOS and 
c/27rc lanes ind ica tes th a t the  three RC varian ts  con ta in  a t least codons 
2 8 9 -5 0 4  o f the  w ild -ty p e  alle le, and m ost like ly  th e  en tire  ICP27 alle le from  
the  V 27 cells as th is  sm all region o f coding sequence its e lf cannot e ffec t 
rep lica tion -com petency . Inclusion o f h ig h -titre  c/27-1 DNA as a negative  
con tro l in the  PCR analys is supports th e  spec ific ity  o f the  am plifica tion  
reac tion ; the  de le tion  a lle le is unable to  provide a tem p la te  fo r  am p lifica tion .

The v ira l fra g m e n t s tab ly  in tegra ted  in to  th e  V 27-ce ll genom e is a 
B am H l-H p a l section encom passing th e  en tire  ICP27 alle le as well as 
app rox im a te ly  50%  o f th e  UL55-coding region (F igure  3 -3 ). When c /2 7 rc -l 
was in it ia lly  characterized  using PCR analysis, it  w as found th a t its 
recom bined fra g m e n t is inclusive o f a s tre tch  o f sequence fro m  codon 289 o f 
ICP27 to  codon 9 o f  UL55. O f in te res t was w he th e r th e  o th e r tw o  RC 
va ria n ts , c/27rc-2 and -3 , also possess recom bined fragm e n ts  conta in ing th is
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sequence s tre tch . To inves tiga te  th is , th e  a fo rem entioned five  v ira l genom es 
w ere  sub jected  to  PCR am p lifica tion  using HSV-1 prim ers R62 and R63 
(F igure  3 -1 ), and the  resu lting  p roducts  w ere  visualized using agarose-gel 
e lec trophores is  (F igure 3 -1 0 ). A 920-base  pa ir p roduct was am p lified  fo r  both 
d 2 7 rc -2  and -3  DNAs, ind ica ting  th a t—like  KOS and c /2 7 rc - l—these  RC 
va ria n ts  also conta in  th e  sequence s tre tch  o f in te rest. As was th e  case in 
F igure 3 -9 , th e  lack o f p roduct in th e  d 2 7 - l  lane supports the  spec ific ity  o f 
th e  a m p lifica tion  reaction.

Toge the r, th e  data presented in F igures 3 -8 -3 -1 0  reveal th a t th e  d 2 7 rc  
va ria n ts  con ta in  both the  o rig ina l IC P 27-de le tion  alle le as well as a t  least the  
C -te rm in a lly -e n co d in g  po rtion  o f th e  w ild -ty p e  a lle le. W hile use o f PCR 
analys is in th e  de te rm ina tion  o f th e  s tru c tu ra l com position o f a genom e 
prov ides a t bes t a lim ited  p ic tu re , all th re e  J2 7 rc  varian ts appear to  be th e  
re su lt o f a s im ila r  recom bina to ry  process. The dele tion alle le is p resen t in all 
th re e  a t its o rig ina l locus, a fa c t th a t v itia te s  th e  possib ility  th a t rep lica tion - 
com petency had been achieved th ro u gh  s tra ig h tfo rw a rd  hom ologous 
recom b ina tion  between v ira l and ce llu la r a lle les. All th ree  appear to  conta in  
th e  w ild -typ e  a lle le  o f ICP27, b u t its  loca tion  w ith in  the  d27rc genom es 
canno t be de te rm ined  fro m  th e  data p resen ted ; a sing le  a lle lic location could 
be com m on fo r  all th ree , o r all th ree  cou ld  have unique inse rtion -pos itions  fo r 
th e  w ild -typ e  alle le.

A m o d el to  e x p la in  th e  </27rc v a ria n ts

The genom ic s truc tu res  o f th e  th re e  d27rc  va rian ts  are unusual in th a t 
th e y  (m o s t like ly ) possess a w ild -typ e -IC P 2 7  alle le obtained from  th e  V 27- 
cell genom e, as well as the  de le tion a lle le  ind ica tive  o f native  d 2 7 - l .  The 
de le tion -IC P 27 alle le has been re ta ined a t its  orig ina l locus. The obvious 
questions a re : i) where are th e  w ild -ty p e  alle les located in the  respective  
d27 rc  va rian ts , and ii) by w ha t recom b ina to ry  process(es) were the y  
incorpora ted?  The data presented in th is  chapte r reveal th a t a 
s tra ig h tfo rw a rd  hom ologous recom b ina tion  even t was no t responsib le fo r  the  
d27 rc  genotypes. Figure 3 -11  illu s tra te s  a possible genesis fo r  th e  d27rc  
va rian ts . This m odel o f tandem  recom b ina tion , which is an exam ple o f 
nonconserva tive  recom bination  (tw o  paren ta l DNAs producing one p rogeny 
DNA), can be realized e ith e r by em p loy ing  hom ologous recom bination , o r  by 
em p loy ing  a process known as hom ology-associa ted  nonhom ologous 
recom b ina tion  (HANR) (2 9 2 ). HANR is a typ e  o f illeg itim a te  recom bina tion  
th o u g h t to  co n tribu te  to  th e  genera tion  o f th e  fo u r equ im o la r isom ers o f HSV- 
1 DNA (3 5 4 ). HANR occurs when a cross-stranded  s truc tu re  (H o lliday-type  
in te rm e d ia te ), m oving along a region o f  hom ology, encounters a reg ion o f 
nonhom ology. A b reak fo rm s, causing ille g itim a te  recom bination betw een
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DNAs. The boundaries betw een reg ions o f hom ology and nonhom ology, 
the re fo re , can be recom binogenic. HANR has been observed to  occur 
between donor and ta rg e t p lasm ids in mouse cells (292 ).

V27 cells contain one o r m ore  s tab ly  in tegra ted  copies o f th e  w ild - 
typ e -IC P 2 7  allele. As Figure 3 -1 1  illus tra tes , th e  a lle le is located on a 
B am H l-H p a l v ira l fra g m e n t, fla n ked  in the  cell by unknow n am o un ts  o f 
pUC19 DNA (the  Hpal s ite  w as destroyed  in th e  clon ing process, and is only 
preserved in the  schem atic as a positiona l m arker). In te g ra tio n  in to  the  v ira l 
genom e begins w ith the  excis ion and circularization o f the  v ira l fra g m e n t and 
its flank ing  p lasm id /ce llu la r DNA th ro u gh  e ithe r a hom ologous o r  illeg itim a te  
recom bination  event; c ircu la riza tion  is necessary fo r  insertion  o f  th e  w ild - 
type  a lle le w itho u t the  co n cu rre n t d isp lacem ent o f th e  de le tion a lle le . The 
hom ologous region from  th e  S tu l s ite  in the  ICP27 alle le to  th e  H pal s ite  in 
UL55—present in both th e  c ircu la rized  DNA and th e  d 2 7 - l  g eno m e —allows 
then fo r  th e  fo rm ation  o f a c ross-s tranded  s truc tu re . Under the  hom ologous 
recom bination  scenario, reso lu tion  o f the  cross-stranded s tru c tu re  before it 
m igra tes to  the  end o f the  reg ion  o f shared hom ology resu lts in th e  
hom ologous insertion o f th e  p lasm id /ce llu la r DNA and w ild -typ e  a lle le  into  
the  c/27-1 genome. However, i f  th e  cross-stranded s tru c tu re  is n o t resolved 
before  it  encounters th e  nonhom ologous region, a recom binogen ic  po in t is 
created (de lineated by th e  a rro w ), resu lting  in th e  illeg itim a te  inse rtion  (via 
HANR) o f th e  p lasm id /ce llu la r DNA and w ild -type  a lle le  in to  th e  c/27-1 
genom e. The end-resu lt o f e ith e r scenario is the  sam e: tw o  a lle les essentia lly 
ex is ting  in tandem  in the  genom e.

The PCR analysis perfo rm ed on th e  c/27rc va rian ts  presents evidence fo r 
th e  existence o f two ICP27 a lle les w ith in  the  same v ira l genom e, b u t does 
no t d ire c tly  va lidate the  proposed m odel o f tandem  recom b ina tion . The 
Southern b lo t data o f Figure 3 -7  p resen t a t/27rc genom e th a t is apparently  
qu ite  d iffe re n t s truc tu ra lly  fro m  th e  genomes o f both KOS and c/27-1. 
Because th e  exact size and n a tu re  o f th e  proposed p la sm id /ce llu la r DNA 
inse rt link ing  the  tw o IC P27-a lle le  sections is no t known (see F igure  3 -11 ), it 
is d iff ic u lt to  reconcile th e  h yb rid iza tion  patterns o f c/27rc w ith  th e  model o f 
tandem  recom bination. H ow ever, th e  presence o f the  sm all su b -2 .0  kb 
fra g m e n t in the  P s tl-d iges t lanes fo r  d 2 7 rc - l (F igure 3 -7 ) is p red ic ted  by the 
m odel (see Figure 3 -11 ), based upon th e  continued existence o f a known 
PstI-re s tric tion  site w ith in  th e  p la sm id /ce llu la r DNA insert.

The question m arks id e n tify in g  th e  genom ic area im m ed ia te ly  
dow nstream  o f the inserted sequence (see Figure 3 -1 1 ) rep resen t the  
poss ib ility  o f deleted sequence. Both hom ologous recom bina tion  and HANR 
a llow  fo r  insertion and en d -liga tio n  to  th e  orig inal recom binogen ic  po in t 
p resen t in the  v ira l genom e (th u s  re -crea ting  the  UL55 a lle le), b u t HANR also
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allows fo r  d isp lacem en t and loss o f genom ic DNA dow nstream  o f the  
recom binogenic po in t. I t  is possible th a t th e  cf27rc varian ts conta in  de le tions 
in the  UL55 and UL56 alleles. T h e ir loss w ou ld  like ly  no t a ffec t rep lica tion - 
com petency, as th e y  are both d ispensable fo r  HSV-1 grow th  in cell cu ltu re  
(192, 2 34 ). Th is d isp lacem ent and loss o f genom ic sequence m ay e lim ina te  
HANR-insertion o f th e  w ild -typ e  allele in th e  opposite  d irection  (a t th e  
recom binogenic p o in t de lineated by th e  s ta r), as th e  UL53 a lle le  is essentia l 
fo r v ira l v ia b ility  (1 4 3 , 148).

Synopsis

Because o f its  penchant fo r  in fecting  non-d iv id ing  cells, especia lly 
neurons, and its  a b ilities  to  to le ra te  large exogenous DNA insertions and to  
persist in th e  in fected  cell in a s ta te  o f la tency , use o f HSV-1 is a ttra c tive  
from  a g e ne -th e ra p y  perspective. One concern, however, deals w ith  the  
abrogation o f  v ira l rep lica tion ; n o t on ly is th e  process o f v ira l rep lica tion  tox ic  
to  the  ce ll, v ira l p rogeny are produced w hich are able to  in fec t ad jacen t cells. 
This concern has lead to  the  deve lopm en t o f rep lica tion -de fective  stra ins o f 
HSV-1. R ep lica tion -de fective  HSV-1 m us t be propagated in a com p lem enting ­
cell line (e .g . V27 ce lls). Use o f such a cell line  raises the  spectre  o f w ild - 
ty p e -re c o m b in a n t v irus  genera tion  as a d ire c t resu lt o f recom bination 
between th e  v ira l genom e and the  cloned v ira l fra g m e n t p resen t in the  
ce llu lar genom e. To ensure th e  safety o f th e ra pe u tic  HSV-1 stocks, the re fo re , 
the p o te n tia lity  o f recom bination  occurring  m ust be addressed, w ith  th e  goal 
o f m in im iza tion  a n d /o r e lim ina tion .

The d e tec tion  o f RC v irus in supposedly rep lica tion -de fec tive  HSV-1 
stocks is w e ll docum ented (1 8 2 ). When o u r ex is ting  labo ra to ry  stocks o f 
rep lica tion -de fec tive  HSV-1 w ere  exam ined fo r  th e  presence o f RC v irus , all 
were found  to  be pos itive  fo r  RC v irus a t a frequency o f app rox im a te ly  10 '7. 
In te re s tin g ly , in th e  case o f RC d 2 7 -l  ( i.e . d27 rc ), both the  o rig ina l ICP27- 
deletion a lle le  and th e  w ild -typ e  allele w ere  detected in the  v ira l genom e. 
While the  loca tion  o f the  de le tion  allele is know n, th e  location o f the  w ild -typ e  
allele is no t. A proposed m odel fo r the  genesis o f J2 7 rc  places th e  w ild -type  
allele in a ta ndem  o rien ta tion  w ith  the  de le tion  a lle le. This genom ic s tru c tu re  
could be con firm ed  th rough  th e  fo llow ing  m ethodo logy: d27rc DNA is 
digested w ith  va rious res tric tion  enzym es and subjected to  Southern  b lo t 
analysis fo r  th e  purpose o f iden tify ing  res tr ic tion  fragm ents  con ta in ing  ICP27 
N -te rm in a l-co d in g  sequence. Pertinent re s tric tion  fragm ents  are then cloned 
into pUC19 and sequenced. Based upon th e  sequence analysis, the  
recom binogenic loca tion (s) are  identified .

The issue o f w he the r apparent DNA-sequence hom ology—between vira l 
genome and ce llu la r inse rt—is required fo r  th e  generation o f RC v irus  was
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exam ined by screening h ig h -titre  stocks o f  d 2 7 - l  and d 2 7 -2  fo r  th e  presence 
o f RC v irus , c/27-2, w hich  shares no appa ren t sequence hom o logy  w ith  the  
ce llu lar inse rt, was found  to  be RC-virus nega tive  a t a fre q u en cy  o f less than  
approx im a te ly  10 '7. W hile  n o t en tire ly  unexpected , g iven th e  lack o f apparent 
hom ology, a m ore  sens itive  screening o f c/27-2 will have to  be perform ed in 
o rder fo r  th e  s tock  to  be tru ly  designated RC-virus nega tive . I t  is hoped th a t 
deletion o f a p pa ren t hom o logy  obviates th e  ab ility  o f RC v iru s  to  be 
generated. I f  th is  is found  to  be tru e , it  w ill help to  ensure  th e  sa fe ty  o f 
the rapeu tic  HSV-1 stocks.
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F ig u re  3 -1 .  A n n e a lin g  lo catio ns  o f H S V -1 -P C R  p rim e rs  Illu s tra te d  
are th e  annea ling  locations o f PCR prim ers  (represen ted  as num bered 
triang les) fo r  HSV-1 and V27-cell genom es. HSV-1 sequence and 
p lasm id /ce llu la r DNA are represented by th in  and th ic k  horizonta l lines, 
respective ly. ( * )  denotes a lost res tric tion -en zym e  s ite , present fo r  positional 
purposes. B—B a m H I; S—StuI; H—HpaV, A—A atll.
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F igure  3 -2 . T h e  RC v a ria n ts  o f M 1 6  h av e  lo s t th e ir  e n g in e e re d  
X h o l  s ites  Viral DNAs w ere  subjected to  PCR am p lifica tion  using HSV-1 
p rim ers R62 and R63. Post-PCR DNA was digested w ith  Xhol and visualized 
using agarose-gel (1 .4 % ) e lectrophoresis. Lanes are represented  as fo llow s: 
M l—B stE II-d igested  X DNA; M2—tfa e lll-d ig e s te d  pUC19 DNA; M 16—High- 
t itre -M 1 6  post-PCR DNA; 0, 18, 30, 60, 120, 240—UV-exposed M16-RC 
va ria n t post-PCR DNAs. All m arker sizes are in base pairs. PCR am p lifica tion  
y ie lds a 920-base p a ir p roduc t; d igestion w ith  Xhol resu lts in a 595- and a 
325-base pa ir p roduct.
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A. Homology flanking mutation on both sides

UL53 B X ICP27 M i l ,  M15, 
M16, d4-5

B ICP27
/ /  M il  cells

B. Homology on one side only

UL53 B

B ICP27
y  M27 cells

C. No homology

UL53 *

B ICP27

- / /  d l l - 1  

t y  M il  cells

F ig u re  3 -3 . R eg ion s  o f  h o m o lo g y  b e tw e e n  v ira l co n s tru c ts  and  
V 2 7  ce lls  Illu s tra te d  a re  genom ic schem atics representing  HSV-1 m utants 
and V27 cells. HSV-1 sequence and p lasm id /ce llu la r DNA are  represented by 
th in  and th ic k  horizon ta l lines, respective ly. ( * )  denotes a lo s t res tric tion - 
enzym e s ite , p resent fo r  positiona l purposes. B—S am H I; S—S ta l;  H—Hpal) 
A—A a tll.
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F ig u re  3 -4 . T h e  RC v a ria n ts  p re s e n t in  H S V -1  m u ta n t s to cks  
c o n ta in  th e  C -te rm in a l-e n c o d in g  s ec tio n  o f th e  IC P 2 7  a lle le  Vira l DNAs 
w ere  sub jected  to  PCR am p lifica tion  using HSV-1 prim ers R62 and R63. Post- 
PCR DNA was v isua lized using agarose-gel (1 .2 % ) e lectrophoresis. Lanes are 
rep resen ted  as fo llo w s : M—S stE II-d iges ted  X DNA; Mock—ce llu la r DNA on ly ; 
c /27-1— H ig h -titre  c/27-1; KOS—H ig h -titre  KOS1.1; 0 —UV-exposed M16-RC 
v a r ia n t; c /4 -5 rc , c/27rc, M16rc, M 15rc, M l l r c —RC varian ts  o f c /4 -5 , c/27-1, 
M 16, M 15, and M i l ,  respective ly. A ll m a rke r sizes are in base pa irs. PCR 
a m p lifica tio n  y ie lds a 920-base p a ir p roduct.
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Figure  3 -5 .  T h e  RC v a r ia n ts  o f M i l ,  M 1 5 , an d  M 1 6  h a v e  lo st th e ir  
e n g in e e re d  X h o l  s ite s  Post-PCR DNA was d igested w ith  Xhol and 
visualized using agarose-gel (1 .5 % ) e lectrophoresis. Lanes are represented 
as fo llow s: M —S stE II-d igested  X DNA; M l l r c ,  M 15rc, M16rc, c /2 7 rc - la —RC 
varian ts  o f M i l ,  M15, M16, and c/27-1, respective ly ; 0—UV-exposed M16-RC 
va rian t; M16—H ig h -titre  M16. A ll m arker sizes are in base pa irs. PCR 
am plifica tion  y ie lds a 920-base p a ir p roduct; d igestion  w ith  X hol results in a 
595- and a 325-base  pa ir p roduct.
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F ig u re  3 -6 . T h e  c /2 7 rc - l is o la te s  h a v e  re ta in e d  th e  IC P 2 7 -d e le t io n  
a lle le  V ira l DNAs w ere sub jected  to  PCR am plifica tion  using HSV-1 p rim ers  
R51 and R63. Post-PCR DNA was v isua lized  using agarose-gel (1 .2 % ) 
e lectrophores is . Lanes are represented  as fo llow s: M—B stE II-d iges ted  X DNA; 
Mock—ce llu la r DNA on ly ; c /2 7 rc - la , - l b — RC isolates o f c/27-1; d 2 7 - l— High- 
t it re  d 2 7 - l .  Ail m a rke r sizes are in base pairs. PCR am p lifica tion  across the  
IC P 27-de le tion  locus yie lds a 757-base  p a ir product.
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PstI SalI

F ig u re  3 -7 . T h e  </27rc is o la te s  a re  g e n o ty p ic a lly  d is tin c t fro m  both  
KOS a n d  d 2 7 - l  V ira l DNAs w ere  d igested  w ith  e ith e r P stI o r  S ail and 
separated on a 1%  agarose gel. Follow ing acid and a lka li tre a tm e n t, 
fra g m e n ts  w ere tra n s fe rre d  to  a nylon m em brane and hybrid ized  to  32P- 
labeled pP s27pd l (linea rized  w ith  EcoRI). Shown is th e  resu lting  
au to rad iograph . Size m arkers  are in kb. Lanes are represen ted  as fo llow s: 
KOS—H ig h -titre  KO S1.1; c/27-1—H ig h -titre  c/27-1; c/27rc—RC iso la te (s ) o f 
d27 -1 .
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F ig u re  3 -8 .  T h e  th re e  RC v a rian ts  h ave  re ta in e d  th e  IC P 2 7 -  
d e le tio n  a lle le  a t  its  o r ig in a l locus Viral DNAs w ere sub jected to  PCR 
am p lifica tion  using HSV-1 p rim ers  R51 and R63. Post-PCR DNA was 
visua lized using agarose-gel (1 % ) e lectrophoresis. Lanes are represented as 
fo llow s: M—B stE II-d iges ted  X DNA; Mock—ce llu la r DNA on ly ; KOS—H igh-titre  
KOS1.1; c/27-1—H ig h -titre  c/27-1; c /27 rc -la , -2a , -3 a —RC va rian ts  o f c/27-1. 
All m a rke r sizes are in base pa irs. PCR am p lifica tion  across th e  ICP27 locus 
yie lds a 2382-base  p a ir p roduct fo r  the w ild -ty p e  a lle le , and a 757-base pa ir 
p roduct fo r  th e  de le tion  alle le.
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F ig u re  3 -9 . T h e  th re e  RC v a r ia n ts  conta in  th e  C- 
te rm in a l-e n c o d in g  section o f  th e  IC P 2 7  a lle le  V ira l DNAs w ere 
sub jected  to  PCR am plifica tion  using HSV-1 prim ers R62 and R78. Post-PCR 
DNA was v isualized using agarose-gel (1 .2 % ) e lectrophoresis. Lanes are 
represented as fo llow s: M—/Y/77dIII-digested X. DNA; M ock—ce llu la r DNA only; 
KOS—H ig h -titre  KOS1.1; c/27-1—H igh -titre  c/27-1; c /2 7 rc - la , -2a , -3 a —RC 
va rian ts  o f c/27-1. All m arker sizes are in base pairs. PCR am p lifica tion  yields 
a 643-base pa ir product.
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F ig u re  3 -1 0 .  T h e  th re e  RC v a r ia n ts  c o n ta in  a reco m b ined  s tre tc h  
o f s e q u e n c e  fro m  codon 2 8 9  o f IC P 2 7  to  codon 9  o f U L55 Viral DNAs 
w ere  sub jec ted  to  PCR am plifica tion  using HSV-1 prim ers R62 and R63. Post- 
PCR DNA w as v isua lized  using agarose-gel (1 .2 % ) e lectrophoresis. Lanes are 
rep resen ted  as fo llo w s : M—S stE II-d igested  X DNA; Mock—cellu lar DNA o n ly ; 
KOS— H ig h -titre  KO S1.1; d 2 7 - l—H ig h -titre  d 2 7 - l ;  c /2 7 rc -la , -2a, -3 a —RC 
va ria n ts  o f d 2 7 - l .  A ll m arker sizes are in base pairs. PCR am plifica tion  y ie lds 
a 920-base  p a ir p roduct.
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78 63
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► -4 -4
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F ig u re  3 -1 1 .  A  m odel o f re c o m b in a tio n  in  ta n d e m  fo r  < /27rc
Proposed is a d iagram  illu s tra ting  th e  genom ic s tru c tu re  o f c/27rc as a resu lt 
o f  recom b ina tion  between V27 ce lls and c/27-1 (see te x t fo r  de ta ils ). HSV-1 
sequence and p lasm id /ce llu la r DNA are represented  by th in  and th ic k  
ho rizon ta l lines, respective ly. ( * )  denotes a los t res tric tion -enzym e s ite , 
p resen t fo r  positiona l purposes. B—Bam Hl) S—S tu l) H—Hpal. Present also 
are th e  annea ling  s ites fo r va rious  HSV-1-PCR prim ers (solid tr ia n g le s ).
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Characterization of the HSV-1 -ICP27 Revertant 
M16R: Part I

Sequence hom ologues o f ICP27 are found  n o t o n ly  in v iruses from  the  
th re e  hum an herpesvirus classes, b u t a lso in non-hum an herpesviruses 

as w ell (1 2 , 23 ). In  fac t, ICP27 has th e  d is tin c tion  o f being th e  on ly  IE 
p ro te in  fo r  which sequence hom ologues e x is t in all known herpesviruses 
(2 3 8 ). The portion  o f th e  prote in  m ost conserved between the  various 
hom ologues is th e  C -te rm ina l section o f a pp ro x im a te ly  200 residues. The N- 
te rm ina l h a lf o f ICP27 is no t well conserved am o ngs t herpesviruses. This 
close degree o f conservation  o f the  C -te rm ina l po rtion  o f ICP27 suggests th a t 
th is  p o rtion  is fu nc tiona lly  im po rtan t—a suppos ition  supported by th e  
experim en ta l data. G enetic m anipu lation ( in se rtio n s , a lte ra tions, and 
de le tions) o f  the  C -te rm ina l portion o f ICP27 abrogates its  a b ility  to  e ffec t th e  
ac tiva tion  and repression o f transfected re p o rte r genes (125, 208, 282), as 
well as its  a b ility  to  com plem ent the g row th  o f ICP27 deletion v iruses (208, 
282 ). In  th e  v ira l con text, construction o f recom b inan t v iruses bearing ICP27 
alle les conta in ing  C -te rm ina l-codon  de le tions resu lts  in non-v iab le  v irus 
(2 0 8 , 2 7 7 ); a num ber o f C -term inal su b s titu tio n  m uta tions are also lethal 
(2 7 8 ).

The iso la tion o f second-site  reve rtan ts  o f g row th -de fec tive  v iruses is 
useful fo r  tw o  reasons. F irstly, in the  case o f  p o in t m utan ts, second-s ite

* A version o f this chapter has been published: Bunnell, S. M., and S. A. Rice. 
2000. Journal of Virology. 74:7362-7374.
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in trage n ic  reve rtan ts  can p o te n tia lly  p rov ide  ins igh ts  in to  the  3 °  s tru c tu re  o f 
th e  m u ta ted  pro te in  in question . Secondly, second-s ite  ex tragen ic  revertan ts  
can po te n tia lly  id e n tify  p ro te in -p ro te in  in te rac tions . O ur labo ra to ry  was 
in te res ted  in iso la ting second-s ite  re ve rta n ts  o f th e  g ro w th -d e fe c tive  viruses 
M i l ,  M15, and M16 (2 78 ). These v iruses are characterized by codon 
sub s titu tio ns  in th e  C -te rm ina l h a lf o f ICP27, w hich inac tiva te  p ro te in  
fun c tion . By selecting fo r  g row th  in non-com p lem en ting  cells, a second-site 
re v e rta n t o f M16—designated M16R—was iso la ted ; characteriza tion  revealed 
th a t M16R conta ins both an in tra ge n ic  reversion and one o r m ore  extragen ic 
m u ta tions . This cha p te r addresses th e  na tu re  o f th e  in tra gen ic  reversion. 
C on trib u tion (s ) by th e  extragen ic  m u ta tio n (s ) to  M16R's pheno type  are 
presented in the  fo llow ing  ch a p te r (C hap te r 5).

M 1 6 R  c o n ta in s  an  in tra g e n ic  re ve rs io n

As m entioned in C hapter 3, second-s ite  reve rtan ts  had never been 
observed to  have spontaneously arisen in o u r h ig h -titre  stocks. Because o f 
th e  presence o f RC v irus  in o u r h ig h -titre  stocks, genera ted  as a resu lt o f 
recom bina tion  w ith  the  V27-cell genom e, it  was n o t practica l to  sub jec t any 
h ig h -titre  stocks to  a reve rta n t-sc reen ing  procedure. Ins tead , s ix plaques o f 
M16 w ere  ind iv idua lly  isolated fro m  a V 27-ce ll in fec tion . The p robab ility  th a t 
any one o f these s ix  plaques con ta ined  RC v irus  was e x tre m e ly  sm all. V irus 
conta ined w ith in  th e  plaques was libe ra ted  th rou gh  th re e  rounds o f freeze- 
th a w in g , and a sm all num ber o f Vero cells w ere infected w ith  th e  plaque 
lysates. A fte r a 4 8 -h o u r period, th e  in fections w ere te rm ina ted  by freeze- 
th a w in g , and a portion  o f th e  resu lting  lysates was used to  in fe c t another se t 
o f flasks conta in ing Vero cells. G ro w th -co m pe te n t v irus  (M 16R) appeared 
w ith in  one o f the  Vero flasks th re e  dp i. Selection fo r  g row th  in non­
com p lem enting  cells produced a re v e rta n t su rp ris ing ly  easily considering th a t 
th e  a m o un t o f v irus  screened was sm all (s ix  p laques o f M16, each plaque 
con ta in ing  on the  o rde r o f 103-1 0 4 PFU).

M16 cannot g row  in Vero celis because o f a codon -substitu tion  m utation  
a t position  488 o f ICP27 (278 ). The  in troduc tion  o f a Xhol s ite  a lte red  the  
na tive -cys te ine  codon a t th is  pos ition  to  a leucine codon (F igure  4 -1C ). As 
cyste ine  residues can be im p o rta n t in th e  m ain tenance o f th e  3 ° s truc tu re  o f 
a p ro te in , i t  is re la tive ly  sim ple  to  envis ion how such a subs titu tion  could 
a ffe c t p ro te in  func tiona lity . I t  was possible th a t th e  g row th -com pe tency  
observed was the  resu lt o f a p rim a ry  revers ion  event. I f  tru e , then  M16R 
w ould  have los t th e  Xhol s ite . To exam ine  th is  poss ib ility , the  M16R virus 
was p laque purified in Vero cells and its  genom e was sub jected  to  PCR 
am p lifica tion  along w ith  v ira l DNA fro m  KOS and M16 in fections. The region 
am p lified  was a C -te rm ina l-codon  s tre tch  o f ICP27, inclusive o f th e  Xhol site.
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D igestion o f th e  PCR products w ith  X hol revealed th a t M16R had retained the  
Xhol s ite  (da ta  n o t show n). I t  was concluded th a t  th e  v irus  is the re fo re  the  
re su lt o f second-s ite  revers ion(s).

To address w h e th e r o r no t M16R conta ins an in tra gen ic  reversion, the  
ICP27 a lle le  fro m  M16R was cloned in to  pUC19—yie ld ing  th e  plasm id 
pM 16R27—and tes ted  fo r  its  a b ility  to  com p lem en t th e  g ro w th  o f d 2 7 -l 
(F igure  4 -1 B ) (2 7 7 , 279). Duplicate sam ples o f  Vero cells w ere  transfected 
w ith  e ith e r pUC19 (N one), p27 (W T), pM 1627 (M 16), o r pM 16R27. One day 
la te r, th e  cells w ere  in fected  w ith  d 2 7 - l  and a llow ed to  incuba te  fo r  
app rox im a te ly  24  hours. In fections w ere  te rm in a te d  by sub jec ting  the cells to  
free ze -thaw  cycles, and d 2 7 - l  titre s  w ere  de te rm ined  using com plem enting 
V27 cells. F igure 4 -2  shows the  re su lt o f th e  com p lem e n ta tion  experim ent. 
W ild -type  ICP27 (W T), expressed in trans, is ab le  to  com p lem en t the g row th 
o f d 2 7 - l  a p p ro x im a te ly  f iv e  logs g re a te r than  no ICP27 (N on e ). As was 
expected, M16 ICP27 was unable to  com p lem en t (2 7 8 ). H ow ever, 
trans fec tion  o f th e  M16R-ICP27 a lle le  resu lted in a s ig n ifica n t level o f 
co m p le m e n ta tion —approx im ate ly  th re e  logs g re a te r than  th e  
com p lem enta tion  observed by the  M 16-ICP27 p ro te in —ind ica ting  th a t M16R 
does indeed conta in  an in tragen ic  reversion.

T h e  in tra g e n ic  revers io n  o f M 1 6 R  is a b as e  a d d itio n

In  o rd e r to  id e n tify  the  in tragen ic  reve rs ion , th e  en tire  M16R-ICP27 alle le 
was sequenced. A po in t reversion was expected , g iven  th e  p o in t-m u ta tion  
na tu re  o f th e  paren t. Unexpectedly, th e  on ly  dev ia tion  th a t was found from  
th e  M16 sequence is an extra  cytosine base w ith in  an e x is ting  run  o f 
cytosines a t codons 2 1 5 -2 1 7 . A s tre tch  o f e ig h t cytosines (W T and M16) has 
becom e a s tre tch  o f n ine cytosines fo r  th e  M 16R-ICP27 a lle le  (F igures 4-1A , 
4 - ID ,  and 4 -3 A ). As a resu lt, s ta rting  a t codon 218 , 72 new  am ino  acids are 
coded fo r, ending w ith  a stop codon a t position  290 (F igure  4 -3 B ).

M 1 6 R  produces a tru n c a te d  IC P 2 7  p ro te in

To con firm  th a t M16R expresses a tru n ca te d  ICP27 p ro te in  during the  
ly tic  cycle, w este rn  b lo t analysis was pe rfo rm ed . ICP27 p roduction  was 
exam ined a t fo u r  hpi fo r  KOS, M16, and M16R in fec tions in Vero cells. Total 
p ro te in , which had been separated on a 15%  S D S -po lyacry lam ide  gel, was 
trans fe rred  to  a n itroce llu lose  m em brane and probed w ith  th e  monoclonal 
an tibody  H 1113 ; H1113 recognizes residues 1 0 9 -1 3 7  o f ICP27 (209). 
H 1113-bound ICP27 was visualized using a horserad ish perox idase- 
con juga ted  secondary an tibody and an enhanced chem ilum inescence system  
(F igure  4 -4 ). As expected, KOS and M16 produce ICP27 p ro te ins  
app rox im a te ly  63 kDa in mass (2 ). M16R produces an ICP27 pro te in
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appro x im a te ly  38 kDa in m ass, cons is ten t w ith th e  h igh ly  tru n ca te d  ICP27 
predicted by sequence analysis to  be produced by M16R.

T h e  tru n c a te d  p ro te in  is s tro n g ly  n u c leo la r in  its  lo ca liza tio n

The in tra ce llu la r loca lization  o f th e  ICP27 p ro te ins produced by KOS,
M16, and M16R during  in fec tion  was exam ined. Vero cells w ere  in fected  w ith 
the  th re e  v iruses, and a t fo u r hpi w ere processed fo r  ind ire c t 
im m unofluorescence using H1113 and a rhodam ine-con juga ted  secondary 
an tibody (F igure  4 -5 ). D uring a KOS in fection , ICP27 is found  p redom inan tly  
in th e  nucleus o f th e  in fected cell (2 7 7 ); the  pa tte rn  o f s ta in ing  is speckled in 
appearance, and is o ften  re fe rred  to  as punctate (2 5 3 ). A low  level o f d iffuse 
cytop lasm ic s ta in ing  is also observed. In  the  case o f in fec tion  w ith  M16, the 
loca lization pa tte rn  o f ICP27 is a lte red  fro m  the w ild -typ e -lo ca liza tio n  pattern 
in tw o  d is tin c t w ays: i) th e re  is a neglig ib le  am ount o f cy top lasm ic  s ta in ing ; 
and, ii) ICP27 is excluded fro m  th e  nucleolus o f th e  in fected  cell. Nucleolar- 
exclusion is assessed based upon a corresponding phase -con tras t fie ld , not 
presented in th e  figu re . M16 is g row th-de fec tive  in Vero cells. O the r ICP27 
m utan ts  exh ib iting  a s im ila r loca lization pattern  o f nuc leo la r-exc lus ion  are 
also g row th -de fec tive  (209 , 2 7 7 ). A lthough the func tiona l s ign ificance o f 
nucleo lar-exclusion is unknow n, i t  is possible th a t ICP27 p lays an essential 
ro le in th e  pos t-transcrip tiona l m od ifica tion  o f viral tra n sc rip ts  in th e  
nucleolus, o r th a t i t  fa c ilita tes  its  sh u ttling  function th ro u gh  a nucleo la r 
partnersh ip .

In fec tion  w ith  M16R produces an ICP27-loca lization p ro file  d ram atica lly  
d iffe re n t from  the  loca lization p ro files observed fo r  KOS and M16 infections. 
The 289-am ino  acid pro te in  produced by M16R, in s ta rk  co n tra s t to  th e  M 16- 
loca lization p ro file , is s tro n g ly  nucleo la r in its loca lization du ring  in fection .
One o th e r ICP27 m u ta n t, th e  C -te rm in a l-tru n ca tio n  v irus  /7263R, exh ib its  a 
s im ila r in tra ce llu la r loca lization p ro file  (277 ). There fore , th e  fram esh ifted  
am ino acids, which com prise th e  new C -term inus o f th e  ICP27 p ro te in  
produced by M16R, do no t appear to  e ffe c t the  loca lization  o f th e  p ro te in  to  
the  nucleolus o f th e  infected cell. I t  is possible th a t th e  tru n ca tio n  o f ICP27 to 
a pro te in  a pp rox im a te ly  ha lf-the -s ize  o f th e  w ild -type  p ro te in  enhances the  
a b ility  o f ICP27 to  in te ra c t w ith  rRNA and ribonucleopro te in  partic les present 
in the  nucleolus. The tw o  v iruses, how ever, are the  a n tithes is  o f one another 
w ith  respect to  g ro w th -com pe tency ; M16R can grow  in Vero cells, whereas 
n263R  canno t (2 7 7 ).

Figure 4-3C  presents a com parison o f the  percent co n te n t o f a rg in ine  and 
g lyc ine residues presen t fro m  codon 217 to  end fo r  bo th  w ild -typ e  and M16R 
ICP27 pro te ins. The novel s tre tch  o f 72-am ino acids coded fo r  by M16R is 
e x trem e ly  a rg in ine - and g lyc ine -rich  and resembles th e  RGG-box region
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located in th e  N -te rm ina l section o f th e  p ro te in  (codons 1 3 9 -1 5 3 ). I t  has 
been shown th a t th e  RGG box o f ICP27 m ed ia tes a RNA-binding a c tiv ity  
(209 , 211, 299 ). I f  indeed ICP27 perfo rm s an essentia l RNA-based function  
w ith in  th e  in fected  cell, then perhaps the  ICP27 p ro te in  produced by M16R 
effects th a t func tion  in a heightened capacity. Th is he ightened func tion  m ay 
p a rtia lly  su b s titu te  o r replace the  regu la to ry  a c tiv ity  associated w ith  the  
norm al C -te rm ina l h a lf o f ICP27.

O n ly  an  e x tra  cytos ine  is re q u ire d  fo r  c o m p le m e n ta tio n

Sequence analysis o f the  cloned M16R-ICP27 a lle le  revealed on ly a sing le  
change fro m  th e  parenta l M16-ICP27 alle le: a run  o f e ig h t cytosine bases a t 
codons 2 1 5 -2 1 7  fo r  M16 has become a run o f n ine  cytosines fo r M16R. In  
o rd e r to  ve rify  th a t an extra cytosine alone is responsib le  fo r  M16R's 
com p lem enta tion  phenotype, an extra  cytosine was introduced into both 
M16- (y ie ld ing  th e  plasm id pM1627exC) and w ild - ty p e -  (y ie ld ing  th e  plasm id 
p27exC) ICP27 alle les. These new alleles (F igures 4-1E  and 4-1F) were 
tested  then  fo r  th e ir  ab ility  to  com plem ent th e  g ro w th  o f c/27-1. Duplicate 
sam ples o f Vero cells were transfected w ith  e ith e r pUC19 (N one), p27 (W T), 
pM 1627 (M 16), pM16R27 (M16R), pM 1627exC, o r  p27exC. One day la te r, the  
cells w ere  infected w ith  c/27-1, and a fte r a llow ing  fo r  a sing le  replication 
cycle, w ere sub jected to  th ree  freeze -thaw  cycles. Resulting c/27-1 progeny 
w ere titre d  using V27 cells (F igure 4 -6 ). The da ta  show th a t the  new alleles 
can com p lem ent a c/27-1 infection to  th e  sam e leve ls as the  orig inal M16R 
alle le, and th e re fo re  indicate th a t an extra cy tos ine  is th e  only in tragen ic  
reversion requ ired  fo r  M16R's com plem enta tion  phenotype.

T h e  tru n c a te d  IC P 2 7  p ro te in  is fu n c tio n a l

M16R produces a truncated  ICP27 p ro te in . I t  is possible th a t the  
trunca ted  ICP27 is functional and is itse lf responsib le  fo r  the  observed c/27-1 
g row th  com p lem enta tion . However, i t  is also possib le th a t a m odicum  o f C- 
te rm in a l-b e a rin g  ICP27 is being produced via an a lte rna te  m echanism , such 
as trans la tiona l fram esh ifting  (1 39 ), and th a t th is  re-coded prote in  accounts 
fo r  the  g row th  com p lem enta tion . To address th e  question  o f w he the r the  
trunca ted  ICP27 p ro te in  o f 289 am ino acids is its e lf  unequivocally 
com p lem enta tion -com peten t, codons 3 0 6 -5 1 2  w ere  dele ted from  an e x tra ­
cy tos ine-con ta in ing  a lle le (F igure 4-1G ). This new  alle le (conta ined w ith in  the  
plasm id pexCd305) was tested then fo r  its a b ility  to  com p lem ent th e  grow th  
o f c/27-1. D uplicate  samples o f Vero cells w ere trans fec ted  w ith e ithe r pUC19 
(N one), p27 (W T), p27exC (WTexC), o r pexCd305. One day la ter, th e  cells 
w ere in fected w ith  c/27-1, and a fte r a llow ing fo r  a sing le  rep lica tion cycle, 
w ere sub jected to  th ree  freeze-thaw  cycles. R esulting c/27-1 progeny were
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t itre d  using  V27 ceils (F igure  4 -7 ). The  data show th a t th e  exC d305-de le tion  
a lle le  can com p lem en t a c/27-1 in fec tion  to  th e  same levels as th e  non­
de le tion  a lle le . The re fo re , the  trunca te d  ICP27 prote in  produced by M16R is 
fu n c tio n a l and accounts fo r  the observed d 2 7 - l  g row th  com p lem enta tion .

T h e  n o ve l 7 2 -a m in o  acids a re  re q u ire d  fo r  p ro te in  fu n c tio n

The  ICP27 p ro te in  produced by M16R is composed o f 217 w ild - 
ty p e -a m in o  acids, fo llow ed by a novel 72 -am ino  acid C -te rm ina l section. To 
d e te rm in e  i f  th is  novel s tre tch  o f am ino  acids con tribu tes to  p ro te in  func tio n , 
a stop  codon was engineered a t pos ition  218 o f the  exC d305-de le tion  a lle le 
(y ie ld in g  th e  p lasm id pn217d ); th is  new  a lle le  (F igure 4 -1 H ) was tes ted  fo r  
its  a b ility  to  com p lem en t th e  g row th  o f  d 2 7 - l .  Duplicate sam ples o f Vero 
cells w e re  tra ns fe c te d  w ith  e ithe r pUC19 (N one), p27 (W T), pexCd305 
(exC d305 ), o r  pn217d. One day la te r, th e  cells were infected w ith  d 2 7 - l  and 
incuba ted  fo r  a s ing le  rep lication cycle. Resulting d 2 7 -l  p rogeny, released 
th ro u g h  fre e ze -th a w in g , were titre d  using V27 cells (R gu re  4 -8 ). The data 
reveal th a t  th e  n217d a lle le  is on ly m a rg ina lly  b e tte r then  pUC19 in e ffecting  
the  p roduc tion  o f c/27-1 v iru s—it  is app rox im a te ly  tw o  logs reduced in its 
a b ility  to  com p lem e n t in com parison to  th e  exCd305 a lle le , which produces 
the  2 8 9 -a m in o  acid trunca ted  ICP27 p ro te in . Therefore, th e  data suppo rt th e  
conclusion th a t th e  novel stre tch o f 72 am ino acids is required fo r  prote in  
fu n c tio n .

Each re c o m b in a n t v irus  p ro d u ces  its  a p p ro p ria te  IC P 2 7  p ro te in

The tru n ca te d  ICP27 prote in o f 289 am ino acids, produced by ICP27 
alle les co n ta in ing  an ex tra  cytosine a t position  2 1 5 -2 1 7 , can com p lem ent th e  
g row th  o f c/27-1; the  novel stre tch o f am ino acids is required  fo r th is  
com p le m e n ta tion . To assess the fu n c tio n a lity  o f both th e  289-am ino  acid and 
the  2 1 7 -a m in o  acid (produced by th e  n217d a lle le) ICP27 pro te in  in th e  v ira l 
co n te x t, th re e  HSV-1 recom binan t v iruses w ere created. ICP27 alle les 
M 16exC, exC d305, and n217d, conta ined on B am H I-S ac I v ira l DNA 
fra g m e n ts , w ere  cloned fro m  th e ir respective  transfection  p lasm ids into  th e  
p lasm id  p P s2 7 p d l. Plasmid pP s27pd l is usefu l fo r the  crea tion  o f 
re co m b in an t ICP27 v iruses because o f th e  fa c t th a t cloned ICP27 alle les are 
flanked  by re la tive ly  large  regions o f v ira l DNA. The resu lting  plasm ids, 
pPsM 1627exC, pPsexCd305, and pPsn217d, were em ployed then in a 
hom ologous recom b ina tion  procedure w ith  d27-lacZ l DNA. d 27 -lacZ l is a 
HSV-1 m u ta n t th a t con ta ins an ICP27-lacZ  fusion gene in th e  place o f the  
w ild -ty p e -IC P 2 7  gene (277 ). Two independen t isolates fo r  each new 
re co m b in an t w ere  obta ined and p laque purified  in V27 cells, y ie ld ing the  
v iruses M16exC, exCd305, and n217d . Extensive PCR characteriza tion  was
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perfo rm ed on v ira l DNA isola ted from  th e  p laque p u rifie d  v iruses (da ta  no t 
show n). Th is  cha rac te riza tion  de te rm ined  th e  fo llo w ing  fo r  th e  exCd305 and 
n217d v iru se s : i) th e  a lle le  o f in te res t is p resen t in th e  v ira l genom e; ii) th e  
alle le is loca ted  a t th e  ICP27 locus; iii)  no w ild -typ e -IC P 2 7  alle le is p resent. 
PCR cha rac te riza tion  o f M16exC de te rm ined  th a t a w ild - ty p e - le n g th  a lle le  is 
p resen t a t th e  ICP27 locus, and sequence analysis o f  th e  a lle le de te rm ined  
th a t th e  a lle le  is th e  M16exC va rian t.

The M 16exC and exCd305 viruses possess th e  sam e extra -cy tos ine  
add ition  in th e ir  ICP27 alle les as M16R does, and th e re fo re  were pred icted to  
produce ICP27 p ro te ins  identica l to  th e  one produced by M16R. The 
re com b inan t n217d  was predicted to  produce a less m assive  ICP27 pro te in  
because o f th e  s top  codon present a t position  218. To v e rify  th a t th e  new 
recom b inan t v iruses  produce ICP27 p ro te ins o f th e  co rre c t apparen t 
m o lecu lar w e ig h t, Vero cells w ere infected w ith  e ith e r KOS, d 2 7 - l,  M16R, 
M16exC, exC d305, o rn 2 1 7 d . S ix hpi, to ta l p ro te in  w as iso la ted, separated on 
a 15%  S D S -po lyacry lam ide  gel, and trans fe rred  to  a n itroce llu lose  
m em brane. D e tec tion  o f ICP27 was effected th rough  incubation  w ith  th e  
m onoclonal a n tib o d y  H 1113, fo llow ed by incubations w ith  a horseradish 
pe rox idase -con juga ted  secondary an tibody  and reagen ts  fro m  an enhanced 
chem ilum inescence  system  (F igure 4 -9 ). All th ree  HSV-1 recom binants 
produce ICP27 p ro te ins  o f expected apparen t m o lecu la r w e igh t. The pa tte rn  
o f fa s te r m o b ility  bands p resen t in add ition  to  th e  p rim a ry  p ro te in  p roduct fo r  
KOS, M16R, M 16exC, exCd305, and n217d , is like ly  th e  resu lt o f degradation  
o f the  fu ll- le n g th  ICP27 produced by each respective  v irus . Faster m o b ility  
bands have been observed previously (2 8 2 ), b u t are o ften  undetected on 
ICP27 im m u n o b lo ts  (F igure  4 -4 ) (277, 279 ).

The H S V - l- r e c o m b in a n t  v iru ses  a re  g ro w th -d e fe c tiv e  in V e ro  ce lls

H ig h -titre  s tocks o f M16exC, exCd305, and n217d  w ere  prepared using 
V27 cells. V27 cells are used to  propagate IC P 2 7 -m u tan t v iruses as 
expression o f th e  ce llu la r ICP27 prote in  a llev ia tes a n y  po ten tia l rep lica tion - 
de fective  p heno type . This allows fo r high v ira l t itre s  o f  th e  desired m u ta n t to  
be ob ta ined. V ir io n s  produced using V27 cells m a in ta in  th e ir  m u ta n t ide n tity , 
as the  ICP27 p ro te in  supplied in trans du ring  ce llu la r in fec tion  does no t 
become encapsu la ted  in th e  v ira l te g u m e n t (3 8 7 ), u n like  som e o f th e  o th e r 
IE  pro te ins (3 8 7 , 3 8 8 ).

The a b ility  o f th e  HSV-1 recom binant viruses to  g ro w  in Vero and V27 
cells was exam ined  and com pared to  M16R, KOS, and d 2 7 - l .  Cells, which 
had been in fec ted  w ith  seria l d ilu tions o f th e  v iruses, w ere  screened fo r  the  
presence o f v ira l p laques fo u r dpi. The resu lting  t itre s  fo r  each v irus  are 
shown in Tab le  4 -1 . KOS, as expected, is able to  rep lica te  equa lly  well in
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both Vero and V27 cells (2 7 7 ). The IC P27-deletion m u ta n t, c/27-1, is unable 
to  g row  in  Vero cells ( titre s  below  103 canno t accurate ly be presented as low  
seria l d ilu tio n  in fections destroy  th e  cell m onolayer). M16R, like  KOS, is able 
to  rep lica te  equa lly  well in both Vero and V27 cells, bu t produces s ligh tly  
sm a lle r p laques on Vero cells than  KOS. The th ree  recom b inan t v iruses are 
unable to  fo rm  plaques on Vero ce lls ; all a re able to  fo rm  sm all foc i o f 
in fected ce lls, b u t the  num ber o f foc i produced fo r  each v iru s  is low  and 
d iff ic u lt to  count. The data from  Table  4 -1  clearly show th a t th e  p roduction o f 
the  tru n ca te d  ICP27 pro te in  is insu ffic ie n t fo r  g row th -com pe tency .

The in a b ility  o f M16exC and exCd305 to  grow  in Vero cells was 
su rp ris ing , g iven the  fa c t th a t both o f these viruses conta in  th e  sam e 
in tragen ic  revers ion  as M16R does. Both alleles are qu ite  func tio na l in 
tra n s ie n t assays com plem enting th e  g row th  o f c/27-1, y e t are n o t able to  
e ffec t g ro w th -co m p e te ncy  in th e  w ild -typ e  background. One possible 
exp lana tion  fo r  these seem ing ly incong ruen t observations s tem s fro m  the  
like lihood th a t  pro te in  expression fro m  a plasm id in the  com p lem enta tion  
assays is m uch g rea te r than  pro te in  expression in a genom ic 
background—plasm id expression is no t regulated by the  sam e c/s-acting 
e n v iro n m e n t th a t governs genom ic expression. In  add ition , th e re  are m ore 
than  like ly  m u ltip le  p lasm id copies presen t w ith in  the  tra ns fec ted  cell, 
a llow ing fo r  abnorm a lly  high expression levels. H igher expression levels could 
com pensate , in a g row th -com p lem en ting  fashion, fo r  a p ro te in  th a t is 
no rm a lly  o n ly  m odera te ly  func tiona l.

V iral p laque m orpholog ies on Vero cells a t fo u r dpi are p resented in 
Figure 4 -1 0 . Plaques (o r  foc i) selected to  be photographed w ere  chosen from  
a large popu la tion  a t random , and are representa tive  o f th e  genera l plaquing 
pheno type  o f th a t v irus. The boundary o f th e  KOS plaque is located ju s t 
beyond th e  fie ld  o f v iew ; a KOS p laque on Vero cells is app rox im a te ly  tw ice  
the  size o f  a M16R plaque. In fec tion  w ith  M16exC (n o t show n) produces foci 
identica l in m orpho logy to  those produced by exCd305.

M 1 6 R  conta in s  one o r  m o re  e x tra g e n ic  m u ta tio n s

The in a b ility  o f M16exC and exCd305 to  grow in Vero cells, in con tras t to  
M16R's g row th -com pe tency  in Vero cells, suggests th a t M16R—in addition to  
its in tra ge n ic  revers ion—possesses one o r m ore extragen ic  m u ta tions . To 
inves tiga te  th is  poss ib ility  fu rth e r, M16R and the  recom b inan t v iruses were 
sub jected  to  a v irus-y ie ld  assay. Th is assay measures th e  p roduction  o f viral 
p rogeny th ro u g h  th e  course o f a s ing le  rep lication cycle. D up lica te  samples o f 
Vero and V27 cells were infected w ith  e ith e r KOS, c/27-1, M16R, M16exC, 
exCd305, o r n217d . V27 cells are in fected , in addition to  Vero ce lls, to  
dem ons tra te  th a t equal m u ltip lic itie s  o f in fection  have been applied to  the
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cells and th a t,  in the  case o f engineered ICP27 m u ta n ts , ex tragen ic  
m u ta tio n s  are n o t con tribu ting  to  th e  pheno type . A fte r a llow ing fo r  a s ing le  
rep lica tion  cyc le , v ira l p rogeny w ere  released by m u ltip le  freeze -thaw s and 
titre d  using V27 cells (F igure 4 -1 1 ). Data are presented as v irus  y ie ld  (in  PFU 
per in fec ted  ce ll) fo r  each v irus  tes ted . In  Vero cells, KOS produces a v irus  
y ie ld  o f  app ro x im a te ly  100 PFU pe r cell, M16R produces a v irus y ie ld  o f 
a p p ro x im a te ly  1 PFU per cell, M16exC and exCd305 produce v iru s  y ie lds o f 
a p p ro x im a te ly  0 .01 PFU per cell, and c/27-1 and n217d produce v irus  y ie lds 
o f a p p ro x im a te ly  0 .0001 PFU pe r cell. There are a num ber o f conclusions th a t 
can be d raw n fro m  the  data . F irs tly , M16R, as expected, is n o t ab le  to  g row  
as w e ll as KOS in the  infected ce ll; i t  is n o t know n w he the r th is  is a func tio n  
o f th e  in a b ility  to  successfully rep lica te  its  genom e, o r w he the r assem bly o f 
fun c tio n a l p rogeny has been a ffected . Secondly, th e  tw o -lo g  d iffe rence  in 
v irus  y ie ld  betw een M16R and M16exC (and exCd305) m us t be due  to  th e  
presence o f one o r m ore ex tragen ic  m u ta tions  w ith in  th e  M16R genom e. 
T h ird ly , even though  the  M16exC and exCd305 viruses on ly produce 0 .01 
PFU p e r cell (n o te  th a t it  is im possib le  to  p roduce one one-hu ndred th  o f an 
in fec tious  p a rtic le , and so th is  num ber possib ly  re flects th e  p roduction  o f 
m any p rogeny  by on ly a few  o f th e  in fected ce lls ), th is  is a g re a t deal m ore  
than  th e  v iru s  y ie ld  achieved w ith  the  f/27 -1  in fection . T here fo re , w ith in  th e  
v ira l co n te x t, th e  trunca ted  ICP27 pro te in  o f 289-am ino  acids has som e 
fu n c tio n a lity . Fourth ly , the  a fo rem en tioned  fu n c tio n a lity  is e n tire ly  dependen t 
upon express ion  o f the  fram esh ifted  am ino ac ids—trun ca tion  o f ICP27 to  a 
p ro te in  on ly  217-am ino  acids in size (th e  n217d in fec tion ) is as d e tr im e n ta l 
to th e  p roduc tion  o f in fectious progeny as n o t producing any ICP27 p ro te in  a t 
all.

T h e  n o ve l 7 2 -a m in o  ac ids s t im u la te  v ira l D N A  re p lic a tio n

One possib le  exp lanation fo r  th e  in a b ility  o f th e  recom b inan t v iruses to  
g row  in Vero cells is th a t th e y  are unable to  rep lica te  th e ir  DNA w ith in  the  
in fected  cell. Som e C -te rm in a l-tru n ca tio n  m u ta n ts  th a t are g ro w th -d e fe c tive  
are unab le  to  e ffic ien tly  rep lica te  th e ir  v ira l DNA (277, 356). Is  th is  th e  case 
fo r  th e  recom b in an t viruses? To address th is  question , Vero cells w ere  
in fected  w ith  KOS, d 2 7 - l ,  exCd305, o r n217d . A t various tim e  po in ts , v ira l 
DNA w as iso la ted . An equal mass o f to ta l DNA fo r  each tim e  p o in t was 
d igested fo r  each v irus w ith  Pstl and Sail, and v ira l fragm ents  w ere  
separa ted  on a 1%  agarose gel. Follow ing acid and a lka li tre a tm e n t, 
fra g m e n ts  w ere  transfe rred  to  a nylon m em brane  and hybrid ized  to  a 
rad io labe led  DNA probe. DNA fo r  th e  probe was generated using PCR 
am p lifica tion  and HSV-1 p rim ers  R66 and R99; these p rim ers  a m p lify  a 
m a jo r ity  o f th e  UL55 gene. Shown in Figure 4 -12a  is th e  resu lting
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au to rad iog raph . H ybrid iza tion  s ignal in tens ities  fo r  each v iru s  w ere  quantified  
by phosphorim age  analys is (R gu re  4 -1 2 b ). The a b ility  o f each v irus to  
rep lica te  its  DNA th ro u gh  th e  course o f 24 hours is p resented  as a fo ld-DN A- 
rep lica tion  va lue  fo r  each post-one  hour h a rve s t-tim e  po in t. In  com parison to  
KOS, d 2 7 - l  rep lica tes its  v ira l DNA poorly  (a p p ro x im a te  2 5 -fo ld  reduction in 
a b ility ). T h is  resu lt is cons is ten t w ith  published v ira l D N A-rep lica tion data 
(27 7 -2 7 9 , 3 5 6 ). S u rp ris ing ly , exCd305 is ab le  to  rep lica te  its  DNA to  levels 
com parab le  to  those  o f KOS (a lthough  i t  is so m e w h a t de layed in the  onset o f 
DNA re p lica tio n —com pare  e ig h t-h p i va lues). This suggests th a t  th e  g row th - 
de fective  pheno type  d isp layed by exCd305 (and m o s t like ly  by M16exC too ) 
is n o t a fu n c tio n  o f an ina b ility  to  rep lica te  v ira l DNA. I t  is in te res ting  th a t the  
novel s tre tch  o f 72 -am ino  acids coded fo r by exCd305 is requ ired  to  rep lica te  
DNA e ffic ie n tly —n217d disp lays a m arked reduction  (ap p ro x im a te ly  e igh t 
fo ld ) in its  a b ility  to  rep lica te  v ira l DNA. The IC P 2 7 -tru nca tio n  m u ta n t /7263R, 
which rep lica tes  its  v ira l DNA a t s im ila r levels to  /i2 1 7 d  (2 7 7 , 3 5 6 ), is DNA- 
rep lica tion  d e fic ie n t due to  an in a b ility  to  s tim u la te  a subse t o f the  DE genes 
responsib le  fo r  DNA rep lica tion  (3 5 6 ). I t  is possib le  th a t exCd305 is able to  
rep lica te  its  DNA e ffic ie n tly  because th e  fra m e sh ifte d  am ino acids are able to  
e ffect, e ith e r  d ire c tly  o r  ind ire c tly  th rough  th e  m odu la tion  o f th e  activ ity  o f 
ano ther tra n s -a c tiva tin g  pro te in  (such as ICP4), tra n s -a c tiva tio n  o f the  DE 
genes responsib le  fo r  DNA rep lica tion .

Synopsis

L ittle  is know n regard ing  both th e  in tra - and in te rm o le cu la r protein 
in te rac tions  th a t  de fine  ICP27. In  o rd e r to  gain in s ig h t in to  these  
in te rac tions , th e  g row th -d e fe c tive  IC P 27 -m u tan t v iru s  M16 was subjected to  
a re ve rtan t-sc reen ing  procedure. A re ve rta n t o f M16 was iden tified  based 
upon its  a b ility  to  g row  in Vero cells, and was successfu lly  iso la ted and 
propagated . C loning and sequence analysis o f th e  ICP27 a lle le  o f the new 
re ve rta n t, des igna ted  M16R, revealed th a t its  reve rs ions  are second-site  in 
nature. K now ing th is , th e  ICP27 a lle le  o f M16R w as tes te d  fo r  its  ab ility  to  
com p lem en t th e  g ro w th  o f the  IC P27-de le tion  v iru s , d 2 7 - l .  The allele was 
able to  co m p le m e n t th e  g row th  o f th e  de le tion  v irus  to  a s ig n ifica n t degree, 
ind ica ting  th a t  i t  con ta ins a second-s ite  in tragen ic  reve rs ion . Sequence 
analysis ide n tifie d  th e  in tragen ic  revers ion as a cy tos ine-base  addition a t 
codon pos ition  2 1 5 -2 1 7  o f the  ICP27-coding re g io n —th is  add ition  increased 
the  ex is ting  s tre tch  o f cytosines fro m  e igh t to  n ine.

The + 1  fra m e s h ift de fin ing  the  ICP27 a lle le  o f M16R pred ic ted  the 
production  o f a h igh ly  trunca ted  p ro te in  o f 2 8 9 -a m in o  acids (th e  w ild -type  
pro te in  consis ts  o f 512 -a m ino  acids). The am ino -ac id  s tre tch  coded fo r by the  
fra m e sh ift (7 2 -a m in o  acids) is a rg in ine - and g lyc in e -rich  and resembles
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IC P27's RGG box (2 0 9 ). Im m u n o b lo t analysis o f  th e  ICP27 pro te in  produced 
by M16R con firm ed  th a t th e  v irus produces a h igh ly  trunca ted  ICP27 p ro te in . 
E xam ination  o f th e  in trace llu la r loca lization o f  th e  trunca ted  pro te in  during 
in fe c tion  revealed a s trong ly  nucleo lar loca liza tion  p ro file , s im ila r to  ano the r 
C -te rm in a l- tru n c a tio n  v irus , /7263R (27 7 ).

A  series o f add itiona l p lasm id-based com p lem en ta tion  assays were 
pe rfo rm ed  to  fu r th e r  characterize th e  in tra ge n ic  revers ion . These assays 
evinced th a t th e  ex tra  cytosine is th e  on ly  in tra g e n ic  reversion required fo r  
th e  M16R pheno type , th a t the  trunca ted  p ro te in  is its e lf func tiona l, and th a t 
th e  72 -am ino  acids com pris ing th e  p ro te in 's  C -te rm inu s  are required fo r  d 27- 
1 -g ro w th  com p lem enta tion .

W hen a lle les coding fo r  the  trunca ted  p ro te in  w ere in troduced into th e  
ICP27 locus (in  th e  w ild -type  background), th e  resu lting  v iruses (M16exC and 
exC d305) w ere  found  to  be g row th -de fec tive  in Vero cells, despite  producing 
ICP27 p ro te ins  o f  th e  co rrect apparen t m o lecu la r w e igh t. M16exC and 
exC d305, when com pared to  M16R and KOS, w ere  unable to  fo rm  plaques on 
Vero cells, and instead produced sm all foci o f in fec ted  cells. Suspected 
presence o f one o r  m ore extragen ic m u ta tio ns  w ith in  th e  M16R genom e was 
va lida ted  when M16R displayed a s ign ifica n tly  m ore  robus t s ing le -cyc le -v ira l 
y ie ld  than  both M16exC and exCd305. These tw o  v iruses, however, were able 
to  p roduce m uch m ore progeny than  n217d , a v irus  able to  express an ICP27 
p ro te in  on ly  217-am ino  acids in size. This ind ica ted  th a t th e  fram esh ifted  
am ino  acids con fe r a lim ited , bu t m easurable, degree o f fu n c tio n a lity  to  th e  
ICP27 p ro te in  in th e  v ira l con text. This conclusion is in ag reem en t w ith  th a t 
de rived  from  th e  com plem enta tion  data.

In s ig h t in to  th e  modus operandi o f the  tru n ca te d  pro te in  was provided by 
an analysis o f its  a b ility  to  e ffec t v ira l DNA rep lica tion . The v irus exCd305 
was found  to  be able to  rep lica te  its DNA a t leve ls com parab le  to  those o f 
KOS, ind ica ting  th a t th e  block in its ach ievem en t o f g row th -com pe tency lies 
ou ts ide  o f th e  p rov ince  o f DNA rep lica tion . r?217d dem onstra ted  rep lica tion  
leve ls approach ing those o f d 2 7 - l.

The trunca ted  ICP27 pro te in  has func tion , b u t i t  is no t enough to  e ffec t 
th e  level o f g row th -com pe tency  displayed by M16R. I t  is believed th a t the  
tru n ca te d  pro te in  acts in concert w ith  one o r m ore  extragen ic  m uta tions 
w ith in  M16R to  produce a g row th -com pe ten t v iru s , b u t w ha t func tion (s ) can 
be ascribed to  th e  trunca ted  prote in  itse lf?  I t  is possible th a t the  novel am ino 
acids have a de finab le  function  them se lves, perhaps subs titu ting  (poorly ) fo r  
re g u la to ry  tasks th a t had been th e  dom ain o f th e  now  absent C -te rm ina l h a lf 
o f th e  p ro te in  (2 3 , 124, 125, 208, 210, 277, 278 , 282, 301, 302). I t  is also 
possib le  th a t th e  novel am ino acids have no in h e re n t fu n c tio n , b u t s im ply act 
to  s tab ilize  a func tiona l N -te rm ina l section (2 7 9 ). In te re s tin g ly , th e  novel 72 -
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am ino acid s tre tch  is rich in a rg in ine  and g lycine residues, and resembles 
ICP27's known RNA-binding dom ain (th e  RGG box), located in th e  N -term inal 
h a lf o f th e  pro te in . T he re fo re , th e  novel am ino acids m ay e ffe c t func tiona lity  
th rough  an enhancem ent o f the  p ro te in 's  purported pos t-transcrip tiona l 
ac tiv ities  (23 , 126, 205, 207, 253, 255, 299, 301, 302 , 325).
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C
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deletion

H.
STOP deletion

n217d

F ig u re  4 -1 .  IC P 2 7  a lle le s  Presented is an ove rv iew  o f the  various 
ICP27 a lle les (lin e s ) and th e ir  respective  p ro te in  p roducts  (bars). W hite  bars 
denote  w ild - ty p e -p ro te in  sequence; b lack bars deno te  fra m e sh ift sequence 
tra n s la ted  fro m  th e  + 1  reading fram e . C—cytos ine-base  insertion .
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F ig u re  4 -2 .  T h e  M 1 6 R  a lle le  can c o m p le m e n t th e  g ro w th  o f  c f2 7 - l
Vero cells w ere  trans fec ted  in duplicate  e ith e r  w ith  pUC19 (N one), o r  w ith  
pUC19 con ta in ing  an ICP27 allele. One day la te r, the  cells w ere in fected w ith  
c/27-1. A fte r a llow ing  fo r  a single rep lica tion  cycle, the  cells w ere  sub jected  to  
th re e  fre e ze -th a w  cycles and d 2 7 - l  p rogeny w ere  titre d  using V27 cells.
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A. F ra m e s h if t  m u ta t io n  o f  M 16R

214 215 216 217 218
-G C A  C C C  C C C  C C G  C T A - W T

A la  Pro Pro Pro Leu

-G C A  C C C  C C C  C C C  G C T - M 1 6 R
A la  Pro Pro Pro A la

B. A m in o -a c id  se q u e n c e  o f f ra m e s h if te d  re g io n  

218

-  A N D A G D C P P A R G P P R  
P G P G A K G A R R R H H R R  
H H A V G P A L H L R A R G G  
R P H Q R E L R P Q R T G H A  
R P L W G A A V S R R E

289

C. A n a ly s is  o f  th e  p e rc e n t c o n te n t o f  a rg in in e  a n d  g ly c in e  re s id u e s

A lle le  

W T  M 1 6 R

#  o f  res id u es
fro m  position 2 1 7  : 2 9 5  7 2
to  s to p

%  c o n te n t  o f
a rg in in e  an d  1 5  3 6
g ly c in e  res id u es

Figure  4 -3 .  T h e  M 1 6 R -fra m e s h ift m u ta tio n  p red ic ts  th e  expression  
o f  a h ig h ly  tru n c a te d , a rg in in e - and g ly c in e -ric h  IC P 2 7  p ro te in  (A) The
insertion  o f an extra  cytos ine  into the  M16R-ICP27 alle le a t codons 215 -2 1 7  
results in th e  a lte ra tio n  o f th e  encoded p ro te in  a t residue 218; (B ) a novel 
s tre tch  o f 72 am ino  acids (shown in single le tte r  code), and a p re -m a tu re  
trunca tion  o f th e  p ro te in  a t residue 289, re su lt fro m  th e  fra m e sh ift; (C) the  
novel s tre tch  o f 72  am ino acids is ex trem e ly  a rg in ine - and g lyc ine-rich .
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Mock KOS M16 M16R
kDa

-  83

-  50 .6

-  35 .5

-  29 .1

-  20 .9

F ig u re  4 -4 .  M 1 6 R  produces an  IC P 2 7  p ro te in  w ith  a m o b ility  
c o n s is te n t w ith  th a t  exp ected  fo r  a  tru n c a te d  p ro te in  o f 2 8 9  res id u es
Vero cells w ere e ith e r m ock in fected , o r in fected w ith  KOS, M16, o r M16R. A t 
fo u r hp i, to ta l p ro te in  was isolated and sub jected to  im m unob lo tting  using 
H 1113. Size m arkers  are listed in kDa. The apparent m o lecu la r w e igh t fo r  the  
ICP27 p ro te in  produced by KOS and M16 is 63 kD a; a p ro te in  o f 
a p p rox im a te ly  38 kDa is produced by M16R.
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M ock

F ig u re  4 -5 .  T h e  tru n c a tio n  o f  IC P 2 7  lead s  to  a d ra m a tic  s h ift  in its  
c e llu la r  lo c a liza tio n  du rin g  in fe c tio n  Vero cells w ere e ith e r m ock in fec ted , 
o r in fected  w ith  KOS, M16, o r M16R. A t fo u r  hp i, the  cells were processed fo r  
im m unofluorescence  using H1113. The h ig h ly  trunca ted  ICP27 p ro te in  
produced by M16R localizes p re fe ren tia lly  to  th e  nucleolus o f the  in fected 
cell. Th is is s tr ik in g ly  d iffe ren t fro m  th e  loca liza tion  p ro file  o f the  w ild -ty p e  
p ro te in  (p u nc ta te  nuclear) and th e  M16 v a ria n t (nuc leo la r-exc lus ion).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C h a r a c t e r iz a t io n  o f  M16R: Pa r t  I 7 3

10000000 -

1000000 --J
E
3  100000 - 

Ik
o.

<u 10000-

■

rs
PM
■o

1000 -

100 -

10 -

-

r
None WT M16 M16R M16exC

ICP27 Allele Transfected

F ig u re  4 -6 .  E ng ineered  IC P 2 7  a lle le s  c o n ta in in g  an e x tra  cy to s in e  
can c o m p le m e n t th e  g ro w th  o f c f2 7 - l  to  th e  s am e leve ls  as  th e  M 1 6 R  
a lle le  V ero  cells were transfected  in dup lica te  e ith e r w ith  pUC19 (N one), o r 
w ith  pUC19 con ta in ing  an ICP27 a lle le. One day la te r, th e  cells w ere in fected 
w ith  c/27-1. A fte r  a llow ing fo r  a s ing le  rep lica tion  cycle, th e  cells w ere 
sub jected  to  th re e  freeze-thaw  cycles and d 2 7 - l  progeny w ere titre d  using 
V27 cells.
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F ig u re  4 -7 .  D e le tio n  o f codons 3 0 6 - 5 1 2  o f IC P 2 7  has  no e ffe c t on  
th e  a b il ity  o f  an  e n g in e e re d  IC P 2 7  a lle le  conta in ing  an e x tra  cytos ine  
to  c o m p le m e n t th e  g ro w th  o f  c f2 7 - l Vero cells w ere tra ns fe c te d  in 
dup lica te  e ith e r w ith  pUC19 (N one), o r w ith  pUC19 conta in ing an ICP27 
a lle le. One day la te r, the  cells w ere infected w ith c/27-1. A fte r a llow ing  fo r  a 
sing le  rep lica tion  cycle, th e  cells w ere  subjected to  th re e  fre e ze -th a w  cycles 
and c/27-1 p rogeny w ere titre d  using V27 cells.
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F ig u re  4 -8 .  Th e  n o ve l s tre tch  o f  7 2 -a m in o  acids is re q u ire d  to  
c o m p le m e n t th e  g ro w th  o f  < /2 7 - l V ero cells w ere transfected in dup lica te  
e ith e r w ith  pUC19 (N one), o r w ith  pUC19 con ta in ing  an ICP27 a lle le. One day 
la te r, th e  ce lls  were in fected  w ith  c/27-1. A fte r  a llow ing fo r  a sing le rep lica tion  
cycle , th e  ce lls w ere sub jected  to  th ree  fre e ze -th a w  cycles and c/27-1 
p rogeny w ere  titre d  using V27 cells.
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-  47.5

-  28.2

-  20.8

F ig u re  4 -9 .  The H S V -1  re c o m b in a n ts  produce IC P 2 7  p ro te in s  o f  
e x p e c te d  a p p a re n t m o le c u la r  w e ig h t  Vero cells were e ith e r m ock 
in fec ted , o r in fected w ith  KOS, d 2 7 - l ,  M16R, M16exC, exCd305, o r  n217d . A t 
s ix  hp i, to ta l p ro te in  was iso la ted  and sub jected  to  im m un o b lo ttin g  using 
H 1113. Size m arkers are lis ted  in kDa. The apparent m o lecu la r w e ig h t o f th e  
ICP27 p ro te in  produced by KOS is 63 kD a; a pro te in  o f a p p ro x im a te ly  38 kDa 
is produced by M16R, M16exC, and exCd305. n217d produces a 30-kD a 
p ro te in .
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f>217d

F ig u re  4 -1 0 .  M 16R  can p ro d u ce  a p la q u e , b u t th e  H S V -1  
re co m b in a n ts  can on ly  p rod uce  sm all foci o f  in fec ted  ce lls  Vero cells 
w ere in fected w ith  mock, KOS, M16R, exCd305, and n217d. Four dp i, a 
sing le  p laque o r focus from  each in fection  was photographed. All photographs 
w ere taken  unde r an identica l fie ld  o f m agnifica tion . The boundary o f the  
KOS p laque is located ju s t beyond th e  fie ld o f v iew .
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F ig u re  4 -1 1 .  T h e  H SV-1 re co m b in a n ts  g e n e ra te  fe w e r  in fe c tio u s  
p ro g e n y  th e n  d o es  M 1 6 R  Vero and V27 cells w ere  infected in dup lica te  
w ith  e ith e r KOS, d 2 7 - l ,  M16R, M16exC, exC d305, o r n217d. A fte r a llow ing  
fo r  a s ing le  rep lica tion  cycle (approx im a te ly  24  hours), v ira l p rogeny  w ere 
released by fre eze -tha w ing , and titre d  using V27 cells. The data a re  
expressed as v irus  y ie ld  (in  PFU) pe r in fected cell.
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KOS f/27-1

1 8 12 16 24 1 8 12 16 24

exCd305 n217d

1 8 12 16 24 1 8 12 16 24

F igure  4 -1 2 a .  Th e  n o v e l s tre tc h  o f 7 2 -a m in o  ac id s  s tim u la te s  v ira l 
DNA  re p lic a tio n  Vero ce lls w ere in fected w ith  KOS, c/27-1, exC d305, o r 
n217d. A t one, e igh t, tw e lv e , s ix teen , and tw e n ty - fo u r hp i, v ira l DNA was 
isolated and d igested w ith  PstI and Sail. Follow ing separa tion  on a 1%  
agarose gel, and acid and a lka li tre a tm e n t, frag m en ts  w ere  tra n s fe rre d  to  a 
nylon m em brane  and hyb rid ized  to  a 32P-labeled 480-base  p a ir PCR- 
generated probe. Shown is th e  resu lting  au to rad iograph .
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V ir u s

F ig u re  4 -1 2 b . T h e  n o ve l s tre tc h  o f 7 2 -a m in o  ac id s  s tim u la te s  v ira l 
D NA  re p lic a tio n  H ybrid iza tion -s igna l in tensities w ere q uan tifie d  by 
phosphorim age analysis o f  th e  data shown in Figure 4 -1 2 a , and are 
presented fo r  each v iru s  as fo ld -D N A  rep lica tion  (i.e . ra tio  o f signal a t X  hpi 
to  signal a t one hp i).
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Virus Stock Titre on Vero Titre on V27 Plaquing Efficiency
cells (PFU/mL) cells (PFU/mL)

KOS
8

4.1x10
8

2.7x10 1.5

c/27-1
3

<2.0x10
8

2.9x10 <0.0000069

M16R
8 + 

3.6x10
8

5.0x10 0.72

M16exC
4 §

<2.0x10
8

2.1x10 <0.000095

exCd305
4 §

<2.0x10
8

2.1x10 <0.000095

n217d
3 §

<2.0x10
8

1.2x10 <0.000017

t  plaques are small compared to KOS plaques.

§ discrete plaques are not visible; small foci o f infected cells can be seen.

T a b le  4 -1 .  T h e  H S V -1  reco m b in an ts  c a n n o t g ro w  on V e ro  cells The
a b ility  o f th e  HSV-1 recom b inan t viruses M16exC, exC d305, and n217d to  
fo rm  plaques on Vero and V27 cells was exam ined and com pared to  KOS and 
M16R (bo th  g ro w th -co m p e te n t in Vero cells), as well as to  c/27-1 (g row th - 
de fective  in Vero ce lls). Shown are titre s  on Vero and V27 cells fo r  viral h igh- 
t i t re  stocks. V ira l p laqu ing  effic iencies, as a m easure o f V e ro -to -V 27  titre , are 
also presented.
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Characterization of the HSV-1 -IC P27 Revertant 
M16R: Part II

M16R, in add ition  to  its in tragen ic  reve rs ion , conta ins one o r m ore 
e x tra g e n ic  m uta tions. T h is /these  ex tragen ic  m u ta tio n (s ) are necessary 

fo r  g ro w th -co m p e te ncy . This ch ap te r focuses on th e  phenotyp ic changes 
associa ted w ith  th e  acquisition o f (an ) ex tragen ic  m u ta tio n (s ) fo r  v iruses 
express ing  th e  trunca ted  ICP27 p ro te in  o f 289 -am ino  acids.

In t r a -  an d  e x tra g e n ic  m u ta tio n s  co n vey  g ro w th -c o m p e te n c y

The v iru s  M16R was isolated based on its  a b ility  to  fo rm  plaques on Vero 
cells. A  h ig h - t itre  s tock o f M16R, prepared using V27 cells, was used in 
co n ju n c tio n  w ith  h ig h -titre  stocks o f KOS and M16 in an exam ination  o f v ira l 
g ro w th  characte ris tics . Table 5 -1A  p rov ides  a sum m ary o f the  a b ility  o f th e  
th re e  v iruse s  to  fo rm  plaques on both  Vero and V27 cells. KOS can grow  
equa lly  w e ll on e ith e r cell line, w ith  h ig h - titre  stocks o f the  v irus com m on ly  
y ie ld ing  t itre s  on th e  order o f 109 PFU. The  IC P 27 -m utan t v irus M16 cannot 
fo rm  p laques on Vero cells, b u t is ab le  to  on V27 cells due to  the  ce llu la r 
ICP27 p rov ided  in trans. M16R can fo rm  plaques on both Vero and V27 cells 
a t n e a rly  iden tica l titre s , b u t produces p laques on Vero cells th a t are rough ly  
h a lf th e  d ia m e te r o f those produced by KOS on Vero cells (see Figure 4 -1 0 ); 
th is  m ay be a re flec tion  o f th e  reduced v iru s  yie ld  observed fo r  M16R (F igure

* A version o f this chapter has been published: Bunnell, S. M., and S. A. Rice. 
2000. Journal o f Virology. 74:7362-7374.
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5 -1 ). A lthough  M16 and M16R t i t r e  to  leve ls approaching those  o f  KOS, they  
can no t be p ropagated  in V27 ce lls to  th e  sam e exten t as KOS in V ero  cells. 
The m o st like ly  exp lana tion  fo r  th is  is th a t th e  ICP27 provided in trans  is not 
able to  fu lly  res to re  v ira l v ia b ility  to  w ild -ty p e  levels. ICP27 m ay n o t be as 
e ffic ie n tly  expressed in a ce llu la r co n te x t as i t  is in a v ira l one.

In  a dd ition  to  th e  p laque assay, v ira l v ia b ility  can be m easured as a 
func tion  o f th e  num be r o f in fec tious  p rogeny produced by a g iven  v irus  ove r 
th e  period  o f a s ing le  rep lica tion  cycle  ( i.e . v iru s  y ie ld). To fu r th e r  th e  g row th  
cha rac te riza tion  o f M16R, th e  th re e  a fo rem entioned  v iruses (KOS, M16, and 
M16R) w ere  sub jected to  a v irus -y ie ld  assay. Briefly, dup lica te  sam ples o f 
Vero and V27 cells w ere in fected w ith  e ith e r  KOS, M16, o r M16R, and allowed 
to  incuba te  long enough fo r  a s ing le  w ild -typ e -re p lica tio n  cycle to  be 
com ple ted  (a p p ro x im a te ly  24  hours). V ira l progeny were released by freeze- 
thaw in g  and titre d  using V27 cells (F igure  5 -1 ). Data are presented as v irus 
y ie ld  (in  PFU) pe r in fected ce ll. As expected, in Vero cells, g ro w th -co m p e te n t 
KOS produces approx im a te ly  100 PFU p e r in fected cell, whereas g ro w th - 
de fec tive  M16 produces a p p rox im a te ly  fo u r  logs few er progeny. In te re s tin g ly , 
g ro w th -co m p e te n t M16R exh ib its  a v iru s -y ie ld  profile  in between th a t o f KOS 
and M16, genera ting  tw o  logs m ore  in fec tious  progeny than  M16 (o r 
converse ly  tw o  logs few e r in fec tious  p rogeny than  KOS). As the  assay 
re flects  v irus  y ie ld  fo r  th e  ce llu la r popu la tion  as a whole, i t  is n o t know n if  
each in fected  cell is producing a p p ro x im a te ly  one PFU, o r i f  th e re  is a 
p rogeny-p roduc tio n  d isp a rity  betw een in fec ted  cells. I t  is also n o t known if  
th e  reduced v irus  yield d isp layed by M16R is due to  a tru e  reduction  in the  
n um be r o f in fec tious  p rogeny th a t are ab le  to  be produced by th e  v irus , o r if  
th e  v ira l ly t ic  cycle has been lengthened o r delayed such th a t o n ly  a lim ited  
n um be r o f  in fec tious  p rogeny are  ava ilab le  fo r  titr in g  a t the  fixed  assay-tim e 
po in t.

Because o f in tra - and e x tragen ic  m u ta tio ns  present w ith in  its  v ira l 
genom e, M16R is g ro w th -co m p e te n t. I t  can g row  to  a high t it re  in Vero cells, 
can fo rm  d iscernab le  v ira l p laques, and can generate m any m ore in fectious 
p rogeny w ith in  an infected cell popu la tion  th a n  can g row th -de fec tive  M16. 
In te rp re ta tio n  o f th e  y ie ld -assay data fo r  M16R (see both Figures 4 -11  and 5- 
1) leads to  one o th e r e x tre m e ly  in te res tin g  conclusion: the  ICP27 provided in 
trans by V27 cells can enhance th e  g row th  phenotype o f M16R. In  F igure 5- 
1, V27 cells in fected  w ith  M16R are  ab le  to  produce approx im a te ly  te n  fo ld  
m ore  in fec tious p rogeny than  Vero cells in fected  w ith M16R; in F igure 4 -1 1 , 
th e  d iffe rence  is a fa c to r o f 100. Th is suggests  th a t w ild -type  ICP27 is able to  
fu n c tio n a lly  v it ia te  ex tragen ic  m u ta tio n  con tribu tions  to  the  g row th  
pheno type .
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T h e  e x C d 3 0 5  v iru s  can re v e r t to  g ro w th -c o m p e te n c y

The observation th a t th e  engineered H S V -l-re c o m b in a n t v iruses th a t 
produce th e  trunca ted  ICP27 p ro te in  o f 289-am ino  acids are g ro w th -d e fe c tive  
in Vero cells provides a com pelling  a rgum en t fo r  th e  presence o f one o r m ore 
ex tragen ic  m uta tions w ith in  th e  M16R genom e. A ttem p ts  to  m ap th e  
ex tragen ic  m u ta tio n (s ) o f M16R using a m a rke r rescue approach w ith  M16R 
genom ic fragm ents  and th e  M16exC- and exC d305-recip ien t v iruses fa iled  to  
y ie ld  conclusive resu lts , as th e  rec ip ien t viruses dem onstra ted  a p ropens ity  
fo r  spontaneous revers ion to  a s ta te  o f g row th-com petency. T here fo re , in 
o rd e r to  provide add itiona l ev idence in support o f the  conclusion th a t M16R 
con ta ins one o r m ore ex trag en ic  m u ta tions  th a t convey g row th -com pe te ncy , 
sm all V27-cell prepared stocks o f exCd305 w ere screened fo r  th e  presence o f 
g ro w th -co m p e te n t v irus  th rough  sequentia l passages in Vero ce lls. Two 
reve rta n ts  o f exCd305 w ere iso la ted and plaque purified . P re lim inary gene tic  
analys is perform ed on th e ir  respective  v ira l genom es using PCR suggested 
th a t th e  viruses had re ta ined th e  o rig ina l de le tion allele and had no t acquired 
th e  w ild -typ e -IC P 27  a lle le  (da ta  n o t shown). Table 5-1B presents the  tite r in g  
p ro files  o f th e  tw o exC d305-derived  re ve rta n t v iruses, exC d 3 0 5 R l and 
exCd305R2, in re la tion  to  th e  tite r in g  pro files o f th e  parenta l v iru s , exCd305, 
and th e  orig inal re ve rta n t v irus , M16R. Both exC d305R l and exCd305R2 are 
ab le to  fo rm  plaques on Vero cells, in con tras t to  exCd305, b u t th e y  d iffe r 
s ign ifica n tly  in th e ir  p laquing m orpholog ies (see be low ). In  add ition , th e  
h ig h -titre  stock o f exCd305R2 appears to  be composed o f a heterogeneous 
popu la tion  o f v irus, as app rox im a te ly  ten percent o f th e  v ira l p laques d isp lay 
a syncytia l m orpho logy on both Vero and V27 cells. The d iffe ring  plaquing 
phenotypes exh ib ited  by e xC d305 R l and exCd305R2 suggest th a t  th e y  are 
th e  products o f d iffe re n t m u ta tion  events.

T h e  e x C d 3 0 5 R l an d  e x C d 3 0 5 R 2  revers io n s  a re  e x tra g e n ic

To iden tify  th e  na tu re  o f th e  reversions p resent w ith in  the  exC d305R l 
and exCd305R2 v iruses, th e  ICP27 alleles from  exC d305R l and exCd305R2 
w ere  cloned as B a m H I-S a c I fragm en ts  in to  pUC19. The resu lting  p lasm ids, 
p d 3 0 5 R l and pd305R2, w ere then  subjected to  sequencing analysis to  
de te rm ine  if  any in tragen ic  changes had occurred during th e ir  genesis. 
Sequencing o f the  ICP27 a lle le  from  exC d305R l revealed no changes from  
th e  expected sequence (i.e . fro m  th a t o f exCd305). Sequencing o f the  ICP27 
a lle le  from  exCd305R2 revealed a single base change in the  p ro m o te r reg ion 
o f ICP27, upstream  o f th e  5 '-un trans la te d  region (UTR)—a cytos ine  base a t 
m ap position  113378 (2 0 4 ) has becom e an adenine. W hether th is  base 
change effects the  pheno type  o f exCd305R2 is no t known; i t  does not,
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how ever, appear to  a ffe c t th e  expression level o f th e  trunca ted  ICP27 pro te in  
(see R gure  5 -2 ).

The lack o f sequence change in th e  ICP27 allele o f exC d 305R l ind ica tes 
th a t its  g ro w th -co m p e te ncy  is a re su lt o f extragenic reve rs ion (s ). And w hile  a 
s ing le  base change was d iscovered in th e  ICP27 allele o f exCd305R2, m ore 
than  like ly  th is  a lte ra tio n  is n o t responsib le  fo r  the g row th -com pe te ncy  
observed fo r  th e  v irus . I f  both v iruses are g row th -com pe ten t because o f 
ex tragen ic  revers ions, th e ir  p roduction  o f a truncated  ICP27 p ro te in  should 
be unchanged. To v e rify  th a t th e  exC d305 -reve rtan t v iruses indeed produce 
th e  expected ICP27 p ro te in , Vero cells w ere  infected w ith  e ith e r KOS, d 2 7 - l,  
M16R, exC d305, e xC d 3 0 5 R l, o r  exCd305R2. Six hpi, to ta l p ro te in  was 
iso la ted , separated on a 15%  SD S-polyacry lam ide gel, and tra n s fe rre d  to  a 
n itroce llu lose  m em brane . Incuba tions  w ith  the  m onoclonal a n tibo d y  H 1113, a 
horserad ish pe rox idase-con juga ted  secondary antibody, and reagen ts  from  
an enhanced chem ilum inescence sys tem , allowed fo r  th e  de tection  o f ICP27 
(F igure  5 -2 ). As pred icted  by th e  sequencing results, the  e xC d305 -reve rtan t 
v iruses produce ICP27 p ro te ins  o f iden tica l apparent m o lecu lar w e ig h t to  
those  o f th e  exCd305 and M16R viruses. The patterns o f fa s te r m o b ility  
bands p resen t in add ition  to  th e  fu ll- le n g th  products are again like ly  the  
re su lt o f p ro te in  degradation  (a lso  seen in Rgure 4 -9 ).

e x C d 3 0 5 R 2  p laq u e s  a re  m uch  s m a lle r  than  e x C d 3 0 5 R l p la q u e s

The fa c t th a t th e  exCd305 v irus  was able to  obta in, in tw o separa te  
occasions, a s ta te  o f g ro w th -co m p e te ncy  w ith o u t the  aid o f in tra ge n ic  
revers ions lends s trong  credence to  th e  conclusion th a t th e  g ro w th - 
com petency o f M16R is owed to  both in tra -  and extragen ic m u ta tio n s . But 
w h ile  both e xC d 3 0 5 R l and exCd305R2 have achieved a s ta te  o f g ro w th - 
com petency because o f one o r  m ore  ex tragen ic  reversions, F igure 5 -3  
presents data th a t suggest th a t th e  v iruses are products o f d iffe ring  
ex tragen ic  m u ta tions  (o r sets o f). Photographs of a s ing le plaque fo r  m ock, 
KOS, M16R, e xC d 3 0 5 R l, and exCd305R2 infections in Vero cells w ere  taken 
fo u r d p i—plaques w ere  se lected a t random  fo r  photo -docum enta tion  and 
rep resen t th e  general p laquing pheno type  o f the  pa rticu la r v irus. The  M16R 
plaque is ap p ro x im a te ly  o n e -h a lf th e  d ia m e te r o f the  KOS plaque ( th e  
boundary o f w hich extends ju s t  beyond th e  presented fie ld  o f v ie w ). In fec tion  
o f Vero cells w ith  exC d305R l produces v ira l plaques th a t are essen tia lly  
identica l to  those  produced on Vero cells by a M16R in fection . In te re s tin g ly , 
in fec tion  o f Vero cells w ith  exCd305R2 produces viral plaques th a t dev ia te  
m a rked ly  in th e ir  p laque m orpho logy  fro m  those produced by e xC d 3 0 5 R l; as 
is th e  case fo r  M16R and KOS, exCd305R2 produces plaques a p p ro x im a te ly  
o n e -h a lf th e  d ia m e te r o f e xC d 3 0 5 R l plaques. A lthough i t  is possib le  th a t the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C h a r a c t e r iz a t io n  o f  M 1 6 R : Pa r t  I I 8 6

single base change found  w ith in  the  ICP27 a lle le  o f exCd305R2 is som ehow 
con tribu ting  to  th e  p laqu ing  m orpho logy o f th e  v irus , i t  is h ig h ly  un like ly  th a t 
i t  is the  sole c o n tr ib u to r. I t  is th e re fo re  hypothesized th a t th e  d iffe re n t 
plaquing m orpho log ies  exh ib ited  by th e  tw o  exC d3 0 5 -re ve rta n t v iruses are 
th e  resu lt o f d iffe ring  ex tragen ic  m u ta tions  p resen t w ith in  th e  tw o  v iruses. 
One poss ib ility  is th a t one o r m ore com ple te ly  d iffe re n t ex tragen ic  reversions 
are e ffecting  g row th -co m p e te ncy  fo r  th e  tw o  v iruses ; i t  is a lso possible th a t 
exC d305R l and exCd305R2 possess th e  same e x trag en ic  re ve rs ion (s ), bu t 
th a t exCd305R2 con ta ins  one o r m ore  add itiona l m u ta tio ns  as well. The 
iden tities  o f th e  ex tra gen ic  revers ions are no t know n.

M 1 6 R  a n d  e x C d 3 0 5 R l:  th e  sam e  e x tra g e n ic  m u ta tio n s?

As both e xC d 3 0 5 R l and exCd305R2 are g ro w th -co m p e te n t v iruses, they  
should produce g re a te r num bers o f in fectious p rogeny than  th e ir  parent, 
exCd305. To va lid a te  th is  supposition , th e  tw o  exC d3 0 5 -re ve rta n t v iruses 
were sub jected to  a v irus -y ie ld  assay a long w ith  KOS, d 2 7 - l ,  M16R, and 
exCd305. D up lica te  sam ples o f Vero and V27 cells w ere  in fec ted  w ith  each 
virus. A fte r a llow ing  fo r  a single rep lica tion  cycle, v ira l p rogeny w ere released 
by m u ltip le  free ze -th aw s and titre d  using V27 cells (F igure  5 -4 ). Data are 
presented as v irus  y ie ld  (in  PFU) per in fected cell fo r  each v irus  tested . 
C onsistent w ith  p rev ious resu lts , KOS is able to  produce th e  h ighest v iru s - 
yield values, w ith  a p p rox im a te ly  five  logs d iffe rence  betw een it  and th e  v irus - 
yield values produced by f/27 -1  (see Figure 4 -1 1 ). Also cons is ten t w ith  
previous resu lts  are th e  v irus-y ie ld  defic iencies o f a p p ro x im a te ly  tw o  logs 
exh ib ited  by M16R in com parison to  KOS, and by exCd305 in com parison to  
M16R (see Figures 4 -1 1  and 5 -1 ). exC d305R l produces v irus -y ie ld  values 
approx im a te ly  iden tica l to  M16R's; exCd305R2 produces v irus -y ie ld  values 
in-be tw een those  o f exC d305R l and exCd305 (i.e . a p p rox im a te ly  one log 
low er than e xC d 3 0 5 R l's  and one log h ighe r than exC d305 's). Both 
exC d305R l and exCd305R2 produce s ign ifican tly  m ore  in fec tious progeny 
during V27-ce ll in fec tions  than  during Vero-cell in fections.

The v irus -y ie ld  da ta  allow  fo r  th e  exp lo ra tion  o f a n u m be r o f in te resting  
hypotheses: ( i)  e xC d 3 0 5 R l and exCd305R2 produce g re a te r v irus -y ie ld  
values than  exC d305, b u t the  fa c t th a t exC d305R l is m ore  p ro fic ie n t than 
exCd305R2 in th e  p roduction  o f in fectious progeny adds su p po rt to  the  
proposed th e o ry  th a t the  tw o  v iruses are products o f d iffe ring  extragen ic  
m uta tions (no te  again th e  possible con tribu tion  to  exCd305R2's v irus-y ie ld  
num bers by the  s ing le -base change in th e  ICP27 a lle le ); ( i i)  M16R and 
exC d305R l are essen tia lly  ind is tingu ishab le  w ith  respect to  th e ir  v irus-y ie ld  
values. A lthough th e ir  ex tragen ic  m u ta tions  have n o t been m apped, i t  is 
te m p ting  to  specu la te  th a t th e y  possess th e  same ex tragen ic  m u ta tio n (s );
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th is  specu la tion  is based upon the  observa tion  th a t th e ir  v ira l phenotypes are 
a lm os t iden tica l (see Table 5-1B  and R gures 5 -2 -5 -4 ) ;  ( iii)  com parison o f 
th e  v ira l y ie ld  data  in Figure 5 -4  w ith  th e  p laque m orpho log ies presented in 
Figure 5 -3  reveals a de fin ite  corre la tion betw een v ira l y ie ld  and plaque 
d ia m e te r—th e  g re a te r th e  v ira l y ie ld , th e  la rg e r th e  v ira l plaque. This is a 
reasonable associa tion, as an infected cell p roducing  a re la tive ly  high num ber 
o f in fec tious  p rogeny (e .g . a cell infected w ith  KOS) would have a h igher 
p ro ba b ility  o f in fec ting  th e  surrounding cells in d ire c t con tact w ith  it  in 
com parison to  an in fected cell producing a re la tive ly  low  num ber o f in fectious 
p rogeny (e .g . a cell infected w ith  M16R); ( iv )  both exC d305R l and 
exCd305R2 are ab le  to  produce a t least 100 fo ld  m ore  in fectious progeny in 
V27-ce ll in fec tions , the re fo re  ind icating th a t—as is th e  case fo r M16R—the  
ICP27 p rov ided  in trans by V27 cells can suppress th e ir  respective 
phenotypes.

T h e  e x C d 3 0 5  re v e rta n ts  possess o n ly  IC P 2 7 -d e le tio n  a lle les

The paren ta l v irus  o f the  tw o  exCd305 reve rtan ts , exCd305, conta ins an 
ICP27 gene in w hich the  sequence corresponding to  codons 3 0 5 -5 1 2  has 
been de le ted . S ince an ICP27 prote in  o f 2 89 -am ino  acids is produced by 
exC d305, th is  de le tion  o f C -te rm ina l-encod ing  sequence is o f no 
consequence to  th e  expression o f the  trunca ted  p ro te in . exCd305 is not 
g ro w th -co m p e te n t in Vero celis, b u t exC d305R l and exCd305R2 are, and 
a lthough  PCR, DNA-sequence, and im m u n o b lo t data  show no indication o f 
th e  presence o f th e  w ild -typ e  a lle le w ith in  th e  re ve rta n t genomes, it  is 
possible th a t th e  re ve rta n t v iruses contain w ith in  th e ir  genom es a portion  o f 
th e  w ild -ty p e -IC P 2 7  alle le capable o f expressing a C -te rm in a l-p ro te in  
fra g m e n t. Such a C -te rm in a l-p ro te in  fra g m e n t could be con tribu ting  to  the  
g ro w th -co m p e te ncy  o f exC d305R l and exCd305R2. To investiga te  w he the r 
th e  C -te rm in a l-e n co d in g  section o f the  w ild -typ e -IC P 2 7  allele is absolute ly 
absent fro m  th e  v ira l genom es o f exC d305R l and exCd305R2, Southern b lo t 
analysis was pe rfo rm ed . B rie fly , V27 cells w ere  in fected w ith  e ithe r KOS, 
d 2 7 - l ,  M16R, exCd305, exC d305R l, o r exCd305R2. Following a 48 -hou r 
incubation  period , v ira l DNA was isolated, d igested  w ith  Pstl and Sail, and 
separated on a 1%  agarose gel. The DNA fra g m e n ts  em bedded w ith in  th e  gel 
w ere then  sub jec ted  to  acid-cleavage and a lka li-den a tu ra tion  trea tm en ts  and 
tra ns fe rred  to  a nylon  m em brane.

Two h yb rid iza tions  w ere carried o u t—one invo lv ing  ORF sequences coding 
fo r  th e  N -te rm ina l h a lf o f ICP27, and one invo lv ing  ORF sequences coding fo r  
th e  C -te rm ina l h a lf o f ICP27. Figure 5-5A  de ta ils  a schem atic  o f the  various 
ICP27 a lle les p re sen t w ith in  th e  te s t v iruses, ind ica ting  th e  hybrid ization  
locations o f th e  N- and C -te rm ina l probes, as well as th e  expected fra g m e n t
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sizes fo r  a PstI and S afi d igest. The C -te rm ina l probe spans codons 30 8 -5 0 3  
o f ICP27, whereas th e  N -te rm ina l probe spans codons 9 0 -2 5 9 . Both DNA 
probes w ere genera ted  as PCR products from  the  te m p la te  p lasm id p27; PCR 
prim ers  R96 and R78 (w h ich  hybrid ize  to  codons 3 0 8 -3 1 4  o f ICP27 and 
codons 4 9 7 -5 0 3  o f ICP27, respective ly) were em ployed in th e  creation o f the  
C -te rm ina l probe, and PCR p rim ers  R72 and R97 (w hich hyb rid ize  to  codons 
9 0 -9 6  o f ICP27 and codons 2 5 3 -2 5 9  o f ICP27, respective ly) w ere  em ployed 
in th e  crea tion  o f th e  N -te rm ina l probe. P rior to  hyb rid iza tion , each probe 
was 32P-labeled th ro u g h  random  prim ing .

In itia l hyb rid iza tion  was carried o u t using the  C -te rm ina l probe. Figure 5 - 
5C presents the  au to rad iograph  o f the  C -te rm in a l-p ro b e  hyb rid iza tion . 
H ybrid iza tion  signals o f th e  approx im ate  co rrec t size are p resen t in the  KOS, 
d 2 7 - l ,  and M16R lanes, w ith  no detectab le  hybrid iza tion  s ignals present in 
the  rem ain ing  lanes. Th is resu lt in itia lly  suggested th a t th e  g ro w th - 
com peten t v iruses, e xC d 3 0 5 R l and exCd305R2, lack any C- 
te rm ina l-e nco d ing  sequence. However, i t  is possible th a t th e  negative  
hybrid iza tion  resu lts  a re  th e  consequence o f m issing v ira l DNA sam ples. To 
confirm  th a t exCd305, exC d 3 0 5 R l, and exCd305R2 v ira l DNA fragm en ts  had 
been successfu lly tra n s fe rre d  to  the  nylon m em brane, th e  m em brane was 
s tripped o f th e  C -te rm ina l probe, and DNA fragm ents w ere  sub jected to  
hybrid iza tion  w ith  th e  N -te rm ina l probe. Figure 5-5B shows th a t v ira l DNA 
from  th e  exCd305, e x C d 3 0 5 R l, and exCd305R2 viruses is indeed present on 
th e  surface o f the  ny lon  m em brane ; as expected, hyb rid iza tion  signals 
corresponding to  th e  p red ic ted  fra g m e n t size are p resen t in all lanes (except 
fo r  d 2 7 - l ,  which can no t y ie ld  a N -te rm in a l-p ro b e  s igna l). There fo re , the  
Southern b lo t analysis con firm s  th a t, n o t on ly have th e  exC d305 -reve rtan t 
v iruses reta ined the  o rig ina l ICP27 alle le, they  are also devoid o f any C- 
te rm ina l-e nco d ing  sequence.

Synopsis

M16R is a m u lti-m u ta tio n  v irus , w ith  both an IC P 27-in tragen ic  reversion 
and one o r m ore e x tra gen ic  m uta tions. The in tra - and ex tragen ic  m uta tions 
are a lm ost ce rta in ly  bo th  required  fo r g row th -com pe tency. I t  is fo rm a lly  
possible th a t the  e x tra gen ic  m u ta tio n (s ) alone can e ffe c t g row th-com pe tency 
in the  absence o f ICP27, b u t given w ha t is known o f th e  con tribu tio n  o f the 
pro te in  to  v ira l v ia b ility , th e  scenario o f extragen ic m u ta tions  c ircum venting  
th e  requ irem en t o f an ICP27 pro te in  is ex trem e ly  un like ly . C on tra ry to  its 
parenta l v irus , M16, M16R can spread and fo rm  plaques on non­
com plem enting  Vero ce lls , and is able to  produce approx im a te ly  100 fold 
m ore in fectious p rogeny pe r cell, on average, than M16. H ow ever, M16R 
does n o t g row  as well as th e  w ild -typ e  v irus , KOS; Vero-ce ll in fections w ith
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KOS n o t o n ly  p roduce m uch g rea te r v iru s  y ie lds, b u t also resu lt in v ira l 
p laques o f  a la rg e r d ia m e te r (ap p ro x im a te ly  tw ice  th e  size o f M16R plaques).

Because th e  ex tra g en ic  m u ta tio n (s ) p resen t w ith in  the  M16R genom e 
has/have  n o t been iden tified , its /th e ir  ex is tence  re lies on a co llection o f 
c ircu m s tan tia l ev idence. To streng then  th e  conclusion th a t M16R conta ins 
one o r m ore  ex tra g en ic  m uta tions th a t  e ffe c t g row th -com pe tency , stocks o f 
the  recom b inan t v iru s  exCd305 (w hich  produces th e  trunca ted  ICP27 pro te in  
o f 2 8 9 -a m ino  acids) w ere  exam ined fo r  th e  presence o f g ro w th -co m p e te n t 
v irus . Tw o independen tly  generated re ve rta n ts  o f exCd305 w ere  iso la ted : 
exC d 3 0 5 R l and exCd305R2. Analysis o f th e ir  genotypes revealed th a t 
ne ithe r v iru s  had ob ta ined  a single sequence dev ia tion  w ith in  th e ir  respective  
IC P27-cod ing  reg ions; exCd305R2, how ever, does conta in  one base 
a lte ra tio n  w ith in  th e  p ro m o te r region o f  its  ICP27 gene. Both re ve rta n ts  also 
lack any ICP27 sequence capable o f p roducing  th e  C -te rm ina l h a lf o f the  
w ild -ty p e  p ro te in . These d iscoveries ind ica te  th a t ex tragen ic  revers ions are 
responsib le  fo r  th e  g ro w th -co m p e te n t pheno types o f  the  exCd305 reve rtan ts . 
I f  e x tra g en ic  m u ta tio ns  can co-opera te  w ith  an (eng ineered) in tragen ic  
m u ta tio n  to  e ffe c t g row th -com pe tency  fo r  exC d305R l and exCd305R2, it  is 
h igh ly  like ly  th a t th e  sam e situa tion  is occu rring  in th e  case o f M16R.

The exC d305 reve rta n ts  are pheno typ ica lly  s im ila r to  M16R—all th ree  
v iruses are  ab le  to  fo rm  plaques on Vero  cells, and e xh ib it nearly identica l 
ICP27 s te a d y -s ta te  p ro te in -p roduction  p ro files . In te re s tin g ly , th o u g h , w hile 
e xC d 3 0 5 R l is e ssen tia lly  ind is tingu ishab le  pheno typ ica lly  from  M16R (which 
suggests th a t  th e  tw o  viruses possess th e  same ex tragen ic  m u ta tio n (s )), 
exCd305R2 d isp lays tw o  im portan t cha rac te ris tics  th a t d is tingu ish  it  from  
exC d 3 0 5 R l and M16R. F irstly, exCd305R2 d iffe rs  m arked ly  in its  p laquing 
m o rph o logy ; p laques produced by th e  v iru s  on Vero cells are approx im ate ly  
o n e -h a lf th e  size o f those  produced by exC d305R l and M16R. Secondly, 
exCd305R2 is n o t as robus t as e xC d305 R l and M16R w ith  respect to  the  
p roduction  o f in fec tious  progeny ove r a fixed  tim e  period. The pheno type  o f 
exCd305R2, th e re fo re , appears to  have been achieved th rough  th e  
acqu is ition  o f one o r  m ore  extragen ic m u ta tio ns  th a t d iffe r from  those 
acquired by e xC d 3 0 5 R l and M16R.

A ssum ing th a t  M16R contains one o r  m ore  ex tragen ic  m u ta tions , the  
g ro w th -co m p e te ncy  observed fo r each o f th e  th re e  re ve rta n t v iruses m ay be 
exp la ined by one o f tw o  scenarios. The f ir s t  invo lves the  trunca ted  ICP27 
p ro te in  d ire c tly  in te rac tin g  w ith  the  m u ta te d  p ro te in (s ) produced by th e  
e x tra g e n ic -m u ta tio n  a lle le (s ). The second invo lves th e  trunca ted  ICP27 
p ro te in  and th e  m u ta ted  pro te in (s) produced by th e  ex tra gen ic -m u ta tion  
a lle le (s) acting  in concert to  e ffect g ro w th -com pe tency , bu t no t th ro u gh  a 
d ire c t physica l in te rac tio n . One a ttra c tive  p ro te in  cand ida te  fo r  th e  scenarios
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is ICP4 (3 1 5 ). ICP4 is an essentia l p ro te in , requ ired  fo r  th e  expression o f DE 
and L genes (5 8 , 64 ). There  is som e evidence th a t ICP27 and ICP4 e ffect 
HSV-1 gene trans-re gu la tion  th rough  a physical in te rac tion  (23 1 , 243, 296). 
U nder th e  f i r s t  scenario proposed, tru n ca tion  o f ICP27 w ould  ab roga te  its 
in te rac tio n  w ith  ICP4, and w ould  re su lt in a g ro w th -d e fe c tive  phenotype (e.g. 
exC d305). R estoration  o f g row th -com p e tency  w ou ld  com e abou t as a result 
o f a m u ta tio n  in th e  ICP4 gene—th e  m u ta ted  ICP4 p ro te in  w ould  now be able 
to  phys ica lly  in te ra c t w ith  th e  tru n ca te d  ICP27 p ro te in  w ell enough to  allow 
fo r  a m o dera te  g row th  pheno type  (e .g . e xC d 305R l and M16R). This scenario 
could also be played o u t su bs titu ting  ICPO fo r  ICP4. H ow ever, the  fa c t tha t 
ICPO is n o t essentia l fo r  v ira l rep lica tion  in cell cu ltu re  (2 9 1 , 3 4 3 ), and th a t 
th e  ev idence fo r  a physical in te rac tion  betw een ICP27 and ICPO is n o t very 
com pelling  (2 3 1 , 243, 4 0 0 ), weakens th e  p la u s ib ility  o f th is  s itua tion .

U nder th e  second scenario proposed, g row th -co m p e te ncy  could be 
achieved because one o r m ore  m u ta tio n -d e rived  p ro te ins  (e .g . a m u ta n t form  
o f ICP4) are now  able to  ca rry  o u t essentia l func tions  th a t w ere  once the  
p rov ince  o f th e  w ild -typ e -IC P 2 7  p ro te in . A lte rn a tive ly , g row th-com pe tency 
could be associa ted w ith  ex tragen ic  m u ta tions  th a t have a ffected  pro te in  
expression , ra th e r  than p ro te in  a c tiv ity . For exam ple , ce rta in  essentia l L 
genes could acqu ire  m u ta tions  th a t uncouple  th e ir  expression fro m  a 
dependence upon a fu il- le n g th  ICP27.

Unlike th e  exCd305 reve rtan ts , w hich  have acquired on ly  ex tragen ic  
m u ta tio n s , M16R has acquired both ex tragen ic  and in tra ge n ic  (ICP27) 
m u ta tio n s—presum ab ly  during  its  genesis fro m  g ro w th -d e fic ie n cy  to  g row th- 
com petency. The p oss ib ility  exists, how eve r, th a t th e  o rig ina l M16 virus 
(2 7 8 ) con ta ins  th e  ex tragen ic  m u ta tio n (s ), and th a t M16R acquired on ly  the 
in tragen ic  m u ta tio n  during  its  genesis. W hile  i t  is n o t th o u g h t th a t th e  
o rig ina l M16 v irus  conta ins th e  e x trag en ic  m u ta tio n (s ), th is  poss ib ility  can be 
addressed th ro u g h  a rep lacem ent o f th e  M 16-ICP27 a lle le  in th e  M16 virus 
w ith  th e  M 16R-ICP27 a lle le. I f  the  resu lting  recom b inan t v irus  is g row th - 
com p e te n t in  Vero cells, then  the  ex tragen ic  m u ta tio n (s ) is /a re  present 
w ith in  th e  M16 genom e. This a lle le-sw apping  e xp e rim e n t could also be 
pe rfo rm ed  w ith  th e  M16R-ICP27 a lle le  and th e  <727-1 v irus  (2 7 7 ) as an 
inves tiga tio n  in to  th e  functiona l d isp a rity  d isp layed by th e  ex tra -cy tos ine  
a lle les in th e  tra n s ie n t p lasm id and v irus -p laqu ing  assays (see Figure 4 -6  and 
Tab le  4 -1 ) ;  a t issue is w he th e r o r no t th e  <727-1 v irus  conta ins th e  extragenic 
m u ta tio n (s ), w hich a llow (s) fo r  com p lem en ta tion  w ith  th e  M16exC and 
exCd305 a lle les.
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F ig u re  5 -1 . M 1 6 R  g e n e ra te s  1 0 0  fo ld  m o re  in fec tio u s  p ro g en y  
th a n  does th e  p ro g e n ito r  v iru s  M 1 6  Vero and V27 cells w ere  infected in 
dup lica te  w ith  e ith e r KOS, M16, o r M16R. A fte r a llow ing fo r  a single 
rep lica tion  cycle (approx im a te ly  24 hours), v ira l progeny w ere released by 
freeze -thaw ing , and titre d  using V27 cells. The data are expressed as v irus 
y ie ld  (in  PFU) per in fected cell.
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F ig u re  5 -2 . Th e  e x C d 30 5  re v e r ta n ts  prod uce IC P 2 7  p ro te in s  o f  
e x p e c te d  a p p a re n t m o le c u la r w e ig h t  Vero celis w ere e ith e r m ock 
in fec ted , o r  in fected w ith  KOS, c/27-1, M16R, exCd305, exC d3 05R l, o r 
exCd305R2. A t s ix  hpi, to ta l p ro te in  was isolated and sub jected to  
im m u n o b lo ttin g  using H1113. Size m arkers are listed in kDa. The appa re n t 
m o lecu la r w e ig h t o f th e  ICP27 p ro te in  produced by KOS is 63 kDa. M16R, 
exC d305, and the  tw o  exCd305 reve rta n ts  produce a 38-kDa p ro te in .
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F ig u re  5 -3 .  T h e  e x C d 3 0 5  re v e r ta n ts  e x h ib it v e ry  d if fe re n t  
plaq u in g  m o rp h o lo g ie s  Vero cells w ere  infected w ith  m ock, KOS, M16R, 
exC d305R l, and exCd305R2. Four dp i, a sing le  p laque fro m  each in fection  
was photographed . All photographs w ere taken unde r an iden tica l fie ld  o f 
m agnifica tion. The boundary o f the  KOS plaque is located ju s t  beyond th e  
fie ld o f v iew .
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F ig u re  5 -4 . e x C d 3 0 5 R l is s im ila r  to  M 1 6 R  in th e  p ro d u c tio n  o f  
in fe c tio u s  p ro g e n y  Vero and V27 cells w ere  infected in dup lica te  w ith  e ithe r 
KOS, c/27-1, M16R, exC d305, exC d3 05R l, o r  exCd305R2. A fte r a llow ing  fo r  a 
single rep lica tion  cycle (ap p rox im a te ly  24  hours), v ira l progeny w ere released 
by fre e ze -th a w in g , and titre d  using V27 cells. The data are expressed as 
v irus y ie ld  (in  PFU) pe r in fected  cell.
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F igure  5 -5 .  T h e  ex C d 30 5  re v e r ta n ts  have  re ta in e d  th e  e x C d 3 0 5 -  
IC P 2 7  a lle le  (A ) Schem atics o f th e  ICP27 alleles p resen t w ith in  th e ir  
respective v iruses , indicating h yb rid iza tio n -fra g m e n t size (in  kb) and the  
annealing loca tions o f the  DNA probes; (B ) and (C) V27 cells were e ithe r 
mock in fec ted , o r infected w ith  KOS, c/27-1, M16R, exCd305, exC d305R l, o r 
exCd305R2. A t 48 hpi, v ira l DNA w as iso la ted and d igested w ith  PstI and 
SalI. Follow ing separation on a 1%  agarose gel, and acid and a lkali 
tre a tm e n t, fra g m e n ts  were trans fe rre d  to  a nylon m em brane and hybrid ized 
to  32P-labeled PCR-generated probes specific  fo r  (B) N -te rm ina l codons 
9 0 -2 5 9  o f ICP27, o r (C) C -te rm ina l codons 3 0 8 -5 0 3  o f ICP27. Shown are th e  
resu lting au to rad iographs. Size m arke rs  are in kb. P—P stI; S—Safl.
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Virus Stock T itre  on Vero T itre on V27 Plaquing Efficiency
cells (PFU/mL) cells (PFU/mL)

A. KOS

M16

M16R

4.5x10
4

<2.0x10
8 + 

6.3x10

4.2x10
8

4.9x10
8

9.5x10

1.1

<0.000041

0.66

B - M16R 

exCd305 

exCd305Rl 

exCd305R2

8 +
8.6x10

4 §
<2.0x10

8 + 
9.9x10

8*,oo
2.8x10

8
8.9x10

8
8.5x10

8
8.2x10

8
6.3x10

co

0.97

<0.000024

1.2

0.44

t  plaques are small compared to KOS plaques.

§ discrete plaques are not visible; small foci o f infected cells can be seen.

*  plaques are m inute compared to KOS plaques.

oo a fraction o f the plaques display a syncytial morphology.

T a b le  5 -1 . G ro w th  p ro p e rtie s  o f  w ild -ty p e  and m u ta n t  v iru s e s  (A)
The a b ility  o f M16R to  fo rm  plaques on Vero and V27 cells w as exam ined  and 
com pared to  KOS (g ro w th -c o m p e te n t in Vero ce lls), as well as to  M16 
(g row th -de fe c tive  in  Vero ce lls ); (B ) The a b ility  o f exC d305R l and 
exCd305R2 to  fo rm  plaques on Vero and V27 cells was exam ined  and 
com pared to  M16R (g ro w th -c o m p e te n t in Vero ce lls), as w ell as to  exCd305 
(g row th -de fec tive  in Vero ce lls). Shown are titre s  on Vero and V27 cells fo r 
v ira l h ig h -titre  s tocks. V ira l p laqu ing  e ffic iencies, as a m easure  o f  V e ro -to - 
V27 t it re , are also p resented .
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Final Thoughts

ICP27 is a com plex, m u lt i- fu n c tio n a l p ro te in , whose co n tr ib u tio n s  to  the 
ly tic  cycle o f HSV-1 have y e t to  be fu lly  e luc idated. The o rig ina l research 

presented in th is thes is  d e ta ils : i) th e  exam ination  o f RC v iru s  p resen t w ith in  
g row th -de fec tive  stocks o f IC P27 m u ta n ts ; ii)  the  cha rac te riza tion  o f an 
unexpected second-site  re v e rta n t o f an ICP27 g ro w th -d e fe c tive  m u tan t. A 
sum m ary  o f the  m a jo r fin d in g s  and conclusions surm ised fro m  th e  data 
collected on the  tw o  p ro jec ts  is de ta iled  below .

Investigation of Unexpected Recombinants

Preparation o f h ig h -titre  s tocks  o f g row th -de fe c tive  IC P27 m utan ts , 
unable to  replicate because o f engineered changes to  th e  ICP27 gene, 
requires th e  use o f a cell line (V 27  cells) able to  express a v ira lly  inducible 
w ild -typ e -IC P 27  p ro te in  (2 7 7 ). Th is a llows fo r  the  p o ss ib ility  o f 
recom bina tion  between th e  ce llu la r ICP27 gene and th e  v ira l ICP27 gene, 
leading to  th e  creation o f a w ild - ty p e -re s c u a n t virus th a t is now  RC. When 
fiv e  IC P 27-m utan t s tocks, w h ich  had been prepared using V27 cells, were 
exam ined fo r  the presence o f RC v irus , all w ere  found to  con ta in  RC virus. 
T here fo re , recom bination be tw een ce llu lar and vira l genom es, leading to  RC 
v irus  crea tion , is n o t an uncom m on event.

The RC virus p resen t in m o s t g ro w th -d e fec tive  stocks cou ld  be th e  resu lt 
o f tw o -crossover e ven t hom ologous recom bination be tw een th e  V27 cell and
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v ira l genom es. H ow ever, in th e  case o f the  IC P27-nu!l m u ta n t, c/27-1, RC 
v irus iso la ted fro m  th is  h ig h -titre  stock conta ins both th e  o rig ina l deletion 
a lle le  a t th e  ICP27 locus, as well as the  w ild -typ e -IC P 2 7  a lle le  a t an unknown 
position . I t  is proposed th a t th e  tw o alleles ex is t in tandem  w ith in  th is  RC 
v irus , th e  re su lt o f e ith e r hom ologous o r  ille g itim a te  recom bination  (via 
HANR) be tw een th e  v ira l IC P27-deletion a lle le  and a c ircu la r section o f 
ce llu la r DNA con ta in ing  th e  w ild -type -IC P 27  alle le.

A lthough  th e  existence o f RC virus in th e  g ro w th -d e fe c tive  stocks can be 
exp la ined by recom b ina tion  processes th a t are associated w ith  the  presence 
o f appa re n t DNA-sequence hom ology between v ira l and ce llu la r genom es, it  
is possible th a t appa re n t hom ology between genom es is n o t absolute ly 
essentia l fo r  th e  genesis o f RC virus. To address th is  issue, a new ICP27- 
de le tion  v irus  w as c rea ted : c/27-2. This v irus  is characterized  by a deletion o f 
th e  entire  ICP27 gene and flank ing  sequences (as opposed to  c/27-1), and 
th e re fo re  shares no apparen t sequence hom ology w ith  th e  ce llu la r ICP27 
gene. W hen exam ined  in para lle l w ith c/27-1 fo r  th e  presence o f RC v irus, 
h ig h -titre  stocks o f c/27-2 w ere  found to  be devoid o f RC v irus , suggesting 
th a t th e  gene ra tion  o f RC v irus  is dependent on apparen t DNA-sequence 
hom ology.

S u m m ary

1) R ep lica tion -com pe ten t virus exists in g ro w th -d e fe c tive  stocks.
2) R ep lica tion -com pe ten t v irus from  c/27-1 con ta ins tw o  ICP27 alleles.
3) The gene ra tion  o f RC virus appears to  requ ire  sequence hom ology.

F u tu re  D irec tio n s

A n u m be r o f unansw ered questions rem ain , ( i)  Does th e  propagation o f 
h ig h -titre  stocks o f g row th -de fec tive  v irus using V 27  cells re su lt in the 
inev itab le  c rea tion  o f RC virus? I f  so, then RC v iru s  should be present in all 
IC P 27 -m u tan t s tocks. S ub jecting Vero cells to  sequen tia l in fections w ith  
stocks o f v irus  w ou ld  p rov ide  answers to  th is  question , ( ii)  W hat is the 
genom ic s tru c tu re  o f th e  RC v irus  present in the  c/27-1 s tock(s)?  To address 
th is  question , R C-vira l DNA w ould be digested w ith  res tric tion  enzymes and 
analyzed by S ou thern  b lo tting  using a rad io -labe led  probe specific fo r ICP27 
sequence a bsen t in c/27-1—th is  would id e n tify  genom ic res tric tion  fragm ents 
th a t con ta in  th e  w ild -typ e -IC P 2 7  allele. R estriction  fragm en ts  conta in ing the  
w ild -typ e  a lle le  w ou ld  then be cloned and sequenced to  de linea te  the 
genom ic locale o f th e  w ild -typ e  allele. O f in te re s t is w he the r the  proposed 
tandem  a rra n g e m e n t o f a lle les exists, o r w he the r th e  inse rtion  o f the w ild - 
type  a lle le  occurs a t one o r m ore d iffe ren t loca tions th ro u g h o u t the  genome, 
( iii)  Can RC v iru s  be generated during the  crea tion  o f h ig h -titre  stocks o f
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d27-2? P re lim ina ry  results suggest th a t RC v irus  is no t be ing generated. 
However, to  address th e  question sa tis fac to rily , a much m ore  sensitive 
screening o f h ig h -titre  stocks o f d27-2  w ou ld  have to  be perfo rm ed. I f  RC 
v irus w ere  found  to  be present, even a t ve ry  low levels, th is  would suggest 
th a t HSV-1 can acquire  genetic m ate ria l fro m  th e  ce llu la r genom e w ith o u t the  
bene fit o f appa re n t sequence hom ology (i.e . via ille g itim a te  recom bina tion ).
I t  is im p o rta n t to  de te rm ine  th e  prevalence o f RC v irus in g ro w th -de fe c tive  
stocks, especia lly  i f  such stocks are being developed as vec to rs  fo r  gene 
the rapy.

Characterization of M 16R

The iso la tion  and characterization o f re ve rta n t v iruses aris ing in g ro w th - 
de fective  s tocks can yield ins ig h t in to  th e  s tru c tu ra l and functiona l 
re la tionsh ips o f th e  o rig ina lly  m uta ted  p ro te in . A re ve rta n t o f  the  ICP27- 
m u ta n t v irus  M16 (278 ) was isolated based upon its a b ility  to  fo rm  plaques 
on a non-com p lem en ting  cell line. This re ve rta n t, known as M16R, conta ins 
an in tragen ic  revers ion  w ith in  its  ICP27 gene; sequence analysis o f th e  gene 
revealed a s ing le  cytosine-base add ition  in an existing  s tre tch  o f cytosines a t 
codons 2 1 5 -2 1 7 . Add ition  o f th e  cytosine  base creates a + 1  sequence 
fra m e sh ift such th a t a new stop codon is read a t codon 290. In  c/27-1 
g ro w th -com p lem en ta tion  assays, th e  trunca ted  ICP27 p ro te in  is func tiona l, 
a lthough n o t to  th e  sam e degree as th e  w ild -typ e  pro te in .

M16R produces an ICP27 p ro te in  in th e  infected cell cons is ten t in mass 
w ith  th a t expected fro m  sequence analysis o f th e  m uta ted  alle le. During 
in fection , th e  ICP27 prote in  o f M16R localizes p re fe ren tia lly  to  the  cell's 
nucleo lus—th is  loca lization p ro file  is in s ta rk  con tras t to  those  observed fo r  
in fections w ith  e ith e r KOS (w here  ICP27 is p redom inan tly  nuclear, bu t is 
dispersed th ro u g h o u t the  nucleus in a speckled pa tte rn ) o r M16 (w here 
ICP27 is excluded  fro m  the  nucleolus). The significance o f th e  novel IC P27- 
loca lization p ro file  produced by a M16R in fection  is unknow n.

The ICP27 p ro te in  produced by M16R lacks w ha t w ould norm ally  be 
considered to  be th e  C -te rm ina l section o f th e  w ild -type  p ro te in . Instead , a 
novel C -te rm ina l section o f 72 -am ino  acids has been created as a resu lt o f 
the  + 1  fra m e sh ift. The new 72-am ino  acids con tribu te  s ign ifican tly  to  th e  
fu n c tio n a lity  o f th e  trunca ted  ICP27 p ro te in , as th e ir  rem ova l results in : ( i)  a 
pro te in  unab le  to  com p lem ent the  g row th  o f c/27-1 in a tra n s ie n t transfection  
assay, and ( i i)  a v irus  (n217d) unable to  e ffic ie n tly  rep lica te  its vira l DNA.

Three recom b inan t HSV-1 v iruses w ere  created to  assess the  
co n tribu tio n (s ) o f th e  trunca ted  ICP27 p ro te in  to  th e  v ira l phenotype. Two o f
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the  recom binan ts , M 16exC and exCd305, conta in  th e  extra  cytosine  addition  
and p roduce ICP27 p ro te ins  identica l to  th e  one produced by M16R, w hile  the  
th ird , n 2 1 7 d , possesses a s top  codon a t pos ition  218 and produces an ICP27 
pro te in  lacking the  nove l 72 -am ino  acid s tre tch . A ll th re e  are unable to  fo rm  
plaques on a non-com p lem en ting  cell line, and gene ra te  much low er levels o f 
in fec tious progeny th a n  M16R. The m ost like ly  exp lana tion  fo r  these 
observa tions is th a t M16R, in addition to  th e  in trage n ic  revers ion, conta ins 
one o r m ore  ex tragen ic  m u ta tions  th a t are requ ired  fo r  g row th-com pe tency. 
The tru nca te d  ICP27 p ro te in  o f 289-am ino  acids is n o t com p le te ly  devoid o f 
function  in  the  absence o f th e  extragen ic  m u ta tio n (s ), how ever, as it  is able 
to  e ffe c t th e  rep lica tion  o f v ira l DNA a t near w ild -typ e  levels.

Tw o reve rtan ts  o f  exCd305, named exC d 3 0 5 R l and exCd305R2, were 
isolated and characterized . The tw o  are pheno typ ica lly  d is tin c t fro m  one 
another. exC d305R l is a lm os t ind is tingu ishab le  fro m  M16R w ith  respect to  
pheno type ; com parisons o f p laquing m orpho logy, trunca ted  IC P27-pro te in  
p roduction , and v irus -y ie ld  values between th e  tw o  g ro w th -co m p e te n t 
viruses reveals ve ry  l it t le  d ifference. G enotyp ica lly , th e  ICP27 a lle le  o f 
e xC d3 05R l was found  to  be identica l in sequence to  th a t o f its parent, 
exCd305. The g row th -com pe te ncy  o f exC d 3 0 5 R l, th e re fo re , m ust be the  
resu lt o f  one o r m ore  ex tragen ic  reversions. I t  is possib le th a t M16R and 
exC d 305R l conta in th e  sam e extragen ic m u ta tio n (s ).

exCd305R2 d isp lays a phenotype d iffe re n t fro m  those  o f M16R and 
exC d30 5R l. On a non-com p lem en ting  cell line , exCd305R2 produces plaques 
th a t are ap p ro x im a te ly  h a lf th e  d iam ete r o f th e  p laques produced by e ithe r 
M16R o r exC d305R l. In  add ition , the  v irus -y ie ld  va lues generated by 
exCd305R2 are m a rked ly  low er than the  va lues genera ted  by both M16R and 
e xC d305 R l. E xam ination o f th e  sequence o f th e  ICP27 a lle le  o f exCd305R2 
revealed a single base subs titu tion  in th e  non-cod ing  p ro m o te r reg ion o f the  
allele. I t  is no t know n w he the r th is  single sequence dev ia tion  con tribu tes to  
the  pheno type , how eve r th e  level o f expression o f th e  trunca ted  ICP27 
prote in  appears unaffec ted  by the  m u ta tion . The fa c t th a t exCd305R2 
displays a unique pheno type  a lm ost ce rta in ly  m eans th a t its ex tragen ic  
m u ta tio n (s ) is/are d if fe re n t fro m  the  m u ta tio n (s ) o f exC d305R l.

Summary

1) M16R produces a functiona l ICP27 p ro te in  o f 289 -am ino  acids.
2) The new C -te rm in a l 72-am ino  acids are fu n c tio n a lly  im po rtan t.
3) O ne o r m ore e x tragen ic  m uta tions ex is t w ith in  M16R's genom e.
4) The  exCd305 v irus  can reve rt to  g ro w th -co m pe tency .
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F u tu re  D ire c tio n s

The cha rac te riza tion  o f M16R is fa r  fro m  com ple te , as the  data 
accum ula ted  fro m  th e  p re lim in a ry  ana lys is  o f th e  re ve rta n t presents 
num erous unansw ered questions and areas o f investiga tion . An obvious 
question  is : w h a t is /a re  the  ex tragen ic  m u ta tio n (s ) o f M16R? This could be 
addressed e ith e r by  th e  cloning and sequencing o f selected genes th o u g h t to  
be good reve rs ion  candidates (e .g . th e  ICP4 gene), o r by a co-in fection 
system  invo lv ing  th e  exCd305 v irus  and a lib ra ry  o f  am plicon constructs 
(168 , 327 , 328 ) bearing genom ic sections o f M16R. Resulting v irus-y ie ld  
leve ls fro m  th e  co-in fec tions w ould  ind ica te  which genom ic section(s) conta in  
th e  e x tra gen ic  m u ta tio n (s ). The use o f a d ire c t p ro te in -p ro te in  in te raction  
assay, such as th e  tw o -h yb rid  system  (4 5 ), w ould also be useful in the  
id e n tifica tio n  o f  e x tra g en ic -m u ta tion  p ro te ins . This approach assumes th a t 
th e  trun ca te d  ICP27 p ro te in  d ire c tly  in te rac ts  w ith  th e  extragen ic-m uta tion  
p ro te in (s ), how ever, which m ay no t be th e  case.

I t  is possib le  th a t  the  extragen ic  m u ta tio n s  p resen t w ith in  the  M16R, 
e xC d 3 0 5 R l, and exCd305R2 genom es are e ffecting  L gene expression. This 
could be inves tiga ted  w ith  a com b ina tion  o f [ 35S] p ro te in  labeling 
exp e rim e n ts  and analysis o f mRNA leve ls o f specific  y l  o r y2 genes (such as 
g lycop ro te in  C (9 4 ))  using v iruses th a t conta in  on ly  th e  in tragen ic m uta tion  
(e .g . M 16exC and exC d305) and those  th a t con ta in  both m utation types (e .g . 
M16R and e xC d 3 0 5 R l).

O f in te re s t is w h e the r th e  tru n ca te d  ICP27 p ro te in  produced by M16R 
shu ttles  be tw een th e  nucleus and th e  cytop lasm  o f the  infected cell. Evidence 
exists to  su p p o rt th e  requ irem en t o f sh u ttlin g  fo r  th e  expression o f L gene 
p roducts (3 2 5 ). P re lim inary  sh u ttling  experim ents  w ith  M16R suggest th a t 
th e  tru n ca te d  ICP27 p ro te in  does no t sh u ttle .

ICP27 is know n to  be able to  b ind to  RIMA in vitro th rough a RGG box 
(2 1 1 ). The tru n ca te d  ICP27 p ro te in  conta ins th is  RGG box, so it  is presumed 
to  be ab le to  b ind to  RNA. Using a w e ll-described  hom opo lym er system  fo r  in 
vitro RNA-binding analysis (158 , 2 1 1 ), th e  a b ility  o f th e  truncated ICP27 
p ro te in  to  b ind RNA could be inve s tig a ted . I t  w ould also be in te resting  to  
de te rm ine  w h e th e r th e  RGG box is essentia l fo r  any RNA-binding a c tiv ity , as 
th e  novel C -te rm ina l region encoded by th e  ex tra -cy to s ine  containing ICP27 
a lle le  resem bles th e  RGG box.

Is  th e  tru n ca te d  ICP27 p ro te in  ab le  to  e ffec t th e  trans-activa tion  and 
trans-rep ress ion  o f co-transfected  re p o rte r genes in trans ien t assays to  the  
sam e degree as th e  w ild -typ e  p ro te in?  ICP27 has been shown to  be able to  
enhance th e  expression  o f construc ts  bearing w eak po lyadenylation signals, 
w h ile  in h ib itin g  th e  expression o f re p o rte r genes bearing certain in trons 
(3 0 2 ). W ha t ro le  does th e  novel C -te rm ina l reg ion p lay, i f  any?
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A n u m b e r o f experim ents could address th e  ro le o f  th e  novel C -te rm ina l 
reg ion itse lf. For exam ple , w ha t e ffe c t on a c tiv ity  does th e  in troduction  o f  a 
s top  codon in various places th ro u g h o u t th e  region have? The reg ion, as 
m entioned  p rev ious ly , resembles a RGG box; as such i t  would be in te res ting  
to  in ve s tig a te  w he the r o the r know n RNA-binding dom ains (198, 209) can be 
sub s titu te d  func tiona lly . The p oss ib ility  also exists th a t th e  function  o f th e  
novel C -te rm ina l region is dependent on th e  fa c t th a t i t  is a basic sequence. 
Can th e  7 2 -a m in o  acid ta il be a ttached  to  th e  trun ca ted  ICP27 pro te ins o f 
o th e r g ro w th -d e fe c tive  ICP27 m u ta n ts  (such as n263R  and n406R) and e ffec t 
an exC d305 -like  phenotype?

The fra m e s h ift m uta tion  expanded an existing hom opo lym eric  run o f 
e ig h t cy tos ine  residues to  n ine in th e  ICP27-coding s trand  a t codons 
2 1 5 -2 1 7 . Such hom opo lym eric  sequence expansions and contractions m ay 
be com m on m u ta tiona l events (3 0 5 ). The hom opo lym er a t codons 2 1 5 -2 1 7  
is th e  la rg e s t o f th e  ICP27 ORF, and so m ay represen t a m uta tiona l "h o t 
spo t". I f  so, re ve rta n ts  bearing th e  identica l in tragen ic  reversion should be 
ab le  to  be se lected fo r using, no t on ly  M16, bu t also o th e r g row th -de fec tive  
v iruses de fined  by m uta tions in reg ions dow nstream  o f th e  hom opo lym er a t 
codons 2 1 5 -2 1 7  (e .g . M i l ,  M15, and n406R ). I t  w ou ld  also be in te resting  to  
see w he the r reve rta n ts  can be ob ta ined th a t possess fram esh ifts  a t o th e r 
hom opo lym eric  runs, as the  IC P27-coding region conta ins a num ber o f 
hom opo lym e ric  runs on ly one o r tw o  residues sm a lle r th an  th e  run a t codons 
2 1 5 -2 1 7 .
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