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Abst r act . The r ol e of cel l sur f ace hepar an sul f at e i n
her pes si mpl ex vi r us ( HSV) i nf ect i on was i nvest i gat ed
usi ng CHOcel l mut ant s def ect i ve i n var i ous aspect s of
gl ycosami nogl ycan synt hesi s . Bi ndi ng of r adi ol abel ed
vi r us t o t he cel l s and i nf ect i on wer e assessed i n mu-
t ant and wi l d- t ype cel l s . Vi r us bound ef f i ci ent l y t o
wi l d- t ype cel l s and i ni t i at ed an abor t i ve i nf ect i on
i n whi ch i mmedi at e- ear l y or a vi r al genes wer e ex-
pr essed, despi t e l i mi t ed pr oduct i on of l at e vi r al pr o-

DENTI FI CATI ON of a par t i cul ar cel l sur f ace mol ecul e as
a r ecept or f or a vi r us, or i dent i f i cat i on of mul t i pl e cel l
sur f ace mol ecul es as al t er nat i ve r ecept or s, must be

based on evi dence sat i sf yi ng at l east t wo cr i t er i a . Fi r st , pr es-
ence of t he r ecept or ( or one of mul t i pl e r ecept or s) shoul d be
pr er equi si t e f or bi ndi ng of vi r us t o a cel l and f or subsequent
i nf ect i on . Conver sel y, absence of t he put at i ve r ecept or ( s)
shoul d pr event speci f i c bi ndi ng of t he vi r us t o t he cel l and
shoul d r ender t he cel l r esi st ant t o i nf ect i on . Second, i t shoul d
be possi bl e t o showt hat t he vi r us act ual l y i nt er act s physi cal l y
wi t h t he cel l sur f ace mol ecul e( s) i n quest i on. The pur pose
of t hi s paper i s t o r epor t genet i c evi dence t hat t he cel l sur f ace
gl ycosami nogl ycan ( GAG) ' , hepar an sul f at e, f ul f i l l s t hese
cr i t er i a f or i dent i f i cat i on as a r ecept or f or her pes si mpl ex vi -
r us ( HSV) .

HSV i s i sol at ed pr i nci pal l y f r omhumans under nat ur al
condi t i ons al t hough t he vi r us has a br oad host r ange under
exper i ment al condi t i ons . A var i et y of l abor at or y ani mal s
can be i nf ect ed wi t h t he vi r us and most adher ent ver t ebr at e
cel l s gr own i n cul t ur e ar e suscept i bl e t o HSVi nf ect i on . Thi s
i mpl i es t hat t he cel l sur f ace r ecept or s f or HSV ar e ubi qui -
t ous and hi ghl y conser ved or t hat di f f er ent r ecept or s may be
used f or t he i nf ect i on of di f f er ent cel l t ypes.

Two ki nds of cel l sur f ace mol ecul es have been i mpl i cat ed
as r ecept or s f or HSV: hepar an sul f at e moi et i es of cel l sur f ace
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1 . Abbr evi at i ons used i n t hi s paper : GAG, gl ycosami nogl ycan; HEp- 2, hu-
man epi der moi d car ci noma No. 2; HSV, her pes si mpl ex vi r us; N- CAM,
neur onal cel l adhesi on mol ecul e; PFU, pl aque- f or mi ng uni t s .
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t ei ns and pr ogeny vi r us . Bi ndi ng of vi r us t o hepar an
sul f at e- def i ci ent mut ant cel l s was sever el y i mpai r ed
and mut ant cel l s wer e r esi st ant t o HSVi nf ect i on. I nt er -
medi at e l evel s of bi ndi ng and i nf ect i on wer e obser ved
f or a CHOcel l mut ant t hat pr oduced under sul f at ed
hepar an sul f at e . These r esul t s show t hat hepar an sul -
f at e moi et i es of cel l sur f ace pr ot eogl ycans ser ve as r e-
cept or s f or HSV.

pr ot eogl ycans ( 67) and a hi gh af f i ni t y r ecept or f or basi c FGF
( 29) .

Two l i nes of evi dence suggest ed t hat hepar an sul f at e ser ves
as r ecept or f or HSV. Fi r st , r emoval of hepar an sul f at e f r om
human cel l s, by enzymat i c t r eat ment , r educes t he abi l i t y of
t he cel l s t o bi nd vi r us and r ender s t he cel l s at l east par t i al l y
r esi st ant t o HSVi nf ect i on ( 67) . Second, t he vi r al gl ycopr o-
t ei n desi gnat ed gCi s pr i nci pal l y r esponsi bl e f or t he bi ndi ng
of HSV t o cel l s and has af f i ni t y f or hepar i n ( 22) , whi ch i s
cl osel y r el at ed i n st r uct ur e t o hepar an sul f at e ( 30) .

Two l i nes of evi dence al so suggest ed i ni t i al l y t hat FGF
r ecept or s have a r ol e i n HSVadsor pt i on t o cel l s or i n ent r y.
Fi r st , basi c FGF was shown t o i nhi bi t HSVbi ndi ng t o cel l s
and HSV i nf ect i on ( 29) . Second, i t appear ed t hat gr eat er
quant i t i es of l abel ed vi r us coul d bi nd t o CHOcel l s t r ans-
f ect ed t o expr ess a r ecept or f or FGF t han t o r ecept or -
def i ci ent CHOcel l s ( 29) , al t hough t hi s r esul t coul d not be
r epr oduced ( 55) .

The i dea t hat t he bi ndi ng of HSV t o cel l s mi ght r equi r e
i nt er act i on wi t h hepar an sul f at e as wel l as wi t h some ot her
cel l sur f ace mol ecul e ( 29, 67) i s i mpor t ant t o consi der , i n
l i ght of ot her f i ndi ngs . For exampl e, t he hi gh- af f i ni t y bi ndi ng
of basi c FGF t o cel l s and subsequent bi ol ogi cal r esponses
r equi r e t he dual i nt er act i on of basi c FGF wi t h cel l sur f ace
hepar an sul f at e ( or sol ubl e hepar i n) and ot her pr ot ei n r ecep-
t or s ( 48, 68) . I n addi t i on, t he par t i ci pat i on of neur onal cel l
adhesi on mol ecul e ( N- CAM) i n neur onal cel l - cel l and cel l -
subst r at umadhesi ons depends upon i nt er act i ons of N- CAM
wi t h hepar i n- l i ke mol ecul es ( 10, 11) . Al so, f i br onect i n has
speci f i c bi ndi ng domai ns bot h f or cel l sur f ace hepar an sul f at e
and f or r ecept or s of t he i nt egr i n super f ami l y ( 50) . Al t hough
t he adhesi on of cel l s t o subst r at a depends pr i nci pal l y on i n-
t egr i n- f i br onect i n i nt er act i ons, t he r eor gani zat i on of cyt o-
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skel et al component s t hat accompani es t hi s adhesi on depends
on hepar an sul f at e- f i br onect i n i nt er act i ons ( 33, 66) .
Her e we have made use of CHOcel l mut ant s def ect i ve i n

var i ous aspect s of GAGsynt hesi s t o t est f ur t her t he r ol es of
cel l sur f ace hepar an sul f at e andFGFrecept or s i nHSVi nf ec-
t i on. Most adher ent ver t ebr at e cel l s pr oduce a di ver se ar r ay
of pr ot eogl ycans ( 21, 23) . The t hr ee pr i nci pal GAGS f ound
on cel l sur f ace pr ot eogl ycans ar e hepar an sul f at e, chondr oi -
t i n sul f at e, and dermat an sul f at e . Hepar an sul f at e i s chemi -
cal l y ver y si mi l ar t o commer ci al hepar i n, except t hat hepa-
r i n t ends t o be t he mor e hi ghl y sul f at ed pol ymer and i s
pr oduced by speci al i zed t ypes of cel l s ( 30) . Avar i et y of mu-
t ant CHOcel l l i nes i sol at ed by Esko and col l eagues ( 14, 15)
havebeen shown t o have speci f i c def ect s t hat i nt er f er e wi t h
var i ous aspect s of GAGbi osynt hesi s ( Tabl e I ) . CHOmut ant s
i n compl ement at i on gr oups pgsAand pgsB f ai l t o pr oduce
GAGs because t hey ar e def i ci ent i n one of t he enzymes r e-
qui r ed t o f ormt he common t et r asacchar i de t hat i s l i nked t o
t he pr ot ei n cor e and upon whi ch al l t hr ee t ypes of GAGare
t hen pol ymer i zed. CHOmut ant s i ncompl ement at i on gr oups
pgsDandpgsEhave def ect s af f ect i ng t he pr oduct i on of hepa-
r an sul f at e but not ot her GAGs. Speci f i cal l y, pgsDmut ant s
l ack enzymat i c act i vi t i es r equi r ed t o f ormt he r epeat i ng di -
sacchar i de uni t char act er i st i c of hepar an sul f at e and pgsE
mut ant s pr oduce under sul f at ed hepar an sul f at e because of a
def i ci ency of t he enzyme r equi r ed t o add sul f at e t o deacet -
yl at ed ami no gr oups i n t he gl ucosami ne moi et i es ( a t ype of
sul f at i on t hat i s not f ound i n t he ot her GAGs pr esent on cel l
sur f aces) . Bot h t he wi l d- t ype and mut ant CHOcel l s used i n
t hi s st udy have been r epor t ed t o be def i ci ent i n t he hi gh af f i n-
i t y r ecept or s f or FGF (68) .
Our r esul t s show t hat pr esence of hepar an sul f at e on cel l

sur f aces, but not ot her GAGs, i s t he pr i nci pal r equi r ement
f or t he bi ndi ng of HSVt o cel l s and f or subsequent i nf ect i on
of t he cel l s . Mor eover , t he l evel of N- sul f at i on of hepar an
sul f at e si gni f i cant l y i nf l uences t he amount of vi r us t hat can
bi nd t o and i nf ect t he cel l s . Resul t s pr esent ed her e, coupl ed
wi t h ot her f i ndi ngs pr esent ed el sewher e ( 43, 55) , al so show
t hat r ecept or s f or FGFdo not have a r ol e i n HSVi nf ect i vi t y,
despi t e pr evi ous r epor t s pr oposi ng t hi s hypot hesi s ( 1, 29) . I t
i s possi bl e, f or r easons t o be di scussed, t hat cel l sur f ace
r ecept or s i n addi t i on t o hepar an sul f at e ar e i mpor t ant f or
HSV penet r at i on and i nf ect i vi t y. However , t hese ot her
( hypot het i cal ) r ecept or s r emai n t o be i dent i f i ed.

Mat er i al s andMet hods

Cel l s and Vi r uses
Wi l d- t ype CHO-KI cel l s and t he GAG- déf i ci ent mut ant s have been de-
scr i bed pr evi ousl y ( see ci t at i ons i n Tabl e I ) . The cel l s wer e passaged i n
Ham' s F12 medi umsuppl ement ed wi t h 10%FBS. Human epi dermoi d car ci -
nomaNo. 2 (HEp- 2) cel l s wer e passaged i nDMEsuppl ement ed wi t h 10%
FBS. The vi r uses used wer e HSVl ( KOS) , HSVI ( F) , and HSV2( 333) , and
t he I ndi ana st r ai n of vesi cul ar st omat i t i s vi r us . Ti t r at i ons of pl aque- f ormi ng
uni t s ( PFU) wer e done on HEp- 2 cel l s f or HSV(22) and on t he cel l s i ndi -
cat ed f or vesi cul ar st omat i t i s vi r us .

I CP4Expr essi on as Det ermi ned by
I mmunof uor escenceAssay
Cel l s wer e pl at ed on 12-mmcover sl i ps i n 5-ml gl ass sci nt i l l at i on vi al s ( 13-
mmdi am; Resear ch Pr oduct s I nt er nat i onal Cor p. , Mount Pr ospect , I L) and
i ncubat ed at 37°Cover ni ght . The cel l s wer e i nocul at ed wi t h HSV i n PBS
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( 10 mMNa2HP04, 1 . 5 mMKH2PO4, 140 mMNaCl , 2. 5 mMKCI , 0. 5
MMM9C12, 1mMCaCl 2) suppl ement ed wi t h 0. 1%gl ucose and i ncubat ed
f or 6 h at 37°C ( t he f i r st 2 h of i ncubat i on wer eon a shaker ) . The i nocul um
vol ume was 0. 1 ml and t he vi r us concent r at i ons wer e adj ust ed t o achi eve
t he desi r ed i nput mul t i pl i ci t y of i nf ect i on ( PFU/ cel l ) . The cel l s wer e t hen
t r eat ed wi t h aper i odat e- l ysi ne- par af ormal dehyde f i xat i ve ( 39) and permea-
bi l i zed wi t h 0. 1%Tr i t on X- 100 i n PBS. Hybr i doma cul t ur e f l ui d cont ai ni ng
an ant i - I CP4 mAb (ei t her 58S [ r ef er ence 56] or H640- 28 [ r ef er ence 25] )
was di l ut ed 1 : 2 wi t h PBS cont ai ni ng 1%BSA(PBS-BSA) and i ncubat ed
wi t h t he cel l s f or 30 mi n at r oomt emper at ur e. The cel l s wer e washed wi t h
PBS t hr ee t i mes t o r emove unbound ant i bodi es, and t hen i ncubat ed wi t h a
1: 100 di l ut i on of FI TC- conj ugat ed F( ab) 2 f r agment s of goat ant i -mouse
I gGant i bodi es (Or ganon Tekni ka Cor p. , Cappel Resear ch Pr oduct s, Dur -
ham, NC) f or 30 mi n at r oomt emper at ur e. Af t er washi ng, t he cover sl i ps
wer e mount ed i n medi um(5%pr opyl gal l at e, 60%gl ycer ol i n PBS) f or ex-
ami nat i on . For each sampl e, t wo count s of - 250 cel l s i n di f f er ent f i el ds
wer e made t o quant i t at e t he number s of I CP4- posi t i ve and I CP4- negat i ve
cel l s. The val ues gi ven ar e t he aver ages of t wo count s, expr essed as per cent
of cel l s t hat wer e I CP4- posi t i ve. Er r or bar s i n f i gur es i ndi cat e t he r ange of
val ues obt ai ned f or t he dupl i cat e sampl es .

Bi ndi ngof Radi ol abel ed HSVt o Cel l s
HSVvi r i ons wer e l abel ed and pur i f i ed as descr i bed ( 8, 57) . Br i ef l y, r ol l er
bot t l es of HEp- 2 cel l s wer e i nocul at ed wi t h vi r us at 3- 5 PFU/ cel l f or 2 h.
Af t er r emoval of i nocul um, t he cel l s wer e over l ai d wi t h medi um199 sup-
pl ement ed wi t h 1%FBS, wi t h or wi t hout [ 35S] met hi oni ne ( 15 pCi / ml ) or
[ 3H] t hymi di ne ( 20 uCi / ml ) and i ncubat ed at 37°C f or 48- 72 h. When t he
i nf ect ed cel l s wer e l abel ed wi t h [ 35S] met hi oni ne, t hemedi um199 used had
20%of t he normal l evel s of col d met hi oni ne. Vi r us was har vest ed and
pur i f i ed f r omi nf ect ed- cel l cyt opl asmi c l ysat es by cent r i f ugat i on t hr ough
dext r an gr adi ent s ( Dext r an T10; Pharmaci a LKBBi ot echnol ogy I nc. , Pi s-
cat away, NJ) . I nf ect i ous vi r us was quant i t at ed by t i t r at i ons on HEp- 2 cel l s
and r adi oact i vi t y was quant i t at ed by l i qui d sci nt i l l at i on count i ng . Par t i cl e
number s wer e det ermi ned by EM(22, 42) . Most vi r us pr epar at i ons had
t i t er s of 108 t o 109 PFU/ ml . Par t i cl e/ PFU rat i os wer e usual l y - 50: 1 f or
HSV1 (KOS) andHSV2(333) , and about 2- 5: 1 f or HSV1(F) . Just bef or e
use, vi r us was di l ut ed 1 : 4 ( vol / vol ) i n PBS, cent r i f uged at 40, 000 g f or 1 h,
and r esuspended i n PBS.

For t hebi ndi ng exper i ment s t he cel l swer e pl at ed ei t her i n 96-wel l r ound-
bot t omed pl at es (Gi bco BRL, Gai t her sbur g, MD) , 24-wel l pl at es, or ont he
bot t oms of t he gl ass sci nt i l l at i on vi al s descr i bed above, and i ncubat ed at
37°Cover ni ght . The conf l uent monol ayer s wer epr et r eat ed wi t h PBS-BSA
f or 1 h at 37°C. The cel l s wer e t hen washed t hr eet i mes wi t h PBS-BSAand
i nocul at ed wi t h pur i f i ed l abel ed vi r us i n a suf f i ci ent vol ume of PBS-BSA
t o keep t he cel l s cover ed wi t h f l ui d. The cel l s wer e exposed t o t he l abel ed
vi r us f or 6 h at 4°Con a shaker ( pi l ot exper i ment s r eveal ed t hat 6 h was
r equi r ed f or t he bi ndi ng of vi r us t oappr oachequi l i br i um) and t he cel l s wer e
t hen washed t hr ee t i mes wi t h col d PBS. I f t he cel l s had been pl at ed on 96-
wel l pl at es, t hey wer e t r ansf er r ed t o sci nt i l l at i on vi al s af t er det achment wi t h
EDTAand sci nt i l l at i on f l ui d was added. I f t he cel l s had been pl at ed i n t he
sci nt i l l at i on vi al s, t hen sci nt i l l at i on f l ui d was si mpl y added f or t he quant i t a-
t i on of r adi oact i vi t y bound t o t he cel l s. The val ues gi ven ar e t he aver ages
of dupl i cat e sampl es . The r esul t s ar e expr essed as number of vi r i ons bound
per cel l , based on t he speci f i c act i vi t i es of t he vi r us pr epar at i ons ( vi r i ons
per cpm) . Er r or bar s i n f i gur es i ndi cat e t he r ange of val ues obt ai ned .

Cel l Ki l l i ngAssay
Cel l s gr owi ng i n 25- cm' f l asks wer e i nocul at ed wi t h vi r us i n PBS cont ai n-
i ng 0. 1%gl ucose . Af t er 6 h of i ncubat i on at 37°C, t he cel l s wer e det ached
wi t h t r ypsi n- EDTA. The det ached cel l s wer e t hen r epl at ed i n 75- cm2 f l asks
cont ai ni ng gr owt hmedi um, at - 1, 000 cel l s per f l ask. Af t er 10 d i ncubat i on,
t he col oni es wer e f i xed and st ai ned wi t h Gi emsa f or quant i t at i on .

Resul t s

Mi dTypeCHOCel l s Ar eSuscept i bl e t o
HSVI nf ect i on
To assess t he bi ol ogi cal si gni f i cance of t he bi ndi ng of vi r us
t o cel l s, i t i s i mpor t ant t o quant i t at e i nf ect i on i n par al l el wi t h
bi ndi ng. Because CHOcel l s wer e pr evi ousl y r epor t ed t o be
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HSV- 1 ( KOS)

 

HSV- 1 ( F)

 

Hsv- 2 ( 333)

Fi gur e 1 . Expr essi on of an i mmedi at el y- ear l y HSVpr ot ei n ( I CP4)
af t er i nf ect i on of HEp- 2 cel l s and wi l d- t ype CHOcel l s wi t h HSV1
( KOS) , HSV1( F) , or HSV2( 333) . HEp- 2 cel l s ( o) or CHOcel l s
( o) wer e exposed t o var i ous concent r at i ons of vi r us f or 6 h at 37°C.
The cel l s wer e t hen f i xed and st ai ned f or det ect i on of t he vi r al pr o-
t ei n I CP4 by i mmunof l uor escence . Theper cent age of cel l s wi t h f l u-
or escent nucl ei was det er mi ned . The val ues gi ven f or mul t i pl i ci t y
of i nf ect i on ( PFUper cel l ) ar e based on t i t r at i ons of PFUon HEp- 2
cel l s .

nonper mi ssi ve f or HSVr epl i cat i on ( 24) , we t est ed whet her
wi l d- t ype CHO cel l s ar e suscept i bl e t o HSV i nf ect i on
nonet hel ess . Acel l was j udged t o be successf ul l y i nf ect ed i f
i t expr essed one of t he i mmedi at e- ear l y or a vi r al pr ot ei ns,
i ndi cat i ng t hat adsor pt i on, penet r at i on, and uncoat i ng of t he
vi r al genome had occur r ed and t hat vi r al gene expr essi on
had commenced. Expr essi on of t he a vi r al pr ot ei n desi g-
nat ed I CP4 was assessed by i mmunof l uor escence usi ng a
mAb speci f i c f or t hi s vi r al r egul at or y pr ot ei n. Wi l d- t ype
CHOcel l s and human HEp- 2 cel l s ( f ul l y per mi ssi ve f or
HSVr epl i cat i on) wer e exposed t o equi val ent doses of each
of t hr ee di f f er ent HSV st r ai ns and t hen pr ocessed f or i m-
munof l uor escence at 6 h af t er addi t i on of t he vi r us .

Fi g. 1 shows t hat al l t hr ee st r ai ns of HSV i nduced I CP4
expr essi on i n t he wi l d- t ype CHOcel l s but at consi der abl y
di f f er ent ef f i ci enci es compar ed wi t h t he abi l i t y of each st r ai n
t o i nduce I CP4 expr essi on i n HEp- 2 cel l s . The EDso ( dose
of vi r us r equi r ed t o i nduce I CP4 expr essi on i n 50%of cel l s)
was si mi l ar f or HSV2( 333) on bot h t he wi l d- t ype CHOcel l s
and HEp- 2 cel l s . I n cont r ast , t he ED5o f or HSV1( F) on
CHOcel l s was mor e t han 10 t i mes t hat obser ved on HEp- 2
cel l s. Thi s di f f er ent i al was even gr eat er f or HSV1( KOS) . We
concl ude t hat t he wi l d- t ype CHOcel l s ar e f ul l y suscept i bl e
t o i nf ect i on by some st r ai ns of HSV ( such as HSV2[ 333] )
but t hat some f act or s pr esent i n, or absent f r om, t he CHO
cel l s r est r i ct i nf ect i on by t he ot her st r ai ns of HSV t est ed .
Thi s r est r i ct i on i s par t i al and i s pr obabl y not at t he l evel of
t he bi ndi ng of vi r us t o cel l s, based on dat a pr esent ed i n t he
next sect i on. I t seems l i kel y, t her ef or e, t hat t he bot t l eneck f or
i nf ect i on by some st r ai ns of HSV i s at t he l evel of vi r al
penet r at i on of t he cel l , uncoat i ng of t he genome, or expr es-
si on of vi r al genes .

Expr essi on of l at e vi r al pr ot ei ns i n i nf ect ed CHOcel l s was
bel ownor mal l evel s and f ew i f any i nf ect i ous pr ogeny vi r i ons
wer e pr oduced ( dat a not shown) . I t seems l i kel y t hat CHO
cel l s do not pr ovi de t he f act or s r equi r ed f or opt i mal expr es-
si on of many HSVgenes . Al t er nat i vel y, CHOcel l s may ex-
pr ess i nhi bi t or y f act or s t hat bl ock expr essi on of i nt er medi at e
or l at e vi r al genes .

One f eat ur e of HSV i nf ect i on i n per mi ssi ve cel l s i s t hat
sol ubl e hepar i n concomi t ant l y bl ocks t he bi ndi ng of vi r us t o
t he cel l s and i nf ect i on of t he cel l s ( 22, 67) . Fi g. 2 shows t hat
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Fi gur e 2. Ef f ect of hepar i n on HSVbi ndi ng and I CP4 expr essi on
i n wi l d- t ype CHOcel l s. The cel l s wer e pl at ed i n sci nt i l l at i on vi al s
wi t h and wi t hout cover sl i ps . Sampl es of pur i f i ed HSVl ( KOS)
( [ ' H] t hymi di ne- l abel ed vi r us at 8. 7 x 104 vi r i ons/ cpM) wer e
mi xed wi t h var i ous concent r at i ons of hepar i n i mmedi at el y bef or e
i nocul at i on of t he cel l s . The cel l number was 1. 23 x 105 per vi al .
Vi r us added was 5. 6 x 109 vi r i ons per vi al or 4. 5 x l 0° vi r i ons
per cel l . Cel l s i n vi al s wi t hout cover sl i ps wer e exposed t o vi r us f or
6 h at 4°C. Unbound vi r us was t hen washed away and cel l - bound
r adi oact i vi t y was quant i t at ed . Cel l s i n vi al s wi t h cover sl i ps wer e
exposed t o vi r us f or 6 h at 37°C, f or t he quant i t at i on of I CP4 ex-
pr essi on as descr i bed i n t he t ext and l egend t o Fi g . 1 .

hepar i n i nhi bi t s bot h vi r us bi ndi ng t o and i nf ect i on of wi l d-
t ype CHOcel l s as wel l . I n t hi s exper i ment t he cel l s wer e ex-
posed t o pur i f i ed l abel ed HSV1( KOS) at a hi gh i nput dose
( 900 PFU/ cel l ) , i n t he absence or pr esence of hepar i n at t he
concent r at i ons i ndi cat ed, and t hen r epl i cat e sampl es wer e
pr ocessed ei t her f or quant i t at i on of vi r us bi ndi ng t o t he cel l s
or f or quant i t at i on of I CP4 expr essi on by i mmunof l uor es-
cence. Sever al poi nt s shoul d be made about t he r esul t s . Fi r st ,
HSVI ( KOS) i s capabl e of i nduci ng I CP4 expr essi on i n
100%of CHOcel l s, pr ovi ded t he i nf ect i ng dose of vi r us i s
l ar ge enough ( compar e Fi gs . 1 and 2) . Second, t he i nhi bi t i on
of I CP4 expr essi on by hepar i n can be f ul l y expl ai ned by t he
i nhi bi t i on of t he bi ndi ng of vi r us t o t he cel l s . Weassume t hat
t he r esi dual bi ndi ng of l abel t o t he cel l s at t he hi ghest con-
cent r at i ons of hepar i n i s nonspeci f i c i nasmuch as I CP4 ex-
pr essi on was compl et el y i nhi bi t ed at t hese concent r at i ons .

I t shoul d be not ed t hat CHOcel l s ar e mar kedl y def i ci ent
i n hi gh af f i ni t y r ecept or s f or FGF ( 38, 68) and yet ar e suscep-
t i bl e t o HSVi nf ect i on. Enhancement of FGF r ecept or ex-
pr essi on by t r ansf ect i on of t he appr opr i at e gene i nt o CHO
cel l s does not enhance suscept i bi l i t y of t he cel l s t o i nf ect i on
by HSV1( F) or HSV1( KOS) ( 55) . Thus, def i ci ency of FGF
r ecept or s does not account f or t he par t i al r est r i ct i on of HSV
i nf ect i on obser ved f or t hese HSV st r ai ns i n cont r ol CHO
cel l s. I n ot her st udi es we ar e expl or i ng t he mol ecul ar basi s
f or t he var i abi l i t y i n ef f i ci ency wi t h whi ch di f f er ent HSV
st r ai ns i nf ect CHOcel l s . The f ocus of t hi s st udy, however ,
i s t o t est t he ef f ect s of CHOmut at i ons t hat i mpai r GAGbi o-
synt hesi s on expr essi on of HSVr ecept or s and on suscept i bi l -
i t y of t he cel l s t o HSV i nf ect i on.

The i nhi bi t i on of HSVi nf ect i on by hepar i n and by t r eat ment
of cel l s wi t h hepar i t i nase ( 67) and t he af f i ni t y of speci f i c
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Tabl e L CHOCel l Li nes Used and Thei r Pr oper t i es

Chondr oi t i n sul f at e accumul at es t o l evel s t hr ee t i mes hi gher t han i n wi l d- t ype cel l s .
t The hepar an sul f at e pr oduced i s under sul f at ed by a f act or of t wo t o t hr ee.

HSV gl ycopr ot ei ns f or hepar i n ( 22) suggest ed t hat cel l sur -
f ace hepar an sul f at e may ser ve as r ecept or f or HSV. To t est
t hi s possi bi l i t y, t he - suscept i bi l i t y t o HSV i nf ect i on of wi l d-
t ypeCHOcel l s and t he GAG- def i ci ent mut ant s ( Tabl e I ) was
compar ed ( Fi g. 3) . Each of t he cel l l i nes i ndi cat ed was ex-
posedp a r ange of concent r at i ons of HSV1( KOS) , HSV
1( F) , or HSV2( 333) - ' and i nf ect i on was moni t or ed by quan-
t i t at i ng t he number of cel l s expr essi ng I CP4. Wi t h al l t hr ee
st r ai ns of vi r us, t he wi l d- t ype cel l s wer e most suscept i bl e t o
i nf ect i on and t he hepar an sul f at e- def i ci ent mut ant cel l s wer e
l east suscept i bl e, r egar dl ess of whet her t he mut ant cel l s ex-
pr essed undet ect abl e or el evat ed l evel s of chondr oi t i n sul f at e
( Tabl e I ) . The mut ant cel l s ( pgsE- 606) t hat pr oduce under -
sul f at ed hepar an sul f at e had an i nt er medi at e l evel of suscep-
t i bi l i t y t o HSVi nf ect i on. The di f f er ence i n suscept i bi l i t y of
t he wi l d- t ype and hepar an sul f at é- def i ci ent cel l s was ver y
pr onounced. For exampl e, bot h pgsA- 745 and pgsD- 677
cel l s wer e al most t ot al l y r esi st ant t o concent r at i ons of HSV
1( F) capabl e of i nf ect i ng 100%of wi l d- t ype cel l s . Al t hough
a smal l per cent age of t he pgsA- 745 and pgsD- 677 cel l s coul d
be i nf ect ed by HSV2( 333) , much hi gher i nput doses of vi r us
wer e r equi r ed t han was r equi r ed t o i nf ect a compar abl e per -
cent age of wi l d- t ype cel l s . The al t er ed suscept i bi l i t y of cel l s
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Fi gur e 3. Expr essi on of I CP4 af t er i nf ect i on of wi l d- t ype CHOcel l s
and GAG- def i ci ent CHOmut ant s wi t h HSV1( KOS) , HSV1( F) , or
HSV2( 333) . Wi l d- t ype and mut ant cel l s wer e pl at ed i n sci nt i l l at i on
vi al s wi t h cover sl i ps and t hen exposed t o var i ous - _ ncent r at i ons of
t he vi r us st ai ns i ndi cat ed I CP4 expr essi on w i t i t at ed at 6 h
af t er i nf ect i on as descr i bed i n t he l egend t o Fi g. 1 . The vi r us i nput
i s based on t he vi r us t i t er on HEp- 2 cel l s . The hi ghest dose t est ed
f or HSVI ( F) ( 290 PFU/ cel l ) i s not i ncl uded on t he gr aph; t he val -
ues obt ai ned at 290 PFU/ cel l wer e not si gni f i cant l y di f f er ent f r om
t he val ues obt ai ned at 145 PFU/ cel l .

caused by def ect s i n hepar an sul f at e bi osynt hesi s wer e super -
i mposed on t he di f f er ences i n abi l i t y of t he t hr ee vi r al st r ai ns
t o i nf ect CHOcel l s ( Fi g. 1) .

The bi ndi ng of HSVt o mut ant and wi l d- t ype CHOcel l s
was al so assessed. Monol ayer cul t ur es of t he di f f er ent cel l
l i nes wer e exposed t o a r ange of concent r at i ons of pur i f i ed
r adi ol abel ed vi r us at 4°C and t hen washed t o quant i t at e t he
amount of vi r us t hat r emai ned bound t o t he cel l s. The r esul t s
pr esent ed i n Fi gs. 4 and 5 showt hat t her e was ver y l i t t l e, i f
any, speci f i c ( hepar i n- i nhi bi t abl e) bi ndi ng t o t he hepar an
sul f at e- def i ci ent mut ant s r egar dl ess of whet her t he mut ant s
pr oduced chondr oi t i n sul f at e . The l owl evel s of bi ndi ng wer e
usual l y sl i ght l y hi gher f or t he chondr oi t i n sul f at e- pr oduc-
i ng, hepar an sul f at e- def i ci ent mut ant ( pgsD- 677) t han f or
t he ot her mut ant s, but t hi s di d not cor r el at e wi t h pr opor t i on-
at el y gr eat er I CP4 expr essi on ( Fi g. 3) . HSV2( 333) r epr o-
duci bl y exhi bi t ed mor e hepar i n- i nhi bi t abl e bi ndi ng t o t he
hepar an sul f at e- def i ci ent cel l s t han di d t he ot her t wo st r ai ns
of vi r us . Thi s cor r el at ed wi t h somewhat gr eat er , but st i l l l ow,
expr essi on of I CP4 by HSV2( 333) t han by t he ot her vi r us
st r ai ns t est ed . Al l t hr ee st r ai ns of vi r us exhi bi t ed i nt er medi -
at e l evel s of bi ndi ng t o t he mut ant cel l s t hat pr oduced under -
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Fi gur e 4. Bi ndi ng of HSVl ( KOS) t owi l d- t ype CHOcel l s andGAG-
def i ci ent CHOmut ant s . Wi l d- t ype and mut ant cel l s wer e pl at ed i n
96- wel l r ound- bot t omed pl at es, and i nocul at ed wi t h var i ous con-
cent r at i ons of pur i f i ed PSS] met hi oni ne- l abel ed HSVI ( KOS) ( 3. 35
x 10^ vi r i ons/ cpm) . For t he di f f er ent cel l l i nes, t he cel l number s
r anged f r om2. 7 t o 5. 8 x 10° per wel l . The adsor pt i on per i od was
6 h at 4°C. Af t er unbound vi r us was washed away, t he cel l s wer e
det ached wi t h EDTAand t r ansf er r ed t o sci nt i l l at i on vi al s f or t he
quant i t at i on of cel l - bound r adi oact i vi t y.

Cel l t ype St r ai n Bi ochemi cal def i ci ency

GAGS

Hepar an sul f at e

pr oduced

Chondr oi t i n sul f at e Ref er ence

Wi l d- t ype K1 None Yes Yes
Mut ant gr oup

pgsA 745 Xyl osyl t r ansf er ase No No ( 15)
pgsB 761 Gal act osyl t r ansf er ase No No ( 16)
pgsD 677 N- acet yl gl ucosami nyl and No Yes' ( 17)

gl ucur onosyl t r ansf er ases ( 34)
pgsE 606 N- sul f ot r ansf er ase Yes* Yes ( 2)

( 3)
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Fi gur e S. Bi ndi ng of HSVt o wi l d- t ype CHOcel l s and GAG- def i -
ci ent CHOmut ant s i n t he pr esence ( o) or absence ( e, w, A, v)
of hepar i n . Wi l d- t ype and mut ant cel l s wer e pl at ed i n sci nt i l l at i on
vi al s and i nocul at ed wi t h pur i f i ed, [ ' H] t hymi di ne- l abel ed HSV
1( F) or HSV2( 333) at di f f er ent subsat ur at i ng concent r at i ons of vi -
r us i n t he pr esence or absence of hepar i n ( 20 Ag/ ml ) . The speci f i c
act i vi t i es of t he vi r us pr epar at i ons wer e 3. 9 x 104 vi r i ons/ cpmf or
HSVl ( F) and 5. 0 x 104 vi r i ons/ cpmf or HSV2( 333) . For t he di f -
f er ent cel l l i nes, t he cel l number s r anged f r om7 t o 16 x 104 per
vi al ( HSV1[ F] ) and f r om8 t o 15 x 104 per vi al ( HSV2[ 333] ) .
The adsor pt i on per i od was 6 h at 4°C. Cel l - bound vi r us was quant i -
t at ed as descr i bed i n t he l egend t o Fi g. 2. The l evel of bi ndi ng i n
t he pr esence of hepar i n was essent i al l y t he same f or al l cel l l i nes ;
t he aver age hepar i n- i nhi bi t ed val ues f or al l cel l l i nes ar e r epr e-
sent ed by t he open ci r cl es .

sul f at ed hepar an sul f at e. I nt er est i ngl y, hal f - maxi mal bi ndi ng
of HSV1( KOS) was compar abl e f or pgsE- 606 and wi l d- t ype
cel l s but t he pl at eau l evel s di f f er ed by t wo- t o t hr eef ol d ( Fi g.
4) . The di mi nut i on i n HSV bi ndi ng t o t he pgsE- 606 cel l s
cor r el at es wel l wi t h t he decr ease i n over al l sul f at i on of hepa-
r an sul f at e ( 3) . The r esul t s pr esent ed i n Fi gs . 3- 5 i ndi cat e
t hat t he r esi st ance of t he mut ant CHOcel l s t o HSVi nf ect i on
can be account ed f or by t he r educed l evel s of bi ndi ng of HSV
t o t he cel l s .

Wehave not det ect ed di f f er ences i nbi ndi ng of t he di f f er ent
HSV st r ai ns t o wi l d- t ype CHOcel l s t hat coul d account f or
t he di f f er ent ef f i ci enci es wi t h whi ch each st r ai n i nduces I CP4
expr essi on i n t he wi l d- t ype cel l s ( Fi gs . 1 and 5) . Thus t he
pol ymor phi c vi r al genes t hat det er mi ne t he ef f i ci ency of
I CP4 i nduct i on i n CHOcel l s must i nf l uence some st ep be-
t ween bi ndi ng of vi r us t o t he cel l and ear l y vi r al gene ex-
pr essi on.

Yayon et al . ( 68) used some of t he CHOcel l mut ant s em-
pl oyed i n t hi s st udy t o t r ansf ect a gene f or an FGF r ecept or
and t o show t hat t he bi ndi ng of basi c FGF t o t hi s r ecept or
r equi r es t he pr esence of cel l sur f ace hepar an sul f at e . Basi c
FGF coul d bi nd t o t he t r ansf ect ed r ecept or on hepar an sul -
f at e- def i ci ent cel l s onl y i f hepar i n was added at l owconcen-
t r at i ons. Because basi c FGFi s a hepar i n- bi ndi ng pr ot ei n, t he
aut hor s hypot hesi zed t hat i nt er act i on of basi c FGF wi t h ex-
ogenous hepar i n or cel l ul ar hepar an sul f at e al t er s t he conf or -
mat i on of basi c FGF, whi ch enabl es i t s bi ndi ng t o t he hi gh
af f i ni t y r ecept or . An exper i ment was done t o det er mi ne
whet her l owconcent r at i ons of exogenous hepar i n coul d en-
hance t he bi ndi ng of HSVt o hepar an sul f at e- def i ci ent cel l s
( Fi g.

. 6) .
Hepar i n r angi ng i n concent r at i on f r om1 ng/ ml t o

i nhi bi t or y l evel s f ai l ed t o enhance t he bi ndi ng of HSV t o
hepar an sul f at e- def i ci ent cel l s . These concent r at i ons of hep-

Shi eh et al . Recept or s f or HSVAr eHepar an Sul f at e Pr ot eogl ycans

Fi gur e 6. Ef f ect of l ow- dose
hepar i n on bi ndi ng of HSVt o
wi l d- t ypeandhepar ansul f at e-
negat i ve mut ant CHO cel l s.
Wi l d- t ype and pgsA745 cel l s
wer e pl at ed i n 24- wel l pl at es
cont ai ni ng cover sl i ps and ex-
posed t o pur i f i ed [ " S] met hi o-
ni ne- l abel ed HSV1( KOS) ( 2. 4
x 104 vi r i ons/ cpm) mi xed
wi t h hepar i n at t he concent r a

t i ons i ndi cat ed . Cel l number s wer e 4 x 105 per wel l . Vi r us added
was 1 . 6 x 109 vi r i ons per wel l . The adsor pt i on per i od was f or 6 h
at 4°C. Af t er washi ng away unbound vi r us, t he cover sl i ps wer e
t r ansf er r ed t o sci nt i l l at i on vi al s f or t he quant i t at i on of cel l - bound
r adi oact i vi t y. The r el at i vel y l owef f i ci ency of vi r us bi ndi ng t owi l d-
t ype cel l s i n t he absence of hepar i nwas because 6f t he l ar ger vol -
ume of f l ui d used f or vi r us adsor pt i on ( 0. 3' ml r at her t han 0. 1
and r esul t ant l ower concent r at i on of t he added vi r us .

ar i n al so f ai l ed t o enhance i nf ect i on of t he hepar an sul f at e-
def i ci ent cel l s, as assessed by t est i ng f or I CP4 expr essi on
( r esul t s not shown) . The f ai l ur e of exogenous hepar i n t o en-
hance bi ndi ng of HSV suggest s t hat t he vi r us r equi r es cel l -
bound hepar an sul f at e, pr esumabl y i n t he f or mof membr ane
pr ot eogl ycan.

Because abor t i ve i nf ect i ons wi t h HSV can be cyt ot oxi c,
we exami ned t he sur vi val of wi l d- t ype CHOcel l s and mu-
t ant s af t er chal l enge wi t h vi r us . Quant i t at i ve r esul t s wer e ob-
t ai ned usi ng a col ony- f or mi ng assay. Wi l d- t ype and mut ant
cel l s wer e exposed t o var i ous doses of vi r us. Af t er 6 h, t he
cel l s wer e det ached and r epl aced at l ow densi t y and cel l
col oni es wer e count ed 10 d l at er . Consi st ent wi t h t he r esul t s
pr esent ed i n Fi g. l , HSV2( 333) ki l l ed wi l d- t ype CHOcel l s
mor e ef f i ci ent l y t han di d HSV1( F) , whi ch i n t ur n ki l l ed t hese
cel l s mor e ef f i ci ent l y t han di d HSVl ( KOS) ( dat a not shown) .
For compar i son óf t he suscept i bi l i t y of wi l d- t ype and mut ant
cel l s t o ki l l i ng by HSV2( 333) , t he cel l s wer e exposed t o 15
or 150 PFUper cel l of vi r us ( Fi g. 7) . At t he hi ghest dose
of vi r us used, t he wi l d- t ype CHOcel l s wer e essent i al l y al l
ki l l ed wher eas al l of t he mut ant s wer e r esi st ant t o ki l l i ng by
HSV2( 333) . I t i s i nt er est i ng t hat even t he mut ant , çel l l i ne.
pr oduci ng under sul f at ed hepar an sul f at e was compl et el y
r esi st ant t o ki l l i ng . At t he hi ghest dose of HSV2( 333) used,
- 25%of t he cel l s shoul d have been i nf ect ed, as j udged by
t he r esul t s of ot her si mi l ar exper i ment s ( Fi g. 3) . Ther ef or e
i t seems l i kel y t hat ki l l i ng of CHOcel l s r equi r es ent r y of
mul t i pl e vi r i ons . The possi bi l i t y exi st s t hat t he vi r i on-
associ at ed f act or r esponsi bl e f or t he i mmedi at e shut - of f of
host pr ot ei n synt hesi s ( 18, 49) cont r i but es t o t he cyt ot oxi ci t y
of HSV2( 333) . Consi st ent wi t h t hi s possi bi l i t y, i t has been
shown t hat HSV2 expr esses amuchmor e pot ent shut - of f f ac-
t or t han HSV1 ( 19) and t hat f ul l act i vi t y r equi r es ent r y i nt o
t he cel l of mul t i pl e vi r i ons ( 31) .

Mut ant and Wi l d- t ype CHOCel l s Ar e
Equal l y Suscept i bl e t o I nf ect i on by Vesi cul ar
St omat i t i s Vi r us
The hepar an sul f at e- def i ci ent CHOcel l s ar e not r esi st ant t o
i nf ect i on by al l vi r uses . The r esul t s pr esent ed i n Tabl e JI
show t hat vesi cul ar st omat i t i s vi r us f or med pl aques wi t h
equal ef f i ci ency on wi l d- t ype and mut ant CHOcel l s . Four
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Fi gur e 7. Vi abi l i t y ( col ony- f or mi ng abi l i t y) of wi l d- t ype and GAG-
def i ci ent mut ant CHOcel l s af t er exposur e t o HSV2( 333) . Wi l d-
t ype and mut ant cel l s wer e pl at ed i n 25- cmz f l asks and exposed t o
var i ous concent r at i ons of HSV2( 333) . Af t er 6 h of i ncubat i on at
37°C, t he cel l s wer e det ached and r el aat ed at l ow densi t y. Af t er
10 d i ncubat i on, t he col oni es wer e st ai ned and count ed. The num-
ber of col oni es f or each sampl e i s expr essed as t he per cent age of
col oni es obt ai ned f r ommock- i nf ect ed cel l s . The val ues shown ar e
t he aver ages of dupl i cat e det er mi nat i ons and er r or bar s r epr esent
t he r ange of val ues obt ai ned .

vi r us st ocks, pr epar ed on BHKcel l s or on wi l d- t ype CHO
cel l s, had si mi l ar t i t er s of PFUs on al l t hr ee CHOcel l l i nes
t est ed. I n cont r ast , t he t i t er s of HSV I CP4- i nduci ng uni t s
wer e so much l ower on t he hepar an sul f at e- def i ci ent mut ant s
t han on wi l d- t ype CHOcel l s t hat accur at e quant i t at i on of t he
di f f er ences coul d not be done.

The r esul t s pr esent ed her e pr ovi de genet i c evi dence t hat
hepar an sul f at e ser ves as cel l sur f ace r ecept or f or HSVand
i s r equi r ed as r ecept or f or t he usual pat hway by whi ch t hi s
vi r us at t aches t o and i nvades a cel l . We showt hat absence
of hepar an sul f at e r ender s CHOcel l s def i ci ent f or HSV
r ecept or s and r esi st ant t o HSVi nf ect i on . Thi s concl usi on i s
gener al i zabl e t o pr i mat e cel l s . Al t hough pr i mat e cel l mu-
t ant s def ect i ve f or hepar an sul f at e synt hesi s have not been de-
scr i bed, use of hepar i t i nase or hepar i nase t o sel ect i vel y r e-
move hepar an sul f at e f r om human or - monkey cel l s has
qual i t at i vel y t he same ef f ect on, . HSVbi ndi ng and i nf ect i on
( 67) as t he CHOcel l mut at i ons descr i bed her e. Because

Tabl e H. Pl at i ng Ef f i ci enci es of Vesi cul ar St omat i t i s Vi r us
on Wi l d- Type CHOCel l s and Mut ant s

TheJour nal of Cel l Bi ol ogy, Vol ume 116, 1992

* Vi r us st ocks wer e pr epar ed on BHKcel l s or on CHO- Kl cel l s as i ndi cat ed.
Thecel l s wer e i nf ect ed at 0. 01 PFU/ cel l and i ncubat ed f or 2 d i n Ham' s F12
medi umcont ai ni ng 296 FBS. Themedi umwas cl ear ed of cel l debr i s and used
as t he sour ce of vi r us f or t he t i t r at i ons.
$ Di l ut i ons of each vi r us st ock wer e pl at ed on wi l d- t ype CHO- KI cel l s,
pgsA- 745 cel l s, or pgsB- 761 cel l s as i ndi cat ed. Thecel l s wer e i ncubat ed f or
2d i n t he medi umdescr i bed above cont ai ni ng 0. 95%Nobl e agar . Pl aqueswer e
t hen count ed.

sol ubl e hepar i n coul d not enhance t he bi ndi ng of HSV t o
hepar an sul f at e- def i ci ent cel l s, i t seems l i kel y t hat t he i nt er -
act i on of vi r us wi t h hepar i n- l i ke mol ecul es does not ser ve
mer el y t o f aci l i t at e t he bi ndi ng of vi r us t o some ot her r ecep-
t or . The si mpl est i nt er pr et at i on of t he f i ndi ngs summar i zed
her e i s t hat cel l sur f ace hepar an sul f at e ser ves as t he HSV
r ecept or .

The hepar an sul f at e t o whi ch HSV bi nds must consi st
l ar gel y of hepar an sul f at e chai ns coval ent l y at t ached t o cel l
sur f ace pr ot eogl ycans . Al t hough f r ee GAGchai ns can bi nd
t o cel l s, exogenous hepar i n coul d not enhance t he bi ndi ng of
HSVt o cel l s ( Fi g. 6) and most cel l sur f ace GAGs ar e cova-
l ent l y at t ached t o a pr ot ei n cor e ( 30) . CHOcel l s, l i ke most
ot her cel l t ypes, expr ess mul t i pl e cel l sur f ace pr ot eogl ycans
cont ai ni ng hepar an sul f at e . Recent st udi es i ndi cat e t hat a
pr ot eogl ycan r el at ed t o syndecan ( 52) i s a maj or cel l sur f ace
pr ot eogl ycan i n CHOcel l s ( Zhang, L. , and J . D. Esko, un-
publ i shed r esul t s) . CHOcel l s al so expr ess a pr ot eogl ycan
t hat i s t he t ype I I I r ecept or f or t r ansf or mi ng gr owt h f act or - 0
( TGF- ß) . I nt er est i ngl y, t he GAG chai ns nor mal l y pr esent
on t hi s r ecept or ( hepar an sul f at e and chondr oi t i n sul f at e)
ar e di spensabl e f or expr essi on of t he r ecept or on cel l sur -
f aces and f or bi ndi ng and f unct i on of TGF- ß, as shown by
st udi es done wi t h t he CHOmut ant s pgsA- 745 and pgsB- 761
( 9) . I n cont r ast wi t h TGF- ß, HSVbi nds t o hepar an sul f at e
and pr obabl y not t o t he pr ot ei n cor e, at l east not i n t he ab-
sence of t he hepar an sul f at e moi et i es of t he pr ot eogl ycan.
For HSV, i t r emai ns t o be det er mi ned whet her any hepar an
sul f at e pr ot eogl ycan can ser ve as r ecept or or whet her a par -
t i cul ar pr ot eogl ycan i s r equi r ed . Speci f i c pr ot eogl ycans may
be pr ef er r ed as HSVr ecept or s because of char act er i st i c mod-
i f i cat i ons of t hei r hepar an sul f at e chai ns . I n addi t i on, HSV
vi r i ons may bi nd t o di ver se hepar an sul f at e pr ot eogl ycans
but be act i vat ed f or penet r at i on of t he cel l onl y af t er i nt er -
act i on wi t h par t i cul ar pr ot eogl ycans, due per haps t o i nt er -
act i ons of t he vi r us wi t h mol ecul ar det er mi nant s of bot h
hepar an sul f at e and t he pr ot ei n cor e or t o r equi r ement f or
pr ot eogl ycans t hat ar e physi cal l y l i nked t o ot her cel l compo-
nent s i nvol ved i n vi r al penet r at i on .

Char act er i zat i on of t he vi r i on gl ycopr ot ei n t hat medi at es
t he bi ndi ng of HSV t o cel l s suppor t s t he concl usi on t hat
hepar an sul f at e i s t he r ecept or . Her ol d et al . ( 22) showed t hat
t wo of t he vi r i on gl ycopr ot ei ns ( gB and gC) have hepar i n-
bi ndi ng act i vi t y and t hat gCi s pr i nci pal l y r esponsi bl e f or t he
bi ndi ng of vi r i ons t o cel l s . Thi s l at t er concl usi on was based
on f i ndi ng t hat gC- negat i ve vi r i ons ar e i mpai r ed i n abi l i t y t o
bi nd t o cel l s wher eas absence of any of t he ot her gl ycopr o-
t ei ns known t o be r equi r ed f or HSVi nf ect i vi t y ( gB, gD, and
gH) bl ocks penet r at i on of vi r us i nt o cel l s but not bi ndi ng of
vi r us t o cel l s ( 5, 12, 35, 36, 51) . St udi es def i ni ng t he mol ecu-
l ar t ar get of an i nhi bi t or of HSVi nf ect i on al so i ndi cat e t hat
gChas a r ol e i n t he bi ndi ng of vi r us t o cel l s ( 7, 32) . Al t hough
gC- negat i ve vi r i ons exhi bi t speci f i c i nf ect i vi t i es l ess t han
1/ 10 t hat of wi l d- t ype vi r us, t her e i s si gni f i cant r esi dual i n-
f ect i vi t y whi ch al so depends on t he pr esence of cel l sur f ace
hepar an sul f at e. We have pr oposed t hat t her e i s some r edun-
dancy i n vi r al f unct i ons t hat can medi at e t he bi ndi ng of vi r us
t o cel l s and t hat t he ot her hepar i n- bi ndi ng gl ycopr ot ei n ( gB)
may subst i t ut e f or gC, al bei t wi t h l ower ef f i ci ency ( 22) .

The r equi r ement of HSV f or hepar an sul f at e as r ecept or
cannot be met by t he ot her GAGs commonl y f ound on cel l
sur f aces, such as chondr oi t i n sul f at e . The evi dence i ncl udes
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VSV- CHO- KI 6. 5 8 . 5 6. 0
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t he f i ndi ng t hat CHOcel l mut ant s capabl e of expr essi ng
chondr oi t i n sul f at e, but not hepar an sul f at e, ar e al most as
r esi st ant t o HSVbi ndi ng and i nf ect i on as CHOcel l mut ant s
t hat f ai l t o pr oduce any GAGS. I n addi t i on, t r eat ment of pr i -
mat e cel l s wi t h enzymes capabl e of sel ect i vel y r emovi ng
chondr oi t i n sul f at e anddermat an sul f at e has no ef f ect on sus-
cept i bi l i t y of t he cel l s t o HSV bi ndi ng and i nf ect i on ( 67) .
These r esul t s i mpl y t hat vi r i on gl ycopr ot ei ns r ecogni ze
st r uct ur al f eat ur es of hepar an sul f at e t hat ar e not shar ed wi t h
ot her GAGs.
The r epeat i ng di sacchar i de uni t of hepar an sul f at e consi st s

of t he ami no sugar N- acet yl - or N- sul f o- gl ucosami ne and a
hexur oni c aci d wher eas t he r epeat i ng di sacchar i de uni t of
chondr oi t i n sul f at e and dermat an sul f at e consi st s of N- ace-
t yl gal act osami ne and a hexur oni c aci d ( 23) . Possi bl y, t he
ami no sugar i s an i mpor t ant det ermi nant i n speci f i ci t y of t he
HSV ant i r ecept or . I t i s per haps r el evant i n t hi s r egar d t hat
t he bi ndi ng of HSVt o cel l s can be i nhi bi t ed by pr et r eat ment
of t he cel l s wi t h wheat germaggl ut i ni n ( 65, 69) , whi ch can
bi nd t o N- acet yl gl ucosami ne r esi dues . Degr ee of sul f at i on of
t he hepar an sul f at e i s al so cl ear l y an i mpor t ant det ermi nant
of speci f i ci t y i n t he i nt er act i on of HSVwi t h cel l s, gi ven t he
r educed number of HSVrecept or s onpgsE- 606 cel l s, whi ch
pr oduce under sul f at ed hepar an sul f at e . Consi st ent wi t h t hese
f i ndi ngs, i t was r ecent l y shown t hat bi ndi ng of HSVt o cel l s
i s i nhi bi t ed most ef f ect i vel y by t he mor ehi ghl y sul f at ed f r ac-
t i ons of hepar an sul f at e or hepar i n and ver y poor l y, i f at al l ,
by chondr oi t i n sul f at e or dermat an sul f at e ( 37) .

I t i s cl ear f r omt he r esul t s pr esent ed her e and pr evi ousl y
( 67) t hat cel l sur f ace hepar an sul f at e i s r equi r ed f or t he bi nd-
i ng of bot h ser ot ypes of HSV (HSVl and HSV2) t o cel l s .
Because t he HSVl and HSV2 f orms of gCand gBdi f f er i n
ami no aci d sequence ( 4, 13, 58, 59) , t he possi bi l i t y exi st s
t hat t her e ar e ser ot ype- speci f i c di f f er ences i n t he st r uct ur al
f eat ur es of hepar an sul f at e r equi r ed f or vi r us bi ndi ng . Such
di f f er ences coul d expl ai n pr evi ous f i ndi ngs t hat t he r el at i ve
bi ndi ng of HSV1 andHSV2t o di f f er ent cel l t ypes i s not con-
st ant ( 62, 63) . The pr eci se r equi r ement s f or i nt er act i ons of
t he var i ous f orms of HSVgBandgCwi t h hepar i n or hepar an
sul f at e r emai n t o be def i ned .
Af t er t he bi ndi ng of HSVt o a cel l , penet r at i on of vi r us

i nt o t he cel l can occur by f usi on of t he vi r i on envel ope wi t h
t he cel l pl asma membr ane ( 20, 44, 47, 65) . The event s r e-
qui r ed f or vi r al penet r at i on ar e not yet known but depend
upon t he act i vi t i es of at l east t hr ee HSVgl ycopr ot ei ns desi g-
nat ed gB, gD, and gH(5, 12, 35, 36, 51) . The possi bi l i t y ex-
i st s t hat one or mor eof t hese gl ycopr ot ei ns may i nt er act wi t h
a cel l sur f ace r ecept or di st i nct f r omhepar an sul f at e . I f any
of t hese gl ycopr ot ei ns engages i n i nt er act i ons wi t h r ecept or s
ot her t han hepar an sul f at e, however , t hese i nt er act i ons must
usual l y occur secondar y t o t he bi ndi ng of vi r us t o hepar an
sul f at e and must not be of hi gh enough af f i ni t y t o enabl e
ef f i ci ent bi ndi ng of vi r us t o cel l s i n t he absence of hepar an
sul f at e . I t has been pr oposed t hat gDmay bi nd t o a speci f i c
cel l sur f ace component ( 6, 26- 28) . Absence of gD f r om
vi r i ons, however , does not i mpai r bi ndi ng , of t he vi r i ons t o
cel l s ; gD- negat i ve vi r i ons ar e noni nf ect i ous due t o i mpr ove-
ment of penet r at i on ( 35) . Thus, gDmay i nt er act wi t h cel l
sur f ace component s i nvol ved i n f usi on of t he vi r al envel ope
wi t h t he pl asma membr ane.
Recent l y i t was cl ai med t hat hi gh af f i ni t y r ecept or s f or

FGF mi ght ser ve as "por t al s of ent r y" i nt o ' cel l s f or HSV

Shi eh et al . Recept or s f or HSVAr e Hepar an Sul f at e Pr ot eogl ycans

( 29) . Thi s concl usi on r est ed on f i ndi ngs t hat basi c FGF
coul d i nhi bi t HSVi nf ect i on of endot hel i al cel l s and t hat l a-
bel edmat er i al i n vi r us pr epar at i ons bound t o a gr eat er ext ent
t o CHOcel l s t r ansf ect ed wi t h an FGF recept or t han t o con-
t r ol CHOcel l s . Subsequent st udi es have shown t hat t hi s en-
hanced bi ndi ng coul d not be r epr oduced by t he aut hor s or
us and t hat t he FGF recept or - posi t i ve CHOcel l s and cont r ol
cel l s wer e i ndi st i ngui shabl e i n suscept i bi l i t y t o HSVi nf ec-
t i on ( 55) . I n addi t i on, Mi r da et al . ( 43) showed t hat FGF
recept or - posi t i ve and FGF recept or - negat i ve r at myobl ast s
di d not di f f er i n suscept i bi l i t y t o HSVi nf ect i on and t hat a
sol ubl e f ormof t heFGF recept or f ai l ed t o i nhi bi t HSVi nf ec-
t i on wher eas i t di d i nhi bi t basi c FGFbi ndi ng and bi ol ogi cal
act i vi t y. Themost l i kel y expl anat i ons f or t he or i gi nal r esul t s
r epor t ed by Haj j ar and col l abor at or s ( 1, 29) ar e compet i t i on
bet ween HSV and basi c FGF f or bi ndi ng t o cel l sur f ace
hepar an sul f at e ( 43, 55) and pr esence of cont ami nat i ngmat e-
r i al ( i ncl udi ng basi c FGF) i n t hei r l abel ed vi r us pr epar at i ons
( 55) . I t has been shown t hat ot her hepar i n- bi ndi ng pr ot ei ns
( such as pl at el et f act or 4) can bl ock bot h t he bi ndi ng of HSV
t o cel l s and i nf ect i on of t he cel l s ( 67) .
Vi r al r ecept or s f or HSVand f or at l east t wo of t he ani mal

her pesvi r uses - pseudor abi es vi r us andbovi ne her pesvi r us
t ype 1 - appear t o be si mi l ar or r el at ed. Evi dence t hat hepa-
r an sul f at e al so ser ves as r ecept or f or t hese ani mal vi r uses
comes f r omf i ndi ngs t hat hepar i n i nhi bi t s i nf ect i on and t hat
t r eat ment of cel l s wi t h hepar i t i nase or hepar i nase r educes
t he bi ndi ng of vi r us t o t he cel l s and r ender s t he cel l s at l east
par t i al l y r esi st ant t o vi r us i nf ect i on ( 41, 46, 53) . I n addi t i on,
bot h of t hese ani mal vi r uses encode gl ycopr ot ei ns t hat ar e
r el at ed t o HSVgCand, f or bot h vi r uses, t he gChomol og
has hepar i n- bi ndi ng act i vi t y and i s pr i nci pal l y r esponsi bl e
f or t he bi ndi ng of vi r us t o cel l s ( 40, 41, 46, 53, 54, 64, 70) .
These si mi l ar i t i es among HSV, pseudor abi es vi r us, and bo-
vi ne her pesvi r us t ype 1 ar e consi st ent wi t h t he si mi l ar i t i es
i n bi ol ogi cal pr oper t i es and pat hogenesi s of t he vi r uses ( de-
spi t e t hei r pr opensi t y t o i nf ect di f f er ent ani mal speci es) .
Wi t h any vi r us, i t i s necessar y t o consi der whet her t her e

i s a si ngl e pat hway f or vi r al bi ndi ng and ent r y i nt o cel l s or
mul t i pl e pat hways . I t seems l i kel y t hat t he hi gh ef f i ci ency i n-
f ect i on of most cul t ur ed adher ent cel l s wi t h HSV depends
upon t he pr esence of cel l sur f ace hepar an sul f at e . Thi s asser -
t i on i s based on f i ndi ngs t hat hepar i n i nhi bi t s i nf ect i on by
HSVof many cel l t ypes and speci es ( 45, 60, 61, 67) and t hat
absence of cel l sur f ace hepar an sul f at e r ender s human, mon-
key, and r odent cel l s r esi st ant t oHSVi nf ect i on ( 67) . On t he
ot her hand, t he hepar an sul f at e- def i ci ent CHOcel l s coul d be
i nf ect ed, al bei t i nef f i ci ent l y, by HSV2( 333) . Thi s suggest s
t hat t he mut ant cel l s may expr ess l owl evel s of hepar i n- l i ke
mol ecul es, t hat someot her cel l sur f acemol ecul e can subst i -
t ut e poor l y f or hepar an sul f at e, or t hat some al t er nat e, but
i nef f i ci ent , pat hway exi st s f or t he f unct i onal bi ndi ng of HSV
t o cel l s .
We t hank L. Per ei r a ( Uni ver si t y of Cal i f or ni a, San Fr anci sco, CA) f or
pr ovi di ng t he mAb, H640- 28. We al so t hank her and L. T Wi l l i ams
(Uni ver si t y of Cal i f or ni a, San Fr anci sco, CA) f or communi cat i ng t hei r
r esul t s ( 43) bef or e publ i cat i on .
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