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ABSTRACT

The pat hway by whi ch Seml i ki For est vi r us ( SFV) , a membr ane- cont ai ni ng

ani mal vi r us, ent er s BHK- 21 cel l s was st udi ed mor phol ogi cal l y and bi ochemi cal l y .

Af t er at t achi ng t o t he cel l sur f ace, t he maj or i t y of vi r uses was r api dl y t r apped i nt o

coat ed pi t s, i nt er nal i zed by endocyt osi s i n coat ed vesi cl es, and sequest er ed i nt o

i nt r acel l ul ar vacuol es and l ysosomes . Di r ect penet r at i on of vi r uses t hr ough t he

pl asma membr ane was never obser ved .

To assess t he possi bl e i nvol vement of l ysosomes i n t he r el ease of t he genome

i nt o t he cyt opl asm, t he ef f ect of f i ve l ysosomot r opi c agent s, known t o i ncr ease t he

l ysosomal pH, was t est ed. Al l of t hese agent s i nhi bi t ed SFV i nf ect i vi t y and one,

chl or oqui ne ( t he agent st udi ed i n most det ai l ) , i nhi bi t ed a ver y ear l y st ep i n t he

i nf ect i on but had no ef f ect on bi ndi ng, endocyt osi s, or i nt r acel l ul ar di st r i but i on of

SFV. Thus, t he i nhi bi t or y ef f ect was concl uded t o be ei t her on penet r at i on of t he

nucl eocapsi d i nt o t he cyt opl asm or on uncoat i ng of t he vi r al RNA.

Possi bl e mechani sms f or t he penet r at i on of t he genome i nt o t he cyt opl asm wer e

st udi ed i n vi t r o, usi ng phosphol i pi d- chol est er ol l i posomes and i sol at ed SFV. When

t he pHwas 6 . 0 or l ower , ef f i ci ent f usi on of t he vi r al membr anes and t he l i posomal

membr anes occur r ed, r esul t i ng i n t he t r ansf er of t he nucl eocapsi d i nt o t he l i po-

somes . I nf ect i on of cel l s coul d al so be i nduced by br i ef l ow pH t r eat ment of cel l s

wi t h bound SFV under condi t i ons wher e t he nor mal i nf ect i on r out e was bl ocked .

The r esul t s suggest t hat t he penet r at i on of t he vi r al genome i nt o t he cyt osol

t akes pl ace i nt r acel l ul ar l y t hr ough f usi on bet ween t he l i mi t i ng membr ane of

i nt r acel l ul ar vacuol es and t he membr ane of vi r uses cont ai ned wi t hi n t hem. The

l ow pH r equi r ed f or f usi on t oget her wi t h t he i nhi bi t or y ef f ect of l ysosomot r opi c

agent s i mpl i cat e l ysosomes, or ot her i nt r acel l ul ar vacuol es wi t h suf f i ci ent l y l ow

pH, as t he mai n si t es of penet r at i on .
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cur s ei t her at t he pl asma membr ane or i nt r acel l u-

l ar l y af t er t he vi r us has been t aken up by endo-
cyt osi s ( f or r evi ews see r ef er ences 8 and 35) . Pen-

et r at i on at t he cel l sur f ace has been demonst r at ed

f or par amyxovi r uses ( f or r evi ews see r ef er ences 7

and 44) ; t he membr anes of t hese vi r uses f use wi t h
t he host cel l pl asma membr ane, and t he nucl eo-
capsi d i s t her eby i nt r oduced i nt o t he cyt opl asm.
Endocyt osi s, " vi r opexi s, " has been obser ved f or

most ani mal vi r uses and may pl ay an i mpor t ant
r ol e i n t he i nf ect i on by many vi r uses ( see r ef er ence

8) . How t he vi r al genome escapes f r om t he endo-

cyt ot i c vacuol es i nt o t he cyt opl asm i n not cl ear .

I n t hi s paper we have t r i ed t o unr avel t he pat h-
way of i nf ect i on used by t he Seml i ki For est vi r us
( SFV) . SFV i s a si mpl e membr ane- cont ai ni ng an-
i mal vi r us bel ongi ng t o t he al phavi r uses . The

st r uct ur al pr oper t i es, t he bi osynt hesi s, and t he gen-
er al f eat ur es of r epl i cat i on have been wel l char -

act er i zed . The vi r us consi st s of a spher i cal nucl eo-

capsi d cont ai ni ng a si ngl e- st r anded RNA and 240
copi es of a si ngl e pr ot ei n ( 5, 18) . The nucl eocapsi d
i s sur r ounded by a l i pi d bi l ayer membr ane wi t h
gl ycopr ot ei n spi kes ( 47) . Each of t hese spi kes con-
si st s of t hr ee gl ycopol ypept i des, wi t h appar ent mol
wt of 48 x 103, 51 x 103 , and 10 X 103, r espect i vel y
( 18, 56) . The spi ke pr ot ei ns ar e anchor ed by hy-
dr ophobi c segment s i n t he l i pi d bi l ayer ( 51) . I n
BHK- 21 cel l s, t he cel l l i ne used i n t hi s st udy,
i nf ect i on pr oceeds r api dl y ( 4, 30) , penet r at i on oc-
cur r i ng wi t hi n t he 1st h af t er addi t i on of t he vi r us .
The vi r al RNA synt hesi s i s det ect abl e af t er 1 . 5 h,
and af t er 2 . 5 h t he f i r st pr ogeny vi r uses appear i n
t he medi um.

Our r esul t s suggest t he f ol l owi ng st ages i n t he
ent r y of SFV i nt o BHK- 21 cel l s : ( a) bi ndi ng t o t he
cel l sur f ace, ( b) i nt er nal i zat i on by adsor pt i ve en-
docyt osi s i n coat ed vesi cl es, ( c) ent r y i nt o l ar ger
i nt r acel l ul ar vacuol es, and ( d) f usi on of t he vi r al
membr ane wi t h t he vacuol ar membr ane, wher eby
t he nucl eocapsi d ent er s t he cyt opl asmi c compar t -
ment .

MATERI ALS AND METHODS

Cel l s and Vi r us

BHK- 21 cel l s wer e gr own as monol ayer s i n MEMGl asgow

medi um ( Or i on Di agnost i ca, Fi nl and) suppl ement ed wi t h 10%

f et al cal f ser um( Gr and I sl and Bi ol ogi cal Co . , Gr and I sl and, N.

Y. ) , 2 mM gl ut ami ne, 250 I E/ ml peni ci l l i n, and 0. 1 mg/ ml

st r ept omyci n sul f at e . Pl ast i c cel l cul t ur e bot t l es ( 75 cm' , Fal con

Labwar e, Di v . of Bect on, Di cki nson &Co. , Oxnar d, Cal i f . ) , Pet r i
di shes ( 6 x 1 . 5 cm, Fal con Labwar e) , 24- wel l Li nbr o pl at es
( Li nbr o Di v . , Fl ow Labor at or i es, Hamden, Conn . ) , and gl ass

cover sl i ps ( di amet er 1 . 1 cm) i n 3- cmdi amet er pet r i di shes ( Fal con

Labwar e) wer e used . The cel l s wer e passaged t wi ce a week and

used on t he 3r d d af t er pl at i ng.

A pr ot ot ype st r ai n of SFV was gr own i n t he BHK- 21 cel l s

and pur i f i ed as descr i bed ( 28) . SFV was l abel ed ei t her wi t h
[ " S] met hi oni ne ( Radi ochemi cal Cent r e, Amer sham, Engl and)
( 0. 4 mCi / ml medi um) , or wi t h I ' Hl i sol euci ne, l euci ne, and val i ne
( 0. 02 mCi of each per ml medi um) ( 29) . Vi r al pr ot ei n was
det er mi ned by t he Lowr y pr ocedur e wi t h 0. 1%sodi um dodecyl
sul f at e i n t he r eact i on mi xt ur e, usi ng bovi ne ser um al bumi n
( BSA) as a st andar d. I n t he cal cul at i ons, we assumed a pr ot ei n

cont ent of 57%, and a vi r al mol wt of 64 x 10' ( 34) . I n t he " P-
l abel ed vi r us, - 10%of t he act i vi t y was ext r act abl e by chl or of or m:
met hanol : wat er ( 8 : 4: 3 vol / vol ) , i ndi cat i ng t hat - 90%of t he l abel
was i n t he RNA. The nonr adi oact i ve vi r us, t he [ ' SS] met hi oni ne-

l abel ed vi r us, and t he ' H- l abel ed vi r us wer e st or ed at - 80° C i n
0 . 05 MTr i s- HCl , pH7. 4, cont ai ni ng 0 . 1 MNaCl and 42%wt / wt
sucr ose. The " P- l abel ed vi r us was st or ed at 4° Cand used wi t hi n
3 d .

Associ at i on of ( 35SJMet hi oni ne- l abel ed SFV

t o Cel l s

Conf l uent cel l s on 6 x 1 . 5 cm Fal con di shes wer e washed

t wi ce wi t h R- medi um ( RPMI 1640 cont ai ni ng 10 mM 4- ( 2-

hydr oxyet hyl ) - 1- pi per azi ne et hane sul f oni c aci d ( H£P£S, Ser va,

Ger many) , pH 6. 8, and 0. 1%BSA. The di shes wer e kept ei t her

i n a COs i ncubat or ( 37° C) or on i ce f or 1 h, i n t he pr esence or

absence of 0 . 1 mMchl or oqui ne. The medi umwas r emoved, and
I ml of " S- l abel ed SFV i n R- medi um ( wi t h or wi t hout chl or o-

qui ne) was added t o each di sh ei t her at r oom t emper at ur e or i n
t he col d . The cel l s wer e t hen i ncubat ed at 37° C or on i ce f or

di f f er ent per i ods of t i me. The medi umwas r emoved and t he cel l s
wer e washed t wi ce wi t h 1 . 0 ml of col d R- medi um. The combi ned

medi um and washes wer e cent r i f uged ( 5 mi n, 1, 500 r pm, 4° C)

and 1 . 2 ml of t he super nat e was l yophi l i zed and sol ubi l i zed i n
Tr i t on X- 100 t ol uol sci nt i l l at i on f l ui d . The r adi oact i vi t y was
det er mi ned i n a Mar k I I I sci nt i l l at i on count er ( Sear l e Anal yt i c

I nc . , Des Pl ai nes, I l l . ) . Anot her 1 . 2 ml was mi xed wi t h an equal
vol ume of 20% TCA. Af t er l h at 0° C, t he pr eci pi t at es wer e
col l ect ed on 0. 45- kmMi l l i por e f i l t er s ( Mi l l i por e Cor p . , Bedf or d,
Mass. ) and t he r adi oact i vi t y was det er mi ned . The cel l s wer e
scr aped of f wi t h a r ubber pol i ceman i nt o 1 ml of phosphat e-
buf f er ed sal i ne ( PBS) cont ai ni ng I mM phenyhnet hyl sul phonyl
f l uor i de ( PMSF) , and I ml of i ce- col d 20%TCAwas added . The
di shes wer e washed t wi ce wi t h 1 ml of 10%TCA. Af t er I h on
i ce, t he pr eci pi t at es wer e col l ect ed and assayed f or r adi oact i vi t y .
Al i quot s of t he TCA super nat e wer e dr i ed at 50° C, and r adi o-
act i vi t y was det er mi ned af t er sol ubi l i zat i on i n sci nt i l l at i on f l ui d .

To synchr oni ze t he ent r y of vi r us i nt o t he cel l s, t he' S- l abel ed

vi r us was al l owed t o bi nd i n t he col d f or l h as descr i bed above.
Fr ee and l oosel y bound vi r us was r emoved by t wo washes wi t h

5 ml of col d R- medi um. I ml of R- medi um was added and t he
di shes wer e pl aced on t he wat er sur f ace of a 37° C wat er bat h or
f or i ncubat i ons l onger t han 20 mi n i nt o a 5%COz i ncubat or . At
var i ous t i mes di shes wer e r emoved, cool ed, and t r eat ed as de-
scr i bed above .

Pr ot ei nase KAssay f or I nt er nal i zed SFV

Cel l s t r eat ed wi t h r adi oact i ve SFV i n t he col d or at 37 °Cf or

var yi ng per i ods wer e cool ed on i ce and washed . 0 . 5 mg pr ot ei nase
K( Boehr i nger , Mannhei m, Ger many) or 0, 5 mg of BSAi n 1 ml

of PBS was added t o dupl i cat e di shes . The di shes wer e r ocked
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sl owl y f or 45 mi n at 4° C, and 1 ml of 1 mMPMSF i n PBS,

cont ai ni ng 30 mg of BSA, was added . The cel l s wer e scr aped of f ,

t r ansf er r ed i nt o 15- ml coni cal gl ass t ubes, vor t exed, and di l ut ed

t o 14 ml wi t h PBS cont ai ni ng 0. 2%BSAon i ce . Af t er cent r i f u-

gat i on ( 3 mi n, 2, 000 r pm, 4° C) t he super nat e was di scar ded, and

t he cel l s wer e washed t wi ce wi t h PBS- BSA. Fi nal l y, t he cel l s

wer e di ssol ved i n 10 ml of Tr i t on X- 100 t ol uol sci nt i l l at i on f l ui d

and t he r adi oact i vi t y was measur ed .

SFV Fusi on wi t h Li posomes

Li posomes wer e pr epar ed dai l y by di ssol vi ng 2 . 5 l amol each

of phosphat i dyl et hanol ami ne ( bovi ne br ai n t ype I , Si gma Chem-

i cal Co. , St . Loui s, Mo. ) , sphi ngomyel i n ( bovi ne br ai n, Si gma

Chemi cal Co . ) , and l eci t hi n ( egg yol k, t ype V, Si gma Chemi cal

Co . ) , and 3. 75 l amol of chol est er ol ( Mer ck, Ger many, f our t i mes

cr yst al l i zed) i n 0 . 5 ml chl or of or m: met hanol ( 2 : 1 vol / vol ) . The

mi xt ur e was di vi ded i n t wo par t s and dr i ed on t he wal l s of gl ass

t ubes usi ng a r ot ar y evapor at or and was t hen r edi ssol ved t wi ce

i n di et hyl et her . Af t er a f ewgl ass beads wer e added ( 1 mmDi am) ,

one of t he dr i ed l i pi d f i l ms was suspended by vor t exi ng i nt o 0. 5

ml of 0 . 05 MTr i s- HCI , pH7. 2, cont ai ni ng 0. 13 MNaCl and 0. 1

mMCaCl 2, l MMMgCl 2 , and 10 mg/ ml pancr eat i c RNase A

( bovi ne, t ype I I I A, Si gma Chemi cal Co . ) . The ot her was sus-

pended i nt o 0 . 02 MHEPES, pH 7. 3, cont ai ni ng 0 . 1 mMCaC12,

1 mMMgC12 , and 0. 3%BSA. To r emove unt r apped enzyme t he

RNase- cont ai ni ng sampl e was appl i ed t o a 0 . 7 cm x 20 cm

col umn of Sephadex G- 150 ( Phar maci a, Uppsal a, Sweden) equi l -

i br at ed wi t h t he HEPESbuf f er . Fr act i ons ( 0 . 31 ml ) wer e col l ect ed

at r oom t emper at ur e, and t he t hr ee most opal escent f r act i ons

wer e pool ed . To 0. 9 ml of t hi s pool , 20111 of car r i er - f r ee 12 P- SFV

was added ( 5 t o 10 x 105 cpm) . Cont r ol sol ut i ons wer e pr epar ed

as f ol l ows : ( a) 20 Al of 12 P- SFV was mi xed wi t h 0 . 15 ml of t he

RNase- f r ee l i posomes and 0. 75 ml of t he HEPESbuf f er cont ai n-

i ng 0 . 1 mg/ ml RNase, ( b) 20 t t l of 12P- SFV was mi xed wi t h 0 . 9

ml of HEPES buf f er cont ai ni ng 0. 1 mg/ ml RNase . Al i quot s ( 100

111) of each sol ut i on wer e pl aced i n t he t i p of f i ve col l odi um

t hi mbl es ( Sar t or i us, Göt t i ngen, Ger many) . The col l odi um t hi m-

bl es wer e di al yzed at 37° C f or 20 mi n agai nst buf f er s of di f f er ent

pH. The buf f er s used wer e 0. 02 MHEPES- HCI , pH 7. 3, cont ai n-

i ng0. 13 MNaCl , 0 . 02 M2 ( N- mor phol i no) et hane sul phoni c aci d

( MES) wi t h 0 . 13 MNaCl , adj ust ed t o pH 6. 5, 6 . 0, and 5 . 5,

r espect i vel y, and 0. 02 Msodi um acet at e, pH 5. 0, cont ai ni ng 0. 13

MNaCl . As addi t i onal cont r ol s, 100- p1 al i quot s of each st ar t i ng

sol ut i on wer e made 1%i n r espect t o Tr i t on X- 100 and i ncubat ed

f or 20 mi n at 37' C wi t hout di al ysi s, and , 2P- SFV ( 20 111) was

mi xed wi t h 0 . 9 ml of HEPESbuf f er and kept at 0° C. I mmedi at el y

af t er di al ysi s or i ncubat i on, t he sampl es wer e t r ansf er r ed t o 1 . 5-

ml Eppendor f t ubes on i ce. Al i quot s ( 25 t d) wer e pi pet t ed ont o

t wo 3 MMWhat man paper di sks ( 2 . 3 cm) . One of t he di sks was

al l owed t o ai r dr y, and t he ot her was i mmer sed i n col d 10%TCA.

Af t er I h at 0° C, i t was washed f or 15 mi n wi t h et hanol :

di et hyl et her ( l : 1 vol / vol ) and f or 15 mi n i n di et hyl et her . Af t er

ai r dr yi ng, bot h paper di sks wer e pl aced i nt o sci nt i l l at i on vi al s

and t he r adi oact i vi t y was det er mi ned usi ng a t ol uene- based

sci nt i l l ant . The di sks t hat had not been TCA t r eat ed gave t he

t ot al r adi oact i vi t y, and t he di sks t hat had been TCAt r eat ed gave

t he amount of aci d- pr eci pi t abl e r adi oact i vi t y . I dent i cal r esul t s

wer e obt ai ned i f TCApr eci pi t at i on was per f or med i n t ubes af t er

i nact i vat i on and sol ubi l i zat i on wi t h 1% sodi um dodecyl sul f at e

at 56° C.

To det er mi ne t he di st r i but i on of aci d- sol ubl e nucl eot i des be-

t ween t he par t i cul at e f r act i on and t he medi um, a Beckman

ai r f uge ( Beckman I nst r ument s, I nc. , Spi nco Di v . , Pal o Al t o,

Cal i f. ) was used . To 25- 111 al i quot s of t he di al ysat es, 0 . 175 ml of

40 6

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 84, 1980

0. 02 MHEPES, pH 7. 3, cont ai ni ng 0 . 13 MNaCl and 0. 3%BSA

was added . Two 25- l d al i quot s of t hese mi xt ur es wer e assayed
f or TCA- sol ubl e and t ot al r adi oact i vi t y as descr i bed above, and

t he r est wer e cent r i f uged f or 20 mi n at 105 g at r oomt emper at ur e .
Fr om t he cl ear super nat e, t wo 25- 11l al i quot s wer e assayed f or

TCA- sol ubl e and t ot al r adi oact i vi t y as descr i bed above .

Lysosomot r opi c Agent s

St ock sol ut i ons ( 10 mM) wer e pr epar ed dai l y of chl or oqui ne-

HCl ( Si gma Chemi cal Co. ) and t r i but yl ami ne, 100 mMof NH, Cl
and met hyl ami ne ( Mer ck- Schuchar dt , Hohenbr unn, Ger many)

and 1 mMof amant adi ne- HCI ( Si gma Chemi cal Co . ) i n wat er .
When necessar y, t he pH was adj ust ed t o neut r al i t y wi t h NaOH
or HCI , and appr opr i at e di l ut i ons wer e t hen made i nt o cul t ur e
medi um. For exper i ment s i nvol vi ng pl aque t i t r at i ons, BHK- 2l
cel l s wer e gr own t o conf l uence i n Li nbr o pl at es wi t h 2 . 0- cm'
wel l s . They wer e washed t wi ce wi t h ser um- f r ee MEMGl asgow

medi umand subsequent l y i nf ect ed wi t h 0. I ml of SFVcont ai ni ng
ser um- f r ee medi umwi t h 0. 2%BSAi n t he pr esence or absence of
l ysosomot r opi c agent s . Af t er 4 . 5 h at 37' C wi t h or wi t hout
i nhi bi t or s, t he super nat e was col l ect ed and cent r i f uged f or 4 mi n
at 5 x 10' g ( 4° C) t o r emove cel l debr i s . An al i quot ( 0 . 1 ml ) of
t he super nat e was t hen added t o 0 . 9 ml of PBS cont ai ni ng 0. 2%
BSA. Dupl i cat e pl aque t i t r at i ons wer e per f or med on BHK- 21

cel l monol ayer s as pr evi ousl y descr i bed ( 45) . For i ndi r ect i m-

munof l uor escence mi cr oscopy, cel l s wer e gr own on cover sl i ps i n

t he Li nbr o wel l s and i nf ect ed as above.

Rhodami ne and Fl uor escei n Label i ng of SFV

and I mmunof l uor escence Mi cr oscopy

SFV was l abel ed wi t h t et r amet hyl r hodami nyl i sot hi ocyanat e

I somer R( TRI TC) ( BBL Mi cr obi ol ogy Syst ems, Bect on, Di ck-

i nson & Co. , Cockeysvi l l e, Md . ) i n t he f ol l owi ng way : SFV ( I

mg of pr ot ei n) was mi xed wi t h a t r ace amount of
[ 35

S) met hi oni ne-

l abel ed SFV t o gi ve a speci f i c r adi oact i vi t y of 200- 500 cpm/ pg

pr ot ei n . The mi xt ur e ( 0. 2 ml ) was pl aced i n di al ysi s t ubi ng
( Uni on Car bi de Cor p. , Cr yst al Pr oduct s Dept . , San Di ego, Cal i f . )
and di al yzed f or 10 h agai nst 0. 1 Msodi um bi car bonat e and f or

anot her 10 h agai nst 10 ml of 0 . 1 Msodi umbi car bonat e cont ai n-

i ng 0 . 5 mg/ ml of TRI TC. For f l uor escei n l abel i ng, 0 . 4 mg of

SFV i n 0. 2 ml of l : 1 ( vol / vol ) PBSand sal i ne was made basi c by

addi t i on of 20 pl of sodi umbi car bonat e . 2 11g of di chl or ot r i azi n-

yl f l uor escei n ( DTAF, Resear ch Or gani cs, Ohi o) was added, and

t he sampl e was i ncubat ed f or I h at r oom t emper at ur e bef or e

addi t i on of 40111 of 0 . 5 Mgl yci ne. Bot h t he r hodami ne- and t he

f l uor escei n- l abel ed vi r us wer e r ei sol at ed by sedi ment at i on vel oc-

i t y cent r i f ugat i on i n a sucr ose gr adi ent ( 5- 20%sucr ose wt / wt i n

0. 05 MTr i s- HCl , pH 7. 4, cont ai ni ng 0. 1 MNaCI ) i n t he SW50

r ot or ( Beckman I nst r ument s, I nc . , Spi nco Di v . ) ( 4° C, 35, 000

r pm, 30 mi n) . 40- 60%of t he r adi oact i vi t y was f ound as a col or ed

band at t he posi t i on of cont r ol unl abel ed SFV, cent r i f uged i n a

par al l el gr adi ent , t he r est as f ast er sedi ment i ng aggr egat es . The

vi r us peak was col l ect ed and di al yzed over ni ght at 4' C agai nst

R- medi um. To det er mi ne whet her t he vi r us was st i l l i nt act ,

al i quot s wer e subj ect ed t o sedi ment at i on vel oci t y and i sopycni c

sucr ose gr adi ent cent r i f ugat i on wi t h an i nt er nal st andar d of

added ' ' H- l abel ed SFV. The f l uor escent vi r us behaved i n t he

same way as ' H- l abel ed vi r us . The vi r us par t i cl es appear ed

nor mal af t er negat i ve- st ai ni ng el ect r on mi cr oscopy, but pl aque

t i t r at i on showed t hat t he f l uor escei n- l abel ed vi r us had l ost 50%

of i t s i nf ect i vi t y and t hat t he r hodami ne- l abel ed vi r us was no

l onger i nf ect i ve. The number of f l uor escei n and r hodami nyl



gr oups per vi r us par t i cl e wer e 200 and 1, 000, r espect i vel y, as

est i mat ed f r om t he absor bances at 495 and 560 nm and t he

pr ot ei n cont ent . Bot h pr epar at i ons showed t he same f l uor escence

pat t er n when added t o cel l s, but onl y t he mor e i nt ensel y f l uor es-

cent r hodami ne- l abel ed vi r us coul d be used f or phot ogr aphi c

document at i on. The f l uor escent vi r us pr epar at i ons wer e st abl e

f or at l east 3 mo at - 80° C.

For f l uor escence mi cr oscopy, cel l s gr own on cover sl i ps wer e

washed wi t h col d medi um( RPMI 1640 cont ai ni ng 10 mMMES,

pH 6. 8 and 0. 1%BSA) and i ncubat ed wi t h 20 pl of medi um

cont ai ni ng 0. 5 Wg of r hodami ne or f l uor escei n- SFV f or 1 h on

i ce. Af t er washi ng wi t h col d medi um, t he cel l s wer e ei t her f i xed

f or 15 mi n wi t h 3% par af or mal dehyde i n PBS or i ncubat ed f or

l h at 37' C i n medi umbef or e f i xat i on.

For i ndi r ect i mmunof l uor escence mi cr oscopy we used r abbi t

ant i - spi ke pr ot ei n ser um ( 55) pr evi ousl y absor bed wi t h 5 x 10'

BHK- 21 cel l s/ ml ser um f or 1 h at 37° C, and di l ut ed 1 : 75 wi t h

PBScont ai ni ng 0. 1%BSA. Cel l s on cover sl i ps t r eat ed or i nf ect ed

wi t h vi r us wer e washed and f i xed wi t h 3%par af or mal dehyde at

r oom t emper at ur e. Af t er washi ng wi t h PBS cont ai ni ng 0 . 1 M

gl yci ne and PBSal one, t he cel l s wer e i ncubat ed f or 30 mi n wi t h

20 Al of r abbi t ant i - spi ke pr ot ei n ser um, washed f or 30 mi n wi t h

PBS, and i ncubat ed f or 30 mi n wi t h 10 l ag/ ml f l uor escei n- con-

j ugat ed goat ant i - r abbi t - I gG ( Mi l es, St oke Poges, Engl and) i n

PBS. Af t er washi ng, t he cel l s wer e mount ed i n 90%gl ycer ol and

vi ewed i n a Zei ss f l uor escent mi cr oscope usi ng epi f l uor escence

wi t h appr opr i at e f i l t er s f or f l uor escei n and r hodami ne, and t he

Neof l uot ar 25 or t he Pl anapo 63 obj ect i ve . For phot ogr aphy,

Kodak Tr i - X f i l m was used. To det er mi ne t he f r act i on of i nf ect ed

cel l s, f i el ds wi t h - - - 500 cel l s wer e r andoml y phot ogr aphed wi t h

bot h phase cont r ast and epi f l uor escence . The i nf ect ed cel l s wer e

br i ght l y f l uor escent and coul d easi l y be count ed.

El ect r on Mi cr oscopy

For t hi n- sect i on el ect r on mi cr oscopy, conf l uent cel l s on cover -

sl i ps wer e washed wi t h t he medi um used f or i mmunof l uor es-

cence . They wer e t hen i ncubat ed f or 1 h on i ce wi t h 0. 8 l ag of

SFV i n 10 l al of medi um and washed wi t h col d medi um. The

cover sl i ps ei t her wer e f i xed di r ect l y wi t h i ce- col d 2. 5%gl ut ar al -

dehyde i n 0. 05 Msodi umcacodyl at e, pH 7. 2, cont ai ni ng 50 mM

KCl and 2 . 5 mMMgC12 or t hey wer e, bef or e f i xat i on, i mmer sed

i n 37° C medi um f or var yi ng t i mes . Dehydr at i on, embeddi ng,

sect i oni ng, and ur anyl acet at e st ai ni ng wer e per f or med as de-

scr i bed ( 24) . A Phi l i ps 400 or a Si emens El mi skop 101 el ect r on

mi cr oscope was used. Negat i ve st ai ni ng wi t h 2%phosphot ungst i c

aci d ( pH 7. 0) was per f or med as descr i bed ( 24) . Hi st ochemi cal

vi sual i zat i on of aci d phosphat ase was per f or med on f r ozen sec-
t i ons accor di ng t o Paavol a ( 42) .

RESULTS

Mor phol ogy of SFV- bi ndi ng t o t he Cel l

Sur f ace

To vi sual i ze how SFV i nt er act s wi t h BHK cel l s,
we used f l uor escence mi cr oscopy t o obt ai n an
over al l pi ct ur e and el ect r on mi cr oscopy t o obser ve
t he i ndi vi dual vi r us par t i cl es . Bot h t echni ques r e-
qui r e a hi gh mul t i pl i ci t y of vi r us t o cel l s . The
amount of vi r uses used i n t hese exper i ment s was
0 . 5- 1 t t g vi r al pr ot ei n/ 106 cel l s, whi ch i s 10 2 t o 103

t i mes mor e t han nor mal l y used f or i nf ect i on st ud-
i es . To make t he SFV vi si bl e i n t he f l uor escence
mi cr oscope, r hodami ne or f l uor escei n was cova-
l ent l y coupl ed t o i t ( _ 10 3 and 2 x 10 2 gr oups,
r espect i vel y, per vi r us par t i cl e) . The f l uor escei n-
l abel ed vi r us was not so st r ongl y f l uor escent as t he
r hodami ne- l abel ed vi r us, but i t r et ai ned hal f of i t s
or i gi nal i nf ect i vi t y . I ndi r ect i mmunof l uor escence
wi t h ant i ser um agai nst t he spi ke pr ot ei ns and f l u-
or escei n- conj ugat ed goat ant i - r abbi t I gG was al so
used .

When SFV was al l owed t o bi nd t o BHK- 21 cel l s
i n t he col d, t he pat chy di st r i but i on shown i n Fi g .
1 a was seen . The same f l uor escence pat t er n was
obt ai ned wi t h r hodami ne- and f l uor escei n- l abel ed
SFV, and wi t h unl abel ed SFV st ai ned by i ndi r ect
i mmunof l uor escence . When t he cel l s coat ed wi t h
r hodami ne- SFV i n t he col d wer e st ai ned wi t h
i ndi r ect i mmunof l uor escence usi ng f l uor escei n- l a-
bel ed ant i bodi es, f ul l over l ap bet ween r hodami ne
and f l uor escei n st ai ns was obser ved, i ndi cat i ng
t hat al l t he r hodami ne- SFV r emai ned on t he sur -
f ace .

Thi n- sect i on el ect r on mi cr oscopy ( Fi g . 2) of
cel l s t r eat ed wi t h vi r us i n t he col d i ndi cat ed t hat
t he vi r uses bound pr ef er ent i al l y t o mi cr ovi l l i . A
count made of 3 x 103 SFV par t i cl es i n t hi n
sect i ons of f our di f f er ent sampl es showed t hat 70%
wer e associ at ed wi t h t he mi cr ovi l l i . Ther e ar e 2- 4
X 103 mi cr ovi l l i / cel l , and t hei r sur f ace account s
f or <40% of t he t ot al cel l sur f ace ar ea . I n t he
cont r ol cel l s t he mi cr ovi l l i pr oj ect ed out f r om t he
cel l sur f ace ; when associ at ed wi t h vi r uses, t hey
t ended t o l i e f l at al ong t he membr ane ( Fi g . 26) . I t
i s l i kel y t hat most of t he f l uor escent pat ches ob-
ser ved i n Fi g . 1 a cor r espond t o vi r uses cl ust er ed
ar ound mi cr ovi l l i .

Many of t he vi r uses t hat wer e not associ at ed
wi t h mi cr ovi l l i wer e l ocat ed i n so- cal l ed coat ed
pi t s ( 5%of al l cel l sur f ace vi r uses) ( Fi g . 3 a- c) , and
some ( 0. 5%) wer e associ at ed wi t h smal l , f l ask-
shaped i ndent at i ons devoi d of coat ( Fi g. 3 i ) . The
coat ed pi t s ar e i nvagi nat i ons of t he pl asma mem-
br ane wi t h a char act er i st i c el ect r on- dense br i st l e
coat on t he cyt opl asmi c sur f ace . I n BHK- 21 cel l s,
t he coat ed pi t s make up <2% of t he t ot al cel l
sur f ace . Many ar e l ocal i zed cl ose t o t he base of
mi cr ovi l l i . Sever al vi r uses coul d be seen i n a si ngl e
coat ed pi t , and vi r us par t i cl es wer e of t en l ocat ed
at t he edges of t he pi t s . When t he pi t s wer e hi ghl y
i ndent ed t he vi r uses t ended t o be cl ose t o t he neck .
Si mi l ar obser vat i ons have been r epor t ed f or t he
l ocat i on of f er r i t i n- l abel ed l ow densi t y l i popr ot ei n
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FI GURE l

	

Fl uor escent vi r us associ at ed wi t h BHK cel l s . ( a) Rhodami ne- l abel ed SFV ( 0 . 5 ! I g/ 106 cel l s)
was al l owed t o bi nd on i ce f or 1 h . ( b) Rhodami ne- l abel ed vi r us was al l owed t o bi nd on i ce f or 1 h, and
af t er washi ng, t he cel l s wer e i ncubat ed f or anot her hour at 37° C. The same di st r i but i on was obser ved wi t h
f l uor escei n- l abel ed SFVand i n t he case of a wi t h unl abel ed vi r us af t er i ndi r ect i mmunof l uor escence . Bar ,
25 gm. x 1, 250 .

i n coat ed pi t s of human f i br obl ast s ( 2, 41) .

The cel l sur f ace di st r i but i on of vi r uses bound at

37° C cl osel y r essembl ed t hat at 4° C. We obser ved,

however , i n agr eement wi t h Ander son et al . ( 2) ,

t hat deepl y i ndent ed coat ed pi t s l i ke t hose seen i n

Fi g. 3 c wer e r el at i vel y scar ce at t hi s t emper at ur e .
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Mor phol ogy of SFVI nt er nal i zat i on

Cover sl i ps wi t h 106 cel l s wer e i ncubat ed wi t h

vi r us i n t he col d f or 1 h, washed, t r ansf er r ed t o

37° C medi um f or var yi ng per i ods of t i me, and

t hen f i xed. The di st r i but i on of f l uor escence of



FI GURE 2

	

Thi n- sect i on el ect r on mi cr oscopy of BHKcel l s wi t h SFVbound at 4° C. One mi l l i on cel l s on

a cover sl i p wer e t r eat ed wi t h 0. 8 r sg of SFV f or 1 h on i ce . The maj or i t y of vi r uses ar e associ at ed wi t h

mi cr ovi l l i ( a and b) . Mi cr ovi l l i cover ed wi t h vi r us wer e of t en obser ved t o l i e par al l el al ong t he membr ane

( b) . Occasi onal l y, mul t i pl e cont act s bet ween vi r us spi kes and cel l sur f ace coul d be obser ved ( see ar r ows i n
i nset ) . Bar s ( a and b) 0 . 2 pm; i nset , 0 . 1 t t m. X 62, 000; i nset , X 168, 000 .

r hodami ne- l abel ed SFV af t er 1 h at 37° C was t hat

shown i n Fi g . 1 b . The f l uor escence was concen-

t r at ed i n l ar ger pat ches i n t he per i nucl ear r egi on

of t he cel l , a di st r i but i on ver y si mi l ar t o t hat of
l ysosomes as vi sual i zed by acr i di ne or ange st ai ni ng
( 1 l t g/ ml ) ( 1) . The vi r uses wer e i nt r acel l ul ar as

t hey wer e no l onger accessi bl e t o st ai ni ng by i n-

di r ect i mmunof l uor escence wi t hout br eaki ng t he

cel l membr anes .

For t hi n- sect i on el ect r on mi cr oscopy, t he vi r us-

coat ed cel l s wer e onl y br i ef l y war med t o 37° C t o
see t he ear l i est st ages of t he i nt er nal i zat i on pr ocess .
When t he i ncubat i on t i me at 37° C was 15- 30 s,

some of t he vi r uses had al r eady ent er ed t he cel l .
They wer e i n coat ed vesi cl es ( Fi g . 3 d- h) t hat wer e
r ound or ovoi d i n shape and had an out er di amet er
of 130- 200 nm. As a r ul e, onl y one vi r us was

pr esent i n each coat ed vesi cl e and i t usual l y r e-

mai ned membr ane bound. Af t er 1 mi n or l onger

at 37° C, vi r uses coul d be obser ved accumul at i ng

i n l ar ger vacuol es whi ch wer e ei t her devoi d of

br i st l e coat or had j ust a smal l coat ed r egi on on

t hei r sur f ace ( Fi g. 4a and b) . Ot her t ypes of vac-

uol es became pr omi nent af t er - 5 mi n of i ncuba-

t i on at 37° C ( Fi g . 4cf ) . These i ncl uded l ar ge

vacuol es wi t h a l ysosomal appear ance . I n some of

t hese vacuol es t he vi r uses wer e bound t o t he vac-

uol ar membr ane, t o membr anous i nt r avacuol ar

mat er i al , or t o each ot her . Many of t he vacuol es

coul d be st ai ned f or aci d phosphat ase act i vi t y by

t he cyt ochemi cal r eact i on of Gomor i , conf i r mi ng

t hei r l ysosomal nat ur e . The number of vi r uses at
t he pl asma membr ane decr eased st eadi l y as t he
i ncubat i on at 37° C pr oceeded, so t hat , af t er 1 h,
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FI GURE 3

	

Vi r us associ at ed wi t h coat ed pi t s and coat ed vesi cl es . Vi r us was al l owed t o bi nd t o cel l s i n t he
col d. The cel l s wer e ei t her di r ect l y f i xed ( a- c) or war med t o 37° C f or 15 s ( g and h) , 1 mi n ( d) , or 5 mi n
( e and f ) bef or e f i xat i on. I n i , a vi r us i s seen associ at ed wi t h an uncoat ed membr ane i nvagi nat i on .
Al t hough mor e t han one vi r us coul d be seen per coat ed pi t ( b) , onl y i n one case ( see ar r ow i n d) have we
obser ved mor e t han one vi r us i n a coat ed vesi cl e. Bar s, 0 . 1 pm. x 80, 000.

onl y a f ew ext er nal vi r us par t i cl es coul d be ob-

ser ved . When exper i ment s wer e per f or med at
37° C wi t hout pr i or synchr oni zat i on of upt ake by

a t emper at ur e shi f t , t he same mor phol ogy of vi r us

i nt er nal i zat i on coul d be obser ved but wi t h mor e
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over l ap bet ween t he var i ous st ages .

For a f ul l mor phol ogi cal descr i pt i on of t he pr oc-
ess of vi r us upt ake, a quant i t at i ve anal ysi s i s

needed. However , f r om our qual i t at i ve st udy at

hi gh mul t i pl i ci t y we can concl ude t hat SFV i s



FI GURE 4

	

SFV i n cyt opl asmi c vacuol es . Vi r us was al l owed t o bi nd t o cel l s i n t he col d . The cel l s wer e

washed and war med at 37° C f or 1 mi n ( a and b) , 5 mi n ( c) , or 30 mi n ( df ) , r espect i vel y, bef or e f i xat i on.

Vi r us- cont ai ni ng vacuol es wi t h ver y di f f er ent mor phol ogy coul d be seen : par t i al l y coat ed vacuol es wi t h

sever al vi r uses suggest i ng f usi on of coat ed vesi cl es wi t h uncoat ed vacuol es ( a and b) ; uncoat ed vacuol es

wi t h vi r uses l oosel y di st r i but ed t hr oughout t he i nt er i or ( c) ; vacuol es t i ght l y packed wi t h vi r us par t i cl es ( d

and e) ; vacuol es wi t h t he mor phol ogy of secondar y l ysosomes ( f ) . Panel g shows secondar y l ysosomes i n

chl or oqui ne- t r eat ed cel l s cont ai ni ng vi r uses ( ar r ows) . The cel l s i n g wer e i ncubat ed f or 30 mi n at 37° C

wi t h vi r us as above, except t hat 0. 1 mM chl or oqui ne was pr esent . Bar s, 0. 2 gm. ( af ) x 80, 000; ( g) x

60, 000 .



t aken

up by adsor pt i ve endocyt osi s

.

The upt ake

occur s

al most excl usi vel y by coat ed vesi cl es whi ch

del i ver

t he vi r us i nt o i nt r acel l ul ar vacuol es, many

of

whi ch devel op i nt o secondar y l ysosomes

.

I nt er nal i zat i on

of [ 15S] Met hi oni ne- l abel ed

Vi r us

at Low Mul t i pl i ci t y

To

f ol l ow t he f at e of t he vi r us at l owmul t i pl i ci t y

of

i nf ect i on ( 0

. 5- 1

pl aque- f or mi ng uni t ( PFU/

cel l ) ,

we used car r i er - f r ee [ " S] met hi oni ne- l abel ed

vi r us

( 1, 200 PFU/ cpm)

.

Fi g

.

5a and b show t he

ki net i cs

of vi r us associ at i on wi t h cel l s at 4° and

37° C.

At 4° C, t he amount of aci d- pr eci pi t abl e

r adi oact i vi t y

associ at ed wi t h cel l s r eached a con-

st ant

l evel of 2 x 103 cpm( 1 PFU per f our cel l s)

af t er

1

. 5

h

.

Vi r t ual l y no aci d- sol ubl e r adi oact i vi t y

was

f ound associ at ed wi t h t he cel l s or i n t he

medi um.

At 37° C, t he amount of vi r us associ at ed

wi t h

t he cel l s r eached i t s maxi mum ( 1

. 3

x 103

cpm)

af t er 1 h and t hen decr eased sl owl y

.

Af t er

~30

mi n, degr aded vi r al pr ot ei n became det ect a-

bl e

i n t he medi um as aci d- sol ubl e r adi oact i vi t y

i ncr easi ng

wi t h a r at e of 350 cpm/ h at l east up t o

3

h

.

Li t t l e aci d- sol ubl e r adi oact i vi t y was f ound

associ at ed

wi t h t he cel l s at any t i me poi nt

.

FI GURE

5 Associ at i on of car r i er - f r ee 35S- SFV wi t h

BHK- 21

cel l s at 4° and 37° C

.

Cel l s ( 8 x 106 on 6- cm

di shes)

wer e i ncubat ed wi t h 4, 100 cpm' ' SS- SFV ( 5 x 106

PFU)

i n R- medi um

.

The aci d- sol ubl e and aci d- pr eci pi -

t abl e

r adi oact i vi t i es i n t he medi umand i n t he cel l s wer e

det er mi ned

af t er i ncubat i on at 4° or 37° C f or di f f er ent

per i ods

of t i me

.

Aci d- pr eci pi t abl e r adi oact i vi t y associ -

at ed

wi t h cel l s i n t he absence (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" )

and i n t he pr esence

( O)

of 0

. 1

mMchl or oqui ne

;

aci d- pr eci pi t abl e r adi oact i v-

i t y

i n t he combi ned medi um and cel l washes i n t he

absence

( A) and i n t he pr esence ( L) of chl or oqui ne

;

aci d-

sol ubl e

act i vi t y i n t he cel l s i n t he pr esence (

" )

and i n

t he

absence ( 0) of chl or oqui ne

;

aci d- sol ubl e act i vi t y i n

t he

medi um i n t he absence (

" )

and pr esence ( O) of

chl or oqui ne .
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To

di st i ngui sh bet ween t he vi r uses on t he cel l

sur f ace

and t hose i nsi de t he cel l , we used pr ot ei n-

ase

K, a nonspeci f i c pr ot ease, whi ch has been

pr evi ousl y

appl i ed t o r emove pr ot ei ns ext er nal t o

membr anes

( 55)

.

I ndi r ect i mmunof l uor escence

mi cr oscopy

showed t hat vi r t ual l y al l vi r us par t i cl es

pr esent

on t he cel l sur f ace coul d be r emoved by

t hi s

enzyme wi t hout cel l l ysi s

.

To det er mi ne t he

ext ent

t o whi ch SFV was i nt er nal i zed, a doubl e-

l abel

exper i ment was car r i ed out

.

[ 3H] i sol euci ne- ,

l euci ne- ,

and val i ne- l abel ed SFV ( 1, 400 cpm/ pl at e

and

20 PFU/ cel l ) wer e al l owed t o associ at e wi t h

8

x 106 cel l s i n Pet r i di shes f or 1 h at 37° C

.

The

pl at es

wer e cool ed on i ce and washed

.

[ 35S] met hi -

oni ne- l abel ed

vi r us ( 3, 200 cpm/ pl at e cor r espond-

i ng

t o - 1 PFU/ cel l ) was t hen al l owed t o bi nd f or

anot her

hour i n t he col d

.

The t ot al amount of ' H-

and

" S- l abel ed vi r us associ at ed wi t h t he cel l s was

det er mi ned

f r om one di sh

.

Anot her si mi l ar l y

t r eat ed

di sh was t r eat ed wi t h pr ot ei nase K i n t he

col d .

The cel l s wer e washed and t he r emai ni ng

r adi oact i vi t y

was det er mi ned

.

Of t he 35S- l abel ed

vi r us,

94- 96% was r emoved by t he pr ot ease K

t r eat ment ;

of t he 3H- l abel ed vi r us, onl y 20- 25%

was

di gest ed

.

I f 35S- SFV was pr esent dur i ng t he

37° C

i ncubat i on and i f ' H- SFV was added i n t he

col d,

t he r ever se r esul t s wer e obt ai ned

.

These dat a

i ndi cat ed

t hat - 80%of t he vi r uses pr esent at 37° C

wer e

i nt er nal i zed dur i ng t he 1 h at 37° C

.

As t he

nucl eocapsi ds

cont ai n l ess t han one- f i f t h of t he

t ot al

r adi oact i vi t y of SFV, t hese val ues cannot be

expl ai ned

as bei ng due t o nucl eocapsi ds al one

ent er i ng

t he cel l

.

The dat a al so i ndi cat e t hat f ew,

i f

any, vi r uses ent er ed t he cel l at 4° C

.
Usi ng

pr ot ei nase K t r eat ment , we coul d get an

est i mat e

of t he r at e of vi r us i nt er nal i zat i on

.

I n an

unsynchr oni zed

l ow mul t i pl i ci t y i nf ect i on wi t h 0

. 6
PFU

added per cel l , t he upt ake was l i near wi t h

t i me

( Fi g

.

6)

.

I n a synchr oni zed i nf ect i on, wher e

t he

vi r us was al l owed t o bi nd i n t he col d, t he r at e

of

upt ake upon war mi ng was i ni t i al l y mor e r api d

( Fi g .

7) and t he amount of i nt r acel l ul ar r adi oac-

t i vi t y

l evel ed of f af t er about 30 mi n

.

At t hi s t i me,

degr adat i on

of vi r us became det ect abl e as aci d-

sol ubl e

r adi oact i vi t y i n t he medi um( Fi g

.

7)

.

Af t er

2

h, al l t he vi r us r adi oact i vi t y or i gi nal l y bound t o

t he

cel l was ei t her i n a pr ot ei nase- r esi st ant f or m

i nsi de

t he cel l or i n aci d- sol ubl e f or m i n t he me-

di um.

Ef f ect

of Lysosomot r opi c Agent s

To

t est whet her l ysosomes mi ght be i nvol ved i n

t he

i nf ect i oe pat hway, we st udi ed t he ef f ect of
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FI GURE 6 I nt er nal i zat i on of car r i er - f r ee [ 35 S] met hi o-
ni ne SFV. The cel l s wer e t r eat ed wi t h " S- vi r us i n t he
pr esence or absence of 0 . 1 mMchl or oqui ne as i n Fi g . 5
( 37° C) . Af t er each t i me poi nt of i ncubat i on at 37° C, t wo
di shes wer e cool ed and one was t r eat ed wi t h pr ot ei nase
K ( see Mat er i al s and Met hods) . Tot al cel l - associ at ed
vi r us i n absence (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and pr esence ( O) of 0. 1 mMchl o-
r oqui ne. Pr ot ei nase K r esi st ant vi r us i n absence ( A) and
pr esence ( A) of chl or oqui ne .

. E1
E

Ti me ( hour s)

FI GURE 7

	

I nt er nal i zat i on and degr adat i on of [ 35 S] me-

t hi oni ne SFV i n a synchr oni zed i nf ect i on. Cel l s ( 8 x 106 )

on Pet r i di shes wer e i ncubat ed wi t h 10' cpm" S- SFV

cor r espondi ng t o 1 . 2 x 10' PFUf or 1 h at 4° C. Unbound

vi r us was washed away l eavi ng 3 . 4 x 103 cpm bound .

The cel l s wer e war med t o 37° C and af t er var yi ng t i me
poi nt s t he medi um was r emoved and t he cel l s wer e
cool ed t o 0° C. The t ot al cel l - associ at ed r adi oact i vi t y

( O) , t he pr ot ei nase Kr esi st ant cel l - associ at ed r adi oact i v-
i t y (" ) , and t he aci d- sol ubl e ( " ) and aci d- pr eci pi t abl e

( A) act i vi t y i n t he medi umwer e det er mi ned as descr i bed
i n Mat er i al s and Met hods .

sever al l ysosomot r opi c agent s on SFV i nf ect i vi t y,
The compounds used wer e weak bases of var i ed

st r uct ur e whi ch accumul at e i n l ysosomes owi ng t o

t he l ow l ysosomal pH ( 11) . Thei r pr i mar y ef f ect i s

t o i ncr ease t he l ysosomal pH. Ohkuma and Pool e

have r ecent l y shown ( 40) t hat t he change i n pH

occur s ver y r api dl y and can be as hi gh as 1 . 7 U.

When t he agent s ar e r emoved f r om t he medi um,

t he pH r api dl y r et ur ns t o val ues cl ose t o t he or i g-

i nal .

Al l f i ve l ysosomot r opi c compounds t est ed si g-

ni f i cant l y r educed t he t i t er of vi r us pr oduced dur -

i ng a si ngl e cycl e i nf ect i on ( Tabl e I ) . Chl or oqui ne

and NHt Cl wer e mor e ef f ect i ve t han met hyl ami ne,

t r i but yl ami ne, and amant adi ne . Not onl y was t he

pr oduct i on of vi r us i nhi bi t ed but t her e was al so a

r educt i on i n t he number of cel l s whi ch expr essed

vi r al ant i gens on t hei r sur f aces as det er mi ned by

i ndi r ect i mmunof l uor escence ( Tabl e I ) .

For f ur t her st udi es, we used chl or oqui ne as i t

was t he most ef f ect i ve i nhi bi t or . Al t hough 0. 05

mMchl or oqui ne was suf f i ci ent t o r educe t he vi r us

yi el ds t o 2% of cont r ol val ues, we used r out i nel y

a concent r at i on of 0 . 1 mM. I f chl or oqui ne was

pr esent 30 mi n bef or e vi r us addi t i on but r emoved

when t he vi r us was added t o t he cel l s, no r educt i on

i n vi r us t i t er s af t er a si ngl e cycl e i nf ect i on coul d

be obser ved . Fur t her mor e, onl y 30% i nhi bi t i on

was obser ved i f chl or oqui ne was added 1 h af t er

t he vi r us . These r esul t s i ndi cat e t hat t he chl or o-

qui ne- sensi t i ve st ep occur r ed wi t hi n t he 1st h and

t hat l at er pr ocesses such as vi r al RNA r epl i cat i on,

pr ot ei n synt hesi s, and mor phogenesi s pr oceeded

nor mal l y i n t he pr esence of 0. 1 mMchl or oqui ne .

When chl or oqui ne was pr esent dur i ng t he 1- h

TABLE I

Ef f ect of Lysosomot r opi c Agent s on SFV I nf ect i on

1 . 8 x 106 cel l s per Li nbr o wel l wer e pr et r eat ed f or 0 . 5
h wi t h 0. 4 ml of compl et e medi um cont ai ni ng t he
i nhi bi t or s . Vi r us was added ( 10 PFU/ cel l ) and al l owed
t o absor b f or 1 h. Medi umwas r epl aced wi t h 0 . 5 ml of
f r esh medi um wi t h 0 . 2% BSA but no ser um. Af t er an
i ncubat i on per i od of 4 . 5 h, t he cel l medi umwas assayed
f or vi r us by pl aque t i t r at i on . I n a separ at e exper i ment ,
t he f r act i on of i nf ect ed cel l s was det er mi ned by i ndi r ect
i mmunof l uor escence mi cr oscopy as descr i bed i n Ma-
t er i al s and Met hods . Al l i ncubat i ons wer e car r i ed out
at 37° C i n 5%COz at mospher e .

HELENI US ET AL . Seml i ki For est Vi r us Ent r y i nt o Cel l s 41 3

I nhi bi t or

I nhi bi t or

concn.

MM

PFU/ ml x
10- e

Cel l s i n-

f ect ed

None - 140 64

Tr i but yl ami ne l 66 31

Amant adi ne 0. 5 14 19

Met hyl ami ne 10 3 . 6 10
Chl or oqui ne 0 . 1 1 . 2 <I
NH, CI 10 0. 8 <1



per i od of vi r us absor pt i on but absent dur i ng t he

r est of t he i ncubat i on, i nt er medi at e t i t er s of vi r us

wer e obt ai ned . Thi s r esul t suggest s t hat al t hough

t he i nf ect i on can be hal t ed by chl or oqui ne, i t can

pr oceed wi t h l ower ef f i ci ency when t he i nhi bi t or

i s r emoved .

A mor e exact t i me poi nt f or t he chl or oqui ne-

sensi t i ve st ep was obt ai ned by synchr oni zi ng t he

i nf ect i on by a t emper at ur e shi f t . Vi r uses wer e

bound t o t he cel l i n t he col d and al l owed t o ent er

by r ai si ng t he t emper at ur e t o 37° C. Chl or oqui ne

was t hen added at var i ous t i mes and l ef t i n t he

medi um f or t he r est of t he i nf ect i on . The r esul t s i n

Fi g . 8 show t hat when t he i nhi bi t or was added 2. 5

mi n ( or ear l i er ) af t er t he t emper at ur e shi f t , t he

vi r us yi el d r emai ned at a l ow l evel . Addi t i on at 5

mi n or l at er f ai l ed t o gi ve ef f i ci ent i nhi bi t i on . Thi s

i ndi cat es t hat i n 5 mi n t he f i r st vi r uses have al -

r eady pr oceeded beyond t he chl or oqui ne- sensi t i ve

phase of t he ent r y pat hway .

Chl or oqui ne had no ef f ect on t he r at e of vi r us
bi ndi ng t o cel l s or on t he r at e of endocyt osi s ( Fi gs .
5 and 6) . Fur t her mor e, f l uor escence mi cr oscopy

wi t h r hodami ne- l abel ed vi r us and t hi n- sect i on
el ect r on mi cr oscopy showed t hat vi r us was t aken
up nor mal l y i nt o per i nucl ear vacuol es and l yso-

somes ( Fi g. 4g) . Thi s l ed us t o concl ude t hat
chl or oqui ne most pr obabl y i nhi bi t ed t he r el ease of
t he vi r al nucl eocapsi d i nt o t he cyt opl asm or t he

uncoat i ng of t he RNAf r om t he nucl eocapsi d .
A di r ect ef f ect of chl or oqui ne on t he vi r us i s

unl i kel y . Tr eat ment of SFV wi t h 10 mMchl or o-
qui ne f or 15 mi n at pH 6. 7 ( 37° C) bef or e i nf ect i ng

cel l s had no ef f ect on t he i nf ect i vi t y . Two possi bl e

i ndi r ect mechani sms wer e consi der ed . Chl or o-

qui ne may i nhi bi t a l ysosomal hydr ol ase r equi r ed
f or penet r at i on, or i nhi bi t i on coul d be caused by

t he el evat i on i n l ysosomal pH. Per haps, aci d pH
was r equi r ed t o i nduce t he f i nal penet r at i on of

SFV t hr ough t he membr ane of some i nt r acel l ul ar

vacuol es .

Membr ane Fusi on

To t est t he r ol e of pH i n vi r us penet r at i on, we

used a l i posome syst emwher e we t r i ed t o st i mul at e
t he condi t i ons i n l ysosomes . Our assay r el i ed on
t he f act t hat t he vi r al RNA can be di gest ed by
pancr eat i c RNase A onl y i f t he enzyme and t he

RNAar e pr esent wi t hi n t he same membr ane com-

par t ment . I n i nt act SFV, t he vi r al RNA i s pr o-

t ect ed by t he vi r al membr ane agai nst RNase, but

i n t he naked nucl eocapsi d t he RNA i s sensi t i ve

( 29) . Li posomes wer e pr epar ed f r om phosphat i -

41 4
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dyl chol i ne, phosphat i dyl et hanol ami ne, sphi ngo-
myel i n, and chol est er ol i n t he pr esence of 10 mg
RNase/ ml . The ext er nal RNase was r emoved by

gel f i l t r at i on. Car r i er - f r ee 32 P- RNA- l abel ed SFV

was added t o t he l i posomes, and t he pH was

adj ust ed by di al ysi s t o val ues r angi ng f r om 4. 5 t o
7. 3 . The amount of 32 P- RNA hydr ol ysed by t he

i nt r al i posomal RNase i n each sampl e was t hen
det er mi ned . Fi g . 9 shows t hat when t he pH of t he

FI GURE 8

	

Ti me dependence of chl or oqui ne i nhi bi t i on.
Cel l s i n Li nbr o pl at es ( 1 . 8 X 106/ wel l ) wer e al l owed t o
bi nd SFV ( 10 PFU/ cel l ) on i ce . Af t er washi ng i n t he

col d, t he cel l s wer e war med t o 37° C. Chl or oqui ne ( f i nal
concent r at i on 0 . 1 mM) was added at di f f er ent t i me poi nt s
af t er war mi ng, and af t er a 4. 5- h i nf ect i on t he vi r us t i t er
i n t he medi um was det er mi ned by pl aque assay.
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RNase act i on on vi r al 32 P- RNAi n t he pr es-

ence of l i posomes. The amount of TCA- sol ubl e RNA
when t he RNase was i nsi de t he l i posomes ( O) , when i t

was out si de t he l i posomes (" ) , and when RNase was
mi xed wi t h SFV i n absence of l i posomes ( A) . X i s t he
SFV cont r ol , and TX st ands f or t he t hr ee st ar t i ng mi x-
t ur es t r eat ed wi t h Tr i t on X- 100 and i ncubat ed f or 30
mi n at r oom t emper at ur e . For det ai l ed pr ocedur e, see

Mat er i al s and Met hods .
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di al ysi s buf f er r eached val ues of 6 or l ower , t he
amount of RNA hydr ol ysed i ncr eased f r om back-
gr ound l evel ( 15%) t o 75%of t ot al RNA. I f RNase
was added t o t he vi r us i n t he absence of l i posomes

sent i n t he ext er nal sol ut i on but
l i posomes, no i ncr ease i n di ges-

t i on occur r ed . To conf i r m t hat t he di gest i on of
RNA occur r ed i nsi de t he l i posomes i ncubat ed at
pH 5 . 5, a r eact i on mi xt ur e was cent r i f uged i n a
Beckman ai r f uge. 90%of t he aci d- sol ubl e nucl eo-
t i des wer e i n t he pel l et .

Negat i ve- st ai ni ng el ect r on mi cr oscopy of di al y-
sat es cont ai ni ng vi r us and l i posomes devoi d of
RNase showed t hat t he passage of vi r al RNA i nt o
t he l i posomes occur r ed t hr ough a pr ocess of mem-
br ane f usi on. Af t er di al ysi s agai nst pH 5 . 5 buf f er ,
l ar ge l i posomel vesi cl es cover ed wi t h spi kes wer e
seen ( Fi g. l Oa- c) . I n cases wher e t he st ai n had
penet r at ed t he vesi cl es, nucl eocapsi ds coul d be
seen. Sever al coul d be pr esent i n a si ngl e vesi cl e
( Fi g. 10a) . I f di al ysi s was per f or med at neut r al
pH, f usi on bet ween t he vi r al membr ane and t he

omes was not obser ved ( Fi g . 10d) .
These exper i ment s show t hat at l ow pH t he vi r al

membr ane f uses wi t h l i posomes, r esul t i ng i n t he
t r ansf er of t he vi r al nucl eocapsi d i nt o t he l i po-
some . The pr ocess occur s wi t h hi gh ef f i ci ency and
wi t hout addi t i on of pr ot ei ns or enzymes .

Chl or oqui ne

A t est was per f or med t o see whet her l ow pH
ul d be i nduced bet ween t he vi r us and t he

pl asma membr ane of BHK cel l s, and t o f i nd out
whet her such a r eact i on woul d l ead t o i nf ect
BHK cel l s i n a Li nbr o pl at e wer e i ncubat ed wi t h
SFV ( 14 PFUI cel l ) i n t he col d. Chl or oqui ne ( 0. 1
mM) was pr esent i n al l sol ut i ons t o bl ock t he
nor mal i nf ect i on r out e . The cel l s wer e r api dl y
war med t o 37° C by addi t i on of 2 ml of war m
medi umof di f f er ent pH( 7. 3, 6 . 5, or 5 . 5) cont ai ni ng
chl or oqui ne i nt o each wel l . Af t er 90 s, t he medi um
was r emoved and r epl aced wi t h nor mal medi um
( pH 7 . 3) cont ai ni ng chl or oqui ne. Af t er 4. 5 h at
37° C, t he yi el d of vi r us and t he number of i nf ect ed
cel l s wer e det er mi ned by pl aque t i t r at i on and i n-
di r ect i mmunof l uor escence mi cr oscopy . The r e-
sul t s i n Tabl e I I show t hat onl y at t he l owest pH
was t he Chor oqui ne bl ock on vi r us i nf ect i on by-
passed. Thi s r esul t suggest s t hat when t he pH i s
l ow enough, t he vi r us can i nf ect t he cel l t hr ough
t he pl asma membr ane .

DI SCUSSI ON

Bi ndi ng

We have pr evi ousl y shown t hat BHK- 21 cel l s
at 4° Cbi nd about 5 x 10° SFV par t i cl es wi t h hal f -
sat ur at i on at 10- ' ° - 10- " Mvi r us concent r at i ons
( 17) . Bi ndi ng of t he l ower af f i ni t y was al so de-
t ect ed, but i t i s pr obabl y of l i t t l e consequence
dur i ng i nf ect i on at l ow or moder at e mul t i pl i ci t i
We do not yet know t he i dent i t y of t he r ecept or s
on BHK cel l s . However , usi ng mouse and human
cel l s we have shown t hat t he vi r al spi kes have
af f i ni t y f or t he maj or hi st ocompat i bi l i t y ant i gens
( t he H2K and H2D, and t he HLA- A and HLA- B
ant i gens) ( 25) . I t i s l i kel y t hat homol ogous pr ot ei ns
occur on BHK- 21 cel l s .

Al t hough SFV ent er s t he cel l by endocyt osi s
t hr ough t he coat ed r egi ons of t he pl asma mem-
br ane, t he mi cr ovi l l i appear t o be t he pr ef er ent i al
bi ndi ng si t es on BHK cel l s . Onl y ^- 5%of t he vi r us

bi nd di r ect l y t o coat ed pi t s . Thi s cont r ast s
t h t he l ow densi t y l i popr ot ei n of ser um whose

r ecept or s have been shown t o be concent r at ed i n
t he coat ed pi t s ( 3) . Epi der mal gr owt h f act or , whi ch
i s al so t aken up i n coat ed vesi cl es, has been r e-
por t ed by one gr oup t o bi nd di f f usel y over t he cel l
sur f ace ( 37) , and by anot her gr oup t o pr ef er en-
t i al l y bi nd t o coat ed pi t s ( 22) . As vi r t ual l y al l t he
vi r uses, i ncl udi ng t hose bound t o t he mi cr ovi l l i ,
became i nt er nal i zed i n coat ed vesi cl es, t he vi r uses
pr obabl y move l at er al l y f r omt he si t e of bi ndi ng
t o si t es wher e coat ed vesi cl es ar e f or med. Our
pr evi ous dat a on t he bi ndi ng of SFV and i t s
i sol at ed gl ycopr ot ei n ( 17) suggest t hat t he vi r uses
may bi nd t o mul t i pl e r ecept or s ( see al so Fi g . 2,
i nset ) . I t i s concei vabl e t hat cl ust er i ng of sur f ace
r ecept or s i s suf f i ci ent t o cause ent r apment i n
coat ed pi t s . Al t er nat i vel y, t he associ a
wi t h i t s r ecept or mol ecul es mi ght i nduce speci f i c
bi ndi ng t o component s of t he coat ed r egi ons .

I nt er nal i zat i on

HELENI US ET AL. Seml i ki For est Vi r us Ent r y i nt o Cel t s

Our mor phol ogi c
hi gh and l ow mul t i pl i ci t y i ndi cat e t hat , under
nor mal condi t i ons of i nf ect i on, SFV ent er s i nt o
t he cel l by adsor pt i ve endocyt osi s and not by
f usi on wi t h t he pl asma membr ane. Thi s concl usi on

r t ed by r ecent st udi es of Fan and Sef t on
( 14) . They showed t hat penet r at i on of Si ndbi s
vi r us ( whi ch i s cl osel y r el at ed t o SFV) does not
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TABLE 11

pHDependence of SFV I nf ect i on i n t he Pr esence of

Chl or oqui ne

* Vi r us ( 14 PFU/ cel l ) was al l owed t o bi nd i n t he col d t o
cel l s gr own i n Li nbr o pl at es . The cel l s wer e t hen
war med up by addi t i on of 2 ml ( 37° C) of ser um- f r ee
medi um cont ai ni ng 0. 2% BSA and 10 mMMES ad-
j ust ed t o t he i ndi cat ed pH. Af t er 90 s, t he medi a wer e
r emoved and r epl aced wi t h l ml of neut r al ser um- f r ee
medi um cont ai ni ng 0. 2%BSA. I n sampl es 2, 3, and 4,
al l sol ut i ons cont ai ned 0. 1 mMchl or oqui ne t hr oughout
t he exper i ment s . Af t er i ncubat i on at 37° C f or 4 . 5 h t he
t i t er of vi r us was assayed by pl aque t i t r at i on and t he
per cent age of i nf ect ed cel l s by i ndi r ect i mmunol l uo-
r escence .

i nt r oduce vi r al ant i gens i nt o t he host cel l pl asma

membr ane. '
The endocyt osi s of SFV i s r api d and ef f i ci ent .

70- 80%of t he vi r us added t o t he medi umcan be

t aken up i n 1 h. Thi s i s appr oxi mat el y t he r at e of

upt ake r epor t ed f or asi al of et ui n i n i sol at ed hepa-

t ocyt es ( 49) and r eovi r us i n L cel l s ( 46) . I t i s much

f ast er t han t he upt ake of ser um l ow densi t y l i po-

pr ot ei n i nt o f i br obl ast s ( 19) . Upt ake seems t o oc-

cur mai nl y i n coat ed vesi cl es, but some vi r us par -

t i cl es may be t aken up by ot her means . Adsor pt i ve

endocyt osi s i n coat ed vesi cl es has been descr i bed

as a common mechani smf or t he i nt er nal i zat i on of

hor mones, l i popr ot ei ns, and ot her t r anspor t pr o-

t ei ns wi t h speci f i c r ecept or s on t he cel l sur f ace ( f or

r evi ew, see r ef er ences 20 and 21) . The vi r us, t her e-

' We have r epeat ed t he exper i ment s of Fan and Sef t on
( 14) usi ng P815 mast ocyt oma cel l s and SFV. I n agr ee-
ment wi t h t hei r r esul t s wi t h Si ndbi s vi r us, we coul d not
det ect f usi on at t he pl asma membr ane usi ng compl ement
dependent cyt ot oxi ci t y .

f or e, ut i l i zes a compl ex physi ol ogi cal mechani sm

whi ch t he cel l oper at es f or t he upt ake of macr o-

mol ecul es. The f ur t her f at e of t he endocyt osed

vi r us seems ver y si mi l ar t o t hat of l ow densi t y

l i popr ot ei n and most ot her pr ot ei ns t aken up by
t hi s pr ocess. Af t er a ver y shor t t i me i n t he coat ed

vesi cl es ( pr obabl y < 1 mi n) , t he vi r us i s del i ver ed

i nt o i nt r acel l ul ar vacuol es, par t of whi ch t hen

devel op i nt o l ysosomes . Par t of t he vi r al pr ot ei ns

ar e event ual l y degr aded and r el eased i nt o t he

medi um.
El ect r on mi cr oscope st udi es wi t h many ot her

vi r uses have pr evi ousl y shown t hat endocyt osi s,

" vi r opexi s, " i s a common phenomenon ( 8) . I n

some cases, coat ed vesi cl es and coat ed pi t s con-

t ai ni ng vi r us par t i cl es have been obser ved ( 6, 9,

43, 48) . I t has been gener al l y accept ed t hat par t of

t he endocyt osed vi r us par t i cl es can f i nd t hei r way

i nt o l ysosomes, but t hi s i s usual l y consi der ed an

abber ant pat hway l eadi ng t o t he dest r uct i on of t he

vi r us par t i cl es ( 8, 35) . An except i on i s r eovi r us, a

l ar ge naked RNA vi r us . I t i s t aken up i nt o l yso-
somes wi t h a r at e si mi l ar t o t hat of SFV ( 46) . I n

t he l ysosomes, par t of t he r eovi r us pr ot ei n coat i s

di gest ed by t he l ysosomal hydr ol ases . Bei ng dou-

bl e- st r anded, t he RNA r emai ns i nt act . The t i me-

cour se of endocyt osi s, pr ot eol yt i c di gest i on of coat

pr ot ei ns, and t he r el ease of di gest i on pr oduct s i n
t he medi um i s ver y si mi l ar t o what we obser ve f or
SFV. Howt he t r ansf er of t he r eovi r us RNA f r om
t he l ysosome t o t he cyt opl asmoccur s i s not known .

Penet r at i on

To det er mi ne whet her l ysosomes mi ght be i n-

vol ved i n t he SFV i nf ect i on, we t est ed f i ve l yso-

somot r opi c weak bases; t hey al l i nhi bi t ed SFV

i nf ect i vi t y . The i nhi bi t i on by chl or oqui ne, t he

most ef f i ci ent l ysosomot r opi c agent t est ed, was

shown t o occur al r eady wi t hi n t he f i r st 5 mi n af t er

t he vi r us had ent er ed t he cel l by endocyt osi s .
Chl or oqui ne had no di r ect ef f ect on t he vi r us

par t i cl es nor di d i t i nhi bi t bi ndi ng, endocyt osi s, or

upt ake of SFV i nt o i nt r acel l ul ar vacuol es and

l ysosomes .

FI GURE 10 Fusi on of SFV wi t h l i posomes . ( a- c) SFV was mi xed wi t h l i posomes and t he pH was

changed t o 5 . 5 by di al ysi s as i n Fi g. 9 . Ext ensi ve f usi on bet ween vi r uses and l i posomes had occur r ed as
j udged by t he spi ke pr ot ei n vi si bl e on t he l i posomal membr anes . The nucl eocapsi ds ( see ar r ows i n a and
c) wi t h a di amet er of 30- 35 nmwer e vi si bl e i n some l i posomes. Vi r us par t i cl es i n t he pr ocess of f usi ng
wi t h l i posomes ar e i ndi cat ed by ar r owheads i n a . I n t he cont r ol ( d) whi ch was di al yzed agai nst pH 7. 3
buf f er , no f usi on was obser ved . Bar s, 0. 1 l m. ( a) x 150, 000; ( b) x 240, 000; ( c) x 180, 000 ; ( d) x 88, 000 .
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pH Vi r us t i t er

PFUI ml

I nf ect ed

cel l s

%

1 . No chl or oqui ne 7. 3 10 x 105 53
2. Chl or oqui ne, 10 - " M 7 . 3 0. 4 x 105 <3

3. Chl or oqui ne, 10 - ° M 6 . 5 0. 6 x 10'5 <3

4 . Chl or oqui ne, 10 - 4 M 5 . 5 8 . 1 x 10 5 63



The l ysosomot r opi c agent s we t est ed, and ot her s
si mi l ar t o t hem, have been pr evi ousl y r epor t ed t o
i nhi bi t i nf ect i ons by sever al envel oped vi r uses i n-
cl udi ng myxo, oncor na, r ubel l a, and par amyxo
vi r uses ( 10, 13, 15, 26, 27, 32, 36, 39, 50, 54) . Wher e
st udi ed, t he mechani sm of act i on of t hese agent s
appear s st r i ki ngl y si mi l ar t o t hat of chl or oqui ne
on SFV. They cause no di r ect damage on t he vi r us
par t i cl es, l i t t l e or no ef f ect on bi ndi ng and, i n most
cases, smal l i f any ef f ect s on i nt er nal i zat i on ( 12,
15, 32, 33, 39, 50) . I n t he case of amant adi ne, most
i nvest i gat or s seem t o agr ee t hat t he i nhi bi t or y
ef f ect i s on t he f i nal r el ease of t he nucl eocapsi ds
i nt o cyt opl asm or on uncoat i ng of t he genome .

Al t hough ver y di f f er ent i n mol ecul ar st r uct ur e,
al l t hese agent s ar e l ysosomot r opi c, i . e . , t hey ac-
cumul at e i n t he l ysosomes . Mor eover , t hey al l t end
t o i ncr ease t he i nt r al ysosomal pH ( and pr esumabl y
i n any or ganel l e wi t h l ow pH wi t hi n t he cel l ) . The
concent r at i ons of chl or oqui ne and NH4 C1 we used
i n t hese st udi es ar e known t o i ncr ease t he pH of
l ysosomes of mouse per i t oneal macr ophages f r om
4 . 5 t o 6 . 2- 6 . 4 ( 40) . Amant adi ne, t r i but yl ami ne,
and met hyl ami ne r ai se t he pH somewhat l ess ( t o
about pH5 . 5- 6 . 0) . Chl or oqui ne and NH4 C1 whi ch
exer t t he gr eat est ef f ect on i nt r al ysosomal pH wer e
mor e ef f i ci ent i nhi bi t or s of vi r us i nf ect i on t han
amant adi ne, t r i but yl ami ne, and met hyl ami ne .

To pur sue t he possi bi l i t y of a l ow pH r equi r e-
ment f or SFV i nf ect i vi t y, we devel oped an i n vi t r o
syst em t o st udy vi r us penet r at i on t hr ough mem-
br anes . Usi ng l i posomes and i sol at ed vi r uses, we
demonst r at ed t hat f usi on can occur bet ween t he
vi r al membr ane and a l i posomal membr ane, r e-
sul t i ng i n ef f i ci ent t r ansf er of t he vi r al nucl eocap-
si d i nt o t he l i posome . The f usi on r eact i on was
st r i ct l y pH- dependent ; f usi on occur r ed onl y when
t he pH was 6 or l ower .

The f usogeni c act i vi t y of SFV ( and ot her Toga
vi r uses) i s not l i mi t ed t o our ar t i f i ci al membr ane
syst em. Recent dat a on t he i nt er act i on of SFV,
Si ndbi s vi r us, and Rubel l a vi r us have shown t hat
t hey can f use wi t h er yt hr ocyt es f r om di f f er ent
speci es . The f usi on mani f est s i t sel f as hemol ysi s
( 31, 52, 53) and f or mat i on of het er okar yon cel l s
( 53) . The pH dependence of bot h hemol ysi s and
cel l - cel l f usi on i s i dent i cal wi t h t hat seen i n our
l i posome syst em. Mor eover , Mooney et al . ( 38)
have shown t hat Si ndbi s vi r us bi nds t o l i posomes
wi t h a pH dependence ver y si mi l ar t o t hat whi ch
we obser ve f or SFV f usi on wi t h l i posomes . Taken
t oget her , t hese dat a show t hat , pr ovi ded t he pH i s
l ow enough, SFV and r el at ed vi r uses can at t ach
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and f use wi t h bi l ayer membr anes of wi del y di f f er -
ent or i gi n . An i ndi cat i on t hat such f usi on can
cause i nf ect i on of cel l s was obt ai ned i n an exper -
i ment i n whi ch BHK cel l s wi t h SFV bound t o
t hem wer e br i ef l y t r eat ed wi t h l ow pH medi um.
These cel l s wer e t her eby ef f i ci ent l y i nf ect ed i n
spi t e of t he pr esence of chl or oqui ne at al l st ages t o
bl ock t he nor mal pat hway of i nf ect i on . At l owpH,
vi r uses l ocal i zed on t he cel l sur f ace pr obabl y f used
wi t h t he pl asma membr ane and t her eby i nf ect ed
t he cel l s di r ect l y . Fur t her st udi es ar e, however ,
needed t o conf i r m t hi s i nt er pr et at i on .

Judgi ng by t he mor phol ogi cal and i mmunol og-
i cal dat a descr i bed above, and t he pH dependence
of f usi on, i t seems unl i kel y t hat f usi on of SFV
wi t h t he pl asma membr ane can occur under nor -
mal condi t i ons . I n t hi s r espect , SFV di f f er s f r om
Sendai vi r us ( and ot her par amyxo vi r uses) whi ch
can f use wi t h t he pl asma membr ane of cel l s and
wi t h ar t i f i ci al l i pi d bi l ayer s at neut r al pH ( 23) . I f
not t he pl asma membr ane, t hen what i s t he si t e
wher e t he SFV genome ent er s t he cyt opl asm?
Sever al obser vat i ons poi nt i n t he di r ect i on of l y-
sosomes ( or some ot her i nt r acel l ul ar vacuol es wi t h
l ow pH) . These ar e: ( a) t he l ow pH r equi r ement
f or f usi on, ( b) t he i nhi bi t i on of uncoat i ng by
agent s known t o accumul at e i n l ysosomes and t o
i ncr ease t hei r pH, ( c) t he mor phol ogi cal evi dence
t hat t he endocyt osed SFV par t i cl es ar e sequest er ed
i nt o l ysosomes and ot her i nt r acel l ul ar vacuol es,
and ( d) t he f act demonst r at ed by Fr i edman and
Sr eeval san ( 16) t hat ver y r api dl y ( wi t hi n 20 mi n)
af t er SFV has ent er ed chi ck cel l s, par t of t he
par ent al RNA i s f ound i n a r epl i cat i ve i nt er me-
di at e f or m i n t he mi t ochondr i al - l ysosomal or gan-
el l e f r act i on . I f t he l ysosomes wer e t he si t e of
ent r y, why woul d t he vi r us not be dest r oyed by
t he l ysosomal hydr ol ases? Judgi ng by t he di f f er -
ence i n t he speed of i nf ect i on ( Fi g. 8) and t he r at e
of appear ance of aci d- sol ubl e degr adat i on pr od-
uct s ( Fi gs . 5 and 7) , i t seems qui t e possi bl e t hat
t he nucl eocapsi ds may escape i nt o t he cyt opl asm
bef or e t he l ysosomal enzymes have t i me t o de-
gr ade t he vi r us par t i cl e . The f i nal penet r at i on of
t he vi r al genome i nt o t he cyt opl asm may, i n f act ,
occur i mmedi at el y when an endocyt ot i c vacuol e
cont ai ni ng t he vi r us f uses wi t h a pr i mar y l ysosome
and t he pH dr ops t o 6 or bel ow.

The pat hway of SFV ent r y i nt o BHK- 21 cel l s,
as suggest ed by our dat a, i s schemat i cal l y shown
i n Fi g . 11 . Mor e i nf or mat i on i s needed especi al l y
t o def i ne t he mode of at t achment of t he vi r us t o
t he cel l membr ane, t he mechani sm of ent r apment



PRI MARY LYSOSOME

COATED COATED I NTERMEDI ATE SECONDARY

PI T VESI CLE VACUOLE LYSOSOME

FI GURE 11 Suggest ed pat hway f or SFV ent r y i nt o
BHK- 21 cel l s .

i n coat ed pi t s, t he r ol e of i nt er medi at e vacuol es

and l ysosomes, and t he mechani smof vi r al mem-

br ane f usi on . I t wi l l al so be of i nt er est t o f i nd out

t o what ext ent ot her vi r uses f ol l ow t he same pat h-

way . That si mi l ar i t i es exi st bet ween SFV and ot her

membr ane vi r uses i s cl ear f r omt he avai l abl e mor -

phol ogi cal i nf or mat i on as wel l as f r om t he sensi -

t i vi t y t o l ysosomot r opi c agent s .
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of t he manuscr i pt ; Anni e Bi ai s f or t ypi ng and Pet r a
Ri edi nger f or dr awi ng t he gr aphs .
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