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ABSTRACT Cel l s wer e mi cr oi nj ect ed wi t h f our mouse monocl onal ant i bodi es t hat wer e di -
r ect ed agai nst ei t her al pha- or bet a- t ubul i n subuni t s, one monocl onal wi t h act i vi t y agai nst
bot h subuni t s, and a gui nea pi g pol ycl onal ant i body wi t h act i vi t y di r ect ed agai nst bot h

subuni t s, t o det er mi ne t he ef f ect s on t he di st r i but i on of cyt opl asmi c mi cr ot ubul es and 10- nm

f i l ament s . The speci f i ci t i es of t he ant i bodi es wer e conf i r med by West er n bl ot s, sol i d phase
r adi oi mmunoassay, and West er n bl ot anal ysi s of al pha- and bet a- t ubul i n pept i de maps . Two

monocl onal s DM1A and DM3B3, an ant i - al pha- and ant i - bet a- t ubul i n r espect i vel y, and t he
gui nea pi g pol ycl onal ant i - al pha/ bet a- t ubul i n ant i body ( GP1T4) caused t he 10- nm f i l ament s
t o col l apse i nt o l ar ge l at er al aggr egat es col l ect i ng i n t he cel l per i pher y or t i ght j uxt anucl ear

caps ; t he ot her monocl onal ant i bodi es had no ef f ect when mi cr oi nj ect ed i nt o cel l s . The
f i l ament col l apsi ng was obser ved t o be compl et e at 1 . 5- 2 h af t er i nj ect i on . Dur i ng t he f i r st 30
mi n af t er i nj ect i on a f ew cyt opl asmi c mi cr ot ubul es near t he cel l per i pher y coul d be obser ved

by f l uor escence mi cr oscopy . Thi s obser vat i on was conf i r med by el ect r on mi cr oscopy, whi ch
al so demonst r at ed assembl ed mi cr ot ubul es i n t he j uxt anucl ear r egi on . By 1 . 5 h, when most
of t he 10- nm f i l ament s wer e col l apsed, t he compl et e cyt opl asmi c ar r ay of mi cr ot ubul es was
obser ved . Cel l s i nj ect ed i n pr ophase wer e abl e t o assembl e a mi t ot i c spi ndl e, suggest i ng t hat
t he ant i body di d not bl ock mi cr ot ubul e assembl y . Met abol i c l abel i ng wi t h [ 35 S] met hi oni ne of
mi cr oi nj ect ed cel l s r eveal ed t hat t ot al pr ot ei n synt hesi s was t he same as t hat obser ved i n
uni nf ect ed cel l s . Thi s i ndi cat ed t hat t he mi cr oi nj ect ed ant i body appar ent l y di d not pr oduce
del et er i ous ef f ect s on cel l ul ar met abol i sm. These r esul t s suggest t hat t hr ough a di r ect i nt er -
act i on of ant i bodi es wi t h ei t her al pha- or bet a- t ubul i n subuni t s, 10- nm f i l ament s wer e di sso-
ci at ed f r om t hei r nor mal di st r i but i on . I t i s possi bl e t hat t he ant i bodi es di sr upt ed post ul at ed
10- nm f i l ament - mi cr ot ubul e i nt er act i ons .

l 0- nm f i l ament - mi cr ot ubul e i nt er act i on have been post u-
l at ed based on st udi es by el ect r on mi cr oscopy ( 4, 17, 26, 32,
53, 55, 58) , i mmunof l uor escence mi cr oscopy ( 8, 24) , and
bi ochemi st r y ( 43, 54, 55) i n many eucar yot i c cel l s . When cel l s
ar e i ncubat ed i n t he pr esence of ant i mi cr ot ubul e dr ugs, such
as col chi ci ne, col cemi d, or vi nbl ast i ne, and cyt opl asmi c mi -
cr ot ubul es depol ymer i ze ( 51) and t he 10- nm f i l ament s sub-
sequent l y coi l i nt o j uxt anucl ear caps ( 9, 26) or col l apse i nt o
l ar ge aggr egat es of f i l ament s i n t he cyt opl asm( 12, 28, 33, 35) .
Upon r el ease f r om t hese dr ugs, t he mi cr ot ubul es r api dl y
r eassembl e i nt o t hei r or i gi nal cyt opl asmi c ar r ay ( 51) and t he
10- nmf i l ament s t hen uncoi l and r edi st r i but e wi t h t he maj or -
i t y of mi cr ot ubul es ( 26) . Al t hough i t i s not known i f t hese
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dr ugs di r ect l y af f ect t he 10- nmf i l ament s, i t i s t hought t hat as
a r esul t of mi cr ot ubul e depol ymer i zat i on, 10- nm f i l ament s
change t hei r di st r i but i on due t o a l oss of i nt er act i on wi t h t he
assembl ed mi cr ot ubul es ( 27) .

Sever al r ecent st udi es have shown t hat mi cr oi nj ect i on i nt o
l i vi ng cel l s of ant i bodi es agai nst t he MT 95, 000 component of
vi ment i n- l 0- nm f i l ament s ( 46) or ant i bodi es di r ect l y made
agai nst t he 10- nm f i l ament pr ot ei n ( 23, 29) cause t he f i l a-
ment s t o col l apse . Al t hough t he cyt opl asmi c mi cr ot ubul es
appear t o r emai n i nt act i t i s possi bl e t hat by coat i ng t he 10-
nmf i l ament s wi t h ant i body t he f i l ament s become cr oss- l i nked
t o t hemsel ves and/ or become di ssoci at ed f r om t hei r nor mal
di st r i but i on . To f ur t her pr obe t he possi bl e i nt er act i on of 10-
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nm f i l ament s wi t h mi cr ot ubul es i n vi vo, we mi cr oi nj ect ed
cel l s wi t h monocl onal ant i bodi es agai nst ei t her al pha- or bet a-
t ubul i n, and one pol ycl onal ant i body agai nst bot h subuni t s .
I n t hi s paper we r epor t t hat t he mi cr oi nj ect i on of t hese
ant i bodi es causes wi t hi n 1 . 5 h, t he col l apse of t he 10- nm
f i l ament cyt oskel et on . The consequence of mi cr oi nj ect i on di d
not appr eci abl y af f ect pr ot ei n synt hesi s .

MATERI ALS AND METHODS

Mi cr oi nj ect i on :

	

Ger bi l f i br oma cel l s ( I MR- 33, CCL- 146) wer e gr own
on gl ass cover sl i ps as pr evi ousl y descàbed ( 6) . Sel ect ed cel l s wer e mi cr oi nj ect ed
accor di ng t o t he met hod of Fer ami sco ( 18, 19) . Ant i bodi es f or mi cr oi nj ect i on
wer e f i r st concent r at ed by 40%ammoni um sul f at e pr eci pi t at i on, t hen di al yzed
exhaust i vel y agai nst mi cr oi nj ect i on buf f er ( 90 mMKCI , 10 mMNa* / POe, pH
7 . 0) , and t hen cl aàf i ed by cent àf ugat i on at 12, 500 g f or 10 mi n . The ant i body
concent r at i ons used f or mi cr oi nj ect i on wer e ~ 10- 20 mg/ ml . Consi der i ng t hat
most mammal i an t i ssue cul t ur e cel l s cont ai n ~2 mg/ ml t ubul i n or 2- 3%of
t he t ot al cel l pr ot ei n ( 3l , 50, 59) and t hat - 10% of t he cel l vol ume can be
mi cr oi nj ect ed ( 18, 30, 60) we est i mat e t hat appr oxi mat el y equal amount s of
ant i body compar ed t o endogenous t ubul i n wer e i nt r oduced i nt o each cel l .

Pr Ot ei RS : Nat i ve mi cr ot ubul es wer e puàf i ed f r om f r eshl y r emoved
br ai ns of one day ol d chi ckens by t hr ee cycl es of r ever si bl e t emper at ur e-
dependent assembl y as descàbed bef or e ( 7) af t er t he met hod of Sl oboda et al .
( 57) . The mi cr ot ubul es wer e f ur t her subj ect ed t o i on- exchange chr omat ogr aphy
on phosphocel l ul ose ( P- l 1 ; What man Labor at or y Pr oduct s, I nc . , Cl i f t on, NJ)
t o i sol at e 6s t ubul i n af t er Sl oboda et al . ( 57) . The al pha- and bet a- t ubul i n
subuni t s wer e separ at ed on SDS- pr epar at i ve gel s cont ai ni ng 7 . 5% acr yl ami de-
0 . 195% bi s- acr yl ami de and i sol at ed by el ect r oel ut i on of t he appr opàat e gel
bands ( 41) . El ut ed al pha- and bet a- t ubul i n wer e pr eci pi t at ed t hr ee t i mes wi t h
80% acet one at 0- 4° C f or 0. 5- I h and t hen di ssol ved i n 125 mMTàs- Cl ( pH
6. 8) , O. l % SDS, and 1 mMEDTA, di al ysed over ni ght agai nst t hi s buf f er at
4° C, and st or ed at - 70° C.

Vi ment i n was i sol at ed f r om t he ger bi l f i br oma cel l s by hi gh sal t - noni oni c
det er gent ext r act i on as pr evi ousl y descàbed ( 11) . Bot h vi ment i n and cycl ed
mi cr ot ubul es wer e used t o pr eabsor b t he ant i bodi es i n t hi s st udy.

Monocl onal Ant i body Pr oduct i on : BALB/ C5 , mi ce wer e i m-
muni zed wi t h nat i ve chi ck br ai n mi cr ot ubul es . The i mmuni zat i on schedul e
per mouse t o pr oduce monocl onal ant i bodi es DM1 A and DMI B was t he
f ol l owi ng: day 0, 250 kg of pr ot ei n emul si f i ed i n compl et e Fr eund' s adj uvant
( CFA) - 90%of t he dose gi ven i nt r apeàt oneal l y ( I P) and 10% gi ven subcut a-
neousl y ( SQ) ; day l 4, 250 kg of pr ot ei n emul si f i ed i n i ncompl et e Fr eund' s
adj uvant ( I CFA) gi ven I P and 100 ug of pr ot ei n i n phosphat e- buf f er ed sal i ne
( PBS) gi ven i nt r avenousl y ( I V) ; day 25, 175 Wg of pr ot ei n i n PBS gi ven SQand
175 ~g of pr ot ei n i n PBS gi ven I V; day 28, t he spl een was r emoved by st eàl e
t echni que and used f or f usi on. The i mmuni zat i on schedul e t o pr oduce mono-
cl onal ant i bodi es DM3A I , DM3B3, and DM3B2 was t he f ol l owi ng : day 0, 350
ug of pr ot ei n emul si f i ed i n CFA- 90%of t he dose gi ven I P and 10% of t he dose
gi ven SQ; day 14, 175 wg of pr ot ei n i n PBS gi ven I V and 200 kg of pr ot ei n
emul si f i ed i n I CFA gi ven I P; day 28, 175 ag of pr ot ei n gi ven I V and 250 ~g of
pr ot ei n emul si f i ed i n I CFA gi ven I P; day 42, 500- 800 ~g of pr ot ei n emul si f i ed
i n I CFA gi ven SQ; day 58, I mg of pr ot ei n i n PBS, sl owl y gi ven I V; day 61,
t he spl een was r emoved and used f or f usi on . As det er mi ned by i mmunof l uo-
r esceneß st ai ni ng of cul t ur ed cel l s, onl y mi ce wi t h hi gh ser umt i t er s t o t ubul i n
wer e sel ect ed f or f usi on .

Spl een cel l s wer e f used wi t h t he mouse myel oma cel l l i ne NS- 1 accor di ng t o
t he pr ot ocol of Kennet t ( 37) as modi f i ed by Li n et al . ( 45) and pl at ed i nt o l 6-
mmwel l Li nbr o cl oni ng pl at es . Af t er t he hybàdoma cel l s had r eached 50- 75%
conf l uency, t he super nat ant s wer e t est ed by i mmunof l uor escence st ai ni ng of
met hanol f i xed ( - 20° C, 10 mi n [ 52] ) ger bi l f i br oma cel l s . A posi t i ve wel l was
consi der ed t o gi ve i nt ense st ai ni ng of t he i nt er phase cyt opl asmi c mi cr ot ubul es
and mi t ot i c spi ndl es. The hybàdoma cel l s f r omt hese posi t i ve wel l s wer e gr own
up i n Dul becco' s modi f i cat i on of Eagl e' s medi um cont ai ni ng 20% f et al cal f
ser um, 100 ~M hypoxant hi ne, and 25 kMt hymi di ne . The cel l s wer e cl oned
t hr ee t i mes i n sof r agar wi t h ger bi l f i br oma cel l s used as a f eeder l ayer af t er t he
met hod of Li n et al . ( 45) . Af t er cl oni ng appr oxi mat el y 105 t o 106 hybàdoma
cel l s wer e i nj ect ed i nt r aper i t oneal l y i nt o BALB/ C mi ce t hat had been pr evi ousl y
( l wk) pàmed wi t h 0. 5 ml of Pàst ane ( 2, 6, 10, 14- t et r amet hyl pent adecane,
Al dàch Chemi cal Co. , Mi l waukee, WI ) . Ver y hi gh t i t er mouse asci t es f l ui d
wer e t hen col l ect ed and used as t he sour ce of ant i body .

To det er mi ne t he t ype of heavy chai n and l i ght chai n each monocl onal
ant i body was, hybàdomms wer e gr own i n 60- mmdi amet er cul t ur e di shes . The
super nat es f r om conf l uent di shes wer e col l ect ed and made 40% ammoni um
sul f at e by t he addi t i on of t he sol i d sal t . The pr eci pi t at es wer e r edi ssol ved i n a
smal l vol ume of PBS and di al yzed over ni ght agai nst PBS. The ant i body was
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t hen pl aced i n t he cent er wel l of a doubl e i mmunodi f f usi on pl at e cont ai ni ng
I %agar ose equi l i br at ed wi t h PBS. The sur r oundi ng out er wel l s cont ai ned goat
I gG ( Li t t on Bi onet i cs, I nc . , Kensi ngt on, MD) speci f i c f or t he vaàous cl asses of
mouse heavy and l i ght chai ns I g . Hybàdoma cel l s wer e al so met abol i cal l y
l abel ed wi t h [ ' S S] met hi oni ne ( 50 ~Ci per 16- mm di amet er wel l ) f or 24 h i n
met hi oni né- f r ee medi a. Wel l super nat ant s wer e col l ect ed and subj ect ed t o
St aphol occocus aur eus i mmunopr eci pi t at i on wi t h goat - ant i - mouse i mmuno-
gl obul i ns as pr evi ousl y descàbed ( 10) . The pr eci pi t at es wer e anal ysed by
f l uor ogr aphy ( 13) on t wo- di mensi onal gel s .

The pH of el ut i on of t he monocl onal ant i bodi es bound t o pr ot ei n- A seph-
ar ose ( Phar maci a Fi ne Chemi cal s, Pi scat away, NJ) was det er mi ned at t wo pH
r anges: pH 6 . 25 and 3. 10 . The monocl onal ant i bodi es wer e made 0. I MNa* /
POD, pH 8 . 0 and wer e l oaded ont o a pr ot ei n- A sephar ose col umn equi l i br at ed
wi t h t he same buf f er . The col umn was washed wi t h 4 bed vol of pH8 . 0 buf f er ,
t hen el ut ed wi t h t wo successi ve st ep gr adi ent s of 0 . 1 MNa* / PO, - , pH 6. 25,
and l 50 mM NaCI , 100 mM acet i c aci d, pH 3 . 10 . Col umn f r act i ons wer e
anal ysed on SDS- gel s .

" West er n" I mmunobl ot s : west er n i mmunobl ot s ( 14) wer e per -
f or med as descàbed ( 8) . Af t er t he st acki ng gel was r emoved, t r ansf er of pr ot ei ns
f r om SDS gel s t o 0 . 45 pm Mi l l i por e ni t r ocel l ul ose paper was done f or 70- 80
mi n at 90 V. The ni t r ocel l ul ose paper was t hen i ncubat ed i n 3%BSA, ( bovi ne
ser umal bumi n, Si gma gr ade V) made i n TBS ( Tàs- buf f er ed sal i ne : 150 mM
NaCI , 50 mMTàs- CI , 0 . 1 %sodi umazi de, pH 7. 5) f or 12 h at 4° C. Monocl onal
ant i bodi es wer e di l ut ed 1 : 1, 000 i n 3%BSA/ TBS and appl i ed t o t he ni t r ocel -
l ul ose st àps i n a humi di f i ed chamber . Af t er i ncubat i on f or 1 h at 20° C, t he
st r ps wer e washed i n f i ve changes of TBS over 2 h and once i n 3%BSA/ TBS.
, zsl - l abel ed goat I gG- ant i - mouse i mmunogl obul i ns ( agai nst al l heavy and l i ght
chai n cl asses of i mmunogl obul i ns [ Cappel Labor at oàes, I nc . , Cochr anvi l l e,
PA] ) was used at l 06 cpm/ ml i n 3%BSA/ TBS and appl i ed t o t he ni t r ocel l ul ose
st àps f or 1 h at 20° C. The st àps wer e t hen washed wi t h f i ve changes of TBS
and dàed . Aut or adi ogr ams of t he ni t r ocel l ul ose st àps wer e made by exposi ng
Kodak XAR- 5 f i l mwi t h a Dupont Cr onex Li ght i ng- Pl us AC scr een f or 3- 12
h at - 70° C. West er n bl ot s anal ysi ng pol ycl onal gui nea pi g ant i - t ubul i n ( GP174)
wer e pr epar ed as pr evi ousl y descàbed ( 8) . Pr ot ei ns t r ansf er r ed t o ni t r ocel l ul ose
st r i ps wer e vi sual i zed by Ami do bl ack st ai ni ng ( 8) .

Sol i d Phase Radi oi mmunoassay :

	

To each weu of a 96 wel l pol y-
vi nyl chl oàde mi cr ot i t er pl at e ( Mi cr ot i t er Pl at es cat . no. 1- 220- 24, Dynat ech
Labor at oàes, I nc . , Al exandàa, VA) 2 . 5 kg of al pha- t ubul i n, bet a- t ubul i n, or
CCL- 146 vi ment i n was added i n 50 kl of coupl i ng buf f er ( 50 mMNazC05,
0. I %sodi um azi de, pH9. 6) , and coupl ed f or 12 h at 4° C. The wel l s wer e t hen
washed t hr ee t i mes wi t h 100 ~I of 1 mg/ ml BSA i n TBS. To each wel l was
added 50 ~l of monocl onal ant i body at t he f ol l owi ng di l ut i ons : 1 : 200, 1 : 400,
1 : 800, 1 : 1, 600, 1 : 3, 200, 1 : 6, 400, 1 : 12, 800, and 1 : 25, 600, and i ncubat ed f or 1 h
at 20° C. Fol l owi ng t hr ee washes wi t h 100 kl of 0 . 05% Tween- 80 i n TBS, each
wel l r ecei ved 50 kl of , zSI - l abel ed goat ant i - mouse ( l 05 cpm/ wel l ) and was
i ncubat ed f or 1 h at 20° C. The wel l s wer e t hen washed t hr ee t i mes wi t h 0 . 05%
Tween- 80 i n TBS, dàed, and count ed. A mouse ant i vi ment i n monocl onal
SBV21 ( I gG, ) was used as a cont r ol i n t he vi ment i n r adi oi mmunoassay ( RI A) .

SDS PAGE and Pept i de Maps:

	

Tot al cel l l ysat es wer e made by
di r ect l y homogeni zi ng cul t ur ed ger bi l f i br oma cel l s i n SDS- sampl e buf f er ( 2%
SDS, 80 mMTàs- Cl , l 00 mMdi t hi ot hr ei t ol , 15%gl ycer ol , pH 6 . 8) and r api dl y
pl aci ng t he sampl e i n a boi l i ng wat er bat h f or 5 mi n . Sampl es wer e t hen l oaded
i nt o sl ot s of a l 2% acr yl ami de- 0. 1 %bi s- acr yl ami de anal yt i cal SDS- gel usi ng
t he Laemml i ( 40) buf f er syst em and t he Bl at t i er et al . ( 5) gel f or mul at i on ;
el ect r ophor esi s i n t he separ at i ng gel was conduct ed at 250 V and gel s wer e
st ai ned wi t h Coomassi e Bl ue as descàbed ( 11) .

Pept i de maps of nat i ve chi ck br ai n 6s t ubul i n wer e gener at ed by enzymat i c
cl eavage wi t h S. aur eus V8 pr ot ease ( V8) or chymot r ypsi n af t er t he met hod of
Cl evel and et al . ( I S) modi f i ed t o al l ow t he di gest i on t o occur under nat i ve
condi t i ons wi t hout SDS. To 134 . 8 kg of 6s t ubul i n was added 7 Wg of V8
pr ot ease ( Wor t hi ngt on Bi ochemcal s, Fr eehol d, NJ) i n a f i nal vol ume of 500 ul
i n buf f er ( 50 mMPI PES- KOH, 0. 5 mM MgSO, , 1 mMEGTA, pH 6 . 9) . The
mi xt ur e was i ncubat ed f or 30 mi n at 37° C and t he r eact i on was t er mi nat ed by
t he addi t i on of an equal vol ume of 2X SDS- sampl e buf f er and i ncubat i on i n a
boi l i ng wat er bat h f or 5 mi n . Appr oxi mat el y 30 ~1 of sampl e wer e appl i ed per
get sl ot . I n a si mi l ar manner 10 . 5 Wg of chymot r ypsi n ( TLCK- t r eat ed, Wor t h-
i ngt on Bi ochemi cal s) was added t o 134 . 8 kg of 6s t ubul i n i n a f i nal vol ume of
500 kl of buf f er , i ncubat ed f or 30 mi n at 37° C; and t he r eact i on t er mi nat ed as
descàbed above . About 30 ~l of sampl e wer e appl i ed per sl ot . Pept i des wer e
el ect r ophor esed on SDS- gel s and t hen t r ansf er r ed t o West er n bl ot s as descàbed
above . Pept i de maps of el ut ed- SDS denat ur ed al pha- or bet a- t ubul i n wer e done
accor di ng t o Cl evel and et al . ( I S) . To 114 kg of al pha- t ubul i n or 113 ~g of
bet a- t ubul i n was added 1 ~g of V8 pr ot ease i n a f i nal vol ume of 200 pl i n 0 . 1
SDS, 125 mMTàs- Cl , 1 mMEDTA, pH 6 . 8 . The mi xt ur e was i ncubat ed f or
30 mi n at 37° C, t hen t er mi nat ed as descàbed above, and 30 gal of sampl e wer e
appl i ed per gel sl ot . To 114 ug of al pha- t ubul i n or l 13 pg of bet a- t ubul i n was
added 5 kg of chymot r ypsi n i n a f i nal vol ume of 200 KI of buf f er , and i ncubat ed



f or 1 h at 37° C; t he r eact i on was t er mi nat ed and 30 ~I of sampl e wer e appl i ed

per sl ot .

M, st andar ds used wer e t he f ol l owi ng : chi ck br ai n mi cr ot ubul e associ at ed

pr ot ei ns M300, 000 ; myosi n heavy chai n M, 200, 000 ; bet a- gal act osi dase M

116, 500 ; phosphor yl ase- b M~ 94, 000; bovi ne ser um al bumi n M68, 000 ; chi ck

br ai n al pha- t ubul i n M57, 000 ; chi ck br ai n bet a- t ubul i n M, 54, 000; act i n M,

45, 000 ; oval bumi n M, 43, 000 ; car boni c anhydr ase M30, 000; soybean t r ypsi n

i nhi bi t or M, 21, 000 ; and l ysozyme M14, 300 as pr evi ousl y descr i bed ( 8) .
( 35

5] Met hi oni ne Mi cr ol abel i ng of Mi cr oi nj ect ed Cel l s and

Two- Di mensi onal Gel El ect r ophor esi s : For mi cr ot abel i ng, af r er
t he met hod of Cl evel and et al . ( 16) , a 250 ~Ci al i quot of [ " S] met hi oni ne ( >600

Ci / mmol , Amer sham cat . no. SJ235 ; di ssol ved i n wat er cont ai ni ng 0. 1% 2-

mer capt cet hanol ) was pl aced i n a st er i l e 1 . 8 ml NUNC vi al , f r ozen i n l i qui d

ni t r ogen, and l yophi l i zed. The l abel was t hen di ssol ved i n 25 r r l of cul t ur e
medi a l acki ng met hi oni ne and used i mmedi at el y f or mi cr ol abel i ng of cel l s .

Gl ass chi ps of < I mm2 wer e pr epar ed by br eaki ng st er i l e gl ass cover sl i ps
wi t h f or ceps . Cel l s wer e t hen seeded ont o t hese cover sl i ps at a l ow densi t y so

t hat bet ween 20- 30 cel l s at t ached per gl ass chi p . The chi ps wer e t hen kept i n

35- mm cul t ur e di shes and 24- 48 h post pl at i ng al l t he cel l s on sel ect ed chi ps

wer e mi cr oi nj ect ed wi t h ant i bodi es. The chi ps wer e t hen pl aced i n t he i ncubat or
f or I . 5- 2 h . The chi ps wer e t hen r emoved f r om t he di sh wi t h st er i l e j ewel er s

f or ceps and r i nsed t wi ce, 30 s each, i n 37° C t i ssue cul t ur e medi a l acki ng
met hi oni ne . The chi p was t hen pl aced i nt o a 10- k1 dr op of l abel i ng medi a
( - met hi oni ne) cont ai ni ng 100 pCi [ ' SS] met hi oni ne . The dr op was on a sr ual l

squar e of Par af i l m i n a 35- mm cul t ur e di sh . Af t er l abel i ng f or an addi t i onal 2

h i n t he t i ssue cul t ur e i ncubat or , t he chi p was r i nsed t wi ce i n war m medi a
cont ai ni ng unl abel ed met hi oni ne. At each st ep dur i ng t he l abel i ng t he cel l s on

t he chi p wer e checked by phase- cont r ast mi cr oscopy t o det er mi ne t hat t hey
wer e not damaged .

The chi p was t hen di r ect l y pl aced i nt o 20 ~1 of hot ( l 00° C) SDS- sampl e
buf f er i n a 1 . 5 ml Eppendor f t ube and scr apped wi t h an Eppendor f pl ast i c
mi cr opi pet t e . The sampl e ( pl us t he gl ass chi p) was r api dl y pl aced on a boi l i ng
wat er bat h f or 5 mi n, t he chi p was t hen r emoved, t he sampl e f r ozen i n l i qui d

ni t r ogen, and l yophi l i zed . The sampl e was t hen di ssol ved i nt o 50 ~1 of t wo-
di mensi onal sampl e buf f er ( 9. 95 Mur ea, 4% Noni det P- 40, 2% amphol i nes
pH5- 7, l 00 mMdi t hi ot hr ei t ol , and 0. 3% SDS) at 37° C f or 30 mi n . Acr yl ami de
i soel ect r i c f ocusi ng gel s wer e cast wi t h pH 5- 7 amphol i nes and t he second
di mensi on was el ect r ophor esed on 10%acr yl ami de SDS- gel s af t er Gar r et s ( 22) .
Gel f l uor ogr aphy was per f or med as modi f i ed f or [ ' SS] met hi oni ne- l abel ed pr o-
t ei ns ( 22) . Two- di mensi onal gel s wer e l oaded wi t h _ 120, 000 cpmof t r i chl or o-
acet i c aci d pr eci pi t abl e count s . The f l uor ogr ams wer e exposed f or 1 mont h at
- 70° C. Two- di mensi onal gel s of t he monocl onal heavy and l i ght chai ns wer e
anal ysed wi t h pH 3- 10 amphol i nes and 12% acr yl ami de- SDS gel s .

I ndi r ect I mmunof l uor escence and Pol ycl onal Ant i bod-

i e5 :

	

Cel l s wer e f i xed and st ai ned f or i ndi r ect i mmunof l uor escence as pr evi -
ousl y descr i bed ( 6) . For doubl e l abel i ndi r ect i mmunof l uor escence, compar i ng
t he di st r i but i on of t wo di f f er ent ant i bodi es i n cont r ast i ng f l uor cehr omes-
f l uor escei n i sot hi ocynat e ( FI TC) and t et r amet hyl r hodami ne i sot hi ocynat e
( TMRI TC) , r abbi t I gG- ant i - vi ment i n ( #240) i n TMRI TCand gui nea pi g I gG-
ant i - t ubul i n ( GPl T4) i n TMRI TCwer e used as descr i bed ( 7) and t he speci f i ci t y
of t hese ant i bodi es has been descr i bed el sewher e ( 8) . To anal yse t he di st r i but i on
of mouse monocl onal ant i bodi es, we used FI TC- goat ant i - mouse ( Cappel
Labor at or i es, I nc . , Cochr anvi l l e, PA) at ~0 . 7 mg/ ml . To r educe t he obser vat i on
of FI TC- st i mul at ed TMRI TC f l uor escence, we i ncl uded t he Zei ss bar r i er f i l t er
BP 520- 560 ( cat . no . 46- 79- 94- 9903) i n t he epi f l uor escence nose pi ece modul e.

El ect r on Mi cr oscopy :

	

Mi cr oi nj ect ed cel l s wer e ci r cl ed wi t h an , nk
r i ng on t he out si de bot t om of t he cul t ur e di sh usi ng an i nver t ed phase- cont r ast
mi cr oscope . At sel ect ed t i mes af t er mi cr oi nj ect i on t he cel l s wer e f i xed and
pr ocessed f or el ect r on mi cr oscopy af t er Bl ow and Chacko ( 9) . Ser i al en f ace
sect i ons of t he cel l s wer e pr epar ed ( 80- 100 nmt hi ck) and exami ned i n a Phi l i ps
201 el ect r on mi cr oscope .

RESULTS

Ant i body Char act er i zat i on

By doubl e i mmunodi f f usi on anal ysi s t he monocl onal
mouse i mmunogl obul i n cl ass was det er mi ned : DM1A,
DM1B, DM3A1, and DM3B3 wer e I gG, wi t h kappa- l i ght
chai ns ; and DM3B2 was an I gM. DM1A and DM3A1 el ut ed
f r om pr ot ei n- A sephar ose at pH6 . 25, and DM1 Band DM3B3
el ut ed at pH 3 . 10 ( Tabl e I ) . DM3B2, an I gM, di d not bi nd t o
pr ot ei n- A Sephar ose . The met abol i cal l y l abel ed [ 35 S] met hi o-
ni ne monocl onal s wer e i mmunopr eci pi t at ed wi t h goat ant i -

mouse/ S. aur eus t o exami ne t hat each cl one secr et ed onl y
one ant i body . As obser ved by t wo- di mensi onal gel s ( Fi g. 1)
each cl one gave r i se t o a uni que set of l i ght and heavy chai ns .

To ver i f y t he speci f i ci t i es of t he monocl onal ant i t ubul i ns,
we per f or med sever al anal yses: t he ant i bodi es wer e anal ysed
on West er n bl ot s of t ubul i n subuni t s, t ot al cel l l ysat es, V8,
and chymot r ypt i c pept i de pept i de maps of SDS- denat ur ed
al pha- t ubul i n, and bet a- t ubul i n, and pept i de maps of nat i ve
6s t ubul i n, and by bi ndi ng t o al pha- t ubul i n, bet a- t ubul i n, and
vi ment i n i n a sol i d phase RI A.

DM1 A and DM3A1 wer e ant i - al pha- t ubul i ns as det er -
mi ned by West er n bl ot s of t ubul i n subuni t s and t ot al cel l
l ysat es ( Fi g . 2) . Bot h bound t o t he same set of V8 pept i des of
SDS- denat ur ed al pha- t ubul i n ( an exampl e of t hi s t ype of
exper i ment f or t he anal ysi s of DM1A bi ndi ng t o V8 and
chymot r ypt i c f r agment s of al pha- and bet a- t ubul i n i s shown

TABLE I

Char act er i st i cs of Mi cr oi nj ect ed Ant i t ubul i n Ant i bodi es

ND, not det er mi ned .

FI GURE 1

	

Fl uor ogr am of t wo- di mensi onal gel s of S. aur eus i mmu-

nopr eci pi t at es of t he monocl onal ant i t ubul i ns met abol i cal l y l abel ed

wi t h [ ' sS] met hi oni ne . Each monocl onal pr oduced a heavy chai n

( HC) and l i ght chai n ( LC) wi t h uni que i soel ect r i c poi nt s . The i m-

munogl obul i n cl ass was det er mi ned by doubl e i mmunodi f f usi on

anal ysi s : ( A) DM1A, ( 8) DM1B, ( C) DM3A1, and ( D) DM3B3 wer e

I gG, wi t h HC, ( M,

	

53, 000) and LC, ( M,

	

25, 000) . ( E) DM3B2 was

an I gM wi t h HCzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� ( M,

	

72, 000) . ( F) DM1A ( a) and DM1B ( ß) wer e
mi xed t o show t he di st i nct el ect r ophor et i c mobi l i t i es of t he HCand

LC. I soel ect r i c f ocusi ng gel s cont ai ned pH 3- 10 amphol i nes .

BLOSr r T AL .

	

Ant i t ubul i n Mi cr oi ni ect i on Causes 1 0- nmFi l ament Col l apse

	

849

Mi cr oi n-

Pr ot - A Tubul i n j ect i on :

Sepha- subuni t ef f ect on

r ose el u- speci f i c- 10 nm-
I g- cl ass f i on pH i t y f i l ament s

Monocl onal ant i body

DM1A I gG, 6 . 25 a +

DM3A1 I gG, 6 . 25 a -

DM1B I gG, 3 . 10 ß -

DM3B3 I gG, 3 . 10 ß +

DM3B2 I gM ND a and ß -

Pol ycl onal ant i body

GP1T4 I gGs ND a and ß +



FI GURE 2 West er n bl ot anal ysi s of t he monocl onal ant i t ubul i n

bi ndi ng t o a t ot al cel l l ysat e of t he CCL- 146 cel l s and st andar d

pr ot ei ns cont ai ni ng br ai n al pha- and bet a- t ubul i n . ( Lane A) . The M,

st andar ds x 10- ' ; 57~ and 54 ß cor r espondi ng t o al pha- and bet a-

t ubul i n, r espect i vel y . ( Lane 8) The t ot al cel l l ysat e . Bot h of t hese

l anes wer e 12% SDS gel s st ai ned wi t h Coomassi e Bl ue . ( Lanes C

and D) The bl ot s of A and B, r espect i vel y, st ai ned wi t h Ami do bl ack.

Monocl onal ant i body bl ot s of t hese l anes ( s, M, st andar ds cor r e-

spondi ng t o l ane A; and c, cel l l ysat e cor r espondi ng t o l ane 8)

r eveal ed t hat DM1A and DM3A1 st ai ned al pha- t ubul i n ; DM1 B and

DM3B3 st ai ned bet a- t ubul i n ; DM3B2 st ai ned pr edomi nant l y al pha-

t ubul i n . The l ast t wo l anes ( DMI A+DMi B) show t hat t he mi xi ng of

DM1A wi t h DM1B st ai ned bot h t ubul i n subuni t s .

i n Fi g. 3) and t he same set of V8 or chymot r ypt i c pept i des
gener at ed f r omnat i ve 6s t ubul i n ( Fi g . 3) . DM3A1 r ecogni zed
t he same set of chymot r ypt i c pept i des of SDS- denat ur ed
al pha- t ubul i n as DM1 A pl us a uni que pept i de at M~ 20, 000
( Fi g. 3) . The speci f i ci t y of DM1A and DM3A1 wer e f ur t her
conf i r med as ant i - al pha- t ubul i ns by sol i d phase RI A ( Fi g. 4) .

DM1 B had st r ong bi ndi ng pr edomi nant l y t o bet a- t ubul i n
on West er n bl ot s ( Fi g . 2) , al t hough i t weakl y r ecogni zed an
al pha- t ubul i n V8 pept i de der i ved f r omnat i ve 6s t ubul i n ( Fi g.
3) . Thi s pept i de was r ecogni zed by t he ot her ant i - al pha-
t ubul i ns- DM1 A and DM3A1 ( Fi g . 3) . On chymot r ypt i c
pept i de maps of nat i ve 6s t ubul i n, DM1 B r ecogni zed a si ngl e
pept i de t hat was al so r ecogni zed by DM3B3, an ant i - bet a
t ubul i n ( see r esul t s bel ow) . DM1B r ecogni zed chymot r ypt i c
f r agment s of SDS- denat ur ed bet a- t ubul i n onl y ( Fi g . 3) . The
pept i des of bet a- t ubul i n gener at ed by V8 pr ot ease wer e not
r ecogni zed by DM1 B. By sol i d phase RI A, DM1 B bound 14
t i mes mor e count s t o bet a- t ubul i n t hat t o al pha- t ubul i n ( Fi g .
4) . A si mi l ar r esul t has been descr i bed f or a monocl onal ant i -
bet a- t ubul i n ( TUB 2 . 5) wi t h secondar y act i vi t y agai nst al pha-
t ubul i n by Gozes and Bar nst abl e ( 29) .

DM3B3 was an ant i - bet a- t ubul i n as det er mi ned by West er n
bl ot s of t ubul i n subuni t s and t ot al cel l l ysat es ( Fi g . 2) . I t di d
not bi nd t o V8 pept i des of nat i ve 6s t ubul i n, but bound t o
t he same chymot r ypt i c pept i des det ect ed by DM1 B ( Fi g. 3) .
DM3B3 det ect ed t he same chymot r ypt i c pept i des of SDS-
denat ur ed bet a- t ubul i n as r ecogni zed by DM1B ( Fi g . 3) . As
wi t h DM1 B, DM3B3 di d not r ecogni ze any of t he V8 pept i des
( Fi g. 3) . Thi s possi bl y i ndi cat es t hat t he V8 pr ot ease dest r oys
t he ant i geni c si t e . On sol i d phase RI A, DM3B3 r eact ed
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st r ongl y wi t h bet a- t ubul i n ( Fi g. 5) ; act i vi t y agai nst al pha-
t ubul i n was not det ect ed.

DM3B2, an I gM, on West er n bl ot s r ecogni zed pr edomi -
nant l y al pha- t ubul i n br ai n subuni t s and al pha- t ubul i n of
CCL- 146 cel l l ysat es ( Fi g. 2) . On pept i de maps of nat i ve 6s
t ubul i n, DM3B2 det ect ed pept i des r ecogni zed by bot h t he
monocl onal s agai nst al pha- and bet a- t ubul i n ( Fi g. 3) . When
DM3B2 was anal ysed on V8 and chymot r ypt i c maps of SDS-
denat ur ed al pha- or bet a- t ubul i n, i t r ecogni zed t he same
pept i des of al pha- t ubul i n as det ect ed by DM1 A and DM3A1,
and i t r ecogni zed pept i des of bet a- t ubul i n t hat wer e di f f er ent
f r om t hose det ect ed by DM1B and DM3B3 ( Fi g. 3) . On sol i d
phase RI A, DM3B2 bound 3 . 5 t i mes mor e count s t o al pha-
t ubul i n t han t o bet a- t ubul i n ( Fi g. 4) , Ther ef or e, DM3B2 has
act i vi t y agai nst bot h al pha- and bet a- t ubul i n subuni t s .

Al l of t he monocl onal s agai nst t ubul i n di d not det ect vi -
ment i n on West er n bl ot s or on sol i d phase RI A ( Fi g . 4) . The
gui nea pi g pol ycl onal ant i t ubul i n ( GP1T4) had bot h ant i -
al pha- and ant i - bet a- t ubul i n bi ndi ng ( 8) ( al so see Fi g . 8D) .

Mi cr oi nj ect i on

I nt er phase ger bi l f i br oma cel l s ar r ange t hei r 10- nm f i l a-
ment s and mi cr ot ubul es i n si mi l ar coi nci dent cyt opl asmi c
ar r ays t hat span r adi al l y f r omt he nucl eus t o t he cel l ' s bor der
( Fi g. 5) . When t hese cel l s wer e mi cr oi nj ect ed wi t h monocl onal
DM1A or DM3B3 ( Fi gs . 6 and 7) , or wi t h t he pol ycl onal
GP1T4 ( Fi g . 8) , wi t hi n 2- 3 h i n ~50% of cel l s t he 10- nm
f i l ament s had col l apsed i nt o t i ght l at er al aggr egat es obser ved
i n t he cel l per i pher y or cel l pr ocesses ( Fi g . 6, A- F) . I n t he
ot her 50% of t he cel l s t he 10- nm f i l ament s had wi t hdr awn
i nt o t i ght j uxt anucl ear caps ( Fi g . 7, A- F) . Wi t hi n t he f i r st 30
mi n af t er i nj ect i on onl y a f ew pr omi nent mi cr ot ubul es coul d
be obser ved near t he cel l nucl eus because t he i nj ect ed ant i -
body obscur ed t he vi sual i zat i on, however mi cr ot ubul es near
t he cel l per i pher y coul d be obser ved ( Fi g . 9) . Af t er ~ 1 . 5 h,
t he compl et e cyt opl asmi c ar r ay of mi cr ot ubul es coul d be
obser ved i n t he same cel l s cont ai ni ng t he cap of 10- nm
f i l ament s i n a j uxt anucl ear posi t i on ( Fi g. 9) . 3 h post i nj ect i on
t he 10- nm f i l ament s r emai ned col l apsed and t he mi cr ot ubul es
mai nt ai ned t hei r usual cyt opl asmi c di st r i but i on ( Fi gs . 6- 9) .
Si nce i t was di f f i cul t t o assess mi cr ot ubul e di st r i but i on i n t he
f i r st 30 mi n af t er mi cr oi nj ect i on by f l uor escence mi cr oscopy,
mi cr oi nj ect ed cel l s wer e exami ned by ser i al sect i on i n t he
el ect r on mi cr oscope . I n al l cases, mi cr oi nj ect ed cel l s showed
assembl ed mi cr ot ubul es near t he nucl eus as wel l as t he cel l
per i pher y ( Fi g . 10) . Thi s mi cr ot ubul e di st r i but i on was t he

same as t hat obser ved i n cont r ol - i nj ect ed or cont r ol - uni n-
j ect ed cel l s . As obser ved i n Fi gs . 6, B and E, and 7, Cand E,

t he di st r i but i on of t he col l apsed or capped 10- nm f i l ament s

coul d be del i neat ed when t he cel l s wer e vi ewed f or t he di st r i -

but i on of mi cr ot ubul es wi t h FI TC. These f i l ament s wer e,
however , r ed i n col or and coul d be obser ved because t he
over l ap of t he FI TC emi ssi on ( 62) wi t h t he exci t at i on wave-
l engt h of t he TMRI TC- ant i vi ment i n . The r ed f l uor escence
was st r ong enough t o penet r at e t hr ough t he bar r i er f i l t er
( " bl eed- t hr ough" ) because t he vi ment i n st ai ni ng of t he col -
l apsed 10- nmf i l ament s was i nt ense .

I f t hese ant i bodi es wer e f i r st pr eabsor bed wi t h assembl ed
mi cr ot ubul es and t hen i nj ect ed, t he 10- nmf i l ament col l apsi ng
was abol i shed, whi l e pr eabsor pt i on wi t h CCL- 146 vi ment i n
had no ef f ect on col l apsi ng ( Fi g. 11) . The mi cr oi nj ect i on of
DM1B, DM3A1, or DM3B2 under i dent i cal condi t i ons ap-



FI GURE 3

	

( A) West er n bl ot anal ysi s of monocl onal DM1A bi ndi ng t o V8 pept i des ( V8) and chymot r ypt i c pept i des ( Chymo) of

SDS- denat ur ed chi ck br ai n al pha- t ubul i n and bet a- t ubul i n as an exampl e of how al l t he monocl onal ant i bodi es wer e anal ysed .

Pept i des wer e pr epar ed as descr i bed i n Mat er i al s and Met hods and chr omat ogr aphed on a 15%acr yl ami de SDS- gel . Lane S

cont ai ns t he M, st andar ds x 10- ' ; Tub, i ndi cat es t he posi t i on of t he t ubul i n subuni t s . Lane A cont ai ns t he V8 pept i des gener at ed

f r om a- t ubul i n ; l ane 8 cont ai ns t he chymot r ypt i c pept i des gener at ed f or m al pha- t ubul i n . Lane Ccont ai ns t he V8 pept i des of

bet a- t ubul i n and l ane D cont ai ns t he chymot r ypt i c pept i des of bet a- t ubul i n . These l anes ar e st ai ned wi t h Coomassi e Bl ue . Af t er

t r ansf er of t he pept i des a si mi l ar gel was st ai ned wi t h Coomassi e Bl ue ( Post - Tr ans) t o obser ve t he r emai ni ng pept i des . Most of

t he pept i des wer e t r ansf er r ed . The ni t r ocel l ul ose bl ot ( Bl ot ) of t he gel st ai ned wi t h Ami do bl ack showed t he maj or pept i des had

t r ansf er r ed . DM1A st ai ned a f ew of t he al pha- t ubul i n pept i des gener at ed by V8 pr ot ease and chymot r ypsi n ; i t di d not det ect any

bet a- t ubul i n pept i des . Al l of t he monocl onal ant i bodi es wer e anal ysed i n a si mi l ar f ashi on on pept i des gener at ed f r om denat ur ed

subuni t s and f r om nat i ve 6s t ubul i n . Al l ant i bodi es used f or t he West er n bl ot s wer e di l ut ed 1 : 1, 000 . ( B) Summar y of ant i body

bi ndi ng t o pr ot eol yt i c f r agment s of SDS- denat ur ed chi ck br ai n al pha- and bet a- t ubul i n . Lane S cont ai n t he M, st andar ds x 10 - 3;
Tub, i ndi cat es t he posi t i on of al pha- and bet a- t ubul i n subuni t s . Lane A cont ai ns t he VS pr ot eol yt i c f r agment s ( V8) of al pha- t ubul i n

and l ane B cont ai ns t he pr ot eol yt i c f r agment s of al pha- t ubul i n di gest ed wi t h chymot r ypsi n ( Chymo) . Lane C cont ai ns t he VS

pr ot eol yt i c f r agment s ( V8) of bet a- t ubul i n and l ane D cont ai ns t he chymot r ypt i c f r agment s ( Chymo) of bet a- t ubul i n . * 1 i ndi cat es

t he posi t i on of an al pha- t ubul i n chymot r ypt i c pept i de bound by DM3A1, * 2 a bet a- t ubul i n chymot r ypt i c pept i de bound by

DM3B2, and * 3 a bet a- t ubul i n chymot r ypt i c f r agment bound by DM1 B t hat wer e al l det ect ed on West er n bl ot s, but wer e not

vi sual i zed i n t he Coomassi e- Bl ue- st ai ned gel s . ( C) Summar y of ant i body bi ndi ng t o pr ot eol yt i c f r agment s of chi ck br ai n nat i ve 6s

t ubul i n . Lane S cont ai ns t he M, st andar ds x 10 - 3; Tub, i ndi cat es t he posi t i on of t he nat i ve 6s t ubul i n mol ecul e . Lane A cont ai ns

t he VS pr ot ease f r agment s ( V8) gener at ed f r om 6s t ubul i n . Lane 8 cont ai ns t he chymot r ypt i c pept i des ( Chymo) gener at ed f r om

6s t ubul i n . The ar r owheads on l anes A and 8 i ndi cat e t he posi t i ons of t he maj or pept i des t o whi ch t he ant i bodi es bi nd . The

ast er i sk ( * ) i ndi cat es some di mi ni shed bi ndi ng of DM3B3 t o t he par ent mol ecul e r el at i ve t o DM1 B. The symbol s i n t he Key ar e

used t o i dent i f y t he r espect i ve ant i body bi ndi ng t o t he pept i de f r agment s . The SDS- gel s wer e 15%acr yl ami de .
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FI GURE 4

	

( A) Sol i d- phase RI A anal ysi s of monocl onal ant i t ubul i ns bi ndi ng t o chi ck br ai n a- t ubul i n . DM1A and DM3A1 bound

t he l ar gest number of count s t o al pha- t ubul i n, f ol l owed by DM3B2. DM1 B bound a smal l number of count s above backgr ound

t o al pha- t ubul i n . DM3B3 bi ndi ng was not det ect ed . ( 8) Sol i d phase RI A anal ysi s of monocl onal ant i t ubul i ns bi ndi ng t o chi ck br ai n

bet a- t ubul i n . Bot h DM1 B and DM3B3 bound l ar ge number s of count s t o bet a- t ubul i n, wi t h l ower bi ndi ng of DM3B2. DM1A and

DM3A1 bi ndi ng wer e not det ect ed . ( C) Sol i d- phase RI A of monocl onal ant i t ubul i ns bi ndi ng t o vi ment i n f r om CCL- 146 cel l s . No

bi ndi ng t o vi ment i n coul d be det ect ed f or t he monocl onal ant i t ubul i ns . SBV21, a mouse monocl onal ( I gG, ) t o vi ment i n, was

i ncl uded as a cont r ol . The symbol s i n t he Key r ef er t o t he r espect i ve monocl onal ant i t ubul i ns . Bkgd, i ndi cat es backgr ound count s .

BLOSE ET AL .

	

Ant i t ubul i n Mi cr oi nl ect i on Causes 1 0- nmFi l ament Col l apse

	

851



FI GURE 5

	

Phase- cont r ast ( A) and f l uor escent mi cr ogr aphs ( B and C) of a cont r ol ( uni nf ect ed) CCL- 146 cel l i ndi r ect l y st ai ned f or

vi ment i n wi t h #240 ant i body l abel ed wi t h TMRI TC ( B) and f or t ubul i n wi t h DM3B3, monocl onal ant i - , ß- t ubul i n, l abel ed wi t h FI TC

( C) . The di st r i but i on of vi ment i n f i l ament s and mi cr ot ubul es i s near l y coi nci dent . Nu, nucl eus . x 800 .

FI GURE 6 ( A- F) Fl uor escence mi cr ogr aphs of cel l s mi cr oi nj ect ed wi t h DM3B3, monocl onal ant i - bet a- t ubul i n, and st ai ned t o
obser ve t he vi ment i n f i l ament di st r i but i on at ~3 h af t er i nj ect i on . Each t r i pl et , ( A- C and D- F, r epr esent s t he same cel l st ai ned f or

t he di st r i but i on of DM3B3 wi t h FI TC goat ant i - mouse ( 8 and E) and f or t he vi ment i n f i l ament s wi t h TMRI TC l abel ed ant i vi ment i n-

#240 ( C and F) . These cel l s r epr esent t he t ypi cal di st r i but i on of t he vi ment i n f i l ament s ( col l apsed) af t er bei ng i nj ect ed wi t h

monocl onal ant i t ubul i ns t hat cause f i l ament aggr egat i on . The vi ment i n f i l ament s wer e obser ved t o col l apse and aggr egat e i n cel l

pr ocesses ( C) or al ong t he l at er al mar gi ns of t he cel l per i pher y ( F) . B and E show t he di f f use di st r i but i on of t he mi cr oi nj ect ed

ant i body wi t hi n t he cyt opl asm, however t he out l i ne of t he col l apsed 10- nm f i l ament s ( r ed i n col or ) wer e obser ved due t o FI TC-

st i mul at ed TMRI TC- f l uor escence ( see Resul t s) . ( G- / ) f l uor escence mi cr ogr aphs of t wo met aphase cel l s 30 mi n af t er mi cr oi nj ect i on

wi t h DM3B3 . Each pai r , G- H and 1- / , r epr esent s t he same cel l st ai ned f or t he di st r i but i on of DM3B3 wi t h FI TC goat ant i - mouse

( G and 1) and f or vi ment i n f i l ament s wi t h TMRI TC l abel ed #240 ant i vi ment i n ( H and 1) . DM3B3 was vi sual i zed on t he met aphase

spi ndl e mi cr ot ubul es ( G and 1) ; t he ant i body di d not bl ock assembl y of t he spi ndl e t o t hi s st age . The di st r i but i on of vi ment i n

f i l ament s f or med a cage ar ound t he spi ndl e ( 28) and was not af f ect ed by t he i nj ect ed ant i t ubul i n . ( A- F) x 300 . ( G- 1) x 350 .
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FI GURE 7 ( A- F) Fl uor escent mi cr ogr aphs of cel l s mi cr oi nj ect ed wi t h DM3B3, monocl onal ant i - bet a- t ubul i n, and st ai ned t o
obser ve t he vi ment i n f i l ament di st r i but i on at 30 mi n ( A and B) , 1 . 5 h ( C and D) , and 3 h ( E and F) af t er i nj ect i on . Each pai r , Aand
B, Cand D, and Eand F r epr esent s t he same cel l st ai ned f or t he di st r i but i on of DM3B3 wi t h FI TC- l abel ed goat ant i - mouse ( A, C,

and E) and f or t he di st r i but i on of t he vi ment i n f i l ament s wi t h TMRI TC- l abel ed ani vi ment i n- #240 ( B, D, and F) . At each t i me poi nt
t he i nj ect ed DM3B3 ( A, C, and E) was f ound t o be di f f usel y di st r i but ed i n t he cyt opl asm. Wi t hi n t he f i r st 30 mi n af t er i nj ect i on
t he vi ment i n f i l ament s ( B) appear ed t o have t he same di st r i but i on as t he uni nj ect ed cel l ( see Fi g . 4B) . By 1 . 5 h af t er i nj ect i on ( D)
t he vi ment i n f i l ament s had col l apsed next t o t he nucl eus . At 3 h af t er i nj ect i on ( F) t he vi ment i n f i l ament s had compl et el y moved
i nt o a t i ght cap next t o t he nucl eus . I n C and E t he out l i ne of t he 10- nm f i l ament caps ( r ed i n col or ) wer e obser ved due t o t he
FI TC- st i mul at ed TMRI TC- f l uor escence ( see Resul t s) . ( G- l ) Fl uor escence mi cr ogr aphs of cel l s mi cr oi nj ect ed wi t h DM1B, mono-
cl onal ant i - bet a- t ubul i n, and st ai ned t o obser ve t he vi ment i n f i l ament di st r i but i on ~3 h af t er i nj ect i on . Each pai r , G and H and I
and ) , r epr esent s t he same cel l st ai ned f or t he di st r i but i on of vi ment i n f i l ament s wi t h TMRI TC- l abel ed ant i vi ment i n- #240 ( G and
1) and f or t he di st r i but i on of DM1 B wi t h FI TC- l abel ed goat ant i - mouse ( H and / ) . I n t he i nj ect ed cel l s ( * ) DM1 B appear ed t o have
no ef f ect on t he vi ment i n f i l ament di st r i but i on ( G and l ) as compar ed t o uni nj ect ed cel l s ( ar r owheads) . The monocl onal ant i body
coul d be seen on per i pher al mi cr ot ubul es but a di f f use f l uor escence was obser ved near t he nucl eus ( H and / ) . Thi s was a
r epr esent at i ve exampl e of t he mi cr oi nj ect ed monocl onal ant i bodi es t hat pr oduced no appar ent ef f ect on t he vi ment i n f i l ament
di st r i but i on ( i . e . , DM3A1, DM3B2, and DM1 B) . ( A- F) x 325 . ( G- / ) x 500 .

FI GURE 8 Fl uor escence mi cr ogr aphs of CCL- 146 cel l s mi cr oi n-

j ect ed wi t h pol ycl onal gui nea pi g ant i t ubul i n ( GP1T4) and st ai ned

t o obser ve t he vi ment i n f i l ament di st r i but i on ( A, 8, and C) 3 h

post mi cr oi nj ect i on . I n each case ( A, B, and C) t he f i l ament s wer e

i nduced t o col l apse i nt o aggr egat es i n t he i nj ect ed cel l ( ' ) as

compar ed t o uni nj ect ed cel l s ( ar r owheads) . West er n bl ot anal ysi s

of t he pol ycl onal ant i t ubul i n, GP1T4 ( D) . Lane 1, ar e t he M, st and-
ar ds x 10- ' , i ncl udi ng chi ck br ai n al pha- ( 57~) and bet a- ( 54y) t ubul i n;

l ane 2, r epr esent s t he t ot al CCL- 146 cel l l ysat e wi t h t he posi t i on of

vi ment i n i ndi cat ed by t he dar k ci r cl e ; and l ane 3, par t l y pur i f i ed

CCL- 146 vi ment i n ( v) i sol at ed by hi gh sal t - non i oni c det er gent

ext r act i on ( 11) . These l anes ar e st ai ned wi t h Coomassi e Bl ue ( St ai n)

and cor r espond t o t he same l anes on t he West er n bl ot ( Bl ot ) . The

pol ycl onal ant i t ubul i n st ai ned bot h t he al pha and bet a subuni t s
f r om chi ck br ai n ( Bl ot , l ane 1) and CCL- 146 cel l s ( Bl ot , l ane 2) ; t he
ant i body had no r eact i on wi t h CCL- 146 vi ment i n ( Bl ot , l ane 3) .

( A- 8) X450.

BLOSE ET AL .

	

Ant i t ubul i n Mi cr oi nl ect i on Causes 1 0- nmFi l ament Col l apse

	

$53



FI GURE 9

	

Fl uor escence mi cr ogr aphs of cel l s mi cr oi nj ect ed wi t h DM3B3 ( monocl onal ant i - ß- t ubul i n) and st ai ned t o obser ve t he

mi cr ot ubul e di st r i but i on at 30 mi n ( A and 8) , 1 . 5 h ( C and D) , and 3 h ( E and F) af t er i nj ect i on . Each pai r , A and 8, C and D, and

E and F, r epr esent t he same cel l st ai ned f or t he di st r i but i on of DM3B3 wi t h FI TC- l abel ed goat ant i - mouse ( A, C, and E) and f or

t he di st r i but i on of mi cr ot ubul es pr obed wi t h TMRI TC- l abel ed gui nea pi g ant i t ubul i n ( GP1T4) ( 8, D, and F) . At each t i me poi nt

t he i nj ect ed DM3B3 ( A, C, and E) was f ound di f f usel y di st r i but ed i n t he cyt opl asm. Wi t hi n t he f i r st 30 mi n af t er i nj ect i on t he

mi cr ot ubul es ( e) wer e har d t o vi sual i ze wi t h GP1T4, except i n t he cel l per i pher y ( ar r owheads) . At 1 . 5 h post i nj ect i on ( D)

mi cr ot ubul es wer e obser ved i n t hei r nor mal r adi al ar r ay ; and by 3 h post i nj ect i on t he mi cr ot ubul es mai nt ai ned t hei r nor mal

cyt opl asmi c di st r i but i on ( F) at a t i me when t he vi ment i n f i l ament s wer e maxi mal l y col l apsed . x 700 .

pear ed t o have no ef f ect on t he di st r i but i ons of 10- nm f i l a-

ment s or mi cr ot ubul es ( Fi g . 7, G- J ; Tabl e I ) . I n cont r ol s, cel l s

i nj ect ed wi t h mi cr oi nj ect i on buf f er or monocl onal s agai nst

t r opomyosi n appear ed t o have no ef f ect .
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Sever al cel l s wer e i nj ect ed i n ear l y pr ophase wi t h DM3B3

and t hen f i xed i n met aphase . I t appear ed t hat t he mi cr ot u-

bul es coul d assembl e i nt o a mi t ot i c spi ndl e t hat was sur -

r ounded by a 10- nmf i l ament cage ( Fi g. 6, G- J) .



FI GURE 10 El ect r on mi cr ogr aphs of cel l s ser i al l y sect i oned en f ace 30 mi n af t er mi cr oi nj ect i on wi t h DM3B3 . Abundant
mi cr ot ubul e pr of i l es wer e obser ved ( bet ween ar r owheads) cour si ng t hr ough t he cyt opl asm f or sever al mi cr omet er s near t he
nucl eus ( A and 8) . Occasi onal l y cr oss- sect i onal pr of i l es of mi cr ot ubul es coul d be obser ved ( wi t hi n t he ci r cl e i ndi cat ed by doubl e
ar r owheads) near t he nucl eus ( 8) . I n t he per i pher al cyt opl asm numer ous mi cr ot ubul es ( bet ween ar r owheads) wer e obser ved as
wel l as mi cr of i l ament s ( mf ) ( C) . Near t he vent r al sur f ace of t he cel l ( at t achment si de) mi cr ot ubul es ( bet ween ar r owheads) wer e
obser ved near f ocal cont act s ( f c) and 10- nm f i l ament s ( i f ) ( D) . Nu, nucl eus . x 46, 000 .

GLOSE ET AL .

	

Ant i t ubul i n Mi cr oi nj ect i on Causes 1 0- nmFi l ament Col l apse

	

$55



FI GURE 11

	

Fl uor escence mi cr ogr aphs of cel l s mi cr oi nj ect ed wi t h

DM3B3 af t er i t had been absor bed wi t h CCL- 146 vi ment i n ( A and

8) or absor bed wi t h chi ck br ai n mi cr ot ubul es ( C and D) . Each pai r ,

A- 8 and C- D, r epr esent s t he same cel l st ai ned f or t he di st r i but i on

of DM3B3 wi t h FI TC l abel ed goat ant i - mouse ( A and C) and f or t he

di st r i but i on of t he vi ment i n f i l ament s wi t h TMRI TC- l abel ed ant i vi -

ment i n- #240 ( B and D) 1 . 5 h af t er i nj ect i on . When DM3B3 was

absor bed wi t h vi ment i n and t hen mi cr oi nj ect ed, t he f i l ament s

capped ( A and 8) . However , when DM3B3 was absor bed wi t h

mi cr ot ubul es and t hen i nj ect ed, f i l ament cappi ng was abol i shed ( C

and D) . x 480.

Mi cr ol abel i ng wi t h ( 35 S] Met hi oni ne of
Mi cr oi nj ect ed Cel l s

To det er mi ne t he met abol i c er ect s of mi cr oi nj ect i ng ant i -
t ubul i ns on pr ot ei n synt hesi s, we l abel ed mi cr oi nj ect ed cel l s
wi t h [ 35 S] met hi oni ne and t hen anal ysed by t wo- di mensi onal
gel el ect r ophor esi s . Bet ween 20- 30 cel l s wer e mi cr oi nj ect ed
on smal l ( < 1 mmZ) gl ass chi ps, t hen l abel ed i n a smal l vol ume
( 10 ~1) , and anal ysed on t wo- di mensi onal gel s as descr i bed i n
t he Mat er i al s and Met hods sect i on. Cel l s t hat wer e anal ysed
had been mi cr oi nj ect ed wi t h t he monocl onal or pol ycl onal
ant i t ubul i ns, mi cr oi nj ect i on buf f er , or had not r ecei ved any
i nj ect i on . I n al l cases, t he mi cr oi nj ect ed cel l s cont i nued t o
i ncor por at e [ 35 S] met hi oni ne i nt o t hei r pr ot ei ns i n vi r t ual l y an
i dent i cal pat t er n t o t he cont r ol - uni nj ect ed cel l s ( Fi g. 12, A
and B) . The i ncor por at i on of [ 35S] met hi oni ne i nt o al pha- or
bet a- t ubul i n i n i nj ect ed or cont r ol cel l s appear ed t o be t he
same ( Fi g. 12, C and D) . I n some cases, t he l abel i ng of
vi ment i n appear ed t o be sl i ght l y i ncr eased i n exper i ment s i n
whi ch t he mi cr oi nj ect ed ant i body i nduced 10- nm f i l ament
di sor gani zat i on ( Fi g. 12, Cand D) .

Recent l y sever al l abor at or i es have r epor t ed gener at i ng mon-
ocl onal ant i bodi es t o t ubul i n ( 1, 29, 38, 63) . We have gener -
at ed f i ve monocl onal ant i bodi es and one pol ycl onal ant i body
t o t ubul i n and mi cr oi nj ect ed t hese ant i bodi es i nt o cel l s . Onl y
t wo of t he monocl onal s, one di r ect ed agai nst al pha- t ubul i n
( DM1A) and one agai nst bet a- t ubul i n ( DM3B3) , and t he
pol ycl onal ant i body ( GP1T4) caused t he 10- nmf i l ament s t o
col l apse i nt o aggr egat es wi t hi n 1 . 5 h af t er mi cr oi nj ect i on . The
maj or i t y of t hese l at er al aggr egat es appear ed t o col l apse mor e

FI GURE 12

	

Fl uor ogr ams of t wo- di mensi onal gel s anal ysi ng 25 i nj ect ed cel l s ( A and C) and 25 cont r ol - uni nj ect ed cel l s ( B and D)

mi cr ol abel ed wi t h [ ' S S] met hi oni ne accor di ng t o t he pr ocedur es det ai l ed i n t he Mat er i al s and Met hods . These exper i ment s wer e

done t o det er mi ne t he met abol i c consequences of 10- nm f i l ament di sr upt i on caused by mi cr oi nj ect i ng ant i t ubul i ns ( i . e, DM1A,

DM3B3, GP1T4) i nt o cel l s . ( A) Fl uor ogr am of t he [ 35S] met hi oni ne- l abel ed pr ot ei ns of 25 cel l s mi cr oi nj ect ed wi t h GP1T4; t ot al

count s appl i ed wer e 121, 965 cpm and t he exposur e was 1 mont h at - 70° C. The ar ea br acket ed i n A i s enl ar ged i n C. ( B)

Fl uor ogr am of t he [ ' SS] met hi oni ne- l abel ed pr ot ei ns of 25 cel l s t hat wer e not i nj ect ed ; t ot al count s appl i ed wer e 119, 775 cpm

and t he exposur e was f or 1 mont h at - 70° C . The ar ea br acket ed i n 8 i s enl ar ged i n D. I n compar i ng t he pr ot ei ns of t he i nj ect ed

cel l s ver sus t he cont r ol s vi r t ual l y an i dent i cal pat t er n was obser ved . When compar i ng t he r egi ons t hat cont ai n act i n ( A) , vi ment i n

( V) , al pha- t ubul i n ( a) , and bet a- t ubul i n ( ß) i n t he i nj ect ed ( C) and cont r ol ( D) cel l s t her e appear s t o be a sl i ght i ncr ease i n vi ment i n

l abel l i ng i n i nj ect ed cel l s . Thi s was occasi onal l y obser ved i n cel l s i n whi ch t he mi cr oi nj ect ed ant i body pr oduced 10- nm f i l ament

di sr upt i on . Cel l s t hat wer e mi cr oi nj ect ed wi t h buf f er or ot her ant i bodi es pr oduced pat t er ns i ndi st i ngui shabl e f r om t he cont r ol s .

I soel ect r i c f ocusi ng was a 5- 7 pH gr adi ent and SDS 10% pol yacr yl ami de gel el ect r ophor esi s was t he second di ment i on . Al l
f l uor ogr ams wer e devel oped, phot ogr aphed, and pr i nt ed under i dent i cal condi t i ons .

( JSV
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sl owl y ( 1 . 5 h) and wer e not obser ved i n st udi es i n whi ch t he
t i ght 10- nmf i l ament caps wer e pr oduced ( 10- 15 mi n) i n cel l s
i nj ect ed wi t h ant i bodi es di r ect ed agai nst t he vi ment i n cyt o-
skel et on ( 23, 39, 46) . The mechani sm by whi ch t he ant i t u-
bul i n ant i bodi es caused di sor gani zat i on of t he 10- nmf i l ament
syst em may have been i ni t i at ed by a br i ef t r ansi ent depol ym-
er i zat i on of cyt opl asmi c mi cr ot ubul es wi t hi n t he f i r st 30 mi n
af t er ant i body mi cr oi nj ect i on, si nce by i mmunof l uor escence
mi cr oscopy t he cent r al di st r i but i on of cyt opl asmi c mi cr ot u-
bul es was har d t o eval uat e . El ect r on mi cr oscopy of i nj ect ed
cel l s at t hi s t i me det ect ed assembl ed mi cr ot ubul es near t he
nucl eus as wel l as t he cel l per i pher y al t hough t hese obser va-
t i ons wer e not quant i t at i ve. However , by t he t i me f i l ament
di sor gani zat i on had r eached compl et i on ( 1 . 5 h) t he cyt opl as-
mi c ar r ay of mi cr ot ubul es appear ed i nt act . By i mmunof l uo-
r escence t hese ant i bodi es di d not i nhi bi t mi cr ot ubul es f r om
assembl i ng i nt o a met aphase spi ndl e i n cel l s mi cr oi nj ect ed i n
ear l y pr ophase and, i n pr el i mi nar y exper i ment s, t hey di d not
bl ock t he t emper at ur e- dependent assembl y of mi cr ot ubul es
( S. H. Bl ose and F . Mat sumur a, manuscr i pt i n pr epar at i on) .
We abandoned t he use of Taxol t o st abi l i ze cyt opl asmi c
mi cr ot ubul es bef or e mi cr oi nj ect i on because we f ound ( un-
publ i shed obser vat i ons) as ot her s have ( 25) , t hat Taxol t r eat -
ment i nduces 10- nm f i l ament di sor gani zat i on . Ther ef or e, i t
i s possi bl e t hat t he i nj ect ed ant i bodi es may have exer t ed t hei r
ef f ect by coat i ng t he mi cr ot ubul es . Thi s coul d t hen di sr upt
t he 10- nm f i l ament - mi cr ot ubul e i nt er act i ons, post ul at ed by
sever al st r uct ur al ( 4, 8, 17, 24, 26, 32, 53, 55, 58) and
bi ochemi cal st udi es ( 43, 54, 55) . Because onl y cer t ai n ant i -
bodi es t o t ubul i n pr oduced an ef f ect , i t may be l i kel y t hat
t hese ant i bodi es wer e di r ect ed agai nst onl y cer t ai n si t es on
t he mi cr ot ubul es seemi ngl y i nvol ved i n 10- nm f i l ament i n-
t er act i ons.

Many agent s have been shown t o al t er t he 10- nmf i l ament
di st r i but i on i n cel l s, such as vi r al i nf ect i on ( 2) , heat shock
( 42, 61) , but yr at e i on ( 34) , vanadat e i on ( 64) , cycl ohexi mi d
( 56) , an uncoupl er of oxi dat i ve phosphor yl at i on, car bonyl -
cyani de p- t r i f l uor omet hoxyphenyl hydr azone ( 48) , di pht her i a
t oxi n and exot oxi n- A ( 56) , andr ogen t r eat ment ( 49) , ner ve
gr owt h f act or ( 44) , A1C1 3 ( 47) , ul t r a- vi ol et i r r i dat i on ( 36) , and
muscl e hyper t r ophy ( 3, 20, 21) . These agent s appear t o al t er
cel l ul ar met abol i sm al t hough t he exact mechani smby whi ch
t hey change 10- nm f i l ament di st r i but i on has yet t o be el uci -
dat ed. I n t he pr esent st udy, we exami ned t he met abol i sm of
mi cr oi nj ect ed cel l s by mi cr ol abel i ng wi t h [ 35 S] met hi oni ne-
No appar ent di l ~er ences coul d be det ect ed bet ween mi cr oi n-
j ect ed and cont r ol cel l s i n t he l abel i ng of t hei r pr ot ei ns on
t wo- di mensi onal gel s- wi t h one except i on . I n sever al exper i -
ment s t he synt hesi s of vi ment i n appear ed t o be sl i ght l y i n-
cr eased . The basi s f or t hi s i s not known, but mi ght r ef l ect t he
per t ur bat i on of t he vi ment i n- l 0- nmf i l ament s . I t i s of i nt er est
t o not e t hat per t ur bat i ons of t he appar ent subuni t pool of
t ubul i n by mi cr oi nj ect i on of t ubul i n i nt o l i vi ng cel l s speci f i -
cal l y al t er s t he r at e of t ubul i n synt hesi s i n t hese cel l s ( 16) . I t
i s possi bl e t hat t he r at e of vi ment i n synt hesi s i s modul at ed by
an i nt act vi mént i n- l 0- nm f i l ament ar r ay. I n any case, t hese
met abol i c st udi es di d demonst r at e t hat mi cr oi nj ect ed cel l s
cont i nue nor mal pr ot ei n synt hesi s as a si gn of t hei r vi t al i t y
and t hat 10- nmf i l ament col l apse was not a si gn of mor t al i t y .
Because each monocl onal ant i body r eact s wi t h a r el at i vel y
smal l r egi on of t he t ubul i n mol ecul e, i t i s possi bl e t hat t wo
( DMI A, DM3B3) r eact wi t h i mpor t ant si t es i nvol ved wi t h
10- nm f i l ament i nt er act i on and t he ot her t hr ee pr esumabl y

do not i nt er act wi t h such si t es. Thi s i s i l l ust r at ed i n Fi g. 7, G-
J, wher e i t i s cl ear t he monocl onal ant i body bi nds t o t he
mi cr ot ubul es af t er i nj ect i on but has no appar ent ef f ect on 10-
nm f i l ament di st r i but i on . Al t hough we do not under st and
how t he monocl onal ant i bodi es di sr upt t he 10- nm f i l ament
di st r i but i on ( as shown i n t hi s st udy) due t o t hei r hi gh speci -
f i ci t y f or t ubul i n and no ot her mol ecul e, i t seems ver y l i kel y
t hat t hese r esul t s of f er di r ect evi dence f or t he exi st ence of 10-
nm f i l ament - mi cr ot ubul e i nt er act i on .

We ar e gr at ef ul f or Dr . J . D. Wat son' s suppor t and cr i t i ci sm of t hi s
wor k . Our t hanks ar e ext ended t o Phi l Renna f or excel l ent phot of i n-
i shi ng wor k, Madel i ne Szadkowski f or met i cul ous wor d pr ocessi ng of
t he manuscr i pt , and Jce Suhan f or el ect r on mi cr oscopy pr epar at i ons .
We t hank Dr . Ji m Car r el s of t he Col d Spr i ng Har bor gel comput er
f aci l i t y f or r unni ng t he t wo- di mensi onal gel s . Resear ch f unds wer e
pr ovi ded by Nat i onal Hear t , Lung, and Bl ood I nst i t ut e gr ant
HL23848, Nat i onal I nst i t ut es of Heal t h gr ant GM28277, gr ant s f r om
t he Amer i can Hear t Associ at i on ( Nassau Chapt er ) and Muscul ar
Dyst r ophy Associ at i on of Amer i ca, I nc . , and Nat i onal Cancer I nst i -
t ut e Cancer Cent er gr ant CA 13106 t o Col d Spr i ng Har bor Labor a-
t or y .

Recei vedf or publ i cat i on 20 Jul y 1983, and i n r evi sedf or m 1 November
1983 .
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Af t er t hi s manuscr i pt was accept ed
Wehl and and Wi l l i ngham ( Wehl and, J- , and M. C. Wi l -
l i ngham, 1983, J . Cel l Bi ol . , 97 : 1476- 1490) r epor t ed t hat
mi cr oi nj ect i on i nt o cel l s of a concent r at ed monocl onal ant i -
body agai nst t yr osyl at ed al pha- t ubul i n caused t he 10- nm f i l -
ament s t o f r omper i nucl ear bundl es and t he mi cr ot ubul es t o
f or mper i nucl ear aggr egat es .
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