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Abilitv of the c-mos Product to Associate with and 

The mos proto-oncogene product, pp39""", is a protein kinase and has been equated 
with cytostatic factor (CSF), an activity in unfertilized eggs that is thought to be 
responsible for the arrest of meiosis at metaphase 11. The biochemical properties and 
potential substrates of pp39"OS were examined in unfertilized eggs and in transformed 
cells in order to study h i w  the protein functions both as CSE &d in transformation. 
The pp39""' protein associated with polymers under conditions that favor tubulin 
oligomerization and was present in an approximately 500-kilodalton "core" complex 
under conditions that favor depolymer&tion. P-~ubulin was preferentially coprecip- 
itated in pp39m0~unoprecipitates  and was the major phosphorylated product in a 
pp39"OS-dependent immune complex kinase assay. Irnrnunofluorescence analysis of 
NIH 3T3 cells transformed with Xenovus c-mos showed that ~ ~ 3 9 " " "  colocalizes with 
tubulin in the spindle during metaihase and in the mid&y and asters during 
telophase. Disruption of microtubules with nocodazole affected tubulin and pp39""' 
organization in the same way. It therefore appears that pp39""" is a tubulin-associated 
protein kinase and may thus participate in the modification of microtubules and 
contribute to the formation of the spindle. This activity expressed during interphase in 
somatic cells may be responsible for the transforming activity of pp39"OS. 

T HE PROTO-ONCOGENE C-MOS IS EX- 
pressed at high levels in the germ 
cells of vertebrates (1, 2). In Xenopus 

and mouse oocytes, the mos-encoded pro- 
tein, pp39"'"', is expressed during oocyte 
maturation and is required for maturation 
before and after germinal vesicle breakdown 
(GVBD) (2-5). Injection of mor RNA into 
fully grown Xenopus oocytes can induce 
both GVBD and maturation promoting fac- 
tor (MPF) (3), which is composed of cyclin 
and ~34'"' (6). MPF activation is correlated 
with GVBD, chromosome condensation, 
and spindle formation (7-9). A second ac- 
tivity present in mature oocytes, cytostatic 
factor (CSF), is thought to be responsible 

for the arrest of unfertilized eggs at meiotic 
metaphase I1 (10). Thus, CSF injected into 
blastomeres of cleaving embryos arrests cell 
cleavage at metaphase of mitosis (10-12), 
which is a major control point of the cell 
cycle (9). MPF is present at large concentra- 
tions in metaphase I1 oocytes, and it has 
been proposed that CSF stabilizes MPF (7, 
9, 13, 14). Recently, pp39""" has been 
shown to be the active component in CSF 
(13). It is possible to isolate pp39'"' from 
cytosolic extracts by high-speed centrifuga- 
tion (13), which suggests that it is present in 
a large complex. In addition, the large size of 
the mitotic spindle in CSF-arrested blas- 
tomeres (11) and the ability of taxol-a 
plant diterpene antineoplastic agent that 

R. Zhou, M. Oskarsson, R. S. Paules, N. Schulz, G. F. 
Vande Woude, ABL-Basic Research Program, NCI- 
Frederick Cancer Research and Development Center, 
Frederick, MD 21702. 
D. Cleveland, Department of Biological Chemistty, 
Johns Hopkins University School of Medicine, Balti- 
more, MD 21205. 

binds to and stabilizes *icrotub;les (15, 
16)-to arrest cleaving embryos at meta- 
phase (16) suggested to us that pp39"'"' 
might be associated with tubulin. 

We subjected a CSF cytosolic extract pre- 
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pared h m  mature oocytes to gel filtration 
analyses and observed that when extracts 
were prepared at 2"C, pp39"OS eluted as a 
peak corresponding to a size of -500 kD 
(Fig. 1A). However, when this extract was 
incubated at 37°C for 20 min, which are 
conditions that favor tubulin polymeriza- 
tion, pp39"" eluted in many fractions (Fig. 
lB), which corresponded to molecular sizes 
much larger than those observed at 2°C (the 
proteins in fraction 15 and 16 are not mos- 
related). 

NIH 3T3 cells transformed by Xenopus 

c-mos (c-mosXe) (3, 17) express high levels of 
pp39"" (0.01 to 0.1% of total protein). We 
examined cytosolic extracts prepared h m  
these cells by gel filtration and found that 
the size of the pp39'"" complex also in- 
creased after incubation at 37°C (18). In 
addition, we tbund that the size of the 
pp39""' complex was influenced by the pro- 
tein concentration of the extract (Fig. 2). 
Gel filtration performed on cytosolic extracts 
prepared with a protein concentration of -2 
mg/rnl, showed pp39'"" in size classes of up 
to >5000 0 (Fig. 2A). However, pp39'"" 

Rg. 1. Gel filtration analysis of extracts from A sl,hm,. m a O N  g g  9 
matured Xenopus oocytes. Betwan 500 and 1000 I I  I 

full grown &yes 131) were collected, treated 
wiX mwesemne. and labeled in mdiiied ~ v t h  Frac 

,I,,,,; 

tlon: 8 9 , 

soludon~A4BS) wntaining rogcsterone (5 fig! 
mi) and Translabel {ICN; 7!h [35S]methionine pp3gm- - - 
and 15% [35S]cysteine (1 mCiml)) for 17 hours 
at 20°C (13). Matured oocytes were washed five 
times with cold CSF Ma [0.25 M sucrose, 0.2 
M NaCI, 2.5 mM EGTA, 10 mM sodium phos- 
phate (pH 6.5)] and placed in ultracen 
tuber. Aha excess bu&r was removed,% B 
oocytcs were cenmhged at 150,000g for 1 hour 
at 2"C, and 200 fi1 of the cytosolic supernatant 
(-20 mg of rotein per dlditer) were fraction- ~ ~ 3 9 " '  

ated by gel ktratim on a Superose 6 column 
(Pharmacia). Proteins were eluted in CSF buffer. 
Half of each 1-ml fixtion was immunoprecipi- 
tated with the mos-product specific 5 s  antibody a-TUbU1sw- - - - - - - -- 
(3) and analyzed by SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) (32) (upper panels). 
Forty microliters of each fraction were analyzed fbr tubulin by immunoblot analysis (20). Tubulin was 
detected with a monoclonal antibody to a-tubulin (Sigma) and alkaline phos hatasc-con'ugated g a t  
antiserum to mouse immunoglobulin G (IgG) (Bio-Ra!) (lower panels). Ovabumin (45 h), camlase 
(232 kD), f h i ~  (440 kD), and thyroglobulin (669 kD) were used to calibrate the column fbr 
molecular mass. (A) Extracts from manue Xmopus oocytes were prepared and an at 2°C on a T Superose 6 column. The pp39"OS protein eluted as a -500-kD whereas tub in was predomi- 
nantly d e p o k i z c d  and in dimer form. (8) The extract p s i n  (A) was incubated at 3 T C  for 
20 min and onated at room temperature. The 45-kD doublets in fractons 15 and 16 are probably 
nonspecific proteins that cross-react with the 5S antibody. 

Fig. 2. (A and B) The influence of 
protein concentration on the gel filtra- 
aon elution profile of pp39"'0s and tu- 
bulin in extracts from c-moP-trans- ,,,, - 
fad NIH 3T3 cells. Either 2 x lo6 

pp39m, - 
(A) or 2 x lo5 (B) c-mosxe-trans- 
formed cdls were rinsed twice with B 
phosphate-bu&red saline (PBS), and 
the cell pellet was suspended in 0.5 ml -- 
of lysis bu&r [1% NP-40, 150 mM 
NaCl, 1 mM EDTA, 10 mM sodium 2 131415 18 1 

ton number P) 0 m m b  ( D m  0 
d d d o d  d o  r 

NaCl (h4) 

(PMSF), 10 mM p t i n ,  aprotinin (100 units ndlihter)]. The lysatc was ccnmfuged at 100,000g 
for I hour, and NaF, M g m ,  pmp""an0Gd adenosine mphosphate (ATP) were added a the 
supernatant to final concentrations o 10, 10, 10, and 6 mM, respectively. A 200-4 pomon of each 
extract [(A) 2 mg of protein per milliliter; (B) 0.2 mg of protein per milliliter] was fractionated on a 
Superose 6 column at 2°C as described in the I nd to Fig. 1. Proteins in 500 4 of each 1-ml fraction 
were p-pitad by adding 50 pl of 100% m%oroacetic acid and 10 r l  of 1% sodium dooxycholan. 
The precipitate was washed with 100% methanol and analyzed by SDS-PAGE (32) and immunoblot 
analysis (20) with either the 5S antibody or the anti to a-tubulin as described in the legend to Fig. Y" 1. (C and D) High (2 mglml) and low (0.2 mg/ ) concentration rotein extracts, respectively, 
p r e p  as a h ,  w m  applied to anion-exchange Mono Q HR515 cofumns (loading capacity of 20 
to 0 mg; Pharmaaa). Proteins were eluted with a 0.1 to 1.0 M NaCl linear gradient in lysis butTer. 
Usually <2 mg of total protein were applied in each of these experiments. The fractions were 
concentrated and analyzed as described in (A). 

eluted in an -500-kD peak (Fig. 2B) when 
the protein concentration of the extract was 
tenfold lower (-0.2 mglml), presumably 
the result of dissociation of the mos-contain- 
ing complexes. 

The conditiowtemperature and protein 
concentratior+that affected the size of the 
pp39'"" complex are also conditions that 
influence tubulin polymerization (19). To 
determine whether the distribution of the 
pp39"'" complex paralleled tubulin disaibu- 
tion, we performed protein immunoblot 
analysis (20) with an antibody to a-tubulin 
(anti-a-tubulin) on the gel filtration h c -  
tions h m  both the Xenopus oocyte and 
c-mosxe-transformed cell extracts. Tubulin 
and pp39"" coeluted under conditions that 
hvor the oligomerization of tubulin (Figs. 
1B and 2A). Moreover, pp39'""' and tubulin 
also coeluted when the concentrated protein 
extract from c-mosxe-transforrned cells was 
fractionated by anion-exchange chromatog- 
raphy (Fig. 2C), but they were partially 
separated when the dilute extract was ana- 
lyzed in a similar manner (Fig. 2D). It is 
unlikely that coelution of pp39'"" and tubu- 
lin after gel filtration and anion-exchange 
chromatography at a protein concentration 
of 2 mg/ml are due to nonspecific interac- 
tions or protein overloading because other 
proteins were we1 separated under these 
conditions (18). Further evidence for a spe- 
cific pp39'""-tubulin complex is the con- 
stant ratio of the two proteins in the high- 
molecular-mass forms in all of these analyses 
(Figs. 1B and 2, A and C). 

To fimher analyze the association be- 
tween pp39""' and tubulin, extracts of 
[35S]methionine and [35S]cysteine metabol- 
ically labeled c-mosxe-transformed NIH 
3T3 cells were immunoprecipitated with the 
mos product~pecific 5 s  monoclonal anti- 
body at 2°C. Precipitations were canied out 
in the presence and absence of a competing 
synthetic mos-encoded peptide (20). When a 
portion of the immune complex was ana- 
lyzed directly, both pp3Pn" and a protein 
with the mobility of tubulin (50 kD) were 
speulicay7 precipitated (Fig. 3 4  lane 1). 
Neither pp39"" nor the 50-kD protein were 
precipitated either in the presence of com- 
peting peptide (Fig. 3 4  lane 2) or h m  
normal 3T3 cells (Fig. 3A, lane 3). To test 
whether the 5 0 - 0  protein was indeed tu- 
bulin, the remainder of the pp39"" immune 
complex was boded in SDS, adjusted to 1 x 
radioimmunoprecipitation assay (RIPA) 
buffer, and subjected to precipitation with 
either anti-a-tubulin or an antibody to 
p-tubulin (anti-p-tubuli). Both antibodies 
precipitated a protein with the mobility of 
tubulin (Fig. 3 4  lanes 4 and 5), although 
anti-&tubulin precipitated significantly 
more material. Tubulin was also found to 
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coprecipitate with pp39'"OS when antibodies 
to s c v d  other regions of the mos product 
were used in immunoprecipitation experi- 
ments (21); each of these antibodies showed 
backgrounds similar to that of lane 3 in Fig. 
3A when tested against extracts from non- 
transformed NIH 3T3 cells. In addition, 
pp39'"OS was coprecipitated by both an&- 
tubulin (Fig. 3 4  lane 7) and anti+-tubulin 
(Fig. 3 4  lane 9) from c-moryC-trandbrmed 
NIH 3T3 cells but not from control cells 
(Fig. 3 4  lanes 8 and 10). The identification 
of pp39'"OS in the tubulin immune complex 
was confirmed by a second precipitation 
with the 5s  antibody; pp39'"OS was precip 
itated from the tubulin immune complex 
from the transformed cells (Fig. 3 4  lane 
11) but not from control cells (Fig. 3 4  lanc 
12). 

Although anti+-tubulin precipitated 
more product in the reprecipitation experi- 
ments (Fig. 3A), anti-a-tubdi is more 
reactive (22). Thus, it appears &at ~ ~ 3 9 ' " ~ ~  
associates preferentially with p-tubulin. This 

was tested by direct analysis of the 35S 
labeled pp39'"OS immune compla on a gel 
system that separdkk a- and p-tubih (Fig. 
3D). Under these conditions, we observed 
that approximately eight times more p-tu- 
bulin was coprecipitated in the pp39'"OS- 
tubulin immune complex than a-tubulin 
(Fig. 3D, lane 1). However, anti-a-tubulin 
precipitated equal quantities of both a- and 
p-tubulin from the same extract (Fig. 3D, 
lane 3), as would be acptcted because ofthe 
finmation of a- and p-tubulin h c t h .  

To determine whether tubulin was a sub- 
strate fbr the pp39'"OS kinase, we immuno- 
precipitated unlabeled extracts from either 
c-mo~-trandbrmed NIH 3T3 cells (Fig. 
3B) or u n f m i h d  Xmoplrs eggs (Fig. 3C) 
with the 5s  antibody, and the pp39""' im- 
munoprecipitates were used in in vim pro- 
tein b a s e  reactions. Part of the phosphor- 
ylation products were analyzed on SDS- 
PAGE. The major phosphorylated products 
had the same electrophoretic mobilities as 
~ ~ 3 9 ' " ~ ~  and tubd i .  The remainder of the 

pp39'"OS kinase reaction products were 
boiled in SDS, adjusted to 1 x RIPA buer, 
and precipitated with either 5s or anti- 
tubulin antibodies. The 5s  antibody im- 
munoprecipitates contained pp39'"OS (Fig. 
3, B and C, lanes 3) and a smaller amount of 
a protein with the same mobility as tubulin 
(Fig. 3B, lane 3), suggesthg that some 
refonnation of the protein complex oc- 
curred even after b o i i g  in SDS. When the 
reprecipitations were p e r f o d  with anti- 
a-tubulin or anti-&tubulin, labeled pro- 
teins with the mobility of tubulin were 
obscrved (Fi 3, B and C, lanes 4 and 5). 
Agam, morePiP-labeled tubulin was precip 
itated with anti+-tubulin than with anti-a- 
tubulin. 

To exclude the possibility that nonspea6c 
kinases in the ~ ~ 3 9 ' " ~ '  immune complex 
were responsible for tubulin phosphoryla- 
tion, we perfbrmed in vim kinase assays 
with the product of a mos deletion mutant 
(p28), which lacks the NH,-terminal aden- 
osine mphosphate (ATP) binding domain 

P S P S  
II 

Fb. 3. Tubulin coprrcipitates with and is phos- 
-- 9 --'-- 

phoryland by the p p 3 F  kinas~. (A) NIH 3T3 
cells transbnned by c-mop wem incubated for 
17 hours with Translabel (0.5 &id)  in Dul- 
tucco's modified Eagle's medium (DMEM) con- 
taining one-tenth the normal concentrations of 
methi& and cysteine. A cyto~~lic extact was Tubulln+ m 
prepared as described in the legend to Fig. 2 and 
subjected to immunopdpitation in the absence L 

of SDS with the 5s antibody without (lane 1) or 
with (lane 2) com peptide (20). As an 
additional control, l m  n o d  NIH 3T3 cell b 

armct was subjected to immunopreci itation L 

with the 5s antibody in parallel (lane 3). 4 ~ ' A C  7 8 9 1 0  1 2  3 * 5 C .  1 2  3 4 5 6  

containing approximately equal amounts of radio- 
activity were used in the immune precipitations in 
lanes 1 to 3. One-fourth of each sam le was k~ 
dmcdy a n y  by SDS-PAGE (lanes f to 3). w r - 

The remain er ofthe sample analyzed in lane 1 
was boded in 0.5% SDS as described (33) and Tuoulln 0 

- 
- 

after was adjusted to 1 x radioimmunoprecipita- - 
don assay (RIPA) b d a ,  and reprecipitated with 
either an&-tubulin (lane 4), anti+-tubulin 
(lane 5), or a nonspeafic monoclonal antibody rCI -30- 

t 
(lane 6). Tubulin was also direct1 preci 'tated 
h m  the qtosotic extract ofc-rno?&ram~rmed 1 2  1 2 3 4 5 6  7 8  9 10 
cells (lanes 7 and 9) or normal NIH 3T3 cells 
(lanes 8 and 10) with an&-tubulin (lanes 7 and 8) or and-g-tubulin (lams tively, h p p 3 F  immune complex; lam 6, reprecipitation with control 
9 and 10). Half of each of the immune corn lexes analyzed in lams 7 and 8 monoclonal antibody. (D) A cymmlic extract of 5S-labeled c-mop- 
was repmipitaad with the 5s antibody (L 11 and 12, res ' ly). transfbrmed NIH 3T3 cells was p as in (A), subjected to immune- 
Proteins in different lanes cannot be uantitatively because precipitation, fractionated on a 10 polyaaylamide gel at pH 9.3, and 
different ex- dma were used. (8) &tOSOIic mc a n y  by d e n s i t m y  (Shimdol); c o m r d a  was made for an aponod 
c-morY'-transformed NIH 3T3 cells were prepared and immunoprecipitated labe ' g ratio of 1.6: 1 for f3 versus a-tubdin. Lam 1,5S antibody (20); lane 
with the 5s antibody in the ce (lane 1) or absence (lane 2) of 2, 5s antibody with competing peptide; lanc 3, an&-tubulin. (E) Retic- 
m m p e t i n g p q m d e a s i n ( A ) . ~ ~ y w a s + f m e d a s ~ b e d  ulocytelysate(20~)containingp2k^(lanesito4)orp 3PoS(lanes5to 
(34). As in (A), a portion of the reaction mixture was analyzed directly by 8) translated from in v i m + M b e d  W A  (N) and hdd with [35S]cys- 
SDSPAGE (lanes 1 and 2). The remainder of the pp39"'" imrnunoprecip teine was mixed with 80 p l  of extract (13 rngtd) fiom fuYI grown Xenopus 
itate analyzed in lane 2 was L i e d  in 0.5% SDS, adjusted to 1 x RIPA oocytcs, incubated either at 2% or 3 X  for 1 hour, and cen 
bufEr, and a n y  by repcip idpn with the 5s antibody (lane 3), min in an EppendorfmnoPn YulinfoE *""P""V 
anti-a-tubulin ( e 4), anti+-tubulm (lane S), or a control nonspecific other soluble protein. Equalgm$maa o the pe a (P) or supernatant (S) 
monoclonal antibody (lane 6). (C) Thc in v i m  kinase assay and repmipi- fnctions were analyzed by S S- AGE ym9 exposed to x-ray film. In 
tation were +nned with the immune complex of pp39" from manw addition, the unlabeled in vitt-o-mmlated 2 and pp39" proteins were 
Xenopus oocytes as described in (B), with cytosolic mixedwiththeunlabekdarmcthan~grownoaymat2"~asabwt 

?P mRm?fpeas (lanes9andlO)andaacthenimm described in the I to Fig. 1. Lane 1, 5s annbody WI itated with the 5s  antibody. In 
pqmde; lane 2 , 5  antibody without amyxing pepade; I-?%?( vim kinase assays were pehrmed o ~ % " ~ ~  (lane 9) and pp39"" ( h e  
reprecipitation with 5s antibody, anti-a-tubh and anti+-tubulin, respec- 10) immune complexes (34). 
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study of normal and 
C-mosXe-transformed 
NIH n3 cdls. Cells 
wcrrsecdcdonslidcs, 
grown O=n@s and 
then washed in PBS at 11 

z m w Z E S  
anolat -2OThr6min 
and extncted with 0.1% 
Triton x-100 in PBS for 
1min.Theslideswere 
incubated with 3% bo- 

vine 10% saum gpat saum albumin in PBS and L '- 
for 30 min, to block nonspcci6c antibody binding, and then scqucntdly 

and secondary antibodies h r  3 h o w  each in the same bugs. slidcs were examid and homgraphed at a magnification of ~ 8 0 0  in a %&= d d  with a rat mmodonal antibody (YL 1 4  Accurate) Zcirt Phaomimpe 11 Puoresccnce system. (A and A') Interphase c e k  
and fluorescein-con'ugand goat antibody to rat no cross-&ty with (B and B') mcta cells, (C and C') anaphase cells. (D and D') Cdls were 
m o w  y) (A to 6. m e  pp3ym protein was with a combination incubated for 2 !"= o m  in DMEM medium containin n&Ie (1 &ml) 
of the 5 antibody and Tats red-conjugated sheep antibody to m o w  IgG at 37°C M r .  inunduo-ent l a w .  (E and #) As a control, n o d  
(Amemham) (A' to E'). Cover slips were mounted in Mowiol (Aldrich) and NIH 3T3 cdls were W e d  in parallel. 

(23) and CSF activity (13). The p28"OS 
protein also associated with tubulin in a 
temperature-dependent manner (Fig. 3E) 
but was inactive in the immune complex 
kinase assay and did not induce si@cant 
tubulin phosphorylation when compared 
with pp39'"OS (Fig. 3E). These d t s  show 
that in cytomlic extracts, tubulin complexes 
with pp39"OS and is a substrate for pp39"OS 
kinase activity in vim. 

To determine whether pp39'"" is associ- 
ated with tubulin in vivo, we perfbrrned 
double immunofluorescence analyses with 
the YL 112 anti-tubulin monodona1 anti- 
body (Fig. 4, A to E) and the 5s antibody 
(Fig. 4, A' to E'). At interphase, pp39'"OS 
showed a punctate staining pattern in the 
cytoplasm (Fig. 4A') that coincided with 
microtubules (Fig. 4A). The punctate stain- 
ing was also evident in the nudeus (Fig. 
4A'). At metaphase, as defined by tubulin 
staining (Fig. 4B), some pp39'"OS was found 
in the mitotic spindle (Fig. 4B'). At early 
telophase, pp39"OS distribution again coin- 
a d d  with tubulin staining in the midbody 
region (Fig. 4C) as well as in the aster 
region of each daughter cell. To M e r  
study the association of pp39'"OS with micro- 
tubules, we treated the transformed cells 
with nocodazole to disrupt microtubules, 
and stained the ceUs with the YL 112 (Fig. 
4D) and 5s (Fig. 4D') antibodies. The 
microtubules in these cells were disrupted 
and pp39"OS fonned aggregates and ap- 
peared disorgamd compared with untreat- 
ed cells. Furthermore, depolymerized tubu- 
lin and pp3PoS showed identical 
distributions. N o d  NIH 3T3 ceUs 
stained with the YL 112 antibody (Fig. 4E) 
but not with the 5s antibody (Fig. 4E'). We 
condude that pp39'"OS is associated with 
microtubules and the spindle in vivo. 

We have shown that pp39"OS associates 
with tubulin in vivo and in vim. Because 
the pp39'""'-tub& complex is immunopre- 
apitated fiom oocyte extracts prepared and 
maintained at 2°C (Figs. 1A and 3C), p-tu- 
bulin is most likely to be a component of the 
-500-kD complex. We do not know wheth- 
er pp39'"OS associates with $-tubulin before 
formation of tubulin dimers or whether 
pp39"OS dkwciates a- fiom $-tubulin under 
conditions (for example, 2°C) that favor 
tubulin depolymerization. We have not per- 
formed these analyses under conditions a p  
propriate for tubulin polymerization and we 
do not know whether the association is 
influenced by pp39'"OS kinase activity. Tubu- 
lin in concentrated protein amacts prepared 
fiom mature oocytes at 2°C was eluted in 
the expected 100-kD tubulin dimer peak 
(Fig. lA), whereas in similarly prepared 
extracts fiom c-mop-transformed NIH 
3T3 cdls it was mostly o t i g o m d  (Fig. 
2A) (1 8). Otigomer formation also occurred 
in nontransformed NIH 3T3 cek (18) and 
is, therefore, a characteristic of the parental 
cell line. 

Mouse oocytes in which maturation was 
blocked by depletion of mos product showed 
a dramatic arrest of microtubule-dependent 
cytoplasmic organelle transport (4). Because 
pp39'"OS is the active component of CSF (13) 
and is complexed with tubulin, our results 
provide direct experimental support for the 
view that CSF might function through 
modification of microtubules, as was lint 
suggested by Meyerhof and Masui (1 1). We 
also note that the antineoplastic drug tax01 
mimics rnos function, which raises the pos- 
sibility of a connection between drug spec- 
ifiaty and oncogene function. 

The kinetics of the apprance and disap- 
pearance of the rnos product in oocytes and 

fktilizod eggs (3, 13, 20) parallel spindle 
formation, metaphase I1 arrest, and pole- 
ward migration of chromosomes during 
anaphase (24, 25). The polymerization of 
tubulin is a dynamic process (24), and we 
propose that one function of pp39"'Os may 
be to influence, directly or indirectly, forma- 
tion of the spindle and that the arrest of 
oocytes at metaphase I1 may involve the 
stabilization of the spindle by pp39"OS. MPF 
is stabilized by CSF (or pp39"OS) (9, 13, 14), 
and recent studies have concluded that 
ppWdC2 and yeast cydin are associated with 
c e n m m e s  and spindle pole bodies during 
mitosis (26). These studies show that the 
degradation of cydin and the activation of 
dc2 are dependent on microtubule function 
(26). In yeast, overexpression of a- and 
p-tubulin results in mitotic arrest, and $-tu- 
bulin overexpression has a more profound 
e&ct than a-tubulin (27). Thus, stabiliza- 
tion of the spindle during metaphase I1 of 
meiosis by pp39"'OS (13, 20) could afkct 
c e n m m e  properties and the associated 
ppWdc2 and cydin to prevent MPF inacti- 
vation. It has also been shown that the mos 
product phosphorylates cydin in v im (28), 
and our results do not exdude the possibility 
that cydin is a substrate of the pp39'"" 
kinase. 

The mxiaty of Moloney murine sarcoma 
virus during acute infection of somatic cells 
(29) is associated with high levels of expres- 
sion of the v-mos product (30) and is likely 
to result fiom CSF activity (13). However, a 
major question is how low constitutive lev- 
els of the v-mos or c-mos products induce the 
expression of a transformed phenotype. We 
have suggested that some propaties of 
transformed ceUs may be due to the expres- 
sion of mitotic activities during interphase 
(2, 3, 13). For example, morphological al- 
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terations, such as mitotic cell rounding, 
could be responsible for the altered mor­
phology of the transformed cell if they are 
expressed during interphase. We propose 
that concentrations of pp39mo5 that do not 
prevent cell proliferation or induce CSF 
"toxicity3' can constitutively modify inter­
phase microtubules and could, therefore, 
induce the transformed phenotype. 

REFERENCES AND NOTES 

1. F. Propst and G. F. Vande Woude, Nature 315, 516 
(1985); G. L. Mutter and D. J. Wolgemuth, Proc. 
Natl. Acad. Sci. U.S.A. 84, 5301 (1987); D. S. 
Goldman et al., ibid., p. 4509. 

2. N. Sagata, M. Oskarsson, T. Copeland, J. Brum­
baugh, G. F. Vande Woude, Nature 335, 519 
(1988). 

3. N. Sagata, I. Daar, M. Oskarsson, S. D. Showalter, 
G. F. Vande Woude, Science 245, 643 (1989). 

4. R. S. Paules, R. Buccione, R. C. Moschel, G. F. 
Vande Woude, J. J. Eppig, Proc. Natl. Acad. Sci. 
U.S.A. 86, 5395 (1989). 

5. S. J. O'Keefe et al., ibid., p. 7038. 
6. J. Gautier, C. Norbury, M. Lohka, P. Nurse, J. 

Mailer, Cell 54, 433 (1988); G. Draetta et al., ibid. 
56, 829 (1989); J. Gautier et al., ibid. 60, 487 
(1990). 

7. M. J. Lohka and J. L. Mailer, J. Cell Biol. 101, 518 
(1985). 

8. A. W. Murray and M. W. Kirschner, Nature 339, 
275 (1989). 

9. , Science 246, 614 (1989). 
10. Y. Masui and C. Markert, J. Exp. Zool. 177, 129 

(1971). 
11. P. G. Meyerhof and Y. Masui, Dev. Biol. 6 1 , 214 

(1977). 
12. E. K. Shibuya and Y. Masui, ibid. 129, 253 (1988). 
13. N. Sagata, N. Watanabe, G. F. Vande Woude, Y. 

Ikawa, Nature 342, 512 (1989). 
14. A. W. Murray, M. J. Solomon, M. W. Kirschner, 

ibid. 339, 280 (1989). 
15. P. B. Schiff, J. Fant, S. B. Horwitz, ibid. 277, 665 

(1979). 
16. S. R. Heidemann and P. T. Gallas, Dev. Biol. 80, 

489 (1980). 
17. R. S. Freeman et al., Proc. Natl. Acad. Sci. U.S.A. 

86, 5805 (1989); N. Yew, M. Oskarsson, I. Daar, 
D. G. Blair, G. F. Vande Woude, Mol. Cell. Biol, in 
press. 

18. Cytosolic extracts (~2 mg of protein per milliliter) 
of c-mo5Xe-transformed cells were prepared as de­
scribed (Fig. 2), and portions were subjected, after 
incubation at 37° or 2°C for 20 min, to either gel 
filtration or anion-exchange chromatography. The 
fractions were analyzed by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and Coomassie blue 
staining for total protein and by protein immuno-
blotting for pp39'M°5 and tubulin. Most pp39'M°5 and 
tubulin were recovered in the void volume of the gel 
filtration column after incubation at 37°C, whereas 
they were more evenly distributed over different 
fractions after incubation at 2°C (Fig. 2A). Under 
conditions in which pp39w°5 and tubulin coeluted as 
oligomers, or after anion-exchange chromatogra­
phy, other cellular proteins were well separated. 
When cytosolic extracts (~2 mg/ml) from control 
NIH 3T3 cells were analyzed at 2°C, tubulin was 
present in many fractions, similar to the profile in 
Fig. 2A. 

19. R. C. Weisenberg, Science 177,1104 (1972); M. L. 
Shelanski, F. Gaskin, C. R. Cantor, Proc. Natl. Acad. 
Sci. U.S.A. 70, 765 (1973); G. G. Borisy, J. M. 
Marcum, J. B. Olmsted, D. B. Murphy, K. A. 
Johnson, Ann. N.Y. Acad. Sci. 253, 107 (1975). 

20. N. Watanabe, G. F. Vande Woude, Y. Ikawa, N. 
Sagata, Nature 342, 505 (1989). 

21. A goat antibody (Ap335) to the pp39w°5 peptide 
VERFLPRDLSPSIDLRPC present near the NH2-
terminus and a rabbit antibody (Ap232) to AE-
QLLERLEQECAM near the COOH-terminus also 
coprecipitated tubulin with pp39'"°5 specifically 
from the cytosol of c-wosXe-transformed cells. Fur­

thermore, tubulin was heavily phosphorylated in in 
vitro immunocomplex kinase assays with these anti­
bodies. (Abbreviations for the amino acid residues 
are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; 
H, His; I, He; K, Lys; L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr.) 

22. The anti-a-tubulin monoclonal antibody (DM 1A; 
Sigma) precipitated three times more tubulin than 
the anti-0-tubulin monoclonal antibody (Amer-
sham) when equal dilutions (1:100) were used in 
immune precipitations of 35S-labeled cytosolic ex­
tracts from either c-worXe-transformed cells or con­
trol NIH 3T3 cells. (Correction was made for the 
associated ^-tubulin in the anti-a-tubulin immune 
complex. Anti-0-tubulin precipitated only 0-tubu-
lin.) 

23. R. S. Paules et al., Oncogene 3, 59 (1988). 
24. M. W. Kirschner and f. Mitchison, Cell 45 , 329 

(1986). 
25. D. E. Koshland, T. J. Mitchison, M. W. Kirschner, 

Nature 331,499(1988) . 
26. E. Bailly, M. Doree, P. Nurse, M. Bornens, EMBO 

J. 8, 3985 (1989); C. E. Alfa et al, Nature 347,680 
(1990). 

27. D. Burke et al, Mol Cell. Biol. 9 ,1049 (1989); W. 
Katz et al, ibid. 10, 5286 (1990); B. Weinstein and 
F. Soloman, ibid., p. 5295. 

28. L. M. Roy et al, Cell 6 1 , 825 (1990). 
29. P. J. Fischinger and D. K. Haapala, J. Gen. Virol. 

13, 203 (1971). 
30. J. Papkoff, E. A. Nigg, T. Hunter, Cell 33, 161 

(1983). 
31. J. N. Dumont, J. Morphol 136, 153 (1972). 
32. U. K. Laemmli, Nature 227, 680 (1970). 
33. F. P. Rauscher III et al, Science 240, 1010 (1988). 
34. Immunoprecipitation was performed as follows: Ex­

tracts prepared as described (legends to Figs. 1 and 
2) were incubated with the 5S antibody (1:100 
dilution) for 3 hours at 2°C. The samples were then 

PH F S ARE THE PRINCIPAL STRUCTUR-

al elements of AD neurofibrillary tan­
gles (NFTs) (1). Although not re­

stricted to AD, the number of NFTs 

V. M.-Y. Lee, B. J. Balin, J. Q. Trojanowski, Department 
of Pathology and Laboratory Medicine, University of 
Pennsylvania School of Medicine, Philadelphia, PA 
19104. 
L. Otvos, Jr., Wistar Institute of Anatomy and Biology, 
Philadelphia, PA 19104. 

centrifuged in an Eppendorf microcentrifuge for 15 
min at 2°C to remove protein aggregates. Protein 
A-Sepharose (BRL) was then added to a final 
concentration of 1% and the samples were incubated 
at 2°C for 30 min. The protein A immune complex 
was collected by centrifugation in an Eppendorf 
centrifuge for 15 s at 2°C and washed six times with 
lysis buffer [1% NP-40, 150 mM NaCl, 1 mM 
EDTA, 10 mM sodium phosphate (pH 7.2)]. The 
immune complex was then analyzed by SDS-PAGE 
or assayed for kinase activity as described below. For 
the in vitro kinase assay, the washed protein A 
immune complex was resuspended in 50 jxl of kinase 
buffer A [0.1% NP-40, 150 mM NaCl, 10 mM 
sodium phosphate (pH 7.2), 2 mM dithiothreitol 
(DTT), 1 mM sodium pyrophosphate] [W. S. 
Kloetzer, S. A. Maxwell, R. H. Arlinghaus, Virology 
138, 143 (1984)]. Five microliters of 2 mM Quer-
cetin (in N,N-dimethylformamide) were added and 
the reaction mixture was incubated for 5 min at 0°C. 
After addition of 50 jxl of kinase buffer B {0.1% 
NP-40, 150 mM NaCl, 10 mM sodium phosphate 
(pH 7.2), 2 mM DTT, 1 mM sodium pyrophos­
phate, 15 mM MnCl2, 20 yM ATP, 10 p-Ci 
[7-32P]ATP}, the reaction mixture was incubated at 
room temperature for 15 min. The reaction was 
terminated by dilution with lysis buffer. The protein 
A immune complex was then washed four times 
with lysis buffer to remove free [7-32P]ATP and 
analyzed by SDS-PAGE or by reprecipitation as 
described in the legend to Fig. 3. 

35. We thank J. Brugge, N. Copeland, P. Johnson, S. J. 
O'Brien, R. Gilden, D. Faletto, N. Wilkie, and I. 
Daar for critical comments and helpful discussion; 
A. Arthur for editorial comment; and L. Summers 
for preparation of the manuscript. Supported in part 
by the National Cancer Institute, DHHS, under 
contract No. NO1-CO-74101 with ABL, Inc. 

29 August 1990; accepted 9 November 1990 

correlates with the severity of dementia in 
AD (1). PHFs also occur in the neurites 
surrounding amyloid-rich senile plaque (SP) 
cores, and in neuropil threads (NTs) that 
represent altered neuronal processes (1). 
Low Mr microtubule-associated proteins 
(MAPs) known as T are major constituents 
of PHFs (1). A soluble form of PHFs may 
be formed from T (2). Although other neu-

A68: A Major Subunit of Paired Helical Filaments 
and Derivatized Forms of Normal Tau 
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Putative Alzheimer disease (AD)-specific proteins (A68) were purified to homogeneity 
and shown to be major subunits of one form of paired helical filaments (PHFs). The 
amino acid sequence and immunological data indicate that the backbone of A68 is 
indistinguishable from that of the protein tau (T), but A68 could be distinguished from 
normal human T by the degree to which A68 was phosphorylated and by the specific 
residues in A68 that served as phosphate acceptors. The larger apparent relative 
molecular mass (Mr) of A68, compared to normal human T, was attributed to 
abnormal phosphorylation of A68 because enzymatic dephosphorylation of A68 
reduced its Mr to close to that of normal T. Moreover, the LysSerProVal motif in 
normal human T appeared to be an abnormal phosphorylation site in A68 because the 
Ser in this motif was a phosphate acceptor site in A68, but not in normal human T. 
Thus, the major subunits of a class of PHFs are A68 proteins and the excessive or 
inappropriate phosphorylation of normal T may change its apparent Mr, thus trans­
forming T into A68. 
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