10.

11.

12.
13.
14.

15.
16.

17.

18.

19.

from P. vivax, P. falciparum, P. berghei, P. yoelii, and
P. gallinaceum. Reactivity to different strains of P.
vivax (North Korean, Salvador 1, Colombian, and
Thai) was also measured. The monoclonal antibody
selected for passive transfer was designated NVS3
(Navy Vivax Sporozoite 3) and purified by affinity-
column chromatography with staphylococcal pro-
tein A coupled to Sepharose 4B [H. Hjelm and J.
Sjoquist, in Immunoadsorbants in Protein Purification,
E. Ruoslahti, Ed. (University Park Press, Baltimore,
MD, 1976), p. 51]. NVS3 was sclected because it is
species- and stage-specific and had the greatest ac-
tivity in the IFAT against P. vivax sporozoites.
Sporozoites of the Salvador I strain were reared in
Anopheles stephensi mosquitoes by membrane feed-
ing the mosquitoes on gametocytemic chimpanzee
blood [W. E. Collins, H. M. McClure, R. B.
Swenson, P. C. Mechaffey, J. C. Skinner, Am. J.
Trop. Med. Hyg. 35, 56 (1986)]. Sixteen days after
feeding, the sporozoites were dissected from the
salivary glands of the infected mosquitoes for use in
the challenge studies. On the basis of initial experi-
ments, a dose of 2 mg of NVS3 per monkey was
selected for injection intravenously into six Saimiri
r.ionkeys. An IgG3 monoclonal antibody directed
against Trypanosoma brucei rhodesiense [T. Hall and
K. Esser, J. Immunol. 132, 2059 (1984)] was
inoculated into another six monkeys to serve as an
unrelated antibody control group. Nine other mon-
keys served as uninjected controls. One hour after
antibody transfer, 10* P. vivax sporozoites in nor-
mal saline and 10% normal Saimiri monkey serum
were injected into all monkeys. Serum samples were
collected before antibody inoculation and 1 hour
later (immediately before sporozoite challenge). All
animals were splenectomized 6 to 7 days after
sporozoite inoculation. Beginning 14 days after
sporozoite inoculation and continuing through day
56, Giemsa-stained thick and thin blood films were
prepared daily. Parasitemias were quantified and
recorded per cubic millimeter of blood.

H. M. Geysen et al., Proc. Natl. Acad. Sci. U.S.A.
81, 3998 (1984); H. M. Geysen, S. J. Barteling, R.
H. Meloen, ibid. 82, 178 (1985); H. M. Geysen, S.
J. Rodda, T. J. Mason, Mol. Immunol. 23, 709
(1986); H. M. Geysen et al., J. Immunol. Methods
102, 259 (1987).

D. E. Aot et al., Science 230, 815 (1985).

T. F. McCutchan et al., ibid., p. 1381.

D. E. Arnot, J. W. Barnwell, M. J. Stewart, Proc.
Natl. Acad. Sci. U.S.A. 85, 8102 (1988).

R. Rosenberg et al., Science 245, 973 (1989).

The cight-residue peptide (AGDR), was synthe-
sized by the stepwise solid-phase method [R. B.
Merrifield, J. Am. Chem. Soc. 85, 2149 (1963)].
Pam-t-Boc-L-arginine (Tos) resin (0.5 nmol) was
used as the starting point of the synthesis. The
protected peptide resin was deprotected by hydro-
gen fluoride—p-cresol (9:1, v/v for 1 hour at 0°C).
NVS3 activity was measured in the serum of the
monkeys that received intravenous NVS3 before
sporozoite challenge. Twofold serial dilutions of sera
were used in an IFAT with air-dried P. vivax
sporozoites as the target antigen. To determine if
NVS3 reacts with epitopes other than AGDR on
sporozoites, aliquots of NVS3 at a concentration of
2.5 pg/ml were incubated with varying amounts of
the P. vivax peptide (AGDR), or the unrelated
peptide (QGPGAP),, a peptide from the repeat
region of P. yoelii CS protein. The antibody-peptide
mixtures were then incubated with P. vivax sporo-
zoites and evaluated by IFAT to measure the ability
of (AGDR), to block the binding of NVS3 to
sporozoites.

VIVAX-1 is a recombinant protein containing ap-
proximately 60% of the entire CS protein from the
Belem strain of P. vivax. It contains the repeat
regions (DRA/SGQPAG),, [P. J. Barr et al., J.
Exp. Med. 165, 1160 (1987)]. NS1g, V20 vaccine is
a fusion protein from Escherichia coli that contains 20
copies of the nonapeptide repeat present in the
repeat region of the CS protein and 81 amino acids
derived from the nonstructural protein gene of
influenza A [D. M. Gordon et al., Am. J. Trop. Med.
Hyg. 42, 527 (1990)].

Saimiri monkey liver fragments were dissociated by
collagenase perfusion and plated in 35-mm petri
dishes. Equal volumes of serum and sporozoite

8 FEBRUARY 1991

suspension were mixed and incubated at room tem-
perature for 15 min. The serum-sporozoite mixtures
were exposed to the hepatocytes for 2 hours then
washed. Seven days after exposure, the monolayers
were fixed and schizonts counted microscopically [P.
Millet et al., Am. J. Trop. Med. Hyg. 38, 340
(1988)].

20. L.S. Rickman et al., Clin. Res. 38, 352A (1990); C.
R. Alving et al., in preparation.

21. The authors note with sadness that Richard L.
Beaudoin, our friend and colleague, passed away on
22 May 1990. The authors thank J. M. Carter of the
Walter Reed Army Institute of Research (WRAIR)
for his invaluable advice on the methods of epitope
scanning and T. Hall, also of WRAIR, for gener-
ously donating the anti-trypanosoma monoclonal
antibody used as a negative control in the passive

transfer studies. We thank J. C. Skinner, V. K.
Filipski, and C. Morris for their assistance in the
challenge studies and M. Leef for performing the
IFAT analyses. We also thank I. Bathurst of the
Chiron Corporation, Emeryville, CA, for kindly pro-
viding VIVAX-1 and M. Gross of SmithKline
Beecham for kindly providing NS1g,V20 for use in
this study. Supported by the Naval Medical Research
and Development Command work unit nos. 3M-
161102BS13AK111 and 3M162770A870AN121
and by U.S. Agency for International Development
Participating Agency Service Agreement no. STB-
0453.24-P-HZ-2086-06 to the Centers for Discase
Control.

13 July 1990; accepted 24 October 1990

Ability
Phosphorylate Tubulin

of the c-mos Product to Associate with and

RENPING ZHOU, MARIANNE OSKARSSON, RICHARD S. PAULES,
NicHoOLAS SCHULZ, DON CLEVELAND, GEORGE F. VANDE WOUDE

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 II. The biochemical properties and
potential substrates of pp39™** were examined in unfertilized eggs and in transformed
cells in order to study how the protein functions both as CSF and 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 depolymerization. 3-Tubulin was preferentially coprecip-
itated in pp39™°* immunoprecipitates and was the major phosphorylated product in a
pp39™**-dependent immune complex kinase assay. Immunofluorescence analysis of
NIH 3T3 cells transformed with Xenopus c-mos showed that pp39™** colocalizes with
tubulin in the spindle during metaphase and in the midbody 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™*.

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 mos RNA into
fully grown Xenopus oocytes can induce
both GVBD and maturation promoting fac-
tor (MPF) (3), which is composed of cyclin
and p34“*“ (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

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 Chemistry,
Johns Hopkins University School of Medicine, Balti-
more, MD 21205.

for the arrest of unfertilized eggs at meiotic
metaphase II (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 II 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
binds to and stabilizes microtubules (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 from mature oocytes to gel filtration
analyses and observed that when extracts
were prepared at 2°C, pp39™ 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.
1B), 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

Fig. 1. Gel filtration analysis of extracts from
matured Xenopus oocytes. Between 500 and 1000
ﬁtlltz grown oocytes (31) were collected, treated
with progesterone, and labeled in modified Barth
solution (MBS) containing progesterone (5 pg/
ml) and Translabel {ICN; 75% [35S]methionine
and 15% [35S]cysteine (1 mCi/ml)} for 17 hours
. at 20°C (13). Matured were washed five
times with cold CSF buffer [0.25 M sucrose, 0.2
M NaCl, 2.5 mM EGTA, 10 mM sodium phos-
phate (pH 6.5)] and placed in ultraccntriﬁit
tubes. After excess buffer was removed, the
oocytes were centri at 150,000¢ for 1 hour
at 2°C, and 200 pl of the cytosolic supernatant
(~20 mg of glrotcin per milliliter) were fraction-
ated by gel filtration on a Superose 6 column
(Pharmacia). Proteins were eluted in CSF buffer.
Half of each 1-ml fraction was immunoprecipi-
tated an:iivith the mos-product s 'lc 53 ant} ;

(3) and analyzed by SD acrylamide gel elec-
trophoresis (SDS-PAGSE_;PO(l;.Zﬂuppcr %;ncls).

c-mos (c-mos™¢) (3, 17) express high levels of
pp39™ (0.01 to 0.1% of total protein). We
examined cytosolic extracts prepared from
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 found 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/ml, showed pp39™ in size classes of up
to >5000 kD (Fig. 2A). However, pp39™*

(-] o o
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Forty microliters of each fraction were analyzed for tubulin by immunoblot analysis (20). Tubulin was
detected with a monoclonal antibody to a-tubulin (Sigma) and alkaline phosphatase—conjugated goat

antiserum to mouse immunoglobulin G (IgG) (Bio-Rad) (lower panels). Ovalbumin (45

), catalase

(232 kD), ferritin (440 kD), and thyroglobulin (669 kD) were used to calibrate the column for

molecular mass. (A) Extracts from mature Xenopus oocytes were
Superose 6 column. The pp39™* protein eluted as a ~500-kD

ized and in dimer form. (B) The extract p:
ionated at room temperature. The 45-kD doublets in fractions 15 and 16 are probably

nantly
20 min and

prepared and analyzed at 2°C on a
whereas tubulin was predomi-
as in (A) was incubated at 37°C for

nonspecific proteins that cross-react with the 5S antibody.

Fig. 2. (A and B) The influence of
protein concentration on the gel filtra-
tion elution profile of pp39™ and tu-
bulin in extracts from c-mos**—trans-
formed NIH 3T3 cells. Either 2 x 10°
(A) or 2 x 10° (B) c-mos**~trans-
formed cells were rinsed twice with B
phosphate-buffered saline (PBS), and
the cell pellet was suspended in 0.5 ml
of lysis buffer [1% NP-40, 150 mM
NaCl, 1 mM EDTA, 10 mM sodium
te (pH 7.2), 2 mM dithiothrei-

] with 20 mM leupeptin, 2
henylmethylsulfonyl fluo-ride

tol (

(PMSI?), 10 mM pepstatin, aprotinin (100 units Ecr

for 1 hour, and NaF, MgSO,, B-merca

Superose 6 column at 2°C as
were precipitated by adding 50 l of 100% tri
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milliliter)]. The lysate was centri

anol, and adenosine triphosphate (ATP) were added to the
supernatant to final concentrations of 10, 10, 10, and 6 mM, res

extract [(A) 2 mg of protein ger milliliter; (B) 0.2 mg of protein per

escribed in the lzﬁ:nd to Fig. 1. Proteins in 500 l of each 1-ml fraction

loroacetic acid and 10 pl of 1% sodium deoxycholate.
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at 100,000¢

ively. A 200-pl portion of each
mlli'lh’ iliter] was fractionated on a

The precipitate was washed with 100% methanol and analyzed by SDS-PAGE (32) and immunoblot

analysis (20) with either the 58 anti

1. (C and D) High (2 mg/ml) and
prcgared as above, were applied to anion-ex:
to

or the anti

w (0.2 mm concentration protein extracts,

to a-tubulin as described in the legend to Fig.

ively,

respecti
Mono Q HR5/5 columns (loading capacity of 20

0 mg; Pharmacia). Proteins were eluted with a 0.1 to 1.0 M NaCl linear gradient in lysis buffer.
Usually <2 mg of total protein were applied in each of these experiments. The fractions were

concentrated and analyzed as described in (A).
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eluted in an ~500-kD peak (Fig. 2B) when
the protein concentration of the extract was
tenfold lower (~0.2 mg/ml), presumably
the result of dissociation of the mos-contain-
ing complexes.

The conditions—temperature and protein
concentration—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 distribu-
tion, we performed protein immunoblot
analysis (20) with an antibody to a-tubulin
(anti~a-tubulin) on the gel filtration frac-
tions from both the Xenopus oocyte and
c-mos™“~transformed cell extracts. Tubulin
and pp39™* coeluted under conditions that
favor the oligomerization of tubulin (Figs.
1B and 2A). Moreover, pp39™** and tubulin
also coeluted when the concentrated protein
extract from c-mos**—transformed 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 well 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 further analyze the association be-
tween pp39™ and tubulin, extracts of
[33S]methionine and [35S]cysteine metabol-
ically labeled c-mos®—transformed NIH
3T3 cells were immunoprecipitated with the
mos product—specific 5S monoclonal anti-
body at 2°C. Precipitations were carried 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 pp39™* and a protein
with the mobility of tubulin (50 kD) were
specifically precipitated (Fig. 3A, lane 1).
Neither pp39™* nor the 50-kD protein were
precipitated cither in the presence of com-
peting peptide (Fig. 3A, lane 2) or from
normal 3T3 cells (Fig. 3A, lane 3). To test
whether the 50-kD protein was indeed tu-
bulin, the remainder of the pp39™* immune
complex was boiled in SDS, adjusted to 1X
radioimmunoprecipitation assay (RIPA)
buffer, and subjected to precipitation with
cither anti—a-tubulin or an antibody to
B-tubulin (anti-B-tubulin). Both antibodies
precipitated a protein with the mobility of
tubulin (Fig. 3A, lanes 4 and 5), although
anti—B-tubulin  precipitated significantly
more material. Tubulin was also found to
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coprecipitate with pp39™°* when antibodies
to several 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™> was coprecipitated by both anti—a-

tubulin (Fig. 3A, lane 7) and anti—B-tubulin
(Fig. 3A, lane 9) from c-mos**~transformed
NIH 3T3 cells but not from control cells
(Fig. 3A, lanes 8 and 10). The identification
of pp39"* in the tubulin immune complex
was confirmed by a second precipitation
with the 5S antibody; pp39"™>* was precip-
itated from the tubulin immune complex
from the transformed cells (Fig. 3A, lane
11) but not from control cells (Fig. 3A, lane
12).

Although anti—B-tubulin  precipitated
more product in the reprecipitation experi-
ments (Fig. 3A), anti-a-tubulin is more
reactive (22). Thus, it appears that pp39™*
associates preferentially with B-tubulin. This

Fig. 3. Tubulin coprecipitates with and is phos-
phorylated by the pp39™ kinase. (A) NIH 3T3
cells transformed by c-mos* were incubated for
17 hours with Translabel (0.5 mCi/ml) in Dul-
becco’s modified Eagle’s medium (DMEM) con-
taining one-tenth the normal concentrations of
methionine and cysteine. A lic extract was
as described in the legend to Fig. 2 and
subjected to immunoprecipitation in the absence
of t?1DSl wu:hzthc 58 antibody without (lanclé) or
with (lane 2) ing peptide (20 an
additional conm normal NIH 3T3 cell
extract was subj to immunoprecipitation
with the 58 antibody in parallel (lane 3).
containing approximately equal amounts of radio-
activity were used in the immune precipitations in
lanes 1 to 3. One-fourth of each sample was

i SDS-PAGE (lanes 1 to 3).
'i‘l'lizcﬂymam‘mmfbt)l'\c sample analyzed in lane 1
was boiled in 0.5% SDS as described (33) and
after was adjusted to 1 radioimmunoprecipita-
tion assay (RIPA) buffer, and itated with

cither anti—a-tubulin (lanc 4), anti-B-tubulin
(lane 5), or a nonspecific monoclonal anubody

(lane 6). Tubullnwasalsodlrcitxb' reci
from the cytosolic extract of c-mo. —gansgnned
cells (lanes 7 and 9) or normal NIH 3T3 cells

(lanes 8 and 10) with anti—a-tubulin (lanes 7 and 8) or anti—B-tubulin (lanes

9 and 10). Half of each of the immune complexes

was reprecipitated with the 5S antibody (lanes 11
Protelril'; mpdlﬂ'crcnt lanes cannot be guantmtlv

and 12, respectively).
mmmme
ytosolic extracts unlabeled

was tested by direct analysis of the 35S-
labeled pp39™** immune complex on a gel
system that separites a- and B-tubiilin (Fig.
3D). Under these conditions, we observed
that approximately eight times more B-tu-
bulin was coprecipitated in the pp39™>-
tubulin immune complex than a-tubulin
(Fig. 3D, lane 1). However, anti—a-tubulin
precipitated equal quantities of both a- and
B-tubulin from the same extract (Fig. 3D,
lane 3), as would be expected because of the
formation of a- and B-tubulin heterodimers.

To determine whether tubulin was a sub-
strate for the pp39™* kinase, we immuno-
precipitated unlabeled extracts from either
c-mos*°—transformed NIH 3T3 cells (Fig.
3B) or unfertilized Xenopus eggs (Fig. 3C)
with the 5S antibody, and the pp39™* im-
munoprecipitates were used in in vitro pro-
tein kinase reactions. Part of the phosphor-
ylation products were analyzed on SDS-
PAGE. The major phosphorylated products
had the same electrophoretic mobilities as
pp39™* and tubulin. The remainder of the

Tubulin-» 8

-

ppagmos_., ” ' -

1523 . 8798

T 8

D

9 10 11 12

pp39™” kinase reaction products were
boiled in SDS, adjusted to 1x RIPA buffer,
and precipitated with either 5§ or anti-
tubulin antibodies. The 5S antibody im-
munoprecipitates contained pp39™* (Fig.
3, B and C, lanes 3) and a smaller amount of
a protein with the same mobility as tubulin
(Fig. 3B, lane 3), suggesting that some
reformation of the protein complex oc-
curred even after boiling in SDS. When the
reprecipitations were performed with anti—
a-tubulin or anti-B-tubulin, labeled pro-
teins with the mobility of tubulin were
observed (Fig. 3, B and C, lanes 4 and 5).
Again, more *?P-labeled tubulin was precip-
itated with anti—B-tubulin than with anti—a-
tubulin.

To exclude the possibility that nonspecific
kinases in the pp39™ immune complex
were responsible for tubulin phosphoryla-
tion, we performed in vitro kinase assays
with the uct of a mos deletion mutant
(p28), which lacks the NH,-terminal aden-
osine triphosphate (ATP) binding domain

1 2 388 8 12 3456

o —
B—m

pp3gmos |:

Tubulin

1213

inlanes 7and 8  monoclonal antl

transformed NIH

a0 e A

tively, from pp39™ i lmmgnc complex; lane 6, rep!
(D) A cytosoli

3 cells was

precipitation, fractionated on a

E .2°C 37°C._2°C 87°C
r 1 L T 1
P 5P SiP SePS kD

7 8

gmtlon with control
cytosolic extract of 5S-labeled c-mosXe—

r:&aredasm (A), subjected to immuno-
acrylamide gel at pH 9.3, and

different exposure times were used. (B) by densitometry (Shimadzu); cormcuon was made for an
c-mos**—transformed NIH 3T3 cells were and immunoprecipitated ratio of 1.6:1 for B versus a-tubulm Lane 1, 5S antibody (20); lane
with the 5§ antibody in the Iﬂacmc (lane 1) or absence (lane 2) of 2, 5S anti with competing peptide; lane 3, anti-o-tubulin, (E) Retic-
com e as in (A). kinase assay was performed as described ulocytclysatc(ZOul)conmuung 8""”(Ianmlto4)or 39 (lanes 5 to
(349)- As in (A), a portion of the reaction mixture was analyzed directly by ~ 8) translated from mvmo—transcnbed RNA (13) and labeled with [35S]cys-
SDS-PAGE (lanes 1 and 2). The remainder of the pp39"* immunoprecip-  teine was mixed with 80 pl of extract (13 mg/ml) from fully Xenopus

itate analyzed in lane 2 was boiled in 0.5% SDS, adjusted to 1x RIPA

mcubamdclthcrat2°Cor37°Cfbrlhour and centri

1 for 15

buffer, and by ipitation with the 58 antibody (lanc 3),  min in an Eppendorf microcentrifuge sctpante ﬁ;lymcnmd from
anti~o-tubulin (lane 4), anti-B-tubulin (lane 5), or a control nons c  other soluble protein. Eq ual rtions of the P) orsupcmamnt (S)
monoclonal annbody (lane 6). (C) The in vitro kinase assay and reprecipi-  fractions were analyzed by S 'AGE d1rc:§2' to x-ray film. In
tation were performed with the immune complcx of pp39""" from mature  addition, the unlabeled in vitro—translat mos and pp39™* proteins were
Xenopus oocytes as described in (B), with cytosolic bcu:ﬁprcparedas mixed with the unlabeled extract from oocytaat2°Casabovc
described in the to Fig. 1. Lane 1, 5S annbody (lanes 9 and 10) and were then imm medwnthtthSann
peptide; lane 2, 55 antibody without ; lanes 3 to 5,  vitro kinasc assays were performed on the p28™ (lane 9) and pp39™ lanc

reprecipitation with 5S antibody, anti-a-tubulin and anu—ﬁ-tubuhn, respec-
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10) immune complexes (34).
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Fig. 4. Tubulin and
g 39" indirect dou-

e immunofluorescence
study of normal and
c-mos*~transformed
NIH 3T3 cells. Cells
were seeded cnn(;l‘m sliclm,d

ovi t, an

WWashed in PBS at
room tem . The
cells were fixed in meth-
anol at —20°C for 6 min
and extracted with 0.1%
Triton X-100 in PBS for
1 min. The slides were
incubated with 3% bo-
vine serum albumin and
10% goat serum in PBS

. -

for 30 min, to block nonspecific antibody binding, and then sequentially

Wlw and secondary antibodies for 3 hours each in the same buffer.
Tubulin was detected with a rat monoclonal antibody (YL 1/2; Accurate)

and fluorescein-conjugated goat antibody to rat I
mouse IgG) (A to E). The pp39"* protein was

(23) and CSF activity (13). The p28™**
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 significant
tubulin phosphorylation when compared
with pp39™> (Fig. 3E). These results show
that in cytosolic extracts, tubulin complexes
with pp39™ and is a substrate for pp39™*
kinase activity in vitro.

To determine whether pp39™* is associ-
ated with tubulin in vivo, we performed
double immunofluorescence analyses with
the YL 1/2 anti-tubulin monoclonal anti-
body (Fig. 4, A to E) and the 5S antibody
(Fig. 4, A’ to E'). At interphase, pp39™*
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 nucleus (Fig.
4A’). At metaphase, as defined by tubulin
staining (Fig. 4B), some pp39™* was found
in the mitotic spindle (Fig. 4B’). At ecarly
telophase, pp39™* distribution again coin-
cided with tubulin staining in the midbody
region (Fig. 4C) as well as in the aster
region of each daughter cell. To further
study the association of pp39™** with micro-
tubules, we treated the transformed cells
with nocodazole to disrupt microtubules,
and stained the cells with the YL 1/2 (Fig.
4D) and 5S (Fig. 4D’) antibodies. The
microtubules in these cells were disrupted
and pp39™ formed aggregates and ap-
peared disorganized compared with untreat-
ed cells. Furthermore, depolymerized tubu-
lin and pp39™* showed identical
distributions. Normal NIH 3T3 cells
stained with the YL 1/2 antibody (Fig. 4E)
but not with the 5S antibody (Fig. 4E'). We
conclude that pp39™* is associated with
microtubules and the spindle in vivo.
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(no cross-reactivity with
ected with a combination
of the 55 anubody and Texas red—conjugated sheep antibody to mouse IgG
(Amersham) (A’ to E’). Cover slips were mounted in Mowiol (Aldrich) and

incubated for 2

We have shown that pp39™* associates
with tubulin in vivo and in vitro. Because
the pp39™**-tubulin complex is immunopre-
cipitated from oocyte extracts prepared and
maintained at 2°C (Figs. 1A and 3C), B-tu-
bulin is most likely to be a component of the
~500-kD complex. We do not know wheth-
er pp39™* associates with B-tubulin before
formation of tubulin dimers or whether
pp39™* dissociates a- from B-tubulin under
conditions (for example, 2°C) that favor
tubulin depolymerization. We have not per-
formed these analyses under conditions ap-
propriate for tubulin polymerization and we
do not know whether the association is
influenced by pp39™ kinase activity. Tubu-
lin in concentrated protein extracts prepared
from mature oocytes at 2°C was eluted in
the expected 100-kD tubulin dimer peak
(Fig. 1A), whereas in similarly prepared
extracts from c-mos™°~transformed NIH
3T3 cells it was mostly oligomerized (Fig.
2A) (18). Oligomer formation also occurred
in nontransformed NIH 3T3 cells (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™ 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 first
suggested by Meyerhof and Masui (11). We
also note that the antineoplastic drug taxol
mimics mos function, which raises the pos-
sibility of a connection between drug spec-
ificity and oncogene function.

The kinetics of the appearance and disap-
pearance of the mos product in oocytes and

slides were examined and photographed at a magnification of X800 in a
Zeiss Photomicroscope 11 fluorescence system. (A and A') Interphase cells;
(B and B') metaphase cells; (C and C') anaphase cells. (D and D') Cells were
in DMEM medium containing nocodazole (1 wg/ml)
at 37°C before immunofluorescent labeling. (E and E’) As a control, normal
NIH 3T3 cells were labeled in parallel.

fertilized eggs (3, 13, 20) parallel spindle
formation, metaphase II 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™* may
be to influence, directly or indirectly, forma-
tion of the spindle and that the arrest of
oocytes at metaphase II may involve the
stabilization of the spindle by pp39"'**. MPF
is stabilized by CSF (or pp39™*) (9, 13, 14),
and recent studies have concluded that
pp34““? and yeast cyclin are associated with
centrosomes and spindle pole bodies during
mitosis (26). These studies show that the
degradation of cyclin and the activation of
¢dc2 are dependent on microtubule function
(26). In yeast, overexpression of a- and
B-tubulin results in mitotic arrest, and B-tu-
bulin overexpression has a more profound
effect than a-tubulin (27). Thus, stabiliza-
tion of the spindle during metaphase II of

. meiosis by pp39™* (13, 20) could affect

centrosome properties and the associated
pp34Z and cyclin to prevent MPF inacti-
vation. It has also been shown that the mos
product phosphorylates cyclin in vitro (28),
and our results do not exclude the possibility
that cyclin is a substrate of the pp39™*
kinase.

The toxicity 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 from 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 properties of
transformed cells 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 pp39™° that do not
prevent cell proliferation or induce CSF
“toxicity” can constitutively modify inter-
phase microtubules and could, therefore,
induce the transformed phenotype.
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A68: A Major Subunit of Paired Helical Filaments
and Derivatized Forms of Normal Tau

VIRGINIA M.-Y. LEE,* BRriaN J. BALIN, LAszLo O1vos, JR.,

JoHN Q. TROJANOWSKI

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 (7), but A68 could be distinguished from
normal human 7 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 (M,) of A68, compared to normal human 7, was attributed to
abnormal phosphorylation of A68 because enzymatic dephosphorylation of A68
reduced its M, to close to that of normal 7. Moreover, the LysSerProVal motif in
normal human 7 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 7.
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 M,, thus trans-

forming 7 into A68.

al elements of AD neurofibrillary tan-
gles (NFTs) (1). Although not re-
stricted to AD, the number of NFTs
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PHFS ARE THE PRINCIPAL STRUCTUR-
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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 (7).
Low M, microtubule-associated proteins
(MAPs) known as T are major constituents
of PHFs (1). A soluble form of PHFs may
be formed from 7 (2). Although other neu-
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