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i - Introduction

Adenosine 3,5 -cyclic monophosphate (cyclic AMP)
has been shown to influence the release of neurotrans-
mitters at nerve endings [1] and the growth of neurites
in cultured nerve tissue [2—4]; there is now some
evidence that these processes depend on the integrity

of ¢cytoplasmic microtubules [2—5]. 1t is therefore
conceivable that the cyclic nucleotide may interact
with these processes through an effect on the structure
and function of microtubules induced by a change in
the state of phosphorylation of the tubules or their
subunits. Indeed, it has recently been shown that the
colchicine-binding (microtubular) protein derived from
mammalian brain can act in the presence of [y-32PJATP
as a substrate for a cyclic AMP-stimulated protein
kinase closely asscciated with the purified protein
[3, 6]. Electrophoresis under disaggregating conditions
further showed that most of the radioactivity in such
preparations was associated with the faster-migrating
of the two tubulin monomers separated (M.W. ca.
58,000) (see [31). However, the extent to which
microtubular proteins are phosphorylated in cell-con-
taining preparations of nerve tlssue remains to be
established.

This matter has now been studzed in experiments
where respiring slices.of guinea pig cerebral cortex
were labelled during incubation with [32P]orthophos-
phate. The results presented here indicste that the bulk
of the protein-bound 32P that is selectively precipitated
with Finca alkaloids from extracts of incubated tissue
co-migrates with the purified tubulin monomer after
electrophoresis in SDS-polyacrylamide gels, and thata
significant proportion of the bound 32P present in
crude tubulin preparations obtained from incubated
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tissue by ammonium sulphate fractionation is associated

_ with the colchicine-binding dimer detected by gel fik

tration and by sucrose-gradient centrifugation.

'Mate:'ials and méthods

' _2 1. Maremzls

Radioactive [32Plorthopho°ghate and [3H]cokhmre
were obtained from the Radiochemical Centre, Amers-
ham, Bucks., UK. Vmcnstmesuiphate was from Eli
Lilly Co. Lid. S

2.2 ﬁeparation and incubation of tissue

Slices of guinea pig cerebral cortex were prepared
from approx. 1 g tissue using a mechanical tissue
chopper as described by Mcllwain and Rodnight [7]
and incubated in specially designed rapxd release

- vessels (Reddington, unpublished) at 37° for 60 min
'in 40 m! of an oxygenated medium containing 128 mM -

NaCl, 6.3 mM KCI, 2.8 mM CaCi,, 1.3 mM MgCl,.
10 mM glucose, 25 mM Tris-HCI, pH 7.4 (at 37°C)

“and 1—1.5 mCi carrier-free [32P]orthophosphate. In-

cubation was terminated by rinsing the slices with
$00 ml ice-cold incubation medium and homogenising -
in the aupromiate buffer {see below}.

2.3. Partial purific catzon of tubulins from tissue in- '
_cubazed in vitro with 32P

2.3.1. Precipitation with vincristine (see {8])

Tissue was homogenised in 10 mM Tris-HCI, pH 74.
to give a 20% (w/v) homogenate and. centrifuged for
60 min at 100,000 g. Vincristine sulphate (VC) and
MgC12 were added to the supernatant to give final -

conc. of 10—3 M and 2.5 XIO“3 M, respectively; after
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mcubatmn at 37 for M} min, the grecxpntate wh.ach
- formed was co!lected oy cenmfugmtmn at 50,000 g
for 20 min. In other experiments it had been shown .
zhat under these canditions VC precipitated 95—100% -
of the coichxcnne~bmdmg activity of the high- speed .
supematant -(M.R. unpublished data). Extraction of -
the VC precipi itates prepared from. 32p Jabelied material
with 10% trichloroacetic acid (TCA) showed them to
contain avnd-msoluble radioactivity (1-1 Sxiot cpm/
mg protem), approx. 50% of wmch was alkali-labile
(see sect. 2.5). ’

The VC. pteclpltate was washed thce wnth 10% TCA
to remove adhering acid-soluble phosphates and further
extracted with hot 5% TCA (90 15 min) or pon-

aqueous solvents see sect. 3.2) to remove nucleic acids

and lipids, respectively. The hot TCA extract contained

approx. 40% of the total acid-insoluble counts in the

VC pellet, whereas lipid extracts were unlabelled. The
bulk of the labelled acid-insoluble phosphates of the

VC pellet can thus be accounted for by phosphoprotein
{alkak-Iab:le P) and nucleic acids (hot TCA-extractable),
 Acid-insoluble material from VC pellets was -
analysed by disc e}ectmphoresxs on SDS-polyacrylamide
gels [9] after pre-incubation of the sample with SDS
at 50° for 20 min. At the end of the run the gels were
fixed in 10% TCA and proteins stained using Cacmassie
Brilliant Blue. After destaining, the gels were cut into
sections and homogenised in ice-cold 10% TCA. After -
standing in ice for 30 min the gel residue and acid-in-
soluble mate ials were centrifuged down and the pellets
washed twic: with ice-cold 10% TCA to FRIIOVE
adhering inorganic phosphate The residue was then -
incubated for 60 min at 37° with 1 M-NaOH to extract
proteins and aliquots of the extracts were taken for
estimation of protein and radloactwmy (see sect. 2 6
and 2.7) :

232, Ammomum sulphate fractionation (see {10])
. After incubation, tissue was homogenised in four -
.vol of 10 mM phosphate buffer, pH 6.8, containing
5 mM MgCl; (PMG buffer), with or withcut 0.24 M
“sucrose, and a high-speed supernatant prepared (10° g
for 60 min). Protein was precipitated by addition of a.
‘saturated solution of ammonium sulphate and the
fraction precipitating between 35% and 50% saturation
was redissolved in homogenising buffer and incubated
at 37° for 90 min in the presence of [3H]colchicine
(final conc., 2.5 X 10—% M; specific radioactivity,
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445 X105 cpm!nmole) The labelied material was :
then analysed either l_:y‘centnfugatnon for 1820 hr

- at 160,000 g on a linear 5—20% sucrose gradieat con-
‘taining 10 mM phosphate butfer, pH 6.8, 5 mM MgCl,,

0.1 M KCl, and 0.1 mM GTP, or by chromatography
at 4° on 'a 20 X1 cm column of Sephadex G-200

Superfine, equilibrated with PMG buffer. Fractions

0% 0.8 ml were collected during elut;(m of the coiumn
mth the same buffer.

24. sziﬁcgtz'an of tubulin from pig brain .
Microtubular subunit protein was purified from pig

brain by the batchwme procedure of Weisenberg et al.

2.5. Assay of bound phosphate

Phosphoserine phosphorus of purified pig brain
tuhulin {see above) was determined as aikali-labile
phosphate on 10 mg quantities of protein afier pre-
cipitation with 10% TCA, extraction of the precipi-
tate with lipid solvents, and alkaline hydrolysis as
previcusly described [11]. Inorganic phosphate released
by alkali was estimated by the r:2thod of Martin and
Doty [12]. All determmatlons were carried out in
duplicate.

In experiments where tissue was incubated with

~32P, the total acid-insoluble radioactivity of fraction-

ated samples was measured after precipitation with

10% TCA in the presence of added carrier bovine serum
albumin {0.5 mg/m!}, and collection on glass fibre discs
{(Whatman GF/A). After washing with 50 ml 10% TCA
the discs were transferred to glass scintillation vials

‘and counted in 5 mi Bray’s [13] scintillation mixture.

2.6. Prozein determination

Protein was estimated by the method of Lowry et
al. [14] using bovine serum albumin standards. With
samples containing vincristine; protein was first preci-
pitated with 10% TCA and washed with methano! to

“remove excess alkaloid (see [151). In the estimation
‘of protein in polyacrylamide gels, sections of a gel

which had been run without sample were used as
bianks, and similar sections to which albumin was
added during the extraction procedure {see sect. 2.3)
were used as standards. : o

2.7. Counting techmques :
Radmactmty measurements were carried out in
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5 ml Bray’s solution {131 in a Packard 33;5&.5@5&6;
meter. Counting efficiences for 3H and 32P were 48
and 95%, respecnvely ’ S RS

' "'szs;ééh»Iévs’

actmty as descrfbed in. sec&- 2 3 1 two ma}or peaks

' ..were observed (fi ST, thc faster of which coincided -
- with the “tubulin” band. The slow&rcmovmg 32p.
L labeiled matenal did not’ appear to be assocmted wnh

L any protéin, and indeed; was almost'completely .

3 Results

3.1. Elef'zmpkoreszs in SDS- gels af e prec:pztable 3
material

The dlstnbutxbn of protem after SDS~polyacrylamxde :
cel slectrophoresis of a VC precipitate is shown in fig. 1.

One major band was observed which; by comparison
_with markers of known molecular weight, was identi-
fied as “tubulin” monomer, (M.W_ 58,000). Three
minor bands of apparently lower molecular weight
proieins were also observed. After eiectmphoresns of
32p_jabelled VC precipitates under the same conditions,
and estimation of protein and acid insoluble radio-

2p Counts per Minute
g &

"

removed by prior extraction of the VC pellet wuh hot

. TCA (sect 2.3:1); thns treatmem did not alter the pro.
~ - tein distribution seen after’ stammg, Furthermore,

- ‘treatment of the g)recxpnate with CHCl_,, [MeOH [ein
v/v) and ethanol!dlethyl ether (1/1; v/v) affected
" neither protein nor radioactivity distribution. It can

therefore be concluded that the peak of labelling
.zssocmted with the “tubulin’ band is not due to-

: nuc{exc acids or lipids which mxght co- prec:pltate in .

the presence of vincristine. -
- It is apparent from fi ig 1, ‘however, that not all the
b”und 32P that migrated more slowly than “tubulin”

 could be extracted by hot TCA. This material could

4D
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Fig. 1. &) DiStIibuhGﬂ of bound 32p and pmtmn m vmcnst,ne prec-pxtzues after e&ectrophowszs m SDS-polydc:ylamlde gels_ Bo.md
32p and protein were determined as dx.scnbed in the text (sect. 2). (x-—x—-—x) 3z P cpm; (o---0-- -0) 2p cpm in hot TCA- txeated

ma’ena} {fmmtem

£} protein. B) Dxag:ammzt.c representation of SDS-poly acrylamzde gels aftes staining ptotems witti Coomassic

Brillant Blue. Stippled azeas x—p:cscnt tra;lmg of pmtem (duc to ovarloadmg) behmd mam tubulm band m!gmtmg between 49*54

mm from origin.

190



vofisme 30, numbes 2 . FEBS LETTERS * March 1973
, € B .
‘ :' P14
5.0 '!2
RN ) 3
e 5.0¢1.9 10
= L . g
B x . . . . . 3
= 40408 T .g =
3 A ko
3 1 —E B -8
- X 30t0s L6
' 2040
R W 2 l ¥
i ' d s

B S chifsan Ntsmber

20

Fig- 2. Chromatograp iy of crude tubulin preparation on Sephadex G-200 Superfine. Total 3H and 3P content was determined on
atiquots of each fraction as described in the text (sect. 2), and the remaining samples were combined, as indicated in the figure
{A~D}, for determination of acid-insoluble 32p (see table 1). (+——¢—+) 3H cpm x i0‘5 (f‘s-——&—w“} 32p gpm X 1072 (——x)
absorbance at 220 nm The bulk of the free {3Hico!cmcme was recovered in C zmd '

not be detee:ted aftsr staining with Coomac<iz Blue
and did not give any colour with the Lowry protein
esttm&ﬁen More sensmve me&wds w:ii evxdentiy {se
fequm:d in order to charactense 1t
32 Assoczatzon of 32P thh tubu!m dimers
Eiectrophmes;s under {he conditions used abovp
(secz 3.2) dissociates mlcrotubular subumt protem
mto nts monamers._lf one or both of these contain
pmtem-bound phosphoms as suggested above (sect.
3. i) it should be possxble to demonstrate the phos-
‘pharyiatmﬂ of the tubulin dimers from which they
‘were derived. It was therefore dcczdad to detenmnel
the extent of 32P-binding to the colchicine-binding
‘dimer. by techniques which allow separation of the

'dxmer usmg bound [3H} coichncme as a marker, ie. by-,

 gel filtration and sucrose gradient centrifugation (see.

{10}}. However, Murray and Froscio [16] reported
that, due to an interaction between phosphorylated
tubulin and a soluble component of the high-speed
supernatant material, purification beyond the second
ammonium sulphate stage by DEAE-Sephadex {see
[ic]) could not be obtained. Ammonium sulphate

" fractions, labelled as described in seéct. 2.3.2, were
-therefore used in cur experiments.

3 2.1. Gel fittration
In fig. 2 are shown the distributions of protein {as
measured by absorption at 220 am) and the radio- -

~activity due to both 3H and 32P_ It is ammedmtely
- evident that none of the three absorption peaks direct-
T vorrespend to the main peaks of bound {3H]coi-
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Table 1 ‘
D:stn‘butmn of bound 32? after cmomqtogtaphy of crude
tubulin prepaxamme on Scphadcx G-200 Superﬁne,

Total ‘ ?29 (cpm) Aadqnsolub[g

Fraction 3% (cpm)v ’
A 1100 0 336

B ‘450 - 170

C 3790 : ‘ 86

D 3090 x 10° .0

Fractions from the Sephadex G-200 column were combined’

as shown in fig. 2. Total and acid-insoluble *adtoactmty were

determmed as descnbed i the text.

chicine zmd 32P_ The main bound colchicine compo-
nent (fraction A) in fact contains very little protein
but is nevertheless associated with peaks of both total
32p (fig. 2) and acid-insoluble 32P (table 1). (Tubulin
constitutes only a small proportion of the proteins
separated by polyacrylamide gel electrophoresis of
second ammonium sulphate precipitates (data not
shown) and it is therefore not surprising that so little
protein is associated with the bound colchicine.) The
presence of a large amount of 2P in the colchicine-
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Fig. 3. Sucrose gradient centrifugation of crude tubulin pm-

paration. After centrifugation as described in the text (sect. 2), -

fractions of § drops each were collected and 0.1 mi aliquots
taken {1 derermination of total tritium cpm, (&—e—=}, the
remainder of each fraction was used to determine acid-in-
soluble 2°P ¢cpm (6—<—o). Fraction 5 contains the peak of
proiein-bound colchicine, while SH cpm beyond fraction 10
represent free colch;cme {see {lO]J

192

- FEBS mmas

: March 1973

bmdmg fractmn suggesfs the hkehhood that the tubu{m
dimer is phosphorylated. To obtain further informa- -

tion about the extent of phosphoqlafuon of the coi
chiciné-binding dimer, an alternative appmach usmg

- sucrose densnty gradxents, was empioyedv -

322, Sucrose grad:ent cenmfugatmn N

" The dnstubunons of [3H]colchxgme and acxd-m- _
soluble 32P after sucrose density graalem centrifuga-
tion of a second amumonium sulphate pellet (see sect.
2.3.2) are shown in fig. 3; 2 clear separation of bound
from free colchicine was obtained. A sxgmﬁcant
amount of bound 32P was associated with fractions

_enriched in colchicine-binding dimer, although it is

apparent that acid-insoluble 32p was distributed
throughout the gradient. In this and other expeziments,
unexpectedly high counts due to 32P and 3H were

~found at the bottom of the cenmfuge tube (f’ ig. 3,

fraction 1) (see stcussxon)

3.3. Phosphate content of tubulin

Purified tubulin from pig brain contained 0.33 and
0.40 moles alkali-labile phosphate pér mole of dimer
in two separate preparations. Alkaline hydrolysis under
these conditions has been shown, even in whole tissue
extracts, to release P; mainly from phosphosérine and
phesphothreonine [17]. Moreover, acid hydrolysis of
purified tubulin after incubation in vitro with ATP
(7-32P) has shown phosphoserine to be the only
labelled amino acid recovered (see [6]; Lagnado and
and Weller, unpublished observations). It is therefore
concluded that the phosphorus released from purified
tubulin by alkaline hydrolysis is most probab’y derived
from phosphoserine, and that the Ievels repor ed are
those of phosphoserme phosphorus. :

4. Discussion

Microtubular protein in crude tissue extracts has
been frequently identified by its mohllny in SDS-
polyacrylmmde gels with reference to the 58,030 MW
tubulin monomer isolated on the basis of its affinity
for colchicine, (see [3]). In‘ihe present work it was
shown that after addition of vincristine to soluble
extracts of incubated tissue, which precipitates virtual
ly all of the coichicine-binding protein (sec sect. 2.3.1),

' subsequcnt electrophoresis of the aikaloid- mduced
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dggregate nnder dlssocmimg coradxtmns sepamtes a -

- main. protcm band, co-migrating with purified tubulin’
monomer, which contained most of the protem~bound
32p (fig. 1). Moreover, it was calculated that about
20% of- the total 32P- labelled protem—bound phmphoms

.in the supernatant obtained from incubated slices was
recoverable in the VC precipitate, which acoounted
for only ca. 10% of the total soluble protein. It is
therefore evident that the protein characterised as
tubulin exhibits a significant turnover of protein-bound
phosphate in an intact cell preparation studied under
cendxttors where ATP and creatine phosphate le"els
are maintained (see [7]).

Further evidence that phosphorylatmn of tubulins
occurs in intact cells wos obtained in exp«,rlments in
which protein-bound 32P was estimated in microtubular
subunit protein characterised by its colchicine-binding
activity after separation by gel filtration and sucrose’
gradient centrifugation (figs. 2 and 3; table 1). It was
noted that a significant amount of bound 32P was also
associated with material which sedimented more rapid-
ly than the main colchicine-binding component on
sucrose gradients (fig. 3). The iutérpretation of this
finding awaits further charzcterisation of the fast
sedimenting material, but it may be relevant that 32p
‘was recently detected in association with rapidly sedi-
menting material present in purified preparations of
‘tubulin whick had been Iabelled. in vifro with 1+.22].

“ATP [20]. ,

A further observation requiring ciarification con-
cerns the low levels of phosphoserine phosphorus
(about 0.36 moles P/mole tubulin dimer) detected in

isolated tubr:fin preparatmns from pig brain (see sect.
33).

One might reasonably expect that, even if only one
of the two forms of tubulin monomers present in the
coichzcme-bzr‘dmg diraer were phosnhorylated, a value
closer to one mole P/mole of diraer would be obtained.
One possible explanation which has not been com-
pletely excluded is that the phosphorylated compo-
nent is a2 contaminant which co-purifies with tubulin
du:ng its isolation. This seems unlikely since virtually -
‘all of the bound 32P detected after electiophoresis in
SDS-gels CGIHCldEd with tubulin monomer separated
after labelling the purified protein with {y-32PJATP
[3,6) in vitro or with [nﬂorlhophosphate in a cell-
containing preparation {sect. 3.1, fig. ). A more likely
explanation is that the tubulin preparation contains a

, FEBS LE’{TERS :
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mixture of phosphorylated and non-phosphorylated
dimers, which were not separated by the purification
meihods employed. It has'in fact been shown that

- phosphorylation of tubulin appears to have marked

effect on its behaviour and recovery during the isola- -
tion procedure [16} and further work will be required
to interpret the quantitative aspects of tubulin phos-

.phorylation reported here.

An obvicus question relating to the ptesen* results
which we are now investigating, concerns whe:ther the

phosphorylation of tubulins in intact tissue ccours in
the polymerised subunits or in the ‘free” pool. Suwch
information may help to show whether phosphoryla-
tion plays a part in controlling the assembly of micro-
tubules during the éstablishment of functional con-
nections in nerve tissue.
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