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Abstract—The influence of p-bromophenacyl bromide (pBPAB) and structural analogues on the
assembly and Ca** sensitivity of porcine brain microtubules (MTs) was studied by spectrophotometric
measurements in vitro. MT assembly was inhibited by 36 uM pBPAB but not by the structural analogues
p-chlorophenacyl chloride or acetophenone. In the presence of pPBPAB, but not structural analogues,
the addition of 10 mM Ca?* induced aggregation of polymerized MT protein, whereas a decrease in
turbidity (due to MT disassembly) was observed in controls. The effects of pPBPAB on both MT assembly
and Ca®* sensitivity were blocked by glutathione, but not by N-acetyl L-cysteine, N-acetyl L-lysine nor
L-tyrosine, indicating that a highly reduced sulphydryl group(s) may be involved. Western blotting
analyses of drug-treated MTs revealed a form of tubulin with altered electrophoretic characteristics,
probably caused by a covalent interaction with pBPAB. MT preparations polymerized in the presence
of the drug contained fewer MTs than control samples, the predominant structures being identified as
amorphous aggregates of MT proteins. The fact that pBPAB affects MT integrity at an effective anti-
inflammatory dose in vitro may reflect the involvement of MT disruption in some of the pharmacological
effects of this drug. pBPAB is not therefore a suitable tool for studying the specific involvement of

phospholipase A, in cellular events.
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The anti-inflammatory agent pBPABS is generally
accepted and widely used experimentally as an
inhibitor of phospholipase A, [1-4]. However, recent
work shows that pBPAB can have diverse effects at
the cellular level, some of which may not be related
to its ability to inhibit phospholipase A, [5-10]. In
one study it was suggested that pBPAB could act by
disrupting the cytoskeleton [7] raising the possibility
that this drug might interact directly with MTs,
which are known to play a central role in the control
of cell division, cell shape, cell surface topography
and intracellular transport [11].

Drugs known to interfere with MTs, such as
colchicine and its analogues, the Vinca alkaloids and
taxol, have been valuable tools in the study of MT
functions and in the treatment of a variety of
pathological conditions [11, 12]. All of these agents
bind to distinct regions of the tubulin molecule and,
consequently, they disrupt MTs in different ways
{13-19]. Due to the high toxicity of colchicine [20, 21]
the Vinca alkaloids and taxol are the preferred
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compounds in cancer chemotherapy [12]. However,
colchicine has been used successfully in the
treatment of inflammatory reactions associated with
rheumatism and gout [22, 23], suggesting that MTs
in themselves represent a potential target for
pharmacological intervention in inflammatory dis-
orders.

Our own previous results suggest that at least part
of the pharmacological action of pPBPAB may involve
an interaction with MT proteins [24]. The purpose
of the present study was to examine in detail the
molecular basis of MT disruption by pBPAB.

MATERIALS AND METHODS

Preparation of MTs. MTs were purified through
two cycles of temperature-dependent disassembly
and reassembly following the procedure of Shelanski
et al.[25] with minor modifications [24]. Two-cycle
purified MTs were stored as centrifuged pellets, at
~80° for up to 2 months. Prior to an experiment,
MT pellets were resuspended in MES buffer (100 mM
2-(N-morpholino) ethanesulphonic acid, 1mM
MgSO,, 1mM EGTA, pH6.8) by glass-Teflon
homogenization. This suspension was incubated for
30 min on ice before cold-stable aggregates were
removed by centrifugation at 100,000g (av) for
20 min at 4°, leaving the depolymerized MT proteins
in the supernatant. The solubilized MT proteins
were further diluted in MES buffer to give a protein
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concentration of 4-5mg/mL for use in assembly
experiments (see below), unless otherwise indicated.

Turbidimetric measurement of MT assembly. MT
formation was measured as the increase in absorbance
at 350 nm [26] in a Cecil 550 spectrophotometer over
30min at 37°, following the addition of 1 mM
guanosine triphosphate (GTP; Sigma type II-S).
Measurements were made in the presence or absence
of pBPAB (10 ug/mL) or its structural analogues p-
chlorophenacyl chloride (1040 ug/mL) and aceto-
phenone (1040 ug/mL). In some experiments, as
indicated in the Results, either 1 mM glutathione,
1 mM N-acetyl L-cysteine, 1 mM N-acetyl L-lysine
or 1 mM L-tyrosine were included.

When appropriate, the calcium sensitivity of the
polymerized MTs was then assessed by the
absorbance change resulting from incubation for
5min at 37° in the presence of 10mM CaCl,.
Polymerized MTs are normally disassembled under
these conditions [27,28]. Thus, any drug-induced
change in their response to Ca®* would be indicative
of altered biochemical properties of polymerized
MTs.

Electrophoretic and immunological analysis of
assembled MTs. After a typical assembly experiment
(see above), polymerized MTs were collected by
centrifugation at 100,000g (av) for 30 min at 37°.
MT pellets were then solubilized by boiling for 5 min
in electrophoresis sample buffer, containing 2%
(w/v) SDS, 5% (v/v) B-mercaptoethanol, 10%
(v/v) glycerol and 0.001% (w/v) bromophenol blue.
Proteins were then separated by polyacrylamide gel
electrophoresis in the presence of 0.1% (w/v) SDS
(SDS-PAGE) on a 7.5% polyacrylamide running
gel overlaid with a 4% stacking gel [29]. The SDS
used in these gels was of the highest purity available
from the Sigma Chemical Co. (Poole, U.K.); as a
consequence, the a- and B-tubulin subunits migrated
as a single Coomassie-stained band.

Electrophoresed proteins were either visualized
by staining with Coomassie brilliant blue or,
alternatively, they were transferred electro-
phoretically on to nitrocellulose membrane filters
[30]. The resultant western blots were blocked by
incubation for at least 1hr with BSA/TBS (1%
w/v bovine serum albumin in 10 mM Tris, 140 mM
NaCl, pH 7.4). They were then incubated overnight
at 4° with either of the following monoclonal
antibodies: YL 1/2, (Seralab, Crawley Down, U.K.)
which recognizes tyrosinated a-tubulin [31]; YOL
1/34 (Seralab) a general anti a~tubulin antibody; 6-
11B-1 (from Dr G. Piperno) which cross-reacts with
acetylated a-tubulin [32]; a S-tubulin monoclonal
antibody from Amersham International (Amersham,
U.K.). All antibodies were diluted 1}50 in BSA/
TBS except anti S-tubulin which was diluted 1/1000.

After three 10 min washes in TBS/Tween (0.05%
v/v Tween-20 in TBS) the blots were incubated
for 3hr at room temperature with horseradish
peroxidase-coupled rabbit anti-mouse or rat Ig
(Dako Ltd, Slough, U.K.), as appropriate, diluted
1/1000 in BSA/TBS. After three further washings
with TBS/Tween, antigenic cross-reactivity was
detected using 4-chloronaphthol as the substrate
[33].

Analysis of MTs by electron microscopy. MTs,
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Fig. 1. The effects of pPBPAB and structural analogues on
brain microtubule assembly. Polymerization of MT proteins
(2mg/mL) in the presence or absence of pBPAB (10 ug/
mL), p-chlorophenacy! chloride (pCPAC; 10 ug/mL) or
acetophenone (AP; 10pug/ml) was measured tur-
bidimetrically, as the change in absorbance at 350 nm in a
spectrophotometer after 30 min incubation with 1 mM
GTP. Results are expressed as the mean percentage of
control values (+SEM) for each individual experiment
(N = 5), Asterisk indicates P < 0.05 by paired Student’s -
test.

polymerized for 30 min in the presence or absence
of 10 ug/mL pBPAB, were adsorbed on to carbon-
coated 300-mesh electron microscope grids, for
30 sec at room temperature. They were then stained
for 5 sec at room temperature with 1% (w/v) aqueous
uranyl acetate. After removal of excess stain the
samples were air-dried prior to their examination in
a Phillips EM series electron microscope.

Other analytical procedures. Protein was assayed
by the method of Lowry et al. [34], using BSA as
the standard.

RESULTS

In previous work we found that pBPAB inhibited
MT assembly by more than 50% at a concentration
of 5-10 ug/mL. We also found that the addition of
10mM Ca?* to preassembled MTs, which induces
disassembly in the absence of a drug, caused the
aggregation of MT protein into amorphous forms in
the presence of pBPAB at 5 ug/mL or higher [24].
The results in Figs 1 and 2 show that similar doses
of the structural analogues p-chlorophenacyl chloride
and acetophenone had no significant effect on either
MT assembly (Fig. 1) or the response of polymerized
MTs to 10 mM added Ca?* (Fig. 2). These analogues
were still ineffective at 4-fold higher doses (not
shown). The presence of bromine groups appears,
therefore, to be important in the action of pPBPAB
on MTs.

Electrophoretic analysis of polymerized MTs
showed that the pattern of microtubule-associated
proteins (MAPs) known to nucleate/stabilize MTs
in vitro was identical in both untreated and drug-
treated MTs. However, an extra (poorly resolved)
polypeptide was observed just below the tubulin
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Fig. 2. The effects of pPBPAB and structural analogues on
the Ca®* sensitivity of polymerized MTs. MTs polymerized
as described in Fig. 1, were incubated for 5 min at 37° in
the presence of 10 mM CaCl,. Results are expressed as a
mean ratio (=SEM) of absorbance change in the absence
of Ca?* over that recorded in its presence. Asterisk indicates
P < 0.005 by paired Student’s t-test. Slight changes in Ca?*
ratios observed with structural analogues were not
statistically significant.

band in drug-treated MTs (Fig. 3B). Qualitatively
similar gel patterns were observed on gels of total
MT protein (not shown).

The possibility that this drug-induced polypeptide
could be a modified form of tubulin was examined
by probing western blots of equal amounts of
control and pBPAB-treated MTs with anti-tubulin
antibodies. The new polypeptide cross-reacted with
two different monoclonal antibodies YL 1/2 and 6-
11B-1 (Fig. 3C and D), which recognize tyrosinated
and acetylated forms of a-tubulin, respectively
[31, 32]. Another anti a-tubulin antibody YL 1/34
gave the same result (data not shown). However,
the modified tubulin polypeptide did not cross-react
with a commercial monoclonal antibody that
recognizes the B-subunit (Fig. 3E). These data agree
with our earlier work showing that pBPAB action
is due, at least in part, to a direct effect on tubulin
[24].

Further information about the nature of this
interaction was then obtained by performing MT
assembly and Ca?* sensitivity experiments in the
presence of N-acetyl L-lysine, N-acetyl L-cysteine,
glutathione and L-tyrosine. In the presence of 1 mM
glutathione the inhibitory effects of pPBPAB on MT
assembly were almost completely blocked; there was
also a substantial reduction in the turbidity increase
caused by 10mM Ca?* in the presence of drug
(Table 1). The remaining amino acids had no
significant effect on the pBPAB-induced inhibition
of MT assembly or on the response of drug-
polymerized MTs to Ca®* (Table 1). In the absence
of pBPAB neither glutathione nor the free amino
acids had any effect. The effects of pBPAB on MT
assembly and Ca?* sensitivity may therefore involve
a common drug binding site(s).

The binding of pBPAB to tubulin presumably
causes a conformational change in the latter which
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inhibits MT assembly and could also alter the
structure of polymerized MTs. The effects of pPBPAB
on MT structure were therefore studied by electron
microscopy of negatively stained MTs. As shown in
Fig.4, and in agreement with turbidimetric studies
(Fig. 1), there were fewer MTs in samples treated
with pBPAB (Fig. 4A) compared with controls (Fig.
4B); the most prominent structures in the former
were identified as amorphous aggregates of MT
proteins.

DISCUSSION

The results demonstrate that pBPAB is a potent
MT-disrupting agent. The inability of two structural
analogues of pPBPAB, p-chlorophenacyl chloride and
acetophenone, to inhibit MT assembly or alter Ca%*
sensitivity of polymerized MTs provides strong
evidence that the effects of pPBPAB are specific and
dependent on the presence of bromine groups on
the phenol ring. The fact that the chlorinated
compound has no effect on MTs could be related to
differences between the electronegativity and/or
molecular size of Cl and Br.

Previous experiments with MAP-free tubulin
prezparations showed that the effects of pPBPAB on
Ca’* sensitivity involved a direct interaction of drug
with tubulin [24]. Indeed, electrophoretic and
immunological analyses of control and drug-treated
MTsin the present study demonstrate that a modified
form of a-tubulin is obtained in the presence of
pBPAB. The detection of the modified a-tubulin
after SDS-PAGE is consistent with the possibility
that pBPAB binds covalently to this subunit in such
a way as to alter its electrophoretic mobility.
Although similar changes were not found in £
tubulin or MAPs we cannot rule out the possibility
that pBPAB may still bind to these proteins.

Further information about the mechanism of drug
binding was obtained by performing turbidity assays
in the presence or absence of pBPAB, glutathione
and various amino acids. The results showed that
the drug-induced inhibition of MT assembly could
be blocked by 1 mM glutathione but not by the same
concentration of either N-acetyl L-cysteine, N-acetyl
L-lysine or L-tyrosine. The latter three compounds
were still ineffective at a concentration of 3.6 mM
(not shown), suggesting that the decreased MT
formation caused by pBPAB does not simply involve
Schiff base formation, binding to any free sulphydryls
or non-specific interactions with amino acids. The
effect of the tripeptide glutathione, on the other
hand, is consistent with the idea that the pBPAB
binding site, which causes inhibition of MT assembly
and altered Ca®* sensitivity, contains a highly-
reduced -SH group and/or more than one amino
acid. The exact location of the pBPAB binding
site(s) on tubulin is not known. However, based on
the above observation and the amino acid sequence
data of Postingl et al. [35] a potential accessible -SH-
containing (covalent) binding site for pPBPAB on a-
tubulin could be residues 304-306 (Lys-Cys-Asp), in
which cysteine is flanked by two hydrophilic residues.

Covalent binding of pBPAB to a histidine residue
is known to be involved in the inhibition of
phospholipase A, by this drug [1, 3, 36]. By contrast,



1140

A. J. HARGREAVES et al.

Fig. 3. Electrophoretic and western blotting analyses of MTs polymerized in the presence or absence
of pBPAB. MTs polymerized as described in Figs 1 and 2, were collected by centrifugation and the
resultant pellets solubilized prior to SDS-PAGE (A, B) and western blotting (C-E) procedures. Shown
are: Coomassie-stained electrophoresis gels of MTs polymerized in the presence (B) or absence (A) of
pBPAB. Western blots of control (—) and pBPAB (+) polymerized MTs were probed with monoclonal
antibodies YL 1/2 (C) and 6-11B-1 (D) against a-tubulin, together with an anti g-tubulin monoclonal
antibody (E). The covalently modified form of a-tubulin is indicated by arrows; the bands corresponding
to non-modified tubulin (tub) and high molecular weight MAPs (m) are indicated on gel A.

Table 1. The effects of glutathione and amino acids on the disruption of MTs by pBPAB

MT assembly Calcium response
Additions % Control Significance Ratio Significance
None 56 =4 — 25+20.8 —
Lysine 56+ 4 NS 28=1.1 NS
Cysteine 53%5 NS 23+04 NS
Glutathione 825 P <0.002 1.2+0.2 P <0.05
Tyrosine 59+*5 NS 25209 NS

MT assembly and Ca?* sensitivity were measured as described in Figs 1 and 2, in the
presence and absence of 10 ug/mL pBPAB with either 1 mM glutathione, 1 mM N-acetyl
L-cysteine, 1 mM N-acetyl L-lysine or 1 mM L-tyrosine. The results are expressed as mean
percentages (xSEM, N =5) of controls containing no pBPAB, in the case of MT
assembly, or as the absorbance ratio +Ca?"/—~Ca?"* in the Ca** sensitivity test. Statistical
significance of data (vs drug only) was estimated by paired Student’s t-test. NS = not
significant.
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Fig. 4. Electron microscopy of MTs polymerized in the presence and absence of pBPAB. Samples from

the experiment described in Fig. 1 were applied to carbon-coated electron microscope grids as described

in Materials and Methods. Shown are micrographs of MTs polymerized in the presence (A) and absence

(B) of 10 ug/mL pBPAB. Arrow heads indicate the amorphous aggregates that predominated in drug-
treated samples. The bar represents 50 nm.

L-histidine was found to have no effect on the
inhibition of MT assembly by pBPAB (data not
shown), indicating that a specific interaction of
pBPAB with a histidine residue on tubulin was
unlikely. However, it has been suggested that
pBPAB can interact covalently with any nucleophilic
group and, in vivo, would be expected to alkylate
thiol and amine groups of other proteins [3]. Our
results indicate that covalent binding to a highly
reduced -SH group, but not other nucleophilic

groups, is important in the inhibition of MT assembly
and alterations in the Ca*>* sensitivity of polymerized
MTs caused by pBPAB. This idea is supported by
the observation that other sulphydryl blocking
reagents such as dithionitrobenzoic acid (DTNB)
also disrupt MTs [37, 38]. Indeed, our own
preliminary data indicate that the binding of DTNB
to MT proteins is reduced in the presence of pBPAB.
Assuming that all SH blocking is caused by pBPAB
binding to tubulin, the complete inhibition of MT
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assembly correlates with the binding of approximately
4 moles of drug per mole tubulin dimer. However,
further assays with MAP-free tubulin are needed to
confirm the exact stoichiometry of tubulin—drug
binding.

It is likely that the altered Ca®* sensitivity of MTs
is caused by drug-induced conformational changes
to tubulin that reveal additional binding sitesinvolved
in protein aggregation. However, we cannot rule
out the possibility that the Ca®* interacts directly
with Br groups of tubulin-bound pBPAB. Indeed,
the observation that Ca?* induces aggregation of
MAP-free tubulin and that even greater aggregation
occurs in the presence of pPBPAB [24] is compatible
with both possibilities.

In summary, our results demonstrate that the
inhibition of MT assembly and the altered Ca?*
sensitivity of MTs induced by pBPAB occur through
similar mechanisms, involving a direct interaction of
drug with a~tubulin subunits. The observation of
these effects at or below an effective anti-
inflammatory dose may reflect the involvement of
MT disruption in the pharmacological action of this
drug. It also questions the suitability of pBPAB as
a selective inhibitor of endogenous phospholipase
A, in complex cellular systems, in agreement with
other work which shows that pBPAB affects diverse
cellular processes [5-10]. Work underway in our
laboratory indicates that pBPAB is a strong inhibitor
of cell proliferation in vitro; our present aim is to
confirm the role of tubulin modifications in this
process.

Acknowledgements—This work was supported by the
Wellcome Trust. We are grateful to Dr B. Boothroyd for
help with electron microscopy and Dr G. Piperno for
providing the 6-11B-1 antibody. We thank Professor B.K.
Park and Dr M.D. Tingle for helpful advice. We also
acknowledge the help of G.E. Cotterill and D.M. Nijs in
the preliminary assay of DTNB binding to MT protein.

REFERENCES

1. Volwerk 1J, Pieterson WA and De Haas GH, Histidine
at the active site of phospholipase A,. Biochemistry
13: 1446-1454, 1974.

2. Vallee E, Gougat J, Navarro J and Delahayes JF, Anti-
inflammatory and platelet anti-aggregant activity of
phospholipase A, inhibitors. J Pharm Pharmacol 31:
588-592, 1978.

3. Chang J, Musser JH and McGregor H, Phospholipase
A,: Function and pharmacological regulation. Biochem
Pharmacol 36: 2429-2436, 1987.

4. Bergstrand H, Lundquist B and Michelsen P, Induction
of human basophil histamine release by a novel protein
kinase C: partial characterization of secretagogue
characteristics. Eur J Haematol 41: 467-477, 1988.

5. Best L, Sener A, Mathias PC and Malaisse WIJ,
Inhibition by mepacrine and bromophenacyl bromide
of phosphoinositide hydrolysis, glucose oxidation,
calcium uptake and insulin release in rat pancreatic
cells. Biochem Pharmacol 33: 2657-2662, 1984.

6. Martin TW, Wysolmerski RB and Lagunoff D,
Phosphatidyl choline metabolism in endothelial cells:
evidence for phospolipase A and a novel Ca®'-
independent phospholipase C. Biochim Biophys Acta
917: 296-307, 1987.

7. Yamada A and Suzuki T, F. gamma 2b receptor-
mediated phagocytosis by a murine macrophage-like

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

A.J. HARGREAVES et al.

cellline (p388D1) and peritoneal resident macrophages.
Up-regulation by the inhibitors of phospholipase A,
and cyclooxygenase. J Immunol 142: 2457-2463, 1989.

. Erdos EG, Harbury CB, Painter RG, Skidgel RA and

Fa XG, Down regulation and inactivation of
neutral endopeptidase 24.11 (enkephalinase) in human
neutrophils. J Biol Chem 264: 14510-14523, 1989.

. Sandler S, Bendtzen K, Borg LA, Eizirik DL, Strandell

E and Welsh N, Studies on the mechanisms causing
inhibition of insulin secretion in rat pancreatic islets
exposed to human interleukin 1 beta indicate a
perturbation in the mitochondrial function. Endo-
crinology 124: 1492-1501, 1989.

O’Donnell KA and Howlett AC, Inhibition of adenylate
cyclase by p-bromophenacyl bromide. Biochem Phar-
macol 42: 1941-1946, 1991.

Dustin P, Microtubules. Springer-Verlag, New York,
1984.

Speight TM, Avery’s Drug Treatment; Principles and
Practice of Clinical Pharmacology and Therapeutics.
ADIS Press Ltd, Auckland, 1987.

. Bryan J, Definition of three classes of binding sites in

isolated microtubule crystals. Biochemistry 11: 2611-
2615, 1972.

Bryan J, Vinblastine and microtubules. II. Charac-
terization of two protein subunits from the isolated
crystals. J Mol Biol 66: 157-168, 1972.

WilsonL and Bryan J, Biochemical and pharmacological
properties of microtubules. Cell Mol Biol 3: 158-166,
1975.

Margolis RL and Wilson L, Addition of colchicine-
tubulin complex to microtubule ends. Mechanism of
substoichiometric poisoning. Proc Natl Acad Sci USA
74: 3446-3457, 1977.

Schiff PB and Horwitz SB, Taxol stabilizes microtubules
in mouse fibroblast cells. Proc Natl Acad Sci USA T7:
1561-1565, 1980.

Parness J, Kingston DG, Powell RG, Harrack-Singh
C and Horwitz SB, Structure-activity study of
cytotoxicity and microtubule assembly in vitro by taxol
and related taxanes. Biochem Biophys Res Commun
105: 1082-1089, 1982.

Weisenberg RC, Borisy GG and Taylor EW, The
colchicine-binding protein of mammalian brain and its
relation to microtubules. Biochemistry 7. 4466-4478,
1968.

Hill RN, Spragg RG, Wedel MK and Moser KM,
Adult respiratory distress syndrome associated with
colchicine intoxication. Ann Intern Med 83: 523-524,
1975.

Heany D, Derghazarian CB, Pintteo GF and Ali MAM,
Massive colchicine overdose: a report on the toxicity.
Am J Med Sci 271: 233-238, 1976.

Spilberg I and Berney S, Colchicine and pseudogout.
Arthritis Rheum 22: 427-428, 1979.

Spilberg I, Mandell B, Mehta J, Simchovitz L and
Rosenberg D, Mechanism of action of colchicine in
acute urate crystal-induced arthritis. J Clin Invest 64:
775-780, 1979.

Hargreaves AJ, Flaskos J, Glazier AP and McLean
WG, Inhibition by p-bromophenacyl bromide of
microtubule assembly in vitro. Biochem Soc Trans 19:
1140-1143, 1991.

Shelanski ML, Gaskin F and Cantor CR, Microtubule
assembly in the absence of added nucleotides. Proc
Natl Acad Sci USA 70: 765-768, 1973.

Gaskin F, Cantor CR and Shelanski ML, Turbidimetric
studies of the in vitro assembly and disassembly of
porcine brain neurotubules. J Mol Biol 89: 737-755,
1974.

Nishida E, Effects of solution variables on the calcium
sensitivity of the microtubule assembly system. J
Biochem 84: 507-512, 1978.



28.

29.

30.

31.

32.

33.

Microtubule disruption by p-bromophenacyl bromide

Sandoval I and Vanderkerckhove JS, A comparative
study in the in vitro polymerization of tubulin in the
presence of the microtubule-associated proteins MAP1
and tau. J Biol Chem 256: 8795-8800, 1981.

Laemmli UK, Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227: 680-685, 1970.

Towbin H, Staehelin T and Gordon J, Electrophoretic
transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: procedure and some applications.
Proc Natl Acad Sci USA 76: 43504354, 1979.
Wehland J, Willingham MC and Sandoval I, A rat
monoclonal antibody reacting specifically with the
tyrosylated form of alpha tubulin. I. Biochemical
characterization, effects on microtubule polymerization
in vitro and microtubule polymerization and organ-
ization in vivo. J Cell Biol 97: 1467-1475, 1983.
Piperno G and Fuller MT, Monoclonal antibodies
specific for an acetylated form of a-tubulin recognize
the antigen in cilia and flagella from a variety of
organisms. J Cell Biol 101: 2085-2094, 1985.
Hargreaves AJ, Dawson PJ, Butcher GW, Larkins A,

34.

35.

36.

37.

38.

1143

Goodbody KC and Lloyd CW, A monoclonal antibody
raised against cytoplasmic fibrillar bundles from carrot
cells, and its cross reaction with animal intermediate
filaments. J Cell Sci 92: 371-378, 1989.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chemn 193: 265-275, 1951.

Postingl H, Kraughs E, Little M, Kempf T, Hoffer-
Warbineck R and Ade W, Amino acid sequence of a-
and p-tubulins from pig brain: heterogeneity and
similarity to muscle proteins. Cold Spring Harb Symp
Quant Biol 46: 191-197, 1982.

Drenth J, Enzing CM, Kalk KH and Vessies JCA,
Structure of porcine pancreatic phospholipase A,.
Nature 264: 373-377, 1976.

Mellon M and Rebhun LI, Sulfthydryls and in vitro
polymerization of tubulin. J Cell Biol 70: 220-238,
1976.

Lee YC, Yaple RA, Balbridge R, Krisch M and
Himes RH, Inhibition of tubulin self-assembly by
flurodinitrobenzene. Biochim Biophys Acta 671: 71—
77, 1981.



