5438 Biochemistry1999, 38, 5438-5446

A Monoclonal Antibody toa-Tubulin: Purification of Functionally Active
a-Tubulin Isoform$

Asok Banerjee*
Department of Biochemistry, The Uersity of Texas Health Science Center, San Antonio, Texas 78284-7760
Receied July 1, 1998; Resed Manuscript Receéd February 11, 1999

ABSTRACT. Both o- andf-tubulin exist as numerous isotypic forms that originate from different primary
sequences as well as a variety of posttranslational modifications. Recent studies show that tubulin dimers
differing in the-subunit differ significantly in their subcellular distribution as well as in their functional
properties such as assembly, dynamics, conformation, and interaction with antimitotic drugs; however,
very little is known about the functional significance of the differertubulin isoforms and their
posttranslational modifications. In an effort to get a better understanding abawitthreilin isoforms, a
monoclonal antibody, AYN.6D10, was prepared against the mammadliaulin C-terminal sequence
Glu-Glu-Gly-Glu-Glu-Tyr. Using an immunoaffinity column, bovine brain tubulin was fractionated into
three functionally active,s heterodimers which were identified by immunoblotting withubulin-specific
antibodies and sequence analysis. Assembly studies in the presence of glycerol?arshiigthat one

of the fractions, that contains mainly the tyrosinated formodfi2, assembled poorly, while the
nontyrosinated form assembled normally. The results indicate that tubulin dimers differing ia-tieinlin

may differ in their functional properties. Future studies with the isoforms may yield valuable information
regarding the role ofi-tubulin and its posttranslational modifications in regulating microtubule assembly
and function in vivo.

Microtubules, the ubiquitous eukaryotic organelles, medi- o2 differ in just one amino acid, they will be grouped here
ate various cellular functions such as cell division, motility asal/2. Of these five differenét-tubulin classesg1/2 and
and transport, maintenance of cell shape, and signal trans-a4 are thea-tubulins found in the braing). It is known
duction (, 2). Tubulin, the major subunit of microtubules, thatol/2 anda4 both occur in birds3, 7, 9), suggesting
is a heterodimeric protein consisting of two related peptides that the differences among them have been conserved at least
known asa- and S-tubulin (1, 2). Both a- and S-tubulin since the divergence of the mammalian and avian lines 310
exist as multiple isoforms which differ in their primary million years ago. The strong conservation of these differ-
sequences as well as in the posttranslational modificationsences suggests that they are functionally significant. Although
(3—12). In mammalian species, about sixtubulin classes  the o-tubulin classes do not have unique C-terminal se-
are encoded by the genexul¥, Ma2, Ma3/7, Ma4, Ma6, qguences as do thg-tubulin classes, significant sequence
andoTT1 (3—12) (the prefix “M” indicates that these genes differences are found among different-tubulins. The
were originally identified in the mouse). On the other hand, C-terminal sequences for different-tubulin classes are
there are sevefi-tubulin classes, designated @&s i, S, depicted in Figure 1.

Bwa, Bb, Pv, and Py, which have unique C-terminal Tubulin undergoes posttranslational modifications that
sequencesy( 7) [for reviews on tubulin isoforms, see (3), include (a) tyrosination and detyrosinationestubulin (13,

(7), and (9)]. The polypeptidesal ando2 differ only at  14); (b) acetylation ofo-tubulin at Ly<° (15, 16); (c) loss
amino acid 232 (Gly/Ser) and are expressed mainly in the of hoth the C-terminal tyrosine and the penultimate glutamic
brain and also to some extent in other tissuel7 is aform  acid residue fromu-tubulin, resulting in the formation of
that is encoded by two different genes3 and o7, which A2 tubulitt (17); (d) polyglutamylation of botha- and
are expressed only in the testest is unique in the sense  g-tubulin, in which glutamic acid residues are added laterally
that it lacks the coded C-terminal tyrosine residue, and is through ay-carboxyl of a glutamic acid at the C-terminal
expressed constitutively in many tissues but mainly in the region through an isopeptide linkage8t20); (e) polygly-

brain, muscle, and heat;T'T1 is found only in the testes  cylation of botha- andg-tubulin (21); and (f) phosphoryl-
(6); a6 is expressed in the liver and stomach. Sindeand ation of thefy, isoform @R2—24).

To understand the roles each tubulin isoform can play in
T This work was supported by Grants CA 59711 to A.B. and CA play

26376 to Richard F. Luddenfrom the National Cancer Institute, ~ViV0 it would be necessary to purify an isoform in the
National Institutes of Health, and by Grant DAMD17 from the U.S. functionally active form. Thus, we have generated mono-
Army to A.B. clonal antibodies specific for th&,, S, andj, isoforms
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431 445 451 tidase A and the mouse monoclonal antibody to tyrosinated
\ \ \ tubulin (clone TUB.1A2) were obtained from Sigma. The
al/2. KDYEEVGVDSVEGEGEEEGEEY-COOH polyclonal antibody to Glu tubulin was a kind gift from Drs.

J. C. Bulinski and G. G. Gunderson, Columbia University,

3/7  KDYEEVGVDSVEAEAEEGEEY-COOH NN .
¢ New York, NY. HRP-labeled antibodies were obtained from

od KDYEEVGIDSYEDEDEGEE-COOH Pierce. The chemiluminescent substrate (Enhanced NuGlow)
for immunoblot development was obtained from Alpha
o6 KDYEEVGADSAEGDDEGEEY-COOH Diagnostic Intl. Inc., San Antonio, TX.
Coupling of the Antigen with the Carrier ProteiThe

oTTl  KGYEEVGMGSVEAEGEEEDRNT- : :
-SCCIMFSSSIGNR-COOH peptide was coupled to KLH or BSA according to the

Ficure 1: C-terminal sequences for the mammaliariubulin |nstructlons_ prO\_llded by Fhe manuf(_:lcturer. Three_mllllgrams
classes. The sequences from residue 430 through the C-termini ar@f the peptide dissolved in 44 of dimethyl sulfoxide was
shown. The glutamic acid residue at 445 (indicated by an arrow) incubated with 30@L of maleimide-activated BSA or KLH
is the residue that is the site of posttranslational polyglutamylation. (10 mg/mL) at the room temperature for 2 h. The mixture
The sequence differences among different classes are underlinedy, a5 diluted to 3 mL and then dialyzed for 14 h against sterile

iTshifn %gtl'ggé'g ﬁeetﬁelighce used for making the antibody AYN.6D10 PBS using sterile dialysis tubing. The peptide was stored in
aliquots at—20 °C.

purified in functionally active forms27). The studies with Immunization of Mice and Preparation of the Monoclonal
purified B-tubulin isoforms reveal that they differ signifi- Antibody. Two female balb/c mice (4 weeks old) were
cantly in drug binding28—30), drug-induced conformational  injected initially with the KLH-peptide (approximately 100
changes 1), assembly 27), and in the dynamics of the 1g) in Freund’s complgt_e ac_ijuvan.t. After 2 Week's, the mice
microtubules they form32). Although ample evidence has réceived a second injection with Freund’s incomplete
accumulated to demonstrate that theubulin isoforms ~ adjuvant. After 10 days, the mice were bled through the tail,
indeed differ in their functional properties, no such informa- @nd the sera were checked for antibody fiter in an ELISA
tion is available omu-tubulin. One major reason may be that USing bovine brain PE€tubulin. None of the mice exhibited

it has not been possible to make a monoclonal antibody POSitive. After 10 days, the mice were injected with peptide
specific for anyo-tubulin class. Thus, this project was BSA in the incomplete adjuvant. After 10 days, the mice
initiated to generate monoclonal antibodies specific for Were bled, and the antibody titer was checked. Both mice
different a-tubulin classes. | have generated a monoclonal exhibited significant titer even at a serum dll_utlon of_1:5000.
antibody by using a synthetic peptide corresponding to the After 10 days_, one of the_ mice was injected intraperitoneally
C-terminal hexapeptide (EEGEEY) of most-tubulins with the peptldeB_SA without adjuvant. After 3 days, the
(Figure 1). By using the immunoaffinity column, bovine Mouse was sacrificed, and the spleen was removed. The

brain tubulin was fractionated into four fractions according SPleen cells were fused with SP2/0 myeloma cells in the
to the nature of their-subunit. In vitro assembly studies Presence of 50% PEG 1500. After the fusion, the cells were

were carried out to study the functional differences among diluted in 200 mL of HAT selection medium containing 20%

different a-tubulin fractions. fetal bovine serum, and were subsequently plated in 20, 96-
well culture plates and kept in a humidified g@cubator
EXPERIMENTAL PROCEDURES for 1 week. The colonies started appearing after 1 week. The
colonies were checked for antibody titer in ELISA assay with
Materials. The C-terminal peptide for thex-tubulin PC—tubulin. Out of 1920 fusion wells, only 278 had colonies

isoform NH-Cys-Glu-Glu-Gly-Glu-Glu-Tyr-COOH was cus-  in them while only 7 showed positive against brain tubulin.
tom-synthesized by Genosys Biotechnologies, Inc., Wood- These seven clones were single-cell-cloned on gamma-ray-
lands, TX. The cysteine residue at the Nidrminal is irradiated rat thymocytes. Out of these seven antibodies, four
required for coupling the peptide with the carrier protein. were of IgM type, one was IgGand two were 1gG, One
Freund’s adjuvants, maleimide-activated KLH, or BSA was clone (AYN.6D10) was grown up in roller bottles, and the
obtained from Pierce. Poly(ethylene glycol) (PEG 1500) was monoclonal antibody was purified on a protein-Agarose
obtained from Boehringer-Mannheim. Fetal bovine serum column. Isotyping shows that the antibody is an gkBaving
was from Atlanta Biologicals (Norcross, GA). Carboxypep- both light chains of the-type.
Preparation of the E. coli Fusion Proteins Containing the

! Abbreviations: a3/7 =Y, a3/7 tubulin lacking the tyrosine residue C'Te'_'m'na_l Seq_uence of EaOhTUbu“n Class The fusion
at the C-terminusy4 +Y, a4 tubulin with an additional tyrosine residue ~ proteins (kind gifts from Drs. Nicholas J. Cowan and Sally
at the C-terminus; BSA, bovine serum albumin; buffer A, 0.1 MMES- | ewis, New York University Medical Center, New York,

Na, pH 6.4, 1 mM EGTA, 0.1 mM EDTA, 0.5 mM Mggland 1 mM : .
GTP; EDTA, ethylenediaminetetraacetai, tubulin,a-tubulin lacking NY) were made by fusing thE. coli tryptophan synthetase

the C-terminal tyrosine and glutamic acid residues: EGTA, ethylene 9€ne (trp E) with the cDNA sequence corresponding to the

glycol bis(3-aminoethyl etherN,N,N',N'-tetraacetate; ELISA, enzyme-  C-terminal portion of eachi-tubulin (33). For theo-tubulin

g”ked .im?“unos.orbem.dassay? %'“h.t“ﬁu”“f't“bu”“ 'ellckindg rt]he classesx1/2,03/7,a3/7 —Y, anda6, the C-terminal portion
-terminal tyrosine residue; HPLC, high-performance liquid chroma- . ) . .

tography; HRP, horseradish peroxidase; KLH, keyhole limpet hemocya- included res-ldut-a 254 10 the-C-termlnaI end; éot an.da4

nin; MES, 2-N-morpholino)ethanesulfonic acid; PC-tubulin, tubulin ~ +Y, the portion included residue 168 to the C-terminal end.

purified by phosphocellulose chromatography; PBSTT, phosphate- Thus, the fusion proteins fax4 ando4 +Y are larger in

buffered saline containing 0.02% thimerosal and 0.1% Tween-20; ; _ i i
SDS-PAGE, polyacrylamide gel electrophoresis in the presence of size as compared to the others. The C-terminal tyrosine

sodium dodecyl sulfate; TFA, trifluoroacetic acid; Tyr tubutiatubulin residue was added w4 by site-directed mutagenesis of a
having a tyrosine residue at the C-terminus. termination codon to one that codes for a tyrosine residue.
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Similarly, the C-terminal tyrosine residue was removed from Laemmli sample buffer and were run on preparative SDS
the a.3/7 sequence to form th@3/7 —Y sequence. gels (using SDS from Sigm&j6%, 5 mm thick) to separate
Preparation of TubulinMicrotubules were purified from o~ andg-tubulin. About 50Qug of tubulin samples was run
bovine brain cortex by a cycle of assembly and disassembly,at a time. After the electrophoresis, the tubulin bands were
and tubulin was purified from microtubules by phosphocel- visualized either by staining and destaining or by immersing
lulose chromatography as described elsewh&4. (All the gel in ice-cal 4 M sodium acetate. The protein bands
purifications were carried out in buffer A that contains 0.1 were cut out and were taken in glass tubesx10cm), and
M MES-Na, pH 6.4, 1 mM EGTA, 0.1 mM EDTA, 0.5 mM  the protein was electro-eluted according to Rushbr@dk (
MgCl,, and 1 mM GTP. using a vertical tube gel apparatus. Elution was carried out
Preparation ofo-Tubulin Fractions for Functional Studies.  at room temperature for 14 h at a constant current of 10 mA
Tubulin fractions obtained from the immunoaffinity column  per tube using Laemmli running buffer, and the eluted protein
were identified by a Bradford protein assay, pooled sepa- was collected in dialysis tubing. The protein was precipitated
rately, and concentrated on Amicon ultrafiltration unit. The with 10 volumes of superchilled acidified acetone (acetone:1
fractions were dialyzed against buffer A to remove NaCl, N HCI, 40:1, v/v) to remove the SDS, dissolved in 0.1 M
were concentrated by overnight (14 h) dialysis in buffer A Tris HCI (pH 9.0). This cycle was repeated twice, and finally
containing 8 M glycerol, and were stored frozen in aliquots the protein was dialyzed in the above buffer for sequencing.
at —80 °C in buffer A (0.1 M MES-Na, pH 6.4, 1 mM Sequence AnalysiBrotein samples in 0.1 M Tris-HCI (pH
EGTA, 0.1 mM EDTA, 0.5 mM MgC}, and 1 mM GTP) 9.2) were digested with endoproteinase Lys-C g47mL)
containirg 8 M glycerol. Glycerol was removed before each at room temperature for 14 h. The enzyme cleaves at the
experiment by repeated dilution and centrifugation using C-terminal peptide bond of each lysine residue. Bewu-
Centricon 30 membrane filtration units. bulin, the cleavage at the lysine residue (tsis readily
Preparation of the Immunoaffinity Colummhe antibody achieved, leaving 1821 amino acid long C-terminal pep-
AYN.6D10 was coupled to CNBr-activated Sepharose ac- tides @38). Fifteen micrograms of the tubulin digest was
cording to the instructions provided by Pharmacia for CNBr- subjected to reversed-phase HPLC on an Applied Biosystems
activated Sepharose 4B as described in Banerjee e@5l. ( ABI 130 HPLC using a Phenomenex Atlantis C18 column
About 63 mg of antibody was incubated with 10 g of CNBr (50 x 2 mm). Solvent A was 0.1% TFA in water; solvent B
Sepharose 4B at4C for 12—-16 h with gentle shaking. The was 0.085% TFA in 70% acetonitrile in water. The chro-
unoccupied sites were blocked by overnight incubation with matography was performed using a gradient ef60%
1.0 M ethanolamine hydrochloride (pH 9.0). The resin was solvent B in 60 min at a flow rate of 0.5 mL/min. The peaks
subsequently subjected to three cycles of alternating pH containing the C-terminal fragments were identified by
washes (sodium acetate buffer, pH 4.0, and Tris-HCI buffer, sequence analysis. Sequencing was performed on an Applied
pH 8.0). The resin was finally resuspended in 0.1 M MES Biosystems 477 A protein sequencer by the automated
buffer (pH 6.4) and was stored with 0.02% sodium azide. Edman degradation method using aryl-covalent membrane
Gel Electrophoresis and ImmunoblottinGel electro- (Millipore). PTH-amino acids were separated using ABI 120
phoresis was carried out in polyacrylamide gels (10 cm long) HPLC.
in the presence of sodium dodecyl sulfate according to Other MethodsMicrotubule assembly and enzyme-linked
Laemmli 35). Tubulin samples were reduced and carboxy- immunoassays (ELISA) were performed as described in
methylated 86) prior to the run. Protein bands from the gels Banerjee et al. 25). Protein measurements were done
were transferred onto a nitrocellulose membrane using a BIO-according to Lowry et al.39). For column-eluted fractions,
RAD Trans-Blot cell as described elsewher25)( For protein was measured according to the dye-binding method
immunoblotting, the nitrocellulose blots were blocked in 5% of Bradford @0).
Carnation nonfat milk and 0.1% BSA in PBSTT buffer for
2 h, incubated with the primary antibody for 1 h, and washed RESULTS

3 times with PBSTT with mild shaking. The blots were  cparacterization of the Monoclonal Antibody AYN.6D10
incubated with HRP-antibody fa 1 h followed by 3 washes  ,y mmunoblot AnalysisThe antibody was tested against
with PBSTT. The blots were developed using chemilumi- pacterial fusion proteins corresponding to the C-terminal
nescent substrate and were exposed immediately for 5 MiNsequences of different-tubulin classes by SDSPAGE and
on KODAK X-Omat AR film. _ _ immunoblotting. As shown in Figure 2, the antibody
Preparation of Mouse Polyclonal Antiserumad Tubulin. recognizedr1/2,a3/7,a6, andad +Y. The a-tubulin classes
Mouse polyclonal antiserum w4 tubulin was prepared by that were not recognized by the antibody areMand
repeatedly immunizing 34 week old female balb/c mice  \143/7 —y, both of which lack the C-terminal tyrosine. In
with a synthetic peptide, lle-Asp-Ser-Tyr-Glu-Asp-Glu, cor- g attempt to study whether the C-terminal tyrosine is the
responding to thei4 tubulin sequence (amino acid reS|due_s epitope for the antibody, a detyrosination experiment was
437—443). Each mouse was injected subcutaneously with herformed. For this, the fusion proteins were subjected to
about 10Qug of the BSA-conjugated peptide in PBS buffer sps pAGE as before, and the gel was transferred onto a
along with the Freund’s adjuvants. After fourimmunizations, ptrocellulose membrane. The blot was subsequently treated
the mice were bled through their tails and the sera were i carboxypeptidase A (4g/mL, 2 h) to remove the

collected. . _ . C-terminal tyrosine from the fusion proteins and was
Preparation ofo-Tubulin for Sequencing Studie$he

details of the steps leading to sequence analysis are outlined For unknown reason, the SDS purchased from Sigma Chemical

in Figure 7. The protein samples (without carboxymethyla- ¢ _gives the best separation @f and -tubulin bands for samples
tion) were boiled for 5 min with an equal volume ok2 which were not reduced and carboxymethylated.
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A H PC-Tubulin
12 3 456 123 456
1 Anti-a 6D10
Column
Bound Unbound
. Fraction A
i i — Non-tyrosinated Ma.1/2
L_J
e R == 0-1M NaCl
s v Gradient Fraction B
- Peak 1 Non-tyrosinated
Mal/2 + Mod)
- - —
—
L l Peak II Fraction C
i (Tyrosinated Ma1/2)
Ficure 2: Specificity of monoclonal antibody AYN.6D1&. coli 3MKI Fraction D
extracts containing trp E fusion proteins corresponding to the Bound (Tyrosinated Ma4)

C-terminal portion of Mc1/2 (lane 1), Mx3/7 (lane 2), Mx3/7 —Y

(lane 3), Mu4 (lane 4), Mx4 +Y (lane 5), and M6 (lane 6) were
subjected to SDSPAGE (8%). An identical gel was transferred
onto a nitrocellulose membrane and was processed for immunob-

FiGUurRe 3: Schematic outline for the purification of tletubulin

isoforms.

lotting using AYN.6D10 as the primary antibody (1:10 000 dilu- 020 " 0-1 M NaCl Gradient
tion), HRP-labeled secondary antibody, and an enhanced chemi- - A B
luminescent substrate. Panel A: Coomassie blue stained gel. Panel T oISt | J/ E
B: blot. Notice that the antibody did not react with the fusion = L 5
proteins that lacked a C-terminal Tyr residue. Minor bands in the = , i
blot are due to the degradation of fusion proteins in the bacterial = 0.10 B . 3MKI
extract, which is almost unavoidable. ‘S c $

S oosf © o ;1A D
subsequently tested by immunoblotting. The results showed A S N S
that none of the lanes were recognized by the antibody (data 0.00 et
not shown). When the same blot was treated with the anti- 0 25 50 75 100 125 150
Glu tubulin antibody, all the lanes were lighted up. Thus, Fraction Number

the results of the immunoblot analysis showed that the
monoclonal antibody AYN.6D10 recognizes all tir¢ubulin
classes with a C-terminal tyrosine residue and that the
antibody recognition is abolished upon removal of the
C-terminal tyrosine by digestion with carboxypeptidase A.
Chromatography of Bene Brain Tubulin on the Antibody
Sepharose Columrn an effort to test the tubulin-binding
property of the immunoaffinity column, P&ubulin was
fractionated on the column as outlined in Figure 3. After
the elution of the unbound fraction (fraction A), the column
was washed well with the buffer. The column was then eluted
with a linear salt gradient of-81 M NaCl. As shown in

FiIGURE 4: Fractionation of bovine brain tubulin on an immunoaf-
finity column containing the monoclonal antibody AYN.6D10.
Bovine brain PC-tubulin (7 mg) was passed through the antibedy
Sepharose column (15 mL, containing 30 mg of antibody)
equilibrated in buffer A, and the unbound fraction was collected
(each fraction was 1.5 mL). The column was subsequently washed
with 50 mL of the same buffer, and the bound fraction was first
eluted with a linear salt gradient of-@ M NaCl. Protein was
determined in all the fractions by a Bradford protein assay. Notice
that the bound fraction eluted as two peaks (B and C). The two
peaks were pooled separately. After the elution of B and C, the
remaining bound fraction was eluted wi8 M Kl in buffer A.

A polyclonal antiserum against4 was used to test the

Figure 4, the bound protein was eluted as two well-separatedpresence ofi4 in those fractions. The presencecof was

peaks, fractions B (peak I) and C (peak Il). After this gradient
elution, the column was finally eluted wit3 M KI to get

checked by SDSPAGE and subsequent immunoblotting
analysis with mouse polyclonal antié4 antiserum. The result

the remaining bound protein (fraction D). The relative yields (Figure 5) shows that the NaCl-eluted fraction B and the
for the fractions were calculated from the area under the Kl-eluted fraction D light up with the antix4 antiserum,
peaks from Figure 4. Thus, the relative amounts are found while the unbound fraction A and the NaCl-eluted fraction
to be 50.2%, 29.4%, 14.1%, and 6.3% for fractions A, B, C, C do not. These data clearly indicate that fractions A and C
and D, respectively. To test the functional activity, the tubulin are completely depleted of4 and thus contain mainky1/
fractions (except the Ki-eluted fraction D) were dialyzed to 2.

remove the salt, were concentrated by overnight dialysis in  Determination of the Posttranslational Modifications in
buffer A containirg 8 M glycerol, and were stored in aliquots  q-Tubulin in the IsoformsSince the antibody AYN.6D10
at—80 °C. was found to react only with the tyrosinated forms of the
Determination ofad4 Content in the Isoform Fractions. a-tubulin classes, it was interesting to see whether the four
Since bovine brairo-tubulin contains onlyal/2 and a4 fractions obtained by immunoaffinity column chromatogra-
isoforms, it was necessary to see whether diffesetutbulin phy differ in their tyrosination states. To determine the
isoform fractions differ in the composition of1/2 ando4. tyrosination state of tubulin, immunoblot analysis was



5442 Biochemistry, Vol. 38, No. 17, 1999 Banerjee

1 23435 1 23 45

[h— - — — I— TS W T
f< o o S B e o -— - -
= - -

- =]
123 435

FiIGURE 5: Immunoblot analysis of the tubulin isoforms with anti- FIGURE 6: SDS-PAGE and immunoblot analysis of the tubulin
o4 antiserum. PEtubulin was passed through the immunoaffinity ~fractions obtained by immunoaffinity chromatography on the
column as described for Figure 3. After collection of the unbound antibody column. Reduced and carboxymethylated tubulin samples
fraction and subsequent NaCl elution, the remaining bound fraction were analyzed by SDSPAGE (6%) and immunoblotting with
was eluted wit 3 M KI. All the fractions were subsequently reduced antibodies to tyrosinated and nontyrosinated tubulin. Top panel,
and carboxymethylated. The samples were subsequently analyzedCcoomassie blue stained gel; middle and bottom panels, immunoblots
by SDS-PAGE (6%) and immunoblotting with the antidv developed with an enhanced chemiluminescent substrate. The
antiserum using an enhanced chemiluminescent substrate. Uppeprimary antibodies are middle panel, AYN.6D10; bottom panel,
panel, Coomassie-stained gel; lower panel, immunoblot. SamplesTUB.1A2 (antityrosinated tubulin). The samples in each lane are
in each lane are as follows: lane 1, P@bulin; lane 2, unbound as follows: lane 1, P€tubulin; lane 2, unbound fraction A; lane
(fraction A); lane 3, fraction B; lane 4, fraction C; and lane 5, 3, NaCl-eluted fraction B; lane 4, NaCl-eluted fraction C; lane 5,
fraction D. 2.5ug of each sample was loaded in each lane. Note Kl-eluted fraction D. 2.5ug of each fraction was loaded in each
that the antiee4 antibody recognizes lanes 1, 3, and 5 only, which lane.
indicates that M4 tubulin is absent in fractions A and C.

oa—Tubulin isoforms

performed with the monoclonal antibody AYN.6D10 and
also with the antibody to tyrosinated tubulin. The results

(Figure 6) show that the antibody AYN.6D10 recognized Boiled with Laemmli Sample Buffer
thea-tubulin bands in unfractionated tubulin, and in fractions

C and D. No staining was visible for tletubulin bands in Separation of a and B tubulin
fractions A and B. None of thes-tubulin bands were By SDS-PAGE
recognized by the antibody. These results indicate that the ¢

a-tubulin present in the unbound fraction A and in the NaCl- Elution of a~tubulin from the gel

eluted fraction B is not tyrosinated. Similar results were also v
obtained when the immunoblotting was done with the
monoclonal antibody TUB.1A2 (Sigma) which is specific

Digestion with endoproteinase Lys-C

for tyrosinated tubulin (Figure 6). It should be mentioned v

here that, although the antibody is specific for tyrosinated Purification of the COOH-terminal peptide
tubulin, fraction B that contains the detyrosinated tubulin by HPLC

can still bind to the immunoaffinity column. This is probably $

due to the_ nonspecjfic int_eraction caused by a very high Sequencing by
concentration of antibody in the column (above 3 mg/mL). Edmann degradation

This wil be_ dlscuss_ed Iaf[er “T‘der DISCUSS'_OH' . FIGURE 7: Schematic outline for the analysis of different tubulin
Sequencing Studie$o identify thea-tubulin classes in  fractions.

the above fractions, sequence analysis was performed. The

details of the procedures leading to sequence analysis are o ) )
outlined in Figure 7. The-tubulin bands were cut out from ~ completely. As shown in Figure 8, the C-terminal peptides

SDS gels and were isolated by electro-elution. &kebulin were eluted at 3035 min. The unbound fraction (fraction
isolated from the above fractions was digested with endopro-A) showed the two peaks ‘a’ and ‘b’ which eluted at around
teinase Lys-C (which cleaves at the C-terminal of each lysine 30—32 min (Figure 8, panel A). Edman degradation of peak
residue), and the fragments were separated by reversed-phas@’ gave the sequence DYEEVGVDSVEGEGEEEGEE,
HPLC on a C-18 column. All the fractions were partially which matches exactly with the C-terminal sequence bf
sequenced (up to five residues from the Aterminal) to 2, while peak ‘b’ gave the sequence DVNAAIATIGE"3%),
identify the C-terminal fragment, which was sequenced which is also specific forl/2. It should be mentioned here
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0.011 a: DYEEVGVDSVEGEGEEEGEE
b: DVNAAIATIK
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0.0
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k b: DVNAAIAAIK
0.0
0
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Retention Time (min)

Ficure 8: HPLC separation ofi-tubulin peptides obtained by
digesting tubulin fractions with endoproteinase Lys-C. Four tubulin
fractions, A, B, C, and D, obtained by fractionating bovine brain
tubulin on an AYN.6D10 immunoaffinity column, were subjected
to SDS-PAGE on preparative gels, and thetubulin bands were

cut out and electro-eluted as described under Experimental Proce
dures. Isolatedo-tubulin samples (1Qug) were digested with
endoproteinase Lys-C (dag/mL) in 0.1 M Tris-HCI (pH 9.2) for

14 h. The tubulin digests were subjected to HPLC using a C-18
column. The C-terminal peptides were identified by sequence

10 30 60

analysis using the automated Edman degradation method. Pane

A, unbound fraction (fraction A); panel B, NaCl-eluted peak |
(fraction B); panel C, NaCl-eluted peak Il (fraction C); panel D,
Kl-eluted fraction (fraction D). The sequences are shown for
peptides that are labeled with the letters ‘a’, ‘b’, and ‘c’ in each
panel.

that the signals for the amino acid residues “S|uGIu*49,
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between peaks ‘a’ and ‘b’. Sequence analysis showed that
peak ‘a’ is DYEEVGVDSVEGEGEEEGEE, which matches
the C-terminal sequence afl/2, and peak ‘b’ was found to
be DVNAAIATIK, which is also specific for1/2. Peak ‘c’,
which was not found in the unbound fraction A, was found
to be a mixture of two peptides: DYEEVGIDSYEDEDE-
GEE and DVNAAIAAIK; the former matches the C-terminal
sequence ob4, and the latter matches thet sequence
(03277339 (01/2 differs froma4 in the amino acid residue at
333, which is a threonine in1l/2 and an alanine in4). In

this context, it should be mentioned that in the sequencing
chromatogram signals for 2 amino acid residues were
obtained for each of the first 10 cycles. The amino acid
residues obtained for the first 10 cycles are: D, Y/V, E/N,
E/A, VIA, G/1, IIA, DIA, S/l, YIK. Only a single sequence
was obtained for each of cycles 120. The amino acid
sequence obtained from the 11th through the 18th cycle is
EDEDEGEE, which is the C-terminal sequenceodf. No
other combination matched with any known tubulin se-
guence. Thus, fraction B seems to be a mixture of the
nontyrosinated forms aitl/2 anda4. In this case also, the
sequencing chromatogram exhibited significantly low signals
for the underlined residues.

In the case of the NaCl-eluted fraction C, the two closely
positioned peaks ‘a’ and ‘b’ were obtained (Figure 8C). In
this case, peak ‘a’ eluted slightly more slowly than peak ‘a’
in fractions A and B. This peak ‘a’ was found to have the
sequence DYEEVGVDSVEGEGEEEGEEY while peak ‘b’
had the sequence DVNAAIATIK, which are both specific
for al/2. No sequence corresponding ad tubulin was
detected by Edman degradation. Thus, fraction C is es-
sentially the tyrosinated form af1/2. Again, like the other
fractions, the sequencing chromatogram exhibited signifi-
cantly lower signals for the underlined residues.

In the case of the Kl-eluted fraction (fraction D), four
peaks were obtained. In addition to the two peaks ‘a’ and
‘b’ (Figure 8D), other minor peaks were observed corre-
sponding to peaks ‘a’, ‘b’, and ‘¢’ in fractions A and B. Two
major peaks, ‘a’ and ‘b’, were sequenced. Peak ‘a’ gave the
'sequence DYEEVGIDSYEDEDEGEEY, which corresponds
to the C-terminal sequence of the tyrosinated fornodf
tubulin. Peak ‘b’ gave the sequence DVNAAIAAIK, which
also matches the4 sequenceof?’-3%9). Thus, this fraction
Is predominantly the tyrosinated form of4, although it
contains minor amounts of fragments which appear to
correspond to the nontyrosinated formsodf/2 ando4.

Colchicine-Binding Actiity of the Tubulin FractionsOne
of the major functional properties of tubulin is to bind the
antimitotic alkaloid colchicine, 2). The binding is slow
but stable, and is associated with an increase in drug

and GIyf* (underlined residues in the above sequence) weref|,orescence which can be used to monitor the bindi.
significantly low. This will be discussed later. Thus, the The apility of tubulin to bind colchicine is very sensitive to
unbound fraction seems to be a mixture of the nontyrosinatedine native structure of tubulin, and the binding activity decays

forms (that may also include th&2 form) of a1/2 (the term
“non-tyrosinated” is designated for its reactivity with anti-
tyrosinated tubulin antibody). All the other peaks were also

with a half-life of about 46 h at 37°C (2, 41). To test
whether fractions A, B, and C retain their native structures,
the colchicine-binding pattern was studied. For this, the

partially sequenced, and no other peak was found to containpy|in fractions (2:M) were incubated with colchicine (100

the sequence corresponding to the C-terminal peptide.

In the case of fraction B, three peaks, ‘a’, ‘b’, and ‘c’,
were obtained in this region (Figure 8B). The positions of
peaks ‘a’ and ‘b’ were identical to those of peaks ‘a’ and
‘b’ in fraction A. In this case, a new peak, peak ‘c’, eluted

uM) at 37 °C for 1 h, and the increase in fluorescence
emission was recorded at 437 nm upon excitation of the
samples at 380 nm. The amount of bound colchicine was
calculated from the fluorescence values for theul
tubulin—colchicine complex as described befo&8)( The
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Ficure 9: Assembly ofa-tubulin isoforms in the presence of - - an D o
glycerol and magnesium. Aliquots of tubulin fractions (1 mg/mL)
in buffer A containing 16 mM MgGl and 4 M glycerol were
incubated at 37C, and the assembly was studied by monitoring
the turbidity of the samples at 350 nm. Different curves are as
follows: curve 1, PC-tubulin; curve 2, fraction A; curve 3, fraction
B; curve 4, fraction C. 1 2 3 4 5 6

Ficure 10: Coassembly of fraction C along with fraction A.
Aliquots of fraction A (1 mg/mL) in buffer A containing 16 mM
MgCl, and 4 M glycerol were incubated in the presence of different
concentrations (80.25 mg/mL) of fraction C at 37C for 30 min.

Table 1: Functional Properties of the Different Tubulin Fractions
Eluting from the AYN.6D10 Immuonoaffinity Column

tubulin  elution from tyrosination a-tubulin colchicine Th . bul leted b if . 5004
fractions  column status class  binding assembly e microtubules were pelleted by centrifugation on a 50% sucrose
- - cushion in an airfuge. The pellets were resuspended in Laemmli
fraction A unbound = nontyrosinated1/2  normal  normal sample buffer and boiled for 5 min before being subjected to-SDS
fract!on B NaCl peak | nont)_/r05|nated1/2,a4 normal poor PAGE on 6.5% polyacrylamide gels (upper panel). An identical
fraction C NaCl peak Il tyrosinated «l1/2 normal poor

gel was processed for immunoblotting with the monoclonal antibody
AYN.6D10 (lower panel). Since the antibody recognizes fraction
C only and not fraction A, the blot demonstrates the ability of
fraction C to copolymerize with fraction A. The amount of tubulin
loaded in each lane isfg. Fraction C concentrations are: lane 1,
0; lane 2, 0.05 mg/mL; lane 3, 0.10 mg/mL; lane 4, 0.15 mg/mL;
lane 5, 0.20 mg/mL; and lane 6, 0.25 mg/mL.

fraction D 3 MKI tyrosinated o4 not tested not tested

amounts of bound colchicine were 0.820.12, 0.8+ 0.15,
0.854 0.11, and 0.88: 0.12 (moles of colchicine per mole
of tubulin dimer) for PC-tubulin, fraction A, fraction B,
and fraction C, respectively. The data indicate that the tubulin
fractions A, B, and C are functionally active with regard to
their colchicine-binding activity.

Assembly ofi-Tubulin Isoforms in the Presence of kg
PC—tubulin is known to assemble in the presence of high
Mg?t and glycerol to form polymers resembling normal
microtubules 42). The isoforms were tested for their

easy to detect the amount of fraction C copolymerized in
the pellets. The results show that the amounts of fraction C
coassembled with unbound fraction A increased in a
concentration-dependent manner (Figure 10). This indicates
that although fraction C is unable to assemble by itself, it
can copolymerize along with fraction A. That the pelleting
assembly activity at a single tubulin concentration in the of peak C protein was not due to a concentration-dependent
presence of Mg and glycerol. As shown in the figure, the  aggregation of tubulin in the pellet was confirmed in a control
rate and the extent of assembly for the unbound fraction A experiment, in which fraction C (at the highest concentration
are little hlgher than those of the unfractionated-R@bulin used for the Coassemb|y experiment) was incubated in an

(Figure 9). This small but reproducible increase in assembly jdentical manner in the absence of fraction A and was
for fraction A has always been observed. On the other hand, centrifuged. No pellet was obtained, indicating that the

fractions B and C assembled poorly. The extent of assembly coassembly of fraction C is not likely due to the concentra-
for fractions B and C is found to be about-20% as tion-dependent aggregation of tubulin.

compared to that of unfractionated tubulin. The details of

the characterization of different tubulin fractions including DISCUSSION

their functional properties are summarized in Table 1.

Copolymerization of Fraction C with the Unbound Frac- ~ The results of the immunoblot analysis of different
tion. In an effort to study whether the tubulin from fraction ~@-tubulin fusion proteins show that the monoclonal antibody
C is capable of assembly, a copolymerization experiment AYN.6D10 recognizes most of the mammaliartubulin
was performed. Here, the unbound fraction was incubatedclasses containing a C-terminal tyrosine residue and that
with increasing concentrations of fraction C in the presence antibody recognition is lost upon removal of the C-terminal
of glycerol and magnesium for 30 min, and the microtubules tyrosine by digestion with carboxypeptidase A. The antibody

were pelleted on a glycerol cushion at 120@6r 5 min in

showed no reactivity with3-tubulin. Thus, the antibody

an airfuge. The assembled microtubules were resuspended@ppears to be another anti-tyrosinated tubulin antibody.

boiled with Laemmli sample buffer, and analyzed by SDS
PAGE followed by immunoblotting with the monoclonal
antibody AYN.6D10. By virtue of the fact that the antibody
recognizes fraction C but not the unbound fraction A, it was

Immunoaffinity fractionation of bovine brain tubulin on
the AYN.6D10 column yielded four tubulin fractions des-
ignated A, B, C, and D, where A is the unbound fraction, B
and C are the fractions that eluted with a linear salt gradient,



Separation of the-Tubulin Isoforms

and D is the fraction that was eluted wi8 M Kl after the
elution of B and C. Immunoblot analysis of the fractions
with mouse anti-M4 polyclonal antiserum shows that the
NaCl-eluted fraction B and the Kl-eluted fraction D contain
a4 tubulin, while the unbound fraction A and the NaCl-eluted
fraction C do not. Immunoblot results with the antibodies to
tyrosinated and nontyrosinated tubulin show that fractions
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the specificity of an antibody is determined by Western
blotting where the antibody is used at a very high dilution
(1/5000 in this case). In contrast, the concentration of
antibody in the column is-25 mg/mL, which is about 2000-

fold higher than the concentration used for Western blotting.
Due to this high concentration of the antibody in the
immunoaffinity column, a very weak nonspecific affinity for

A and B are nontyrosinated whereas fractions C and D aredetyrosinated tubulin is observed. Thus, although the epitope

tyrosinated.

for the antibody is the C-terminal tyrosine residue, other

Reversed-phase HPLC profile of the endoproteinase Lys-Cfactors, such as posttranslational polyglutamylation and/or

digest clearly shows that the unbound fraction A contains
two sequences which are both specific édt/2. No other

polyglycylation, that may affect the conformation at the
C-terminal region, may also be responsible for the affinity

sequence was found to contain either the C-terminal peptidedifferences. Although it is not clear yet, it seems that the

or any other peptide correspondingad tubulin. Immuno-
blot analysis shows that this fraction reacts only with the
monoclonal antibody to nontyrosinated tubulin but not at all
with the antibodies to tyrosinated tubulin. Thus, fraction A
is essentially the nontyrosinated formsodf/2 tubulin, that
include both the Glu form as well as th? form. At this
time it is not clear about the contribution of tA form in
this fraction; however, the low signal for the Gilin the
sequencing chromatogram may indicate that fraction A may
be enriched in the\2 form of a1/2. Sequence analysis of
fraction B shows that it is a mixture of the nontyrosinated
forms of a1/2 ando4. The presence af4 in this fraction
was also confirmed by immunoblotting with antiserum
specific fora4 tubulin. It is not known whether this fraction
contains anyA2 tubulin. The analysis of fraction C exhibited
two sequences, which are both specific édr/2. Immuno-
blotting with antiserum specific fan4 tubulin also confirmed
that this fraction is depleted @f4. Thus, fraction C seems
to be primarily the tyrosinated form of1/2 tubulin. Fraction
D seems to contain mainly the tyrosinated formsoef
tubulin. However, it is not clear whether it containgl
exclusively. Immunoblot results also indicate this. Since this
fraction is not functionally active, no further analysis was
performed.

It should be mentioned here that the sequencing chro-
matogram exhibited significantly low signals for some of

the amino acid residues in the C-terminal sequences. These

residues include the glutamic acid residues“S|uGIu*,
Glu**, and GId* for a1/2 and Gld*, Glu*¥, and GIl4*8
for a4. Usually a low signal can be due to the posttransla-
tional modification of a residue; the modified amino acid

residue does not show up in the sequencing chromatogram

It is not clear at this point whether the low signal is due to
the posttranslational modification of the residue or is just a
sequencing error. It is known that Gtfis modified by
posttranslational polyglutamylation, while G¥ (for a1/2)
and Gly*® (for a4) can be deglutamylated to form the
corresponding\2 form. Thus, a low signal for Gig°, Glu*+°

(in the case of1/2), and Gl&*® and GId#*’ (in the case of
a4) can be caused by the covalent modification, while a low
signal for GI#*° (in the case 0&11/2) and Gld* (in the case

of a4) can be due to the formation of the correspondivgy

conformation of the COOH-terminal domain for these
o-tubulin species may be different, and the affinity of the
antibody decreases according to the orde#-EDEGEEY

> al/2-EEEGEEY> 04-EDEGEE1/2-EEEGEE.

The results shown here are quite intriguing in the sense
that one can purify the-tubulin isoforms in the functional
state using one immunoaffinity column. The isotypically pure
o-tubulin isoforms may be useful for studying microtubule
dynamics in vivo. They may also be useful for studying
whether they differ in their interactions with motility-related
proteins such as dynein and kinesin, or the enzymes
responsible for the posttranslational modificationsxhtu-
bulin such as tyrosination, detyrosination, polyglutamylation,
and polyglycylation.

The results of the assembly experiment clearly show that
unbound fraction A undergoes assembly in the presence of
glycerol and M@", as does the unfractionated tubulin. In
fact, unbound fraction A assembles slightly better (ap-
proximately 16-15%) than unfractionated P@ubulin.
Although this difference in assembly is quite insignificant,
it has been found to be reproducible in five different
assembly studies using different protein preparations. How-
ever, a completely different scenario emerged in the case of
NaCl-eluted fractions B and C. Very little assembly is
observed in 30 min of incubation.

That fractions B and C are not the denatured fractions of
tubulin is confirmed by the fact that they retain the
colchicine-binding activity, and also can assemble in the
presence of 1M taxol to form morphologically normal
microtubules 45). Furthermore, fraction C can undergo
copolymerization with fraction A to form normal microtu-
bules.

The differences in the kinetics of assembly for fractions
A, B, and C in the presence of Mgmay indicate either (a)
the isoforms may differ in their interactions with magnesium
or (b) different isoforms may differ in their conformational
changes upon binding to Mgor, in the critical concentration
for assembly. Whether the difference in assembly is at the
nucleation phase or at the elongation phase remains to be
seen.

Although it not known whether the tubulin fractions differ

form. Extensive mass spectrometric studies are necessary tén their polyglutamylation or polyglycylation status, these

determine the posttranslational modifications in the tubulin
fractions.

It should be mentioned that although the monoclonal
antibody AYN.6D10 is specific for the peptide EEGEEY, it
exhibits different affinities for different-tubulin isoforms
when used in an immunoaffinity column. The reason is that

modifications can certainly affect the assembly property of
tubulin. The addition of the glutamyl units as a side chain
will certainly increase the net charge at the C-terminal region,
while the addition of the glycyl units may lower the net
charge to a small extent. Since Rgs known to facilitate
assembly by counteracting the net negative charge at the
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C-terminal region, polyglutamylation in tubulin may result  14.
in decreased assembly while polyglycylation may increase
it slightly. 15.
In conclusion, | find that the tyrosinated form ofl/2 16
differs significantly from its nontyrosinated form in the
assembly kinetics in the presence of MgThe major part 17.
of the nontyrosinated form @f1/2 could assemble by itself
(fraction A). However, the tyrosinated form could coassemble ;g
along with the detyrosinated form. Such a striking difference
in the assembly behavior may indicate that the microtubule 19.
assembly in vivo may be regulated by different posttrans-
lational modifications ina-tubulin, which may alter the
specific interactions of tubulin with different non-tubulin 5
proteins including microtubule-associated proteins such as
MAP1, MAP2, MAP4, and tau. It would be interesting to  21.
study whether individuala-tubulin isoforms affect the
dynamic behavior of microtubules in vivo. Future studies
with these isoforms may shed light on the hitherto unknown 53’
roles played by the isoforms and their posttranslational
modifications in regulating the microtubule function in vivo.  24.
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