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Isolated microtubule proteins from the Atlantic cddgdus morhupassemble at
temperatures between 8 and 30°C. The cold-adaptation is an intrinsic property of
the tubulin molecules, but the reason for it is unknown. To increase our knowledge
of tubulin diversity and its role in cold-adaptation we have further characterized
cod tubulins using- andB-tubulin site-directed antibodies and antibodies towards
posttranslationally modified tubulin. In addition, one cod bigitubulin isotype

has been sequenced. In mammals there arefitdoulins @y, By, B, Biva and

Bivb) expressed in brain. A cofd-tubulin was identified by its electrophoretic
mobility after reduction and carboxymethylation. TRg-like tubulin accounted

for more than 30% of total braif-tubulins, the highest yield yet observed in any
animal. This tubulin corresponds most probably with an additional band, desig-
natedBy, which was found betweea- and 3-tubulins on SDS-polyacrylamide
gels. It was found to be phosphorylated and neurospecific, and constituted about
30% of total cod3-tubulin isoforms. The sequenced cod tubulin was identified as a
Bv-tubulin, and &B,y-isotype was stained by a C-terminal specific antibody. The
amount of staining indicates that this isotype, as in mammals, only accounts for a
minor part of the total brai@-tubulin. Based on the estimated amountggf and
Bv-tubulins in cod brain, our results indicate that cod has at least one additional
B-tubulin isotype and thgd-tubulin diversity evolved early during fish evolution.
The sequenced cofl-tubulin had four unique amino acid substitutions when
compared t@-tubulin sequences from other animals, while one substitution was in
common with Antarctic rockco@-tubulin. Residues 221, Thr to Ser, and 283, Ala

to Ser, correspond in the bovine tubulin dimer structure to loops that most probably
interact with other tubulin molecules within the microtubule, and might contribute
to cold-adaptation of microtubules. Cell Motil. Cytoskeleton 42:315-330,
1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION 1993]. It is therefore possible that the cold-adapted cod

have different isotypes/isoforms than do mammals. We

Microtubules from cold-adapted North Atlantic fishh X .
e . ave recently shown that two-dimensional electrophore-
and Antarctic fish assemble at low temperatures in their

physiological range [Wallin et al., 1993: Williams et al Sis of brain tubulins show striking differences between

1985; Detrich et al., 1989], in contrast to microtubulets:Od and ma”.‘ma"a” _tu_bullns. .Co'd brain contains large
amounts of highly acidi@-tubulin isoforms [Billger et

from mammals which are unable to assemble beIon 1994]. Both cod and Antarctic rockcagHtubulins

20°C. We have previously shown that Atlantic co : X X .
(Gadus morhupmicrotubules also differ in many o,[herseparate into two groups with different electrophoretic
mobility, and both fishes have-tubulins that are more

respects from mammalian microtubules, e.g. they show . : . .
slow dynamics [Billger et al., 1994], their assembly hasci%lasIC compared to mammals [Billger et al., 1994; Detrich

temperature-dependent interaction with microtubuland Overton, 1986]. One Antarctic fighrtubulin has

associated proteins (MAPs) [Wallin et al., 1993], coI(:h:f?.een sequenced so far. Its nucleotide sequence is most

) L similar to that of mammaliai,-tubulin, and its amino
cine and Cé{f are poor |nh|b|tors'of assembly [Strnierg cid sequence is similar to boy andp,, [Detrich and
et al., 1989; Billger et al., 1991; de Pereda et al., 19951 X L .
. S . o arker, 1993]. A vertebrat®, -like Antarctic fish tubulin
and their tubulin is highly posttranslationally modified b : g
X e ; as been identified by the use of the unusual electropho-
acetylation and detyrosination [Billger et al., 1991]. We _: . ) .

. . retic mobility of By,-tubulin [Detrich et al., 1987],
have recently shown that neither acetylation nordetyro:%l{akin it probable that fish have at least t@eubulin
nation is involved in cold-adaptation of cod mlcrotubuleoaenesg P
[Rutberg et al., 1995, 1996]. Even if the composition In this study we have use@-tubulin isotype

MAPs differ between cod and bovine microtubule PO pecific antibodies and electrophoretic mobility to iden-
teins, there is no evidence that MAPs are the cause P Y

tify different cod B-tubulin isotypes, and antibodies

cold-adaptation. Cod MAPS cannot confer the ability tPowards posttranslationally modified tubulin to increase

assemble at low temperatures to bovine microtubules . . . .
: : . . our understanding of tubulin diversity and evolution, and
[Billger et al., 1991]. It is therefore likely that adaptation . . .
. . -7~ its role in cold-adaptation of microtubules. We have

to low temperature is caused either by changes in primar;

. ned and sequenced cod tubulin cDNAs to be able to
sequences or by an yet untested posttranslational modijl; . o O .
! . . : determine the contribution of potentially important amino
cation of a- or B-tubulin, the subunit polypeptides of

. acid sequence differences, and report here the sequence of
microtubules. one codB-tubulin. Site-directed antibodies raised against
In higher vertebrates;- andB-tubulins are encoded ) g

by multiple genes; there are up to six and seven synthetic peptides from mammaliar and B-tubulin

S ; ' sequences were used to determine whether changes in
B-tubulin isotypes in mammals [for a recent review, see.

Ludu€ra, 1998]. Thea-tubulins are more conservative'onmar)élsequen(i.e cafn bﬁ odne treijatsobn I_for changes in

than theB-tubulins. There are five-tubulins in mamma- assembly properties of cold-adapted tWbuins.

lian brain @, i, ., va ) [Sullivan and Cleveland,

1986], of whichp,, is expressed at high levels (58% of th

total B-tubulin) [Banerjee et al., 1988]. The only neuron(:ﬁ/lATE_RIALS AND METHODS )

specificp-tubulin in mammals ig,;. In the frog Keno- Isolation of Cod and Bovine Brain

pus leavi the B,-tubulin homologue is neuron-specificMicrotubule Proteins

andpBy, was not detected with antibodies specific for the ~ Microtubule proteins, consisting of both tubulin and

By C-terminal [Moody et al., 1996]. MAPs, were isolated from cod by one cycle of assembly-
Little is known about the function and regulation otlisassembly as described by $timerg et al. [1986],

different tubulin isotypes, but a difference in localizatiomodified by the addition of protease inhibitors (0.1 mM

and a temporal expression of the different tubulin isgghenylmethylsulfonyl fluoride, 0.01 mM aprotinin and

types exist. Alla- andB-tubulins are able to co-assemble).01 mM leupeptin). Microtubule proteins were isolated

but microtubules with different isotype composition havrom bovine brain in the absence of glycerol by two

different dynamic properties [Panda et al., 1994; Lu argycles of assembly-disassembly in the presence of 0.5

Ludu€ra, 1994]. It has therefore been speculated thatM MgSO, as described by Borisy et al. [1974] and

different isotypes may have different functional propet-arsson et al. [1976]. The final pellets of cod and bovine

ties, or be important for environmental challenges [renicrotubule proteins were resuspended in PMG buffer

viewed by Luduéa, 1998]. One indication that specific(100 mM Pipes, 0.5 mM MgS©£and 1 mM GTP at pH

isotype expression may be involved in cold-adaptation &8), homogenized, kept at 4°C for 30 min, and centri-

that the planfArabidopsisincreases its expression of onduged at 200,009 for 30 min at 4°C, drop-frozen and

B-tubulin gene (TUBY) at low temperature [Chu et alkept in liquid nitrogen.
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Cod and bovine tubulins were separated frofDetrich etal., 1992; Detrich and Overton, 1986, 1988] as
MAPSs by phosphocellulose chromatography according tiescribed previously by Billger et al. [1994].
Weingarten et al. [1975] in the presence of 0.5 mM
MgSO, [WiIIiams. and Detrich, 1979]. Cod tubulin, Whi?hWestern Blotting
can assemble without MAPs at 30°C, was further purified ] )
by one extra cycle of assembly at 30°C. The pelleted Protein samples run on vertical slab gels were
microtubules were redissolved in PMG buffer and droplotted onto nitrocelluose membranes, using BioRad or
frozen. LKB electrophoretic transfer kit, according to the method
Protein concentrations were determined accordig Towbin et al. [1979]. Membranes were blocked with
to Lowry et al. [1951] using bovine serum albumin (BSAgRither fat-free milk powder (5% in TBS; 20 mM Tris

as standard. [hydroxymethyl]-aminomethan, 500 mM NacCl, pH 7.5),
or fish gelatine from Amersham, England (2% in PBS;

Taxol-Dependent Purification of Microtubule 136.9 mM NaCl, 2.7 mM KCI, 1.5 mM KPQ,, 8 mM

Proteins NaHPQO, pH 7.3) and incubated with antibodies and

Microtubule proteins were isolated from cod braindeveloped as described by Billger et al. [1991]. Proteins
liver, heart and egg, and from brain of rdydja clavatd, were stained with amido black.
eel (Anguilla anguillg, viviparous eelpout Zoarces
viviparug, ballan wrasse L@brus berggylt® rainbow Preparation of Site-Directed Monoclonal
trout (Oncorhynchus mykiysand frog Rana tempo- A .bodies to Tubulin
raria), by homogenization of the different tissues in
ice-cold PMG buffer with 1 mM EGTAin the presence of ~ Peptides from pig tubulin sequences were synthe-
10 pM leupeptin, 10 uM aprotinin and 0.1 mM PMSF asized by Merriefield solid phase procedures and purified
protease inhibitors. Assembly of microtubules was petle HPLC homogeneity [Andreu et al., 1988]. These
formed at 30°C by addition of 20 uM taxol according toncluded: MREIVHIQAGQSGC (1-13)C] (prepared
Vallee [1982]. by Dr. D. Andreu, unpublished), ERLSVDYGKKSKLEC

The cod, ray, eel, eelpout, and wrasse were c¢k(155-168)C] [Arevalo et al., 1990], RRNLDIERP-
lected from the Swedish west coast and were maintainEBd TN [« (214—-226)], RYPGQLNADLRKLAVN B(241-
in large indoor aquaria supplied with aerated recirculatede)] [Andreu et al., 1988]. The peptides(214—-226)
seawater at 10-12°C. The trout, obtained from a locghdp(241-256), were conjugated to BSA with glutaralde-
hatchery, were maintained in fresh water aquaria at 10°yde, and the other peptides were coupled to keyhole
Frogs, obtained from The Frog Farm (Kells, Ireland)impet haemocyanin (KLH) through their C-terminal
were maintained in indoor terrarium at 4°C. cysteine employing+maleimido-benzoyN-hydroxysuc-
cinimide ester [Andreu et al., 1988; Barasoain et al.,
1989; Arevalo et al, 1990].

Cod and bovine microtubule proteins were sepa-  Eemale Balb/c mice 8-12 weeks old were immu-
rated by sodium dodecyl sulphate-polyacrylamide gg|zed intraperitoneally and subcutaneously with 20-100
electrophoresis (SDS-PAGE) using a BioRad minjyy of peptide-carrier conjugate in complete Freund
PROTEAN I electrophoretic cell on a vertical slab gely, g;,yant, and boosted with the same amount of conjugate
ufg;% 8_74;] poll_}lla}cryr:anlnde gelsl bacf;:ordlng fo Laerr:jmii incomplete Freund adjuvant 2, 4 and 6 weeks after, as
LH 9]5' ineorr)de:nt;[) ?ngggégiheusggggzclgz;efz;% t8escribed previously [Stahli et al., 1980]. Spleen cells
B-tubijlins Gels were stained with Coomassie Brilliant - - fused with the Sp2/0-Agl4 myeloma line in the

i resence of 50% polyethylene glycol (PEG-1000) as

Blue R-250. SD f i hemical Co. ) . . "
Lolifi}s MOSO SDS was from Sigma Chemical Co., Sglescrlbed [Nowinsky et al., 1979]. Screening of positive

Isoelectric focusing (IEF) of cod brain tubulin wad'YPridomas was performed by ELISA on 96 well plates
performed by the method of Field et al. [1984] afCostar 3590) coated with bo_vme brain tubulin (0.15
modified by Detrich and Overton [1986]. IEF slab gelkd/well), Western blot of tubulin [Andreu et al., 1988]
containing 4.2% polyacrylamide, 9.16 M urea, and 2and indirect immunofluorescence as described previously
carrier ampholytes (0.5% servalyt 4—6, 1% servalyt 5-Ble Ines et al., 1994]. Hybridomas were cloned and
0.5% servalyt 5-7, Serva, Germany), was prefocusedi{gected into pristane-primed mice for ascites production
W, 1 h, 22°C), and thereafter tubulin was focused at 7 \#arasoain et al., 1989]. Limited proteolysis and Western
for 5 h. blotting [de Pereda and Andreu, 1996] were employed to

Two-dimensional electrophoresis was run by thiurther verify the sequence specificity of each antibody
method of Field et al. [1984] with some modificationgnot shown).

Electrophoresis
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TABLE I. Monoclonal Mouse-Antibodies Against the C-Terminal of B-Tubulin Isotypes

Antibody to Sequencée Reference % in bovine bré&in
B, (rat)-tubulin CEEAEEEA Roach et al. [1998] 3
By (chicken)-tubulin CEGEEDEA Banerjee et al. [1988] 58
By (human)-tubulin CESESQGPK Banerjee et al. [1990] 25
By (human)-tubulin CEAEEEVA Banerjee et al. [1992] 13

1Sequence of peptide used as immunogen. C is not present in the tubulin, but is used to bind with the carrier protein
in the immunization process.
2The amount of each isotypes correlated to tBtalibulin content in bovine cerebral tissue [Banejee et al., 1988].

Antibody Mapping of Cod and Bovine Tubulins modified by Luduéa and Woodward [1975]. Samples

Cod and bovine microtubule proteins were run o€re analy_zed on 5.5% polyacr_ylamlde gelsinthe system
8% SDS-PAGE as described above, blotted to nitrocell@f La@mmli[1970]. Gels were either slab gels and stained
lose membranes and incubated with the site-directédffh Coomassie blue, or tube gels stained with fast green.
antibodies to tubulin. The slab gel was photographed; the bands quantitated

The tubulin sequence-specific monoclonal antibodSiNg @ Mcintosh Il equipped with a video camera and
ies employed in this work and their classes are tHEAMe grabber and Image 1.55bs software [O'Neill et al.,
following (see also Fig. 1b): P3B%{155-168), IgM]; 1989]. The tube gels were scanned at §4O nmin a GI'|fOI‘d
P1F5 [(214-226), Ig2b]; P12E110{430-443), 1gG1] system 2600 spectrophotometer equipped with a linear
[Chau et al., 1998; KDYEEVGVDSVEGE]; pllElztransport anq aHeWIett-Packard 7225B plotter for auto-
[8(1-13), IgG1]; P14B4f(1-13), IgG1]; PAD6 (153~ matic dete_rmlnatlon of the areas of the peaks.

165), IgM]; P5C3 B(153-165), IgG1] [Chau et al., 1998: Densitometry of untre_ated cod tubulin, separated by
SKIREEYPDRIMNC]; P2G8 p(241-256), IgG1]; and SDS—PAGE (8% acrylamide, pH 9.5) was performed
DM1A «(415-443) IgG1] (Sigma Chemical Co., StYSind UItrochn XL L.aser Densﬂqmeter (LKB, Sweden)
Louis, MO); DM1B [3(412-431) IgG1] (Amersham, slab gels, stained with Coomassie blue, was scanned at
England). 633 nm.

Posttranslational modifications of cod tubulins were ) ) )
determined with the use of a monoclonal antibody agaifgpnstruction and Screening of a Cod Brain
acetylateda-tubulin (6-11B-1) from Sigma ChemicalCONA Library
Co. (St. Louis, MO), polyclonal antibodies against Tyr- Total RNA was isolated from cod brain using
and Glue-tubulin were kind gifts from Drs. C. Bulinski RNeasytotal RNA kit (Qiagen, Chatsworth, CA), and
and G. Gundersen (College of Physicians and Surgeguy(A) RNAwas thereafter isolated by Oligo@mRNA
of Columbia, New York, USA). The anti-Tyr-tubulin andkit (Qiagen). The cDNA synthesis from poly(A) RNA,
anti-Glu-tubulin antibodies were against short synthetand ligation into thex ZAP Express vector was per-
peptides corresponding to the carboxy terminus-tibu- formed using the ZAP Expreé8xDNA synthesis kit
lin, *H3N-Gly-Glu-Glu-Glu-Gly-Glu-Glu-COO and (Stratagene, La Jolla, CA). The resulting cDNA library
*H3N-Gly-Glu-Glu-Glu-Gly-Glu-Glu-Tyr-COO respec- contained approximately 1.8 10 pfu. Prior to screen-
tively, raised in rabbit [Gundersen et al., 1984]. Monocldng, the library was submitted to one round of amplifica-
nal antibodies against phosphorylated serine, threonotien.
and tyrosine were from Sigma Chemical Co. (St. Louis,  The library was plated out on 15 cm diameter Petri
MO). dishes at a concentration of 20,000 pfu/plate. Following

Monoclonal antibodies recognizing the carboxyevernight incubation the phages were transferred to
termini of differentB-tubulin isotypes present in mammaduplicate nylon membranes (Hybond-N, Amersham, En-
lian and avian brains (Table I) were used to comparedfand). The library was screened for g@dubulin using a
cod microtubules were composed of the sgreibulin  DIG-labeledp-tubulin DNA probe corresponding to the
isotypes as microtubules from higher vertebrates. coding sequence of Antarctic yellowbelly rockcaddbto-

The secondary antibody were horse radish peroxienia coriicepes neglectg-tubulin (Ncr31) [Detrich
dase conjugated goat anti-mouse IgGs and goat amid Parker, 1993]. After 16 h hybridization at 68°C in
rabbit IgGs (BioRad Laboratories, Richmond, CA). standard hybridization buffer (8 SSC, 1% block, 0.1%

o , N-lauroylsarcosine, 0.02% SDS), the nylon membranes
Determination of the Amount of By in Cod were washed X 5 min with 2x SSC, 0.1% SDS at room
and Bovine Tubulins temperature, and X 15 min wash in 0.1 SSC, 0.1%

Tubulin was reduced and carboxymethylated witBDS at 68°C. Detection of positive plaques was per-

Na'-iodoacetate by the method of Crestfield et al. [1963prmed by incubating the nylon membranes with anti-
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body to DIG (Anti-digoxigenin conjugated to alkalineantibodies raised against pig brain tubulin sequences. The
phosphatase; Boeringer Mannheim, Germany) followddur tested antia-tubulin antibodies reacted similarily
by incubation with a chemiluminescent substrate, CSPDQvith cod and bovinex-tubulins (Fig. 1a). The-tubulin

(as described by Boehringer Mannheim). The lumineantibodies all stained bovine tubulin clearly, while they
cent light emission was detected by exposure of the nylogacted differently with the cod. Tw@-tubulin antibodies
membranes to Kodak XAR-5 X-Omat film at roomwhich are directed againgB-tubulin residues 1-13,
temperature at 1-5 h. Thirty candidddgubulin cDNA stained the cog,-tubulin band strongly, while the lower
clones were obtained from 60,000 recombinant phag@stubulin band staining was much fainter (only P11E12 is
Sequencing of 5-end was used to select full lengshown in Fig. 1la). TheB-tubulin antibodies directed

cDNAs. against residues 153-165 stained only the lower cod
) B-tubulin band (P4D6 is shown in Fig.1a). The antibodies
DNA Sequencing against3-tubulin amino acids 241-256 and 412-431 did

One full length clone of cod3-tubulin was se- not differ in their staining of the two cof-tubulins. Our
quenced by the dideoxynucleotide chain terminatioesults suggest that cod brgitubulin is composed of
method [Sanger et al., 1977] using Sequenase 2.0 ghtubulin isotypes which are divergent from the more
35SdATP (Amersham, Cleveland, OH). Sequencing wasnserved mammalian N-terminal, and that Byeiso-
initially performed using T3 and T7 primers (Boehringetype(s) differs in sequence in the region of amino acids
Mannheim, Germany). The obtained 5’ and 3’ sequenc&§3—-165.
were used to design internal primers for further sequenc- )
ing. In this manner the entire cDNA sequence, for theDS-PAGE and Western Blotting of Cod
open reading frame, was obtained. Microtubule Proteins From Brain,

Liver, Heart and Egg

Microtubule proteins were isolated by a taxol-

RESULTS o

] ) o N dependent procedure from brain, liver, heart and egg to
Cod and Bovine Tubulins Differ in Composition determine whether thg,-tubulin band was specific to the
on SDS-PAGE neuronal system, or a general feature of cod microtubule

Cod and bovine microtubule proteins, isolated by proteins. In heart, only one- and oneg-tubulin band
temperature dependent assembly-disassembly procedwese found, while in liver, egg and brain microtubule
were run on 8% SDS-PAGE with pH 9.5 in the lower ggbroteins, three protein bands were seen. The upper and
buffer. Bovinea- andB-tubulins were clearly separated inower bands were recognized by DM1A and DM1B
this system (Fig. 1a). Athird protein band, in between tHgbulin antibodies. Braif, was stained by thg-tubulin
other two, was present in the cod sample. Westeantibody, but the middle bands in liver and egg microtu-
blotting with antibodies against-tubulin (DM1A, di- bule protein samples were not stained, making its identity
rected against amino acids 415-430) afetubulin in these samples unclear (Fig. 1c). Antibody mapping of
(DM1B, directed against amino acids 412-431) reveal€gd liver tubulins showed that none of the site-specific
that the upper cod and bovine protein bands wefetubulin antibodies (Fig. 1b) stained the band between
a-tubulin, and the lower protein bangstubulin. The «- and B-tubulin in liver samples, and that arii-;3
middle band of cod tubulins was identified a@-&ubulin, -Biss-165and $241-256Stained the lower tubulin band with
and denote@,. lower intensity than did DM1B (not shown). Our results

Densitometry of slab gels stained with Coomassi@erefore suggest th@-tubulin is brain tissue specific.
blue showed thap, accounts for 32.3+ 3.1% of total The identity of the middle band in liver and egg is
B-tubulin when the proteins were isolated by a temperanclear; it might be a highly divergert-tubulin, or a
ture dependent assembly-disassembly method. In samgldgilin with an unusual posttranslational modification,
of taxol dependent isolated microtubule proteins, tHaut we cannot exclude the possibility that it represents a
amount of3, was lower, constituting 19.& 2.5% of total contaminant non-tubulin protein in these taxol prepara-
B-tubulin. tions.

Antibody Mapping of Cod and Bovine Tubulin Bx-Tubulin Is Phosphorylated

Site-specific monoclonal antibodies were used for  In bovine brain, phosphorylation of tubulin prefer-
further characterization of cod and bovine tubulins. Caghtially occurs org,-tubulin, an isotype predominantly
and bovine brain tubulins were run on 8% SDS-PAGfund in neurons [Khan and Ludi&n1996]. We used
gels with pH 9.5 in the lower buffer to separate thantibodies to phosphorylated serine, threonine and tyro-
different tubulins. They were thereafter blotted onteine respectively, to determine whether cod tubulins were
nitrocellulose paper and incubated with site-directgehosphorylated. Western blots showed that boghtebu-
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Fig. 2. Analysis of phosphorylated amino acids in dddtubulin. Cod tubulin (8 pg per lane) was
separated by SDS-PAGE (8% polyacrylamide and pH 9.5 in the lower gel buffer), blotted to nitrocellulose
membranes and stained with amido black, or incubated with antibodies to phosphorylated serine,
threonine, or tyrosine.
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end
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Fig. 3. Isoelectric focusing of cod brain tubulin. Tubulin (18 pg) wa$in (Ac), tyrosinateda-tubulin (Tyr), detyrosinatedx-tubulin (Glu),
separated by isoelectric focusing and stained with Coomassie brilliamrtd tubulin with phosphorylated serine (Ser). The basic and acidic ends
blue or blotted to nitrocellulose membrane and stained with antibodies the pH gradient are indicated. Arrows indicaie and B-tubulin

to tubulin; ay15_430(DM1A), B1_13 (P11E12),B1535 165 (P4D6),B412431  iSOfOrms.

(DM1B), or to posttranslationally modified tubulin; acetylatedubu-

lin and codpy-tubulin were serine phosphorylated (Figstaining of the nitrocellulose membrane. Fish gelatine was
2). Although a faint staining of both cad- andB-tubulin  used instead of milk powder to reduce the amount of
could be seen, there was an intense anti-phosphosetingpecific staining of the membrane by these antibodies.
staining ofBy. Neither antibody against phosphotyrosine

nor antibody against phosphothreonine stained cod or bovj@ga/ectric Focusing and Western Blotting
brain tubulins. These antibodies gave a high backgrouggCOd Tubulin

We have previously shown that the isoelectric
Fig. 1. Antibody mapping of cod and bovine tubulia: Cod and points for cod tubulins differ from mammalian tubulins

bovine brain microtubule proteins (6 Hg per lane) were separated Byillger et al., 1994]. Codx-tubulins are more basic than
SDS-PAGE, using 8% polyacrylamide and pH 9.5 in the lower gddovine tubulins, and the-tubulins separate into two
buffer, and thereafter blotted to nitrocellulose and stained with amidgots of different mobility in two-dimensional gels. We
black or site-directed antibodies againstand 3-tubulin. Cod brain used isoelectric focusing to investigate further the iso-

tubulin separated into three bands, an¢ubulin and twoB-tubulin . . . .
bands, of which the middle band was denofgd Two different LYPES of cod braim- andB-tubulin. About sixa- and six

antibodies were used for the experiments in panels a and c for regi@@dubulin bands could be seen (Fig. 3). These isoforms do
1-13and 153—16_5 iB-tubulin (b), giving the same results. _The_resultsnot necessarily represent different gene products, but may
are presented with the use of P11E12 and PAD6 antiboblied. 54 e nroducts of posttranslational modifications. Three

schematic representation of the regions to which the site-directe . . .
monoclonal antibodies binct: Taxol-purified microtubule proteins Of the a-tubulin bands were highly acetylated, and with

from cod liver, brain, heart and egg were separated on SDS-PAGEthe exception of onex-tubulin band, they were all
described above, and transferred to nitrocellulose membrane. Ggistyrosinated (Fig. 3). The two most acidietubulin

were stained with Coomassie brilliant blue, and the Western blots w ; ;
a- or B-tubulin antibodies (DM1A and DM1B respectively). DM1B %nds were both phosphorylated and stained byfants

recognized tw@-tubulin bands in the cod brain microtubule sampleipl_lElz)a while the .mOSt basfg’s were stained with
but only one in other tissues. antif3153_165(P4D6) (Fig. 3).
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Fig. 4. Two-dimensional electrophoresis and immunoblots of caggion 1-13 (P11E12), 153-165 (P4D6), 241-256 (P2G8) and 412—
brain tubulin. Tubulin (10 pg) was separated by isoelectric focusing #81 (DM1B) in B-tubulin (a) or acetylated, tyrosinated, and detyrosi-
the first dimension followed by SDS-PAGE using gradient slab getsated a-tubulin (b). The focusing (IEF) and electrophoretic (SDS)
with 2-8% urea and 3-15% acrylamide. The second dimension gdisensions are indicated. The basic end of the first dimension gel is at
were stained with Coomassie brilliant blue, or blotted to nitrocellulodeft on the second-dimension gel. Bovine tubulins are shown for
membranes and stained with tubulin antibodies against amino acmparison.

Site-specific antibody mapping of cod tubulin sepahe B4-tubulin band found on SDS-PAGE is composed of
rated on two-dimensional gels showed that the acidieghly acidic B-tubulin isoforms found on IEF gels and
B-tubulin isoforms in the upper spot did not react with thevo-dimensional gels. It is also clear that these isoforms
antibody against pig-tubulin residues 153-165 (P4D6)are divergent in the sequence region 153-165, since this
(Fig. 4a). This antibody also did not recognize the moantibody was unable to bind to the upper spot with acidic
acidic isoforms of3-tubulin in the lower-tubulin spot. B-tubulins. Cod brain microtubules are composed of
The antibody against amino acid 1-13 (P11E12) stainseveralp-tubulin isoforms;3, and the majoB-band which
the B-tubulin isoforms in the upper spot, but tBetubu- according to Coomassie blue and antibody staining are
lins in the lower spot were only stained very faintly (Figcomposed of two and at least three forms respectively. Cod
4a). The two B-tubulin antibodies P2G8 and DM1Bbrain a-tubulins are a mixture of tyrosinated and detyrosi-
stained all cog3-tubulin isoforms. The results show thanhateda-tubulin, most of thex's are acetylated, but there is
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Fig. 5. Characterization af- andp-tubulins B-tub - -— e - -

in several fish species and frog. Higher bony

fish expose a tubulin pattern which was differ- .
ent from other fishes, frog and mammals. B|.|3‘tUbU|m
Brain microtubule proteins from fish and frog

were separated by SDS-PAGE (8% acrylam-

ide gel, pH 9.5), and stained with Coomassie

brilliant blue, or transferred to nitrocellulose B.-tub

membrane and stained wi_;z andBis3 15 ¥

—
tubulin antibodies. From left to right: cod, B-tub - a - - - - -

viviparous eelpout, ballan wrasse, rainbow
trout, eel, ray, and frog. The tubulin contain-
ing part of gel and membranes are show,

B,-, andB-tubulin are indicated. ﬁ|53-|65'mbu“n

also a subgroup, the most baais, which are detyrosinated isoform which seem to be different frof, regarding

but not acetylated (Fig. 4b). Whether there are different cetbectrophoretic mobility. The antibody again3tss_ies5

a-tubulin isotypes have to await cloning of these proteins. which did not stain co@,-tubulin recognized thg, band

in the other three bony fish, even if the staining was at

relatively low intensity in the ballan wrasse sample (Fig.
To determine whethe,-tubulin is cod-specific or 5). DM1B stainedB-tubulin in all species (not shown).

present in other lower vertebrates, brain tubulin fromhe site-specific antibodies againrstubulins were also

several fishes and frog were run on SDS-PAGE arsthininga-tubulins in all species (not shown).

immunostained as described for cod tubulin. Three catego- ) ) )

ries of fish were examined: Chondrichthyes (cartilaginot TUPulin Isotypes in Cod Brain

fish), the more primitive Osteichtyes (teleost), and the Isotype-specific antibodies have been prepared for

more advanced Osteichthyes (euteleosts; higher banmgmmalian tubulins. These antibodies have been raised

fish). The chondrichthyid ray, and the teleost eel showealjainst the highly divergent C-terminals pftubulins.

as did frog and bovine tubulins, only a singletubulin  The isotypes are expressed at different ratios in mamma-

band, while the advanced osteichtyids (cod, eelpolign brain (see Table I). These antibodies were used for

wrasse, and trout) contained tRg-band as well as the further characterization of cqgttubulins.

major B-tubulin band. When the samples were blotted  Codp-tubulin was not recognized 8y, By, or B

onto nitrocellulose and stained with the site-specif@ntibodies, whileg3), stained the co@-tubulin (Fig. 6a).

antibodyB._15 Bx were stained in both cod and rainbowNo staining off3, was seen, which also was verified by

trout intensely, while a lower staining intensity was sedplot of a 2D-gel, where the upper highly acidietubulin

of By in eelpout and ballan wrasse (Fig. 5). A middle bandand (identified ag,) was unstained in contrast to the

was surprisingly also found in the ray sample. This baddwer B-tubulin band (Fig. 6b). Th@,,-antibody stained

was of higher mobility than the euteleos{&i-tubulin, although only the most basic c@dtubulin isoforms. The

and was almost invisible when the original gel wastaining was weak, suggesting that most gtubulin

stained with Coomassie brilliant blue, indicating that ilsotypes are divergent in their C-terminals compared to

represents only a very minor tubulin isoform in ray, aavian and mammalia@-tubulins.

Bx-Tubulin Is Present in Higher Bony Fishes
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Fig. 6. a: Characterization of-tubulin isotypes with C-terminal chicken and mammalia@-tubulin isotypes. The major cog-tubulin
specific antibodies. Cod and bovine brain tubulins (6 pug per lane) wdyand reacted with th@,,-antibody, whileB,-tubulin did not.b: Blot of
separated by 8% SDS-PAGE (pH 9.5) and transferred to nitrocellulosed tubulin (10 pg), separated by two-dimension-gel electophoresis,
membrane and stained for immunoreactivity with antibodies agairestd stained with amido black or antibody@g-tubulin.

Determination of the Amount of  B,,-like Tubulin a
in Cod and Bovine Tubulins

Cod and bovine tubulins were reduced and carboxy- brain tubulin
methylated with Na&-iodoacetate, and run on 5.5%
SDS-PAGE. Under these conditions cod brain tubulin , -
clearly containeg,, -like tubulin (Fig. 7a). This band has a "- a
been nameg,-tubulin but consists in mammals only of Bm—v. - B
the By -tubulin isotype [Banerjee et al., 1990]. The .
Bu-like tubulin (3, band) was not found in cod egg or cod bovine
liver tubulin (Fig. 7b). Cod tubulin also contained a small
amount of anx isotype moving slightly ahead ef. This
band is designated asin Figure 7. b
The amount of3y; -like tubulin was 35.4+ 1.1% of
total B-tubulins for cod tubulin and 28.& 2.0 for bovine
tubulin, the former significantly higheP(< 0.002) than

the latter. ]
, o — a
Sequence of a Cod B Tubulin
Figure 8 show the cDNA sequence and correspond- B — \Bm

ing amino acid sequence offatubulin from cod. Since 1 23

this is the first co@-tubulin sequence it is named cfd,

and the sequence has been registered in the GenBaigk?. Analysis of cod braif,, -like tubulin. Cod and bovine tubulins were
database (accession number AF1023890). The gbd rgduced and carboxymethylated Wi_th*Nadoa(;etate folloyved by separa-
cDNA has a open reading frame of 1338 nucleotiddien on 5.5% SDS-PAGHEy-, 3-tubulin, thep,, isotype (this band is also

. . . . called8,), and a band of an isotype moving aheadxéfibulin (') are
including the stop codon. This correspond to a tranSIatI(}mjicated in the figuresa: Cod brain tubulin (10 pg) are compared with

pr(_)dUCt of _445 ar_nino_ acids. Although there are somgyine brain tubulinb: Cod microtubule proteins from livelane 1: egg,
unique amino acid differences, (¥4l Ser?l, Sef8 lane 2;and brainjane 3.The tubulin containing part of the gel are shown.

cod tissues



-37 CGGCACGAGCATCGAGACGTCCTTACTGCCAGACAAA

1 ATG AGG GAA ATT GTC CAT CTG CAG GCC GGC CAG TGT GGA AAC CAA ATC GGT GCC AAG TTC TGG GAA GTG ATC AGC GAT GAG CAT GGA ATC
1 Met Arg Glu Ile Val His Leu Gln Ala Gly Gln Cys Gly Asn Gln Ile Gly Ala Lys Phe Trp Glu Val Ile Ser Asp Glu His Gly Ile

91 GAC CCA ACT GGC ACA TAC CAC GGA GAC AGC GAC CTG CAG CTG GAC AGG ATC AAC GTC TAC TAC AAT GAG GCC TCG GGT GGC AAA TAC GTC
31 Asp Pro Thr Gly Thr Tyr His Gly Asp Ser Asp Leu Gln Leu Asp Arg Ile Asn Val Tyr Tyr Asn Glu Ala Ser Gly Gly Lys Tyr val

181 CCC CGT GCT GTT CTG GTC GAT CTT GAG CCC GGC ACC ATG GAC TCT GTG AGG TCC GGT GCT TTC GGT CAG GTC TTC AGG CCG GAC AAC TTC
61 Pro Arg Ala Val Leu Val Asp Leu Glu Pro Gly Thr Met Asp Ser Val Arg Ser Gly Ala Phe Gly Gln Val Phe Arg Pro Asp Asn Phe

271 GTT TTC GGC CAG AGT GGT GCT GGC AAC AAC TGG GCC AAG GGT CAC TAC ACG GAA GGT GCC GAG CTG GTG GAC TCT GTC CTC GAC GTG GTG
91 Val Phe Gly Gln Ser Gly Ala Gly Asn Asn Trp Ala Lys Gly His Tyr Thr Glu Gly Ala Glu Leu Val Asp Ser Val Leu Asp Val val

361 AGG AAA GAG GCG GAG AGC TGC GAC TGC CTG CAG GGC TTC CAG CTC ACA CAC TCG CTT GGT GGC GGC ACC GGT TCC GGC ATG GGT ACC CTC
121 Arg Lys Glu Ala Glu Ser Cys Asp Cys Leu Gln Gly Phe Gln Leu Thr His Ser Leu Gly Gly Gly Thr Gly Ser Gly Met Gly Thr Leu

451 CTC ATT AGC AAG ATC CGT GAG GAG TAC CCC GAC CGC ATC ATG AAC ACC TTC AGC GTG GTG CCC TCG CCC AAA GTG TCG GAC ACA GTG GTC
151 Leu Ile Ser Lys Ile Arg Glu Glu Tyr Pro Asp Arg Ile Met Asn Thr Phe Ser Val Val Pro Ser Pro Lys Val Ser Asp Thr Val Val

541 GAG CCC TAC AAC GCC ACC CTC TCC GTC CAC CAG CTG GTC GAG AAC ACA GAC GAG ACC TAC TGC ATC GAC AAT GAG GCT CTG TAC GAC ATC
181 Glu Pro Tyr Asn Ala Thr Leu Ser Val His Gln Leu Val Glu Asn Thr Asp Glu Thr Tyr Cys Ile Asp Asn Glu Ala Leu Tyr Asp Ile

631 TGC TTC CGC ACC CTC AAG CTC ACC ACG CcCC TCG TAC GGC GAC CTC AAC CAC CTG GTC TCG GCC ACC ATG AGC GGC GTC ACC ACC TGC CTC
211 Cys Phe Arg Asn Leu Lys Leu Thr Thr Pro Ser Tyr Gly Asp Leu Asn His Leu Val Ser Ala Thr Met Ser Gly Val Thr Thr Cys Leu

721 CGC TTC CCC GGA CAG CTC AAC GCC GAC CTC CGC AAG CTG GCC GTC AAC ATG GTG CCT TTC CCA CGT CTG CAC TTC TTC ATG CCC GGG TTC
241 Arg Phe Pro Gly Gln Leu Asn Ala Asp Leu Axrg Lys Leu Ala Val Asn Met Val Pro Phe Pro Arg Leu His Phe Phe Met Pro Gly Phe

811 GCC CCG CTC ACC AGC CGC GGC AGC CAG CAG TAC CGC TCG CTC ACC GTG CCC GAG CTC ACC CAG CAG ATG TTC GAC GGC AAG AAC ATG ATG
271 Ala Pro Leu Thr Ser Arg Gly Ser Gln Gln Tyr Arg Ser Leu Thr Val Pro Glu Leu Thr Gln Gln Met Phe Asp Gly Lys Asn Met Met

901 GCG GCG TGC GAC CCC CGC CAC GGG CGC TAC CTC ACG GTG GCG GCC ATC TTC CGC GGA CGC ATG TCC ATG AAG GAG GTG GAC GAG CAG ATG
301 Ala Ala Cys Asp Pro Arg His Gly Arg Tyr Leu Thr val Ala Ala Ile Phe Arg Gly Arg Met Ser Met Lys Glu Val Asp Glu Gln Met

991 CTC AAC GTG CAG AAC AAG AAC AGC AGC TAC TTC GTG GAA TGG ATC CCC AAC AAC GTG AAG ACG GCC GTG TGC GAC ATC CCT CCC CGT GGG
331 Leu Asn Val Gln Asn Lys Asn Ser Ser Tyr Phe Val Glu Trp Ile Pro Asn Asn Val Lys Thr Ala Val Cys Asp Ile Pro Pro Arg Gly

1081 CTC AAA ATG GCC GCC ACC TTC ATC GGC AAC AGC ACC GCC ATC CAG GAG CTG TTC AAA CGC ATC TCC GAG CAG TTC ACC GCC ATG TTC CGC
361 Leu Lys Met Ala Ala Thr Phe Ile Gly Asn Ser Thr Ala Ile Gln Glu Leu Phe Lys Arg Ile Ser Glu Gln Phe Thr Ala Met Phe Arg

1171 CGC RAG GCC TTC CTC CAT TGG TAC ACC GGC GAG GGC ATG GAC GAG ATG GAG TTC ACC GAG GCG GAG AGC AAC ATG AAC GAC CTG GTG TCC
391 Arg Lys Ala Phe Leu His Trp Tyr Thr Gly Glu Gly Met Asp Glu Met Glu Phe Thr Glu Ala Glu Ser Asn Met Asn Asp Leu Val Ser

1261 GAG TAC CAG CAG TAC CAG GAC GCC ACC GCA GAG GAG GAG GGT GAG TTC GAG GAG GAA GGC GAA GAR GAG CTT GCC TAA GAAGTGTCTGT
421 Glu Tyr Gln Gln Tyr Gln Asp Ala Thr Ala Glu Glu Glu Gly Glu Phe Glu Glu Glu Gly Glu Glu Glu Leu Ala Stop

1350 GTAACTTTGTTTTCTCGTTCTAAGATGTATAATTTCCTGACCTACTCGAGTCGGTCTTTCCAGTGTTCTTGTTTGTTTTTTTCTGTCCCTTGTCGTCCTGTTTGTACAGAAACTACATGTTAA
1473 TAAAAACGTTCTTTTACAAAAAAANAANAANAAADDA

Fig. 8. cDNA sequence and corresponding amino acid sequence of cod3firaibulin.  Five amino acids (VA&f, Sef?, Sefs3 Gly29¢ Leut44), shown in bold italic type, differ from
Nucleotide and amino acid positions are numbered on the left. The polyadenylation signayian and mammalia@-tubulins (isotypes I-1V).
underlined. The GenBank database accession number f@dcsetjuence is No.AF1023890.
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TABLE II. Divergent Amino Acid Residues of Different Comparison of the sequenced cpii-tubulin with

B-Tubulin Isotypes Are Listed the peptide sequences recognized by the site-specific

B isotypes from higher vertebrates  tubulin antibodies (see Fig. 1b), shows two amino acid
nom v, Iv, v Vi Substitutions in region 1-13 (figin peptide,— Leu, in

cod, and Séf — Cys) and one substitution in region

Position Cod31l Ncr3l

3; '} LS 'T Is 'N LT "T 'G LN 241-256 (Tyr— Phe), a_md_ complete identity in region
45 D D D E E E E E g 153-165. These substitutions could explain the weak
48 N N S N S N N N N staining by antig,_;3 of the major codB-tubulin band

55 S S T AT S T T S Y (Fig. 1la); clearly, however, the sequeng&titubulin is

57 G S G N H G G Q H pup

64 Y \Y I IV VvV VvV I x

80 A P P P A P P P K

84 v I [ N I L L

115 S s s s s A s s N DISCUSSION

iég é é ¢ $ f(: F,@ {(A $ YC In the_present study we have shown that cod tubulin
170 v vV V M V V V M Vv Separates into three bands @, andp) on SDS-PAGE
221 S T T T T T T T T underconditionswhere bovine tubulin separates into two
283 S S A A A AG A A A bands & andp). TheBy-tubulin was found to be highly
293 M MoV M M M M M M acdic, phosphorylated on serine, neurospecific, and to
299 G s A S A A A AA titute about 30% of total cqgHtubulin isof |
316 | | Vv I Vv v v v | Cconstitute abou o of tota _cqﬂ- ubulin isoforms. Is
332 N N N N A S N A s PByxidentical with the mammaliaf, isotype? In mam-
335 N N N N S S N N T malspy-tubulinis neuron-specific, often phosphorylated
364 A A. A S S A S A A onresidues S&* and Tyr?’ [Sullivan and Cleveland,
365 A AV A S AV A S A

1986; Diaz-Nido et al., 1990; Alexander et al., 1991;
The cod Bl-tubulin are compared to Antarctic fish and higheKhan and Luduéa, 1996], and can be identified by its
vertebratesg—tubulin isotypes. C-tgrminal comparison are in Taple Mynusual electrophoretic mobility after reduction and
_The Antarctic rockcod (NgBl), chicken, mouse and hum@rtubulin methylation, as well as by the use of C-terminal specific
isotype sequences were from GenBank database. . . . .

antibodies. However, boving-tubulin, when not re-

duced and carboxymethylated, does not migrate on

SDS-PAGE as an extra band like ddis By, is also not
Gly?°6 and Led*), the cod B1-tubulin shows high as acidic as co@,-tubulin. In spite of these differences it
homology withB-tubulins from higher vertebrates (datais reasonable to speculate that ¢ds ap,,-tubulin; itis
base comparison is not shown). Analysis of so-called hgthosphorylated, localized to brain, and the amourg,of
spots, regions in the3-tubulin sequence that differon SDS-PAGE corresponded to the amount in theg®d
between isotypes [Burns and Surridge, 1990; Ludierband in the reduced and carboxymethylated samples; the
1993], show that co@®l is similar to mammalian and 32 band is known to contain thg, isotype [Banerjee et
avian B, and B,,. Divergent amino acids and the C-al., 1990].
terminal zones are shown in Tables Il and Ill, cod It is striking that cod brain tubulin has the highest
B1-tubulin is compared with an Antarctic fish and witlyield yet observed of th@,-like tubulin (theB, band),
B-tubulin isotypes from higher vertebrates. Based on tlaecounting for 35% of the totgl-tubulins. Noy,-like
criteria for typing of mammalian tubulins, the codubulin was found in cod liver or eggs, showing that it is
B1-tubulin sequenced in this study is characterized asiat a ubiquitousp-tubulin. In mammalian brains, the
Bv-tubulin isotype. yield of this band is 20—26%; in chicken it is about 15%

Three of the residues which differ from mammaliafLudueta et al., 1982], in shark 17%, and in three

tubulin sequences, namely &8y Sef®3, and GIly°¢ are Antarctic fish, it is 4-12% [Detrich et al., 1987]. The
according to the crystallographic model structure @@,-tubulin is most probably not involved in cold-
mammalian tubulin [Nogales et al., 1998] located at thedaptation of cod microtubules, singgtubulin was not
surface of the tubulin dimer, not involved irhelices or present in all tissues, and it was absent in some of the
B-sheets formation. S&t is at a loop making longitudi- other cold-adapted animals which we isolated microtu-
nal contact with the next tubulin dimer along the protofilabules from. Cod3-tubulin seems to be divergent in its
ment. Sed is at a zone probably involved in lateralC-terminal, since th@,-tubulin antibody raised against
protofilament interactions. S&f is the only substitution mammaliang,,-tubulin was unable to stain cqgHtubu-
common to both the co@,,-tubulin and the Antarctic lin. Moody et al. [1996] were also unable to detect
rockcodp-tubulin sequence [Detrich and Parker, 1993pB,,-tubulin in frogs or fish (the latter unpublished) with
differing from higher vertebratg-tubulin sequences. the use of antibodies to this isotype-defining domain,
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TABLE lll. Comparison of the Carboxy-Terminal Sequence of Cod Brain B1-Tubulin With Antarctic
Rockcod (Ncr1) and B-Tubulin Isotypes From Higher Vertebrates

%

Isotype Species 431 Identity
(v) Cod p1 EEEGEFEEEGEEELA

8] NenBl Y-DGA 75

| Humanpl ---ED-G--A--.-. 66
I Chickenp-1 D-Q: - - DE - 73
1l Chickeng-4 ... MY -DD:---SEQGAK 47
\ Chickenp-3 oo A---AE 80
IVa Mousep-4 - oo A---V. 80
Vb MouseB-3 - A---V 86

Single amino acid gaps introduced for maximal sequence homology are indicated with a line. Sequence homology
between the last 15 amino acids in gdt-tubulin and differenf isotypes was calculated as percentage amino
acid identity with respect to the longer sequence. Tubulin sequences are from GenBank database.

aClassified as isotype Il by Detrich and Parker [1993].

making it difficult to classify different3-tubulins from site-specific antibody to thig-tubulin. The remaining
lower vertebrates and invertebrates and to discuss th@itubulin isotypes may therefore bp,- and/or B;-
phylogeny and distributions in cells and tissues bbulins, which have isoleucine at residue 7. Qdd
available immunologic criteria. tubulin, which we have suggested to bg,gtubulin, was
Many different cod tubulin isoforms were identifiedmarkedly stained with th@,_;3 antibody, a result which
with IEF, but of the four antibodies used against thits well with the knowledge thaf3,,-tubulins have
C-terminal of mammalian and chick@atubulin isotypes isoleucine at residue 7. Furtheg,-tubulin was not
only one, antig,y, recognized cod tubulin, staining thestained by antRBs3_1¢5 In this region there is one amino
major codp-tubulin band. Based on sequence homologgeid difference between the peptide and chicl@an
with B-tubulin from higher vertebrates, we suggest thambulin sequence, 1€ in peptide— Val in chicken,
the B-tubulin which we have sequenced igg-tubulin. [Sullivan and Cleveland, 1984].
The whole amino acid sequence is not identical to higher  The substitutions in the cofl,y-tubulin sequence
vertebrateB,,, but comparison of the three hot spots [seare located at loops in the crystallographic model struc-
Burns and Surridge, 1990] on amino acids 35, 55-57 atde of the mammalian tubulin dimer [Nogales et al.,
124, and the C-terminals shows a high homology. It (5998]. The interesting substitutions are lle to Val 84, Thr
likely that, in lower vertebrates there may be only on® Ser 221, Ala to Ser 283, and Ala to Gly 296, at each
Bv-isotype, which in mammals diverged into tw@;, is  position the last named residue is from the cod sequence.
found only in the brain, ang,, is expressed in high Residue 84 is at the loop between helix H2 and beta
levels in testis and lower in other tissues [reviewed kstrand B3 and residue 221 is at the loop between helices
Ludu€ra, 1998]. The intensity of the C-terminal specifiti6 and H7 (a loop making longitudinal contact with the
Biv-staining in cod samples was comparable to that oéxt tubulin dimer). Residue 283 is at the main lateral
bovine tubulin, andp,-staining was only prominentloop between beta strand B7 and helix H9, probably
among the most basig-tubulin isoforms. This isotype making contact with a molecule in the next protofilament.
accounts for 13% of the totd@d-tubulin in bovine brain The latter is the only substitution which is common to the
[Banerjee et al., 1988], and based on gi-staining, it sequence of the Antarctic rockcod isotypegHtubulin
is likely that cod B, -tubulin, like bovine B, -tubulin, [Detrich and Parker, 1993] and the Atlantic cod isotype
only comprises a small fraction of the totgttubulin IV B-tubulin (this work), in comparison with the higher
isotypes in the brain. However, we cannot exclude thertebrate sequences. Given the probable location of this
possibility that this antibody does not stain the sequencedique Ser OH-group at the lateral contact interface it is
codp,y, because there are two amino acid substitutionst@mpting to speculate that it may have an important role
this region. Further studies are needed to determigich as hydrogen bonding to the next protofilament) in
whether two differenp,,-tubulins exist in cod brain. The increasing the cold-adaptation of these microtubules, by
site-specific antibody againgt_;; stained the major cod offsetting the energetics of the protein-protein interaction
B-tubulin band weakly. This antibody is raised againstat this interface. However, this substitution was not found
sequence with isoleucine at residue 7. The sequenced co@-tubulins from an Antarctic ciliate [Miceli et al.,
Bv-tubulin has a leucine at this position, which i9994; Pucciarelli et al., 1997]. Finally, residue 296 is at
common to some otheB-tubulins. One amino acid the loop between H9 and B8, and Leu 444 is at the
difference might be enough to decrease the binding of tilexible C-terminal end, which is lost from the structure.
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Pucciarelli et al. [1997] have suggested that microtubufetubulin isotype, and that the divergence to more than
cold-adaptation could be a function of tubulin phosphorywo B-tubulins could have started already in fish.

lation, since both the only sequenced Antarctic fish

B-tubulin [Detrich and Parker, 1993] and thigd¢ubulins

from an Antarctic protozoa have C-terminal sequenceEKNOWLEDGEMENTS
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