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ABSTRACT: Native tubulina dimers and microtubules have been subjected to limited proteolysis with
trypsin, chymotrypsin, elastase, clostripain, proteinase lysine-C, thermolysin, protease V8, papain, subtilisin,
proteinase K, proteinase aspartic-N, and bromelain. Eighty nicking points have been mapped anto the
and S-tubulin sequences with the aid of site-directed antibodies, of which 18 sites have been exactly
determined by N-terminal sequencing, and the probable position of 6 others deduced from protease
specificities. Proteolytic sites cluster into five characteristic zones, including the C termini of both chains.
Residues accessible to proteases in the tubulin dimer inclidbulin Lys40-Thr41-lle42, Glu168-Phel169-
Serl70, Serl78-Thr179-Alal80-Vall81, Lys280-Ala281, Glu290-1le291, Ala294-Cys295, Arg339-Ser340
(plus probably Lys60-His61 and Glu183-Pro184) ghtlibulin Gly93-GIn94, Lys174-Vall75, Gly277-
Ser278, Tyr281-Arg282-Ala283, Cys354-Asp355 (plus probably Arg121-Lys122, Phel67-Serl68, Tyrl83-
Asnl184, and Glu426-Asp427 or Ala430-Asp431). While the majority of these sites remain accessible at
the outer surface of taxol-induced microtubulegubulin Lys280-Ala281, Arg339-Ser340 afietubulin
Tyr281-Arg282-Ala283 (and probably Argl21-Lys122) become protected from limited proteolysis,
suggesting that they are close to or at intermolecular contacts in the assembled structure. The protease
nicking points constitute sets of surface constraints for any three-dimensional model structures of tubulin
and microtubules. The dimer tryptic site attubulin 339-340 jumps approximately +22 residues
upstream (probably to Lys326-Asp327 or Lys311-Tyr312) in taxol microtubules, suggesting a tertiary
structural change. The cleavage of the approximately 10 C-terminal residwetubfilin by protease

V8, papain, and subtilisin is inhibited in taxol microtubules compared to tubulin dimers, while the
approximately 20 C-terminal residues gftubulin are similarly accessible to protease V8, subtilisin,
proteinase K, proteinase AspN, and bromelain and show enhanced papain cleavage. This is consistent
with models in which thea-tubulin C-terminal zone is near the interdimer contact zone along the
protofilaments, whereas the C terminusfbis near the interface between both subunits.

Microtubules are essential for a number of cell functions, protein include the following. (i) The side chains of the amino
including cell motility, intracellular transport, mitosis, and acid residues forming the bond must satisfy the chemical
cell shape. The three-dimensional structures of dife specificity of the protease (these range from nonspecific to
tubulin dimer and microtubules are known to low resolution residue-specific). (i) The bond must be accessible at the
(Amos & Klug, 1974; Mandelkow et al., 1977; Beese et al., surface of the three-dimensional structure of the protein, for
1987; Andreu et al., 1992; Song & Mandelkow, 1995; example forming part of a loop or a hinge. (iii) The peptide
Kikkawa et al., 1995), and a medium-resolution density map chain is typically flexible so that it may fit into the protease
of tubulin in zinc sheets has been presented (Nogales et al. pinding site; it frequently lacks a defined secondary structure,
1995). The high-resolution structure of tubulin and the although cleavable helical zones are known (Fontana et al.,
detailed interaction mechanisms which are responsible for1986; Hubbard et al., 1991). Therefore, limited proteolysis
microtubule assembly and microtubule functions are not is very useful for mappmg surface bonds of a given protein
known [for reviews, see Mandelkow and Mandelkow (1995) or macromolecular structure. However, not observing a
and Monasterio et al. (1995)]. On the other hand, the crystal given potential nicking site does not prove that it is buried
structures of the motor domains of kinesin and the related \yithin the protein. On the other hand, proteolytic fragments
microtubule-based motoncd have very recently been 4o not necessarily correspond to structural domains, in
determined (Kull et al., 1996; Sablin et al., 1996). particular in cases in which they do not spontaneously

Limited proteolysis methods have been used extensively dissociate.
to investigate protein structure, function, and macromolecular
complexes (Price & Johnson, 1989; Wilson, 1991; Kruft et
al., 1991; Plyte & Kneale, 1994). The restrictions for a given
peptide bond to be susceptible to proteolysis in a native

Actin is a cytoskeletal protein that exists in unassembled
(G-actin) and polymerized (F-actin) states, for which both
limited proteolysis and high-resolution data are available.
The sequence 3969 of actin is cleaved at several positions
by proteases, including trypsin, chymotrypsin, proteinase K,
T This work was supported in part by DGICyT Grant PB920007 and clostripain, and subtilisin among others (Sheterline & Spar-
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is predominantly exposed at the surface of G-actin, and at In the work reported here, we have employed a panel of
both ends of thg-strand 65-68. Many of the nicking points 12 commercially available proteases of different specificities
in subdomain 2 are protected in F-actin, suggesting that theyto systematically perform comparative limited proteolytic
are occluded upon filament assembly. In the F-actin model nicking of accessible bonds at the surface of the tubulin dimer
proposed by Lorenz et al. (1993), this zone is involved in and taxol-induced microtubules. Cleavage positions have
intermolecular contacts with an adjacent actin monomer, andbeen mapped on the tubulin sequences, and a number of them
a local conformational change in the filament structure has have been exactly determined, thus chemically defining a
been proposed (Lorenz et al., 1993; Fievez & Carlier, 1993). significant number of surface peptide bonds of tubulin in
Limited proteolysis of tubulin has been employed in the the unassembled and assembled states, as well as potentially
past to dissect tubulin structure and function. The acidic C interacting zones and local conformational changes.
termini of thea- andg-tubulin chains are the main clusters
of variability between the different tubulin isoforms, the sites MATERIALS AND METHODS
of the known post-translational modifications with the Proteins and ChemicalsTubulin was purified from calf
exception of acetylation (Redecker et al., 1994), and the sitesbrain and stored in liquid nitrogen, and its concentration was
of recognition by many of the site-directed antibodies to measured spectrophotometrically as described (Weisenberg
tubulin and have been implicated in the interactions with et al., 1968; Lee et al., 1973; Andreu et al., 1984). Trypsin
MAPs! and microtubule motors [for reviews, see Ludaen (type Xlll, TPCK-treated, lot 100H8130j-chymotrypsin
et al. (1992) and Andreu and de Pereda (1993)]. These(type VII, TLCK-treated, lot 92F8045), clostripain (lot
flexible zones exposed on the surface of microtubules 47F0429), thermolysin (type X, lot 43F0248), and subtilisin
(Breitling & Little, 1986; de la Viia et al., 1988) can be Carlsberg (type VI, lot 54F0230) were from Sigma.
removed by limited proteolysis with subtilisin (Serrano et Elastase (lot 12573721-11), endoproteinase Lys-C (lots
al., 1984; Sackett et al., 1985). The cleaved protein exhibits 12291929-22 and 12483825-24), proteinase K (lot 14241922-
enhanced MAP-independent polymerization ability, possibly 51), and endoproteinase Asp-N (sequencing grade, lot
due to the reduction of electrostatic repulsion, and readily 14168324-21) were from Boehringer. Protease V8 (from
forms microtubule-like sheets (Serrano et al., 1984), vin- Staphylococcus aurepist 0301) was from ICN Biomedical.
blastine-induced spirals (Serrano et al., 1986), zinc sheetsBromelain (lot 013790) was from Calbiochem, and papain
(White et al., 1987), and rings (Peyrot et al., 1990). Trypsin (dried latex) was from Koch-Light Laboratories. Clostripain

predominantly cleavesi-tubulin at arginine 339, while
chymotrypsin predominantly cleavgstubulin at tyrosine
281 (Mandelkow et al., 1985). Cross-linking with the zero-
length reagent 1-ethyl-3-[3-(dimethylamino)propyl]carbo-
diimide supports a model in which the N-terminal fragment
of a-tubulin contacts the C-terminal fragment @tubulin

in the a8 dimer and (since the dimers are longitudinally
aligned along the protofilaments in microtubules) the C-
terminal fragment oéi-tubulin contacts with the N-terminal
fragment of 8-tubulin in the protofilaments (Kirchner &
Mandelkow, 1985). Limited proteolysis of tubulin by several
proteases followed by immunoblotting with anti-peptide
antibodies permitted identification of more than 30 pro-

was dissolved (1 mg/mL) in 10 mM sodium phosphate, 1
mM CaCl, and 2.5 mM DTT at pH 7.0 and was activated
at 25°C for 2 h. Endoproteinase Lys-C was dissolved to a
nominal activity of 20 u/mL in 10 mM sodium phosphate at
pH 7.0. Endoproteinase Asp-N was diluted according to the
manufacturer’s instructions to 0.04 mg/mL in 10 mM Tris-
HCl at pH 7.5. Other proteases were dissolved (1 mg/mL)
in 10 mM sodium phosphate at pH 7.0 (papain was clarified
by centrifugation). Protease aliquots were stored frozen and
discarded after use. The reported cleaving specificity of each
protease (Bond, 1989) is as follows: trypsin, after Lys or
Arg; chymotrypsin, after Trp, Tyr, or Phe; elastase, after
uncharged, nonaromatic residues; clostripain, after Arg;

teolytic fragments. The mapped points of cleavage clusteredendoproteinase Lys-C, after Lys; papain, nonspecific, Arg
into two well-defined internal zones and the C termini of or Lys preferred; subtilisin, nonspecific, preferably after acid
both chains. Therefore, each tubulin monomer was proposedand neutral residues; protease V8, after Glu or Asp; ther-
to consist of three large compact proteolysis resistant regionsmolysin, before Leu, Phe, lle, Val, Met, or Ala; endopro-
(each roughly one-third of the chain length each) and the teinase Asp-N, before Asp or cysteic acid; proteinase K,
smaller zones accessible to the proteases (dea #fral., nonspecific, preferably after aromatic or aliphatic residues
1988; Andreu & Afwalo, 1993). However, most of these (Ebeling et al., 1974); and bromelain, nonspecific. The
fragments did not spontaneously dissociate and do notmolecular masses quoted for these proteases are between
necessarily correspond to the three electron density regions23 000 and 37 500 Da, except clostripain (53 000 Da)
observed in the X-ray fiber diffraction model (Beese et al., (Products for Protein Biochemistry, Boehringer Mannheim
1987), which do not need to be sequential. On the other GmbH, P.O. Box 310120, D-6800 Mannheim 31, Germany).
hand, very few proteolytic sites of tubulin had been  Site-directed antibodies to tubulin [for a review, see
sequenced. Andreu and de Pereda (1993)] and the dilutions employed
in immunoblotting were the following. The monoclonal

1 e : - . antibody to acetylated Lys40 oftubulin (6-11B-1; Le Dizet
Sulfonide, DIT. 1 4-Gihiothroltol EGL ennanced chemiuminscence & Piperno, 1987) was from Sigma and used at 1/10000.
Western blotting detection reagents (Amersham Life Science); EDTA, Monospecific antibodies to the sequend@55-168) (NC55)
ethylenediaminetetraacetic acid; MAPs, microtubule-associated proteins;yere prepared as described (#a et al., 1990) and used

PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered o - - -
saline (8.1 mM disodium phosphate, 1.5 mM potassium phosphate, 137at 1/8000. Monospecific antibodies to the sequen@i 4

mM sodium chloride, and 2.7 mM potassium chloride); PMSF,
phenylmethanesulfonyl fluoride; SDS, sodium dodecyl sulfate; Tris,
tris(hydroxymethyl)aminomethane; TBS, Tris-buffered saline (10 mM
Tris-HCI and 150 mM NacCl at pH 7.4); TLCK, Np-tosyl+-lysine
chloromethyl ketone; TPCKN-tosyl+-phenylalanine chloromethyl
ketone.

226) (NC38) were prepared as described (Andreu et al.,
1988) and used at 1/10000. Monospecific antibodies to the
sequencel(415-445) (C102) were as described (Andreu et
al., 1988) and used at 1/3000. The antibody to C-terminal
tyrosilated a-tubulin (1A2; Kreis, 1987) was from Sigma
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and used at 1/10000. The monoclonal antibody to the amino-bands were stained with Coomassie blue (de lGa\énhal.,

terminal sequencg(1—-13) (P11E12C3) (C. de [se G.
Pucciarelli, D. Andreu, and |. BarasoaiCentro de Inves-

1988). Alternatively, peptides were electrophoretically
transferred onto membranes in a semidry Trans-Blot ap-

tigaciones Biolgicas, unpublished) was used at 1/50000. The paratus (Bio-Rad), using as transfer buffer 25 mM Tris, 192

monospecific antibodies to the sequefi¢E53—165) (C140)

were as described (Avalo et al., 1990) and used at
1/100000. The monospecific antibodies to the sequefices
(241-256) (C99) angb(412—431) (C106) were as described

(Andreu et al., 1988) and employed at 1/2000 and 1/5000,

mM glycine, and 20% (v/v) methanol at pH 8.5. Nitrocel-
lulose sheets (0.2m, Bio-Rad) were used for immuno-
blotting, whereas poly(vinyldene difluoride) (PVDF) sheets
(Immobilon-P<, Millipore) were used for microsequencing
(Matsudaira, 1987). The apparent molecular masses of

respectively. All these antibodies were tested and found to proteolytic tubulin fragments were calculated, employing as

be a- or S-tubulin-specific in every immunoblot.

Taxol (paclitaxel) was a gift from the late Dr. Matthew
Suffness, National Cancer Institute, National Institutes of
Health. GTP (dilithium salt) was from Boehringer. PMSF
was from Calbiochem. SDS, EDTA, and iodoacetamide
were from Sigma. Tween 20 was from Fluka. Other
analytical grade reagents were from Merck.

Limited Proteolysis. Tubulin was rapidly equilibrated in
10 mM sodium phosphate and 0.1 mM GTP at pH 7.0
employing Sephadex G-25 (200.9 cm) columns. MgGl
(6 mM) was added (final pH of 6.7), and the protein was
centrifuged at 1000@Pduring 30 min at £C. The tubulin
concentration in the supernatant was adjusted teN20and
GTP was added up to 1 mM. Taxol (201) was added in

molecular mass markers (Bio-Rad) phosphorylagh,
97 400 Da), BSA M, = 66 200 Da), ovalbuminM, =

45 000 Da), carbonic anhydradd,(= 31 000 Da), soybean
trypsin inhibitor M, = 21 500 Da), and lysozymeV =

14 400 Da). Immunoblotting of the proteolytic fragments
was performed as described (Andreu et al., 1988) with the
following modifications. Nitrocellulose sheets were incu-
bated in 1% gelatin PBS overnight at room temperature and
then briefly rinsed with PBS-T (PBS containing 0.05% v/v
Tween 20). Sheets were incubated with site-directed anti-
bodies diluted in PBS-T containing 0.5% BSA for £3 h

at room temperature and washed three times with PBS-T.
In order to detect monospecific primary antibodies, sheets
were incubated with peroxidase-conjugated mouse anti-rabbit

order to assemble microtubules. The residual concentrationimmunoglobulin (Bio-Rad) diluted 1/10000 in PBS-T con-

of DMSO from the taxol stock solution was lower than 0.5%
(v/iv). An equal concentration of DMSO was added to an
identical aliquot of tubulin without taxol. Both were heated
at 37°C during 30 min to induce polymerization of the taxol-

taining 0.5% BSA for 1.5 h and washed four times with
PBS-T and twice with PBS. Sheets were then incubated for
1 min with the enhanced chemiluminescence reagents (ECL,
Amersham), and Kodak X-Omat film was exposed to them

containing samples. Then they were incubated with eachfor 30 s to 3 min. When monoclonal primary antibodies

protease at the indicated weight ratios for 20 min af@5
(thermolysin experiments included additional 2 mM GCacCl

were employed, dilutions were made in TBS instead of PBS
and they were detected with peroxidase-conjugated goat anti-

in the buffer). The reaction was stopped by adding an excessmoyse immunoglobulin (Bio-Rad) diluted 1/10000 in TBS-T

of protease inhibitor. PMSF (2 mM) was used to inhibit

trypsin, chymotrypsin, elastase, subtilisin, protease VS8,
papain, endoproteinase Lys-C, and proteinase K; iodoaceta

mide (2 mM) was used to inhibit clostripain and bromelain.
EDTA (2 mM) was used to inhibit thermolysin and endopro-

teinase Asp-N. An equal volume of SDS electrophoresis

sample solution (de la Vanet al., 1988) was immediately
added, and the samples were boiled.

Sedimentation velocity measurements of tubulin solutions

(with 0.1 mM GTP) were performed with a Beckman Optima
XLA analytical ultracentrifuge, employing double-sector cells
in an AnTi rotor at 60 000 rpm and Z%. The cells were

containing 0.5% BSA.

Polypeptides blotted onto ImmobilorfPmembranes were
stained with Coomassie blue and stored as described (Mat-
sudaira, 1987). N-Terminal Edman microsequencing of the
peptides adsorbed onto the membranes was performed on
an Applied Biosystems 477A sequencer equipped with on-
line HPLC analysis of the phenylthiohydantoin derivatives.
This procedure works for a number of majority or contami-
nant-free peptides.

Since the apparent (electrophoretic) molecular mass of the
tubulin chains and their fragments is anomalous (de [@aVin

scanned at 295 nm, and the weight average sedimentatioret al., 1988), in order to obtain more accurate estimates, a
coefficients were measured employing the second-momentprocedure based on the use of sequenced tubulin fragments
method as described (Laue et al., 1993), with Origin software as internal standards was employed. The apparent molecular

supplied by Beckman.
Microtubule assembly was monitored turbidimetrically at

350 nm, and the concentrations of polymers and of non-

mass of well-known fragments was plotted versus their
theoretical molecular mass (calculated from their sequence,
without taking into account the possible increase due to post-

polymerized tubulin were determined by the sedimentation translational modifications, whose exact extension is not

assay described by ‘Bz and Andreu (1993), with the
following minor modifications. Samples were warmed at
37 °C for 1 h and centrifuged at 1000§@or 10 min at 37
°C in a Beckman TLA-100 rotor; alternatively, samples were
warmed at 37C for 30 min, then kept at 25C for 20 min,
and centrifuged at 2%C as above. The morphology of the

known). This clearly gave nonlinear plots, which were
arbitrarily fitted employing third-order polynomials (not
shown). Four types of peptides were define:tubulin
fragments containing its N-terminal sequence (i) or the
C-terminal sequence (ii) argttubulin fragments containing
its N-terminal sequence (iii) or the C-terminal sequence (iv).

polymers was observed by electron microscopy of negatively This classification takes into account the different electro-

stained samples as describedgPD& Andreu, 1993).
Electrophoresis, Immunoblotting, and N-Terminal Mi-

crosequencing. Samples were analyzed by SDS-PAGE

(Laemmli, 1970) with modifications (Best et al., 1981),

phoretic mobility ofo- andg-tubulin and the different amino

acid composition of the terminal regions in each chain. The
corrected value of the apparent molecular mass of the
unknown fragments in each class was obtained by interpola-

employing 10% acrylamide pH 9 resolving gels, and peptide tion.
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Table 1: Amino Terminal Sequences of Limited Proteolysis Fragments of Tubulin

fragment
protease sampie name amino sequence position in sequénce theoreticaM,?
trypsin DM TRol M-E-I-I 1-339 37 520
DM TRa4 SIQFV 3406-451 12576
MT TRAL V-DTVVEP 175-445 30 887
DM TRA1 V---W 175-445 30 887
MT TRj4 M-EIV-1Q 1-174 18 986
chymotrypsin MT CHicl SIYPAPQVS 176-451 31529
DM CHp2 -ALTVP-L 282—445 18913
elastase DM Ebl TAVV 179—-451 30585
DM ELo3 -FEPANQMVK 295-451 17 615
DM ELS1 MREIV 1-354 39 326
DM ELS2 DIPP-GLK 355-445 10547
clostripain DM Clo3 -IQFV 340-451 12 576
DM CLf5 AL-VP-G-QQM 283-445 18 757
Lys-C MT LCal TIGGGDDS 41451 45679
DM LCal TIGGG 41451 45679
DM LCa2 MRE-ISI 1-280 30953
DM LCa3 TIGGGDDS 41280 26 555
DM LCa5 AY-EQL-VAEI 281-451 19 143
thermolysin MT Thxl IGG-DD-F 42-451 45578
DM THol ----DD 42—-451 45578
protease V8 DM val F-IYPAPQ 169-451 31676
MT V8al FSIYPA 169-451 31676
MT V8a4 IT-A-FEP 291-451 18014
DM V8a4 I-NA-FE 291-451 18 014
papain DM PA4 -AVVEPY 179-446+ 4 nd
subtilisin DM SBx3 MREI-I- -H 1-266+ 31 nd
DM SBo4 -- EPYNSI 181442+ 5 nd
proteinase K DM K4 MREI 1-285+ 24 nd
bromelain MT BRG2 Q-GAGNN-A 94-438+ 6 nd
MT BRA7 SQQYRA 278-407+ 13 nd

aTubulin heterodimer (DM) or taxol-induced microtubule (MT) samples were employed for sequehBimgjtion in the sequence and theoretical

M, determined according to the pig brain sequences.

Mapping of Tubulin Proteolytic FragmentsThe experi-
mentally determined N-terminal peptide sequences were
assigned directly by comparison with the complete porcine
brain ao- and S-tubulin sequences (Krauhs et al., 1981;
Ponstingl et al., 1981), employing a personal computer

program, and the complementary fragments produced by the

same cleavage were identified. We found no difference

between the bovine and porcine brain tubulin sequences at

the positions examined. In this way, a number of cleavage
points were precisely determined. The rest of the fragments
were identified only from their reactivity with the site-

directed antibodies, and their extension was measured from

their corrected molecular mass values (employing the actual

tubulin sequences instead of average residue molecular mass

values). It should be noted that mass spectrometry, which
has been fruitfully used to investigate post-translational
modifications of tubulin (Redecker et al., 1994; Alexander
et al.,, 1991), might be employed to map proteolysis frag-
ments. However, this was hampered by the microhetero-
geneity of the tubulin chains, which reduces the resolution
of direct molecular mass determination @Ryer et al., 1995),
and by the fact that we have not as yet found a convenient
HPLC method for separation and identification of the tubulin
chains and their fragments.

RESULTS AND DISCUSSION

Tubulin Dimer and Microtubule Samples Subjected to
Comparatie Limited Proteolysis.Purified calf brain tubulin
was proteolyzed in 10 mM sodium phosphate buffer, 6 mM
MgCl,, 1 mM GTP, and pH 6.7 buffer at 2&. Since Mg+
ions are known to induce tubulin self-association, the degree
of incipient oligomerization of tubulin under our conditions

1.5

[TUB] (mg/ml)

)
| 1 it |
1 2

[TUB], {(mg/ml)

A Absorbance 350 nm

Time (min)

Ficure 1: Turbidimetric time course of assembly of 2B tubulin
induced by 2Q«M taxol, in 10 mM sodium phosphate, 1 mM GTP,
and 6 mM MgC} at pH 6.7 and 37C (lines a and b) or in the
same buffer with the addition of 2 mM CagCflines ¢ and d).
Arrows indicate cooling of the samples to 20 (solid lines a and

c) or 2°C (dashed lines b and d). Left inset: electron micrograph
of negatively stained taxol-induced microtubules, assembled at 37
°C and left at 20°C for 25 min. Right inset: quantification by
sedimentation of the microtubule assembly induced by taxol. Solid
circles, pelleted tubulin; open circles, tubulin in supernatant.

was evaluated by sedimentation velocity. The weight
average sedimentation coefficient of M tubulin in the
absence of M§f had an uncorrectesy, value of 5.4 S,
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FiGure 2: Limited proteolysis of tubulin and taxol-induced microtubules by trypsin (TPCK-treated, 1% wi/w ratio to tubulin). Panel A:
lanes 1, 3, 5, 7, 9, 11, 13, 15, and 17, heterodimeric tubulin; lanes 2, 4, 6, 8, 10, 12, 14, 16, and 18, taxol-induced microtubules. Lanes 1
and 2 are a Coomassie blue-stained gel portion. Lanes 3 to 18 are immunoblots with the following site-directed antibaa{@55-anti

168), lanes 3 and 4; antf214—226), lanes 5 and 6; antf415-430), lanes 7 and 8; 1A2 lanes 9 and 10; 2¢it+-13), lanes 11 and 12;
antj3(153—-165), lanes 13 and 14; afif41—256), lanes 15 and 16; and g#({#12—431), lanes 17 and 18. Each of these immunoblots
included a nonproteolyzed tubulin sample in this and every following experiment (not shown). Marks on both sides indicate the position

of a- andg-tubulin and their fragments. Panels B and C: schemes of fragments produced by trypsin-limited proteolysis of heterodimeric
tubulin (B) and taxol-induced microtubules (C). The reaction of each band with the site-directed antibodies in the original immunoblots is
indicated by solid rectangles (strong signals) and open rectangles (comparatively weak signals for a given antibody; note that some of the
antibodies are extremely sensitive). The reaction of the C-terminal tyrosine with the 1A2 antibody is indicated by the letter Y. These
reactivities are employed to align each fragment on the sequences. Numbers indicate the ends of the fragments by reference to the pig brain
tubulin sequences. These numbers are given without error when they come from N-terminal sequencing; errors are given for tubulin fragment
sizes estimated from corrected electrophoretic molecular masses; parentheses indicate either a carboxy-terminal residue assigned by being
complementary to a sequenced N-terminal fragment or an amino-terminal end deduced from a known protease residue specificity. Dashed
lines indicate the limits to the position of the fragments.

corresponding to the®;,, 0f 5.8 S for the tubulir3 dimer to tail (Mandelkow et al., 1983; Tae et al., 1994), one-half
(Frigon & Timasheff, 1975; Andreu & Muoe, 1986), while and one-third of the longitudinal contact surfaces are
in the complete buffer (with 0.1 mM GTP), the value was respectively exposed in tetramers and hexamers so that
6.5 S. A previous incubation at 37C for 30 min (the approximately 85% of the tubulio. and 8 subunits have
conditions required to assemble the parallel microtubule the same exposed surface as in the 5.8 S heterodimer.
samples) did not increase the later value significantly. The Therefore, the tubulin solution was considered qualitatively
concentrations of oligomers and the apparent equilibrium heterodimeric for the purpose of limited proteolysis. The
association constant were estimated by direct application ofcircular dichroism spectra of these samples, and of 2 mM
the model of M@™-induced tubulin isodesmic self-association CaCb-containing samples, were compared to spectra of

(Frigon & Timasheff, 1975;55= 5.4 S, C=2 mg mL™?). It

samples without 6 mM MgGland found to be identical

was concluded that the sedimentation coefficient value within experimental error (not shown; the experimental

observed with Mg" indicated a mixture of approximately
72.5% tubulinos dimers, 21.5% tetramers, 4.8% hexamers,
and insignificant proportions of higher-order oligomers.
Considering that the Md-induced self-association of the
tubulin a8 dimer leading to double-ring formation is head

reproducibility of the spectral extremes at 192, 210, and 220
nm was+4.4, 1.5, and 1.4%, respectively). Therefore, the
average secondary structure of tubulin was considered
insignificantly modified by the divalent cations added in the
limited proteolysis experiments. When in another control
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Ficure 3: Limited proteolysis of tubulin and taxol-induced microtubules by chymotrypsin (TLCK-treated, 2% w/w). Panel A: Coomassie-
stained lanes and immunoblots, in positions identical to those of Figure 2. Panels B and C: schemes of tubulin fragments produced by
chymotrypsin, similar to Figure 2.

experiment unassembled tubulin was warmed atG7%or comparison to identical tubulin samples without taxoid, by
30 min in the M@*-containing buffer and then taxol was the extensive characterization of this system (Andreu et al.,
added, the turbidimetric time course of assembly had the 1992, 1994; Daz & Andreu, 1993; [az et al., 1993, 1996),
same kinetics and reached 90% amplitude of that of the and by the frequent use of taxol to stabilize microtubules in
protein aliquot which had taxol from the start. The present structural studies [for example, Kikkawa et al. (1995)]. We
proteolysis conditions for the tubulin dimer are the same as do not think the fact that taxol-induced microtubules have
previously employed (de la Vinet al., 1988), saving the one protofilament less than control microtubules (Andreu et
Mg?* and nucleotide concentrations and the°@7preincu- al., 1992) should have any marked influence on their
bation of the samples. proteolytic accessibility. On the other hand, there is a 0.1
Microtubules were assembled by addition of equimolar nm increase in tubulin monomer length in the surface lattice
taxol to identical aliquots of tubulin, which were processed of taxol microtubules compared to that of control micro-
in parallel with the unassembled samples. Microtubule tubules, which renders the tubulin to a state similar to the
assembly was monitored by turbidity, sedimentation, and protein liganded to nucleoside triphosphate at the ends of
electron microscopy (Figure 1). The tubulin critical con- microtubules (Vale et al., 1994; Hyman et al., 1995); the
centration was 0.16: 0.07 mg mL?, and no significant possible effects of this structural change on proteolysis are
assembly was detected without taxol. Therefore, at the 2.0unknown. At present, we have not detected any changes in
mg mL! total concentration employed, 92 3% of the the proteolysis patterns of unassembled GDd&hd GTP-
protein was assembled. Taxol-induced microtubules as-tubulin (J. M. de Pereda and J. M. Andreu, unpublished).
sembled at 37C were essentially stable during 20 min at Peptide bonds located on the outer microtubule surface
25 °C, even though they partially depolymerized at@ should be similarly sensitive to proteolysis in tubulin dimers
The 25°C polymers observed by electron microscopy with and in microtubules. The loss of mobility of tubulin and a
or without 2 mM CadC] were microtubules, and the concen- possibly restricted diffusion of the protease in the microtubule
tration of sedimentable protein was not significantly different suspension might be expected to reduce cleavage, but this
from the 37°C controls. These samples were therefore has not been observed (many cleavages take place to an
qualitatively considered as microtubules for the purpose of identical extent within the precision of the blotting methods
proteolysis. employed; see below). Note that, given the molecular masses
Our choice of the taxol-induced microtubules was guided of the proteases employed (Materials and Methods) and the
by their stability, by the simple experimental design in direct inner diameter of taxol-induced microtubules (Andreu et al.,
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FIGURE 4: Limited proteolysis of tubulin and taxol-induced microtubules by elastase (2% w/w). Panel A contains the immunoblots. Panel
B-C shows the schemes of tubulin fragments produced by elastase. These were similar for heterodimeric tubulin and for taxol-induced
microtubules (hence there are no separate panels B and C in the figure).

1992), the diffusion of protease molecules into the micro- assembly, in agreement with previous results (Brown &
tubule lumen and the attack on the inner microtubule surface Erickson, 1983; Mandelkow et al., 1985; Sackett & Wolff,
should be hindered with respect to unassembled tubulin. Any1986). Interestingly, a new cleavage poinbiftubulin has
differences observed in the limited proteolysis of both peen detected, which is only observed in the polymerized
samples should be due to one of the following causes: (a)state. The small fragment which is generated from micro-
occlusion of surface bonds of the tubulin dimer by interaction typules (TRx3, see Figure 2) resisted N-terminal sequencing.
with surrounding tubulin molecules in the microtubule wall  From the comparison of its apparent molecular mass with
or by location in the microtubule lumen, (b) tubulin structural {hat of the 346-451 fragment sequenced from the dimer,
changes induced by assembly and/or taxol binding, or (C) yhe nicking point should be placed about-122 residues
direct occlusion of surface bonds by taxol binding. The latter upstream of position 339 (note that the apparent molecular
seems not to be highly probable for this comparatively small masses of the large fragments give larger errors). The only

Ilgand_, particularly if it dogs b'nd. in a cleft between bonds around the zone which are compatible with the

protofilaments or elsewhere in the microtubule wall (Andreu cleaving specificity of trypsin are (porcine brain tubulin;

etal, 1992, 1994; e et al,, 1993; Nogales et al., 1995). b onier a1 1081) Lys3HTyr312, Arg320-Gly321,
Limited Proteolysis by Trypsin.Native tubulin het- Lys326-Asp327, Lys336-Thr337, and Lys338Arg339.

ero;jwnlers dand q ta.>éol—|Pdu|ced dr.rtlllcrotublulets v;/]ere ”:j'ldly dThe latter two are three residues and one residue apart from
proteolyzed under identical conditions, €lectropnoresed, anty, , 1,44 nicked in the tubulin dimer and would be expected

immunoblotted with a panel of sequence-specific antibodies. : . . . -
: . X : to give a difference in electrophoretic mobility much smaller
The protease/tubulin ratio was adjusted to give a fragment T o o
than observed. Clostripain, which is specific for Arg

tt I ible while nicki bstantial = . )
patiern as ciean as possive whne nicking a sthstanta residues, cleaves the Arg33%er340co-tubulin bond but

proportion of tubulin molecules. The results for trypsin are .
shown in panel A of Figure 2. Panels B and C show the does not produce a new fragment from microtubules (see

mapping of the tubulin and microtubule fragments onto the Pelow). Therefore, the Lys326Asp327 bond (followed by
sequences af- andB-tubulin with the site-directed antibod- ~ LyS311—Tyr312) seems to be the more probable point of
ies, respectively, as well as their approximate sizes. The preferential taxol microtubule cleavage by trypsin. Trypsin
fragments included in the analysis are numbered by orderis less active cleaving th@tubulin chain, though two minor

of increasing electrophoretic mobility. The results of N- cleavage points have been detected. The first is located
terminal microsequencing of proteolytic fragments of this between residues Lys174 and Vall75, and it is exposed in
and the other proteases are collected in Table 1. The mainthe microtubules. The second should be at a Lys or Arg
tryptic digestion point is at the Arg33%er340 peptide bond  residue in the zone between residues 250 and 310, and it is
of the a-tubulin chain, and it is protected upon microtubule protected in microtubules.
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Ficure 5: Limited proteolysis of tubulin and taxol-induced microtubules by clostripain (2% w/w). Panel A, immunoblots; panels B and C,
schemes of tubulin fragments produced by clostripain. The organization of this figure is as in Figure 2.

Limited Proteolysis by ChymotrypsinThe results are
shown in Figure 3. Chymotrypsin cleaves thetubulin

the tubulina. chain, between residues Arg339 and Thr340,
that is in the same position of trypsin.

In contrast with

chain at a single point between positions Phe169 and Ser170trypsinolysis, a fragment generated from microtubules but
which is accessible to proteolysis in microtubules. The main not from dimers has not been observed in the clostripain

cleavage point is placed frtubulin at Tyr281-Arg282, and

proteolysis. Since clostripain is specific for Arg residues,

it is protected in microtubules, in agreement with previous the putative tryptic digestion of microtubules at position
results (Brown & Erickson, 1983; Mandelkow et al., 1985; Arg320-Gly321 is improbable. A second, minor cleavage

Sackett & Wolff, 1986). There are two other minor nicking
points in theB chain, which generate the peptides£3-and
CHp4, both recognized by the afifil—13) and anf#(153—

point is located in the region betweertubulin residues 210
and 265. Both points are protected in microtubules. The

SB-tubulin chain is less sensible to clostripain digestion. Its

165) antibodies, though complementary C-terminal peptidesmain cleavage point occurs between Arg282 and Ala283;
have not been detected. On the basis of their apparentthree other proteolysis points are located in the-1235,
molecular masses and the specificity of chymotrypsin, the 295-345, and 386430 zones. From the chemical specific-

putative positions of the cleaved bonds are Tyri83n184
and Phel67Serl168 (although Tyr159 and Tyr200 cannot

ity of clostripain, the first of these has been putatively located
at Arg121-Lys122. g-Tubulin cleavage by clostripain is

be totally excluded). These two points are accessible to practically abolished in microtubules.

chymotryptic cleavage in microtubules.
Limited Proteolysis by ElastaseThe results shown in

Limited Proteolysis by Endoproteinase Lys-The results
are shown in Figure 6. Controlled proteolysis of het-

Figure 4 and Table 1 indicate that elastase cleaves twoerodimeric aj-tubulin with endoproteinase Lys-C occurs

peptide bonds im-tubulin, Serl78Thr179 and Ala294
Cys295. A minor cleavage point of thfechain is between

preferentially in thex chain, where two main nicking points
have been sequenced. One is the Lysfiir41 bond, which

residues Cys354 and Asp355. These three nicking pointsgenerates fragment ldd.. This fragment is more abundant

are similarly accessible in the tubulin dimer and in micro-
tubules.

Limited Proteolysis by ClostripainThe results are shown
in Figure 5. The main cleavage point by clostripain is in

in the proteolysis of assembled microtubules, which can be
most easily explained by the inhibition of its further cleavage
(see below). The side chain of Lys40, which is post-
translationally acetylated, is accessible in microtubules to
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Ficure 6: Limited proteolysis of tubulin and taxol-induced microtubules by endopeptidase Lys-C (0.5 u/mL). Panel A: lanes 1, 3, 5, 7,

9, 11, 13, 15, 17, and 19, Lys-C-digested heterodimeric tubulin; lanes 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20, Lys-C-digested assembled
tubulin. Lanes 1 and 2 are a Coomassie blue-stained gel fragment. Lais &e immunoblots with the following site-directed
antibodies: 611-B1, lanes 3 and 4; at{fi55-168), lanes 5 and 6; antf214—226), lanes 7 and 8; antf415-430), lanes 9 and 10; 1A2,

lanes 11 and 12; aiff1—13), lanes 13 and 14; afifi1l53—165), lanes 15 and 16; afi{fp41—256), lanes 17 and 18; and g#(@#12—431),

lanes 19 and 20. Marks on both sides indicate the positian ahdj-tubulin and their fragments. Panels B and C contain schemes of the
fragments produced by endoproteinase Lys-C-limited proteolysis of tubulin and taxol-induced microtubules, respectively. The symbols are
the same as in Figure 2.

tubulin acetyltransferase (Piperno et al., 1987). The secondLys154 residues (Krauhs et al., 1981) around the 540
sequenced nicking point is between residues Lys280 andzone.

Ala281, and in contrast to the first one, it is protected upon | imited Proteolysis by Thermolysims shown by Figure
assembly. This is similar to the main chymotrypsin nicking 7, theo-tubulin peptide map produced by controlled diges-
point Tyr281-Arg282 in the§ chain, which is also protected  tjon with thermolysin, a low-specificity protease, indicates
in microtubules. A third, minor cleavage pointéatubulin the presence of three major significant nicking points. From
is placed downstream from Lys40 and before epita(ib5— the sequencing of fragment BH, one of these is between
168), and it is also occluded in microtubules. The Lys residues Thr4l and lle42, in agreement with the results of
residues in this region are (porcine brairtubulin) Lys60,  paschal et al. (1989). This point is next to the LysZbir41
Lys95, Lys110, and Lys122 (Ponstingl et al., 1981). On the bond which is cleaved by endoproteinase Lys-C (see above).
basis of the apparent molecular masses of the3.@nd The amount of Tlk1 generated from microtubules is larger
LCa4 fragments, the more probable position of this cleavage than that from tubulin dimers, suggesting not only acces-
point is Lys60-His61. Note that the Lys40Thr41 and sibility (Brown & Erickson, 1983) but enhanced local
Lys280-Ala281 bonds are not digested by trypsin, although sensitivity to thermolysin in the assembled state. A second
they satisfy its chemical specificity. Although the endopep- digestion point is located in the 17190 zone, and a third
tidase Lys-C digestion ofs-tubulin is very limited, a cleavage zone is around position 300. Both of them are not
minimum of three cleavage points have been detected in thesignificantly modified in microtubules. Thermolysin diges-
60—140, 285-330, and 356-400 zones. These three points tion of S-tubulin yields a complex set of fragments. We
are also cleaved in assembled tubulin. The porcine brainhave interpreted that cleavages occur in two zones of the
B-tubulin sequence contains the Lys58, Lys103, Lys122, andsequence. On the basis of the antigenic reactivity and
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FIGURE 7: Limited proteolysis of tubulin and taxol-induced microtubules by thermolysin (1.5% w/w). Panel A contains the immunoblots

in the same order as Figure 6 and panel B-C the schemes of tubulin fragments produced by thermolysin (similar to Figure 4). Fragment
THal is obtained in larger amounts from dimers than from microtubules. The rest of the thermolysin fragments analyzed show no difference.
Note that the reaction of fragment BHO with the ani#(412—431) antibody is very faint and hardly reproduces in pictures.

complementary apparent sizes of the different fragments, thethe carboxy-terminal region of thee-tubulin, since fragments
first of these zones should be located closely downstreamare produced which are recognized by the @@l 5—443)
from epitopelf(153—165) and includes three nicking points. antibody but not by the 1A2 antibody, which recognizes the
The second zone includes another three nicking pointstyrosilated intact carboxy end of thetubulin chain. This
situated roughly between residues 275 and 350. Thenicking pointis probably located within the last 15 residues.
B-tubulin thermolytic patterns are essentially identical in A small but significant increase of the presence of fragments
tubulin dimers and microtubules. detected by the 1A2 antibody has been observed in the
Limited Proteolysis by Protease V&8he results are shown digestion of microtubules, suggesting that the carboxy-
in Figure 8. Protease V8 cleavesubulin at four points in terminal nicking point becomes partially protected upon
its sequence. A major nicking point is between residues assembly. Protease V8 attacks fliubulin predominantly
Glu168 and Phel169, next to the chymotrypsin nicking point at its carboxy-terminal region. The positions of three nicking
Phel69-Ser170. Closely downstream there is a minor points have been estimated on the basis of the reactivity of
nicking point whose putative localization, based on V8 the fragments with the a{412—431) monospecific anti-
specificity, is Glul83-Pro184. The fragment 18451 body and their apparent size. These positions are putatively
(complementary to 4183, V&i6) has not been detected, located before, within, and after ti##$412—-431) sequence.
but it could be masked by the major fragment +@%1 Note that ins-tubulin protease V8 nicking points in this zone
(V8al), as they both would be recognized by the same include more inner positions than that a-tubulin. In
antibodies used and their difference in molecular mass falls addition, an internal cleavage point has been detected, near
within experimental error. A third cleavage point has been residue 320. From the specificity of the protease, the
determined between residues Glu290 and 1le291. Thepossible position of this nicking point would be one of the
cleavage of these three internal positions is not very different following bonds: Asp295Ala296, Asp304-Pro305,
in tubulin dimers and microtubules. Protease V8 also attacks Glu325-Val326, or Glu328-GIn329. The sensitivity of
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Ficure 8: Limited proteolysis of tubulin and taxol-induced microtubules by protease V8 (2% w/w). Panel A contains the immunobilots, in
the same order as in Figure 2, and panels B and C contain the schemes of tubulin fragments produced by the protease V8.

f-tubulin to protease V8 attack is similar in microtubules to cleavage points have been detected in the-1IA5 zone,
that of the dimer state. shortly downstream from epitop8(153—165), and two

Proteolysis by Papain Limited cleavage obi-tubulin by ~ Proteolytic attack points in the 2#B10 region. These
papain occurs in three main positions, as shown in Figure 9.@Ppear similarly exposed in tubulin dimers and in micro-
The major internal point is at the Sert78hr179 bond. This ~ tubules. However, the papain proteolysis of assembled
is coincident with one elastase nicking point (see above). A tubulin generates neg+tubulin fragments which are not even
minor cleavage point has been observed in the-3E5 det_ected from the tubulin dimer. Most prominent |sﬂ3_|A_
region. These two internal positions have a similar sensibil- Which comes from the removal of several C-terminal
ity to proteolysis in tubulin dimers and in microtubules. The residues. The fragment P4 is produced by a new cleavage
third digestion point is at the carboxy-terminal zone. around position 265. Fragment pAand the new doublet
Antibody 1A2 recognizes practically no band in the immu- PA39—PAS11 may be explained by the C-terminal cleavage
noblots of digested dimeric tubulin, indicating a marked ©Of the corresponding fragments pA PA57, and PAS8,
proteolytic sensitivity of the C-terminal tyrosine. However, Which should be generated in more abundance from micro-
the proteolysis at this region does not produce any significant tubules than from the tubulin dimer [see the blot with the
shift in the apparent molecular mass of the fragments, anti3(412-431) antibody in lanes 19 and 20 of Figure 9].
suggesting that cleavage is limited to the very last positions These papain fragments of microtubules may either appear
in the sequence. In contrast, the same antibody reactsS @ result of conformational changes or pass undetected in
strongly with theo. chain and with its fragment R#8 when dimers due to more extensive secondary cleavages by this
microtubules are digested, indicating that the extreme car- honspecific protease.
boxy terminus ofa-tubulin is protected upon microtubule Limited Proteolysis by SubtilisinAs shown in Figure 10,
assembly. The pattern of proteolysig®tubulin by papain the main internal point ofi-tubulin digestion by subtilisin
is complex and has been interpreted as taking place in twois placed between residues Alal80 and Val181. A second
internal regions and at the carboxy-terminal zone. Three minor digestion point occurs near that position, probably
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Ficure 9: Limited proteolysis of tubulin and taxol-induced microtubules by papain (1% w/w). Panel A, immunoblots, in the same order
as in Figure 6; panels B and C, schemes of tubulin fragments produced by papain.

downstream in the sequence. Another two internal cleavageonly significant difference observed in the controlled diges-
points have been detected in the 2825 region. Carboxy-  tion by subtilisin ofa-tubulin in microtubules is an increase
terminal cleavage generates fragments which are recognizedn the intensity of the bands recognized by the 1A2 antibody,
by immunoblot with an anti(415-443) antibody but not  which indicates a protection of its extreme carboxy terminus
with the 1A2 antibody. This suggests that the single nicking upon assembly. Note that tubulin tyrosine ligase works
point detected is placed within the last residues of the preferentially on nonassembled tubulin (Thompson, 1982;
sequence. On the basis of the reactivity with ancg@d80— Wheland & Weber, 1987); however, tubulin tyrosine car-
443) antibody under very similar conditions, the cleavage boxypeptidase is more efficient on microtubules (Kumar &
point has been mapped near the Glu441-Gly442 residues (M.Flavin, 1981). Subtilisin digests thfetubulin chain at three

A. Arévalo and J. M. Andreu, unpublished results). Re- internal zones and at the carboxy-terminal region. On the
decker et al. (1992) have identified the Asp43er439 bond basis of the immunoreactivity of the fragments, the first
as the major cleavage point by subtilisin in porcine brain internal proteolysis zone is closely downstream from epitope
o-tubulin. Subtilisin digestion at the carboxy-terminal zones 5(153—165) and consists of three nicking sites. The two
of tubulin is known to depend strongly on solution condi- other internal cleavage points occur around positions 281
tions, including the buffer and the presence of millimolar and 319-354; the latter appears protected in the limited
concentrations of divalent cations (Lobert et al., 1993). The proteolysis of microtubules (see fragment8B). Three



14196 Biochemistry, Vol. 35, No. 45, 1996 de Pereda and Andreu

A t.Lus Lo s
BTub
aTub _ /. sBp1
SBal " =~ sBp2
SBo2 - — 23%2/5
SBa3/4” "“""ﬁ =\ sBB6
—\ SBB7
- SBf8
Shus = g on” 23 - <3
oot f - gpun — SBp11
SBa9 SBB12
B C
SBal 1 | B 445:6 SBal |1 I Bl 445:6
SBa2 LI B SBa2 1,0 )
SBO3 A m _N.... 266:31 SBo3 A B _E.... 266131
SBod 181 B WS 442:5 SBa4 181 B WM. 442:5
SBas 20408, OOf SBaS 204.8..
SBo6 0 [1.177+7 SBO6 p—l—[1.177:7
SBa7 297:8. [ 442:6 SBa7 29748, [].442:6
SBo8 L ___m, (180) SBo8 |8 __m, (180)
SBa9 317.8._ Of SBa9 317:8.__ f
SBf1 p | - ;. 434:7 SBf1 p_ | — . 43417
SBf2 p a 0 . 42247 SBf2 L I . 42227
SBB3 p— A0 .. 40717 SBf3 B A0 .. 407:7
SBf4 p —n ... 354:25 SBf4 p — ve.. 354225
SBBS 134:5.. 0O W 434:7 SBB5 134:5 0 . 434:7
SB6 W ____W.... 281:24 SBp6 B m___[O....281:24
SBfR7 182:4 ., 0O T 434:+7 SBpR7 182:4.. 0O [7.434:7
SBf8 195:4. 0O [J 43417 SBf8 195:4 , 0O [ 434:7
SBfS p———— . 18627 SBf9 . W 18627
SBp10 319:14..__ M. 434+7
SBRllp _____m.179:7 SBfl1lp _ m.179:7
SBPf12p —__m.172:7 SBf12p ___ ___ m.172:7
‘: 15[0 3:)0 4‘50 1r 1;0 3:30 4.::0

Ficure 10: Limited proteolysis of tubulin and taxol-induced microtubules by subtilisin (0.7% w/w). Panel A contains the immunoblots in
the same order as in Figure 6, and panels B and C contain the schemes of tubulin fragments produced by subtilisin.

cleavage points have been observed at the carboxy-terminabf a model carboxy-terminal peptide ¢i-tubulin has
zone. The major cleavage does not abolish immunoreactivity permitted the sequencing of main fragments corresponding
with the antp(412—431) antibody, and its apparent location to cleavage of bonds 39398, 409-410, and 422423 (J.

is around residue 434. The two other minor points of Evangelio and J. M. Andreu, unpublished). The above
subtilisin digestion observed in this work are located around comparisons strongly suggests that the three carboxy-terminal
positions 407 and 422. From the difference spectroscopicalcleavages of-tubulin by subtilisin detected in the present
titration of the tyrosine residues lost by subtilisin digestion, study are located at positions 40910, 422-423, and 433
proteolysis should occur near positions Glu421-Tyr422 and 434, with a maximal uncertainty of plus or minus three
Asp431-Glu432 (M. A. Argalo and J. M. Andreu, unpub- residues. No significant change in the sensitivity of the
lished results). Redecker et al. (1992) have identified the S-tubulin carboxy-terminal region to subtilisin is evident
GIn433-Gly434 residues as the main subtilisin cleavage pointupon assembly in microtubules. However, there is an
of porcine brairg-tubulin, as well as a minor cleavage point increase in the intag@ chain in microtubules, which might

at the His396-Trp397 bond. Limited subtilisin proteolysis indicate a protection of the main cleavage point 4334
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Ficure 11: Limited proteolysis of tubulin and taxol-induced microtubules by the proteinase K (0.1% w/w). Panel A, immunoblots, in the
same order as in Figure 6; panel B-C, scheme of tubulin fragments produced by the proteinase K (these were similar for heterodimeric
tubulin and taxol-induced microtubules; hence, there is no separate panel C)

or more probably of the internal cleavage in the zone betweenantibody and the specificity of this endoproteinase, the

positions 310 and 355. It has been reported thtabulin possible positions for the majof2 brain isoform are
bond around position 435 becomes more accessible in taxol-GIn426—-Asp427 or Ala436-Asp431. Redecker et al. (1994)
induced microtubules (Lobert & Correia, 1992). have described the cleavage of axonegdubulin from

Limited Proteolysis by Proteinase. KThese results are  Paramecium(which has no equivalent for the mammalian
shown in Figure 11. Proteinase K cleawesubulinintwo ~ Asp431) at the GIn425Asp426 bond. Endoproteinase
internal positions of the sequence, approximately in the-165 Asp-N cleavesa-tubulin insignificantly under the mild
190 and 286-300 zones, and there is a third nicking point conditions assayed. This protease may constitute a good tool
in the carboxy-terminal region. Cleavage of this region does for specifically cleaving the C terminus gttubulin.
not affect the immunoreactivity with ant{415-443) anti- Limited Proteolysis by Bromelain Bromelain digests
bodies, but it eliminates reactivity with the 1A2 antibody, a-tubulin in six points of its sequence, as indicated by the
indicating that the proteolytic attack is limited to the last results shown in Figure 13. Two points of proteolytic attack
10-20 residues of the sequence. Htubulin, three internal  have been detected in positions shortly downstream from
nicking points have been detected. One is most probably epitope a(155-168). Another three nicking points are
localized in the 166180 zone and the two other in the 285 placed around positions 256, 334, and 372. The presence
345 zone. Proteinase K also cleaves the carboxy-terminalof a cleavage point in the carboxy-terminal region has also
zone off-tubulin, but it does not abolish immunoreactivity been observed, which abolishes immunoreactivity with the
with the antB(412-431) antibody. On the basis of thisand 1A2 antibody (not shown) and reduces the reactivity with
the preferred chemical specificity of proteinase K (an the antix(415-443) antibodies. Therefore, it is probably
aliphatic or aromatic residue in the carboxy side of the |ocated within the last 20 residues. There is no significant
peptide bond hydrolyzed), this cleavage site should be locatedchange in the limited proteolysis oftubulin by bromelain
within the segment Tyr422Phe436. The limited proteolysis  when it is assembled into microtubules. In the limited
points of proteinase K on botl- and-tubulin are accessible  proteolysis of-tubulin by bromelain, four main nicking
in microtubules. points have been observed. The positions of the two internal

Limited Proteolysis by Endoproteinase Asp-Ns shown points have been determined by N-terminal microsequencing
in Figure 12, a single majority nicking point gftubulin by of the fragments and are Gly93-GIn94 and Gly277-Ser278.
endoproteinase Asp-N has been detected. It is located inThese two internal positions are sensitive to limited pro-
the carboxy-terminal zone and is exposed in microtubules. teolysis in the microtubules as well. The other two points
From the reactivity of the fragment with the g#(@#12—431) of proteolysis attack are at the carboxy-terminal region. Large
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FiIGure 12: Limited proteolysis of tubulin and taxol-induced microtubules by endoproteinase Asp-N (0.06% w/w). Panel A: lanes 1, 3, 5,
7,9, 11, 13, and 15, endoproteinase Asp-N-digested heterodimeric tubulin; lanes 2, 4, 6, 8, 10, 12, 14, and 16, endoproteinase Asp-N-
digested assembled tubulin; Lanes 1 and 2 are a Coomassie blue-stained gel fragment—l1&nase 3mmunoblots with the following
site-directed antibodies: an{155-168), lanes 3 and 4; anif214—226), lanes 5 and 6; antf415-430), lanes 7 and 8; api(il—13),

lanes 9 and 10; ant{153—165), lanes 11 and 12; afi{t41—256), lanes 13 and 14; and g#{##12—431), lanes 15 and 16. Marks on both

sides indicate the position of andf-tubulin and the fragment. Panel B-C: scheme of the majority fragment similarly produced by Asp-N
proteinase-limited proteolysis of heterodimeric tubulin or taxol-induced microtubules.

and small fragments digested in these positions are recog-also for the clusters of nick sites accessible to several
nized by ani$(412—431) antibodies, suggesting that diges- different proteases.

tion is limited to the last 15 or 20 residues of theubulin
sequence. The fragments BRand BRS6 recognized by
the antB(412—431) antibody are not detected in microtubule

Proteolytic nicking points are not distributed randomly
along the tubulin sequences but cluster in five zones, labeled
proteolysis. Parallel to this, an increase is observed in theA—E In Figure 14. This map does not exclude other possible

intensity of the next band recognized by this antibodySBR proteolysis sites. Actually, it is an extensi(')n of our earlier
suggesting an enhancement of the inner C-terminal cleavagenaps (de la Via et al., 1988; Andreu & Anealo, 1993).

in microtubules. The proteolysis zones are in equivalent positions in leoth
andp sequences, with the exception of zone A. From the
CONCLUSIONS positions of sequenced nicking points, the internal proteolysis

In this study, we have systematically used limited pro- ZON€s extend to maximum lengths of-1B8 residues (zone
teolysis to nick and map surface zones of native tubulin in B) @nd 7-15 residues (zone C), which suggests that each

its unassembled and assembled states. Figure 14 and Tablg0n€ may correspond to one or more surface structural
2 summarize the results of limited proteolysisogi-tubulin elements having low structural rigidity, such as surface loops.

dimers and taxol-induced microtubules with a panel of 12 From 80 nicking points, 60 are similarly accessible on the
proteases of dn‘fergnt specificities. A total of 133 proteolytic g, face of microtubules and tubulin dimers (labeled S in
fragments (see Figures—43) have been located on the g e 14) while 14 are protected in microtubules (marked
tubulin sequences with the aid of site-directed antibodies. P in the figure) and 4 are cleaved in microtubules but not in

This, complemented_ with critical use of the fragment dimers (labeled M in the figure). The surface bonds
apparent molecular sizes, has permitted the mapping of the.

approximate position of 80 surface cleavage points. Of these,'demIfled as gxposgzd or occluded in taxol-induced micro-
18 protease cleavage points have been exactly determine(!iub ulgs are I'Ste(.j in Table 2. Surface sequences of the
by sequencing their N-terminal fragments and 6 have beentUPulin dimer which have been reported to be exposed or
deduced from the specificity of the protease (Figure 14, Table 0ccluded from their specific antibodies in microtubules
2). In addition, sequences recognized by the site-directed(Arévalo et al., 1990) are marked E and O, respectively, in
antibodies (indicated by the rectangles, Ac and Y in Figure Figure 14. The proteolytic susceptibility of tubulin sequences
14) are generally accessible at the surface of tubulin. Thein taxol-induced microtubules may be modified for several
possibility that some of the nick sites may be secondary reasons (see Results and Discussion). Each limited pro-
nonsurface sites made accessible by other initial cleavagegeolysis zone is discussed in detail elsewhere (de Pereda et
is particularly unlikely for the more specific proteases and al., 1996). A brief summary of zones—-#D is as follows.
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Ficure 13: Limited proteolysis of tubulin and taxol-induced microtubules by bromelain (5% w/w). Panel A contains immunoblots in the
same order as in Figure 2. The antityrosilatedubulin antibody 1A2 reacted with none of the bromelain fragments (data not shown).
Panels B and C are the schemes of the tubulin fragments.

Proteolysis zone A is exposed in microtubules, in agreementthe carboxy termini of both chains, which is the main site
with the accessibility of acetyl-Lys40. Proteolysis zone B of post-translational modifications and is considered to be
is exposed in both subunits, although the immediate sequencen general accessible to antibodies and proteases in assembled
o(155-168) is not immunoreactive in microtubules and has microtubules, shows interesting effects. The last residues
been tentatively located at large surface grooves @e of the a-tubulin chain, ending in the C-terminal tyrosine,

et al., 1990). Zone C shows protection around residue 280are comparatively protected in microtubules against cleavage
(except for bromelain cleavage Gftubulin) and exposure by subtilisin, papain, and protease V8. In contrast, the
of a-tubulin residues 296295. This is suggestive of the carboxy terminus gf-tubulin remains accessible to multiple
location of this zone at large microtubule surface grooves. cleavage by five proteases in microtubules. Moreover, it
In proteolysis zone D, tha-tubulin bond Arg339-Ser340 exhibits two cleavages by papain which are not observed in
is characteristically protected from cleavage by trypsin and the unassembled tubulin dimer. The fact that in general
clostripain in microtubules. This tryptic cleavage jumps back terms the C terminus a-tubulin becomes comparatively

in microtubules to a nearby position (probably 3227 or protected by assembly, while the C terminuspgefubulin
311-312), suggesting a structural change. Thtbulin remains exposed, has clear topological implications. It
bond Cys354Asp355 remains accessible to the attack of suggests that the former is near one end of the heterodimer
elastase in microtubules. Cys354 is known to be less thanin the microtubule protofilament, while the latter is near the
0.9 nm from Cys239 (Little & Luduéam 1985). Zone E, intersubunit interface. This is compatible with the reported
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Ficure 14: Maps of the limited proteolysis @f- andS-tubulin by 12 proteases, which summarize the position of the nicking points. The
position of proteolyitc sites determined by N-terminal microsequencing of fragments is indicated by the single-letter code and number of
the first residue after it; residues in parentheses are putatively assigned positions. The positions of the rest of the cleavage points were
determined from the antibody reactivity of the fragments and its corrected apparent molecular mass, and the estimated errors are indicated.
Major and minor cleavage sites are indicated by heavy and light tracing arrows, respectively. Shaded areas mark the approximate extension
of the five preferential cleavage regions. The comparative sensitivity of the cleavage points upon taxol-induced microtubule assembly is
indicated between brackets: [S] indicates surface sites exposed in the teBudimer and microtubules, while [P] indicates sites which

are protected in the polymer form, and [M] indicates sites which were detected exclusively in microtubules. The sequences recognized by
the site-directed antibodies employed to analyze the peptide maps are indicated by the solid rectangles, and the symbols Ac and Y; the
reported accessibility of these sequences in microtubules is indicated by the letters [E], exposed, and [O], occludéudd]seet Ale

(1990), Piperno et al. (1987), Wheland et al. (1983), and Gundersen et al. (1984)].
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Table 2: Exposure ofi3-Tubulin Dimer Surface Residues in Andreu, J. M., & Moz, J. A. (1986)Biochemistry 255220~

B i 5330.

Taxol-Induced Microtubules Andreu, J. M., & Aferalo, M. A. (1993)Cell. Pharmacol. 1s11-

tubulin exposure in s16.

subunit residues microtubule8 Andreu, J. M., & de Pereda, J. M. (1993l Motil. Cytoskeleton

o Lys40-Thr41-lle42 S 26, 1-6. .
Glu168-Phel169-Serl70 s Andreu, J. M., Gorbunoff, M. J., Lee, J. C., & Timasheff, S. N.
Ser178-Thr179-Ala180-Val181 S (1984) Biochemistry 231742-1752. _
(Glu183-Pro184) S Andreu, J. M., Bordas, J.,'Bz, J. F., Gafa de Ancos, J., Gil, R.,
Lys280-Ala281 P Medrano, F. J., Nogales, E., Pantos, E., & Towns-Andrews, E.
Glu290-1le291 S (1992)J. Mol. Biol. 226 169-184.
Ala294-Cys295 S Andreu, J. M., Daz, J. F., Gil, R., de Pereda, J. M., Garde
Arg339-Ser340 P Lacoba, M., Peyrot, V., Briand, C., Towns Andrews, E., &
B Gly93-GIn94 S Bordas, J. (1994). Biol. Chem. 26931785-31792.

(Arg121-Lys122) P Arévalo, M. A., Nieto, J. M., Andreu, D., & Andreu, J. M. (1990)
(Phel67-Serl168) S J. Mol. Biol. 214 105-120.
Lys174-Vall75 S Beese, L., Stubbs, G., & Cohen, C. (1987Mol. Biol. 194,257—
(Tyrl83-Asnl184) S 264.
Gly277-Ser278 S Best, D., Warr, P. J., & Gull, K. (1981nal. Biochem. 114281
Tyr281-Arg282-Ala283 P 284,
Cys354-Asp355 S Bond, J. S. (1989) iRroteolytic enzyme@eynon, R. J., & Bond,
(Glu426-Asp427) or (Ala430-Asp431) S J. S., Eds.) pp 233240, IRL Press, Oxford, U.K.

aResidues putatively identified from protease specificity and apparent Breitling, F., & Little, M. (1986)J. Mol. Biol. 189,367—370.
size are in parentheseésSurface-exposed (S) and occluded (P) Brown, H. R., & Erickson, H. P. (1983)rch. Biochem. Biophys.
(protected from protease attack). The exposure-tdibulin (Lys60- 220 46-51.
His61) in microtubules was not determined. de la Vifm, S., Andreu, D., Medrano, F. J., Nieto, J. M., & Andreu,
J. M. (1988)Biochemistry 275352-5365.
. . . o . de Pereda, J. M., Leynadier, D., Evangelio, J. A., Chaé, &
increase in proteolytic accessibility Gftubulin to carboxy- Andreu, J. M. (1996Biochemistry 3514203-14215.
terminal cleavage by subtilisin under heterodimer dissociation Diaz, J. F., & Andreu, J. M. (1993iochemistry 322747-2755.
conditions (Sackett et al., 1989) and supports the modelsDiaz, J. F., Mehedez, M., & Andreu, J. M. (1993Biochemistry

; 32, 1006/~10077.
proposed by Kirchner and Mandelkow (1985) and Ward et Diaz J. F. Pantos, E., Bordas, J., & Andreu, J. M. (1994)ol.

al. (1994). _ o o Biol. 238 214-225.
The unequivocal surface positioning of protease nicking Diaz, J. F., Andreu, J. M., Diakun, G., Towns-Andrews, E., &

points reported in this work may be employed as a set of _ Bordas, J. (1996Biophys. J. 702408-2420.
constraints for any emerging three-dimensional structure of Ebeling, W., Hennrich, N., Klockow, M., Metz, H., Orth, H. D., &

: ) Lang, H. (1974)Eur. J. Biochem. 4791-97.
tubulin from X-ray or electron crystallography [for example, Fievez, S.. & Carlier, M. F. (1993FEBS Lett. 316186-190.

see l_\logales et al._(1995)]. Once the atomic structure of Fontana, A., Fassina, G., Vita, C., Dalzoppo, D., Zamai, M., &
tubulin is known, it will be employed to model high- Zambonin, M. (1986)Biochemistry 251847-1851.

resolution structures of microtubules fitting cryoelectron Frigon, R. P., & Timasheff, S. N. (197Biochemistry 144559~
microscopy and X-ray fiber diffraction data; the identification ~_ 4566. . o

of residues at the microtubule surface should help to Gu3n6de7r73§£1,7sGé G., Kalnoski, M. H., & Bulinski, J. C. (1983gll
una_\mblguosly orient the tubu_lln_molecules in the microtubule Hubb’ard, S. J., Campbell, S. F., & Thornton, J. M. (1991)ol.
lattice. The use of the limited proteolysis and other  Bjgl. 220 507-530.

biochemical data in combination with secondary structure Hyman, A. A., Chretien, D., Arnal, I., & Wade, R. H. (1993)
analysis of tubulin and the bacterial cell division protein Ftsz ~ Cell Biol. 128 117-125.

is demonstrated in the following paper (de Pereda et al., Kabsch, W, Mannherz, H. G., Suck, D., Pai, E. F., & Holmes, K.
g paper ( C. (1990)Nature 347 37—44.

1996). Kikkawa, M., Ishikawa, T., Wakabayashi, T., & Hirokawa, N.
(1995) Nature 376,274-277.
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