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Role of the carboxy terminal region of B tubulin on microtubule dynamics
through its interaction with the GTP phosphate binding region
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The dynamic instability of microtubules depends on the GTP binding to tubulin, the rate of hydrolysis of GTP bound to tubulin molecules, at
the microtubule caps, and on the affinity and exchange rate of tubulin for GTP versus GDP. It has been demonstrated that the binding of
microtubule-associated proteins (MAPs) such as Tau or MAP2 notably enhances microtubule stability in vivo. These MAPs bind to the tubulin
carboxy terminal domain. Consequently, an attractive hypothesis to explain the modulation of microtubule dynamics by MAPs is that the carboxy
terminal domain of tubulin interacts with a region close to the GTP binding site, preventing the binding of GTP or exchange of GDP for GTP.
By carrying out a combined analysis of crosslinking and limited proteolysis, an intramolecular interaction between the carboxy terminus and the
tubulin region containing the GTP binding site in # tubulin has been observed. It 1s proposed that this interaction modifies the binding of GTP
to the tubulin S-subunit and, therefore, affects tubulin assembly dynamics. This suggests a molecular explanation for the effect of MAPs in
facilitating tubulin polymerization through the regulation of the interaction of GTP

Tubulin; Protein dynamics; GTP binding

1. INTRODUCTION

The discovery of the dynamic instability of microtu-
bules has been one of the most significant advances in
the analysis of the function and properties of microtu-
bules in cells [1]. Dynamic instability is the result of the
kinetics of binding and hydrolysis of the GTP molecule
bound to the S-subunit of tubulin [1]. Tubulin contain-
ing GTP bound to its f-subunit in an exchangeable
form [2] is incorporated into microtubules. Following
the incorporation of tubulin into microtubules, GTP is
hydrolyzed to GDP and the resulting microtubules
(containing GDP bound to tubulin) are unstable poly-
mers which depolymerize [1]. Various S-tubulin
isoforms have been described and it has been suggested
that the dynamic properties of a microtubule are related
to its B-tubulin isotype composition [3]. The various
P-isoforms mainly differ in the sequence of the last 50
amino acids (C-terminal region) {4,5]. This C-terminal
region is involved in the regulation of tubulin polymer-
ization [6,7], microtubule morphology [8] and in the
interaction with the microtubule-associated proteins
(MAPs) [8-10]. In the presence of MAPs, microtubule
dynamic instability is prevented by an increase in the
stability of the polymer [11,12]. In addition, there is an
enhancement in the affinity of GTP for the S-subunit
[13] and a reduction of the hydrolysis rate of GTP to
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GDP [14]. The GTP binding region in the S-subunit has
been localized [15] and a possible interaction of the
C-terminal region of S-tubulin with another region lo-
cated close to that of the phosphate binding site of GTP
has been proposed in a theoretical work [16]. Thus, it
is possible that the C-terminal region of the S-subunit
of tubulin participates in the regulation of the dynamic
instability of microtubules. In this report we have tested
this hypothesis by using a zero-length crosslinker agent
(EDC). which joins carboxylates to primary amines,
previously used for the a-subunit of tubulin [17].

2. MATERIALS AND METHODS

2.1. Protein preparation

Microtubule protein from bovine brain was prepared by tempera-
ture-dependent cycles of assembly—disassembly according to Shelan-
ski et al. [18]. Tubulin was further purified by chromatography on a
phosphoceliulose column, as described by Weingarten et al. [19]. Sub-
tilisin-digested tubulin (S-tubulin) was isolated as previously described
[6].

Tubulin peptides, comprising the residues 133-142 and 435-449
from the S-subunit (type III 1soform [20]) were synthesized on an
automatic solid phase peptide synthesizer (type 430 A, Applied Biosys-
tems, Foster City, Ca) and purified by reverse-phase HPLC on a
Novapak C,; column, using a Waters 501 apparatus. The peptides
were subsequently lyophilized.

2.2. Crosshnking analysis

The conditions described by Blank et al. {17} were followed. Briefly,
tubulin (1 mg/ml) was mixed with freshly prepared 1-ethyl-3-(3-di-
methylaminopropyl)-carbodiimide (EDC) at a final concentration of
2 mM EDC. The reaction was carried out at room temperature for
various times (1-10 min) and stopped by the addition of glycine at a
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final concentration of 1 M, or by the addition of electrophoresis
sample buffer [23]. For experiments involving enzymatic cleavage of
the protein (see below), the crosslinked or uncrosslinked protein was
incubated in 6 M urea before protease treatment.

In some cases, after crosslinking, the protein was subjected to gel
electrophoresis [21] and the protein was stained with Coomassie blue,
or characterized by autoradiography in the case of phosphorylated
protein.

2.3. Chemucal cleavage

Formic acid at a concentration of 80% (v/v) was used to cleave
tubulin at the Asp-Pro bonds as previously described [6]. After chem-
1cal cleavage, the residue present at the amino terminus was identified
as described [22]

2.4. Protein cleavage

Chymotryptic digestion [8] of uncrosslinked or crosslinked tubulin
was performed by mixing the protease with the substrate (at a ratio
1:20, w/w) in buffer A (0.1 M MES, 2 mM EGTA, | mM Mg, pH
6.4) and incubating for 5 h at 37°C. The resulting peptides, dissolved
in 0.1% TFA, were applied to a reverse-phase HPLC column (No-
vapack C,,, Waters Millipore Corp., Bedford, MA) and fractionated
using a 0-70% acetonitrile gradient with a flow rate of 1 ml/min.
Fractions of 0.5 m] were collected and dotted onto nitroceliulose paper
to test the reaction of the fractionated peptides with antibodies raised
against peptide FQLTHSLGGG (contaiming part of the phosphate
binding site on S-tubulin subumt [15] or against peptide EMYED-
DEESESQGPK, corresponding to the carboxy terminus of S-tubulin
(class II1) [20]

2.5. Tubulin phosphorylation
B-Tubulin (class ITII) was phosphorylated at serine-444, by casein
kinase 11, as previously described [23].

3. RESULTS AND DISCUSSION

Tubulin (1 mg/ml), purified as indicated in section 2,
labeled at its C terminus by phosphorylation in vitro
with casein kinase II [23,24] and depleted of microtu-
bule-associated proteins, was tested for its ability to
polymerize in the presence of 10 ym taxol. More than
90% of the protein was present in the polymerized frac-
tion, as determined by centrifugation and characteriza-
tion of the pelleted and non-pelleted protein by gel elec-
trophoresis.

Labeled tubulin was first incubated with the
crosslinker EDC and then with formic acid [22], which
cleaves between residues aspartic-304 and proline-305
[6]. In the absence of crosslinker, the two fragments can
be fractionated by SDS gel electrophoresis. However
when tubulin was previously incubated with EDC no
fragments were found (Fig. 1), although the protein was
indeed cleaved as found by N-terminal sequence analy-
sis of the crosslinked protein (the amino-terminal Met
is blocked, and in this case a N-terminal Pro residue was
found). The effect of EDC is concentration- and time-
dependent. Using the right conditions, 100% of the pro-
tein is crosslinked, as found by formic acid digestion
(Fig. 1b). These results are consistent with an intramol-
ecular crosslinking of the amino region (residues 1 to
304) and the carboxy region (residues 305 to the end)
of § tubulin by EDC. On the other hand, when subtili-
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sin-digested tubulin, deprived of part of the C-terminal
region [6], was subjected to the same experiment, only
a small percentage of the S-subunit was found to be
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Fig. 1. Crosslinking of £ tubulin identified after proteolytic cleavage
(a) Scheme of analysis: S-tubulin subunit (labeled at 1ts C-terminus),
after treatment (right) or without treatment (left) with EDC is digested
with formic acid. The digested products are fractionated by electro-
phoresis and characterized by autoradiography as indicated in the
scheme. (b) Experimental: Microtubule protein from bovine brain was
prepared by temperature-dependent cycles of assembly--disassembly
according to Shelanski et al. [18]. Tubulin was further punfied by
chromatography on a phosphocellulose column, as described by
Weingarten et al. [19] and the S-subunit (class 11I) was phosphorylated
at serine-444 with AT*’P, by casein kinase 11, as previously indicated
[23]. The labeled tubulin was then mixed, at a concentration of 1
mg/ml, with freshly prepared 1-ethyl-3 (3-dimethylamino propyl) car-
bodumide (EDC), at a final concentration of 2 mM EDC. The reaction
was carried out at room temperature for various times (1-10 min) and
stopped by the addition of glycine at a final concentration of 1 M. The
crosslinked or uncrosslinked protein was incubated with formic acid
at a concentration of 80% (v/v) as previously described [6]. (A) Un-
cleaved protem. (B) Chemical cleavage of EDC crosslinked tubulin
labeled at the C terminus of f-subunit. (C) Chemical cleavage of
uncrosslinked tubulin labeled at the C terminus of S-subunit. There
are two peptides corresponding to the uncleaved subunit and to the
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Fig. 2. Identification of the crosslinked peptide fragments by proteolytic cleavage Tubulin crosslinked, or uncrosslinked, in the same way as

indicated in Fig. 1, was exhaustively digested with chymotrypsin by mixing the protease with the substrate (at a ratio 1:20, w/w) in buffer A (0.1

M MES, 2 mM EGTA, 1 mM Mg**, pH 6.4), and incubating for 5 h at 37°C. The resulting peptides were applied to a reverse-phase HPLC column

(NOVA PAK C-18, Waters Millipore Corp., Bedford, MA) and fractionated using a 0-70% acetonitrile gradient in 50 min with a flow rate of 1

ml/min. Fractions of 0.5 ml were collected and dotted onto mitrocellulose paper to test the reaction of the fractionated peptides with antibodies

(A) raised against peptide FQLTHSLGGG (containing part of the GTP phosphate binding site on S-tubulin subunit [5)), or (B) against peptide
EMYEDDEESESQGPK, corresponding to the C terminus of § tubulin (class I1I).

crosslinked (less than 3%), suggesting that the deleted
region is involved in the crosslinking (data not shown).
To further characterize the regions involved in the
crosslinking reaction, monomeric tubulin crosslinked,
or not, with EDC was exhaustively digested with chy-
motrypsin and the fragments were fractionated by
HPLC. An antibody against the carboxy terminus of
B-isoform Il (EMYEDDEESESQGPK), was used to
screen for the presence of the C-terminal region of this
isoform in the various fractions. An antibody against
the sequence FQLTHSLGGG (residues 132-142) of S
tubulin was used to screen for the presence of the GTP
phosphate binding region [15]. It was found that in the
presence of EDC three new peaks, with a molecular
weight of less than 8 kDa (data not shown), containing
both regions were present (Fig. 2). N-terminal sequence
analysis of one of the fractions containing the C-termi-
nal region of B-isoform III, without treatment with
EDC, resulted in the sequence Q/Q/X/Q that may corre-
spond to residues 423 to 426 of 8 tubulin. This sequence
is preceded by Tyr-422, a specific residue for chymot-
rypsin cleavage and may correspond to a ~ 3 kDa C-
terminal fragment. In the case of B tubulin previously
treated with EDC the sequence analysis of one of the
new peaks resulted in a mixture of at least two se-
quences: Q/Q-E/X-G/Q-X/D-E. Part of the sequence
corresponded to the C-terminal fragment previously

(_

C-terminal fragment (residues 305 to the end). There is only one
peptide corresponding to the size of the undigested tubulin. The N-
terminal amino acid of this crosslinked cleaved tubulin was deter-
mined by using an Applied Biosystems gas-phase sequenator (model
470A) equipped with an on-line phenylthiohydantoin amino acid ana-
lyzer (model 120 A). and it was found to be Pro, indicating that 1t was
cleaved and that the C-terminal fragment 1s crosslinked to the N-
terminal fragment.

analysed (Q/Q/X/Q), while the rest (E/G/X/E) may cor-
respond to a peptide starting at residue 108 of S-subunit
IIT (E/G/A/E/L). This sequence is preceded by Thr-107
(an amino acid found that could be a substrate for
chymotrypsin [25]) and could be finished at Phe-132,
containing a Lys (residue 122) that could be crosslinked
to any of the Glu residues of the C-terminal fragment.
This would result in a 3 to 4 kDa fragment that together
with the 3 kDa fragment of the C-terminal region of
B-isoform I11 will give a ~ 7 kDa fragment, as found on
SDS gels (data not shown).

Additionally. the sequence analysis of another HPLC
peak reacting with both g-tubulin antibodies revealed
the partial amino terminal sequence (V-Q/R-Q). Part of
the sequence., V/R, may correspond to residues 120 and
121, close to the GTP binding site, and another part,
Q/Q, may correspond to residues 423 and 424 present
at the C-terminal region.

It has been indicated that the carboxy terminal region
of the tubulin subunit is relatively mobile and that this
mobility could result in various protein conformations
[26]. In the absence of MAPs, the carboxy terminus
region may interact with a region very close to the pro-
posed GTP phosphate binding site and interfere either
with GTP binding, with GTP hydrolysis or with the
exchange of GDP for GTP. In the presence of MAPs
of the Tau/MAP2 family [27-31], which bind to the
C-terminal region of tubulin [6], the previous conforma-
tion is not possible and the interference disappears, thus
facilitating tubulin assembly. This is consistent with the
facilitation of nucleotide binding to tubulin by MAPs
[13] and with the fact that the assembly of tubulin lack-
ing its C-terminal region cannot be promoted by MAPs
or polycations, and is inhibited by polyanions like poly-
glutamic acid that resemble the C-terminal region of 8
tubulin [32].

On the other hand, the interference with GTP hydrol-
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Table 1

Comparison of the S-tubulin region contaming the GTP phosphate
binding site and those of MAP2 and Tau containing tubulin-binding

motifs
S-tubulin SCDCLQGFQLTHSLGGG
MAP2 (Repeat 1) TSKCGSLKNIRHRPGGG
Tau (Repeat 1) QSKIGSLDNITHVPGGG

The sequence for the GTP phosphate binding site in mammalian
f-tubulin subumit [15] 1s shown together with those of the first tubulin
binding motif of MAP2 [27], and Tau [26]. The presence of identical
residues (bold) or conservative changes (underlined) 1s indicated

ysis seems unlikely, since nucleotide hydrolysis appears
to decrease microtubule stability [33]. Additionally, a
possible interference of the S tubulin C-terminus with
the exchange of GTP for GDP could be discussed if it
is assumed that nucleotide exchange only occurs on the
disassembled dimer and not in assembled tubulin. In
this way, the absence of GTP exchange in the polymer
may be explained if it is postulated that a tubulin—tu-
bulin binding site lies close to the exchangeable GTP
binding site, causing the nucleotide to be trapped in the
polymer. In this case, tubulin—-tubulin interaction could
be blocked if the C-terminus occupies the phosphate
binding site. As a possible consequence of this, the effect
of GTP in promoting microtubule assembly might be to
displace the C terminus from the proposed binding site.

Also, by looking at the GTP phosphate binding re-
gion of f tubulin and comparing its sequence to the
common tubulin binding domain of the Tau/MAP2
family [27,28], a similarity was observed in the primary
sequence (see Table I). Thus, it could be suggested that
the C-terminus of B tubulin interferes with the GTP
binding site of f tubulin and therefore, different
isoforms containing different sequences at their C ter-
mini could result in different dynamic properties of the
microtubules. Also, various MAPs of the Tau/MAP2 or
MAP4 family [29-31] having slight differences in the
tubulin domain could result in differing degrees of mi-
crotubule stabilization.
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