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Abstract

We have investigated the solution conformation of the functionally relevant C-terminal extremes ofa- andb-tubulin,
employing the model recombinant peptides RL52a3 and RL33b6, which correspond to the amino acid sequences
404–451~end! and 394–445~end! of the main vertebrate isotypes ofa- and b-tubulin, respectively, and synthetic
peptides with thea-tubulin~430–443! andb-tubulin~412–431! internal sequences.a~404–451! andb~394–445! are
monomeric in neutral aqueous solution~as indicated by sedimentation equilibrium!, and have circular dichroism~CD!
spectra characteristic of nearly disordered conformation, consistent with low scores in peptide helicity prediction.
Limited proteolysis ofb~394–445! with subtilisin, instead of giving extensive degradation, resulted in main cleavages
at positions Thr409–Glu410 and Tyr422–Gln423–Gln424, defining the proteolysis resistant segment 410–422, which
corresponds to the central part of the predictedb-tubulin C-terminal helix. Both recombinant peptides inhibited
microtubule assembly, probably due to sequestration of the microtubule stabilizing associated proteins. Trifluoroethanol
~TFE!-induced markedly helical CD spectra ina~404–451! and b~394–445!. A substantial part of the helicity of
b~394–445! was found to be in the CD spectrum of the shorter peptideb~412–431! with TFE. Two-dimensional
1H-NMR parameters~nonsequential nuclear Overhauser effects~NOE! and conformational CaH shifts! in 30% TFE
permitted to conclude that about 25% ofa~404–451! and 40% ofb~394–451! form well-defined helices encompassing
residues 418–432 and 408–431, respectively, flanked by disordered N- and C-segments. The side chains ofb~394–451!
residues Leu418, Val419, Ser420, Tyr422, Tyr425, and Gln426 are well defined in structure calculations from the NOE
distance constraints. The apolar faces of the helix in botha andb chains share a characteristic sequence of conserved
residues Ala,Met~14!,Leu~17!,Tyr~111!. The helical segment ofa~404–451! is the same as that described in the
electron crystallographic model structure ofab-tubulin, while in b~394–451! it extends for nine residues more,
supporting the possibility of a functional coilr helix transition at the C-terminus ofb-tubulin. These peptides may be
employed to construct model complexes with microtubule associated protein binding sites.
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The ab-tubulin dimers are the building blocks of microtubules,
which are dynamic cytoskeletal fibers central to cytoplasmic or-

ganization, motility, and chromosome segregation in eukaryotic
cells. The C-terminal domains ofa- andb-tubulin contain both the
longest regions of conserved sequence; these regions are predicted
to be helical. Also present in the C-terminal domains are the
hypervariable highly acidic zones comprising the 10–20 most
C-terminal residues~discussed by de Pereda et al., 1996!, which
contain the tubulin isotype-defining sequences and most of the
known post-translational modifications~reviewed by Ludueña,
1998!. These characteristic C-terminal sequences~Ponstingl et al.,
1979! are exclusively found in the tubulin family, and are func-
tionally very important because they support the binding of proteins
through which microtubules interact with other cell components,
including microtubule associated proteins~MAPs! ~Serrano et al.,
1984; Littauer et al., 1986!, which associate to microtubules by
means of unprecisely defined multivalent interactions~Butner &
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Kirschner, 1991; Novella et al., 1992; Gustke et al., 1994; Chau
et al., 1998!, and microtubule motor proteins~Paschal et al., 1989;
Marya et al., 1994; Larcher et al., 1996!, whose interactions and
motion along microtubules are being very actively investigated
~Mandelkow & Johnson, 1998!.

Microtubule assembly is inhibited by Ca21, which acts indi-
rectly via MAP-2 ~Krueger et al., 1997! and tau phosphorylation
~Fleming & Johnson, 1995!, as well as by direct destabilization of
growing microtubule ends~O’Brien et al., 1997!. It has been hy-
pothesized that Ca21 may increase the rate of GTP hydrolysis
within the stabilizing GTP-tubulin cap~O’Brien et al., 1997!, and
it has actually been shown that Ca21 stimulates the GTPase ac-
tivity of purified unassembled tubulin~Soto et al., 1996!. The
higher affinity Ca21 binding sites~Solomon, 1977! of mammalian
brain tubulin had been mapped to its acidic C-terminal zones by
limited proteolysis with subtilisin~Serrano et al., 1986!, as well as
with chemical modification~Mejillano & Himes, 1991!. Limited
proteolysis with subtilisin predominantly cleaves the hypervariable
10 to 20 C-terminal residues of each tubulin chain, generating the
C-terminally modified protein~S-tubulin! and releasing short pep-
tides~S-peptides!, which are largely heterogeneous~Sackett et al.,
1985; de la Viña et al., 1988; Redecker et al., 1992; Lobert et al.,
1993; Ortiz et al., 1993; de Pereda & Andreu, 1996; de Pereda
et al., 1996!.

We have designed, expressed, and chemically synthesized well-
defined model fragments of thea- and b-tubulin C-terminal se-
quences, including the C-terminal helix and the acidic end of the
chain, to make detailed studies of the structure–function of tubulin
C-ends possible. Employing subtilisin proteolysis, CD, and NMR
methods, we have characterized their helix forming ability in so-
lution structure. During the preparation of this manuscript, the
electron crystallographic unrefined model structure ofab-tubulin
dimers, missing the hypervariable C-terminal residues, has been
presented~Nogales et al., 1998!. The isolated, post-translationally
unmodified, tubulin C-terminal model sequences are initially un-
ordered, yet inhibit microtubule assembly, and form well-defined
a-helices in TFE solution, mimicking the conformation within the
protein.

Results and discussion

C-terminal constructs ofa- and b-tubulin.
Physico-chemical properties

Recombinant peptides containing the C-terminal sequences of the
major vertebrate brain isotypes ofa-tubulin ~hka1! andb-tubulin
~cb2! were produced in bacteria. Comparison of the results pro-
vided by N-terminal sequencing with the amino acid sequence
encoded in their respective plasmids~Fig. 1! showed that the
a-tubulin fragment RL52a3 actually starts at Phe404, and there-
fore consists of the 48 C-terminal residues ofa-tubulin ~404–451!;
this is possibly a result of bacterial proteolysis~C. Gómez, C.
Aranda, R. Lagos, & O. Monasterio, unpubl. obs.!. Theb-tubulin
construct RL33b6 misses the N-terminal Met and consists of the
52 C-terminal residues ofb-tubulin ~394–445!, preceded by the
sequence ARIRAP from the plasmid construction. Amino acid analy-
ses and the number of Trp and Tyr residues confirmed their com-
position. The shorter peptide sequencesa-tubulin ~430–445! and
b-tubulin ~412–431! ~underlined in Fig. 1! were chemically syn-
thesized by solid-phase methods. Electrospray mass spectrometry
gave molecular masses of 5,478.776 0.27 Da for thea~404–451!

recombinant fragment~theor. 5,478.8 Da! and 6,770.236 0.55 Da
for the b~394–445! recombinant fragment~theor. 6,770.7 Da!.
Both C-terminal fragments ofa- andb-tubulin were monomeric in
aqueous buffer solution, as indicated by sedimentation equilibrium
measurements~not shown!. Their apparent molecular masses were
4,400 and 6,600 Da respectively~10 mM Mes, 0.15 M NaCl, pH
6.5!. The value for thea-tubulin fragment is an underestimation,
possibly due to nonideality, supported by the fact that lower values
were determined for both acidic fragments at low ionic strength
~10 mM Mes pH 6.5!.

Helical predictions

The predictions of helical population of thea- andb-tubulin re-
combinant and synthetic tubulin peptides made with the program
Agadir ~Muñoz & Serrano, 1994! are compared with the second-
ary structure prediction in the C-terminal zones of thea- and
b-tubulin families of proteins made with the PHD method~Rost &
Sander, 1993! in Figure 1A and 1B, respectively. Both methods,
even designed for clearly different applications, detect marked
helical propensities at similar positions in thea-tubulin ~4170420–
4330435! andb-tubulin ~405–4300431! sequences~residues with
Agadir helicity$1% or PHD helical prediction estimated accuracy
.82%!. The percent helix predicted by Agadir for each peptide in
solution is: a~404–451! 1.8%, a~430–445! 0.0%, b~394–445!
1.2%, b~412–431! 1.1%. On the other hand, PHD predicts that
these parts of the protein have 44, 37, 58, and 100% of their
residues, respectively, in helical conformation. These conserved
C-terminal helices are among the largest predicted secondary struc-
ture elements in tubulin~de Pereda et al., 1996!. Note that each
Agadir and PHD predictions make good sense in comparison with
different experimental results, as will be shown later. Although
coiled-coil predictions with the program COILS give high scores
for these amphipatic helices~Lupas et al., 1991!, particularly the
sequencesa-tubulin ~414 to;435! andb-tubulin ~403 to;430,
extending toward the C-end!, which parallels the PHD helical
prediction, these sequences score poorly with the program PAIR-
COIL ~Berger et al., 1995!. Interestingly, helical wheel projections
of the sequences show that the apolar faces of these helices include
four identical amino acid residues located in equivalent positions
in both cases. These area-tubulin Ala421, Met425, Leu428, and
Tyr432, andb-tubulin Ala411, Met415, Leu418, and Tyr422
~Fig. 3C,D!, which are, with the N-terminal amino acids, the only
residues of this helix common to both tubulin sequences.

Limited proteolysis of the recombinant
b-tubulin (394–445) fragment

To biochemically probe the solution structure of the C-terminal 52
residues ofb-tubulin and to test the helical prediction, theb-tubulin
~394–445! fragment was subjected to very mild proteolysis with
subtilisin. We had expected that this relatively unspecific pro-
tease, which is frequently employed to cleave tubulin C-termini,
would give extensive proteolysis of the peptide if it were fully
disordered. However, proteolysis of the construct by 0.05%~w0w!
subtilisin gave a limited series of well-defined fragments~Fig. 2A!.
The main eight HPLC peaks~more than 70% of the total pep-
tide absorption at 215 nm in the chromatogram! were identified by
near UV absorption~Tyr, Trp! and N-terminal microsequencing
~Fig. 2B!, and aligned onto the sequence of theb-tubulin C-terminal
construct~see numbered horizontal lines in Fig. 2C!. The prote-
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olysis data indicated that the main cleavages are at positions Tyr422–
Gln423–Gln424 and Thr409–Glu410, defining a resistant segment
410–422, which is contained within fragments 3 and 6, and cor-
responds to the central part of the predicted helix 405–431~see
scheme in Fig. 2C!, even under aqueous solution conditions where
a significant helical population is not detected by CD~see below!.
These results suggest some transient helical structures in this re-
gion of the peptide when dissolved in water, which might corre-
spond to the formation of nascent helices~Dyson et al., 1988!.
Cleavage at position Leu418–Val419 and possibly at Trp397–
Tyr398 are minor or secondary processes. Note that further deg-
radation of the sequence 424–445~fragment 1! at the C-terminal
end was unexpectedly not observed. The proteolysis data from the
construct can be employed as a model of C-terminal modification
of tubulin by subtilisin, which gives a complex fragment mixture.
In fact, this and other information has permitted the localization of

the main C-terminal cleavage points ofb-tubulin by subtilisin at
positions 409–410, 422–423, and 433–434, with a maximal un-
certainty of102 three residues~de Pereda & Andreu, 1996!.

CD spectroscopy of thea- and b-tubulin
C-terminal fragments

The average secondary structure of the C-terminal tubulin se-
quences in solution was examined by circular dichroism~CD!. The
tubulin C-terminal fragmenta~404–451! had negligible helical
structure in aqueous buffer~Fig. 3A, spectra a and d!. Addition of
the helix inducing cosolvent trifluoroethanol~TFE! ~Nelson &
Kallenbach, 1986; Luo & Baldwin, 1997! resulted in the appear-
ance of a clear helical component~observe the minima at 208 and
220 nm and the increase of ellipticity at 195 nm in spectra b and
c compared to spectrum a in Fig. 3A!, mainly at the expense of the

A

B

C D

Fig. 1. Tubulin C-terminal constructs. The sequences of the RL52a3 and RL33b6 recombinant peptides are shown by~A! and ~B!,
respectively~lines 1, one-letter code!. The N-terminal amino acid sequence determined for thea-tubulin fragment was FVHWYVG
EGMEEGEF~S!~E!ARE~D!MAALXXD ~Y ! . . . , lacking the plasmid encoded N-terminal sequence MARIRAPWARLDHKFDLMY
AKRA. The result of sequencing theb-tubulin fragment was ARIRAPFLHWYTGEGMDEMEFTEEAESNMNDLVSEYQQYQXAT
ADEQGEFEXXG . . . , missing N-terminal Met residue. The peptidesa~430–445! and b~412–431! ~underlined! were chemically
synthesized. The secondary structure predictions of the sequencesa~404–451! and b~394–445! are also shown by~A! and ~B!,
respectively. Lines 2, helicity of each residue predicted by the program AGADIR~Muñoz & Serrano, 1994!, expressed as percentage
~%, rounded off by excess!. Lines 3, helicity of each residue predicted for the shorter synthetic peptides. Lines 4, secondary structure
predicted for the tubulin C-terminal zones by the program PHD~Rost & Sander 1993!. H: a-helix, E: extended, L: loop. Bold symbols
indicate residues with predictive accuracy over 82%. The sequences with strong helical predictions are shadowed gray.~C,D! Helical
wheel schemes of the sequencesa~417–434! andb~411–428!, respectively, displayed with the PC-Gene computer program~release
6.0, IntelliGenetics Inc.!. The incremental angle was 1008. The hydrophobicity values were20.31 and20.18, and the hydrophobic
moment values were 0.26 and 0.28 for thea andb sequences, respectively. The filled circles indicate acidic residues. The residues
indicated by the shaded arc are located in equivalent position in both sequences.
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disordered fraction. The estimated helical content was approxi-
mately 15 to 20% in 60% TFE. A weaker helix induction obtained
by lowering the pH from 6.5 to 2, presumably results from a
reduction of the electrostatic repulsion among ionized side chains
of the very abundant acidic residues~line e, Fig. 3A!. Addition of
1 mM CaCl2 ~line f ! or lowering the temperature from 20 to 48C

~not shown! did not modify the pH 6.5 spectrum. As a control,
Figure 3B shows helical induction by TFE practically absent in the
a-tubulin synthetic peptide 430–445, which marginally overlaps
with the 417–435 helix predicted within the longer 404–451
sequence.

A small reproducible difference was observed between the CD
spectrum of the tubulin C-terminal constructb~394–445! in buffer
~Fig. 4A, line a! and in 6 M guanidinium chloride~GuHCl! ~line
d!. The spectra in TFE~lines b and c in Fig. 4A! indicate a strong
helical induction by this solvent. The estimated helical content in
30% TFE was 18 to 34%, and in 60% TFE it was 24 to 38%. A
moderate helical induction was obtained by lowering the pH to 2
~line e!. Lowering the temperature to 48C had a negligible effect
~not shown!, whereas addition of 1 mM CaCl2 ~line f ! only mod-
ified the spectrum within experimental error.

Interestingly, the low helical peptide population predicted by the
program Agadir~see above! is compatible with the CD analysis of
the C-terminal zones of tubulin in aqueous buffer, whereas the
helical prediction for the protein sequences by the PHD method

A

B

C

Fig. 2. A: HPLC separation of the products of limited proteolysis of the
b-tubulin recombinant peptide 394–445~0.5 mg mL21! with 0.05%~w0w!
subtilisin in 50 mM Mes, 0.5 mM MgCl2, 1 mM EGTA, pH 6.5 during
20 min at 258C. The reaction was stopped with 1 mM PMSF.B: N-terminal
sequencing of each major fragment~peak 4 was determined from a differ-
ent experiment!. C: Alignment of the fragments~horizontal lines! onto the
peptide sequence and scheme explaining the results of proteolysis. The
segment predicted to form ana-helix ~Fig. 1! is indicated. Proteolysis time
course experiments~0.05 and 0.1% subtilisin, 5 to 40 min; not shown!
indicated that fragment 6 and its complementary fragment 1 were present
from the start of proteolysis. Decrease of fragment 6 coincided with an
increase of fragment 3 and especially fragment 8~becoming dominant at
longer times!; hence, they are probably complementary. Fragment 4 was
transient~maximum 8% of total at 10 min with 0.05% subtilisin!. The short
N-terminal fragment complementary to fragment 4 has not been detected.
Fragment 2 appeared last, and reached a maximum of 5%. Fragments 7
and 8 may be generated both from fragment 6 and directly from the com-
plete sequence.

A

B

Fig. 3. CD spectra of~A! a~404–451! and~B! a~430–445! in 10 mM Mes
pH 6.5, 258C. Line a, average of different spectra acquired with 1.0 and
0.1 mm cells; Line b, in the same buffer with a 20% TFE; Line c, 60%
TFE; Line d~dashed line!, in 6 M GuHCl; Line e~dashed line!, in 10 mM
Mes pH 2; Line f ~dotted line!, in 10 mM Mes pH 6.5, 1 mM Ca21.
Analysis of CD spectrum~Line a! in A with the CCA~Perczel et al., 1992!
or Yang et al.~1986! methods indicated negligible helix, 55 or 47% dis-
ordered structure, 39 or 24% beta sheet and 5% other or 30% turn com-
ponents, respectively. Inset inA: percentage of secondary structure as
estimated by the CCA method at increasing concentrations of TFE~0, 20,
60%!. C, a-helix; ▫, disordered;n, rest of structures.
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~see above! is qualitatively consistent with the CD in TFE. We
reasoned that the isolated tubulin C-terminal zones in aqueous
solution are incapable of adopting the significant helical confor-
mation that they probably had in the protein micro-environment,
which is mimicked by TFE. A qualitatively similar helix induction
by TFE had been observed in ab-tubulin ~400–445! peptide by
Reed et al.~1992!. However, the helical part of this zone ofb-tubulin
is predicted only to span approximately residues 405–431~see
above!. To further test the prediction, the CD of synthetic peptide
412–431 was examined~Fig. 4B!. The results are qualitatively
similar to the longerb-tubulin ~394–445! construct, the important

difference being that the TFE-induced helical bands have nearly
double ellipticity. The estimated helical content in 30% TFE was
22 to 32%, and in 60% TFE it was 35 to 51%. It can be concluded
that theb-tubulin sequence 412–431 contributes substantially to
the helicity of the larger 394–445 C-terminal zone. This is fully
consistent with the prediction that the helicity of theb-tubulin
C-terminal sequence 394–445 is localized in its central part in
residues 405–431. However, the helix content estimated for the
peptide 412–431 in TFE is roughly 60% that expected if all the
helicity of the 52-residue sequence were concentrated in the 27
residues 405–431. This suggests that the isolated shorter peptide
412–431 may be less helical than the same sequence included
within the longer peptide.

NMR conformational analysis ofa- and b-tubulin fragments
in 30% TFE solution

The conformational properties of the tubulin C-terminal peptides
in 30% TFE solution were further analyzed by 2D1H-NMR meth-
ods. Several NMR parameters permit the identification of a pre-
ferred structure in a peptide, the strongest evidence coming from
the NOE connectivities. Because a NOE connectivity between two
protons is observed if they are spatially close together indepen-
dently of their sequence proximity, the nonsequential NOE cross-
correlations are indicative of some preferred, sufficiently populated
conformation in which the corresponding protons are close to-
gether. The deviations of thed-values measured for the peptide
CaH protons with respect to those expected for nonstructured
peptides~conformational CaH shift, Dd 5 dobserved2 dRC, ppm!
provide additional information about the presence and nature of
the preferred conformation adopted by a peptide. These deviations
are negative in helices and positive in extended orb-sheet con-
formations~Case et al., 1994; Wishart & Sykes, 1994!.

In addition to the sequential NOE connectivities used for as-
signment, a number of nonsequential NOE cross-peaks are ob-
served in the NOESY spectra of the short peptideb~412–431! and
of recombinant peptideb~394–445!, in 30% TFE solution at pH
7.0, 258C ~Figs. 5–7!. In particular, the stretch ofaNi,i12,aNi,i13,
aNi,i14, andabi,i13 NOE connectivities, all of which are char-
acteristic of helices, and the observed nonsequentiali,i13 and
i,i14 NOE connectivities involving side-chain protons indicate
that these peptides adopt a significant population of a helical con-
formation in 30% TFE solution. Such helical conformation spans
residues 415–430 in the short peptideb~412–431! and 408–431 in
peptideb~394–445!. The conformational CaH shifts obtained for
segment 415–427 of peptideb~412–431! and for segment 410–
427 of peptideb~394–445! are negative and large in absolute
value~6Dd6 . 0.1 ppm!, which confirms the helix formation in the
same regions where the NOEs characteristic of helix were identi-
fied ~Figs. 6, 7!. Helix populations were estimated from the aver-
age of the CaH shifts within the helical regions~Jiménez et al.,
1993, 1994!. The helix population adopted by the short peptide
b~412–431! within region 415–430 was about a 38%, a value
compatible with the CD estimation~35–51%, see above!. Peptide
b~394–445! adopts about 40% of helix within region 408–431 and
45% within region 415–430. Thus, the helix adopted by the longer
peptideb~394–445! comprises the one formed by the short pep-
tide ~412–431!, but with a slightly higher population, and is elon-
gated at its amino-terminus. Most of the nonsequential NOEs
involving side-chain protons observed in both peptides within their
helical regions were identical~not shown!.

A

B

Fig. 4. CD spectra of~A! b~394–445! and~B! b~412–431! in 10 mM Mes
pH 6.5, 258C. Line a, average of different spectra acquired with 1.0 and
0.1 mm cells; Line b, in the same buffer with a 20% TFE; Line c, 60%
TFE; Line d ~dashed line!, in 6 M GuHCI; Line e~dashed line!, in MES
10 mM pH 2; Line f ~dotted line!, in MES 10 mM pH 6.5 Ca21 1 mM.
Analysis of spectrum a inA indicated negligible helical content, 35 or 48%
disordered, 32 or 51% beta sheet, 33% other or 0% beta-turn components.
Analysis of spectrum a inB indicated negligible helical content, 40 or
55% disordered, 28 or 26% beta sheet, and 31% other or 19% beta turn.
Insets: percentage of secondary structure estimated with the CCA method
at increasing concentrations of TFE~0, 5, 10, 20, 30, 40, 60, and 80%!;
C, a-helix; ▫, disordered;n, rest of structures.
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In peptideb~394–445!, some nonsequential NOEs are also found
in region 3900392–400, which indicates the existence of nonran-
dom conformation~s! within this region. Considering the amount
of aromatic and hydrophobic residues in segment 3900392–400
~Fig. 7! and that many of the nonsequential NOEs in this segment
involve side chains of this type of residues, such nonrandom con-
formation could be a hydrophobic cluster. However, the precise
nature of the conformation or details about the arrangement of the
side chains could not be determined because of the small number
of nonsequential NOEs and the ambiguity of some of them. NOEs
were observed between the aromatic protons of Phe394 and either
the methyl group of Ala392 or one of the CdH protons of Ile390
~the later two show the samed-value!. The conformational CaH
Dd shifts of region 393–398, which are negative and relatively
large in absolute value~Fig. 7!, cannot be interpreted in terms of
helix formation, due to the presence of four aromatic residues,
three of them consecutive, within such a short segment. It is well
known that the aromatic rings can significantly affect thed-values
of the nearby protons. The effect of the CaH protons of a residue
preceding or following to an aromatic residue~Phe, Tyr, His, Trp!
in a random coil peptide is upfield and varies from20.03 to20.13
ppm ~Merutka et al., 1995!.

Two stretches of nonsequential connectivities are apparent in the
NOE summary of peptidea~404–451! in 30% TFE solution at pH
7.0 and 258C ~Fig. 8!. The stretch ofab~i, i13! NOEs, together
with theaN~425,428! NOE and the NOEs involving the side-chain

protons of residues Met425 and Leu428 indicate the formation of
a helix structure within region 418–431. The negative conforma-
tional Dd CaH shifts found within segment 419–433~Fig. 8!
confirm the presence of a helix. Considering both the NOEs and
the conformational shifts, we can conclude that the peptidea~404–
451! forms a helix encompassing residues 418–432. The popula-
tion of this helix is about 25%, estimated from the averaged CaH
conformational shifts within zone 418–432~Jiménez et al., 1993,
1994!. As in region 3900392–400 of peptideb~394–445!, the
formation of a hydrophobic cluster can account for the nonsequen-
tial NOE connectivities involving the side-chain protons of the six
N-terminal residues~four aromatic, two hydrophobic! of peptide
a~404–451!. The side-chain geometry within the cluster cannot be
determined due to the small number of NOEs involving these
residues, and the negative conformational CaH shifts ~Fig. 8! in
this zone cannot be interpreted in terms of any secondary structure
because of the effect of the aromatic residues~Merutka et al.,
1995, and above!.

Because the ordered conformations identified above for the three
peptide coexist in equilibrium with random-coil conformations, the
NOE data cannot be interpreted in terms of a unique structure.
Nevertheless, it is useful to perform the calculation of a limited
number of structures compatible with the distance constraints de-
rived from the NOEs as a way to visualize the conformational
properties of the favored family of structures within the confor-

Fig. 5. Selected region of the 2D NOE spectrum of the peptides~A! b~412–
441! and~B! b~394–445! in 30% TFE solution at pH 7.0 and 258C, with
a 150 ms mixing time. NonsequentialdaN~i, i12! and daN~i, i13! NOEs are
boxed.

Fig. 6. Summary of NOE connectivities and conformational CaH Dd shifts
~dobserved2 dRC, ppm, wheredRC are thed corresponding to random coil
peptides; Wüthrich, 1986!, observed for theb-tubulin synthetic peptide
b~412–441! in 30% TFE solution at pH 7.0 and 258C. The thickness of the
lines reflects the intensity of the sequential NOE connectivities, i.e., weak,
medium, and strong. An * indicates unobserved NOE connectivity due to
signal overlapping, closeness to diagonal, or overlapping with solvent sig-
nal; dsch indicates NOE connectivities involving side chains.
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Fig. 7. Summary of NOE connectivities and conformational shifts observed for theb-tubulin constructb ~394–445! in 30% TFE
solution at pH 7.0 and 258C ~see Fig. 6!.

Fig. 8. Summary of NOE connectivities and conformational shifts observed for thea-tubulin constructa~405–451! in 30% TFE
solution at pH 7.0 and 258C ~see Fig. 6!.
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mational ensemble of a peptide. With this aim, structure calcula-
tions were performed on the basis of the nonsequential NOE
connectivities observed. Sequential NOE connectivities were not
included because the random conformations contribute to their
intensity. The resulting structures ofb~394–445! anda~404–451!
contain a well-defined central helix region surrounded by disor-
dered N- and C-segments. The RMSDs obtained for the 14 best
calculated structures ofb~394–445! ~Fig. 9A! are 12.36 3.2 Å for
the backbone and 13.26 3.0 Å including the side chains, and
reduce to 2.86 0.8 Å and 3.86 0.8 Å, respectively, when only the
residues belonging to the helix region~408–431! are considered.
Side chains of some residues within the helix region~Leu418,
Val419, Ser420, Tyr422, Tyr425, and Gln426! are relatively well
defined, as indicated by a range of X1 angle lower than 308. The
Ala411, Met415, Leu418, Tyr422, and Tyr 425 residues in the
hydrophobic face of the helix are shown in Figure 9B. Structure
calculation for the shorterb-tubulin peptide~412–431! gave a
similar result with a shorter helical extension~not shown!. In the
case ofa~404–451! ~Fig. 9C!, the RMSDs obtained for the best 14
calculated structures are 11.76 2.6 Å for the backbone and 12.96
2.5 Å including the side chains, and decrease to 2.46 0.7 Å and
4.3 6 0.8 Å, respectively, when only helical residues~418–432!
are taken into account. Side chains are not well defined in this case.

Inhibition of microtubule assembly and Ca21 binding by
tubulin C-terminal fragments

The tubulin fragments characterized in this work include the con-
served C-terminal helix followed by the hypervariable C-terminal
end. The later can be cleaved from native tubulin with subtilisin,
giving the heterogeneous shorter S-peptides~see the introduction!.
Both recombinant peptidesa~404–451! andb~394–445! ~62mM !
inhibited the assembly of microtubules from microtubule protein
~2 mg0mL! to a similar extent~69 and 64%, respectively!, as
indicated by the plateau of turbidity time courses~see Supplemen-
tary material in Electronic Appendix Fig. SF2!. The inhibition was
larger in a second cycle of polymerization~81 and 77% inhibition,
respectively, confirmed by measuring the nonpolymerized protein
after pelleting the microtubules, which gave 83 and 82% inhibi-
tion, respectively!. These results are more simply interpreted as
due to interaction of both recombinant fragments with MAPs,
reducing the binding of MAPs to microtubules and microtubule
stabilization. The presence of secondary structure probably plays a
role in the binding of these peptides to MAPs~Reed et al., 1992!,
even though initially the peptides are mostly disordered.

The recombinant peptidesa~404–451! and b~394–445! were
found to weakly bind Ca21 ~about 0.02 Ca21 ion in columns
equilibrated with 10mM free 45Ca21 ; not shown!, similarly to the
low-affinity Ca21 binding sites of tubulin~Solomon, 1977; Ser-
rano et al., 1986!.

Comparison of the conformation of the C-terminal zones
in TFE solution and in zinc-induced tubulin crystals.
Potential functional implications

After our CD and NMR structural analysis had been completed, a
high-resolution electron crystallographic model structure of the
ab-tubulin dimer in zinc-induced sheets has been presented~Nogales
et al., 1998!. These 2D crystals correspond to an alternative way
of tubulin polymerization, in which protofilaments have an anti-
parallel orientation, opposite to that in magnesium-induced

microtubules. It is interesting to compare the two independently
determined conformations of tubulin C-termini, in the isolated
model peptide in TFE solution and in the protein polymer crystal
structure. The extension of the C-terminal helix is identical in the
case ofa-tubulin, comprising in both cases residues 418–432. In
the b-tubulin model peptide, this helix comprises positions 408–
431~essentially confirming prediction!, extending at its C-terminus
nine residues longer than ina-tubulin model peptide. This is also
nine residues longer than in the unrefined crystal structure, where
secondary structure has been identically assigned in both subunits
~Fig. 3 in Nogales et al., 1998; see PBD file 1tub!. The comparison
is fully compatible with the notion that the helical potential of
these tubulin sequences, which is marginally detected in aqueous
solution, is expressed similarly with the TFE cosolvent and in the
complete protein. The longer helix of theb-tubulin model peptide
suggests an extension in the protein, supporting the possibility of
a functional coilr helix transition at the C-terminal zone. This is
consistent with an earlier proposal based on the mixed helix–coil
prediction~Ponstingl et al., 1979; de Pereda et al., 1996; Fig. 1!.
Following this helix, the 19 and 14 C-terminal residues of the
respectivea- and b-tubulin model peptide are observed to be
disordered by NMR. In the crystal structure~Nogales et al., 1998!,
the respective 10 and 18 C-terminal residues, together with the
bulky post-translationally added polyglutamic acid chains~Eddé
et al., 1990; Redecker et al., 1992!, were simpy lost from the
electron density map, possibly due to their disorder.

Despite the amphipatic character of this helix, no evidence of
helix–helix pairing is found in the TFE solution or in the crystal
structures. In the latter, this helix~H12! hydrophobically associates
to the outer face of the tubulin monomer. The apolar side of this
C-terminala-helix ~see Figs. 1C,D, 9B! is apparently satisfied by
contacts with the N-terminal domain underneath~Nogales et al.,
1998!. A proton NMR study of the interaction of a MAP synthetic
peptide with tubulin indicated that, in addition to the electrostatic
interactions between basic and acid residues, there are interactions
of MAP hydrophobic residues with aromatic residues at the tubulin
C-terminal end, possibly Tyr422 and0or Tyr425 ofb-tubulin ~Ko-
tani et al., 1990!. These residues belong to the hydrophobic face of
the C-terminala-helix ~Fig. 9B!. It may be speculated that H12
and part of the C-terminal end, besides undergoing coil to helix
transitions as exemplified by the model peptides in this study,
might functionally switch from interacting with the underlying
tubulin monomer to binding MAPs and motor proteins. Recombi-
nant polypeptides of microtubule associated protein tau have been
very recently shown to cross-link both with the extreme C-terminal
12 amino acids of tubulin and with a second site upstream, that is
suggested to involve the C-terminal helix H12~Chau et al., 1998!.
Studies combining recombinant soluble tubulin fragments~char-
acterized for the first time in this study, to our knowledge! with
constructs of the microtubule binding sites of tau~Chau et al.,
1998; Novella et al., 1992! should enable the construction of rep-
resentative model complexes leading to a high-resolution struc-
tural description of the key interactions of tubulin with microtubule-
associated proteins.

Conclusions

Well-defined helix-forming zones in peptide models of thea- and
b-tubulin C-termini extend from Phe418 to Tyr432 and Phe408 to
Asp431, respectively, whereas the respective 19 and 14 C-terminal
residues are disordered. The apolar side of the amphipatic helix
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Fig. 9. A: Stereoview of the 14 best calculated structures for the tubulin constructb~394–445! superimposed over residues 410–432,
showing the backbone nonhydrogen atoms of the entire polypeptide chain. Helix limits are indicated.B: Backbone nonhydrogen atoms
of the helical region of this construct~residues 408–431, black lines! and side-chain atoms of residues Ala411, Met415, Leu418,
Tyr422, and Tyr425 that belong to the hydrophobic face, shown in colored lines. The N- and C-termini are labeled.C: Stereoview of
the 14 best calculated structures for the construct~404–451!, showed similarly toA. The shorter helix limits are indicated.
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includes characteristic Ala-Met~14!–Leu~17!–Tyr~111! residues
in both tubulin chains. The helical conformation depends on the
environment: the isolated peptide sequences are predominantly
disordered in neutral aqueous solution, but they are strongly helical
in TFE solution or in the context of tubulin dimer crystals. Inves-
tigating the stability and structure of specific complexes of these
tubulin fragments with relevant MAPs constructs offers an attrac-
tive possibility to better define the microtubule–MAPs interactions.

Materials and methods

Chemicals

GTP ~type III!, Mes, Pipes, EDTA, EGTA, IPTG~isopropyl-b-d-
thiogalactopyranoside!, rifampicin, subtilisin Carlsberg, and BSA
~bovine serum albumin!, were from Sigma~St. Louis, Missouri!.
D2O and DCl were from M&G Chemicals~Stockport, United King-
dom!. NaOD and 2,2,2-trifluoroethanol-d3 were from Cambridge
Isotope Laboratories~Andover, Massachusetts!. Ultrapure GuHCl
was from Sigma and U.S.B. PMSF~phenylmethylsulfonylfluo-
ride! was from Calbiochem~La Jolla, California!. All other re-
agents were from Merck~Darmstadt, Germany!, analytical or HPLC
grade, except otherwise indicated.

Plasmids, bacterial expression and labeling, and chemical
synthesis of C-terminal fragments ofa- and b-tubulin

The hybrid plasmid pRL52a3 was constructed in two steps. The
SmaI0PstI cDNA fragment of the humana-tubulin genea1 ~Cowan
et al., 1983! in a recombinant pPR322 derivative from cultured
human keratinocytes~a gift from Dr. D.W. Cleveland, Johns Hop-
kins University! was ligated to the expression vector pT7-7~gen-
erously provided by Dr. S. Tabor, Harvard Medical School! digested
with the same enzymes. The resulting plasmid was digested with
SmaI andStuI, the 969 bp DNA fragment codifying between amino
acids 64–387 was discarded, and the remaining fragment was cir-
cularized by intramolecular ligation, originating pRL52a3. This
plasmid codifies for the 64 C-terminal amino acids ofa-tubulin
~388–451! preceded by the sequence MARIRAP~six residues from
the vector and a proline generated by the construction!. Plasmid
pRL33b6 was constructed as described by González et al.~1996!,
starting from cDNA of the chickenb-tubulin cb2 gene~Valenzuela
et al., 1981!, and codes for the 52 C-terminal residues ofb-tubulin
~394–445! preceded by the sequence MARIRAP.Escherichia coli
BL21~DE3!, al lysogen~Studier & Moffatt, 1986!, was used as a
host strain, and the induction was performed by the addition of
0.5 mM IPTG. Peptides were prepared starting from 12 L of cells
essentially as described by Aranda~1994! and González et al.
~1996!. The specific labeling of each peptide was achieved using
rifampicin ~200 mg0mL! before adding35S-methionine~Tabor &
Richardson, 1985!.

The soluble fractions of the bacterially expressed peptides
RL52a3 ~30–40%! ~C. González, R. Sánchez, R. Lagos, & O.
Monasterio, unpubl. obs.! and RL33b6 ~.95%! ~González et al.,
1996! were purified by ion exchange in DEAE-cellulose~chro-
matographed twice though DE-52, Whatmann, Maidstone, Kent,
United Kingdom! followed by reverse-phase chromatography~in a
Waters, Franklin, Massachusetts, Sep-Pak C-18 cartridge, eluted
with a 10–50% acetonitrile gradient!. The procedure gave a 53%
yield of purified peptide~Aranda, 1994!. These C-terminal frag-

ments ofa- and b-tubulin were 90% homogeneous in analytical
HPLC ~see Supplementary material in Electronic Appendix
Fig. SF1!. Fragment RL33b6 reacted with two different site-
directed antibodies to the sequence~412–431! in a competition
ELISA ~not shown, see de la Viña et al., 1988! confirming that the
expressed construction includes this sequence. The concentration
of peptides RL33b6 and RL52a3 was determined spectrophoto-
metrically, using an absorption coefficient of 9,530 M21 cm21

~280 nm, 6 M GuHCl! calculated~Edelhoch, 1967! for one Trp and
three Tyr residues in thea~404–451! andb~404–451! sequences
~see Fig. 1!. The peptides with the pig braina-tubulin~430–443!
and b-tubulin~412–431! sequences were chemically synthesized
as C-terminal amides employing solid-phase Merriefield proce-
dures and were purified to HPLC homogeneity as described~Andreu
et al., 1988; de la Viña et al., 1988!. Their concentrations were
measured spectrophotometrically with an extinction coefficient of
1,280 M21 cm21 ~280 nm!.

Analytical procedures

Peptides were analyzed by RP-HPLC with a 2503 4.5 mm C18
column ~Supelco, Bellefonte, Pennsylvania! in a Shimadzu LC-
10AD system, eluted with gradients of acetonitrile in 50 mM am-
monium acetate, pH 6.5. Electrospray mass spectra were obtained
with a Fisons~Manchester, United Kingdom! VG Quattro spec-
trometer at the mass spectrometry service, University of Barce-
lona. N-terminal Edman microsequencing was made with an Applied
Biosystems~Foster City, California! 477A sequencer equipped with
on-line HPLC analysis of the phenylthiohydantoin derivatives, at
the protein chemistry service, Centro de Investigaciones Biologicas
~Madrid, Spain!.

Analytical ultracentrifugation

Sedimentation equilibrium measurements were made with a Beck-
man Optima XL-A instrument equipped with absorbance optics,
employing 12-mm double sector cells in an An60Ti rotor at 35,000
rpm, 208C. Attainment of equilibrium was verified by identical
successive scans~280 and 230 nm! after 4 h of centrifugation of
peptides. The concentration gradients were analyzed and whole-
cell weight-average molecular masses obtained employing the pro-
grams EQASSOC~Minton, 1994! and Origin SINGLE~NONLIN;
Johnson et al., 1981! supplied by Beckman, employing partial
specific volume values~Laue et al., 1992! of a~404–451! and
b~394–445! were 0.704 and 0.696 g mL21, respectively.

Circular dichroism spectroscopy

The far UV peptide CD spectra were acquired in a Jasco J720
dichrograph, employing 0.1 and 1 mm cells at 258C. Each spec-
trum is the accumulation of five scans~bandwidth 1 nm, scan rate
20 nm min21!. The concentrations of the different tubulin peptide
employed were comprised between 10 and 200mM. The CD spec-
tra were analyzed employing the Yang~Yang et al., 1986!, CCA,
and LINCOMB ~Perczel et al., 1992! methods as described~de
Pereda et al., 1996!.

Nuclear magnetic resonance spectroscopy

NMR samples were prepared by solving the peptide in H2O0D2O
9:1 and adding the amount of 2,2,2-trifluoroethanol-d3~Cam-
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bridge Isotope Laboratories, Andover, Massachusetts! required to
give 30% by volume. Peptide concentrations were about 2 mM. pH
was adjusted to 7.0 by addition of minute amounts of DCl or
NaOD. pH measurements were not corrected for isotope effects.
Sodium 3-trimethylsilyl~2,2,3,3-2H4! propionate~TSP! was used
as an internal reference. NMR experiments were performed on a
Bruker~Karlsruhe, Germany! AMX-600 spectrometer. All the two-
dimensional spectra were acquired in the phase-sensitive mode
using the time proportional phase incrementation~TPPI! tech-
nique~Marion & Wüthrich, 1983! with presaturation of the water
signal. COSY~Aue et al., 1976! and NOESY~Kumar et al., 1980!
spectra were recorded using standard phase-cycling sequences.
Short mixing times~150 ms! were used in the NOESY experi-
ments to avoid spin-diffusion effects. TOCSY~Bax & Davis, 1985!
spectra were acquired using the standard MLEV17 spin-lock se-
quence and a 80 ms mixing time. Size of the acquisition data
matrix was 2,0483 512 words inf2 andf1, respectively, and prior
to Fourier transformation the 2D data matrix was multiplied by a
phase-shifted square-sine bell-window function in both dimen-
sions and zero-filled to 4,0963 1,024 words. The phase shift was
optimized for every spectrum.

1H-NMR assignment

The assignment of the1H-NMR spectra of the peptides in 30%
TFE solution at pH 7 and 258C was performed by using standard
2D sequence-specific methods~Wüthrich et al., 1984; Wüthrich,
1986!. In the case ofb~394–445!, the availability of the previous
assignment of the shorter peptideb~412–431! was helpful. A list
of the assigned1H values for the peptidesb~394–445!, b~412–
431!, anda~404–451! is given in Tables ST1 and ST2~see Sup-
plementary material in Electronic Appendix!. NMR analysis of
these peptides without TFE proved difficult, similar to ab~400–
445!-tubulin peptide~Reed et al., 1992!, and was not further pur-
sued.

Structure calculations

Calculations of peptide structures were carried out on a Silicon
Graphics~Mountain View, California! Indigo computer using the
program DIANA~Güntert et al., 1991!. Distance constraints were
derived from the 150 ms mixing time NOESY spectra. Observed
NOEs were translated into upper limit distance constraints by vi-
sual inspection of their intensities using the following qualitative
criterion: strong NOEs were set to distances lower than 0.30 nm;
medium, lower than 0.35 nm, and weak lower than 0.40 nm. Pseudo-
atom corrections were added to interproton distance restraints where
necessary. Lower bounds between nonbonded atoms were set to
the sum of van der Waals radii.f angles were constrained to the
range 0 to21808, except for Gly and Asn residues.

Inhibition of microtubule polymerization bya- and
b-tubulin C-terminal peptides

Microtubule protein~MTP! was prepared from bovine brain as
described~Karr et al., 1982; de Pereda et al., 1995! in 100 mM
Mes, 1 mM MgCl2, 1 mM EGTA, 1 mM GTP, pH 6.7. Pellets of
MTP were resuspended at 08C in 2 mL of 100 mM MES, 0.5 mM
MgCl2, 2 mM EGTA, 1 mM GTP, pH 6.4. The mixture was in-
cubated on ice with gentle stirring for 20 min, centrifuged at
4 8C at 100,0003 g for 30 min and the supernatant adjusted to

2 mg0mL protein concentration, determined~Bradford, 1976! with
purified tubulin as a standard. The samples, in a jacketed cuvette,
were allowed to polymerize at 378C with and without peptide,
monitoring the turbidity at different wavelengths in a Hewlett Pack-
ard 8452A spectrophotometer. The temperature was controlled with
a circulating water bath and measured inside of the cuvette with a
thermocouple.

Supplementary material in Electronic Appendix

1H-NMR assignment of peptides~Tables ST1, ST2!, HPLC char-
acterization~Fig. SF1!, and inhibition of microtubule assembly by
the recombinant tubulin C-terminal peptides~Fig. SF2!.
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