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Abstract

We have investigated the solution conformation of the functionally relevant C-terminal extremesimd 3-tubulin,
employing the model recombinant peptides Rk82and RL3®6, which correspond to the amino acid sequences
404-451end and 394-44&nd of the main vertebrate isotypes af and B-tubulin, respectively, and synthetic
peptides with thex-tubulin(430—443 and B-tubulin(412—43) internal sequences(404—45) and 3(394—443 are
monomeric in neutral aqueous soluti@s indicated by sedimentation equilibriurand have circular dichroisgCD)

spectra characteristic of nearly disordered conformation, consistent with low scores in peptide helicity prediction.
Limited proteolysis 0f3(394—445 with subtilisin, instead of giving extensive degradation, resulted in main cleavages
at positions Thr409-Glu410 and Tyr422—GIn423-GIn424, defining the proteolysis resistant segment 410-422, which
corresponds to the central part of the predicftubulin 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 if(404—45) and 8(394—443. A substantial part of the helicity of
B(394—445 was found to be in the CD spectrum of the shorter pepg@l2—43) with TFE. Two-dimensional
1H-NMR parametergnonsequential nuclear Overhauser effédM©OE) and conformational &H shifts) in 30% TFE
permitted to conclude that about 25%a@d#04—45) and 40% of3(394—45) form well-defined helices encompassing
residues 418-432 and 408-431, respectively, flanked by disordered N- and C-segments. The side@t38ids 451
residues Leu418, Val419, Ser420, Tyrd22, Tyr425, and GIn426 are well defined in structure calculations from the NOE
distance constraints. The apolar faces of the helix in bo#imd 3 chains share a characteristic sequence of conserved
residues Ala,Mgt+4),Leu(+7),Tyr(+11). The helical segment a#(404—45) is the same as that described in the
electron crystallographic model structure @B-tubulin, while in 8(394—45) it extends for nine residues more,
supporting the possibility of a functional ce#b helix transition at the C-terminus @-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, ganization, motility, and chromosome segregation in eukaryotic
which are dynamic cytoskeletal fibers central to cytoplasmic or-cells. The C-terminal domains af andg-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
Reprint requests to: Jose M. Andreu, CIB, CSIC, Velazquez 144, 280odlypervariable highly acidic zones comprising the 10-20 most
Madrid, Spain; e-mail: j.m.andreu@fresno.csic.es. C-terminal residuesdiscussed by de Pereda et al., 1996hich

Abbreviations:BSA, bovine serum albumin; CD, circular dichroism, contain the tubulin isotype_deﬁning sequences and most of the

COSY, correlation spectroscopy; EDTA, ethylenediaminetetraacetic acid; g ; PO ; =
EGTA, ethyleneglycol-big3-aminoethyl etherN,N,N’,N’-tetraacetic acid; known post-translational modificationgeviewed by Luduefia,

GTP, guanosine‘&riphosphate; HPLC, high-performance liquid chroma- 1998 These characteristic C-terminal sequen@&snstingl et al.,
tography; IPTG, isopropyB-p-thiogalactophyranoside; MAP, microtubule 1979 are exclusively found in the tubulin family, and are func-
associated protein; MTP, microtubule protein; NOE, nuclear Overhausetionally very important because they support the binding of proteins

effeckti NOESSY' ”#C'eel“ Ovﬁflhalllfser ﬁTeCt_SPGCUOSSCOPY? PDB, Protein Datgyrough which microtubules interact with other cell components,
Bank; PMSF, phenylmethylsulfonylfluoride; RMSD, root-mean-square . B . . .
deviation; RP-HPLC, reversed-phase HPLC; 2D, two-dimensional; TFE,InCILIdIng microtubule associated proteifdAPs) (Serrano et al.,

trifluoroethanol; TOCSY, total correlation spectroscopy; TPPI, time pro- 1984; Littauer et al., 1986 which associate to microtubules by
portional phase incrementation; UV, ultraviolet. means of unprecisely defined multivalent interactioBsitner &
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Kirschner, 1991; Novella et al., 1992; Gustke et al., 1994; Chauecombinant fragmeritheor. 5,478.8 Dgand 6,770.23t 0.55 Da
et al., 1998, and microtubule motor proteirfPaschal et al., 1989; for the B(394—-445 recombinant fragmenttheor. 6,770.7 Da
Marya et al., 1994; Larcher et al., 1996vhose interactions and Both C-terminal fragments af- andB-tubulin were monomeric in
motion along microtubules are being very actively investigatedaqueous buffer solution, as indicated by sedimentation equilibrium
(Mandelkow & Johnson, 1998 measurement$ot shown. Their apparent molecular masses were
Microtubule assembly is inhibited by &a, which acts indi- 4,400 and 6,600 Da respectivej0 mM Mes, 0.15 M NacCl, pH
rectly via MAP-2 (Krueger et al., 1997and tau phosphorylation 6.5). The value for thex-tubulin fragment is an underestimation,
(Fleming & Johnson, 1995as well as by direct destabilization of possibly due to nonideality, supported by the fact that lower values
growing microtubule endfO’'Brien et al., 1997. It has been hy-  were determined for both acidic fragments at low ionic strength
pothesized that Ga may increase the rate of GTP hydrolysis (10 mM Mes pH 6.5.
within the stabilizing GTP-tubulin ca®©’Brien et al., 1997, and
it has actually been shown that €astimulates the GTPase ac-
tivity of purified unassembled tubulitSoto et al., 1996 The
higher affinity C&* binding sitegSolomon, 197Yof mammalian ~ The predictions of helical population of thke and g-tubulin re-
brain tubulin had been mapped to its acidic C-terminal zones byombinant and synthetic tubulin peptides made with the program
limited proteolysis with subtilisiriSerrano et al., 1986as wellas  Agadir (Mufioz & Serrano, 1994are compared with the second-
with chemical modificationMejillano & Himes, 199). Limited ary structure prediction in the C-terminal zones of theand
proteolysis with subtilisin predominantly cleaves the hypervariables-tubulin families of proteins made with the PHD methdbst &
10 to 20 C-terminal residues of each tubulin chain, generating th&ander, 1998in Figure 1A and 1B, respectively. Both methods,
C-terminally modified proteiriS-tubulin and releasing short pep- even designed for clearly different applications, detect marked
tides(S-peptides which are largely heterogeneo(Backett et al., helical propensities at similar positions in theubulin (417/420—
1985; de la Vifia et al., 1988; Redecker et al., 1992; Lobert et al.433/435 and B-tubulin (405-430431) sequencesresidues with
1993; Ortiz et al., 1993; de Pereda & Andreu, 1996; de Pered#@gadir helicity=1% or PHD helical prediction estimated accuracy
et al., 1996. >82%). The percent helix predicted by Agadir for each peptide in
We have designed, expressed, and chemically synthesized webolution is: a(404—45) 1.8%, «(430-445 0.0%, 3(394—445
defined model fragments of the- and B-tubulin C-terminal se- 1.2%, 8(412—-43)} 1.1%. On the other hand, PHD predicts that
guences, including the C-terminal helix and the acidic end of thehese parts of the protein have 44, 37, 58, and 100% of their
chain, to make detailed studies of the structure—function of tubulirresidues, respectively, in helical conformation. These conserved
C-ends possible. Employing subtilisin proteolysis, CD, and NMR C-terminal helices are among the largest predicted secondary struc-
methods, we have characterized their helix forming ability in so-ture elements in tubuliide Pereda et al., 1986Note that each
lution structure. During the preparation of this manuscript, theAgadir and PHD predictions make good sense in comparison with
electron crystallographic unrefined model structurexBftubulin different experimental results, as will be shown later. Although
dimers, missing the hypervariable C-terminal residues, has beetpiled-coil predictions with the program COILS give high scores
presentedNogales et al., 1998The isolated, post-translationally for these amphipatic helicétupas et al., 1991 particularly the
unmodified, tubulin C-terminal model sequences are initially un-sequences-tubulin (414 to ~435 and B-tubulin (403 to ~430,
ordered, yet inhibit microtubule assembly, and form well-definedextending toward the C-emdwhich parallels the PHD helical
a-helices in TFE solution, mimicking the conformation within the prediction, these sequences score poorly with the program PAIR-
protein. 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 anetubulin Ala421, Met425, Leu428, and
Tyr432, andgB-tubulin Ala411, Met415, Leud18, and Tyr422
(Fig. 3C,D, which are, with the N-terminal amino acids, the only
residues of this helix common to both tubulin sequences.
Recombinant peptides containing the C-terminal sequences of the
major vertebrate bram |sotype§ o@ftubulin (hkal) andB-tubulin Limited proteolysis of the recombinant
(cB2) were produced in bacteria. Comparison of the results pro- .
vided by N-terminal sequencing with the amino acid sequenc«.ﬁ'tUIDUIIn (394-445) fragment
encoded in their respective plasmidsig. 1) showed that the To biochemically probe the solution structure of the C-terminal 52
a-tubulin fragment RL523 actually starts at Phe404, and there- residues of3-tubulin and to test the helical prediction, {Beubulin
fore consists of the 48 C-terminal residuesetibulin (404—45); (394-445 fragment was subjected to very mild proteolysis with
this is possibly a result of bacterial proteoly$is. Gomez, C.  subtilisin. We had expected that this relatively unspecific pro-
Aranda, R. Lagos, & O. Monasterio, unpubl. gb3he g-tubulin tease, which is frequently employed to cleave tubulin C-termini,
construct RL3B6 misses the N-terminal Met and consists of the would give extensive proteolysis of the peptide if it were fully
52 C-terminal residues g8-tubulin (394445, preceded by the disordered. However, proteolysis of the construct by 0.0&%v)
sequence ARIRAP from the plasmid construction. Amino acid analy-subtilisin gave a limited series of well-defined fragme(fits. 2A).
ses and the number of Trp and Tyr residues confirmed their comThe main eight HPLC peak@nore than 70% of the total pep-
position. The shorter peptide sequenaesibulin (430—445 and  tide absorption at 215 nm in the chromatogyamere identified by
B-tubulin (412—43) (underlined in Fig. 1 were chemically syn- near UV absorptior{Tyr, Trp) and N-terminal microsequencing
thesized by solid-phase methods. Electrospray mass spectromettlyig. 2B), and aligned onto the sequence of gaeubulin C-terminal
gave molecular masses of 5,478% .27 Da for thex(404—45) construct(see numbered horizontal lines in Fig. 2@ he prote-

Helical predictions

Results and discussion

C-terminal constructs of-- and B-tubulin.
Physico-chemical properties
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A
1 FVHWYVGEGMEEGETFS3SEARE DA AL R
2 0coo0O0CCOO0O0ODCO11I1244679988632221100000000000000°¢CO
3 cCoO0C0C0000O000O0O0OO0COCOCO
4 HEEEEE:EZLLLLLLLHHAIiHHHHEBEHEHHEHHHEHEBEHHHEHEEHL JLLLLLLLLLLLLLTL
354 412 431 445
K.G\‘ o S s

IARIRAPE‘LHWYTGEGMDﬁg EQGEFEEEGEETDER

200000000000 0000C002222133233434442333222211100000000000¢0000
3 C00901122122111111100
4 HHLLLLLLLLLHEHHHHHHEHHHHHHHEHHEHHAEHHAEHEHAHHEAHAN LLLLLHHHLLLLL
Glu 417 Ala 411
C Leu 428 fsp 424 D Tyr 422 | Leu 418
\ o/
Ala 421 X fAsp 431 Met 415 S . Tyr 425
Tyr 432 Glu 420 Gln 426 Asn 414
~ - '~
Met 425 \  ala 427 val 419 Glu 421
.
— -
Phe 418 \ 7 Glu 434 6lu 412 Ala 428
\
- o/ o/
Giu 429 \ / Gle 423 Gln 423 \ fAsp 417
,>'\ - < O - \
fry 427 -8 B Lys 438 asn 416 \\7.\‘ - Gln 424
Gl 433 ! Ser 419 Asp 427 [ Ser 413
fAla 426 Ser 428

Fig. 1. Tubulin C-terminal constructs. The sequences of the Ri358nd RL3B6 recombinant peptides are shown (&) and (B),
respectively(lines 1, one-letter codeThe N-terminal amino acid sequence determined forattigbulin fragment was FVHWYVG
EGMEEGERS)(E)ARE(D)MAALXXD (Y) .. .,lacking the plasmid encoded N-terminal sequence MARIRAPWARLDHKFDLMY
AKRA. The result of sequencing th@tubulin fragment was ARIRAPFLHWYTGEGMDEMEFTEEAESNMNDLVSEYQQYQXAT
ADEQGEFEXXG. . ., missing N-terminal Met residue. The peptide&30—-445 and 8(412—43) (underlined were chemically
synthesized. The secondary structure predictions of the sequef@®$—45) and 3(394—-445 are also shown byA) and (B),
respectively. Lines 2, helicity of each residue predicted by the program AGABNIiioz & Serrano, 1994 expressed as percentage
(%, rounded off by excessLines 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 RRDst & 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 shado(@b)grsfical

wheel schemes of the sequene€417—434 and 8(411-428, respectively, displayed with the PC-Gene computer prodraierase

6.0, IntelliGenetics Ing. The incremental angle was 00he hydrophobicity values were0.31 and—0.18, and the hydrophobic
moment values were 0.26 and 0.28 for thand B sequences, respectively. The filled circles indicate acidic residues. The residues
indicated by the shaded arc are located in equivalent position in both sequences.

olysis data indicated that the main cleavages are at positions Tyr422ke main C-terminal cleavage points @ftubulin by subtilisin at
GIn423-GIn424 and Thr409—-Glu410, defining a resistant segmerpositions 409—-410, 422—423, and 433-434, with a maximal un-
410-422, which is contained within fragments 3 and 6, and corcertainty of+/— three residuesde Pereda & Andreu, 1996
responds to the central part of the predicted helix 405—48%
scheme in Fig. 2§ even under aqueous solution conditions where
a significant helical population is not detected by Gee below.
These results suggest some transient helical structures in this r
gion of the peptide when dissolved in water, which might corre-The average secondary structure of the C-terminal tubulin se-
spond to the formation of nascent helicd3yson et al., 1988 guences in solution was examined by circular dichroi©m). The
Cleavage at position Leu418-Val419 and possibly at Trp397-tubulin C-terminal fragment(404—45) had negligible helical
Tyr398 are minor or secondary processes. Note that further degstructure in aqueous bufféFig. 3A, spectra a and)dAddition of
radation of the sequence 424—4dfagment ] at the C-terminal  the helix inducing cosolvent trifluoroethan¢lT FE) (Nelson &

end was unexpectedly not observed. The proteolysis data from thH€allenbach, 1986; Luo & Baldwin, 199%esulted in the appear-
construct can be employed as a model of C-terminal modificatiorance of a clear helical componegabserve the minima at 208 and
of tubulin by subtilisin, which gives a complex fragment mixture. 220 nm and the increase of ellipticity at 195 nm in spectra b and
In fact, this and other information has permitted the localization ofc compared to spectrum a in Fig. 84nainly at the expense of the

CD spectroscopy of the- and 8-tubulin
g_—terminal fragments



Structure and function a&- and B-tubulin C-termini 791

A 20— BT T T T T
[ | L L L y
r 9 20F A 3 60 D 1 -
15 - - S4af TTTIR S
£ 15 . F 41 -
c 8] 20 -
IS L o]
S - 10 | % ok 1 4
"t"j | B O P T e ]
8 5
(] - 3
Ke)
5 ) 0
N
g 3
<5
g 5
05 N ! N 1 N ) L 1 L 1 o -10
"o 10 20 30 40 50 « e 1
. . £ 15} -
Time (min) o A ]
g 1 M 1 1 1 1 1 1
B L) -20 2 — " N N N
. o 190 200 210 220 230 240 250 260
PEAK TIME {(min) SEQUENCE .O 5 . ' . . . .
1 15.5 QQYQDATADEQGEFEE. . .+ QYQDATADEQGEFEE. .. \>—< R ! I ! ! ! ! !
2 17.7 VSEYQQYQDAT. . . 5 ot
3 19.5 EAESNMNDL —_ |
4 21.3 YTGEGEMDEMEFT _5 B
5 27.3 (UNCLEAVED PEPTIDE) i
6 29.4 ARIRAPFLHWYFGEMDEMEFTEAES. . . 10 |
7 30.9 ARIRAPFLHWY. . . B |
8 32.5 ARIRAPFLHWYTGE. .. 15
9 43.6 (PMSF) -
-20 1 N 1 N 1 " 1 M 1 2 1 2 1 2
C 190 200 210 220 230 240 250 260
ARIRAPFLHWY TGEGMDEMEFTEAESNMNDLVSEYQQYQDATADEQGEFEEEGEEDEA Wavelength (nm)
705 I Fig. 3. CD spectra ofA) a(404—-45) and(B) «(430—445in 10 mM Mes
6 1 pH 6.5, 25°C. Line a, average of different spectra acquired with 1.0 and
e JOICILIRELELE et 1 0.1 mm cells; Line b, in the same buffer with a 20% TFE; Line c, 60%
8 a0 3 as TFE; Line d(dashed ling in 6 M GuHCI; Line e(dashed ling in 10 mM
—_— P Mes pH 2; Line f(dotted ling, in 10 mM Mes pH 6.5, 1 mM CH.
w8 4 a0 Analysis of CD spectruniLine @ in A with the CCA(Perczel et al., 1992
— or Yang et al.(1986 methods indicated negligible helix, 55 or 47% dis-
7 o 2 ordered structure, 39 or 24% beta sheet and 5% other or 30% turn com-
_— —_— ponents, respectively. Inset i: percentage of secondary structure as

) ) o ) estimated by the CCA method at increasing concentrations of (OFEO,
Fig. 2. A1 HPLC separation of the products of limited proteolysis of the 60vy. 0, a-helix; O, disordered;A, rest of structures.

B-tubulin recombinant peptide 394—44%5 mg mL ™) with 0.05%(w/w)
subtilisin in 50 mM Mes, 0.5 mM MgG| 1 mM EGTA, pH 6.5 during
20 min at 25C. The reaction was stopped with 1 mM PM8EN-terminal
sequencing of each major fragmépeak 4 was determined from a differ-

ent experiment C: Alignment of the fragmentghorizontal line$ onto the (not shown did not modify the pH 6.5 spectrum. As a control
peptide sequence and scheme explaining the results of proteolysis. Tr]__e : ’ ’

segment predicted to form anhelix (Fig. 1) is indicated. Proteolysis time ~ F1gure ?’B shows _helical _indUCtion by TFE _practicall_y absentin the
course experimenté0.05 and 0.1% subtilisin, 5 to 40 min; not shown a-tubulin synthetic peptide 430—445, which marginally overlaps

indicated that fragment 6 and its complementary fragment 1 were presewith the 417-435 helix predicted within the longer 404-451
from the start of proteolysis. Decrease of fragment 6 coincided with a”sequence.

increase of fragment 3 and especially fragmerib&oming dominant at . .
longer time$; hence, they are probably complementary. Fragment 4 was A small reproducible difference was observed between the CD

transientmaximum 8% of total at 10 min with 0.05% subtiligiThe short ~ SPectrum of the tubulin C-terminal constryg{894-4435 in buffer
N-terminal fragment complementary to fragment 4 has not been detectedFig. 4A, line @ and in 6 M guanidinium chloridéGuHCI) (line
Fragment 2 appeared last, and reached a maximum of 5%. Fragmentsdj. The spectra in TFEines b and ¢ in Fig. 4Aindicate a strong
g:::ess':gzea‘ige”eramd both from fragment 6 and directly from the comp,g|ic4| 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°€ had a negligible effect
disordered fraction. The estimated helical content was approxi¢not shown, whereas addition of 1 mM Caglline f) only mod-
mately 15 to 20% in 60% TFE. A weaker helix induction obtained ified the spectrum within experimental error.
by lowering the pH from 6.5 to 2, presumably results from a Interestingly, the low helical peptide population predicted by the
reduction of the electrostatic repulsion among ionized side chainprogram Agadirsee aboveis compatible with the CD analysis of
of the very abundant acidic residu@me e, Fig. 3A. Addition of the C-terminal zones of tubulin in aqueous buffer, whereas the
1 mM CacCh (line f) or lowering the temperature from 20 t6@ helical prediction for the protein sequences by the PHD method
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25 T difference being that the TFE-induced helical bands have nearly
i . 1 double ellipticity. The estimated helical content in 30% TFE was
20r g 17 22 to 32%, and in 60% TFE it was 35 to 51%. It can be concluded
15 _ @ 1] that theB-tubulin sequence 412—431 contributes substantially to
X ;3; j the helicity of the larger 394—445 C-terminal zone. This is fully
10 | < 1 consistent with the prediction that the helicity of tfBetubulin
- . 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 @f- and 8-tubulin fragments
in 30% TFE solution

The conformational properties of the tubulin C-terminal peptides
in 30% TFE solution were further analyzed by 2B-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-
- P N P P dently of their sequence proximity, the nonsequential NOE cross-
St 0 28 '?IQE 60 80 ~ correlations are indicative of some preferred, sufficiently populated
i ’ conformation in which the corresponding protons are close to-
gether. The deviations of th&values measured for the peptide
CaH protons with respect to those expected for nonstructured
peptides(conformational GH shift, A6 = Sopserved— Src, 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 extendeg@3eheet con-
220 Lo ey formations(Case et al., 1994; Wishart & Sykes, 1994
190 200 210 220 230 240 250 260 In addition to the sequential NOE connectivities used for as-
signment, a number of nonsequential NOE cross-peaks are ob-
Wavelength (nm) served in the NOESY spectra of the short pepfdé12—43) and

Fig. 4. CD spectra ofA) (394445 and(B) f(412-431in 10mM Mes O recombinant peptidg(394-443, in 30% TFE solution at pH
pH 6.5, 25°C. Line a, average of different spectra acquired with 1.0 and 7-0, 25°C (Figs. 5-7. In particular, the stretch @fNi,i+2, aNi,i+3,
0.1 mm cells; Line b, in the same buffer with a 20% TFE; Line ¢, 60% «aNi,i+4, andapi,i+3 NOE connectivities, all of which are char-
TFE; Line d(dashed ling in 6 M GUHCI; Line e(dashed ling in MES  acteristic of helices, and the observed nonsequehiial3 and

da: > VLA .
10 mM pH 2; Line f(dotted ling, in MES 10 mM pH 6.5 C& 1 mM. i,i+4 NOE connectivities involving side-chain protons indicate
Analysis of spectrum a iA indicated negligible helical content, 35 or 48% . L . .
disordered, 32 or 51% beta sheet, 33% other or 0% beta-turn componeni$1at these peptides adopt a significant population of a helical con-

Analysis of spectrum a iB indicated negligible helical content, 40 or formation in 30% TFE solution. Such helical conformation spans
55% disordered, 28 or 26% beta sheet, and 31% other or 19% beta turpesidues 415—430 in the short peptigld12—43) and 408—431 in
Insets: percentage of secondary structur timated with th A meth i ; i ;
" incregsing cogcentrations 2 fYT-};CS’ 160"3‘52 3 30e’d40’ o, ZnCdCB 0%9 Peptide(394—445. The conformational @H shifts obtained for
O, a-helix; O, disordered;p, rest of structures. segment 41_5_427 of peptl(ﬁi412—43.1 and for Segment 410-
427 of peptideB(394—445 are negative and large in absolute
value(]A8] > 0.1 ppm, which confirms the helix formation in the
same regions where the NOEs characteristic of helix were identi-
fied (Figs. 6, 3. Helix populations were estimated from the aver-
(see abovpis qualitatively consistent with the CD in TFE. We age of the @H shifts within the helical region§Jiménez et al.,
reasoned that the isolated tubulin C-terminal zones in aqueou$993, 1994 The helix population adopted by the short peptide
solution are incapable of adopting the significant helical confor-8(412—431} within region 415-430 was about a 38%, a value
mation that they probably had in the protein micro-environment,compatible with the CD estimatiof85-51%, see aboyePeptide
which is mimicked by TFE. A qualitatively similar helix induction 3(394—445 adopts about 40% of helix within region 408—431 and
by TFE had been observed ingatubulin (400—-445 peptide by  45% within region 415—-430. Thus, the helix adopted by the longer
Reed et al(1992. However, the helical part of this zone@ftubulin peptide3(394—445 comprises the one formed by the short pep-
is predicted only to span approximately residues 405-#&k  tide (412—43), but with a slightly higher population, and is elon-
above. To further test the prediction, the CD of synthetic peptide gated at its amino-terminus. Most of the nonsequential NOEs
412-431 was examine@rig. 4B). The results are qualitatively involving side-chain protons observed in both peptides within their
similar to the longep-tubulin (394—4435 construct, the important helical regions were identicé&hot shown.

[©] x10°*( deg cn? dmol™ )
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protons of residues Met425 and Leu428 indicate the formation of
a helix structure within region 418-431. The negative conforma-
tional A5 CaH shifts found within segment 419-43%Fig. 8
confirm the presence of a helix. Considering both the NOEs and
the conformational shifts, we can conclude that the peptid@4—
451) forms a helix encompassing residues 418—432. The popula-

G415
416 l 41

D 427 425 tion of this helix is about 25%, estimated from the averagetiC
F@l& conformational shifts within zone 418—482iménez et al., 1993,
30 428 1994. As in region 39¢392—-400 of peptide3(394—445, the
0418'1”?@5 formation of a hydrophobic cluster can account for the nonsequen-
1.8 tial NOE connectivities involving the side-chain protons of the six
N-terminal residuesgfour aromatic, two hydrophobjcf peptide
Lo a(404-45). The side-chain geometry within the cluster cannot be

determined due to the small number of NOEs involving these
residues, and the negative conformationaHCshifts (Fig. 8) in

22 this zone cannot be interpreted in terms of any secondary structure
24 because of the effect of the aromatic residgbterutka et al.,
il 1995, and above
Because the ordered conformations identified above for the three
26 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-
3.0 rived from the NOEs as a way to visualize the conformational
properties of the favored family of structures within the confor-

3.2
T T I T -
ppm 46 44 42 40 ppm
412 420 431
Fig. 5. Selected region of the 2D NOE spectrum of the peptidegB(412—
441) and(B) B(394—-445 in 30% TFE solution at pH 7.0 and 26, with ESNMNDLVSEYQQYQDATAD-NHCHs
a 150 ms mixing time. Nonsequentiddn,i+2 and dang,i+3 NOEs are doN(i,i+1)  ———— > W
boxed.
dNNCi,i+1) e % % % % 0 ¥ e

ABN(I,IT1) o —— S ——
daN(i,i+2) —_— —_—

In peptideB(394—445, some nonsequential NOEs are also found doN(i,i+3) .
in region 399392-400, which indicates the existence of nonran- —_—
dom conformatiofs) within this region. Considering the amount doN(i,i+4)
of aromatic and hydrophobic residues in segment/392—400
(Fig. 7) and that many of the nonsequential NOEs in this segment dof(i,i+3)
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 amt_)iguity of some of them. NQEs dsch(i,i+4)
were observed between the aromatic protons of Phe394 and either 0.2-
the methyl group of Ala392 or one of the58 protons of 11e390 B0500008800080000
(the later two show the samevalue. The conformational €H 0.17
A8 shifts of region 393-398, which are negative and relatively ~ A3PP™ 0.0
large in absolute valugFig. 7), cannot be interpreted in terms of -0.14
helix formation, due to the presence of four aromatic residues, 021
three of them consecutive, within such a short segment. It is well
known that the aromatic rings can significantly affect dhealues -0.37
of the nearby protons. The effect of the/@ protons of a residue -0.4-
preceding or following to an aromatic resid(he, Tyr, His, Trp Fig. 6. Summary of NOE connectivities and conformationalfCAS shifts

in a random coil peptide is upfield and varies fren®.03 to—0.13 (8opserved— Orc, PPM, Wheredgc are thes corresponding to random coil
ppm (Merutka et al., 1996 peptides; Withrich, 1986 observed for the3-tubulin synthetic peptide

Two stretches of nonsequential connectivities are apparent in th@(412—441in 30% TFE solution at pH 7.0 and 26. The thickness of the

. . ! lines reflects the intensity of the sequential NOE connectivities, i.e., weak,
— 0
NOE summary of peptide(404—451 in 30% TFE solution at pH medium, and strong. An * indicates unobserved NOE connectivity due to

7.0 and 25C (Fig. 8). The stretch ofxf3(i,i+3) NOEs, together  signal overlapping, closeness to diagonal, or overlapping with solvent sig-
with theaN(425,428 NOE and the NOEs involving the side-chain nal; dsch indicates NOE connectivities involving side chains.

dsch(i,i+2)

dsch(i,i+3)
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394 400 410 420 430 440 445
ARIRAPFLHWYTGEGMDEMEFTEAESNMNDLVSEYQQYQDATADEQGEFEEEGEEDEA
daN(i,i+1)  ER* % —— e * B KEE* F K e % — Xl % % K K [r—

dNN(,i+1) -k ok * % g ok ok ok k ok k kR % o Sl % Y I MK K K % K [ g—

ABN(I,i+1) e * e— . * * - * — ot %k K el < wee v % ma < W < wm— % % * ko um
daN(ii+2) —_ —
daN(i,i+3) S I -

doN(i,i+4)

doB(i,i+3)

dsch(i,i+2) —_———

dsch(i,i+3) —_— —

dsch(i,i+4)
0.2+
0.1 TEOBC8000000000800800000
AS,ppm .04
-0.11
-0.24
-0.3+
-0.4-

Fig. 7. Summary of NOE connectivities and conformational shifts observed fopthéulin construcd (394—445 in 30% TFE
solution at pH 7.0 and 2% (see Fig. 6.

404 410 420 430 440 451
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dNN(i,i+1) KRR e X an  pmll * DR < M * K K kK
dBN(i,i+1) Ko * Kk ok ok koma Kume *EE* * Desslie < X BN Bl F wm ¥ . Kk x K
daN(i,i+2)
daN(i,i+3) T
daN(i,i+4)

daf(i,i+3)

dsch(i,i+2) — ——
dsch(i,i+3) — —_— —

dsch(i,i+4) ————o
0.2+

0.1

AS,ppm (.0-
-0.11

-0.24

-0.3

-0.4-

Fig. 8. Summary of NOE connectivities and conformational shifts observed forthéulin constructa(405-451 in 30% TFE
solution at pH 7.0 and 2% (see Fig. 6.
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mational ensemble of a peptide. With this aim, structure calculamicrotubules. It is interesting to compare the two independently
tions were performed on the basis of the nonsequential NOHletermined conformations of tubulin C-termini, in the isolated
connectivities observed. Sequential NOE connectivities were notmodel peptide in TFE solution and in the protein polymer crystal
included because the random conformations contribute to theistructure. The extension of the C-terminal helix is identical in the
intensity. The resulting structures gf394—4435 anda(404—-45) case ofa-tubulin, comprising in both cases residues 418-432. In
contain a well-defined central helix region surrounded by disor-the B-tubulin model peptide, this helix comprises positions 408—
dered N- and C-segments. The RMSDs obtained for the 14 be#t31(essentially confirming predictionextending at its C-terminus
calculated structures ¢(394—445 (Fig. 9A) are 12.3+ 3.2 A for nine residues longer than itubulin model peptide. This is also
the backbone and 13.2 3.0 A including the side chains, and nine residues longer than in the unrefined crystal structure, where
reduce to 2.8- 0.8 A and 3.8+ 0.8 A, respectively, when only the secondary structure has been identically assigned in both subunits
residues belonging to the helix regi¢h08—43) are considered. (Fig. 3in Nogales et al., 1998; see PBD file 1tuibhe comparison
Side chains of some residues within the helix regiteu418, is fully compatible with the notion that the helical potential of
Val419, Serd20, Tyrd22, Tyr425, and GInj2ge relatively well  these tubulin sequences, which is marginally detected in aqueous
defined, as indicated by a range of Angle lower than 30 The  solution, is expressed similarly with the TFE cosolvent and in the
Ala411, Met415, Leudl18, Tyr422, and Tyr 425 residues in thecomplete protein. The longer helix of tigetubulin model peptide
hydrophobic face of the helix are shown in Figure 9B. Structuresuggests an extension in the protein, supporting the possibility of
calculation for the shorteB-tubulin peptide(412—-43) gave a  a functional coil— helix transition at the C-terminal zone. This is
similar result with a shorter helical extensi@mot shown. In the consistent with an earlier proposal based on the mixed helix—caoil
case ofx(404-45) (Fig. 9C), the RMSDs obtained for the best 14 prediction(Ponstingl et al., 1979; de Pereda et al., 1996; Fig. 1
calculated structures are 1172.6 A for the backbone and 1249 Following this helix, the 19 and 14 C-terminal residues of the
2.5 A including the side chains, and decrease to#2@7 A and  respectivea- and B-tubulin model peptide are observed to be
4.3+ 0.8 A, respectively, when only helical residu@s8—432 disordered by NMR. In the crystal structuiidogales et al., 1998

are taken into account. Side chains are not well defined in this caséhe respective 10 and 18 C-terminal residues, together with the
bulky post-translationally added polyglutamic acid chaiksldé

et al., 1990; Redecker et al., 1992vere simpy lost from the
electron density map, possibly due to their disorder.

Despite the amphipatic character of this helix, no evidence of
The tubulin fragments characterized in this work include the con-helix—helix pairing is found in the TFE solution or in the crystal
served C-terminal helix followed by the hypervariable C-terminal structures. In the latter, this heli¥d12) hydrophobically associates
end. The later can be cleaved from native tubulin with subtilisin,to the outer face of the tubulin monomer. The apolar side of this
giving the heterogeneous shorter S-peptide® the introduction ~ C-terminala-helix (see Figs. 1C,D, 9Bis apparently satisfied by
Both recombinant peptideg404—45) andB(394—445 (62 uM) contacts with the N-terminal domain underneéifogales et al.,
inhibited the assembly of microtubules from microtubule protein1998. A proton NMR study of the interaction of a MAP synthetic
(2 mg/mL) to a similar extent(69 and 64%, respectivelyas  peptide with tubulin indicated that, in addition to the electrostatic
indicated by the plateau of turbidity time courdese Supplemen- interactions between basic and acid residues, there are interactions
tary material in Electronic Appendix Fig. SEZhe inhibition was  of MAP hydrophobic residues with aromatic residues at the tubulin
larger in a second cycle of polymerizati@®il and 77% inhibition,  C-terminal end, possibly Tyr422 apar Tyr425 of3-tubulin (Ko-
respectively, confirmed by measuring the nonpolymerized proteirtani et al., 1990 These residues belong to the hydrophobic face of
after pelleting the microtubules, which gave 83 and 82% inhibi-the C-terminala-helix (Fig. 9B). It may be speculated that H12
tion, respectively These results are more simply interpreted asand part of the C-terminal end, besides undergoing coil to helix
due to interaction of both recombinant fragments with MAPs, transitions as exemplified by the model peptides in this study,
reducing the binding of MAPs to microtubules and microtubule might functionally switch from interacting with the underlying
stabilization. The presence of secondary structure probably playst@bulin monomer to binding MAPs and motor proteins. Recombi-
role in the binding of these peptides to MARReed et al., 1992 nant polypeptides of microtubule associated protein tau have been
even though initially the peptides are mostly disordered. very recently shown to cross-link both with the extreme C-terminal

The recombinant peptides(404—45) and 3(394—445 were 12 amino acids of tubulin and with a second site upstream, that is
found to weakly bind C& (about 0.02 C&" ion in columns  suggested to involve the C-terminal helix HiChau et al., 1998
equilibrated with 1QuM free 4°Ca2"; not shown, similarly to the  Studies combining recombinant soluble tubulin fragme(etsar-
low-affinity Ca?* binding sites of tubulinSolomon, 1977; Ser- acterized for the first time in this study, to our knowlegéth
rano et al., 1986 constructs of the microtubule binding sites of t&Chau et al.,
1998; Novella et al., 1992hould 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.

Inhibition of microtubule assembly and €abinding by
tubulin C-terminal fragments

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, % .

. - . onclusions
high-resolution electron crystallographic model structure of the
aB-tubulin dimer in zinc-induced sheets has been preséiegdales  Well-defined helix-forming zones in peptide models of theand
et al., 1998. These 2D crystals correspond to an alternative wayB-tubulin C-termini extend from Phe418 to Tyr432 and Phe408 to
of tubulin polymerization, in which protofilaments have an anti- Asp431, respectively, whereas the respective 19 and 14 C-terminal
parallel orientation, opposite to that in magnesium-inducedresidues 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 congit8@t—445 superimposed over residues 410-432,
showing the backbone nonhydrogen atoms of the entire polypeptide chain. Helix limits are indsc&adkbone nonhydrogen atoms
of the helical region of this construétesidues 408—431, black lineand side-chain atoms of residues Ala411, Met415, Leu418,
Tyrd22, and Tyr425 that belong to the hydrophobic face, shown in colored lines. The N- and C-termini are [@b8kedeoview of
the 14 best calculated structures for the const(@@t—45), showed similarly toA. The shorter helix limits are indicated.
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includes characteristic Ala-Mét 4)—Leu(+7)-Tyr(+11) residues  ments ofa- and B-tubulin were 90% homogeneous in analytical
in both tubulin chains. The helical conformation depends on theHPLC (see Supplementary material in Electronic Appendix
environment: the isolated peptide sequences are predominantliig. SF1). Fragment RL3B6 reacted with two different site-
disordered in neutral aqueous solution, but they are strongly helicalirected antibodies to the sequen@d2—-43)} in a competition
in TFE solution or in the context of tubulin dimer crystals. Inves- ELISA (not shown, see de la Vifia et al., 19&®nfirming that the
tigating the stability and structure of specific complexes of theseexpressed construction includes this sequence. The concentration
tubulin fragments with relevant MAPs constructs offers an attrac-of peptides RL3B6 and RL523 was determined spectrophoto-
tive possibility to better define the microtubule—MAPs interactions. metrically, using an absorption coefficient of 9,530 Mcm™?
(280 nm, 6 M GuHC) calculated Edelhoch, 196)for one Trp and
three Tyr residues in the(404—45) and 3(404—45) sequences

Materials and methods (see Fig. 1 The peptides with the pig braim-tubulin(430—443
and B-tubulin(412—43) sequences were chemically synthesized
Chemicals as C-terminal amides employing solid-phase Merriefield proce-

. . dures and were purified to HPLC homogeneity as desciibadreu
GTP (type IIl), Mes, Pipes, EDTA, EGTA, IPTGESOPropyl-p- ot 51 1988: de la Vifia et al., 1988Their concentrations were
thiogalactopyranosiderifampicin, subtilisin Carlsberg, and BSA 1,054 red spectrophotometrically with an extinction coefficient of
(bovine serum albumjn were from SigmgSt. Louis, Missoupi. 1,280 M~ cm~ (280 nm).
D,0 and DCl were from M&G Chemical§tockport, United King-
dom). NaOD and 2,2,2-trifluoroethanol-d3 were from Cambridge
Isotope LaboratorieéAndover, MassachusejtdUltrapure GuHCI  Analytical procedures

was from Sigma and U.S.B. PMSphenylmethylsulfonylfluo- Peptides were analyzed by RP-HPLC with a 25@.5 mm C18

ride) was from CalbiocheniLa Jolla, California. AII other re- column (Supelco, Bellefonte, Pennsylvapim a Shimadzu LC-
agents were from MerofDarmstadt, Germanyanalytical or HPLC 1 9ap system, eluted with gradients of acetonitrile in 50 mM am-
grade, except otherwise indicated. monium acetate, pH 6.5. Electrospray mass spectra were obtained
with a Fisons(Manchester, United Kingdoy VG Quattro spec-
trometer at the mass spectrometry service, University of Barce-
lona. N-terminal Edman microsequencing was made with an Applied
Biosystemg Foster City, California477A sequencer equipped with
The hybrid plasmid pRL523 was constructed in two steps. The on-line HPLC analysis of the phenylthiohydantoin derivatives, at
Sma/Pst cDNA fragment of the humaa-tubulin genex1 (Cowan  the protein chemistry service, Centro de Investigaciones Biologicas
et al., 1983 in a recombinant pPR322 derivative from cultured (Madrid, Spain.
human keratinocyte& gift from Dr. D.W. Cleveland, Johns Hop-
kins University was ligated to the expression vector pT Tgén-
erously provided by Dr. S. Tabor, Harvard Medical Schdajested
with the same enzymes. The resulting plasmid was digested witBedimentation equilibrium measurements were made with a Beck-
Sma andStd, the 969 bp DNA fragment codifying between amino man Optima XL-A instrument equipped with absorbance optics,
acids 64—-387 was discarded, and the remaining fragment was ciemploying 12-mm double sector cells in an An60Ti rotor at 35,000
cularized by intramolecular ligation, originating pRL&2 This rpm, 20°C. Attainment of equilibrium was verified by identical
plasmid codifies for the 64 C-terminal amino acidseefubulin successive scani®80 and 230 nmafter 4 h of centrifugation of
(388—45) preceded by the sequence MARIRASX residues from  peptides. The concentration gradients were analyzed and whole-
the vector and a proline generated by the construgtiBrasmid  cell weight-average molecular masses obtained employing the pro-
pRL3336 was constructed as described by Gonzélez ¢1806), grams EQASSOCMinton, 1994 and Origin SINGLE(NONLIN;
starting from cDNA of the chickeg-tubulin @32 gene(Valenzuela  Johnson et al., 1981supplied by Beckman, employing partial
et al., 198}, and codes for the 52 C-terminal residue@efibulin specific volume valuegLaue et al., 1992 of a(404—45) and
(394—4435 preceded by the sequence MARIRARcherichia coli  3(394—445 were 0.704 and 0.696 g mL, respectively.
BL21(DEJ), a A lysogen(Studier & Moffatt, 1986, was used as a
host strain, and the induction was performed by the addition OfCircuIar dichroism spectroscopy
0.5 mM IPTG. Peptides were prepared starting from 12 L of cells
essentially as described by ArandE94 and Gonzalez et al. The far UV peptide CD spectra were acquired in a Jasco J720
(1996. The specific labeling of each peptide was achieved usinglichrograph, employing 0.1 and 1 mm cells at’@5 Each spec-
rifampicin (200 uwg/mL) before adding*®S-methioning(Tabor & trum is the accumulation of five scafisandwidth 1 nm, scan rate
Richardson, 1985 20 nm min ). The concentrations of the different tubulin peptide
The soluble fractions of the bacterially expressed peptidegmployed were comprised between 10 and 200 The CD spec-
RL52¢3 (30—-40% (C. Gonzdlez, R. Sanchez, R. Lagos, & O. tra were analyzed employing the Yatfgang et al., 1985 CCA,
Monasterio, unpubl. obsand RL3B6 (>95%) (Gonzalez et al., and LINCOMB (Perczel et al., 1992methods as describgde
1996 were purified by ion exchange in DEAE-cellulogehro- Pereda et al., 1996
matographed twice though DE-52, Whatmann, Maidstone, Kent,
United Kingdom followed by reverse-phase chromatograjgima
Waters, Franklin, Massachusetts, Sep-Pak C-18 cartridge, elut
with a 10-50% acetonitrile gradienfThe procedure gave a 53% NMR samples were prepared by solving the peptide ;0HD,O
yield of purified peptide(Aranda, 1994 These C-terminal frag- 9:1 and adding the amount of 2,2,2-trifluoroethanol@3am-

Plasmids, bacterial expression and labeling, and chemical
synthesis of C-terminal fragments @f and B-tubulin

Analytical ultracentrifugation

el}ﬁuclear magnetic resonance spectroscopy
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bridge Isotope Laboratories, Andover, Massachusettpuired to

M.A. Jimenez et al.

2 mg/mL protein concentration, determinéBradford, 1976 with

give 30% by volume. Peptide concentrations were about 2 mM. phpurified tubulin as a standard. The samples, in a jacketed cuvette,
was adjusted to 7.0 by addition of minute amounts of DCI orwere allowed to polymerize at 3C with and without peptide,
NaOD. pH measurements were not corrected for isotope effectsnonitoring the turbidity at different wavelengths in a Hewlett Pack-

Sodium 3-trimethylsilyl(2,2,3,32H,) propionate(TSP) was used
as an internal reference. NMR experiments were performed on
Bruker(Karlsruhe, GermanyAMX-600 spectrometer. All the two-

ard 8452A spectrophotometer. The temperature was controlled with
a circulating water bath and measured inside of the cuvette with a
thermocouple.

dimensional spectra were acquired in the phase-sensitive mode

using the time proportional phase incrementat{@®PI) tech-
nique (Marion & Wuthrich, 1983 with presaturation of the water
signal. COSY(Aue et al., 1976and NOESY(Kumar et al., 198D

Supplementary material in Electronic Appendix

1H-NMR assignment of peptidgJables ST1, ST2 HPLC char-

spectra were recorded using standard phase-cycling sequencegterization(Fig. SF2, and inhibition of microtubule assembly by

Short mixing times(150 ms were used in the NOESY experi-
ments to avoid spin-diffusion effects. TOC$Bax & Davis, 1985

the recombinant tubulin C-terminal peptiddgsg. SF2.

spectra were acquired using the standard MLEV17 spin-lock se-
guence and a 80 ms mixing time. Size of the acquisition datéAcknowledgments

matrix was 2,048< 512 words inf, andf;, respectively, and prior

to Fourier transformation the 2D data matrix was multiplied by a

We are indebted to J.M. de Pereda, G. Pucciarelli, E. Nova, R. Martinez-
Dalmau, M. Sjoéberg, and J. Diaz, and all other members of the J.M.A. and

phase-shifted square-sine bell-window function in both dimen-o.Mm. labs, and D. Laurents for their help. This work was supported

sions and zero-filled to 4,098 1,024 words. The phase shift was
optimized for every spectrum.

IH-NMR assignment

The assignment of théH-NMR spectra of the peptides in 30%
TFE solution at pH 7 and 2% was performed by using standard
2D sequence-specific metho@é/uthrich et al., 1984; Wiithrich,
1986. In the case of3(394—4435, the availability of the previous
assignment of the shorter pepti@&412—43) was helpful. A list
of the assignedH values for the peptide8(394—443, p(412—
431), anda(404—-45] is given in Tables ST1 and ST@ee Sup-
plementary material in Electronic AppendixXNMR analysis of
these peptides without TFE proved difficult, similar tg3&400—
445-tubulin peptide(Reed et al., 1992 and was not further pur-
sued.

Structure calculations

by grants from Agencia Espafiola de Cooperacion Internacional, CSIC-
Universidad de Chile, DGICyT PB95-0116, PB93-0189 and FONDECYT
1950556, 1981098.
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