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ABSTRACT. The far-ultraviolet circular dichroism spectrum of #8-tubulin dimer analyzed by six different
methods indicates an average content of approximately@8&ix, 21%;p sheet, and 45% other secondary
structure. Deconvolution of Fourier transform infrared spectra indicates 24% sheet, 37% (maximum)
helix, and 38% (minimum) other structure. Separate alignments of-@bulin, 106/5-tubulin, and 14
y-tubulin sequences and 12 sequences of the bacterial cell division protein FtsZ have been employed to
predict their secondary structures with the multiple-sequence method PHD [Rost, B., & Sander, C. (1993a)
J. Mol. Biol. 232 584-599]. The predicted secondary structures average of @3%#lix, 24% sheet,

and 43% loop for theys dimer. The predictions have been compared with sites of limited proteolysis by

12 proteases at the surfaces of the heterodimer and taxol-induced microtubules [de Pereda, J. M., & Andreu,
J. M. (1996)Biochemistry 3514184-14202]. From 24 experimentally determined nicking sites, 18 are

at predicted loops or at the extremes of secondary structure elements. Proteolysis zone A (including
acetylable Lys40 and probably Lys60 @tubulin and Gly93 ing-tubulin) and proteolysis zone B
(extending between residues 167 and 183 in both chains) are accessible in microtubules. Proteolysis
zone C, between residues 278 and 295, becomes patrtially occluded in microtubulestublén nicking

site Arg339-Ser340 is at a loop following a predictetielix in proteolysis zone D. This site is protected

in taxol microtubules; however, a new tryptic site appears which is probably located at the N-terminal
end of the same helix. Zone D also contafiyubulin Cys354, which is accessible in microtubules.
Proteolysis zone E includes the C-terminal hypervariable loops Z0Qesidues) of each tubulin chain.
These follow the two larger predicted helical zones (residues-392 and 405432 in3-tubulin), which

also are the longer conserved part of theand-tubulin sequences. Through combination of this with
other biochemical information, a set of surface and distance constraints is proposed for the folding of
pB-tubulin. The FtsZ sequences are only-1B% identical to the tubulin sequences. However, the predicted
secondary structures show two clearly similar{8% and 51-78%) regions, at tubulin positions 95

175 and 305-350, corresponding to FtsZ 684.35 and 255-300, respectively. The first region is flanked

by tubulin proteolysis zones A and B. It consists of a predicted ledmElix—loop2—sheet-loop3—
helix—loop4—sheet fold, which contains the motif (KR)GXXXXG (loopl), and the tubukiisZ signature

G-box motif (SAG)GGTG(SAT)G (loop3). A simple working model envisages loopl and loop3 together

at the nucleotide binding site, while loops 2 and 4 are at the surface of the protein, in agreement with
proteolytic and antigenic accessibility results in tubulin. The model is compatible with studies of tubulin
and FtsZ mutants. Itis proposed that this region constitutes a common structural and evolutionary nucleus
of tubulins and FtsZ which is different from typical GTPases.

Thea-, -, andy-tubulins are eukaryotic proteins of about assembly. Tubulin liganded to GDP is inactive for micro-
450 residues with characteristic GTP binding motifs, which tubule assembly and easily forms rings related to the curled
are different from typical GTPases (Sage et al., 1995; Bourne protofilaments of depolymerizing microtubule ends (Melki
et al.,, 1991). ThenS-tubulin dimer M, = 100 000 Da) et al., 1990; Daz et al., 1994; Hyman & Karsenti, 1996).
assembles dynamically forming microtubules, long hollow y-Tubulin is essential for microtubule nucleation at the
cylindrical polymers which are essential for cell division. centrosome (Oakley, 1992; Zheng et al., 1995; Moritz et al.,
The a- and-tubulin families consist of different isotypes, 1995). A highly divergenty-tubulin gene is essential for

which are highly conserved, differentially expressed, and cell division and microtubule organization 8accharomyces
post-translationally modified (Little & Seehaus, 1988; Man- cergjisiae (Sobel & Snyder, 1995).

delkow & Mandelkow, 1995). The exchangeable GTP

bound to the§ subunit is hydrolyzed to GDP as a result of FtsZ is a bacterial protein essential for cell division, which

stays in the cytoplasm for most of the cell cycle’(Btal.,
: : 1991) and localizes in the septum zone at the time of division
! Trgs "é’orkl"‘f’aﬁ SUp}E’.O“]?d in part b{ADg'%ytT %ra,\;‘t dP||339%0|(_)01a|rcnjd (Bi & Lutkenhaus, 1991; Lutkenhaus, 1993). The members
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involved in binding the phosphates of the nucleotide in MATERIALS AND METHODS
GTPases (Bourne et al.,, 1991). However, the overall
sequence homology between FtsZ and tubulins is low. The
sequence of a divergefisZgene from the archeobacterium
Halobacterium salinarunimas recently been reported, which d
is more related to tubulins than tiieZgenes from eubacteria werg as des.crlbe.d (de Pereda & Andreu, 1996),'

(Margolin et al., 1996). FtsZ proteins bind and hydrolyze  Circular Dichroism CD' spectra of 20«M tubulin were
GTP in a protein concentration- and cation-dependent manner""clcllu'red with a.J?sco J-720 dichrograph employing 0.01 cm
(RayChaudhuri & Park, 1992; de Boer et al., 1992; Mukher- cells at 25°C; four scans between 185_and 260 nm
jee et al., 1993). GTP and magnesium induce FtsZ to (ba_ndW|dth of 1 nm) were averaged. The mstrument was
polymerize into large structures (Mukherjee & Lutkenhaus, calibrated between 180 and 350 nm with ammonium cam-
1994; Bramhill & Thompson, 1994). Moreover, it has been phorsulfonated;, (Katayama Cher_nl_cal, Jasco) as a stan_dard
shown that FtsZ can assemble into protofilament sheetsSUbStance (de Tar , 1969). Eliipticity was calculated with a
which have intermolecular spacings very similar to those of mean residue weight of 110.

the microtubule lattice and also into minirings which The estimation (.)f the pe_zrcentage of each secondary
structure by analyzing protein CD spectra depends on the

resgmble those observed upon microtubule depolymenzatlonmethod and the choice of standards. Therefore, the tubulin
(Erickson et al., 1996). . o
o . CD was analyzed employing six different methods presently

Taken together, the similarities between both protein gyaijable at our laboratory. The least-squares method of Yang
families suggest that FtsZ may be a prokaryotic cytoskeletal gt 5], (1986) was employed to fit the experimental CD from
protein homolog of tubulin [for reviews, see Erickson (1995) 190 to 240 nm with a linear combination of four standard
and Vicente and Errington (1996)] and support the hypoth- gpectra ofx helix, 8 sheet, turn, and random coil components
eses that ancient FtsZ mlght have evolved into tubulin and extracted from a data set of 15 proteins of known three-
protofilament sheets into microtubules (Margolin et al., 1996; dimensional structure. The convex constraint analysis (CCA;
Erickson et al., 1996). It appears that both proteins might perczel et al., 1991, 1992a) uses no three-dimensional
actually be much more similar than previously expected. standards and was employed to extract singular components
Therefore, the high-resolution structure of one of them might from a data set including the 19240 nm CD spectra of
give clues to the structure of the other; however, no success25 proteins plus tubulin; alternatively, the problem CD
with any of both proteins has been reported to date. On thespectrum was analyzed as a linear combination of the five-
other hand, approximately 200 tubulin and about 12 FtsZ reference curve set obtained by the convex constraint analysis
gene sequences from diverse organisms are presently knownof the 25 reference spectra, employing the Lincomb program
and a vast amount of biochemical knowledge is available, (Perczel et al., 1992b). With the singular value decomposi-
particularly fora5-tubulin (Luduéta et al., 1992; Monasterio  tion method Varselect (Manavalan & Johnson, 1987), a
et al., 1995). In the preceding paper (de Pereda & Andreu, variable-selection procedure was applied to the results
1996), we have reported the mapping of a number of surfaceobtained by systematically removing CD spectra from an
peptide bonds of the-tubulin dimer from mammalian brain  initial basis set of 33 proteins. With the self-consistent
and taxol-induced microtubules, which are cleaved by a panelSelcon method (Sreerama & Woody, 1993), the initial basis
of 12 different proteases. The purpose of the present studyset was formed by the tubulin CD spectrum to be analyzed
is twofold: first, to predict the secondary structure of tubulin and all the spectra similar to it from a data set of 24 standard
in comparison with experimentally determined proteolysis Proteins, and an initial guess of the unknown secondary
sites and, second, to unravel possible similarities betweenstructure was made; the solution replaced the initial guess,
the structures of tubulins and FtsZ. Since multiple-sequence@nd the procedure was repeated until convergence. The K2D
comparisons may reveal evolutionary and significant struc- Program (Andrade et al., 1993) is a nonlinear method which
tural information, we have employed multiple-sequence Was employed to evaluate the secondary structure of tubulin
alignments to predict the secondary structures (Rost & with a negral netv_vork approach and extract the secondary
Sander, 1993a,b) of tubulins and FtsZ. This has revealegstructure mforr_natlon from a data set of CD spectra of 24
unexpected similar predicted secondary structures in sub-Standard proteins from 200 to 240 nm.
stantial parts of their sequences. This prediction is compared Fourier Transform Infrared Spectroscopylubulin was
with the average secondary structure of thg dimer  equilibrated into DO buffer by Sephadex G-25 gel chro-
estimated with up-to-date circular dichroism and FTIR Mmatography (final concentrations, 20 and:@), and FTIR
analysis methods. The secondary structure prediction isSPectra were obtained (2062000 cm* with a nominal
combined with, and tested against, the experimental pro-fesolution of 2 cm*; 100-500 interferograms) with Perkin-
teolysis results and other biochemical and genetic informa- EImer 1725 and 2000 interferometers equipped with MTC

tion; partial structural working models are proposed for the detectoors, employing Cakindows and 25-40um spacers
overall folding of theg-tubulin chain and for a common &t 25°C. The absorbance of the buffer and atmospheric
nucleus of tubulin and FtsZ which participates in GTP Water vapor were subtracted from the data; optlonally,_ the
binding contribution of the Arg, Asn, GIn, and Tyr side chains
' (Chirgazde et al., 1975) of tubulin were subtracted. Overlap-
ping bands were resolved by Fourier self-deconvolution
~ T Abbreviations: CD, circular dichroism; FTIR, Fourier transform  (Lorentzian line shape of 30 cthfull width at half-height,
infrared spectroscopy; TR, trypsin; CH, chymotrypsin; EL, elastase; iy Gaussian line shape for apodization and a resolution
CL, clostripain; LC, protease lysine-C; TH, thermolysin; V8, protease .
v8' from Staphylococcus aurepsPA, papain; SB, subtilisin; K, ~ €nhancement factor of 1.8). Band assignment and secondary
proteinase K; DN, proteinase aspartic-N; BR, bromelain. structure estimation by least-squares spectrum fitting were

Materials. Tubulin was purified from calf brain, equili-
brated in sodium phosphate buffer, and measured spectro-
photometrically as in the preceding paper; other materials
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made as described (Goormaghtigh et al., 1990), considering 25 ~ , . . - T
known uncertainties (Goormaghtigh et al., 1994; Surewicz
et al., 1993; Arrondo et al., 1993).

Sequence Analysis and Prediction Method#e tubulin
and FtsZ sequences available in the SWISS-PROT database
(March 30, 1996) (Bairoch & Boeckmann, 1993) were used
for the multiple-sequence alignments. The sequences in the
o-, 5-, y-tubulin and FtsZ families were separately aligned
with the program ClustalW (version 1.6) (Thompson et al.,
1994). The protein sequences of porcine braiubulin
(TBA_PIG) (Ponstingl et al., 1981) ariitubulin (TBB_PIG) ?
(Krauhs et al., 1981) and the translated sequences of the
humany-tubulin (TBG_HUMAN) (Zheng et al., 1991) and
Escherichia coliFtsZ genes (FTSZ ECOLI) (Yi & Lutken-
haus, 1985) were chosen as guide sequences (first sequences
in each alignment), and their numbering is used throughout. 45 , , ) , , . ‘
The conservation of sequences within each group was 180 200 220 240 260
examined on these alignments. The positional sequence Wavelength (nm)
variation within each aligned family was measured as C e . - - Lo
described (Sander & Schneider, 1991; the PHD server wasEbG l;?,& ﬁ'od?Jﬁ“Liroiﬁﬁg?;S;“nSfo‘?f rl!:-:&dGb'?\F/)moef gﬁa?éugﬁél?nw;he
employed). Note that thex- and g-tubulin sequences  same buffer plus 6 mM MgGlat pH 6.7. The spectrum shown is
outnumber by far the-tubulin and FtsZ ones, and therefore, the actual unsmoothed average of four samples, two in each buffer.

iati i The ellipticity values were 21 28& 950 (192 nm maximum),
the var_|at_|on results are not directly comparable. 12080 180 (210 nm minimum), ane12 240 170 (220 nm
Predictions of secondary structure and solvent accessibility minimum) deg cr dmol. The dashed line is a representative

were obtained from the PHD server (Rost et al., 1994a). The model spectrum generated with the CD analysis method CCA
PHD method (Rost & Sander, 1993a,b, 1994a,b) uses the(Perczel et al., 1991, 1992a).

information contained in multiple-sequence alignments as
input to a neural network trained with a nonredundant protein ! . o
structure data base. It has been reported to have the begfndreu et al., 1986); however, the signal to noise ratio is
predictive accuracy from only sequence information (Rost Nigher, and the overall accuracy is better. Methods of
& Sander, 1995). For the tubulins and FtsZ predictions, we 2nalysis of secondary structure from CD are very useful for
used the four aligned groups of sequences as separate inputSharacterizing changes but have limited accuracy in absolute
employing all the available sequences in each case, in ordef€'MS- Thea helical fraction is generally estimated with

to obtain maximum variation in the multiple alignments. The good accuracy, but the. aclcuracy fr sheet .and 0thf¢r|
insertions in the guide sequences were removed. In ordercOMPoOnents is very variable (Woody, 1995; Greenfield,

to check the stability of the secondary structure predictions, 1996). The analysis of the secondary structure contents with

different PHD runs were made with alignments in which the six methods is presented in Table 1. It can be observed that
number of sequences had been reduced by deleting th

éhe estimates from these different methods are not very
fragments and the more divergent sequences from each clasd!

ivergent. The average over all methods suggests that
The results pointed out a low predictive variability, which

tubulin contains ca. 33%: helix, 21% sheet, and 45%
affected mainly small elements, the extremes of longer ones,Cther structure, according to CD spectroscopy. Note that
and the C termini of tubulin and FtsZ. The similarity of the

averaging in this case is a simplifying procedure, since the

four predicted secondary structures was measured per residuée"ap”ity of each method relative to the others has not been
(Qs) and per overlapping segment (Sov) (Rost et al., 1994b) conS|dereq. , . : .
employing the PHDaccu tool. Predictions on the single- The am|d¢ | Fourier transform mfra@red.absorptlon Shec-
guide sequences were made with the segment method ssBUM Of tubulin in DO buffer is shown in Figure 2. Tubulin
(Solovyev & Salamov, 1994). The local helical propensity CD spectra in bD and DO buffers were identical (not

of the tubulin and FtsZ polypeptide chains was evaluated S10Wn). The assignment of the components of the decon-
with the program Agadir (MUoz & Serrano, 1994), which voluted spectra is S_hown in Table 2. A(T‘cordmg.to this
is a statistical method based on experimental data of aminoMethod (Goormaghtigh et al., 1990), tubulin contains 24%

acid contributions to the stability of isolated helices. The P %heet, a maximum of 37% helix, and a minimum of
amphipatica helical character of the sequences was evalu- 38% o;her structure, which is fully compat|b_le with the C_D
ated with the hydrophobic moment method (Eisenberg et al,, 21lysis (Table 1). However, using an earheroband assign-
1984: Pepplot program, University of Wisconsin Genetic Ment table (Susi & Byler, 1986) gives 30% sheet, a

Computer Group, Inc.) and also with a graphical representa-ma)(imurn of 21% helix, _and_ a minimum  of 48% other
tion of the peptide chain on helical wheels. structure (not shown). It is difficult to get an estimate of

the accuracy of the FTIR-derived secondary structure. These

RESULTS methods have inherent limitations different from those of
CD, including the extent of hydrogen isotope exchange and

Spectroscopic Analysis of thedrage Secondary Structure  the assumption of identical absorption coefficients for the
of theaS-Tubulin Dimer. Figure 1 shows the far-ultraviolet  different secondary structures (Surewicz et al., 1993; Arrondo

circular dichroism spectrum of purified calf brain tubulin. et al., 1993; Goormaghtigh et al., 1994). A conclusion
This spectrum is comparable to those from earlier tubulin combining the CD and FTIR analyses that is probably safe

— — N
[$)] o o o
T T T T
1 | 1 1

2 R
(Deg-cm - Deoimol1 )

o

[e] x 10

CD studies (Lee et al., 1978; Andreu & Timasheff, 1982;
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Table 1: Tubulin Secondary Structure Content Estimated from Far-UV CD Spectra

extendeqs sheet other

method of analysis helix parallel antiparallel total sheet B-turn unordered total
Yang® 0.39 0.21 0.12 0.28 0.46
Lincomt! 0.20 0.20 0.20 0.29 0.31 0.60
CCA (five components) 0.31 0.31 0.24 0.15 0.39
Varselect 0.33 0.05 0.15 0.20 0.16 0.29 0.45
Selcon 0.36 0.06 0.09 0.15 0.26 0.22 0.48
K2DP 0.41 0.21 0.38
average 0.3%0.07 0.21+ 0.05 0.21+ 0.06 0.25+ 0.06 0.45+ 0.08

aYang et al. (1986)? Andrade et al. (1993).Perczel et al. (1991, 1992&)Perczel et al. (1992b) (this method includes the contribution of the
parallel 5 sheet with thes turn component; therefore, it may overestimate ghteirn content at the expense of tiesheet contentf Manavalan
and Johnson (1987)Sreerama and Woody (1993).

L e T T T T T T T T T T T TTTT

Table 2: Tubulin Secondary Structure Content Estimated from
FTIR Spectra

wavenumber
(cm™) assignmerit fractior?
= 1685 B sheet 0.03
= 1674 turn 0.09
§ 1664 turn 0.11
Tg 1656 o helix 0.21
£ 1648 o helix/unordereti 0.16
£ 1640 unordered 0.18
2 1632 B sheet 0.13
< 1625 B sheet 0.08
total a helix (maximum) 0.37
total 8 sheet 0.24
total other structure (minimum) 0.38

a Assignments of FTIR spectra in,D (see Figure 2) were made
according to Goormaghtigh et al. (1990, 1994) (see Materials and
1700 1680 1660 1640 1620 1600 Methods). Numbers given are the average of two independent
Wavenumber (cm *) measurements with different instruments, subtracting and not subtracting

) . . ) the side chain absorption in each case (standard deviations0cd&).
FIGURE 2: Fourier transfqrm infrared spectrum of purified bovine  aqdition of 6 mM MgCk to the tubulin samples nonsignificantly
brain tubulin equilibrated in 10 mM sodium phosphate and 0.1 MM mqgified the results? Note that any residual nondeuterated unordered
GTP buffer in RO at pH 7.4 and 23C (the solvent spectrum has  grycture would also absorb in this zoi@his band was consistently

been subtracted). This sample had been j® @t 4°C for 3 h observed by straight deconvolution of spectra with resolution enhance-
before acquiring the spectrum. The areas under the arpideide ment factors above 2.

II', and amide Il bands were 3280, 2420, and 630 arbitrary units,

respectively: thick line, experimental spectrum; dashed line, prediction of helical and strand segments (not shown). Most
deconvoluted spectrum (resolution enhancement factor of1.8);andh l dicted by PHD hibited intrinsic_helical
thin lines, eight bands employed to fit the experimental spectrum N€!ICES predicted by exhibited an Intnnsic helica

(Goormaghtigh et al., 1990), whose sum is indistinguishable from Potential detected in the guide sequences by the independent
it. peptide helicity analysis program Agadir (Mam& Serrano,
1994); exceptions included th&tubulin helices H11 and
is that tubulin contains around 3386 helix, 24%/ sheet, H13 and the FtsZ helices aligned with tubulin helices H5
and 42% other structure. and H6 in Figure 3 (data not shown). The prediction for
Predictive Analysis of the Secondary Structures and buried (b) or exposed (e) residues is shown under the
Sobent Exposure of ther-, -, and y-Tubulin and FtsZ secondary structure scheme. The average secondary structure
SequencesFigure 3 shows the alignment and the predicted predicted for o- and g-tubulin, shown in Table 3, is
secondary structures of the, -, andy-tubulin and FtsZ coincident with the CB-FTIR analysis of secondary structure
families of proteins. Only one representative guide sequence(Tables 1 and 2). Predicting the secondary structure of three
is shown from 75, 106, 14, and 12 sequences respectivelysubfamilies and of a distant relative is to our knowledge a
employed. In contrast to classical methods of secondary new application of the PHD method. The sequences within
structure prediction using single sequences, for which the the a-, 5-, andy-tubulin and FtsZ groups are 539, 72-
secondary structure potentials of most of the tubulin se- 99, 44-98, and 45-57% identical to their respective guide
guences are low (de la Vénet al., 1988), the multiple- sequences. The-, -, andy-tubulin families are typically
sequence PHD method employed (Rost & Sander, 1995)32—-43% identical among them. The overall sequence
gives high reliability indexes for a substantial part of the homology of FtsZ to the tubulins is low (typically $#18%
sequences. The secondary structures predicted with higheidentical residues in this alignment); however, homology is
than 82% expected average accuracy according to thisapparentin several short motifs [the putative phosphate and
method are drawn in black, while those predicted with lower Mg?" binding motifs found in tubulin and FtsZ are underlined
expected accuracy are drawn in gray in Figure 3 (note thatin Figure 3; see RayChaudhuri and Park (1994}, $-,
the overall reported accuracy of the method isZ2%). and y-tubulin have similar predicted secondary structures,
The SSP method (Solovyev & Salamov, 1994) applied to saving local differences, with levels of identity of 632%
the single-guide sequences gave a generally compatibleper residue, while the secondary structure predicted for the
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FiIGurRe 3: Secondary structure and solvent accessibility predictions and comparison @f, the and y-tubulin and FtsZ families of

proteins. The residue number and the amino acid residues of the guide sequences are indicated. The separate predictions for each family
were compared by aligning the four guide sequences. Note that the procedure introduces artificial gaps in the secondary structure elements.
The characteristic sequence motifs of tubulin and FtsZ are underlined. The secondary structure prediction by the PHDsec method (Materials
and Methods) is graphically displayed with helical symbols, arrows, and ribborsHelices, extended sheet strands, and loops (other),
respectively. The predictions with an expected accuracy under and over the 82% are in light gray and black, respectively. The alignment
of the C termini of FtsZ was poor, and therefore, the extended loop prediction is probably not reliable. The secondary structure elements
predicted fora-, -, andy-tubulin are named on the top of the first sequence,dHielix and (E)S strand, by sequential order (note that

not all the secondary structure elements are present in the three proteins). The three-state solvent accessibility prediction by the PHDacc
method is shown below; e indicates exposed, b buried, and blank intermediate solvent accessibility. Predictions with an expected accuracy
under and over 69% are in normal and bold type, respectively. The largest regions with similar secondary structure predictiwon for all

p-, andy-tubulins and FtsZ are shadowed with gray.
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Table 3: Tubulin Secondary Structure Content Predicted by proteins by chance is expected t_o be very low, the predicted
PHDsec homology can be regarded as significant. The second zone

shadowed in Figure 3 has a97% sequence identity. Its

chain helix extended loop . . .
bui 036 0.20 0.4 predicted secondary structure in FtsZ is 62, 78, and 51%
a-tubulin 0.2y 0.10) 053) identical to those ofi-, 8-, andy-tubulins, respectively. Note
B-tubulin 0.31 0.27 0.42 that for this zone the percentages of identical prediction for
(0.22) 0.17) (0.23) the tubulins are as followsx—p3, 80%;y—a, 60%; andy—4,
o mean value 0.33 0.24 0.43 66%); therefore, the local predictions for FtsZ géwtlbulin
(0.23) (0.14) (0.23)

are nearly as close as those torand -tubulin.

2 The content of secondary structure expected to have an accuracy Proteolytic Sites at the Surface of th@-Tubulin Dimer
better than 82% is shown in parentheses. and Microtubules. Purified native tubulin, in the forms of

o dimers or taxol-induced microtubules, was gently pro-

FtsZ family is 44-46% identical with the predicted tubulin  teolyzed with a panel of 12 different proteases, and the
structures. Interestingly, the predicted secondary structurecleavage points were mapped onto tie and S-tubulin
of FtsZ shows two zones very similar to the tubulins, which sequences. The primary results, summarized in Figure 14
are shadowed in the figure. Most striking is the first zone, and Table 2 of the preceding paper (de Pereda & Andreu,
extending approximately from residue 65 to residue 135 in 1996), show that the cleavage points cluster into five well-
FtsZ and from residue 95 to 175 in tubulins. This consists defined zones. The proteolysis sites of each individual
of a strongly predictedn—fB—a—f secondary structure proteolysis zone (AE) are now presented on tle and
(loop—helix—loop—extended loop helix—loop—extended B-tubulin sequences in Figures—8, respectively. The
loop) which contains a sequence resembling an invertedarrows marked S indicate sites which were similarly acces-
phosphate binding motif (the first loop) and the tubelin  sible in tubulin dimers and in taxol-induced microtubules,
FtsZ signature motif GGTG(SAT)G (the third loop). The whereas sites marked P were comparatively protected from
sequence identity of this zone of FtsZ with that of tubulins cleavage in the assembled form. The sites marked M were
is typically 19-31% in the alignment employed (and only exclusively observed in microtubules. The maps of surface
12—25% excluding the two motifs). However, the predicted sequences of tubulin find their best use in combination with
secondary structure of this FtsZ zone is-&% identical other structural information. The secondary structure predic-
residue per residue to the corresponding tubulin zones. Iftion will be compared with this set of experimental con-
the comparison was between experimentally determinedstraints for each individual proteolysis zone in the Discussion,
structures instead of predictions, the percent identity in this where structural working models will also be proposed.
zone would clearly correspond to the average 88% in
homologous protein structures (which is considered the goalDISCUSSION
in secondary structure prediction), far from the 35% coin-  The majority of tubulin nicking sites are at predicted loops.
cidence among random protein pairs (Rost et al., 1994b). The predicted secondary structural environments of the 24
The predicted structural homology does not appear to resultmapped cleavage points of 12 proteases on dheand
from locally similar sequences. Since the probability of A-tubulin chains are as follows. Eleven protease cleavage
predicting such a secondary structural arrangement in bothpoints are at predicted loops. Five are at the extremes of

A LC[s] {LC)

THIs]

Ac

[
()L OMPSDKTIGGGDDSFNTFFSETGAGKHVPRAVEVDLEPTVIDEVRTGTYRQLFHPEQLITGKEDAANNYARGHYTIGK
40 50 60 70 80 20 100 110

20 50 60 7 80 90 100
ES SYHGD. . SDLOQLERINVYYNEAAGNKYVPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQSGAGNNWAKGHYTE

BRI[s]

FiIGURe 4. Zone A of preferential proteolysis of thegs-tubulin dimer, shown onto the sequences of porcine bwaiand S-tubulin. The

predicted secondary structures (see Figure 3 for details) are indicated between both sequences. Nicking points which are accessible to
proteases and the taxol-induced microtubules are marked by[s]. Ac indicates the post-translational acetylation paditibulim The

boxes mark the putative guanine binding motif and the reversed phosphate binding nfetifdalin and the corresponding sequence in

the a chain. A buried strand of extend¢tsheet is predicted between cleaved loops at position 40 and 60 (see also Figure 3). Another
predicted buried3 strand follows and overlaps the conserved sequence DLEP around position 70, which was suggested to be possibly
equivalent to a guanine binding motif (Linse & Mandelkow, 1988). Two photoaffinity labeling studies of the exchangeable GTP binding
site detected thg-tubulin peptides 6372 and 63-77 as major labeled fragments (Kim et al., 1987; Linse & Mandelkow, 1988). However,
more recent studies have also identified, far apart from this Zbhyulin Cys12 and the fragment-39 as primary sites of GTP incorporation
(Shivanna et al., 1993; Jarayam & Haley, 1994). The ygdabulin mutant D67N has been reported not to bind GTP, whereas the mutant
E69Q binds GTP-Mg?" in a manner similar to that of the wild-type protein (Farr & Sternlicht, 1992). However, the my#ipieulin

mutants D67A/E69A, D67A/E69A/G71W, and D74A/R77A have no effect on the yeast phenotype (Reijo et al., 1994)tubén

epitope mapped for the monoclonal antibody TUO1 (Grim et al., 1987; Draber et al., 1989; sequence underlined in Figure 4) becomes
occluded by taxol-induced microtubule assembly, and the phage display antiloddi1y whose epitope is probably at positior80—

102, binds only to the minus microtubule ends (Fan et al., 1996).
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40 150 160 170 180 190 200
B GGGTGSGMGTLLISKIREEYPDRIMNTFSVVPSPKVSDTVVEPYNATLSVHQLVENTDETYC

H5 E9 I I E10 I
(CH)[s] TR[s] (CH)[s}]
_____ ATHIS) o _ _ _ _AJHIS] _ 4THIs] _ _ _ _ _
_PAIsl4 _ _4PA[s]_4PAls] _
e 4SBls]_ _ _4SBls] __ _ _ 4SBIsl_ _ _ _
4 Kis]

Ficure 5: Zone B of preferential proteolysis of tubulin in comparison to the secondary structure predictions. This display is similar to
Figure 4. Arrows indicate the sequenced cleavage positions, while positions assigned from protease specificities have the protease initials
in parentheses. Positions of approximately located nicking points are indicated by the shorter arrows and dashed lines in separate rows. The
box marks the characteristic Gly cluster motif. Sequences recognized by the site-directed antibat({#S%=t68) and anfi(153—165)

(Arévalo et al., 1990) are underlined.

predicted extended sheet strands. Four are at predicted sheegpm - --------~- ) Xe T T T T
strands, while two are at the extremes of predicted helices ™ o - - o o o o o o e o oo

and two within predicted helices. The majority of nicking ~  _ _ __ _ ____ Y™ o _____.
points are located at zones with high predictive accuracy JHis]

(Figure 3) and correlate to sequence variability and/or

hydrophilicity maxima (not shown). While any predictive LC[p] V8[S]EL[s]
method is bound to give a certain proportion of erroneously P i
predicted elements, we consider the prediction compatible

with comparison to experimentally determined proteolysis Ol  ATYAPVISAEKAYHEQLSVAEITNACFEPANQMVKCDERHG
points. We tend to give credibility to strongly predicted 270 280 0 300 3o

secondary structure elements, particularlyelices.
Proteolysis Zones A are Nonegalent in a- and 8-Tu-
bulin and Are Accessible in Microtubuled\s indicated in :>‘_|:>_é \(; \(; \(; e
308

i i i - 270 280 290 300
Figure 4, the cleavage points by proteases lysine-C and PGFAPLTSRGSQOYRALTVPELTOQMFDAKNMMAACDPREG

thermolysin in zone A ofi-tubulin are adjacent to acetylable

Lys40, in a large predicted surface loop which is accessible I ] H11

in microtubules. This is also one of the more variable zones BRIs] CLIp]

among thex-tubulin sequences3-Tubulin has a compatible CH[p]

prediction but no equivalent Lys (and few thermolysin { TRIp] _

cleavable residues) in this zone. A minor lysine-C cleavage  ~ ~ ~ ~ ~ T 7, } _T;l[;] ______ } THs]

of a-tubulin probably maps at Lys60, a smaller predicted @ -~ =-==-=--~~—"—----=-=-=-—=—--2-=>="=--
loop. Bromelain cleaveg-tubulin at Gly93-GIn94, at the _Pamit _ tPAIS tras)
junction of a short predicted extended strand with a loop _ _ _ _____ tsBIsl_ _ __ _______
which at the other end contains the reversed phosphate tKis1

binding motif KGHYTEG(A) [note that the corresponding FicGure 6: Zone C of preferential proteolysis of tubulin and

sequence im-tubulin is RGHYTIG(K), and itis not well- - g ondary structure prediction, displayed in a manner similar to

detected iny-tubulin]. This nicking point is accessible in  that of Figure 4. Nicking points which become unaccessible in taxol-

taxol-induced microtubules. A minor cleavage by lysine-C induced microtubules are indicated by [p], while cleavages which

(not shown in Figure 4) takes place at an uncertain lysine are only detected in microtubules are indicated by [M].

residue, either Lys58 (corresponding to a similar cleavage is adjacent to sequence€l55-168) and3(153—165), which

in thea chain), Lys103 (at the reversed P-loop), Lys122 (at are accessible to specific antibodies in the tubulin het-

the C-terminal end of a following helix; see Figure 3); or erodimer (Af@alo et al., 1990) and contain a hydrophilic

Lys154 (close to proteolysis zone B). predicted loop around position 160. As shown in Figure 5,
Tubulin Proteolysis Zone B Extends between Residues 16the clearly predicted helix H5 overlaps the characteristic

and 183 and Is at the Surface of Microtubuleghis zone glycine cluster (phosphate binding loop) motif GGGTGSG
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FiIGure 7: (Top) Zone D of preferential proteolysis of tubulin and secondary structure predictions, displayed in a manner similar to that of

Figures 4 and 6. Note that trypsin produces a single new cleavage in microtubule-asserieatin, indicated by TR[M], whose more

probable location is indicated by a solid arrow, and the other possible locations are indicated by dashed arrows [see de Pereda and Andreu

(1996)]. (Bottom) Tentative model shown to illustrate the protection of the clostripain/trypsin cleavage point and the exposure of the new

tryptic cleavage point in proteolysis zone Datubulin upon microtubule assembly. This particular model envisages these changes simply

as a movement of a helical segment (indicated by the large arrows) induced by contact with another tubulin molecule in the microtubule

lattice (dashed lines).

(marked in the figure) and these antigenic sequences. Thetively, predicted as a short extended strand or loop in both

accessibility of the later zones to antibodies supports the subunits. Downstream from this loop comes the predicted

notion that helix H5 may be oriented with its N terminus helix H11, which is shorter and weaker irtubulin and is

toward a nucleotide phosphate binding pocket and its C cleaved at residues situated at the same helical face by

terminus toward the predicted loop at the surface. Proteaseprotease V8 (Glu290-11e291) and elastase (Ala294-Cys295).

V8 and chymotrypsin cleave the predictgdstrand E9 Some of the proteolysis points of this relatively small zone

(residues 165170 approximately). Trypsin, elastase, and C are protected in microtubules, while others are accessible,

papain cleave the following loop and the amino end of the which indicates location at the microtubule surface. Ac-

next short predicte@ strand E10, while subtilisin cleaves cepting the head to tail orientation of tubuti® dimers along

in the middle of this element. The following predicted loop the protofilaments of microtubules and assuming that upon

is again cleaved by protease V8 and chymotrypsin. Eachassembly both monomers are subject to similar lateral

of the 24 cleavage sites detected in zone B in the tubulin proteolytic accessibility changes suggest that the protected

heterodimer was similarly exposed at the surface of taxol- residues in zone C are far from the longitudinal contact sites

induced microtubules. at the ends of the heterodimer but may be near the lateral
Tubulin Proteolysis Zone C between Residues 278 and 295contact sites between tubulin molecules at the inter-protofila-

is Partially Occluded in MicrotubulesAs shown in Figure ment grooves. The detailed accessibility pattern of the

6, the protease lysine-C cleawegubulin at Lys280-Ala281, nicking points of zone C is complex, since (i) cleavage points

at the hydrophilic C-terminal part of a segment predicted as in nearby sequence positions and (ii) the corresponding

helix. However, this segment has a loop prediction in positions of thex- andj-tubulin sequences cleaved by LysC

f-tubulin, and it is cleaved by bromelain at the corresponding and bromelain both show opposite behavior.

site, Gly277-Ser278. Chymotrypsin and clostripain cleave  Proteolysis of Tubulin Zone D Detects a Conformational

B-tubulin at Tyr281-Arg282 and Arg282-Ala283, respec- Change in Microtubules The results of limited proteolysis
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Ficure 8: (Top) Proteolysis zone E at the carboxy terminioefand S-tubulin, in comparison to their secondary structure predictions,
displayed as in Figure 7. (Bottom) PHD secondary structure prediction potentials ofcathes®l S-tubulin zones: solid lineg helix

potential; dashed ling§ strand potential; and dotted line, loop potential. These profiles are shown to facilitate detailed comparison with the
proteolysis data in the top panel. Note, for example, the clustering of the approximately located cleavage points at both sides of the main

helical maximum which defines the predicted helix H163tubulin.

are compared to the secondary structure prediction in themaking extensive contact), and its N-terminal loop is pushed

top panel of Figure 7. The largest predicted structural
element in this zone is helix H13. Clostripain and trypsin
cleavea-tubulin at Arg339-Thr340, which is at a predicted
loop on the C-terminal side of H13 and is well-protected by
microtubule assembly. A corresponding cleavag@-in-
bulin has not been observed. A new point of tryptic attack
appears iro-tubulin when it is assembled in taxol-induced
microtubules, which is not located on H13, but probably at
its amino-terminal loop. This is a clear indication of a
tubulin structural change induced by assembly or taxol
binding. If the secondary structural elements in this zone

out into the solvent, zone D being located at the outer part
of some interdimer contact zone in the microtubule lattice
(see the hypothetical model scheme in the bottom panel of
Figure 7). An alternate explanation would be the sequential
cleavage of the N-terminal loop of H13 followed by Arg339-
Thr340 only in the dimer; however, this is inconsistent with
the fragment pattern observed (de Pereda & Andreu, 1996)
and implies a similar contact in microtubules. Elastase
cleaves3-tubulin at Cys354-Asp355, at the C-terminal end
of a small weakly predictef strand, and this nicking point

is accessible in microtubules.

were to remain unchanged, a simple possible model would Proteolysis Zone E Includes the C-Terminal —1ZD

be that the loop C terminal to helix H13 is occluded by the
intermolecular contacts, this helix acts as a lever (without

Residues of Each Tubulin Chain, Following Two Large
Consered Helical Zones.As shown in the top panel of
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FiIcure 9: Scheme of surface and distance constraintgfarbulin sequences separate in the polypeptide chain. The elastase accessible
residue Cys354 (zone D) is maximally 0.9 nm from Cys239 (1; Little & LUu@dyd®85). Cys239 is close upstream from the heterodimer
surface epitope 241256, which becomes occluded by assembly (5vAfe et al., 1990), and nearly downstream is the peptide-2B1

which is photolabeled by 2atazidobenzoyl)taxol (3; Rao et al., 1995). One of the Cys residues (201 or 211) is maximally 0.9 nm from
Cys12 (2; Little & Luduém, 1987). Cysi12 is also a site of GTP photolabeling (6; Shivanna et al., 1993) and is within the pef3ide 1
that is photolabeled by gp-azidobenzamido)taxol (4; Rao et al., 1994). Other nucleotide-photolabeled peptides-die (B3Kim et al.,

1987; Linse & Mandelkow, 1988) and 15374 (8; Hesse et al., 1987). The positions of surface proteolysis zonEgdescribed in detail

in Figures 4-8) are indicated in the scheme. The region between proteolytic zones A and B is analyzed in Figure 10.

Figure 8, roughly the last 10 residuesoetubulin constitute
an extremely acidic tail which is cleaved by subtilisin,

predicted in tubulin, already detected by earlier analyses
(Ponstingl et al., 1979; de la Véret al., 1988). Interestingly,

protease V8, proteinase K, bromelain, and papain. Theboth H15 and H16, close to the highly variable C extremes,

corresponding 15 or 19 residuesfdrtubulin are selectively

constitute the longest conserved zones obthandj-tubulin

removed by proteinase Asp-N, and the zone is less specif-sequences, which suggests important structural roles for
ically cleaved by the other proteases, including the multiple them.
cleavage by subtilisin, protease V8, and bromelain and the Surface Mapping Combined with Other Biochemical

microtubule cleavages by papain. It is difficult to exactly

Information. The results of limited proteolysis of tubulin

map proteolysis points in this zone. These are the more complement existing biochemical information. It is known

variable zones of the- andg-tubulin sequences, where most

that S-tubulin Cys354 can be cross-linked to Cys239 by a

of the variable sequences of the tubulin isotypes and the bivalent sulfhydryl reagent with a maximal effective length
known post-translational modifications cluster [see for of 0.9 nm and that the cross-link is inhibited by colchicine
example Redecker et al. (1994)]. Zone E is in general less(Little & Luduefa, 1985). The cleavage of the Cys354
accessible and more protected from limited proteolysis by Asp355 bond by elastase maps Cys354 to the surface of

microtubule assembly in-tubulin than ing-tubulin.  This

microtubules and therefore Cys239 to a relative maximal

is consistent with the proposed locations at the longitudinal depth of 0.9 nm. In fact, Cys239 is close to {heubulin
contact zones and the interface between subunits, respectivelgequence 241256, which is accessible to specific antibodies
[see discussion in de Pereda and Andreu (1996)]. Thein the surface of the heterodimer and becomes occluded in
extreme C-terminal zone has a mixed loop-helical potential microtubules (Afealo et al., 1990). As an example, Figure

in the case ofs-tubulin. This is shown by the secondary

9 presents a scheme of these distance and surface constraints

structure potentials in the bottom panel of Figure 8. As and other features expected to apply to the three-dimensional

originally pointed out by Ponstingl et al. (1979), the coil to

folding of the -tubulin chain.

helix transition may depend on the microenvironment and A Model for the Region between Proteolysis Zones A and
on interactions with other proteins. Itis interesting thattwo B: A Common Nucleus of Tubulins and FtsZ Which
microtubule-specific papain nicking sites map to this zone Participates in GTP Binding This region includes the

of B-tubulin. Next to these zones, the strongly prediated
helix H16 extends for 1725 residues upstream. This helix
is not cleaved irx-tubulin under the present conditions, while
bromelain, subtilisin, and clostripain clea@gubulin prob-
ably at the amino-terminal part of H16. This helical zone

inverted P-loop and G-box motifs characteristic of tubulin
and FtsZ (see Figures 4 and 5). When the predicted
secondary structures of the, 5-, andy-tubulin and FtsZ
protein families are compared, a significant homology is
suggested (see Figure 3 and Results). This consists of a

may actually be comprised of several shorter helical segmentsdoop—helix—loop—strand-loop—helix—loop—strand-

instead of a single rigid helix, since its total length (4.3 nm)

loop fold with a high predictive probability. A local model

would be relatively large (in comparison with the dimensions of the supersecondary structure of this tubulin zone is shown
of the tubulin monomer) to be located at the microtubule in Figure 10A. The model is the result of putting together
surface. This helical zone is amphipatic, suggesting potentialthe secondary structure prediction with the nucleotide binding

interaction with other structural elements of tubulin or of

motifs and the accessibility to proteases and antibodies.

microtubule binding proteins. Following upstream, there is Surface zones A and B define between them a proteolytically

a predicted loop and a shgétstrand which connect to the

resistant, compact region, extending from residue 94 to

strongly helical segment H15, the other longest helix residue 167 inS-tubulin, with the exception of a minor
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Ficure 10: Local working model of a predicted homologous nucleus of tubulins and FtsZ. Panel A illustrates the m@etebiain (in

which the chymotrypsin and protease V8 nicking pointsostubulin have been added at their homologous positions), while panel B
illustrates the model for FtsZ. The surface of both proteins is to the upper left of the drawings, while the inside is to the lower right. The
dashed lines indicate the mapping of epitopes of monoclonal antibodies. Residues encircled are important for GTP hydrolysis from studies
with mutants (see text). A GTP molecule is represented as scaled to facilitate comparison.

cleavage by clostripain probably located at Arg121-Lys122 to recognize native or denatured tubulin; #aéo et al.,
[see Figure 14 in de Pereda and Andreu (1996)]. The surfacel990]. After this loop, the potential burigtistrand E8 leads
loop following the site of bromelain cleavage, Gly93-GIn94 to the G-box loop (note that this type of predicted strand
(zone A), extends toward the inverted P-loop inside the may also be a helix; Barton, 1995). Helix H4 and predicted
protein, continuing with helix H4, which is clearly amphipatic strand E8 may interact so that the amino terminus of the
(not shown) and has its C terminus probably oriented toward former is near the carboxy terminus of the latter, and the
the surface of the protein so that it can be cleaved by inverted P-loop and the G-box loop are close to each other.
clostripain in the vicinity of a hydrophilic loop. The tubulin  The model (Figure 10) is limited to a two-dimensional
sequences in this loop are highly conserved; the consensusepresentation; that is, it does not define the positions of the
sequence is (DE)X(CS)XXL(QE)GF, extending from residue other secondary structure elements relative to each other.
125 to Phel33 ing-tubulin [monospecific antibodies to  Following the G-box, helix H5 connects again with a surface
peptides homologous to thg(120—-131) andf(119-129) loop of the protein. This is detected by the reactivity of
sequences, containing this predicted loop, unfortunately failed sequences(155-168) and3(153—165) with their mono-



14214 Biochemistry, Vol. 35, No. 45, 1996 de Pereda et al.

specific antibodies (Anealo et al., 1990). A zone predicted ATPases such as in the RecA protein (Story & Steitz, 1992).
as g strand follows, which ino-tubulin is cleaved by  In the model (Figure 10); the tubulifFtsZ G-box motif is
chymotrypsin and protease V8, and continues with a loop similarly placed between strand and helix; however, its
and the rest of the proteolysis zone B. Since the sequencesequence is different. The conserved Phe residue of tubulin
B(153—-165) (Arevalo et al., 1990) and region B are and FtsZ g-tubulin Phel33, FtsZ Phe99) might be equivalent
accessible in microtubules (de Pereda & Andreu, 1996) andto a conserved Phe residue in the Ras family whose aromatic
the predicted length of helix H5 is £-2.1 nm, the nucleotide  ring is close to the guanine base of the bound nucleotide,
binding site should be roughly in the outer half of the even if it is separated from the P-loop by a helix of ca. 10
microtubule wall (Andreu et al., 1992). An antibody to the residues (Valencia et al., 1991). On the other hand, the
sequences(154—-165), including the end of helix H5 and  “inverted P-loop” of-tubulin and FtsZ shows more motif
the loop, has been reported to inhibit nucleotide exchangesimilarity to an inverted GXXXXGK sequence than to the
and tubulin assembly (Hesse et al., 1987). Photoaffinity G-box. However, it is difficult to understand how a sequence
labeling with GTP resulted in the identification of one labeled may be substituted in the structure by its inverted equivalent.
fragment corresponding to thi#155-162) sequence (Hesse The predicted structural environment of this tubuliftsZ

et al., 1987). motif appears to be unrelated to GTPases.

The model is compatible with results from tubulin mutants.  This model does not intend to include the complete GTP
Mutant proteins T107G, T107K, and T107W at the inverted binding site or all the possible structurally homologous
P-loop have modified GTPase activities, consistent with the regions of tubulin and FtsZ (see Figure 3 and and zone D in
notion that thes-tubulin sequence 163109, KGHYTEG, Figure 7) but only a predictable nucleus (Barton, 1995). The
may be functionally equivalent to the typical phosphate model predicts a characteristic fold present in the tubulin
binding site of GTPases, GXXXXGK, though its orientation and FtsZ families of proteins, which may constitute an
is inverted (Davis et al., 1994). The mutghtubulin T143G ancestral core of these atypical GTPases. We propose critical
at the G-box has reduced GTPase activity [C. Dougherty use of these (Figures 9 and 10) and other similar schemes
and K. Farrell, unpublished observations cited by Sage etto assist in the construction of three-dimensional models and
al. (1995)]. The multiple yeagt-tubulin mutants 1152F/  in the design of new experiments with both proteins.
R156K/E157A/E158A, K154A/R156A, and E157A/D158A
which are located in predicted helix H5 are lethal; however, ACKNOWLEDGMENT
the double mutant E125A/D128A, which maps to theé  \yg thank Dr. G. Fasman, Dr. C. Johnson, and Dr. R.
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local model for FtsZ, based on the homology of predicted ,4 Drs. V. Mdioz and L. Serrano for Agadir and Dr. M.

secondary structure with tubulin, is shown in Figure 10B. aqrade for help with sequence analysis. We are indebted
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