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SUMMARY

Members of the XMAP215/Dis1 family of micro-
tubule-associated proteins (MAPs) are essential
for microtubule growth. MAPs in this family
contain several 250 residue repeats, called
TOG domains, which are thought to bind tubulin
dimers and promote microtubule polymeriza-
tion. We have determined the crystal structure
of a single TOG domain from the Caenorhabditis
elegans homolog, Zyg9, to 1.9 Å resolution, and
from it we describe a structural blueprint for
TOG domains. These domains are flat, paddle-
like structures, composed of six HEAT-repeat
elements stacked side by side. The two wide
faces of the paddle contain the HEAT-repeat
helices, and the two narrow faces, the intra-
and inter-HEAT repeat turns. Solvent-exposed
residues in the intrarepeat turns are conserved,
both within a particular protein and across the
XMAP215/Dis1 family. Mutation of some of
these residues in the TOG1 domain from the
budding yeast homolog, Stu2p, shows that this
face indeed participates in the tubulin contact.

INTRODUCTION

Microtubules are dynamic cytoskeletal structures that

undergo alternate phases of growth and shrinkage. During

growth, tubulin ab-heterodimers associate onto micro-

tubule ends; individual microtubules then switch stochas-

tically to dissociation and shrinkage. The transitions

between phases are known as ‘‘catastrophe’’ (growth to

shrinkage) and ‘‘rescue’’ (shrinkage to growth), respec-

tively. This dynamic instability is essential for the rapid

reorganization of the microtubule cytoskeleton during mi-

tosis (reviewed in Desai and Mitchison, 1997).

The XMAP215/Dis1 group of proteins is the only micro-

tubule-associated protein (MAP) family with representa-

tive orthologs in fungi, plants, and animals. All its members
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are essential for correct microtubule dynamics during cell

division (Ohkura et al., 2001; Kinoshita et al., 2002). Con-

servation of primary structure among the XMAP215/Dis1

family members is restricted to their N-terminal regions,

which contain two to five so-called ‘‘TOG domains,’’

named after their initial identification in the human ortho-

log, ch-TOG (Charrasse et al., 1998). There are three de-

sign plans for XMAP215/Dis1 proteins based on the num-

ber of TOG domains they contain (Figure 1): (1) higher

eukaryotic homologs, such as Xenopus laevis XMAP215,

Arabidopsis thaliana MOR1, and human ch-TOG contain

five TOG domains—the proteins are likely to be mono-

meric (Figure 1A; Kinoshita et al., 2005); (2) Caenorhabditis

elegans Zyg9 (and other nematode orthologs) contain

three TOG domains (Figure 1B); (3) lower eukaryotic ho-

mologs, such as Saccharomyces cerevisiae Stu2p and

Schizosaccharomyces pombe Dis1p or Alp14p, contain

two TOG domains near their N termini and form homo-

dimers through coiled-coil segments near their C termini

(Figure 1C; Al-Bassam et. al., 2006). The domains fall

into classes based on their position in each XMAP215/

Dis1 sequence. TOG domains of any one class are more

similar to each other than to members of other classes

(Gard et al., 2004). Their structures are predicted to con-

tain HEAT repeats (Huntingtin, Elongation factor-3, A sub-

unit of PR65, Tor-kinase repeats), a-helical zig-zags that

stack to form elongated, sometimes spirally curved

domains (reviewed in Ohkura et al., 2001).

Individual XMAP215/Dis1 family proteins exhibit a

puzzling diversity of functional properties. Most family

members have microtubule-stabilizing activity (reviewed

in Ohkura et al., 2001; Severin et al., 2001; Gergely et al.,

2003; Cassimeris and Morabito, 2004; Holmfeldt et al.,

2004; Tournebize et al., 2000; Garcia et al., 2001; Naka-

seko et al., 2001; Gräf et al., 2003; Whittington et al.,

2001). They increase microtubule plus-end growth rates,

suggesting that they facilitate plus-end addition of ab-

tubulin heterodimers (Gard and Kirschner, 1987; Vasquez

et al., 1994). XMAP215/Dis1 proteins can also have desta-

bilizing activity in some experimental contexts. Examples

of the latter are Stu2p (Kosco et al., 2001; van Breugel

et al., 2003; Usui et al., 2003), ch-TOG (Holmfeldt et al.,
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Figure 1. Domain Organization of

XMAP215/Dis1 Proteins

(A) XMAP215 represents the higher eukaryotic

orthologs, with five TOG domains. A variable

region (green) connects TOG5 to a conserved,

C-terminal region of unknown structure (light

blue).

(B) Zyg9 represents the nematode ortholog of

XMAP215, with three TOG domains. A variable

region (red) connects TOG3 to the conserved

C-terminal region (light blue).

(C) Stu2p represents homologs found in both

budding and fission yeast. It contains TOG1

and TOG2, followed by a basic linker and

a coil-coil for homodimerization.
2004), and XMAP215 (Shirasu-Hiza et al., 2003). Msps, an-

other family member, acts as an antipause factor (Brittle

and Ohkura, 2005).

One possible explanation for these differences comes

from the finding that Stu2p fragments, containing either

just the first or both of its TOG domains, bind unpolymer-

ized ab-tubulin heterodimers (Al-Bassam et al., 2006). Ho-

modimeric Stu2p captures free tubulin very tightly; in the

process, it undergoes a conformational change from an

‘‘open’’ structure, with flexibly linked TOG domains, to

a ‘‘closed’’ structure, with the two sets of TOG domains

encircling a single tubulin heterodimer (Al-Bassam et al.,

2006). Higher eukaryotic XMAP215/Dis1 proteins also

bind free tubulin (T. Notzel, A.A.H., and J.A.-B., unpub-

lished data). Thus, capture of tubulin heterodimers is

a general property of TOG-domain proteins. Consistent

with this mechanism are recent in vitro, high-resolution

tracking experiments, which show that microtubule

growth in the presence of XMAP215 is saltatory (Kersse-

makers et al., 2006). The high affinity of TOG domains

for tubulin could lead to either removal or addition of

tubulin subunits at microtubule ends, depending on free

tubulin concentration and on many other variable intracel-

lular or experimental factors. We have not yet been able

to test this notion directly, because the structural basis

of the interaction is unknown.

We have determined a crystal structure of the third TOG

domain from C. elegans Zyg-9 at 1.9 Å resolution. The

Zyg9-TOG3 structure shows that a TOG-domain core

has six conserved HEAT repeats. The domain has a flat,

paddle-like shape; the two wide faces are lined by the

‘‘A’’ and ‘‘B’’ helices of the HEAT repeats, respectively,

and the two narrow faces by the intra- and inter-HEAT

repeat turns. Sequence alignment of TOG domains shows

conservation in two types of residues: hydrophobic resi-

dues that determine inter-HEAT repeat stacking, and sol-

vent exposed residues in the turns between A and B

helices of HEAT repeats 1–5. The side chains in these in-

trarepeat turns form a 39 Å long, continuous patch on

a single, narrow face of the TOG-domain structure. Muta-

tion of conserved residues in these turns reduces the

affinity of Stu2-TOG1 for tubulin dimer in solution, showing

that they indeed are part of a recognition surface for unpo-

lymerized tubulin.
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RESULTS AND DISCUSSION

Structure of Zyg9 TOG3

Zyg9 TOG3 has seven HEAT repeats (Figure 1). Each re-

peat is an a-helical zig-zag, and the individual helices,

designated A and B, are 15–20 residues in length. The

core of the structure contains repeats HR1-HR6 (Figure 2,

blue helices), aligned roughly parallel to each other. The

N-terminal repeat (HR0; Figure 2, red helices) packs

alongside HR1 and HR2. It thus lies outside the principal

stack. Unlike Zyg9 TOG3, most HEAT-repeat-containing

structures have marked curvature (Cingolani et al., 1999).

HR1 to HR3 and HR4 to HR5 indeed pack with a modest,

right-hand twist, as seen in other HEAT-repeat proteins,

but a left-hand packing between HR3 and HR4 restores

parallelism and produces a flat, paddle-like domain. The

two wide faces of the paddle are formed by the A and B

helices; the two narrow faces, by the intrarepeat and inter-

repeat turns (T1-2 to T4-5). HR6 packs onto HR5 with

a 45� right-hand twist, thus placing its intra-HEAT repeat

turn on the wide face of the paddle. The N and C termini

extend from opposite ends of the paddle-like structure.

Conserved Features of TOG Domains

In Figure 3 is an alignment of TOG-domain sequences

from X. laevis XMAP215 (five TOG domains), C. elegans

Zyg9 (three TOG domains), and budding yeast Stu2p

(two TOG domains). Alignments with a larger group of

TOG-domain sequences lead to the same conclusions

we draw from this set. We grouped residues into three cat-

egories, depending on their degree of conservation: highly

conserved, if a residue is invariant or if it retains its size and

charge in 100% of the sequences (Figure 3, purple); mod-

erately conserved, if a residue retains its size and charge in

more than 70% of the sequences (Figure 3, blue); and

weakly conserved, if a residue retains its size and charge

in 30% of sequences (Figure 3, cyan). The HR0 sequence

(Figures 2 and 3, red helices) is present only in XMAP215

TOG5 and Zyg9 TOG3 (as well as the fifth TOG domains of

MOR1, Msps, and other orthologs from higher eukary-

otes). In the other TOG domain sequences, HR0 is re-

placed by proline- and glycine-rich segments, which are

not conserved, and which are likely to adopt nonhelical

conformations. There is clear evidence of conservation
rights reserved
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in HR1 through HR6 (Figure 3). Thus, the paddle-like struc-

ture we see in Zyg9-TOG3 (blue helices in Figures 2 and 3)

appears to represent a true TOG-domain core. Sequence

conservation suggests that all TOG domains have six

HEAT repeats (Andrade et al. 2001), although a smaller

number has been ‘‘predicted’’ for some of them (reviewed

by Ohkura et al., 2001). The conservation appears in two

groups of residues. First, as in most HEAT-repeat struc-

tures, hydrophobic residues within the A and B helices

of each repeat are conserved. These residues form the hy-

drophobic core of the paddle. Second, solvent-exposed

residues within or adjacent to the intra-HEAT repeat turns,

connecting helix A to helix B in HR1 through HR5, are also

conserved (Figure 3, T1–T5). The intra-HEAT repeat turns

in other proteins, such as importin-b (Cingolani et al.,

1999), are usually shorter than the inter-HEAT repeat

Figure 2. Structure of Zyg9-TOG3

(A) Zyg9 TOG3 has seven HEAT repeats. HR0 contains helices 0A and

0B (red) linked by a 14 residue loop (T0). The six HEAT repeats that fol-

low (blue helices, HR1–HR6) form the conserved TOG domain struc-

ture. In this view, the A helices (1A–6A) are in the front, the B helices

(1B–6B), in the rear; turns between A and B helices of each repeat

(T1–T6) are at the bottom, and interrepeat turns (T2-3 and T3-4) are

at the top. The HR5 A helix is broken by a nonhelical linker into helices

5A1 and 5A2. HR6 packs onto HR5 with a right-handed 45� twist.

There is a short b-ribbon (yellow strands, S0 and S1) at the N terminus.

(B) As in (A), but viewed from the bottom (structure rotated by 90�).

(C) As in (A), but structure rotated by 180�.
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Figure 3. Structure-Sequence Alignment of TOG Domains

Sequences of TOG domains from Stu2p, XMAP215 and Zyg9 (proteins

shown in Figure 1), aligned with Clustal W and corrected with pairwise

alignments from Psi-Blast (Altschul et al. 1997). Residues invariant

within this set are in dark purple; strongly conserved residues, in

blue; moderately conserved residues, in light blue. Sequence conser-

vation starts at the end of helix 0B; some TOG sequences (other than

Zyg9-TOG3 and XMAP215-TOG5) contain a number of glycines and

prolines instead of HR0. The conserved, solvent-exposed residues in

the intrahelical turns (T1 through T5) between the A and B helices of

the HR1–HR5 are highlighted by boxes.
55–362, March 2007 ª2007 Elsevier Ltd All rights reserved 357
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Figure 4. Surface Representation of

Zyg9-TOG3 Showing Conservation of

Solvent-Exposed Residues on One Nar-

row Face of the Paddle-like Structure

Conserved, solvent-exposed residues are

shown in the color scheme of Figure 3. (A)

View as in Figure 1B. (B) View as in

Figure 1C, showing the relative dimensions of

the domain and of the conserved surface.
turns, but they have no particular patterns of conservation.

The interrepeat turns in TOG domains (Figure 3, T1-2

through T3-4) are of variable length and sequence

(Figure 3), except for the T4-5 and T5-6 turns between

HR 4 and 5 and 5 and 6, respectively, which have a single

glycine in most cases, and seem to be important for tight

packing of those HEAT repeats onto each other (Figure 3).

We mapped the conserved residues in the intrarepeat

turns onto the structure, as shown in Figure 4. They lie

on a single, narrow face of the TOG domain, forming

a patch about 39 Å long. The T1 turn contains the con-

served Lys 659, and adjacent conserved residues include

Phe 661 and Lys 662 in the 1B helix. These residues are

part of a KXWKER motif characteristic of the entire set

of TOG sequences, where X represents any type of resi-

due. T2 contains the sequence ETN (residues 699–701),

in which Glu699 is highly conserved, Thr 700 is moderately

conserved, and Asn 701 is invariant among the domains

we analyzed. Conserved residues around T3 include Lys

741 in helix 3A, which projects into the conserved stretch

of charge, Glu744, and Lys746. Additional conserved

residues in the intrarepeat turns include Lys780, Asn 781
358 Structure 15, 355–362, March 2007 ª2007 Elsevier Ltd All
in T4, and Lys820 and Asp821 in T5. Helix 5B contains

invariant Arg 825, which projects its guanidinium group

toward T5 (Figure 4).

Conserved Residues in the Narrow Face of the TOG

Domain Are Required for Tubulin Binding

We have shown, in previous work, that the first TOG do-

main (TOG1) of budding yeast Stu2 forms a stable molec-

ular complex with tubulin—indeed, sufficiently stable that

both components coelute on size-exclusion chromatogra-

phy (Al-Bassam et al. 2006 and Figure 5A). We mutated

conserved residues in the intrarepeat turns of Stu2p-

TOG1 to alanine and tested the effects of the mutations

on the association of Stu2p-TOG1 and tubulin dimer, by

the coelution assay. In T1, we mutated the relatively vari-

able Lys 21 (K659 in Zyg9; Figure 4) and the highly con-

served Trp 23 (F661 in Zyg9; Figure 4) in H1B. The elution

pattern of the TOG1 K21A mutant in the presence of tubu-

lin resembled that of WT TOG1, whereas the W23A and

K21A-W23A double mutant failed to coelute with tubulin

dimer (Figure 5A). In T3, mutation of Arg116 (Lys746 in

Zyg9; Figure 4) to alanine measurably weakened tubulin
rights reserved
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Figure 5. Conserved Residues in the Narrow Face of the TOG Domain Are Required for Binding ab-Tubulin Heterodimer

(A–C) Effects of mutations in specified residues on the association of Stu2p-TOG1 with tubulin. The upper panels show traces from size-exclusion

chromatography on Superose-6; the lower panels, SDS-PAGE analysis of the indicated fractions. Labeled arrows in the upper panels point to peaks

corresponding to TOG1-tubulin complex (TOG1-TB), free tubulin heterodimer (TB), and free TOG1 (TOG1), respectively. The data in (A) show the ef-

fects of mutations near turn T1. The K21A substitution does not measurably influence coelution of tubulin and TOG1, while the W23A and K21A-W23A

TOG1 mutations eliminate coelution almost completely. The data in (B) and (C) show similar analyses of mutations in T3 and T4, respectively.

(D) Positions of the mutated residues with respect to the narrow face of the TOG-domain structure. The structure of Zyg9 TOG3 has been used as

a scaffold to display locations of residues in Stu2p-TOG1. Note that W23, K116, and K151—residues shown here to be critical for detectable tubulin

binding—project directly toward the viewer, while the less critical residues K21 and K150 project laterally.
binding (Figure 5B). In T4, mutation of Lys 150 (not con-

served) to alanine had no detectable effect, while a similar

mutation at conserved Lys 151 (residue K780 in Zyg9),

which projects from the narrow face of Stu2p, disrupted

tubulin binding (Figures 5B and 5C). Thus, a number of

residues across the narrow face of TOG domains appear

to participate in tubulin binding in solution (Figure 5D).

Conservation, as described in the previous section, sug-

gests that there are interactions between tubulin and

each of the first five intra-HEAT repeat turns.

Target-protein binding by the narrow face of a HEAT-

repeat array may be a common mode of interaction for

proteins containing these modules. For example, re-

cently determined structures of protein phosphatase 2A

show that conserved residues in the intra-HEAT repeat

turns, along one edge of its horseshoe-shaped scaffold-

ing subunit, are critical contacts for capturing its regula-

tory and catalytic subunits (Cho and Xu, 2007; Xu et al.,

2006).
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Properties of Different TOG Domains

in Dis1/XMAP215 Proteins

Although all TOG domains have the conserved structural

features just described, detailed comparisons suggest

that they have diverged into types based on their position

in the protein (Gard et al., 2004; Al-Bassam et al. 2006).

Zyg9-TOG3 represents the C-terminal TOG domain in

higher eukaryote family members, which, in addition,

have either two or four N-terminal TOG domains (e.g.,

Zyg9, XMAP215, and MOR1). Experiments with fragments

of XMAP215 suggest that those fragments that contain

the C-terminal TOG domain (TOG5) may bind the microtu-

bule surface, while the N-terminal TOG domains (TOG1

and TOG2) regulate microtubule dynamics (Popov et al.

2001). Moreover, among the N-terminal domains, the

even-numbered ones (i.e., TOG2 and TOG4 in five-domain

members, such as XMAP215; TOG2 in two-domain

members, such as Stu2p) are more similar to each other

than they are to the odd-numbered domains (TOG1 and
55–362, March 2007 ª2007 Elsevier Ltd All rights reserved 359
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Table 1. Crystallographic Statistics for Zyg9 TOG3 Structure

l

Peak Inflection Remote

Wavelength (Å) 0.9795 0.9796 0.9200

Resolutiona (Å) 30–1.9 (1.95–1.90) 30–1.9 (1.95–1.90) 30–1.9 (1.95–1.90)

Space group P41 P41 P41

Unique observations 52,652 52,637 52,732

% Completenessa 99.8 (99.0) 99.7 (97.9) 99.6 (97.9)

Redundancy 7.4 (5.8) 7.4 (5.9) 7.4 (6.4)

Rsym
a,b 6.1 (41.3) 6.3(41.9) 6.2 (48.2)

Signal/Noise (I/s)a 41.6 (3.55) 42.2(3.49) 37.8 (3.29)

Refinement Statistics

Refined Zyg9-TOG3 atoms (residues) 2,113 (266)

Refined water molecules 206

Rcryst
c (%) 17.8 (23.1)

Rfree
d (%) 22.4 (27.2)

Average B factor (Å2) Zyg9-TOG3/water 30.5/40.4

Rmsd bond lengths (Å) 0.021

Rmsd bond angles (Å) 1.873

Ramachandran analysis of protein residuese 251/15/0/0

a Numbers in parenthesis refer to the highest resolution shell.
b Rsym = [S h S i jIi (h)� < I (h) >j / S h Si Ii (h)] 3 100, where I(h) is the average intensity of i symmetry-related observations of reflections

with Bragg index h.
c Rcryst = [S hkl jFo � Fcj / S hkl jFoj] 3 100, where Fo and Fc are the observed and calculated structure factors.
d Rfree was calculated as for Rcryst, but on 5% of data excluded before refinement.
e Favored/allowed/generously allowed/disallowed.
TOG3 in XMAP215; TOG1 in Stu2p) (Gard et al., 2004).

Indeed, the two different types of TOG domains in Stu2p

have different behaviors in vitro. TOG1 binds tubulin with

high affinity in solution, whereas TOG2 alone binds very

weakly. Nonetheless, both TOG domains are required

within the context of a dimeric Stu2p to maintain a stable

complex in vitro, and for proper function in vivo (Al-Bas-

sam et al., 2006).

The stu2 gene was first found as a suppressor of cold-

sensitive mutations in b-tubulin (Wang and Huffaker,

1997). Both stu2 alleles originally characterized, desig-

nated stu2-1 and stu2-2, are point mutations in TOG2:

T514A (stu2-1) and D513Y (stu2-2). These residues are

equivalent to K821 and D820 in T5 of HR5 at one end of

the conserved narrow face in Zyg9 TOG3 structure

(Figure 4A). The cold-sensitive mutations in b-tubulin that

are suppressed by stu2-1 and stu2-2 map to solvent-

exposed residues I152 and R156, both in helix H4 (see

Figure S2 in the Supplemental Data available with this arti-

cle online; Reijo et al., 1994; Nogales et al., 1998). Stu2p

residues 513 and 514, the positions of the suppressor mu-

tations, may therefore contact b-tubulin H4 directly. We

suggest that the even-numbered TOG domains (TOG2

and TOG4) bind b-tubulin preferentially, and the odd-num-

bered domains (TOG1 and TOG3), a-tubulin (see diagram
360 Structure 15, 355–362, March 2007 ª2007 Elsevier Ltd A
in Figure S3). These binding preferences can account for

the presence in XMAP215/Dis1 family members of alter-

nating domains of each type. Dimeric Stu2p binds a single

tubulin heterodimer, and both Stu2p subunits appear to

contact tubulin (Al-Bassam et al., 2006). The two TOG2

domains in the dimer must therefore have different inter-

actions, as must the two TOG1 domains. It is possible

that, in XMAP215 and other five-domain homologs, the

presence of two TOG1-like and two TOG2-like domains

within a single polypeptide chain allows them to mimic

dimeric Stu2p, but with the two TOG1-like and two

TOG2-like elements now somewhat diverged. In the

three-domain C. elegans Zyg9, TOG1 and TOG2 are both

similar to the even-numbered TOG domains of the five-

domain proteins (Gard et al. 2004); the nematode family

members might dispense with the TOG1-like contacts

altogether.

EXPERIMENTAL PROCEDURES

Purification and Crystallization of Zyg9 TOG3

The coding sequence for Zyg9 TOG3 was amplified from a C. elegans

cDNA library by polymerase chain reaction (PCR) and cloned into

a pET21a vector in frame with a C-terminal histidine tag. Selenome-

thionine (SeMet)-substituted Zyg9 TOG3 was expressed by metabolic

labeling in Escherichia coli BL21(DE3 plysS) grown in minimal M9
ll rights reserved
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medium supplemented with essential vitamins, nucleotide bases, and

amino acids, with Met replaced by SeMet (procedure modified from

that of Van Duyne et al., 1993). Expression was induced by IPTG at

27� for 3 hr. SeMet-labeled protein was purified from the bacterial

extract with Ni-NTA agarose, followed by size-exclusion chromatogra-

phy on Superdex-200 (GE Life Sciences), equilibrated in 50 mM Tris,

250 mM NaCl (pH 7.0) (Figure S1). The mass of the purified SeMet-

labeled Zyg9 TOG3, determined by liquid-chromatography mass

spectrometry, showed 90% replacement of Met by SeMet.

The protein was crystallized in sitting drops mixed with an equal vol-

ume of 2.0 M ammonium sulfate, 0.4 M NaCl, 100 mM HEPES (pH 7.5).

Crystals grew overnight to 50 mm in all dimensions. Large crystals were

transferred to 100 mM HEPES, 1.8 M ammonium sulfate, 8% 2S, 3S-

butandiol as cryoprotectant, and flash frozen in liquid nitrogen.

Data Collection and Structure Determination

Multiwavelength anomalous diffraction (MAD) data at three wave-

lengths were collected at the Advanced Light Source beamline 8.2.2.

Reflections with spacings between 30 and 1.9 Å were recorded with

a 3Kx3K CCD (Table 1). The three data sets were processed with

HKL2000 (Otwinowski and Minor, 1997) in space group P4 (a = b =

54.13 Å, c = 116.63 Å); systematic absences showed the actual space

group to be P41 or P43. The program SOLVE (Terwilliger, 2003) was

used to locate anomalous sites in the P41 unit cell. Seven high-

occupancy sites were found; the initial figure of merit was 0.69. Solvent

flattening (applied with the program RESOLVE [Terwilliger, 2003])

yielded a figure of merit of 0.89 at 1.9 Å resolution. The structure

was traced with multiple cycles of ARP/wARP (Morris et al., 2003).

The initial coordinates were rebuilt with the programs O (Jones et al.,

1991) and COOT (Emsley and Cowtan, 2004), followed by refinement

with Refmac5 (Murshudov et al., 1997). The final Zyg9 TOG3 model

contains residues 602–867, 206 water molecules; Rwork = 17.8%;

Rfree = 22.4% (Table 1).

Mutagenesis of Stu2-TOG1 and Analysis of Tubulin Binding

The cDNA for TOG1 of Stu2p (residues 1–280) was cloned into

a PET28a vector, in frame with a C-terminal histidine tag. Site-directed

mutagenesis was carried out with a Gene-Tailor Kit (Invitrogen) with

a PCR extension strategy. All mutant TOG1 constructs were confirmed

by DNA sequencing. The Stu2p-TOG1 mutant and wild-type proteins

were expressed in E. coli and purified as previously described (Al-Bas-

sam et al., 2006). To determine tubulin binding, 10 mM of each TOG1

wild-type or mutant protein was mixed with an equal amount of phos-

phocellulose-purified bovine tubulin dimer and incubated in 100 ml of

binding buffer (50 mM HEPES, 180 mM KCl, 1 Mm EGTA, 1 mM

MgCl2), and the mixture was then analyzed by size-exclusion chroma-

tography using a 10/5 Superose-6 gel-filtration column (GE Life

Sciences), pre-equilibrated with binding buffer; 0.5 ml fractions were

collected and analyzed on SDS-PAGE.

Supplemental Data

Supplemental Data, including additional figures, are available online at

http://www.structure.org/cgi/content/full/15/3/355/DC1/.
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