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The end-binding protein 1 (EB1) family is a highly
conserved group of proteins that localizes to the plus-
ends of microtubules. EB1 has been shown to play an
important role in regulating microtubule dynamics and
chromosome segregation, but its regulation mechanism
is poorly understood. We have determined the 1.45-A
resolution crystal structure of the amino-terminal do-
main of EB1, which is essential for microtubule binding,
and show that it forms a calponin homology (CH) do-
main fold that is found in many proteins involved in the
actin cytoskeleton. The functional CH domain for actin
binding is a tandem pair, whereas EB1 is the first exam-
ple of a single CH domain that can associate with the
microtubule filament. Although our biochemical study
shows that microtubule binding of EB1 is electrostatic
in part, our mutational analysis suggests that the hydro-
phobic network, which is partially exposed in our crys-
tal structure, is also important for the association. We
propose that, like other actin-binding CH domains,
EB1 employs the hydrophobic interaction to bind to
microtubules.

Microtubules (MTs)! are an essential component of the cy-
toskeleton, underlying the fundamental processes of cell mor-
phogenesis, cell motility, and cell division. The organization
and dynamics of MT polymers are highly regulated, and nu-
merous proteins including MT-associated proteins (MAPs) and
molecular motors have been proposed as possible regulatory
factors (1).

MTs have an intrinsic structural polarity, consisting of a
highly dynamic plus-end toward the cell periphery and a cen-
trosome-associated minus-end. Their dynamics involve alter-
nating phases of growth and shortening, known as dynamic
instability (2). Dynamic instability is modulated by various
MAPs and motor proteins, some of which act to promote MT
assembly and stability, whereas others induce their depolymer-
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ization (3). Two groups of proteins that specifically bind to the
MT plus-ends, termed “plus-end-tracking proteins” or +TIPs
(4) have been identified: the CAP-Gly proteins (e.g. CLIP-170,
p1508™ed of dynactin) and the EB1 family proteins (5-7). Al-
though they can bind to MTs independently, evidence for in-
teractions among them have led to the hypothesis of a “plus-
end complex” (8, 9). The main function of a plus-end complex
may be the regulation of MT dynamics, but the mechanisms are
poorly understood.

EB1 was initially identified in a yeast two-hybrid screen by
its binding to the carboxyl terminus of the adenomatous polyp-
osis coli (APC) tumor suppressor protein (10), which may be
essential for the tumor-suppressing function of APC (11). Pro-
teins homologous to EB1 have been identified in many orga-
nisms from yeast to human and have been shown to interact
with MT plus-ends (6, 12—15). EB1 binding to MTs is independ-
ent of APC, but APC targeting to MT plus-ends requires EB1
(16, 17). In addition, the APC carboxyl terminus cooperates
with EB1 functionally to stabilize MTs (18).

Recent biological studies have revealed that EB1 consists of
an amino-terminal MT-binding (En) domain and a carboxyl-
terminal APC-binding domain (19, 20). To understand the
structural basis of EB1 function in MT binding, we have deter-
mined the crystal structure of human En (residues Met-1—
Arg-130). The unexpected structural similarity with the calpo-
nin homology domain led us to test the MT binding of En with
mutagenesis, showing that the interaction is both hydrophobic
and electrostatic in nature.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The human EB1 amino-termi-
nal MT-binding domain (residues 1-130) was generated by PCR from a
human adult brain ¢cDNA library and cloned into pET15b vector (No-
vagen) using Ndel and Xhol restriction enzyme sites. The recombinant
protein with His, tag was expressed in Escherichia coli strain
BL21(DE3). Cell lysate was applied to a nickel-chelating column (Am-
ersham Biosciences). The eluted protein was digested with thrombin
protease (Sigma) to remove the Hisg tag and purified by gel filtration
(Superdex 75, Amersham Biosciences) with a buffer containing 10 mm
Tris, pH 8.0, 0.1 M NaCl and 1 mm dithiothreitol. The protein fractions
were pooled, concentrated to 15 mg/ml in the same buffer as in gel
filtration, and used for crystallization. SeMet-substituted proteins were
expressed as described previously (21) and purified as for the wild type
protein.

Single amino acid mutations were made using the QuikChange site-
directed mutagenesis kit (Stratagene). The correct sequences of the
mutations were confirmed by DNA sequencing. En mutants were ex-
pressed in E. coli cells and purified as described for the wild type.

Crystallography—Crystals were grown at room temperature by a
sitting drop vapor diffusion method, mixing 2 ul of protein solution with
an equal volume of reservoir solution. The crystals of the P21 space
group were grown over a reservoir with 20% polyethylene glycol 3350,
0.2 M ammonium sulfate, and 0.1 m MES, pH 6.0. Another crystal form
(P43212) was grown over a reservoir containing 3 M ammonium sulfate
and 0.1 M sodium citrate, pH 5.5. Both crystal forms contain one
molecule in the asymmetric unit. All crystals were transferred to a

This paper is available on line at http://www.jbc.org
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TABLE 1
Crystallographic statistics
Space group . P21 . P43212 )
Unit cell dimensions a=319A,b=485A,c=45.0A, B =1034° a=486A,c=903A
Data set Native Peak Edge Remote
X-ray source _ X8¢ X8¢ X8¢ X8¢ X12¢
Wavelength (A) 0.9800 0.9792 0.9794 0.9184 0.9790
Data range (A) 20.0-1.45 20.0-1.8 20.0-1.8 20.0-1.8 50-2.4
Unique reflections 23798 11936 12052 15183 4615
Completeness (%)* 99.0 (97.8) 99.8 (99.3) 99.6 (97.9) 99.5 (96.8) 98.1(98.2)
I/o(I)* 21.1(6.99) 26.1(13.4) 27.3 (16.5) 26.5 (12.7) 26.4 (0.7)
R, v 0.042 (0.192) 0.041 (0.150) 0.033 (0.088) 0.035 (0.126) 0.109 (0.282)
Overall figure of merit SOLVE 0.85
DM 0.94

Refinement

Resolution range (A) 20.0-1.45 10.0-2.4

No. of reflections in working set 21093 4481

Ry Ryl ) 0.173 (0.189) 0.223 (0.279)

r.m.s.d. bond length (A) 0.022 0.016

r.m.s.d. bond angles (°) 1.25 1.80

No. of protein atoms 1058 977

No. of solvent atoms 136 39

No. of other atoms 10 5
Protein Data Bank accession code 1PA7 1UEG

“ Numbers in parentheses refer to statistics for the highest shell of data.

b
merge
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o

=3 |l — DAL, where I, is the intensity measurement and (I) is the mean intensity for multiply recorded reflections (22).
1| for reflections in the working and test sets, respectively. The R, value was calculated using a randomly

selected 5% of the data set that was omitted through all stages of refinement.

cryosolvent containing 20% glycerol in their mother liquors and frozen
in a nitrogen stream at 100 K.

All diffraction data were collected at the National Synchrotron Light
Source (Brookhaven National Laboratory) on X8C and X12C beamlines
using Quantum-4 CCD detectors (ADSC). Data sets were processed
with DENZO and SCALEPACK (22). SOLVE was used to find selenium
sites in the P21 crystal form and to generate the initial phases at 1.8 A
resolution. The initial phases were extended to 1.45 A and improved by
DM (23). A molecular mask was built using a solvent content of 55% in
the unit cell. Initial model was built automatically with the ARP-wARP
program (23). The tracing was completed using XTALVIEW (24). The
model was refined by maximum-likelihood method using REFMAC5
(23). The structure of another crystal form was solved by molecular
replacement with the program CNS (25) using the P21 crystal structure
as a search model.

Microtubule Pelleting Assay—Purified tubulin (Cytoskeleton Inc.)
was polymerized in PEM-G (20 mm PIPES, pH 6.8, 0.25 mm MgCl,, 0.25
mM EGTA, 0.1 M NaCl, 1 mm GTP) with 10 um taxol (Sigma) at a
concentration of 50 uM for 30 min at 30 °C. Tubulin was diluted to 10 uMm
with PEM-G, 10 uM taxol and incubated for another 10 min. 100 ul of
tubulin solution was mixed with 10 pg of En or its mutants and
incubated for 30 min at room temperature. En bound to polymerized
tubulin was precipitated by centrifugation through a 50% sucrose cush-
ion for 30 min at room temperature at 90,000 rpm in an MLA-130 rotor
(Beckman). After centrifugation, pellets were resuspended in SDS-
PAGE loading buffer and analyzed by SDS-PAGE. Polyacrylamide gels
were stained with Coomassie Brilliant Blue.

RESULTS AND DISCUSSION

Structure of En—Attempts to crystallize the human full-
length EB1 protein (268 amino acids) were unsuccessful. Tryp-
sin cleavage generated a proteolytically resistant domain, ami-
no-terminal residues 1-130, that includes the MT-binding
domain as previously reported (19, 20). This fragment formed
crystals under two sets of conditions, both of which diffracted
X-rays to high resolution. The initial crystals diffracted to 1.45
A resolution, and the structure was determined by multiple
wavelength anomalous diffraction (Table I) from a selenome-
thionine derivative. Interpretable electron density was ob-
served for all residues. The structure of a second crystal form
was determined to 2.4 A by molecular replacement using the
first structure as a search model. We could not observe ordered

Fic. 1. Structure of En. a, schematic view of En. The basic cluster
residues are shown in ball-and-stick form in blue. Hydrophobic inter-
action in the core region is shown in yellow. Ser-16 and Thr-33 are
shown in magenta. b, stereo view of the experimental electron density
map at the hydrophobic core superimposed on the final model. The
orientation is the same as shown in panel a. The map is countered at 1.0
o. This figure and Figs. 4 and 5¢ were created using MOLSCRIPT and
RASTER3D (34, 35).

electron density for two loop regions located in the amino and
carboxyl termini (residues 8—13 and 123-126).

The En structure (Fig. 1a), which is globular with dimen-
sions of 25 X 30 X 30 A, comprises six a-helices. The archi-
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K59
K60

FiG. 2. Surface properties of En. The structure was rotated 90° clockwise about a vertical axis compared with the orientation shown in Fig.
la. Left, electrostatic potential of En countered from —15 (red) to +15 (blue) kilotesla. Center, surface hydrophobicity of En. The hydrophobic area
is shown in green and the hydrophilic in magenta. Right, sequence conservation across species: invariant (red), highly conserved (orange), conserved

(yellow). The hydrophobic cleft is indicated by a circle. Surface representations were created with GRASP (36).

human_ EB1 1 ---MAVNVYSTSVTSDNLSRHDM NESLQL- - - -NLTKIE-QLCSGAAYCOHM 63
xenopus_EB1 1 ---MAVNVYSTSVTSDNLSRH NESLQL- - - -NLTKIE-QLCSGSVYCQ 63
drosophila EB1 1 ---MAVNVYSTNVTSENLSRH LQS----QFSKIE-ELCTGAAYCQ 63
C.elegans_EB 1 MGYQVVNVYTTASSADNLSRH LQA- - - -HFTKIE-QLHTGAGYC 66
human_EB3 1 ---MAVNVYSTSVTSENLSRHDM SLHL- - - -NYTKIE-QLCSGAAYCQ 63
human_RP1 41 SWGMAVNVYSTSITQETMSRHDII IVSL----NYTKVE-QLCSGAAYCQ 106
S.cere_Biml 1 =mecmemecee- GLLNL-- - -NYKKIE-ECGTGAAYCQ 52
S.pombe_Mal3 1 =-mmmmmmcemmee- NQVTSL- - - -GLTRIE-DCGKGYAMIQ 58
A.thaliana EB1 1 ---MATNIG-MMDSAYFVGRNEILSWINDRLHL----NLSRIE-EAASGAVQCQO 62

spectrin_ 1BKR
fimbrin 1AO0A

¥ «21%* 3 -

: .

QMETAGYPNVNIHNFTTSWRDG
NKALEN-(12) -NTDDLFKAVGDGIVLCK

calponin_1H67

EGATGRRIG---DNFMDGLKDGVILCE

human EB1 64 KILQAGFKRHGV]E[I——PVDKLVK——GKFQDNFEI’V W 130
xenopus_EB1 64 KLLQASFKKMGVDKII-~-PVDKLVK~--GKFQDNFEFVQW 130
drosophila EB1 64 KILQAGFKEKMSVDKII--PIDKLVK--GRFQDNFEFLOW 130
C.elegans_EB1 67 VQTTWKNLGVERVI--PVDKLIK--GKFQDNFEFLQW 133
human EB3 64 KVLQAAFKFKMGVDEII--PVEKLVK--GKFQDNFEFIQW 130
human RP1 107 KLLQASFEKRMNVDEVI--PVEKLVK--GRFQDNLDFIOQW 173
S.cere_Biml 53 KILQSCFSRHGIEKTV--YVDELIR--CKFQDNLEFLQW 119
S.pombe Mal3 59 QQVFLKKGIDKVV--DPERLSR--CKMQDNLEFVQW 115
A.thaliana EB1 63 QEVFTELKITEPL-~-EVNRLVK-~-GRPLDNLEFLQW 129

FEPTE s *

spectrin_1BKR
fimbrin 1AOA
calponin_1H67

gig ¥ e 2

kg ko kK

QNAFNLAEQH-LGLTKLLDPEDISVDHPDEKSII
NLALNSASAI-GCHVVNIGAEDLRAG--KPHLVLGLLWQ

Fic. 3. Sequence alignment of En. En from seven different species and EB1 homologs EB3 and RP1 are aligned. Structure-based alignment
with other actin-binding CH domains is shown with Protein Data Bank accession codes. Secondary structural elements are labeled above the
sequences. The gray bars indicate actin-binding sites (ABS) (see text). Residues mutated in this study (Lys-59, Lys-60, and Lys-89) are boxed in
blue. The residues related to Arg-89 (Tyr-44, Phe-107, Trp-110, and Phe-114) are highlighted in yellow, those related to Trp-23 (Phe-47, Phe-111,

Lys-112, and Phe-115) in red, and to Asn-74 (Lys-62) in magenta.

tecture of the domain is dominated by four major a-helices
(al, a3, a4, and «6). The first helix (al) forms an angle of
~175° with the central helices a3 and a4. Three helices, a3,
a4, and a6, form a parallel three-helix bundle, giving rise to
a hydrophobic core. a4 and a6 are partially exposed to the
solvent, creating a conserved hydrophobic cleft that provides
a potential protein interaction surface (Fig. 2). Another po-
tential MT-binding surface consists of a basic cluster
(P?KKVK®2) located in the loop between a3 and a4 together
with conserved Lys-76 in a4, because many MAPs possess a
basic patch and are proposed to bind to the acidic tail of
tubulin (26). The backbone atoms of Lys-62 form hydrogen
bonds with the side chain of invariant Asn-74 in o4 (Fig. 3),
representing a rigid basic loop structure.

Structural Comparisons—Using the DALI data base (27), we
found that the En structure has a calponin homology (CH)
domain fold as seen in many actin-binding proteins (Fig. 4).
The most closely related proteins are spectrin (Protein Data
Bank code 1BKR; Z-score = 10.6; root-mean-square deviation
(rm.s.d.) = 2.3 A over 97 Ca atoms; Ref. 28), fimbrin (1AOA;
Z-score = 10.5; rm.s.d. = 2.8 A for 106 Ca; Ref. 29), and
calponin (1H67; Z-score = 9.6; r.m.s.d. = 2.9 for 103 Cq; Ref.
30). The core structure is conserved among all the CH domains,
except En has extra residues at its amino and carboxyl termini.

A tandem pair of CH domains, each consisting of about 100
amino acids, has been suggested to confer actin binding on a
variety of cytoskeletal and signaling events (31). Although a
BLAST search against EB1 failed to find sequence similarity
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Fic. 4. Structural comparisons of
En. En structure is compared with do-
mains of spectrin, fimbrin, and calponin.
Protein Data Bank codes are shown in
parentheses. Orientations are the same
as in Fig. la. Helices are colored from the
amino terminus: red, orange, yellow,
green, blue, and purple.

spectrin (1BKR)

with other CH domains, some of the aromatic residues in the
En core region are conserved throughout the CH domain family
(Fig. 3), suggesting that they are essential for maintaining the
tertiary structure. In particular, Trp-23 in EB1 is identical
within the CH domain family (30). The aromatic ring of Trp-23
forms nonpolar interactions with the aliphatic side chain of
Lys-112 and the aromatic ring of Phe-115 (Fig. 1b). Lys-112
and Phe-115 are mostly conserved as the hydrophobic residues
in the EB1 family.

Potential Phosphorylation Sites—In our crystal structure, we
found that Ser-16 and Thr-33 are exposed to solvent (Fig. 1la).
Ser-16 locates to the entrance of al and is found in all species
studied except for Arabidopsis thaliana. Ser-16 resides within
the recognition sequence of protein kinase CKI/II, such that
Ser-16 could be one of the determinants to regulate MT move-
ment by phosphorylation. Thr-33, which lies in the loop region
between al and a2, is conserved as Thr or Ser in many species.
However, this residue does not belong to any known kinase
recognition sequence predicted from NetPhos2.0 (www.cbs.
dtu.dk/services/NetPhos/). The remaining Ser and Thr residues
are mostly buried in the molecule and vary among the species.
Thus far phosphorylation sites of EB1 have not been reported,
and the kinase regulation of EB1 still remains in question.

Microtubule Binding—MT-binding motifs have a net positive
charge that is thought to be important for binding to the acidic
carboxyl-terminal region of tubulin. This acidic region is lo-
cated on the outer surface of microtubules, providing an acces-
sible site for MAPs (26). On the other hand, the actin-binding
sites in many CH domains are predominantly hydrophobic in
nature (29, 32), which correspond to «1 of the first CH domain
of the tandem repeat and o5 and «6 of the second repeat (Fig.
3). From our crystal structure, we predict two potential MT-
binding sites: one involving the loop region with the basic
cluster between a3 and a4 and another within the conserved
hydrophobic cleft encompassed by o5 and o6.

To investigate whether the interaction between EB1 and
MTs is electrostatic, we tested MT-binding ability with various
salt concentrations (Fig. 5a). En co-sedimented with MTs at
physiological ionic strength (NaCl = 150 mM). On increasing
the salt concentration above 200 mym, En could not bind MTs.
This observation suggests that the binding affinity is, at least
in part, electrostatic.
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Fic. 5. Interaction of En with MTs. a, co-sedimentation of En with
MTs in various salt concentrations. Over the range of physiological salt
concentration (=0.2 M NaCl), En cannot co-sediment with MTs. b,
mutational analysis of the interaction between En and MTs. En bound
to MTs is shown in the upper section, whereas the lower section shows
the supernatant of the co-sedimentation assay. c, stereo view of the
environment of Lys-89. Lys-89 is colored in blue, and the surrounding
hydrophobic residues are in yellow.

To define the MT-binding site on En, we made double and
single mutants (K59E/K60E and K89E) to give a strong elec-
trostatic effect on En. Lys-59 and Lys-60 are located in the
basic cluster, whereas Lys-89 is close to the hydrophobic cleft
described above. Mutants were correctly folded as judged by
circular dichroism spectroscopy. Wild type and K59E/K60E
co-sedimented with MTs, whereas K89E abolished binding
(Fig. 5b). Our crystal structure shows that the surrounding
environment of highly conserved Lys-89 is identical and hydro-
phobic in EB1 (Fig. 5¢); its aliphatic side chain is located in the
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middle of the aromatic stack of Phe-107, Trp-110, and Phe-114.
Phe-107 forms a further nonpolar interaction with Phe-44. In
addition, the mutation of invariant Trp-110 causes a destabi-
lization of En structure, resulting in the loss of expression in E.
coli cells. Taken together, we propose that En utilizes the
hydrophobic network for MT binding as well as for the main-
tenance of the CH domain structure.

A yeast genetic study of the EB1 homolog BIM1 suggested
that the locus of the interaction is near the carboxyl terminus
of a-tubulin (13). Our data show that En binding is electrostatic
but also suggest that the solvent-exposed hydrophobic patch
may be the main binding site for MTs. The sequence of the
a-tubulin tail **EEEGEEY*%) has a conserved aromatic res-
idue at the carboxyl terminus, which may serve as a potential
anchor for the hydrophobic interaction.

A recent crystal structure of another MT plus-end-binding
motif, the CAP-Gly domain, revealed no structural similarity
with En (33). In the CAP-Gly domain structure, an invariable
sequence is located in a groove surrounded by B-sheets, which
is proposed to mediate MT binding. It should be noted that
there is a conserved hydrophobic cluster within the groove.
Further mutagenesis or structural analysis is required to de-
termine a common mechanism of plus-end binding.

The CH domain architecture is emerging as a filamentous
protein interaction module in a number of cytoskeletal pro-
teins. In previous reports, the functional CH domain for actin
binding is suggested to be a tandem pair, whereas the actin-
binding ability of the single CH domain is still ambiguous (30,
32). En is the first example of a single CH domain that can bind
to the cytoskeletal filament. We propose that, similar to actin-
binding CH domains, En employs predominantly hydrophobic
interactions to bind to MTs.
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