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SUMMARY

Microtubule plus-end tracking proteins (+TIPs) are
involved in virtually all microtubule-based processes.
End-binding (EB) proteins are considered master
regulators of +TIP interaction networks, since they
autonomously track growing microtubule ends and
recruit a plethora of proteins to this location. Two
major EB-interacting elements have been described:
CAP-Gly domains and linear SxIP sequence motifs.
Here, we identified LxxPTPh as a third EB-binding
motif that enables major +TIPs to interact with EBs
at microtubule ends. In contrast to EB-SxIP and EB-
CAP-Gly, the EB-LxxPTPh binding mode does not
depend on the C-terminal tail region of EB. Our study
reveals that +TIPs developed additional strategies
besides CAP-Gly and SxIP to target EBs at growing
microtubule ends. They further provide a uniquebasis
to discover novel +TIPs, and to dissect the role of key
interaction nodes and their differential regulation for
hierarchical +TIP network organization and function
in eukaryotic organisms.

INTRODUCTION

Microtubule plus-end tracking proteins (+TIPs) are a large,

evolutionary conserved group of diverse microtubule-associ-

ated proteins, which specifically bind the growing ends of

microtubules. As such, +TIPs play important roles in virtually all

microtubule-based processes, including cell division, motility,

and intracellular trafficking (reviewed in Akhmanova and Stein-

metz, 2015). A key property of most +TIPs is their ability to

form interaction networks that regulate microtubule dynamics

or attachment of microtubule plus ends to subcellular structures

such as actin bundles, kinetochores, the ER, or the cell cortex

(reviewed in Akhmanova and Steinmetz, 2015). Defining the

exact interaction modes within +TIP networks is a prerequisite

to understand and interfere with +TIP network function, and is

the focus of intense ongoing research.
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Themembers of the highly conserved end-binding protein (EB)

family are +TIPs that autonomously recognize and track the

growing ends of microtubules. EBs contain an N-terminal calpo-

nin homology domain that specifically recognizes and binds

microtubule tips, and a C-terminal dimerization domain that in-

teracts with +TIP partners (reviewed in Akhmanova and Stein-

metz, 2015; Galjart, 2010; Slep, 2010; Kumar and Wittmann,

2012). The C-terminal domain contains a parallel two-stranded

coiled-coil motif, an EB homology (EBH) domain, and a disor-

dered C-terminal tail region (Honnappa et al., 2005, 2009; Slep

et al., 2005). Owing to their unique biochemical activities, i.e.,

autonomous microtubule-tip tracking and recruitment of +TIP

partners, EBs are generally acknowledged to represent master

regulators of +TIP networks (reviewed in Akhmanova and Stein-

metz, 2015; Galjart, 2010; Slep, 2010; Kumar and Wittmann,

2012). Assessing the mechanisms by which +TIPs interact with

EBs is thus key to understanding how important cytoskeletal

regulators interact with growingmicrotubule ends to control their

cellular functions.

Only two EB-interacting +TIP elements have been described

until now: globular CAP-Gly (cytoskeleton-associated protein

glycine-rich) domains and short linear SxIP sequence motifs

(where x represents any amino acid) that occur in disordered

and basic sequence regions of +TIPs. However, recent findings

suggest that additional unknown +TIP elements besides CAP-

Gly domains or SxIP motifs must exist, which organize +TIP net-

works. Kar9, for example, is a +TIP that mediates the interaction

of growing microtubule plus ends with actin cables to enable nu-

clear movements duringmating (Kurihara et al., 1994; Molk et al.,

2006) and correct spindle positioning during metaphase in

budding yeast (Liakopoulos et al., 2003; Miller and Rose, 1998;

Korinek et al., 2000). Kar9 contains one SxIP-like- and one ca-

nonical SxIP motif in its C terminus, which binds the C-terminal

domain of the budding yeast EB ortholog Bim1 (Manatschal

et al., 2016) (Figure 1A). However, mutating both the motifs did

not abrogate binding to Bim1 and tracking of growing microtu-

bule ends of Kar9 (Manatschal et al., 2016). Collectively, these

studies strongly suggest that additional unknown elements

must exist besides CAP-Gly and SxIP, which mediate the EB-

dependent localization of +TIPs to growing microtubule ends.

In this study, we discovered and characterized a new EB-

binding motif in Kar9. By combining biochemical, biophysical,
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Figure 1. Kar9c Tracks Growing Microtubule Ends in an EB-Depen-

dent Manner

(A) Locations of SxIP and LxxPTPh motifs in the C-terminal disordered region

of Kar9. The N-terminal helical domain (residues 1–429) and the C-terminal

disordered domain (residues 430–644) of ScKar9 are schematized with a

green sphere and a black line, respectively. Kar9c (residues 594–644)

is highlighted with a gray bar. The asterisks indicate the two residues,

Pro624 and Thr625, which were simultaneously mutated in Kar9c to alanines

(Kar9c-PT/AA).

(B) Localization of GFP-Kar9c (a–c), GFP-GCN4-Kar9c (d–f), GFP-Kar9c-

PT/AA (g–i), and GFP-GCN4-Kar9c-PT/AA (j–l) in live COS-7 cells. Panels (a, d,

g, j), (b, e, h, k), and (c, f, i, l) correspond to the GFP (Kar9c), mRFP (EB3), and

the merged signals, respectively.
structural biology, and cell biology approaches, we found that

the short linear motif LxxPTPh (where x and h represent any

and hydrophobic amino acids, respectively) present in the

C terminus of Kar9 binds the C-terminal domain of EB, and has

the capacity to target a Kar9 fragment containing the motif to

growingmicrotubule ends. The detailed structural and functional

information gained on the EB-LxxPTPh interaction enabled us

to discover LxxPTPh motifs in other +TIPs, suggesting that this

distinct EB-binding element is a general feature of +TIP networks

in many organisms.

RESULTS

The C Terminus of Kar9 Tracks Growing Microtubule
Ends in an EB-Dependent Manner
We recently reported that the last 51 C-terminal residues (594–

644) of Saccharomyces cerevisiae Kar9 (denoted as Kar9c)

bind the C-terminal domain of the S. cerevisiae EB homolog

Bim1 (denoted Bim1c), and that a conserved Pro624-Thr625

dipeptide within Kar9c is crucial for the Bim1c-Kar9c interaction

(Figure 1A [Manatschal et al., 2016]). To test whether Kar9c

C-terminally fused to GFP (GFP-Kar9c) is sufficient to target

the protein chimera to growing microtubule ends, we performed

live-cell imaging experiments. Since it is well known that dimer-
ization can enhance themicrotubule-tip tracking activity of SxIP-

motif-containing polypeptides (Buey et al., 2012; Honnappa

et al., 2009), we also tested a GCN4 leucine-zipper dimerized

version of GFP-Kar9c (GFP-GCN4-Kar9c).

The microtubule-tip tracking activities of the two Kar9c con-

structs were subsequently tested in transfected COS-7 cells.

We chose this cell type because its flat morphology allows

the visualization of the microtubule cytoskeleton in a straight-

forward manner by live-cell imaging using total internal reflection

fluorescence microscopy (TIRF [Komarova et al., 2009]). As

shown in Figure 1Ba–c, expression of GFP-Kar9c resulted in a

robust decoration of growing microtubule ends positive for

EB3-mRFP, an activity that was further enhanced by dimeriza-

tion (Figure 1Bd–f). Mutating the two residues Pro624 and

Thr625 to alanine in both Kar9c variants (GFP-Kar9c-PT/AA

and GFP-GCN4-Kar9c-PT/AA) abrogated the microtubule-tip

tracking activity of the mutant proteins (Figure 1Bg–l), further un-

derpinning the functional importance of the Pro624-Thr625

dipeptide (Manatschal et al., 2016). Collectively, these results

demonstrate that the 50-amino-acid C-terminal disordered

segment of Kar9 lacking any SxIP motifs, has the capacity to

target a heterologous protein to growing microtubule ends.

Kar9c Contains an LxxPTPh Motif that Binds the
C-Terminal Domain of EBs
We sought to assess the importance of individual Kar9c residues

for EB binding by using a synthetic peptide array on a cellulose

membrane support (SPOT [Frank, 2002; Volkmer, 2009]). The

peptide array shown in Figure 2A represents a complete amino

acid substitution analysis of residue segment 610–633 of Kar9,

in which all residues in this peptide were mutated, one at a

time, to each of the 20 standard amino acids. The array was sub-

sequently probed for His-Bim1 binding, which is reflected by

black spots of variable intensities. Visual inspection of the

SPOT array highlights the critical residues in Kar9c that are

important for Bim1 binding. Based on this analysis, we derived

the motif LxxPTPh (segment 621–627 of Kar9), where x repre-

sents any residue and h represents one of the hydrophobic

amino acids Leu, Val, or Ile. Interestingly, this motif is highly

conserved across budding yeast Kar9 orthologs, consistent

with its high functional relevance (Figure 2B).

To determine the exact binding mode between the LxxPTPh

motif of Kar9 and EB, we used X-ray crystallography. Structure

solution of complexes between various Kar9c-derived peptides

and constructs derived from Bim1c or the C-terminal domain of

human EB1 (denoted EB1c) turned out to be difficult: only the

apo Bim1c or EB1c structures were revealed each time in the ob-

tained crystals. To overcome this problem, we used a fusion

approach with the idea to link both components on the same

polypeptide chain. To this end, we fused the Kar9 amino acid

segment 615–633 (denoted Kar9c-p1) to the N terminus of an

EB1c variant that lacks the 20 disordered C-terminal residues

(denoted EB1cDtail), and solved the structure of this chimeric

protein to 2.3-Å resolution (Table 1). The crystals contained eight

EB1cDtail-Kar9c-p1 polypeptide fusions in their asymmetric

unit. As expected, two EB1cDtail monomers are respectively

organized into coiled-coil dimers. In each of the four EB1cDtail

dimers, two Kar9c-p1 peptides are bound to the four-helix

bundle EBH domain of EB1cDtail (Figure 3A). The eight Kar9c-p1
Structure 25, 924–932, June 6, 2017 925
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Figure 2. SPOT Analysis of the Bim1-Kar9c Interaction

(A) SPOT analysis of the Kar9 segment 610–633. Black spots indicate inter-

action between His-Bim1 and a membrane-bound Kar9c peptide. Each spot

corresponds to a Kar9c variant peptide in which one residue of the Kar9c

sequence (given on the left) was replaced by one of the 20 natural amino acids

(shown on the top). The spots in the first column and the ones marked by white

crosses represent replicas of the wild-type Kar9c sequence. The LxxPTPh

motif and its critical residues are indicated on the left by a vertical bar and by

arrows, respectively. The Kar9 peptide stretch (Kar9c-p1) incorporated in the

EB1-Kar9c fusion and the LxxPTPh motif is indicated by a gray vertical bar.

(B) Multiple sequence alignment of budding yeast Kar9 paralogs highlighting

the conservation of the LxxPTPhmotif in the C terminus of the protein. Species

are Saccharomyces cerevisiae (Sc), Naumovozyma castellii (Nc), Naumovo-

zyma dairenensis (Nd), Vanderwaltozyma polyspora (Vp), Tetrapisispora phaffii

(Tp), Kazachstania africana (Ka), Ashbya gossypii (Ag), Eremothecium cym-

balariae (Ec), Torulaspora delbrueckii (Td), Zygosaccharomyces rouxii (Zr), and

Kazachstania naganishii (Kn).

Table 1. X-Ray Data Collection and Refinement Statisticsa

Data Collection

Wavelength (Å) 1.0

Space group P1211

Cell dimensions (Å)

a, b, c

42.35, 42.39,183.28

a = g, b (�) 90, 90, 112.33

Resolution (Å)b 45.8–2.3

Solvent content (%) 49.29

No. of unique reflections 52,463

I/sI 16.4 (2.8)

Completeness (%) 99.0 (97.3)

Rmeas (%) 5.6 (50.1)

Multiplicity 6.8 (6.4)

CC1/2
c 99.9 (81.0)

Refinement Statistics

Rwork/Rfree (%) 23.03/27.05

No. of water molecules 116

Ramachandran statisticsd

Most favored (%) 98.6

Additionally allowed (%) 1.4

Disallowed (%) 0.0

Rmsd

Bond lengths (Å) 0.008

Bond angles (�) 1.16

Mean atomic B values

Protein atoms 22.9
aHighest shell (2.4–2.3 Å) statistics are in parentheses.
bThe resolution cutoff was selected based on I/sI and CC1/2 according to

Karplus and Diederichs (2012).
cCC1/2 = percentage of correlation between intensities from random half-

data sets (Karplus and Diederichs, 2012).
dAs defined by MolProbity (Davis et al., 2004).
peptides present in the asymmetric unit assume a very similar

EB1cDtail-bound conformation (Figure S1A), suggesting a spe-

cific binding mode.

In the EB1cDtail-Kar9c-p1 structure, we found well-defined

electron densities and very similar main-chain and side-chain

conformations for the segment 620-RLRPPTPL of all eight bound

Kar9c-p1 peptides (average root-mean-square deviation [rmsd]

of 0.34 Å over seven Ca atoms; Figures S1A and S1B). This result

correlates well with the most sensitive region of Kar9c toward
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amino acid substitutions, segment 621–627,which encompasses

the LxxPTPhmotif (Figure 2A). As shown in Figure 3B, specific in-

teractions between EB1cDtail and Kar9c-p1 are mediated by

both hydrophobic and polar residues. A prominent hydrophobic

contact is formed by the Leu621 side chain of Kar9c-p1 (position

1 of LxxPTPh), which is deeply buried inside a hydrophobic cavity

of the EBH domain shaped by residues Phe2160, Tyr2170,
Phe218, Leu221, and Leu246 of EB1cDtail (Figure 3C; primes

discriminate residues stemming from the neighboring chain in

the EB1cDtail dimer). An electrostatic and hydrogen bonding

network is further established between main-chain and side-

chain atoms of Arg620, Pro624, Thr625, and Pro626 of Kar9c-p1

(positions �1, 4, 5, and 6 of LxxPTPh) and Asp2090, Glu2130,
Tyr2170, Glu225, and Tyr247 of EB1cDtail. Finally, Leu627 of

Kar9c-p1 (position 7 of LxxPTPh) is in van der Waals distance

fromThr2060, Val207, and Leu2100 of EB1c. Notably, all EB1cDtail
residues that are in direct contact with Kar9c-p1 are highly

conserved among EB orthologs (Figure S1C). Conversely, all

key residues of Kar9c-p1 that follow the LxxPTPh motif (i.e.,

Leu621, Pro624, Thr625, Pro626, and Leu627) are involved in

specific interactions with the EBH domain.
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Figure 3. Crystal Structure of the EB1c-Kar9c-p1 Complex

(A) Overall crystal structure of the EB1cDtail-Kar9c-p1 complex. The two monomers of the EB1cDtail homodimer are shown in cartoon representation and are

colored gray and light blue, respectively. The two Kar9c-p1 peptides are shown in ribbon representation and are colored green.

(B) Close-up view of the EB1cDtail-Kar9c-p1 interaction. Same color code as in (A). Kar9c-p1 is depicted in sticks representation. Oxygen and nitrogen atoms are

colored red and blue, respectively. Hydrogen bonds are depicted as gray broken lines, and key residues of EB1cDtail and Kar9c-p1 are labeled.

(C) Surface view of EB1cDtail color coded with the electrostatic potential (from�15 to +15 kBT; red and blue depict negative and positive electrostatic potentials,

respectively). Kar9c-p1 is shown in sticks representation as in (B).

See also Figures S1 and S4.
To probe the interaction between Kar9c-p1 and full-length hu-

man EB1 in solution, we performed isothermal titration calorim-

etry (ITC) experiments. As shown in Figure S1D, two Kar9c-p1

peptides bound to one EB1 dimer with an equilibrium dissocia-

tion constant, KD, of 4.5 ± 0.2 mM. The EB1cDtail-Kar9c-p1

structure shows that Tyr217 and Glu225 of EB1 establish five

hydrogen bonds with the LxxPTPh motif of Kar9c-p1. Simulta-

neous mutation of Tyr217 and Glu225 to alanines (EB1-YE/AA)

essentially abrogated the interaction of the mutant domain to

Kar9c-p1 (Figure S1D), demonstrating their key role in LxxPTPh

binding.

Collectively, these results establish that the highly conserved

EBH domain of EBs is an LxxPTPh motif recognition domain.

The C-Terminal Tail Region of EB Is Dispensable for
EB-LxxPTPh Complex Formation
It is well established that the C-terminal disordered tail of EB1

becomes structured upon SxIP binding and is important for

EB-SxIP complex formation (Honnappa et al., 2009;Montenegro

Gouveia et al., 2010). Similarly, productive binding of CAP-Gly

domains relies on the very C-terminal EEY/F motif of EBs (Hon-

nappa et al., 2006; Weisbrich et al., 2007). In our EB1cDtail-

Kar9c-p1 structure, we used an EB1c variant that lacks the entire

tail region. The structure may thus indicate that this EB1c
segment, in contrast to SxIP and CAP-Gly, is dispensable for

LxxPTPh binding. To test this hypothesis, we performed interac-

tion studies with Bim1c and Kar9c-p1 using ITC. As shown in

Figure 4A, two Kar9c-p1 peptides bound to one Bim1c dimer

with a KD of 1.3 ± 0.12 mM. A very similar affinity of 1.5 ±

0.19 mMwas obtained for a Bim1c truncation mutant that lacked

the C-terminal tail region (Bim1cDtail). These results demon-

strate that the EB tails are indeed dispensable for LxxPTPh

binding. Interestingly, this observation is in contrast to what we

obtained with an SxIP-motif-containing peptide derived from

the human microtubule-actin crosslinking factor 1 (MACF1-p2),

which failed to interact with Bim1cDtail (Figure 4A), consistent

with previous findings (Montenegro Gouveia et al., 2010). These

data suggest that the EB-binding mechanisms of LxxPTPh and

SxIP are different.

To test whether the tail region of EB is also dispensable for re-

cruiting LxxPTPh-motif-containing proteins to growing micro-

tubule tips, we performed in vitro reconstitution assays. We

used GFP-Kar9c and combined it with either mCherry-labeled

wild-type EB3 (mCherry-EB3) or a mutant thereof that lacked

the tail region (mCherry-EB3Dtail [Montenegro Gouveia et al.,

2010]). As shown in Figures 4B and 4C, GFP-Kar9c tracked

growing microtubule ends in the presence of mCherry-EB3Dtail

to a similar extent as with mCherry-EB3. In contrast, no
Structure 25, 924–932, June 6, 2017 927
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Figure 4. Comparison of the EB-SxIP and EB-LxxPTPh Interaction Modes
(A) Binding isotherms determined by ITC for the Bim1c-Kar9c-p1, Bim1cDtail-Kar9c-p1, Bim1c-MACF1-p2, and Bim1cDtail-MACF1-p2 interactions. Derived KD

values are indicated in parentheses. n.d., not determined.

(B–D) Kymographs showing the microtubule tip tracking behavior of GFP-Kar9c (0.64 mM, green) in in vitro reconstitution assays on dynamic microtubules grown

from rhodamine-tubulin-labeled seeds in the presence of tubulin (15 mM) andmCherry-EB3 or mCherry-EB3Dtail (B and C, respectively; 20 nM each, red), or in the

absence of EB (D). In the experiment shown in (D), 0.5 mM rhodamine-tubulin was added to the reaction mixture.

(E) Superimposition of the EB1cDtail-Kar9c-p1 and EB1cDC8-MACFp1 (PDB: 3GJO) complex structures. EB1c is depicted in light-gray surface representation;

the C-terminal tail region that is only structured in the EB1c-SxIP complex is shown in cartoon representation. The LxxPTPh (green) and SxIP (orange) motifs are

shown as cartoons with key residues in sticks representation. Numbers refer to the position of residues in the corresponding motifs. The motif sequences shown

on the right have been aligned according to their structural superimposition.

See also Figures S2 and S3.
microtubule-tip tracking of GFP-Kar9c was observed in the

absence of any EB3 protein (Figure 4D). To test whether human

EB3 can be replaced by an EB from a different species, we per-

formed a reconstitution with the fission yeast EB ortholog Mal3

(Bieling et al., 2007). Similar to EB3, Mal3 readily recruited

GFP-Kar9c to growing microtubule ends (Figure S2A). These re-

sults demonstrate that theC-terminal tail region of EB is dispens-

able for recruiting LxxPTPh-motif containing +TIPs to growing

microtubule tips. They further show that the microtubule-tip

tracking activity of LxxPTPh proteins does not depend on a
928 Structure 25, 924–932, June 6, 2017
particular EB ortholog, suggesting a conserved mechanism

across eukaryotes.

Next, we compared the EB-LxxPTPh and EB-SxIP (Honnappa

et al., 2009) binding modes. Superimposition of the two struc-

tures revealed that both LxxPTPh- and SxIP-containing peptides

display the same Nter / Cter sequence polarity with respect to

their binding sites (Figure 4E). The superimposition further re-

vealed that the twomotifs bind one common and several distinct

structural elements present on the surface of the EBH domain.

The common interaction point is mediated by the hydrophobic



leucine and isoleucine residues at positions 1 and 3 of the

LxxPTPh and SxIP motifs, respectively, whose corresponding

side chains insert into the hydrophobic cavity of the EBH domain

in a similar manner (Figure 4E). The remaining key residues of

both motifs, however, bind to completely different regions on

the EBH domain. While the serine residue at position 1 of SxIP

is engaged with residues shaping the hydrophobic cavity of the

EBH domain, the two prolines, threonine and leucine residues

at positions 4–7 of LxxPTPh, interact with residues exposed on

the surface and at the interface between the two coiled-coil

monomers of the EBH domain (Figures 3B and 4E). Notably,

the presence of an arginine residue at position 2 of LxxPTPh,

which corresponds to the critical proline at position 4 of SxIP,

would clash into the surface of the EB1c domain if the flexible

C-terminal tail of EB1c were to fold in an equivalent manner as

seen in the EB-SxIP complex structure (Figure S3A). While this

analysis does not exclude that the EB1c tail region could engage

the LxxPTPh peptide, it does not significantly contribute to the

affinity of the EB-LxxPTPh interaction based on our ITC data

(Figure 4A).

To test whether LxxPTPh and SxIP compete for binding to EBs

as predicted by our structural analysis, we performed fluores-

cence polarization competition experiments. We found that an

LxxPTPh-containing Kar9 fragment fused C-terminally to thiore-

doxin (Manatschal et al., 2016) could fully displace a Bim1 pre-

bound and fluorescein-labeled SxIP-containing peptide derived

fromMACF1 (FC-MACF-p1 [Buey et al., 2012]; Figure S3B). This

result underpins the validity of our structural analysis of the EB-

LxxPTPh and EB-SxIP complexes (Figure 4E).

Positively charged residues present within or in the flanking

regions of SxIP motifs are known to interact with the negatively

charged surface of the C-terminal EB domain, thus contributing

to the overall stability of the EB-SxIP complex (Buey et al., 2011,

2012; Honnappa et al., 2009). As highlighted in Figure 2B, several

positively charged residues are also found within and near the

LxxPTPh motif of Kar9 orthologs. To test whether charged resi-

dues contribute to the affinity of the Bim1c-LxxPTPh interaction,

we performed ITC experiments with Bim1c and Kar9c in the

presence of increasing amounts of sodium chloride in the buffer

(150–800mM). As shown in Figure S2B, we indeed found that the

stability of the Bim1c-Kar9c complex is salt dependent. Inspec-

tion of the electrostatic surface potential of the EB1cDtail-

Kar9c-p1 structure reveals that positively charged residues on

the N-terminal side or within the LxxPTPh motif could indeed

stabilize the complex via long-range, unspecific electrostatic

attractive interactions with the negatively charged surface of

the EBH domain (Figure 3C).

Collectively, these results demonstrate that in contrast to SxIP

and CAP-Gly, the EB-binding mechanism of LxxPTPh does not

involve the C-terminal tail region of EBs. They further demon-

strate that binding of LxxPTPh and SxIP to the C-terminal

domain of EBs is mutually exclusive and is regulated by electro-

static attractive interactions.

LxxPTPh Motifs Are Found in Diverse Mammalian +TIPs
We sought to assess whether LxxPTPh motifs in other +TIPs be-

sides Kar9 can mediate microtubule plus-end tracking. To this

end we used the structural and functional information gained

so far to screen a human EB pull-down-based mass spectrom-
etry sequence database (Jiang et al., 2012). A list of sequences

was assembled based on a manual search of proteins that (1)

contain the motif in a predicted unstructured sequence region

of the protein candidate, (2) show zero or one residue deviation

at positions 1, 4, 5, 6, or 7 of the LxxPTPh motif, and (3) display

positively charged residues preferentially at positions 2 and 3 or

on the N-terminal side of the motif. The protein candidates that

we selected for further investigation are the human proteins

TACC1, MACF1 (sites 1 and 2), SLAIN1, Pumilio, PDZRN4, and

PDZDCP (Figures 5A and 5B).

To test the activities of the selected sequences, we fused

50-amino-acid stretches encompassing the different LxxPTPh

motifs C-terminally to GFP-GCN4 and analyzed the localization

of the resulting chimeric proteins in COS-7 cells. Interestingly,

thewild-typeTACC1,MACF1site 2, andSLAIN1chimera tracked

growing microtubule ends (Figures 5Ca–c, 5Da–c, and 5Ea–c);

forMACF1 site 1, Pumilio, PDZRN4, and PDZDCP no localization

to microtubule tips was observed (not shown). To test the func-

tionality of the identified microtubule plus-end tracking LxxPTPh

motifs, we substituted the residues at positions 4 and 5 of the

corresponding LxxPTPh motifs in each chimera to alanines.

As shown in Figures 5Dd–f and 5Ed–f, the mutant TACC1 and

MACF1 site 2 chimera failed to track microtubule tips. In the

case of the SLAIN1 mutant chimera, the tip tracking activity

was diminished but not abrogated (Figure 5Cd–f). Inspection of

the corresponding sequence revealed that the SLAIN1 fusion

peptide contains an SxIP motif (SNLP) on the N-terminal side of

its LxxPTPh motif (Figure 5B). To test whether this sequence

stretch contributes to the microtubule-tip tracking activity of the

SLAIN1 peptide, we substituted the residues at positions 2 and

3 of the SxIP motif to alanines both in the wild-type and LxxPTPh

mutant background. As shown in Figure 5Cg–l, while the SxIP

mutant SLAIN1 chimera (SLAIN1 LP/AA) still displayed a

decreased but robust microtubule-tip tracking activity, the dou-

ble SxIP and LxxPTPh mutant (SLAIN1 [LP/AA-PK/AA]) failed to

do so. Notably, the tandem occurrence of SxIP and LxxPTPh,

like in SLAIN1, is also observed in Kar9 (Manatschal et al.,

2016). This observation highlights that both SxIP and LxxPTPh

motifs can occur and cooperate in the same protein.

Why did the peptides derived from MACF1 site 1, Pumilio,

PDZRN4, and PDZDCP not localize to microtubule tips? Inspec-

tion of the corresponding sequences reveals that in contrast to

the positive hits, these sequences display a reduced number

of positively charged residues on the N-terminal side or at posi-

tions 2 and 3 of the corresponding LxxPTPhmotifs (Figure 5A). In

the case of MACF site 1, which otherwise contains an adequate

number of positively charged residues, the four consecutive pro-

lines on the C-terminal side of LxxPTPh (LSQPTPPPMP) may

sterically hinder the peptide to properly engage with its binding

site. Collectively, these observations emphasize that sequence

context is critical for the activity of LxxPTPh motifs.

DISCUSSION

Until now, CAP-Gly domains and SxIP motifs were the only

known elements that mediate +TIP interactions with EBs. Here,

we expanded the repertoire of EB-binding elements by demon-

strating that a novel LxxPTPh motif embedded in a disordered

and basic sequence region enables diverse +TIPs to access the
Structure 25, 924–932, June 6, 2017 929
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Figure 5. Identification of Functional LxxPTPh Motifs in Other +TIPs

(A) Multiple sequence alignment of the sequence region around LxxPTPhmotifs in the human +TIP candidate TACC1, MACF1 (site 1 and site 2), SLAIN1, Pumilio,

PDZRN4, and PDZDCP, and in the S. pombe +TIP Dis1.

(B) Location of LxxPTPh and SxIPmotifs in Kar9, SLAIN1, TACC1, MACF1 site 2, and Dis1. Orange rectangle, coiled-coil domain; green oval, helical domain; pink

sphere, CH domain; blue sphere, spectrin repeat; purple hexagon, TOG domain; black line, basic/serine-rich disordered region. The gray bars represent the

LxxPTPh-motif-containing sequence stretches that were tested as GFP-fusion proteins in COS-7 cells; the asterisks indicate the SxIP and LxxPTPh motif

residues that were simultaneously mutated to alanines.

(C–E) Localization of GFP-GCN4-SLAIN1 (amino acids [aa] 516–568) (C [a–c]), GFP-GCN4-TACC1 (aa 201–254) (D [a–c]), GFP-GCN4-MACF1 (aa 7,257–7,314)

(E [a–c]), GFP-GCN4-SLAIN1 PK/AA (aa 516–568) (C [d–f]), GFP-GCN4-SLAIN1 LP/AA (aa 516–568) (C [g–i]), GFP-GCN4-SLAIN1 PK/AA-LP/AA (aa 516–568)

(C [j–l]), GFP-GCN4-TACC1 PK/AA (aa 201–254) (D [d–f]), and GFP-GCN4-MACF1 PT/AA (aa 7,257–7,314) (E [d–f]) in live COS-7 cells. The panels C (a, d, g, j),

D (a, d), E (a, d), C (b, e, h, k), D (b, e), E (b, e), C (c, f, I, l), D (c, f), and E (c, f) correspond to the GFP (+TIP chimera), mRFP (EB3), and merged signals, respectively.
growing ends of microtubules by directly interacting with EBs.

Importantly, the C-terminal tail region of EB is dispensable for

its interaction with LxxPTPh. This is in contrast to SxIP and

CAP-Gly, which fully depend on this EB segment for productive

complex formation and localization tomicrotubule tips (Honnappa

et al., 2006, 2009; Montenegro Gouveia et al., 2010; Weisbrich

et al., 2007).One immediate implication of this result is that EBver-

sions that lack the C-terminal tails cannot be used to abrogate the

localization behavior of all EB-dependent +TIPs in cells (Gierke

and Wittmann, 2012). We also note that our previous EB pull-

down/mass spectrometry+TIPcandidate list,whichwasobtained

with full-length EBs, most likely is biased toward SxIP- and CAP-

Gly-containing +TIPs (Jiang et al., 2012). The results presented

here will allow modifying our approach with the aim to identify

LxxPTPh-motif-containing +TIPs in entire genomes.

The detailed molecular information obtained on Kar9c

enabled us to discover additional +TIPs that contain functional

LxxPTPh motifs. Furthermore, while our manuscript was in

preparation the molecular mechanism of interaction between
930 Structure 25, 924–932, June 6, 2017
the fission yeast proteins Mal3 and Dis1 (ortholog of

XMAP215/chTOG) was published by another group (Matsuo

et al., 2016). The binding mode of EB1-Kar9c described by us

is very similar to that observed in the complex formed between

residues 841-LQKPTQF of Dis1 and the EBH domain of Mal3

(Figure S4 [Matsuo et al., 2016]). Notably, this Dis1 sequence,

with the exception of the motif position 6 residue (glutamine

instead of proline), matches the LxxPTPh motif signature (Fig-

ures 5A and 5B), thus further extending the repertoire of pro-

teins containing this +TIP element. Collectively, these results

establish LxxPTPh as a novel type and general ‘‘Microtubule

tip Localization Signal’’ (MtLS [Honnappa et al., 2009]) besides

SxIP.

What is the functional significance of having two different

linear +TIP motifs with similar EB-binding activities? An immedi-

ate benefit, for example, of having LxxPTPh andSxIP arranged in

tandem and separated by a few tens of residues, as is the case

for Kar9 and SLAIN1, is a significant gain in affinity toward a sin-

gle EB dimer (two to three orders of magnitude in the case of



Bim1-Kar9 [Manatschal et al., 2016]). However, our finding that

LxxPTPh and SxIP differentially depend on the C-terminal tail

region of EBs suggests that they can mediate different types of

hierarchical +TIP network topologies. While interaction of SxIP

with EB is known to compete with CAP-Gly binding (Duellberg

et al., 2014), the EB-LxxPTPh interaction is not expected to

significantly interfere with such a higher-order EB complex for-

mation. A second possibility is differential regulation. We

recently reported that the SxIP-like and LxxPTPh motifs of

Kar9 are inactive during spindle positioning in metaphase,

most likely due to phosphorylation events, while its canonical

SxIP motif is fully functional in this particular cell-cycle stage

(Manatschal et al., 2016). Furthermore, acetylation of Lys220 of

EB1 has been shown to modulate the interaction of EB1 with

SxIP proteins (Xia et al., 2012). Based on structural consider-

ations, Lys220 seems important to stabilize a favorable confor-

mation of the EB1 tail for productive SxIP binding, and acetyla-

tion of its side chain may hinder this molecular process

(Honnappa et al., 2009; Xia et al., 2012). Since the EB-tail confor-

mation is not critical for LxxPTPh binding, we expect that acety-

lation of Lys220 will not significantly influence EB-LxxPTPh

complex formation.

Taken together, the detailed molecular knowledge about

LxxPTPh motifs presented and discussed in this study sets the

stage to identify new +TIPs with unexplored functions. It further

provides a framework to understand the hierarchical nature,

organization, and regulation of +TIP networks for controlling

the fate of microtubule tips in central cellular processes.
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Mal3-GFP Manatschal et al., 2016
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This study
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N-terminally labeled with carboxyfluorescein)

Buey et al., 2012

MACF1-p2 peptide

(KPSKIPTLQRKSW)
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Deposited Data

EB1c-Kar9c-p1 complex structure This study PDB: 5N74

Software and Algorithms

XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de

PHASER McCoy et al., 2007 www.ccp4.ac.uk

COOT Emsley and Cowtan, 2004 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

REFMAC Murshudov et al., 1997 www.ccp4.ac.uk

PROCHECK Laskowski et al., 1993 www.ccp4.ac.uk

PYMOL Schrödinger, LLC www.Schrodinger.com

Sigmaplot, v13.0 Systat Software Inc www.sigmaplot.co.uk

Origin 2016, b9.3.2.303 OriginLab Corporation www.OriginLab.com
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METHOD DETAILS

Protein and Peptide Preparation
The N-terminally hexa-histidine tagged S. cerevisiae full length Bim1 (UniProtKB ID P40013), Bim1c (residues 183-344), Bim1cDtail

(residues 183-274), human EB1 (UniProtKB ID Q15691) and EB1-YE/AA constructs were cloned into the E. coli expression vector

pSTCm-1 (Olieric et al., 2010); the N-terminally hexa-histidine tagged EB1cDtail-Kar9c-p1 chimera (residues 191-248 of human

EB1 and residues 615-633 of S. cerevisiae Kar9; UniProtKB ID P32526) was cloned into the pET15b bacterial expression vector

(Invitrogen). Sequence verified plasmids were transformed into BL21(DE3) E. coli cells for protein expression. To produce the

proteins, liquid cultures were shaken in LB medium containing the appropriate antibiotic to an OD600 of 0.6. Cells were induced

by the addition of 0.75 mM isopropyl-b-D-thiogalactoside (IPTG) and further incubated overnight at 20 �C.
Affinity purification of His-tagged proteins was carried out by immobilized metal affinity chromatography on Ni2+-Sepharose col-

umns (Amersham) at 4�C according to the manufacturer’s instructions. The hexa-histidine tags were enzymatically cleaved off by

thrombin treatment. For this, proteins were incubated and dialyzed at 4�C with 2 units/milligrams of thrombin in cleavage buffer

(20 mM Tris-HCl, pH 8.4, supplemented with 150 mMNaCl and 2.5 mMCaCl2). The tag-less protein samples were further processed

on a Superdex-75 size exclusion chromatography column (Amersham) pre-equilibrated in 25 mM Tris-HCl, pH 7.5, supplemented

with 150 mM NaCl. The purity of recombinant proteins was confirmed by Coomassie-stained 12% SDS-PAGE, and the identities

of the proteins were assessed by mass spectral analyses. Exact concentrations of protein solutions were determined by tyrosine

and tryptophan absorbance at 276 nm.

Bacterially expressed mCherryEB3, mCherryEB3Dtail, Mal3, Trx-Kar9-Site2 and Trx-Kar9-Site3 were prepared as described

previously (Manatschal et al., 2016; Montenegro Gouveia et al., 2010). The Kar9c-p1 (TRRRTRLRPPTPLSQLLSP), FC-

MACF1-p1 (HRPTPRAGSRPSTAKPSKIPTPQRKSPASKLDKSSKR; N-terminally labeled with carboxyfluorescein) and MACF1-p2

(KPSKIPTLQRKSW) peptides used for biophysical measurements were made by automatic solid-phase peptide synthesis on

Tentagel-SRam resin (Rapp Polymere, Germany) using the Fmoc chemistry. The peptides were HPLC purified and the identity of

the peptides was validated by mass spectral analyses.

Isothermal Titration Calorimetry (ITC)
ITC experiments were performed at 25�C as described previously (Bjelic et al., 2012). Briefly, the sample cell and syringe were filled

with 100 mM Bim1 or EB1 proteins (monomer equivalents) and 500 mM of Kar9c-p1 or MACF1-p2 peptide solutions, respectively.

Both, the proteins and the peptides were equilibrated in the same buffer (25 mM sodium phosphate, pH 7.5, supplemented with

150 mM NaCl), filtered and degassed before the experiment. The peptides were injected in 2.5 ml aliquots into the protein solution

using a MicroCal iTC200 microcalorimeter (Microcal Inc.). Control experiments were performed by injecting peptide solutions into

the buffer. The binding isotherms were fitted by a nonlinear least-squares minimization method using the Origin v8.0 software pack-

age (Microcal Inc.).

Fluorescence Polarization Spectroscopy
Fluorescence polarization competition experiments at room temperature were performed as described previously (Buey et al., 2012).

Briefly, 0.1 mMof the FC-MACF1-p1 peptide were pre-incubated with 10 mM full length Bim1 (total volume of 1 ml). 500 mMTrx-Kar9-

Site2 or Trx-Kar9-Site3 protein solutions (Manatschal et al., 2016) supplemented with 0.1 mM FC-MACF1-p1 were subsequently

added stepwise to the reaction mixture. The change in fluorescence polarization was monitored at 25�C on a Varian Eclipse fluorim-

eter equipped with motorized polarizers and thermostated, magnetically stirred cuvette holders. The fluorescence intensities were

measured at lex = 485 nm at lem = 530 nm. The G-value of the instrument was determined as 1.4961.

X-Ray Crystallography
The EB1cDtail-Kar9c-p1 fusion (1 mM) was crystallized using the sitting drop vapor diffusion method at 20�C by mixing equal vol-

umes of the protein and reservoir solution. Crystals were grown with a reservoir solution containing 100 mM PCTP, pH 4, supple-

mented with 25% PEG 1500. Single wavelength diffraction data were collected at 100 K to 2.3 Å resolution at beamline X06DA of

the Swiss Light Source (Villigen PSI, Switzerland). The crystals belonged to space group P21 and contained eight EB1cDtail-

Kar9c-p1 fusion molecules in their asymmetric unit.

Diffraction data were indexed, integrated and scaled using the XDS program (Kabsch, 2010). The EB1cDtail-Kar9c-p1 structure

was solved by molecular replacement using PHASER (McCoy et al., 2007) with the structure of EB1c (PDB ID 3GJO) as a search

model. Initial rigid body refinement was carried out followed by iterative cycles of model building and restrained refinement using

the programs COOT (Emsley and Cowtan, 2004) and REFMAC5 (Murshudov et al., 1997) of the CCP4 suite (Collaborative Compu-

tational Project, Number 4, 1994) to improve the phases. Inspection of the resulting FO–FC and 2FO–FCmaps of the EB1cDtail-Kar9c-

p1 structure displayed density for the bound Kar9 moiety of the chimeric construct. The peptide density was further improved by

eight fold density averaging around peptide. Refinement was done until convergence and TLS (Translation, Libration and Screw) re-

straints were included for the final cycles of the refinement. The domain definitions were determined using the TLS Motion Determi-

nation server (Painter and Merritt, 2006). The geometry of the final refined models was validated with PROCHECK (Laskowski

et al., 1993).
e2 Structure 25, 924–932.e1–e4, June 6, 2017



Figures were prepared using the program PyMOL (The PyMOL Molecular Graphics System, version 1.8.2.3; Schrödinger, LLC).

The details of the data collection and refinement statistics are given in Table 1.

Microtubule Tip Tracking Reconstitution Assay
Mal3-Kar9c Experiments

Reconstitution assay was performed as previously described (Manatschal et al., 2016). Briefly, GMPCPP stabilized microtubule

seeds (15% Rhodamine labelled, 10% biotinylated) were adhered to base-washed and PEG-passivated coverslips via netravidin-

steptavidin immobilization. Microtubule growth was initiated by the addition of 10 mM tubulin (2%Rhodamine labelled) in assay buffer

(80 mM PIPES-KOH, pH 6.8, supplemented with 85 mM KCl, 4 mM MgCl2, 1 mM EGTA, and 150 mM KOAc) containing an oxygen

scavenger system (0.02mg/ml catalase, 1.5 mg/ml glucose oxidase and 0.4 mg/ml glucose). Experiments with GFP-Kar9c were per-

formed in the absence of free Rhodamine-labelled tubulin. Concentrations of proteins were 150 nMGFP-Kar9c together with 250 nM

Mal3. All experiments were carried out at 37 �C. Images were recorded on an Olympus IX81 inverted microscope equipped with a

total internal reflection fluorescence (TIRF) system and controlled by the Olympus CellR software using an Olympus UAPON 100x

TIRF objective (NA 1.49). Time-lapse images were acquired every 3 sec over the duration of 6 min using a CCD camera. Image

analysis was performed using ImageJ and kymographs were generated using the Kymograph plugin written by Rietdorf and Seitz

(http://www.embl.de/eamnet/html/body_kymograph.html).

EB3-Kar9c Experiments

Reconstitution assay was performed as previously described (Doodhi et al., 2016). The reaction mixtures in MRB80 buffer contained

tubulin (15 mM), Rhodamine-tubulin (0.5 mM)when indicated, methyl cellulose (0.1%), KCl (50mM), k-casein (0.5mg/ml), GTP (1mM),

oxygen scavenging system (20mM glucose, 200 mg/ml catalase, 400 mg/ml glucose-oxidase, 4 mMDTT), mCherry-EB3 or mCherry-

EB3Dtail (20 nM each) and Kar9c-GFP (0.64 mM). Movies were acquired in TIRF mode using Nikon Eclipse Ti-E (Nikon) microscope

supplemented with the perfect focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon).

Photometrics Evolve 512 EMCCD camera (Roper Scientific) with triple-band TIRF polychroic ZT405/488/561rpc (Chroma) and triple-

band laser emission filter ZET405/488/561m (Chroma), mounted in the metal cube (Chroma, 91032) together with Optosplit III

beamsplitter (Cairn Research Ltd, UK) supplemented with double emission filter cube configured with ET525/50m, ET630/75m

and T585LPXR (Chroma) was used to acquire the movies in stream acquisition mode (exposure time 500 ms). Kymographs were

generated in ImageJ using KymoResliceWide plugin.

Synthetic Peptide Arrays on Cellulose Membranes (SPOT)
Cellulose membrane-bound peptide arrays were prepared according to standard SPOT synthesis protocols using a SPOT synthe-

sizer as described in detail (Wenschuh et al., 2000; Frank, 2002; Volkmer, 2009). The synthesis was performed on Whatman-50 cel-

lulose membranes (Whatman) using an automatic SPOT-synthesizer (INTAVIS AG). The peptides were synthesized on amino-func-

tionalized cellulose membranes of the ester type prepared by modifying a cellulose paper with Fmoc-b-alanine as the first spacer

residue. In the second coupling step, the anchor position Fmoc-b-alanine-OPfp in dimethylsulfoxide (DMSO) was used. Residual

amino functions between the spots were capped by acetylation. The Fmoc group was cleaved using 20% piperidine in dimethylfor-

mamide (DMF). The cellulose-bound peptide arrays were assembled on these membranes by using 0.3 M solutions of Fmoc-amino

acid-OPfp in NMP. Side-chain protection of the used Fmoc-amino acids was as follows: Glu, Asp (OtBu); Ser, Thr, Tyr (tBu); His, Lys,

Trp (Boc); Asn, Gln, Cys (Trt); Arg (Pbf).

After the last coupling step, the acid-labile protection groups of the amino acid side chains were cleaved using 90% trifluoro-acetic

acid (TFA) for 30 min and 60% TFA for 3h. Membrane-bound Kar9 peptide variants were washed with DMF, ethanol, and three times

with TBS buffer (13.7 mM NaCl, 0.27 mM KCl, 5 mM Tris (tris(hydroxymethyl)amino-methane, pH 8.0) for 10 min each. Membranes

were incubated for 3 h with blocking buffer (for 50 mL blocking buffer: 5 mL blocking buffer (Sigma–Aldrich), 2.5 g sucrose, 5 mL

103 TBS buffer (137 mMNaCl, 2.7 mMKCl, 50 mM Tris, pH 8.0), filled up to 50 mLwith water. Arrays were incubated with a solution

of His-tagged full length Bim1 at a concentration of 10 mg/ml in blocking buffer at room temperature overnight.

After three times of washing with TBS buffer (10 min each) the arrays were incubated with a solution of a mouse anti polyhistidine

IgG antibody (SigmaH-1029) in blocking buffer (dilution 1:10,000) for 3 h at room temperature and then washed three times with TBS.

Afterwards, the arrays were treated with a solution of a horseradish-peroxidase conjugated anti-mouse IgG antibody (Sigma A-5906)

in blocking buffer (dilution 1:1000) at room temperature for 1.5 h followed by three timeswashing with TBS (10min each). Bindingwas

visualized by using a chemiluminescent substrate (Uptilight HRP, Uptima) and a Lumi-Imager (Roche Diagnostics).

Constructs, Cell Culture and Transfection
The GFP fusions of peptide fragments used in the tip tracking experiments (see Figure 2) were generated using a PCR- and recom-

bination-based cloning strategy, where PCR fragments with homologous flanking sites were integrated into a pEGFP-C2 vector

(Clontech). The dimeric versions of the peptide fragments were obtained by introducing the leucine-zipper domain of GCN4

(O’Shea et al., 1991) at the N terminus of the respective constructs using a PCR- and homologous recombination-based cloning

strategy. COS-7 cells were cultured in medium that consisted of 45% DMEM, 45% Ham’s F10 and 10% fetal calf serum supple-

mented with penicillin and streptomycin. The cells were routinely checked for mycoplasma contamination using the LT07-518

Mycoalert assay (Lonza). FuGENE 6 (Promega) was used to transfect COS-7 cells with plasmids for live cell imaging. Cells were trans-

fected 17-21 hrs before imaging.
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Image Acquisition
Live-cell fluorescence TIRF imaging was performed on inverted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect

focus system (Nikon), equipped with Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon) and iLas2 system (Dual Laser illuminator

for azimuthal spinning TIRF (or Hilo) illumination and Simultaneous Targeted Laser Action) fromRoper Scientific (Evry, FRANCE). Sys-

tem was also equipped with ASI motorized stage MS-2000-XY (ASI), Photometrics Evolve Delta 512 EMCCD camera (Photometrics)

and controlled by the MetaMorph 7.8 software (Molecular Devices). Stradus 488 nm (150 mW, Vortran) and OBIS 561 nm (100 mW,

Coherent) lasers were used as light sources. For simultaneous imaging of green and red fluorescence, we used Optosplit III (Cairn

Research, UK) equipped with the filters from ET-GFP (49002), ET-mCherry (49008) and ET-GFPmCherry (59022) filter sets (Chroma).

To keep the cells at 37 �C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. Images were projected onto the CCD

chip at a magnification of 0.065 mm/pixel. Cells were plated on round 25 mm coverslips, which were mounted in Attofluor Cell Cham-

ber (Thermofisher) andmaintained at 37 �C and 5%CO2. Cells were imaged at 2 frames per second with 500 ms exposure for 50 s in

total. Images were analyzed usingMetaMorph and ImageJ software packages and prepared for publication using Adobe Photoshop.

DATA AND SOFTWARE AVAILABILITY

Atomic coordinates and structure factors for the EB1c-Kar9c-p1 complex structure has been deposited in the RCSB Protein Data

Bank (PDB) under accession number 5N74.
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