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dynamics
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ABSTRACT  EB1 is a conserved protein that plays a central role in regulating microtubule 
dynamics and organization. It binds directly to microtubule plus ends and recruits other plus 
end–localizing proteins. Most EB1-binding proteins contain a Ser–any residue–Ile-Pro (SxIP) 
motif. Here we describe the isolation of peptide aptamers with optimized versions of this 
motif by screening for interaction with the Drosophila EB1 protein. The use of small peptide 
aptamers to competitively inhibit protein interaction and function is becoming increasingly 
recognized as a powerful technique. We show that SxIP aptamers can bind microtubule plus 
ends in cells and functionally act to displace interacting proteins by competitive binding. 
Their expression in developing flies can interfere with microtubules, altering their dynamics. 
We also identify aptamers binding to human EB1 and EB3, which have sequence require-
ments similar to but distinct from each other and from Drosophila EB1. This suggests that 
EB1 paralogues within one species may interact with overlapping but distinct sets of proteins 
in cells.

INTRODUCTION
Microtubules are a major constituent of the cytoskeleton in all eu-
karyotic cells. They are essential for cell morphogenesis and motility 
and form the spindle to segregate chromosomes during mitosis. 
Microtubules are polar filaments with two differentially regulated 
ends—a plus end and a minus end. Whereas minus ends are often 
anchored to subcellular structures, plus ends constantly switch be-
tween phases of growth and shrinkage and also interact with subcel-
lular structures (Howard and Hyman, 2003). Therefore precise spatial 
and temporal regulation of microtubule plus ends is crucial for mi-
crotubule organization and function.

A growing number of proteins are known to localize to the 
polymerizing microtubule plus ends and are collectively called 

microtubule plus end–tracking proteins (also known as +TIPs; 
Akhmanova and Steinmetz, 2008). These proteins may regulate dy-
namics of microtubule ends, anchor them to subcellular structures, 
or be transported as a cargo. Among them, EB1 is considered to 
play a central role. It is one of a few proteins that directly bind grow-
ing microtubule plus ends and is responsible for recruiting most 
microtubule-tracking proteins through a direct interaction (Busch 
and Brunner 2004; Dzhindzhev et  al., 2005; Akhmanova and 
Steinmetz, 2008).

EB1 is a highly conserved eukaryotic protein (Slep et al., 2005). 
Although yeasts have only one gene, higher eukaryotes have mul-
tiple homologues in their genomes—for example, EB1, EB2, and 
EB3 in humans (Tirnauer and Bierer, 2000). EB1 and its homologues 
share an overall structure with a calponin homology (CH) domain in 
the N-terminal region, a central linker region, the EB1 homology 
domain (EBH), and a disordered tail containing EEY/F in the C-ter-
minal region (Slep, 2010; Figure 1A). The CH domain is essential for 
association with microtubule plus ends (Zimniak et al. 2009). The 
EBH domain and the C-terminal EEY/F motif are the binding sites 
for EB1-interacting proteins (Honnappa et al., 2006, 2009).

These two binding sites mediate two distinct modes of interac-
tion through two types of EB1-interacting motif (Figure 1A). One is 
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Figure 1:  Aptamers revealed amino acid sequences surrounding SxIP that promote interaction with Drosophila EB1. 
(A) Diagram of the EB1 domain structure. The EBH domain of EB1 interacts with SxIP motifs of many microtubule plus 
end–binding proteins. (B) Isolation of Drosophila EB1 aptamers by yeast two-hybrid screening. Yeast (Y190) containing 
the EB1 bait plasmid was cotransformed with a linearized prey plasmid and DNA encoding xxxxxSxIPxxxxxxx flanked 
by sequences corresponding to a prey plasmid for gap repair. (C) Amino acids surrounding SxIP motif overrepresented 
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ity and specificity (Colas et al., 1996; Seigneuric et al., 2011). High-
level expression of an aptamer can competitively disrupt a specific 
protein–protein interaction and thus inhibit a specific protein func-
tion (Cohen et al., 1998). Peptide aptamers can define residues in-
volved in protein–protein interactions and so can provide the basis 
for small-molecule design (Fabbrizio et al., 1999; Butz et al., 2000; 
Baines and Colas, 2006). Aptamers can be used in designing small-
molecule screens in the search for compounds that can bind to the 
target protein and thus displace the aptamer. Aptamers have advan-
tages over RNA interference (RNAi) or genetic methods for drug 
target discovery or validation, as they can affect specific interactions 
rather than lower global levels of a target (Crawford et al., 2003). An 
ability to potentially inhibit specific protein interactions at desired 
times and in desired cell types in a whole organism (Kolonin and 
Finley, 1998, 2000; Yeh et al., 2013) makes them powerful tools to 
dissect protein functions and molecular pathways in cells and living 
organisms. Here we describe the isolation of a large number of 
aptamers that bind Drosophila EB1, human EB1, and human EB3. 
We use them to identify SxIP-containing peptides that show an in-
creased affinity to EB1 and to identify residues within the motif that 
determine EB1 homologue binding specificity. We also explore vari-
ous methods to isolate high-affinity EB1 aptamers that can success-
fully compete with natural EB1-interacting proteins to displace them 
from microtubule ends and alter microtubule dynamics.

RESULTS
Isolation of EB1 aptamers using yeast two-hybrid screening
Peptide aptamers are useful tools for identifying interaction motifs 
and manipulating protein–protein interactions in vitro and in vivo 
(Fabbrizio et  al., 1999; Wickramasinghe et  al., 2010; Yeh et  al., 
2013; Supplemental Figure S1). We sought to systematically iden-
tify EB1 aptamers, peptides that bind to EB1. We used yeast two-
hybrid screening to screen a large number of semirandom peptides 
for interaction with full-length Drosophila EB1 (Figure 1B). The pep-
tide prey library used for screening was designed to express pep-
tides with core motif SxIP preceded by five and followed by seven 
random residues, as this region was shown to be sufficient for inter-
action with EB1 (Honnappa et al., 2009; Buey et al., 2012). Oligo-
nucleotides encoding these SxIP-containing peptides were synthe-
sized with flanking sequences corresponding to the ends of a 
linearized prey vector to facilitate library construction by gap repair 
in yeast. Five million transformants were screened, of which ∼500 
showed activation of both reporter genes. Because a large majority 
of clones in the library contained SxIP (Supplemental Figure S2) but 
did not interact with EB1, SxIP alone is not sufficient for the 
interaction.

the CAP-Gly domain, which is present in the dynactin subunit 
p150Glued and the CLIP-170 family of proteins (Steinmetz and 
Akhmanova, 2008) and binds the C-terminal EEY/F motif of EB1 
(Honnappa et al., 2006). The second motif is the Ser–any residue–
Ile-Pro (SxIP) motif, which has been identified in a large number of 
diverse EB1-interacting proteins (Honnappa et al., 2009; Jiang et al., 
2012). This motif binds the EBH domain of EB1 (Honnappa et al., 
2009). The SxIP motif was originally characterized as capable of me-
diating protein interactions with EB1, and an SxIP-containing, 
30–amino acid peptide derived from MACF2 has been cocrystal-
lized with EB1 (Honnappa et  al., 2009). Although many proteins 
contain sequences potentially matching the SxIP motifs, only some 
of these actually bind EB1 and are recruited to microtubule plus 
ends. Residues comprising and surrounding the SxIP motif of 
MACF2 were systematically replaced one by one and tested for EB1 
binding (Buey et  al., 2012), highlighting the contribution of sur-
rounding sequences to EB1 interaction.

EB1 influences the microtubule plus end behavior not only by 
recruiting other proteins, but also by a direct effect on microtubule 
dynamics (Akhmanova and Steinmetz, 2008). It has been shown that 
EB1 has important roles in cell division and microtubule organiza-
tion and dynamics in various cell types. In cultured Drosophila cells, 
knockdown of EB1 dramatically reduced the dynamicity of microtu-
bules and increased microtubule pausing in interphase. It also re-
sulted in abnormal organization and positioning of the spindle and 
reduced astral microtubules in mitosis (Rogers et al., 2002). In cul-
tured mouse fibroblasts, EB1 is important for primary cilia assembly 
(Schroder et  al., 2007). At the whole-animal level, mutations in 
Drosophila EB1 compromise neuromuscular function, especially 
function of the chordotonal sensory organs (Elliott et al., 2005). The 
roles of mouse EB1 and EB3 in myogenesis were studied using a cell 
line in which differentiation can be induced. It was found that knock-
down of EB1 or EB3 prevents elongation and fusion of myoblasts 
into myotubes (Straube and Merdes, 2007; Zhang et  al., 2009). 
Overexpression of EB3 can restore cell elongation but not cell fusion 
(Zhang et al., 2009). This suggests that EB1 and EB3 have overlap-
ping but distinct functions during myogenesis in mouse. EB1 homo-
logues are likely to play crucial roles in cell morphogenesis during 
differentiation in many cell types. It is a challenge to investigate 
roles of proteins essential for mitosis, such as EB1, in differentiated 
cells, as their removal disrupts cell divisions that form precursors of 
the differentiated cells.

In this study, we use peptide aptamers to further understand the 
interaction of EB1 with other proteins. Peptide aptamers are small 
proteins containing a peptide region typically 10–25 amino acids 
long, which are capable of binding target molecules with high affin-

among EB1 aptamers, and EB1 aptamers with strong interaction. The total height of each stack represents the 
“information content” in bits at each position and is divided by the frequency of each residue (Bailey et al., 2006). 
Colored residues indicate that they are more frequently found in aptamers (p < 0.01) than in nonselected peptides and 
random peptides expected from codon usages. (D) Strength of two-hybrid interactions of the 51 strongest aptamers or 
aptamer Perfect (marked in red) with EB1. The expression of the reporter gene LacZ was measured by quantitative 
assay for β-galactosidase activity and normalized for cell density (A420/A600). The empty bait plasmid was used as 
control. Bars, SEM (n = 3). Full sequence of Aptamer 37, RCVSRSKIPKLCLSWYLIRAREIYES. (E) Two controls (SRAA, 
Jumbled) generated by mutating aptamer Perfect. Strength of two-hybrid interactions were compared between 
aptamers Perfect, SRAA, and Jumbled. Bars, SEM (n = 3). (F) Residues within the SxIP motif overrepresented among 56 
interactors showing any interaction with EB1 and among the 15 strongest EB1 interactors selected from a library based 
on the aptamer Perfect sequence in which SRIP was replaced with four random residues (XXXX library). Colored 
residues indicate that they are more frequently found in aptamers (p < 0.01) than in nonselected peptides and random 
peptides expected from codon usages. (G) Strength of two-hybrid interactions between EB1 and aptamers from a 
screen of peptide sequences in which SRIP of aptamer Perfect was replaced with four random residues. It is measured 
by a quantitative assay for β-galactosidase activity and normalized for cell density (A420/A600).
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control aptamers. In the first control (SRAA), the SRIP motif was 
mutated to SRAA (Figure  1E), and in the second (Jumbled) the 
order of the residues downstream of SxIP was changed without 
changing the overall composition (Figure  1E). Quantitative two-
hybrid assays showed that these control mutant aptamers do not 
interact with EB1 (Figure  1E). This demonstrates that the two- 
hybrid interactions between this aptamer and EB1 are sequence-
specific interactions.

Importance of the SxIP motif for EB1 binding
We then examined the involvement of the conserved residues within 
the SxIP motif in the EB1 interaction to test the possibility that other 
residues within this motif might result in a higher affinity. We per-
formed a yeast two-hybrid screen for EB1 interaction using a library 
based on the aptamer Perfect sequence in which SxIP was replaced 
with four random residues (Supplemental Figure S4). In total, 57 posi-
tive transformants were isolated from ∼1 million screened. Sequence 
analysis showed a strong and significant preference for serine at the 
first position, isoleucine or leucine at the third position, and proline at 
the fourth position (Figure 1F). Of interest, we also found a low fre-
quency of other amino acids among weak interactors, but in such 
cases this unusual amino acid was limited to only one of the positions 
(e.g., CRIP, SRVP or SRIA, but not CRVP; Figure 1, F and G). This sug-
gests that some degree of flexibility is allowed within this motif, but 
only if the surrounding sequence is optimal for interaction with EB1.

Although arginine is strongly preferred at the second position for 
aptamers selected from SxIP-containing peptides, no such strong 
preference is observed when the SxIP residues are randomized but 
the flanking regions are kept the same. This suggests that if the sur-
rounding sequence is optimal for interaction with EB1, more flexibil-
ity is allowed for the X position.

These results underline the importance of SxIP motifs. Change of 
these conserved residues within the motif can be tolerated to a lim-
ited degree but could not further increase the strength of the 
interaction.

Tandem repeats of aptamers
Endogenous EB1-interacting proteins often contain multiple SxIP 
motifs, and it was previously shown that tandem repeats of SxIP-
containing regions increased the robustness of the localization at 
microtubule plus ends (Honnappa et al. 2009). We therefore gener-
ated constructs expressing tandem repeats of aptamer 37 or 
aptamer Perfect.

DNA encoding tandem repeats of these aptamers with flanking 
sequences for gap repair were synthesized commercially and 
tested in a yeast two-hybrid assay. The four-residue spacer SGSG 
was included between each repeat. Several transformants of each 
construct were checked for the integrity of the plasmid. From four 
repeats of aptamer 37, all transformants tested contained the 
plasmid as designed. In contrast, from seven repeats of aptamer 
Perfect, the number of the repeats varied between transformants, 
but within each transformant the number appeared stable. Al-
though we scrambled codon usage as much as possible, it seems 
that during gap repair, recombination reduced the number of tan-
dem repeats. We tested two, four, and seven repeats of aptamer 
Perfect and four repeats of aptamer 37 for two-hybrid interaction 
with EB1 and also tested two repeats of aptamer 37 that we later 
generated. A quantitative assay for reporter expression showed 
that whereas only two repeats of aptamer Perfect indeed increased 
the interaction, all other repeats of aptamers reduced the interac-
tion, and four or seven repeats nearly abolished the interaction 
(Figure 2A).

EB1 aptamers reveal SxIP-flanking sequences that promote 
EB1 binding
To determine which sequences were capable of interacting with 
EB1, we sequenced the plasmid insert from 45 positive transfor-
mants from the two-hybrid screen. As a control, we also sequenced 
39 random transformants not selected for activation of reporter 
genes, which reflect the composition of a library used for screening. 
A large majority of the sequences from these control nonselected 
transformants encoded peptides with SxIP and an unbiased mixture 
of residues at other positions (Supplemental Figure S2).

Sequencing of the 45 EB1 aptamers revealed that they have se-
quences significantly different from those of control nonselected 
peptides and also from theoretical random peptides (Figure 1C and 
Supplemental Figure S3). Detailed analysis showed that some resi-
dues are significantly overrepresented at certain positions. Of note, 
we saw preferences of arginine or lysine at the x position of the SxIP 
motif, arginine or valine at the +1 position (the next residue after 
SxIP), tryptophan at the +2 position, and glycine at the +4 position. 
This gives a consensus of (R/K)Tx(R/F)(R/V)S(R/K)IP(R/V)WVGRxG, 
which represents the most preferred residue at each position (x rep-
resenting no significant preference).

Selection of strong interactors
Our goal was to isolate strong aptamers that tightly associate with 
EB1 and could potentially compete with endogenous proteins for 
EB1 interaction. We also hoped that analysis of the sequence of 
aptamers that showed a particularly high affinity for EB1 would in-
form us about the residues that were essential for this strong interac-
tion. It is known that activation of two hybrid reporter genes can be 
roughly correlated with the affinity of a protein–protein interaction 
(Estojak et al., 1995). To identify the aptamers that potentially had 
the highest affinity among those identified in our screen, we mea-
sured the expression of a reporter, LacZ, in 281 transformants from 
the screen in a quantitative assay for β-galactosidase activity.

To identify aptamers with very strong two-hybrid interactions, we 
retested 51 transformants with the highest LacZ activation together 
in triplicate (Figure 1D). Aptamer 37 consistently gave the strongest 
two-hybrid interaction with EB1. Sequence analysis of these strong 
aptamers showed that the preferred residues among strong EB1 
aptamers were similar to those among EB1 aptamers with any 
strength of interaction, but these residues appeared more frequently 
among strong aptamers (Figure 1C).

Creation of designer aptamers
To identify the highest-affinity EB1-binding aptamers, we decided 
to test the hypothesis that we could use semirational design to de-
vise an aptamer sequence based on the consensus information 
available from the original screen. We generated a potential aptamer 
(“aptamer Perfect”) that consists of the most frequently presented 
amino acid at each position, RTRGRSRIPRWVGRRG. The interaction 
of aptamer Perfect was compared with that of the strongest aptam-
ers found in the screens, using a quantitative two-hybrid assay. 
Aptamer Perfect gave strong reporter expression, which was com-
parable to the 10 strongest aptamers, although it was not the stron-
gest (marked in red in Figure 1D). Because the preferred amino ac-
ids were chosen from aptamers, most of which have weak 
interactions, this demonstrated a novel, simple way to design very 
strong aptamers by examining the consensus without measuring 
and comparing the interaction of many aptamers.

To test the possibility that the strong interaction found for 
aptamer Perfect may simply reflect overall amino acid composition 
rather than a sequence specific interaction, we generated two 
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Sequencing showed that the preference of amino acids at each 
position in double-constrained aptamers was not significantly differ-
ent from that seen in single-constrained aptamers (p > 0.08; Figure 2C 
and Supplemental Figure S5). Quantitative assays of reporter gene 
expression (LacZ) indicated that the double-constrained aptamers 
we isolated did not have a stronger interaction than the strongest 
single-constrained aptamers (Figure 2B). However, it is still possible 
that double-constrained aptamers embedded in a scaffold protein 
may be more active in cells because of increased stability.

Peptide aptamers tightly bind to EB1 in vitro
To estimate the affinity of aptamers to EB1 in vitro, we chemically 
synthesized peptides corresponding to aptamers and tested their 
interactions with recombinant maltose-binding protein (MBP) and 
MBP-EB1 by isothermal titration calorimetry (ITC). ITC measures 
heat released or absorbed when a protein–peptide interaction oc-
curs, from which interaction parameters, including the dissociation 
constant (Kd), can be calculated. Peptides corresponding to the two 
aptamers with strong two-hybrid interactions (Perfect and 37) and 
two aptamers with weaker interactions (392 and 177) were synthe-
sized. The peptide corresponding to aptamer 37 was not sufficiently 
soluble for ITC. The solubility of other synthetic peptides was also 
limited but sufficient to estimate rough Kd values. Recombinant 
MBP-EB1 and MBP were produced in Escherichia coli and purified. 
In an isothermal calorimeter, MBP-EB1, MBP, and buffer alone were 
titrated with aptamer Perfect peptide. The specific heat above the 
buffer alone was plotted against the molar ratio of the aptamer pep-
tide over MBP-EB1 or MBP (Figure 3, A and B). MBP and the pep-
tide did not show significant interaction. We estimated that the Kd 
between EB1 and each peptide is roughly 570 nM, 2.6 μM, and 480 
nM, and for aptamers Perfect, 177, and 392, respectively (Figure 3, 
B–D). The Kd measurements by ITC in vitro did not perfectly corre-
late with the affinity estimates based on yeast two-hybrid data. The 
Kd between human EB1 and adenomatous polyposis coli protein 
was reported to be ∼5 μM (Honnappa et al. 2005), whereas more 
systematic analysis showed that the Kd between human EB1 and 
various native EB1-interacting proteins range between 1.5 and 
140 μM (Buey et al., 2012). Therefore we isolated peptides that ap-
pear to have higher affinity for Drosophila EB1 than endogenous 
interacting proteins for human EB1.

To gain insight into the high affinity of the aptamers, we carried 
out structural modeling of Drosophila EB1 complexed with aptamer 
Perfect or a fragment of endogenous EB1 interactor Sentin (Supple-
mental Figure S6). This revealed that aptamer Perfect is likely to in-
teract with EB1 more strongly than the fragment of Sentin. The most 
crucial residues seem to be the ones at the positions +2 and +3 
(WV) of aptamer Perfect. This fits nicely with our results that these 
two residues are significantly overrepresented at these positions 
among EB1 aptamers (Figure 1C).

EB1 aptamers can outcompete endogenous proteins 
for microtubule plus end localization in cells
We identified EB1 aptamers with a high affinity of binding in vitro. 
To test whether these aptamers can bind to EB1 in living cells, we 
transiently expressed the aptamers as green fluorescent protein 
(GFP)-fusion proteins under the Actin5C promoter in the Drosophila 
S2 embryonic cell line. We tested several EB1 aptamers that gave 
strong two-hybrid interactions in yeast. The fixed cells were immu-
nostained with antibodies against GFP and EB1 or α-tubulin. EB1 
localized to microtubule plus ends in a comet-like shape as de-
scribed (Mimori-Kiyosue et al., 2000). All GFP-aptamer fusion pro-
teins we tested colocalized with EB1 comets at the microtubule plus 

Isolation of double-constrained aptamers
Aptamers embedded in a scaffold protein (“double-constrained” 
aptamers) are often used, as they potentially have a higher affinity 
for their target, and more resistance to proteolysis, than single-con-
strained (or free) aptamers (Geyer and Brent, 2000; Supplemental 
Figure S1). To isolate double-constrained aptamers, we used ran-
dom SxIP-containing peptides of 16 residues expressed as a con-
strained loop in the active site of thioredoxin (Supplemental 
Figure S4). These were screened for EB1 binding by the yeast two-
hybrid system, and 18 positive transformants (prefixed with T in 
figures) were identified from 1 million screened. This was a signifi-
cantly lower frequency than that seen with singly constrained aptam-
ers (∼100/million), which was not unexpected, as both primary and 
secondary structures are significant in constrained aptamers. 

Figure 2:  Tandem repeats of aptamers and double-constrained 
aptamers. (A) Strength of two-hybrid interactions of tandem repeats 
of aptamers Perfect and 37 with EB1. It is measured by a quantitative 
assay for β-galactosidase activity and normalized for cell density 
(A420/A600). Bars, SEM (n = 3). (B) Strength of two-hybrid interactions 
of double-constrained aptamers embedded in thioredoxin with EB1. 
Bars, SEM (n = 3; except aptamer 37, n = 1). (C) Residues 
overrepresented among double-constrained EB1 aptamers.
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(Jumbled). The quantification of Sentin sig-
nals overlapping with EB1 comets showed 
that expression of GFP alone or of the SRAA 
mutant had no significant effect on Sentin 
localization (Figure 4C). However, the Jum-
bled mutant had a small but significant ef-
fect on Sentin localization (Figure 4, B and 
C). This suggests that the overall amino acid 
composition may contribute, to a small de-
gree, to the interaction with EB1.

The binding sites of the two known EB1-
binding motifs, SxIP motif and CAP-Gly, 
partially overlap on the C-terminal region 
of EB1 (Slep, 2010). We investigated 
whether CLIP-190, which is recruited to mi-
crotubules by CAP-Gly but also has a puta-
tive SxIP motif, can be outcompeted from 
the microtubule plus ends by peptide 
aptamers. Cells transfected with each 
aptamer and untransfected cells on the 
same slide were visually examined. CLIP-
190 colocalized to EB1 at microtubule plus 
ends in cells transfected with aptamer 37, 
T14, or T16 to the same degree as in the 
untransfected cells (Figure  4, D and F). 
CLIP-190 colocalization with EB1 was 
weaker in cells expressing aptamer Perfect 
(Figure 4, E and F). CLIP-190 is predicted to 
bind to a site of EB1 distinct from but close 
to the SxIP-binding region (Honnappa 
et al., 2006), suggesting that this aptamer 
caused steric hindrance.

In conclusion, the aptamers we isolated 
can specifically bind EB1 in cells and dis-
place endogenous EB1-interacting proteins 
from microtubule plus ends.

Expression of EB1 aptamers in developing flies alters 
microtubule dynamics
To test whether expression of EB1 aptamers in developing or-
ganisms can interfere with vital processes, we made transgenic 
flies expressing aptamers. Expression of EB1 aptamers fused to 
GFP controlled by a GAL4-inducible promoter (UASp) was driven 
by ubiquitously expressed GAL4 under the actin5C promoter. 
We found that fewer adult flies expressing aptamers were ob-
tained in comparison with the control (Figure 5A). This suggests 
that aptamers interfere with microtubule function in developing 
flies.

To examine whether microtubule dynamics is altered, we used 
hemocytes from third-instar larvae because isolated cells can be 
adhered on a coverslip, allowing good resolution of microtubules. 
We first confirmed that the GFP-fused aptamers were expressed 
and localized as comets in hemocytes (Supplemental Movie S1). To 
test whether expression of the aptamers interferes with microtu-
bule dynamics, we used EB1-GFP driven by the mild ubiquitin pro-
moter to mark growing microtubule plus ends (Shimada et  al., 
2006; Parton et al., 2011). We compared the microtubule growth 
rate in hemocytes expressing GFP-fused aptamer and EB1-GFP 
with that in control hemocytes expressing EB1-GFP alone. We 
found that the microtubule growth was significantly slower in 
aptamer-expressing hemocytes than in control hemocytes (p < 0.01; 
Figure 5B and Supplemental Movies S2 and S3). This fits well with 

ends, and signals of aptamers 37, Perfect, T14, and T16 at microtu-
bule ends were particularly strong (Figure  4A). Therefore these 
aptamers can specifically recognize EB1 in the presence of other 
proteins in cells.

To test whether aptamers can compete with endogenous 
EB1-interacting proteins containing SxIP motifs, we determined 
the localization of one such protein, Sentin. Sentin contains an 
SxIP motif in the C-terminal region and is considered to be a 
major cargo of EB1 in S2 cells (Li et al., 2011). S2 cells were trans-
fected with a plasmid expressing a GFP-aptamer fusion protein 
as described and immunostained with antibodies against GFP, 
EB1, and Sentin (Figure  4A). In control cells not expressing 
aptamers, Sentin colocalized with EB1 at microtubule plus ends 
as expected. In contrast, in cells expressing aptamers, the Sentin 
signal was greatly reduced or absent from microtubule plus ends. 
To quantify this reduction, we measured the intensity of the Sen-
tin signal colocalized with EB1 comets at microtubule plus ends 
in GFP-aptamer–expressing cells and nonexpressing cells on the 
same slide (Figure 4, A–D). We found that the Sentin signal was 
greatly reduced in GFP-aptamer–expressing cells relative to non-
expressing cells.

To test whether the effect of the aptamers is due to a sequence-
specific interaction with EB1, we tested GFP alone, a mutant aptamer 
Perfect with SRIP mutated to SRAA (SRAA), and a mutant aptamer 
Perfect with the residues downstream of SxIP partially jumbled 

Figure 3:  ITC shows a high affinity of aptamers to Drosophila EB1. (A) Raw ITC data showing 
that aptamer Perfect interacts with MBP-fused Drosophila EB1, but not MBP, in vitro. Heat 
released by titrations of 100 μM aptamer Perfect into 5 μM solution of MBP-EB1, MBP, and 
buffer alone. Each peak corresponds to one injection. An initial smaller injection was followed by 
10 injections. For MBP-EB1, the heat became smaller for each injection, as the binding site 
became saturated. For buffer and MBP, it stayed constant, as heat was released only from 
dilution of the peptide without specific binding. (B–D) Integrated heat peaks subtracted by the 
heat of dilution and plotted against the molar ratio of the peptide for aptamer Perfect (B), 177 
(C), or 392 (D) to MBP-EB1. The line represents the fit to the single-site binding model by the 
Origin program. 
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Figure 4:  Aptamers can be recruited to microtubule plus ends and displace the endogenous EB1 interactor Sentin in 
Drosophila cells. (A) Aptamer 37 dimer colocalizes with EB1 at microtubule ends and competes out Sentin from 
microtubule plus ends. (B) A mutant aptamer, Jumbled, does not colocalize with EB1 at microtubule plus ends or 
compete out Sentin from microtubule plus ends effectively. S2 cells were transfected with an expression plasmid 
expressing aptamer 37 dimer or aptamer Jumbled fused to GFP and immunostained for GFP, EB1, and α-tubulin. A 
typical transfected and an untransfected cell on the same slide are shown for comparison. Bar, 10 μm. Yellow boxes 
indicate areas magnified in the images below. (C) The specific signal intensity of Sentin at microtubule plus ends. Sentin 
intensities in aptamer-expressing cells relative to those in untransfected cells on the same slide are shown with SEM 
(n = 30). (D) Aptamer T14 colocalizes with EB1 at microtubule plus ends but competes out CLIP-190 from microtubule 
plus ends. (E) Aptamer Perfect colocalizes with EB1 at microtubule ends and interferes with the localization of CLIP-190 
at microtubule plus ends. S2 cells were transfected with an expression plasmid expressing GFP-fused aptamer T14 or 
aptamer Perfect and immunostained for GFP, EB1, and CLIP-190. A typical transfected and an untransfected cell on the 
same slide are shown for comparison. Bar, 10 μm. Yellow boxes indicate areas magnified in the images below. (F) The 
specific signal intensity of CLIP-190 at microtubule plus ends. CLIP-190 intensities in aptamer-expressing cells relative to 
those in untransfected cells on the same slide are shown with SEM (n = 30).

2x Apt37  EB1 Sentin Merge 

tr
an

sf
ec

te
d 

un
tr

an
sf

ec
te

d 

Sentin signal on MT plus ends

A

EB1 Sentin Merge 

tr
an

sf
ec

te
d 

B Jumbled Apt Perfect EB1 CLIP-190 Merge 

tr
an

sf
ec

te
d 

un
tr

an
sf

ec
te

d 

Aptamer T14 EB1 CLIP-190 Merge 

tr
an

sf
ec

te
d 

un
tr

an
sf

ec
te

d 

D

E

F

1

G
F

P

T
14 T
16

P
er

fe
ct

A
pt

37

G
F

P

T
14

T
16

P
er

fe
ct

A
pt

37

S
R

A
A

Ju
m

bl
ed

2x
 A

pt
37

1

CLIP190 signal on MT plus ends

un
tr

an
sf

ec
te

d 

C
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EB3-positive transformants potentially containing human EB1 and 
human EB3 aptamers from 2 million SxIP-containing random pep-
tides each.

Sequencing of these aptamers revealed similar but distinct se-
quence patterns of residues for each of the three EB1 homologues 
(Figure 6, A and B). Common features among aptamers for all three 
EB1 homologues include 1) no strong amino acid preferences ex-
cept within SxIP and up to five downstream positions, 2) a prefer-
ence for positive residues, especially arginine at the x position, and 
3) a preference for valine or arginine at the +1 position. Most distinct 
features specific to individual EB1 homologues can be found at the 
positions from +2 to +4. Aptamers binding to human EB1 show a 
high frequency of leucine at the +2 position, whereas those binding 
to human EB3 and Drosophila EB1 show a clear preference for tryp-
tophan. At the +3 position, aptamers binding to human EB1 showed 
a clear preference for lysine, but those binding to human EB3 
showed a clear preference of isoleucine and valine. At the +4 posi-
tion, human EB1 aptamer showed a preference for arginine, but 
those for human EB3 and Drosophila EB1 showed a preference for 
glycine. Statistical analysis showed that the frequencies of amino ac-
ids are significantly different (p < 0.01) at certain positions 
between EB1 homologues (marked with yellow background in 
Figure 6B).

On the basis of the sequences, we selected three human EB1 
aptamers unlikely to interact with human EB3, and three human EB3 
aptamers unlikely to interact with human EB1 (Figure 6C), and tested 
the interactions with human EB1 and EB3 in a yeast two-hybrid as-
say. We found that five of six aptamers showed clear differential in-
teractions as predicted. This demonstrates that human EB1 and EB3 
can interact with different sequences (Figure 6D).

These results highlight the importance of residues downstream 
of the SxIP motif for binding specificity and raise the possibility that 
different EB1 paralogues may have overlapping but different sets of 
cargoes.

previous reports showing reduced growth 
rate of interphase microtubules in S2 cells 
depleted of EB1 or Sentin. Our results dem-
onstrate that expression of aptamers can 
interfere with microtubule dynamics in a 
developing organism.

Aptamers to human EB1 and EB3 
reveal different binding specificity 
between EB1 homologues
Many metazoans have multiple EB1 paral-
ogues that are homologous within the SxIP-
binding region (Tirnauer and Bierer, 2000). 
However, it is not clear whether these EB1 
paralogues in a single species have differ-
ent functions or interact with different pro-
teins. It is also not clear whether EB1 ortho-
logues in different species have different 
sequence specificity for interacting proteins. 
To gain insight into the sequence specificity 
of different EB1 homologues, we isolated 
aptamers that bind to human EB1 and hu-
man EB3 by yeast two-hybrid screening us-
ing the same methodology as for SxIP-con-
taining aptamers of Drosophila EB1. We 
identified 47 human EB1- and 58 human 

Figure 5:  Expression of aptamers alters microtubule dynamics. (A) 
Number of adult flies expressing GFP-aptamer relative to number of 
balancer-carrying siblings that do not express GFP-aptamer (relative 
fly viability). The control has the identical genotype to experimental 
flies except that it does not carry aptamer transgenes. The relative 
viabilities of aptamer-expressing flies are significantly different from 
the control (p < 0.01, except for aptamer Perfect, which gives p = 
0.02). (B) Microtubule growth rates at plus ends in hemocytes from 
third-instar larvae. Sibling larvae with or without expression of 
GFP-fused aptamer Perfect were compared. EB1-GFP driven by the 
ubiquitin promoter was used to mark growing microtubule plus ends. 
Error bars, SEM (n ≥ 146).
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Figure 6:  Aptamers for human EB1 and human EB3 have sequence requirements similar to but 
distinct from each other and aptamers for Drosophila EB1. (A) Residues overrepresented among 
aptamers to human EB1 (HsEB1), human EB3 (HsEB3), and Drosophila EB1 (DmEB1). Colored 
residues are more frequently found in aptamers (p < 0.01) than in nonselected peptides and 
random peptides expected from codon usage. (B) Three-way comparison of amino acid 
preferences between aptamers for three EB1 homologues. Residues whose frequencies are 
significantly different from nonselected or random peptides are shown. Yellow background 
highlights residues whose frequencies are significantly different between a pair of EB1 
homologues (p < 0.01). (C) Selected aptamers that are likely to have differential interactions with 
human EB1 and EB3. (D) The strength of two-hybrid interactions of aptamers with human EB1 or 
EB3. Error bars, SEM.
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SxIP-containing sequences. Evidence from studies with mammalian 
EB1 and EB3 also suggests that both have shared functions and 
cargoes but also distinct functions and cargoes during myogenesis 
and neurogenesis (Zhang et al., 2009; Geraldo et al., 2008). Although 
only three proteins are known to interact specifically with human 
EB3, not EB1 (Geraldo et al., 2008), most SxIP sequences found in 
these proteins generally match better to the EB3-binding sequences 
we identified than EB1-binding sequences (Supplemental 
Figure S7B). Our study provides vital insight into how EB1 paral-
ogues have distinct functions and cargoes at the molecular level.

In this study, we successfully developed novel methods to gen-
erate high-affinity aptamers very efficiently. First, we used random 
peptides with invariant amino acids at specific positions. Although 
only three positions are fixed, this has the effect of enriching the li-
brary ∼8000-fold. We identified ∼500 EB1 aptamers by yeast two-
hybrid screening, but without this enrichment, even a 10-fold-larger 
screen would have identified only 1. This large number of EB1 
aptamers allowed us to further select strong aptamers by a quanti-
tative two-hybrid assay. Therefore this is an effective way to identify 
aptamers when a binding motif is known. Second, we demonstrated 
that, even without a quantitative assay of individual strength, a 
high-affinity aptamer can be designed by choosing the best-repre-
sented amino acids at each position. The binding affinity of this 
“designer” aptamer to Drosophila EB1 is estimated to have a 
higher affinity than that of known endogenous EB1-interacting pro-
teins to human EB1.

We also explored three further approaches to improve the affin-
ity of aptamers. First, we optimized the SxIP motif by screening pep-
tides in which the motif is substituted by random amino acids, with 
the remainder of the peptide identical to the designed aptamer Per-
fect. In this case, we found that the residues from the conserved 
motif gave the strongest interaction. Second, we generated tandem 
repeats of EB1 aptamers, as it was shown that multiple SxIP motifs 
increase the microtubule plus end association (Honnappa et  al., 
2009). However, we found that in the two-hybrid assay, repeats of 
EB1 aptamers did not increase the interaction. Third, we screened a 
library of SxIP-containing peptides double constrained using a thi-
oredoxin scaffold. This method has been successfully used in isolat-
ing strong aptamers for other proteins (Colas et al., 1996). We suc-
cessfully used this method to isolate double-constrained aptamers, 
but none of these showed a higher affinity than the previously iden-
tified, singly constrained aptamers. Comparisons between singly 
and double constrained aptamers have been made by transferring 
aptamers isolated in one system to another system (Cohen et al., 
1998). As far as we are aware, this study is the first example of paral-
lel screens of both singly and doubly constrained aptamers carried 
out using the same bait protein. Although a yeast two-hybrid assay 
did not reveal stronger interaction, double-constrained aptamers 
may be more biologically active due to increased stability in cells 
(Cohen et al., 1998). Further studies are needed to gain more con-
crete information on the effectiveness of the double-constrained 
aptamers identified here.

EB1 has a role in regulating microtubule organization and dy-
namics in cell division, interphase, and postmitotic cells. Because 
EB1 is an essential gene, the use of strategies such as knockout and 
RNAi have limited utility in studying its specific functions, particu-
larly postmitotic ones. Temperature-sensitive mutants or conditional 
degrons have been used to overcome this type of problem (Lovato 
et al., 2009; Kanemaki, 2013). However, the ability of peptide aptam-
ers to interfere with specific protein functions means that they can 
be used as an alternative technique to inactivate EB1 function in 
specific cells and at specific stages in cell differentiation.

DISCUSSION
In this study we describe the isolation of peptide aptamers that bind 
to each of the three EB1 homologues, Drosophila EB1, human EB1, 
and human EB3. EB1 plays a central role in regulating microtubules 
by recruiting many proteins to growing microtubule plus ends. To 
improve the efficiency of screening, special biased aptamer libraries 
were created in which the conserved residues of the SxIP motif were 
invariant and the other residues randomized. Sequence analysis of 
these aptamers revealed the common sequence determinants that 
promote interaction with EB1 homologues and identified residues 
specific for interaction with each EB1 homologue. Furthermore, we 
developed novel methods to select and design aptamers that have 
high affinity to Drosophila EB1. One of the strongest-interacting 
peptides was estimated to bind to Drosophila EB1 with Kd of 
∼570 nM in vitro, higher than known interacting proteins. We suc-
cessfully demonstrated that the aptamers can competitively dis-
place endogenous EB1-interacting proteins from microtubule ends 
and alter microtubule dynamics in developing flies.

These aptamers to the EB1 proteins were generated with two 
initial aims. The first was to gain information on sequences that pro-
mote interaction with EB1 and its homologues. The second was to 
facilitate development of tools that can be used to interfere with 
EB1 functions at specific times and in specific tissues.

The isolation of so many EB1 aptamers has provided vital infor-
mation on the sequences required for EB1 binding. The SxIP motif 
was previously identified, on the basis that it is overrepresented in 
known EB1-binding regions and is essential for the interaction with 
EB1 (Honnappa et al., 2009). However, because many proteins that 
contain a simple SxIP do not interact with EB1 and do not localize to 
microtubule plus ends, the surrounding sequence is believed to be 
important for the EB1 interaction. This sequence requirement was 
studied by systematically replacing each residue within the SxIP mo-
tif and the flanking sequences of human MACF2 and testing the 
binding to human EB1 in vitro (Buey et al., 2012). We took an op-
posite approach. We started from random sequences and selected 
them for EB1 binding in vivo. These two results are largely consis-
tent, but there are some differences in the pattern of sequence re-
quirement. These differences may be due to the assay systems 
used, as our assays were carried out in the cellular context of yeast, 
whereas the other studies were carried out on cellulose membranes 
in vitro. Alternatively, they may be due to different sequences tested 
for interaction, as we selected interactors from a large combination 
of random residues at multiple positions, whereas those studies 
changed one position at a time from a known interacting sequence. 
Known EB1-binding sequences generally match to the sequences 
we identified, but none matches perfectly (Supplemental Figure S7A). 
Very high affinity interactions may be disadvantageous in nature for 
some reason—for example, because they outcompete other EB1-
interacting proteins in cells.

Many higher eukaryotes have multiple EB1 paralogues that share 
similarity in both the CH domain (interacting with microtubules) and 
the EBH domain (interacting with cargoes via the SxIP motif; 
Figure 1A; Slep, 2010). The best-studied examples are human EB1 
and EB3. Little is known about whether they have distinct cargoes 
and, if so, what the determinant is of this specificity. Our compara-
tive study of human EB1, human EB3, and Drosophila EB1 showed 
that sequence requirements surrounding the SxIP motif for interac-
tion with three EB1 homologues are similar but also have crucial 
differences at certain positions. Indeed, we were able to predict 
aptamers that interact differentially with EB1 and EB3 and demon-
strated that five of six interact differentially in a yeast two-hybrid as-
say, suggesting that EB1 orthologues interact with similar but distinct 
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in the yeast or the plasmid, the regions including the aptamers 
were amplified from some transformants by PCR. Y190 containing 
the EB1 bait plasmid was cotransformed with the PCR product and 
the linear prey plasmid and retested for β-galactosidase activity.

Making tandem repeats of peptide aptamer prey plasmids
DNA encoding tandem repeats of aptamer 37 and aptamer Perfect 
flanked by the sequences corresponding to the prey vector frag-
ments upstream (81 nt) and downstream (74 nt) of the EcoRI site on 
the prey vector were synthesized commercially (pKMT169, 170; 
Supplemental Figure S8) and introduced into cloning vectors (Life 
Technologies, Paisley, UK). DNA encoded seven repeats of aptamer 
Perfect or four repeats of aptamer 37, which were separated by 
SGSG linkers in both cases. Various codons with reasonable usages 
in both yeast and Drosophila were combined to minimize unwanted 
recombination. The DNA fragment encoding oligomerized pep-
tides was amplified along with the flanking sequences and used for 
cotransformation of Y190 carrying the EB1 bait plasmid with a lin-
earized prey plasmid to allow gap repair as described earlier. The 
sequence for two repeats of aptamer 37 was amplified from a plas-
mid encoding four repeats of aptamer 37 (oKMT31, 69; Supplemen-
tal Figure  S8), and flanking sequences corresponding to the se-
quences on the prey vector were added as described to make the 
prey plasmid. Two repeats of aptamer sequences are unlikely to 
bind two EB1 molecules simultaneously, but more than two repeats 
may be able to bind. Expression of aptamers with more than two 
SxIPs in Drosophila cells altered the localization of EB1 and induced 
microtubule bundling, which may be caused by cross-linking two 
EB1 proteins. This may be a reason why these peptides did not work 
well in our two-hybrid assay.

Measuring the strength of yeast two-hybrid interactions
An overnight yeast culture was diluted into a fresh medium. After 
culture at 30°C for 3 h, A600 was measured and confirmed to be 
between 0.5 and 1. The cell culture was centrifuged, and the pellet 
was sometimes stored at −75°C after being frozen in liquid nitrogen, 
which did not affect the outcome. Yeast was thawed and incubated 
with Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 
mM Mg2SO4, 1 mM dithioerythritol, 0.2% [vol/vol] sarcosyl, pH 7) 
and 4 mg/ml ortho-nitrophenyl-β-galactoside until the color devel-
oped (∼15 min). Na2CO3, 1 M, was added, followed by centrifuga-
tion. The A420 of the supernatant was measured. The β-galactosidase 
activity per cell was calculated as A420/A600 ratio. For selection of 
strong EB1 aptamers, ∼50 different aptamers in each batch were 
tested simultaneously together with three reference aptamers to fa-
cilitate rough comparison between batches.

Generation and expression of peptide aptamer constructs
Expression plasmids for GFP fused aptamer were generated by 
Gateway cloning (Invitrogen, Paisley, UK). The attB1 and attB2 
sites were added to a peptide aptamer coding sequence for clon-
ing into pDONR221 (Invitrogen). The destination vector pAGW 
was used for the expression of an aptamer fused to a GFP under 
the Actin5C promoter in S2 cells, and pPGW was used for expres-
sion of an aptamers fused to GFP under the UASp promoter in 
flies. Drosophila Schneider S2 cells were cultured and transfected, 
and transgenic flies were made by P-element–mediated transfor-
mation of w1118 as described previously (Brittle and Ohkura, 2005). 
To quantify the fly viability, heterozygotes of actin5C-GAL4 over 
the balancer chromosome TM6C were crossed with flies homozy-
gous for a peptide aptamer gene under the UASp promoter or 
wild-type flies for control. Relative viability was calculated as the 

To investigate the functional properties of the high-affinity EB1 
aptamers, we expressed EB1-binding sequences as GFP fusions in 
Drosophila S2 cells. All the strong aptamers tested could outcom-
pete a major EB1 cargo protein, Sentin, for microtubule plus end 
binding. Of interest, one of the aptamers inhibited plus end localiza-
tion of CLIP-190 that binds to a site of EB1 distinct from but close to 
the SxIP-binding region (Honnappa et al., 2006), suggesting steric 
hindrance. When aptamers are expressed in developing flies, the 
microtubule growth rate at plus ends is significantly reduced in larval 
hemocytes. This phenotype is similar to that seen in S2 cells de-
pleted of EB1 or Sentin (Rogers et al., 2002; Li et al., 2011). Further-
more, the expression reduced fly viability. Therefore our study dem-
onstrated that aptamers can be used to interfere with the EB1 
function both in cultured cells and developing flies.

MATERIALS AND METHODS
Plasmid expression constructs and yeast two-hybrid 
methods
The Y190 strain (MATa leu2-3.112 ura3-52 trp1-901 his3-D200 ade2-
101 gal4D gal80D cyhR URA3::GAL1-lacZ, LYS2::GAL1-HIS3) was 
used for all yeast two-hybrid analyses. To make bait plasmids, 
∼50 nucleotide fragments complementary to pGBT9 bait vector up-
stream and downstream of the EcoRI site on pGBT9 were added to 
Drosophila EB1, human EB1, or human EB3 coding sequences from 
LD24317 (Drosophila Genomics Resource Center, Bloomington, IN), 
MHS1010-202693923 (Thermo Scientific, Loughborough, UK), or 
pJW242 (a kind gift from J. Welburn, Edinburgh University) using 
PCR, by inclusion of these sequences in primers (oKMT17, 18; 82, 
83; 84, 85; Supplemental Figure S7). Y190 was cotransformed with 
the PCR product and pGBT9 vector linearized with EcoRI for induc-
ing the gap repair. The integrity and the absence of unwanted muta-
tions in bait plasmids were confirmed by restriction digests and 
sequencing.

To make prey plasmid libraries, two oligonucleotides were synthe-
sized commercially (Eurofins, Billingham, UK). The core region of both 
sequences encodes Ser-x-Ile-Pro preceded by five and followed by 
seven random residues (xxxxxSxIPxxxxxxx), where x is encoded by 
nnk (n = A/C/T/G, k = G/T) and SxIP is encoded by TCCnnkATTCCA. 
For singly constrained aptamers, this core sequence followed by a 
stop codon (TGA) was flanked by 48 nucleotides (nt) at the 5′ end and 
21 nt at the 3′ end, each of which corresponds to the sequence up-
stream and downstream of the EcoRI restriction site on the prey vec-
tor pACT2 (oKMT46; Supplemental Figure S8). A further 29 nt were 
added to the 3′ end through inclusion in a primer (oKMT34; Supple-
mental Figure S8) during synthesis of the complementary strand by 
PrimeStar polymerase mix (Takara, Saint-Germain-en-Laye, France) 
for 10 min at 72°C. For selecting aptamers doubly constrained by 
thioredoxin A (TrxA), the core sequence was directly flanked by 48 
and 24 nt corresponding to the sequences upstream and downstream 
of the RsrII restriction site in the TrxA sequence (oKMT63; Supplemen-
tal Figure S5). A further 24 nt were added to the 3′ end using oKMT64 
(Supplemental Figure S8) as before.

Y190 carrying a bait plasmid was cotransformed with a DNA 
fragment as before and a linearized prey vector (using EcoRI for 
pACT2 or RsrII for pACT2+TrxA). Transformants were selected for 
HIS3 expression by plating them on yeast minimum media supple-
mented with 20 mM 3-amino-1,2,4-triazole and incubation for 
1 wk. From each transformant, single colonies were isolated and 
tested for β-galactosidase activity on plates by X-gal overlay. Tests 
on some selected transformants confirmed that the activation of 
reporter genes depends on the EB1 bait plasmid. To exclude that 
activation of the reporter genes was caused by random mutations 
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2009) of the complex between human EB1cΔC8 and MACFp1 was 
used as a template to generate a .pdb file by Swiss-Prot. To refine 
the model, FlexPepDoc was used for energy minimization (London 
et al., 2011). To calculate buried surface areas, the ArealMol in CCP4 
package was used (Lee and Richards, 1971; Winn et al., 2011). The 
figures were generated by PyMOL (www.pymol.org) and manually 
labeled.

number of aptamer-expressing adults to the number of nonex-
pressing adults (carrying TM6C).

Immunostaining and image analysis
For immunostaining, S2 cells were adhered to coverslips coated 
with concanavalin A (ConA) as described previously (Dzhindzhev 
et  al., 2005). Primary antibodies against α-tubulin (dm1A, 1:250; 
Sigma-Aldrich, Gillingham, UK), Drosophila EB1 (Elliott et al., 2005), 
GFP (rabbit, mouse anti-GFP, 1:500, A11122, 3E6; Molecular Probes, 
Paisley, UK), and Sentin (rat anti-Sentin, 1:50) were used. Secondary 
antibodies conjugated with Alexa Flour 488, Cy3, or Cy5 (Molecular 
Probes or Jackson Labs) were used. Images were taken with an 
Axioplan 2 microscope (Zeiss, Cambridge, UK) attached to a charge-
coupled device camera (Hamamatsu, Hamamatsu, Japan) controlled 
by OpenLab 2.2.1 software (ImproVision, Coventry, UK). To measure 
the Sentin signal at the microtubule plus ends, we used the method 
described by Dzhindzhev et al. (2005), with the following modifica-
tions. The plus end signal was calculated as S − B, where S is the 
total pixel intensity for a particular plus end signal and B is the total 
pixel intensity of the local background. The local background signal 
intensity was measured using the same-sized area beside the plus 
end signal area. Three plus end signals were measured in at least 10 
separate interphase cells using OpenLab 2.2.1.

To assess the growth rate of microtubule plus ends, ubiquitin-
EB1-GFP/Y; pUASp-GFP-aptamer/+ males were crossed with fe-
males carrying actin5C-GAL4 over a balancer. Hemocytes were iso-
lated from each female larva, plated on ConA-coated MatTek 
glass-bottom dishes for 2 h, and filmed at room temperature using 
a microscope (Axiovert; Carl Zeiss) attached to a spinning-disk con-
focal head (Yokogawa, Tokyo, Japan) controlled by Volocity software 
(PerkinElmer, Cambridge, UK). Because all female larvae express 
EB1-GFP but only some express GFP-aptamer, the presence or 
absence of the pUASp-GFP-aptamer transgenes in each larva 
was assessed by PCR from purified genomic DNA. From each larva, 
four or five EB1-GFP comets were measured in each of four or five 
hemocytes. A total of six or seven larvae were examined for each 
genotype.

Isothermal titration calorimetry
MBP or MBP fused with Drosophila EB1 was expressed at 37°C in 
BL21 (DE3) pLysS E. coli strain as described, and all purification steps 
were performed at 4°C. Cells were disrupted by sonication, and pro-
tein extract was loaded onto an MBPTrap HP column (GE Health-
care, Amersham, UK) for affinity purification. The proteins were fur-
ther purified by size exclusion chromatography using a Superdex 
200 10/300 GL column (GE Healthcare). The MicroCal Auto-iTC200 
(GE Healthcare, Amersham, UK) system was used for ITC. The 
aptamer peptides were commercially synthesized (Eurogentec, 
Southampton, UK) and dissolved in 100% dimethyl sulfoxide (DMSO). 
We titrated 5 μM MBP or MBP-EB1 at 25°C with 100 μM peptides for 
aptamer Perfect and 392. For aptamer 177, 5 μM MBP or 4 μM MBP-
EB1 was titrated at 25°C with 100 or 200 μM peptide, respectively. 
MBP-EB1 or peptide was analyzed in the same buffer (120 mM NaCl, 
2.7 mM KCl, 30 mM NaH2PO4, 1 nM dithiothreitol, 2% DMSO, 
pH 7.4). Titrations of peptide to buffer only were performed to allow 
baseline corrections. The resulting heats were measured, and the 
parameters were calculated by fitting to a single-site binding model 
using Origin software (OriginLab, Stoke Mandeville, UK).

Structural modeling
For modeling of Drosophila EB1 with aptamer Perfect and with a 
Sentin SxIP fragment, a crystal structure (3GJO; Honnappa et al., 
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