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Plus end tracking proteins (+TIPs) are a unique group of
microtubule binding proteins that dynamically track microtu-
bule (MT) plus ends. EBI is a highly conserved +TIP with a
fundamental role in MT dynamics, but it remains poorly under-
stood in part because reported EB1 activities have differed con-
siderably. One reason for this inconsistency could be the vari-
able presence of affinity tags used for EB1 purification. To
address this question and establish the activity of native EB1, we
have measured the MT binding and tubulin polymerization
activities of untagged EB1 and EB1 fragments and compared
them with those of His-tagged EB1 proteins. We found that
N-terminal His tags directly influence the interaction between EB1
and MTs, significantly increasing both affinity and activity, and
that small amounts of His-tagged proteins act synergistically with
larger amounts of untagged proteins. Moreover, the binding ratio
between EB1 and tubulin can exceed 1:1, and EB1-MT binding
curves do not fit simple binding models. These observations dem-
onstrate that EB1 binding is not limited to the MT seam, and they
suggest that EB1 binds cooperatively to MTs. Finally, we found that
removal of tubulin C-terminal tails significantly reduces EB1 bind-
ing, indicating that EB1-tubulin interactions are mediated in part
by the same tubulin acidic tails utilized by other MAPs. These bind-
ing relationships are important for helping to elucidate the com-
plex of proteins at the MT tip.

Microtubules (MTs)? are a major component of the cytoskel-
eton, the network of proteinacious fibers that endow the cell
with structural integrity, motile properties, and internal orga-
nization (1-4). MTs play a particularly important role in cell
organization: they help to pull the chromosomes apart at mito-
sis, act as a “railway” for intracellular transport, and define the
localization and structure of internal membrane systems
(5-11).

The cellular functions of MTs are highly dependent on their
dynamic nature, which is regulated by a number of microtubule
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associated proteins (MAPs) (3,9, 12, 13). The plus end tracking
proteins (+TIPs) are an unusual group of MAPs that preferen-
tially localize to growing MT plus ends (13—15). A large number
of proteins have now been identified as +TIPs, but one of the
most important is EB1 (end binding protein-1) (4, 13, 16, 17).
EB1 was initially discovered as a binding partner of the ade-
nomatous polyposis coli protein, but it is becoming apparent
that EB1 binds to an astonishing array of other proteins includ-
ing other +TIPs (CLIP-170, p150, and CLASPs), molecular
motors (Tea2 and kinesin), signal transduction proteins (Rho-
GEF2), and cytoskeletal scaffolding proteins (spectraplakins
and formins) (4, 13, 15). As might be expected from a protein
with so many interactions, EB1 is strikingly well conserved
across eukaryotes (18-21). These observations suggest that
EBI is the structural and evolutionary core of a complex of
proteins that regulates the behavior of MT plus ends (4, 13-15).
However, its activities and the mechanisms of its activities are
still poorly defined.

One reason for the difficulty in establishing EB1 function and
activity is that the existing work on EB1 is contradictory. For
example, Tirnauer et al. (22) reported that the K, of the
EB1-MT interaction is 0.44 uMm, whereas the behavior of EB1 (or
its relatives) in other experiments has implied a much weaker
interaction (23-25). Some studies have reported that EB1 can
induce the polymerization of low concentrations of tubulin
(26), whereas others report that EB1 by itself has no effect on
MT polymerization; EB1 activity requires the removal of its
autoinhibitory tail (aa 249 -268) or activation by proteins that
bind this tail (19, 27-29). Although one might predict that the
greater activity of the activated EB1 fragment lacking the auto-
inhibitory tail (EB1,_,,g) is due to its having a higher affinity for
MTs, comparative affinities of full-length EB1 and EB1, ,,q
have not yet been measured.

One explanation for the inconsistencies in reported EB1
activity is that the EB1 proteins used in these studies are not
identical. All of the existing studies have used EB1 proteins
purified by the use of affinity tags (e.g. histidine or glutathione
S-transferase), but the tags and purification strategies differ.
Some studies used proteins with the tags left intact (26 -28),
whereas others used tag-cleaved proteins (19, 24, 29, 30). In
some cases where the tags were cleaved off, several amino acids
still remained after the main tag was removed. Although it is
often assumed that tags are benign, tags and tag remnants could
alter inter- or intramolecular interactions, thus changing activ-
ity. Another potential explanation for inconsistency in reported
EB1 activity is that EB1 might bind MTs cooperatively.

JOURNAL OF BIOLOGICAL CHEMISTRY 32651


https://doi.org/10.1074/jbc.M109.013466
http://creativecommons.org/licenses/by/4.0/

Interactions between EB1 and Microtubules

Researchers would observe different affinities and activities
depending on how much EB1 they used.

To investigate these questions, we have characterized the
MT binding behaviors of His-tagged, His-tag-cleaved, and
untagged (classically purified) full-length EB1(EB1g;). We have
compared these behaviors with each other and with those of
similar constructs lacking the autoinhibitory tail (EB1; ,,q).
First, we found that the commonly utilized N-terminal His tags
dramatically increase the activity of both EB1;; and EB1, ,,qas
measured by both MT binding and polymerization assays. Sec-
ond, removal of the C-terminal tail does increase the apparent
affinity of EB1 for MTs (as expected). However, we were
intrigued to observe that the binding behavior of both EB1;
and EB1,_,,q is complex. Therefore, the affinities of these pro-
teins for MT's cannot be measured accurately from simple bind-
ing curves. Third, saturation studies confirm the complex MT
binding behavior of both EB1;; and EB1,_,,4 and indicate that
EB1, ,,s canbind MTs at a ratio of greater than one EB1 dimer
to one tubulin dimer. This binding ratio demonstrates that EB1
binding is not limited to the MT seam (seam-only binding pre-
dicts saturation at a ratio of 1 EB1 dimer to 13 tubulin dimers)
(24) and suggests that EB1 molecules might bind to MT-bound
EB1. Finally, we also found that small amounts of His-tagged
EB1 proteins act synergistically with untagged EB1 proteins.
Because it is difficult to fully cleave off the His tag without
causing over-digestion of EB1, this observation suggests that
some of the results reported for “tag-cleaved” EB1 may have
been influenced by contaminating tagged EB1.

The sum of our observations indicates that native EB1;,; and
even native EB1,_,,q have intrinsically weak activity, contrary
to the strong MT binding and polymerization activities previ-
ously reported with tagged proteins (22, 26). Our results also
suggest that EB1; and EB1, ,,s can bind to MTs coopera-
tively, thus increasing their activity. The apparent cooperativity
is weak, but such weak cooperativity could be significant in the
context of the complex of proteins at the MT tip.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of EB1 Proteins—The
cDNA sequences of human EB1; and EB1, ,,, were amplified
by PCR and cloned into pET15b (Invitrogen, for His-tagged
constructs) and pET21b (Invitrogen, for untagged constructs),
and all of the constructs were verified by DNA sequencing. The
proteins were expressed in the Escherichia coli strain BL21
(DE3). Bacteria were grown at 37 °C in LB medium containing
100 wg/ml ampicillin. After induction with isopropyl 3-b-1-
thiogalactopyranoside for 4 h, the cells were pelleted and lysed
by sonication at 0 °C. His-tagged proteins were purified on a
nickel-nitrilotriacetic acid column at 4 °C following the manu-
facturer’s protocol (Novagen). To produce proteins with the
His tag cleaved off (“His-cut” proteins), ~5 units/mg of human
thrombin (Sigma-Aldrich) was added to His-tagged proteins
and incubated for ~ 5h at4 °C. Subsequently, the proteins were
passed through p-aminobenzamidine-agarose (Sigma-Aldrich)
and nickel-nitrilotriacetic acid columns (Novagen) columns to
remove the thrombin and excess His-tagged proteins. For puri-
fication of untagged EB1 proteins, the cell lysates were passed
through sequential cation and anion exchange columns pre-
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packed with DE52 and P11 resins (Whatman) at pH 7.9 and 6.8,
respectively, and finally eluted with 100 -300 mm NaCl.

After fractionation, all of the proteins were loaded onto col-
umns prepacked with Bio-Gel P-6DG (Bio-Rad) where the
buffer was changed to PEM (100 mm PIPES, 1 mm EGTA, 1 mm
MgCl,, 5 mm B-mercaptoethanol, pH 6.8). All of the proteins
were flash frozen and stored at —80 °C. The concentrations of
all proteins were measured using the Bradford protein assay
(Bio-Rad) with bovine serum albumin as standard. Although
EB1 is expected to be a dimer under most of the concentrations
used in this work, the concentrations are presented as the EB1
monomer concentration, consistent with common practice in
the EB1 literature.

Preparation of Tubulin and Microtubules—Tubulin was iso-
lated from porcine brain by two cycles of polymerization and
depolymerization as described (31). Taxol (paclitaxel; Sigma-
Aldrich) MTs (32), Taxol-MT seeds (33), rhodamine-labeled
tubulin (34), and subtilisin-treated Taxol-MTs (35) were pre-
pared as described previously. Western blots were also used to
verify that the subtilisin treatment fully removed the C-termi-
nal tails from both a- and B-tubulin (supplemental Fig. S3)
(35-37).

Microtubule Cosedimentation Assays—To investigate the
binding affinities between EB1 proteins and MTs, 2 um of puri-
fied EB1 proteins (calculated as monomer concentration as is
standard in the EB1 literature) were incubated with increasing
amounts of Taxol-MTs (0-20 uM, calculated as tubulin dimer
concentration) in PEM buffer at 37 °C for 30 min. After centri-
fugation (165,000 X g) at 37 °C for 15 min, separated superna-
tant and pellet fractions were loaded onto SDS-PAGE, and the
band intensities were analyzed by Image ] (National Institutes
of Health). An EB1 standard was also loaded and used in quan-
tifying the bound fractions of EB1. For initial attempts at esti-
mating a K, data were fit to a bimolecular binding equation
(Y= (Bax * X)/(K, + X), where Yis the fraction of bound EB1
proteins, and X is the concentration of free MTs) using Prism
5.0 (GraphPad) under nonlinear regression conditions. Except
when otherwise indicated, all of the analyses were performed
under the assumption of 1:1 stoichiometry (EB1 monomer:
tubulin dimer), and the B, values were set to 1.0. Supplemen-
tal Fig. S1 shows that estimated K, values do not change signif-
icantly when 2:1 stoichiometry is used.

For the MT saturation assays, 2.5 um of Taxol-MTs (calcu-
lated as tubulin dimer) were incubated with increasing amounts
of EB1 proteins (0-20 um, calculated as EB1 monomer). The
theoretical curves (see Fig. 6, dashed and dotted lines) predicted
for these MT saturation assays were obtained by considering
the reaction as a simple 1:1 binding equilibrium E + M <> EM,
where “E” represents EB1 dimer and “M” represents polymer-
ized tubulin dimer (in this case, we used a 2:1 EB1 monomer:
tubulin dimer stoichiometry because it fit better than 1:1; data
not shown). The theoretical curves were produced by calculat-
ing [E]youna @s @ function of [E],,., using the equation [K, =
{(Eliotar — [Elbound) * (M]iotar = [Elbound)}/ [Elbounal (38) and
used the assumed K, values extracted from the data in supple-
mental Fig. S1. Moreover, supplemental Fig. S2 shows that the
data do not fit this equation regardless of the K, assumed.
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Tubulin Polymerization Assay—Tubulin polymerization was
measured by light scattering assay as previously described (39).
Briefly, the reaction was started by adding tubulin (12 um) into
PEM buffer (final GTP concentration, 1 mm) containing EB1
protein (10 um) in the absence or presence of MT seeds as
indicated. Turbidity was recorded as the absorbance of light at
350 nm as measured by a spectrophotometer (Perkin Elmer
Lamda 2). The measurements were taken at 6-s intervals, and
the reaction solution was held at 37 °C.

Light and Electron Microscopy—For light microscopy, the
reactions were initiated by the addition of 12 um mixed tubulin
(labeled:unlabeled = 1:10) into PEM (final GTP concentration,
1 mm) buffer in the presence of the various EB1 proteins (10 um)
or a buffer control. After 30 min of incubation, the samples
were fixed with prewarmed 0.5% glutaraldehyde and then
diluted 25X in PEM buffer before being placed onto the cover-
slips. Imaging was performed on a TE2000 inverted microscope
(Nikon). Polymer structures were visualized using a 60X 1.4NA
objective. The data were acquired from a cooled back-thinned
CCD camera (Photometrics) controlled by Metamorph soft-
ware (Molecular Devices). The images were further processed
using Photoshop 7.1 (Adobe). For electron microscopy, the
samples were prepared as described in the tubulin polymeriza-
tion assay. After 30 min of incubation, the samples were fixed
with prewarmed 0.5% glutaraldehyde and then diluted 25X
before being applied to carbon-coated electron microscopy
grids (300 mesh). The grids were subsequently negatively
stained with 1% uranyl acetate solution. The images were
acquired using an H-600 transmission electron microscope
(Hitachi) and further processed by Photoshop 7.1 (Adobe).

Proteolytic Digestion—EB1 proteins were digested with pro-
teinase K (EB1:protease = 500:1) in PEM buffer supplemented
with 7.5 mm CaCl, at room temperature. Proteolysis was
stopped by heating the samples in SDS sample buffer for 5 min.
The digested fragments were resolved by 12% SDS-PAGE and
stained with Coomassie Blue. An additional band at ~30 kDa
appears immediately after the commencement of digestion in
samples containing His-tagged proteins (see Fig. 7, A and D)
and is due to a loss of the His tag, as shown by Western blots
(supplemental Fig. S4).

Western Blotting—For Western blot analysis, the proteins
were transferred from SDS-PAGE to nitrocellulose membrane
(Whatman), blocked with milk solution, and then probed by
anti-histidine-tagged protein (Novagen), anti-EB1 (BD Bio-
sciences; immunogen aa 107-268), monoclonal anti-a-tubulin
1A2 (a gift from Kreis’s lab), or anti-B-tubulin DM1B (Sigma-
Aldrich). Antibody detection was performed using anti-mouse
horseradish peroxidase secondary antibody (BD Biosciences)
followed by chemiluminescent substrate (Pierce).

RESULTS

Preparation of His-tagged, His-Tag-cleaved, and Untagged
EBI Proteins—To clarify whether the commonly utilized hexa-
histidine affinity tag influences the activity of EB1, we purified
three bacterially expressed variants of the full-length EB1 pro-
tein: 1) “His EB1, ” is the EB1; protein directly acquired from
the nickel-nitrilotriacetic acid column. This protein has the
purification tag containing six histidine residues at the N ter-
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N-terminal MT Intermediate C-terminal
binding domain domain domain
(CH domain) (unstructured) (coiled-coil + acidic tail)
Human EB1
1 130 191 248 268

Constructs utilized:
HisEBl, @- =
His-cut EB1,, — |
Untagged EB1, B

His EB1,,s @—

His-cut EB1,,,3 —

Untagged EB1, 54

o His-tag

— Linker that remains after thrombin digestion

FIGURE 1. Schematic representation of EB1/EB1 fragments used in our
study. His EB1,,_ and His EB1,_,,5 have an N-terminal His tag. His-cut EB1_
and His-cut EB1,_,,5 are the proteins that result from purification of throm-
bin-treated His EB1._and His EB1,_,,s respectively. Untagged EB1,, and
untagged EB1,_,,5 have the native EB1; /EB1,_,,5 Sequences and are purified
by classical methods. All of these EB1 proteins are expressed in bacteria. EB1
proteins truncated at aa 248 have been previously reported to be activated
via a loss of tail-mediated autoinhibition (19, 24).

minus. The exact composition of the tag can be found in sup-
plemental Table S1. 2) “His-cut EB1;” is the product of His
EB1;, treated with thrombin. Three extra (non-native) amino
acids remain on the N terminus of this protein after thrombin
treatment (supplemental Table S1). As discussed more under
“Experimental Procedures,” obtaining pure His-cut EB1 g
requires using a post-digestion nickel-nitrilotriacetic acid col-
umn to remove the remaining His-tagged protein. 3) “untagged
EB1 ;" is the native EB1; sequence expressed in bacteria and
purified by classical methods utilizing ion exchange chroma-
tography. There are no non-native amino acids at either the N
or C termini of this protein.

Previous work has indicated that EB1 exists in an autoinhib-
ited form where the EB1 C-terminal tail (aa 249 —268) has the
ability to negatively regulate its polymerization promoting and
MT binding activities (19, 24). To enable us to compare the
activity of EB1,_,, to that of EB1,;, three EB1,_,,5 proteins
were produced using approaches analogous to those used to
study the EB1y; : 1) “His EB1, _,,4” is the His-tagged EB1; _,,4; 2)
“His-cut EB1,_,,g” is the EB1, _,,¢ with the His tag removed by
thrombin digestion, leaving three amino acids at the N termi-
nus; and 3) “untagged EB1, ,,.”is the native EB1, ,,, sequence
expressed in bacteria and purified by classical methods. A sche-
matic representation of all of the EB1 constructs utilized in this
work is shown in Fig. 1. The purified proteins are shown in Fig. 2A.

Activities of Full-length EBI: Strong Effect of N-terminal His
Tags—As discussed above, there are major discrepancies in
reported EB1-MT binding behaviors. To clarify the affinity of
the EB1-MT interaction and test whether these discrepancies
could result from differences related to affinity tags, we per-
formed binding assays utilizing MT cosedimentation. Our data
indicate that His EB1; binds Taxol-MTs with much higher
affinity than do either of the His-tag-free EB1; proteins (His-
cut or untagged); the K, values estimated from the best fit
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These observations confirm that

full-length EB1 has negligible effects
on MT polymerization as measured
by light scattering, even when it is
present at high concentrations (19,
29). Combined with our previous
results, these observations demon-
strate that in addition to promoting

A M 1 2 3 4 5 6 M 7 8 B M 1 2 3 4 5 6 M 7 8
50| ° 50
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¢ _o o P,
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15 S, ’ 15|
SDS-PAGE Anti-His western blot

FIGURE 2. SDS-PAGE and anti-His Western blot of purified EB1 proteins. A, SDS-PAGE. B, Western blot.
Molecular mass markers (lane M) and their molecular masses are indicated to the left of the figures in kDa. The
samples are in the same order in both panels. Lane 1, His EB1¢; lane 2, His EB1,_,,5; lane 3, His-cut EB1; lane 4,
His-cut EB1,_,,g; lane 5, untagged EB1¢; lane 6, untagged EB1,_, 4 lane 7, a mixture of 10% His EB1,_,,5 + 90%
His-cut EB1,_,,q; lane 8, a mixture of 10% His EB1,_,,g + 90% untagged EB1,_, 5.

binding of EB1;; to MT, the hexa-
histidine affinity tag also promotes
EB1;; MT polymerization activity.
To verify that the observed
changes in light scattering were due
to the formation of MTs and not

O HisEB1y545 A His-cut EB14 45

-

non-MT aggregates, we used both
light and electron microscopy to
investigate the morphologies and
structures of the polymerized prod-
ucts. As expected, only a few short
individual (not bundled) MTs were
seen by light microscopy in controls
containing tubulin alone in the

A 125 . _ B 125
o HisEB1g A His-cut EB1g.
- 1.004 ® Untagged EB1¢ g o 1.00]
c [m] c
-2 E -
8 0.75 Py Qon{ &
g ’/‘E c
% 0.50- e L
E ,/ﬁ §
L 0.25- w
0.00 T
0 5 10 15 20
[MT]Eree (M)

FIGURE 3. The His tag influences EB1,, and EB1,_,,5 activity in MT cosedimentation assays. A, behavior of
full-length EB1 proteins. B, behavior of the activated EB1,_,,4 fragments. In both A and B, 2 um (calculated as
EB1 monomer) of the indicated EB1 proteins were incubated with varying concentrations of Taxol-stabilized
MTs (0-20 um, calculated as tubulin dimer) and centrifuged, and the resulting supernatants and pellet fractions
were analyzed by SDS-PAGE. The concentration of free polymerized tubulin (x axis) was calculated from this
data, assuming a 1:1 ratio (EB1 monomer:tubulin dimer). The “best fit” standard binding curves are shown for
each protein; the poor fit of these curves to the data is discussed in the text. A shows that His EB1. (K; = 3.6 =
0.4 um as estimated from the best fit curve) binds MTs more strongly than either His-cut EB1¢, (K, = 23.3 £ 2.4
um) oruntagged EB1¢, (K; = 20.6 = 2.3 um). Bshows that His EBT,_,,5 (K; = 0.8 = 0.1 um) binds MTs much more
strongly than either His-cut EB1,_,,5 (K, = 11.4 = 1.4 um) or untagged EB1,_, 45 (K; = 10.4 = 1.2 um). Compar-
ison of A and Bindicate that EB1,_,,g constructs interact with MTs more strongly than do the analogous EB1_
constructs, supporting the idea that the flexible EB1 tail (aa 249 -268) negatively regulates EB1 protein activity
(19). Data points are the averages of three or more independent experiments and are plotted as the means +
S.E. (vertical bars represent error in the fraction bound, and horizontal bars represent error in [MTg,..; Where
error bars are not visible, the error is smaller than the symbol for the data point).

standard binding curves were ~3 and ~20 uM, respectively
(Fig. 3A). Thus, the hexahistidine affinity tag does influence the
activity of EB1y;, greatly increasing its ability to bind to MTs.
However, it is important to note that it was difficult to derive
accurate K, values from these experiments, because the data
sets for the untagged and His-tag-cleaved EB1 proteins repro-
ducibly fit poorly to the standard binding curve (Fig. 34; dis-
cussed more below).

As mentioned above, it has been suggested that full-length
EB1 can promote MT growth in vitro (26), but this conclusion
remains controversial (19, 28, 29). To clarify whether EB1 has
the ability to promote MT polymerization and whether EB1
polymerization promoting activity is also influenced by the
presence of His tags, we performed tubulin polymerization
(light scattering) assays with all three full-length EB1 proteins
(His EB1¢;, His-cut EB1;, and untagged EB1; ). We found that
only His EB1;,; promotes MT assembly at the concentrations
used (10 um EB1, 12 uM tubulin); His-cut and untagged EB1,;
both have minimal influence (Fig. 44). Even when the polym-
erization was performed in the presence of MT seeds, only His
EB1g; promoted polymerization in a detectable way (Fig. 4B).
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absence of seeds (Fig. 54, inset a).
The addition of His EB1g; not only
increased the number of MTs but
also induced some bundling (Fig.
5A). We were surprised to see that
the His-tag-free EBl., proteins
(both His-cut and untagged) caused
a qualitative increase in the amount
of polymer (Fig. 5, B and C) (it was
difficult to measure this increase
quantitatively). This observation
suggests that these constructs do
have some polymerization promot-
ing activity and that light scattering
assays are relatively insensitive to
these small increases in polymer mass. To complement the light
microscopy experiments, electron microscopy was used to
investigate MT structure. We found that none of the three
EB1., proteins induced obvious protein aggregates, and the
MTs formed in the presence of all three appeared to be normal
(data not shown).

Activities of the “Activated” Fragment EBI,_,,q: Strong Effect
of N-terminal His Tags—Previous work has indicated that full-
length EB1 is autoinhibited and that removal of the EB1 C-ter-
minal tail (aa 249-268) relieves this autoinhibition (19, 27).
Consistent with this work, recent studies have indicated that
the activated fragment (EB1, ,,;) binds MTs more strongly
than does the full-length protein, although affinities were not
measured (24). To quantify the MT binding behavior of EB1; _,,4
and test whether the His tag affects this activated fragment in the
same way that it affects full-length EB1, we conducted M T binding
assays with His EB1, ,,s and the two His-tag-free EB1, ,,q pro-
teins (His-cut and untagged). Using the same binding assays as
described above, we found that His EB1,_,,, binds Taxol-MTs
very strongly, whereas the other two EB1, ,,s proteins bound
MTs weakly (the K, values estimated from the best fit curves were

[MT]gree (M)

VOLUME 284 -NUMBER 47+NOVEMBER 20, 2009



Interactions between EB1 and Microtubules

A b Without seeds B 1.0 With seeds
£ 0.04 / - His EB1f, £ His EB1,
g 0.8+ - = Untagged EB1g f, Untagged EB1¢,
3 ' - . His-cut EB1p, A His-cut EB1p,
£ 0.6- - = -
c Y 0,00 ‘ = tubulin alone tubulin alone
8 10 20 8
S 0.4 s
o o]
o )
3 0.2- — | P
e} K]
< é <
0.0- T T T

I
15 20 25 30

0 5 10 15 20 25 30

Time (min) Time (min)

C 1.0 Without seeds D 10 With seeds
S £
c =
8 H|S EB11_248 8 H|S EB11_248
® Untagged EB1y 545 Untagged EB144s
o His-cut EB1_y4g o His-cut EB14 545
8 tubulin alone g tubulin alone
© ©
] o]
5 — | 5
g 0.2 g
< éﬁ <

0.0~ T T T

T
0 5 10 15 20 25 30 15 20 25 30
Time (min) Time (min)

E o5 F o5
E L] 1 HM H|S EB1 1-248 + 9 HM HIS-CUt EB1 1-248 E u 1 H.M H|S EB11_248
g 0.4- 10 uM His-cut EB1, 545 g 0.4 +9 pM Untagged EB1 543
:9, = 1 pM His EB14.48 g = 10 puM Untagged EB14545
® 0.3 = tubulin alone ® 034 = 1 uMHis EB1454s
§ @ tubulin alone
g 0-27 £ 0.2
2 2
2 0.1- 3 0.1-
< <
0.0+ T T T T T 0.0+ T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

FIGURE 4. Effect of EB1 constructs on tubulin polymerization (light scattering assays). A-D, behavior of EB1, (A and B) and EB1,_,,5 (C and D) constructs.
In each experiment, 10 um EB1 protein as indicated (or buffer) was added to 12 um cold tubulin and shifted to 37 °C, and the resulting change in absorbance
was recorded at 6-s intervals. Higher absorbance indicates more polymerization, more bundling, or a combination of the two. The assays were conducted with
and without MT seeds (right and left panels, respectively) to test for the possibility that the proteins can promote polymerization but not nucleation. The insets
show the same data with an expanded y axis. These experiments show that 1) the His tag dramatically increases the activity of both EB1, and EB1,_,,g; 2)
full-length EB1 constructs that lack the His tag (both His-cut and untagged) have no detectable activity in these assays; and 3) His-cut EB1,_,,4 has much less
polymerization promoting activity than untagged EB1,_,,5 even through these proteins had similar MT binding activity as shown in Fig. 3B. Eand F, synergistic
effects of mixing small amounts of His-tagged EB1 proteins with larger amounts of His-tag-free EB1 proteins. Representative experiments with His-cut EB1,_,
are shown in £, whereas analogous experiments with untagged EB1,_,,5 are show in F. In both cases, the absorbance obtained from the mixed EB1 proteins is
greater than the sum of the absorbance of each EB1 protein alone.

NOVEMBER 20, 2009+ VOLUME 284-NUMBER 47  YASHMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 32655



Interactions between EB1 and Microtubules

FIGURE 5. Light microscopy of the polymers assembled in the presence of tubulin and EB1 proteins as
indicated. Samples were prepared as described under “Experimental Procedures.” The images were acquired
at 60X magnification, and the scale bars represent 20 wm. A, His EB1, . inset a shows the tubulin-only control,
which has only a few short MTs. B, His-cut EB1¢,. C, untagged EB1,. D, His EB1,_,,q. E, His-cut EB1,_,,q.
F, untagged EB1,_,,5. A-C and E are adjusted to one consistent level chosen to optimize visualization of the
single MTs in these images, whereas D and F are adjusted to a different level chosen to optimize visualization

of the MT bundles seen in these experiments.

~0.5 and ~11 um for the His-tagged and His-tag-free proteins
respectively) (Fig. 3B).

Thus, the affinity tag has a strong influence on the MT bind-
ing behavior of the activated (tailless) EB1 fragment EB1,_,,q.
However, there are two other aspects of these experiments
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worth noting. First, as with EB1;, it
was difficult to extract K, values
from these experiments because the
data sets for the His-tag-free pro-
teins again fit poorly to the standard
binding equation. The deviation
fromthe curveswasespeciallyappar-
ent for the His-tag-free EB1, ,,q4
proteins  (both  His-cut and
untagged) at low tubulin concentra-
tions (Fig. 3B). Second, although all
versions of EB1, ,, bound MTs
more strongly than did the analo-
gous full-length proteins, deletion
of the autoinhibition domain
seemed to affect the His-tagged pro-
tein more than its His-tag-free
counterparts (Fig. 3, compare A
and B).

To further investigate the activity
of EB1, ,,, we also tested these
three constructs in tubulin polym-
erization assays. His EB1; ,,. has a
dramatic effect on tubulin polymer-
ization (Fig. 4C). The addition of
MT seeds causes little change, indi-
cating that it is a strong nucleator at
this concentration (10 um) (Fig. 4D).
untagged EB1, ,,q does induce MT
polymerization, but it does so with
much slower kinetics and achieves a
lower maximum value (Fig. 4C).
The kinetics of assembly in the pres-
ence of untagged EBI, ,,, are
enhanced by the addition of MT
seeds, indicating that this protein is
arelatively poor nucleator (Fig. 4D).
It is interesting to note that the His-
cut EB1, ,,5 has less polymeriza-
tion promoting activity than
untagged EBI1, ,,,, perhaps be-
cause of the remnant tag (3 amino
acids). Light and electron micros-
copy confirmed that the increased
signals in the light scattering assays
reflect formation and bundling of
MT polymer as opposed to forma-
tion of non-MT aggregates (Fig. 5,
D-F, and data not shown).

Thus far, our experiments dem-
onstrated that N-terminal His tags
dramatically augment the interac-
tion between EB1 proteins and MTs
and that full-length His-tag-free EB1 proteins have little detect-
able polymerization promoting activity. However, we were puz-
zled by the poor fit of the binding data to standard binding
equation. The slight “S” shape of the binding data for the His-
tag-free proteins (Fig. 3) suggested the existence of cooperativ-
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FIGURE 6. Saturation binding experiments. MTs (2.5 um) were mixed with varying concentrations of EB1
proteins as indicated, and binding was assessed by standard MT cosedimentation assays. A, His-tagged EB1,
and EB1,_,4g. B, untagged EB1 and EB1,_,,q. Theoretical curves plotted using a rearranged version of the
standard binding equation (see “Experimental Procedures”) and the K, values estimated from supplemental
Fig. 1 are shown for each data set as dotted (EB1¢ ) or dashed (EB1,_,,g) lines. Inspection of these data and
theoretical curves shows that EB1 saturation behavior conforms poorly to the expectations of a standard 1:1

EB1 dimer:tubulin dimer binding model.

ity, but it was not immediately apparent how binding of EB1 to
MTs could depend cooperatively on the concentration of MTs
as is implied by this data. To investigate the EB1-MT interac-
tion in more depth, we examined MT saturation by EB1.

Saturation of MTs by EBI: Evidence for EB1 Cooperative
Binding—Recently, cryo-electron microscopy work has pro-
vided evidence that the fission yeast EB1 homolog, Mal3p,
binds preferentially to the seam of the MT lattice (25). Conse-
quently, if Mal3p binds primarily to the seam, one would expect
that binding of Mal3p to MTs would saturate at a ratio of 1
Mal3p dimer to 13 tubulin dimers. Consistent with this idea,
MT binding studies of both Mal3p and human EB1 have been
interpreted as supporting the idea that Mal3p and EB1 saturate
MTs at a 1:13 ratio (24, 25). However, a more recent study
observed that Mal3 saturates MTs at a 1:1 ratio (EB1 dimer:
tubulin dimer) (40).

To resolve this discrepancy and test whether human EB1 can
bind to sites on the M T other than the seam, we performed MT
saturation assays in which we held the MT concentration con-
stant and varied the concentration of EB1 protein. What we saw
was surprising. First, untagged EB1,_,,s accumulates on MTs
at a ratio of at least 1 EB1 dimer:1 tubulin dimer (Fig. 6B). This
observation demonstrates conclusively that human EB1 can
bind to the regular MT lattice, not just the seam. Second, the
curve shows no sign of saturation at high EB1,_,,4 concentra-
tions, suggesting that EB1,_,,s can accumulate to ratios sur-
passing 1:1. Third and perhaps most importantly, the observed
binding behavior is inconsistent with a simple binding model;
the data fit poorly to the rearranged version of the standard
binding equation regardless of the binding affinity or stoichi-
ometry chosen (Fig. 6B, supplemental Figs. S1 and S2, and data
not shown).

Similar observations were made for the other constructs ana-
lyzed. His EB1; and His EB1, _,, also accumulated to ratios at
or above 1:1 (EB1 dimer:tubulin dimer). Interestingly, the
behaviors of His-tagged and untagged EB1, _,,, were most dif-
ferent at low EB1 concentrations and became more similar at
high EB1 concentrations (Fig. 6; this is discussed more later).
Untagged EB1¢; bound MTs too weakly to achieve saturation at
the concentrations used but did accumulate to concentrations
much higher than the 1:13 ratio expected for a “seam-only”
binding model (Fig. 6B). The saturation behavior of all con-
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Total untagged EB1 protein (uM)

high EB1 concentrations (the data
points fall above the predicted
curves).

The incompatibility of the EB1
binding behaviors with standard
binding models suggests that EB1
binds MTs cooperatively. The
observation that EB1 dimers can
bind polymerized tubulin dimers at a ratio approaching or
exceeding 1:1 suggests that the mechanism of the cooperativity
is binding of EB1 to MT-bound EB1. Alternatively, binding of
EB1 to MTs could induce a conformational change in tubulin
thatincreases EB1 binding, but under this scenario, it is difficult
to explain how the binding ratio can exceed 1:1 as seen in Fig. 6.

Synergism between His-tagged and His-tag-free EBI Proteins—
To further investigate the idea that EB1 molecules interact with
each other, we tested the effect of mixing His-tagged and His-tag-
free proteins in polymerization assays. Strikingly, we found that
when we mixed small amounts of His EB1, ,,, with larger
amounts of His-tag-free proteins (either His-cut or untagged
EB1,_,,g), the light scattering signal increased dramatically above
that obtained from either protein alone (Fig. 4, E and F). The obser-
vation that the signal is much greater than the sum of the signals
obtained from the proteins by themselves indicates that small
amounts of His EB1, ,,, interact synergistically with larger
amounts of His-tag-free proteins.

The observation that His-tagged EB1 proteins can synergis-
tically promote the activity of tag-free EB1 proteins supports
the idea that EB1 proteins act cooperatively. It also suggests that
some activities previously reported for His-tag-cleaved EB1
proteins may result in part from small amounts of contaminat-
ing His-tagged EB1 proteins. One could argue that this appar-
ently synergistic behavior results from heterodimerization
between the His-tagged and His-tag-free proteins, effectively
increasing the concentration of the His-tagged proteins from 1
to 2 uM. We cannot rule out this explanation, but we find it
unlikely because 2 um His EB1, _,,¢ alone has an activity that is
significantly less than that observed when 1 um His EB1; ,,,
is mixed with 9 um His-tag-free EB1, ,,, proteins (supple-
mental Fig. S5).

Investigating the Mechanism of the His-tag Effect—The
strong effect of His tag on EB1 behavior suggested that investi-
gation of the origin of this effect might provide insight into the
behavior of native EB1. One possibility is that the His tag causes
a conformational change in EB1 that favors the EB1-MT inter-
action, perhaps by interfering with additional uncharacterized
autoinhibition mechanisms. To test this idea, we performed
proteinase K digestion assays. It is well established that protein-
ase K digestions provide a sensitive assay for differences in pro-
tein structure (41, 42). The expectation is that if the His-tag
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A second potential mechanism
for the His-tag effect is that the tag
could increase the affinity of EB1 for
the MT surface. Because the His tag
is partially positively charged in our
assays (43), it is reasonable to pro-
pose that the His tag interacts with
the negatively charged MT surface
(15, 44). As afirst test of this idea, we
compared salt sensitivity of both
His-tagged and His-tag-free EB1
proteins. First, we observed that the
interaction between the His-tag-
free EB1 proteins (both EB1;; and
EB1, ,,) and MTs is abolished at
moderate salt concentrations (100
mu; Fig. 8), consistent with previous
work showing that the EB1-MT
interaction is at least partially elec-
trostatic (18). Further experiments
showed that binding of the His-
tagged EB1 proteins (EBlg; and
EB1, ,,q) is also abrogated by salt,
but a complete loss of binding
requires higher concentrations (Fig.

FIGURE 7. Examination of possible structural differences between EB1 proteins by proteinase K diges-
tion. A-F, EB1 proteins (as indicated) were digested by proteinase K (1:500) for times as indicated. To gain
information about the origins of the digested bands, anti-His and anti-EB1 Western blots were performed on
the protein samples shown in A (supplemental Fig. S4).

A : 3 B 10 : 5
° 4 His EB1g g 4 His EB14.548
3 -0~ Untagged EB1g, m 3 0.8 -O- Untagged EB11245 (4 m
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FIGURE 8.The effect of salt on interactions between EB1 proteins and MTs. EB1 proteins as indicated (5 um)
were incubated with MTs (5 um) in the presence of varying concentrations of salt, and the fraction of EB1 bound
was determined by MT cosedimentation. A, Full-length EB1 constructs. B, EB1,_,,5 constructs. The data points
represent the averages of three independent experiments and plotted as the means = S.E.

8). These observations suggest that
the His tag enhances the EB1-MT
interaction through an additional
interaction that is also electrostatic.

EBI1 Binds to the Acidic C-termi-
nal Tail of Tubulin—The observa-
tion that binding of the His-tagged
EB1 proteins to MTs is at least par-
tially electrostatic suggests that the
His tag might bind to the acidic
C-terminal tail of tubulin (44 —46).
To test this hypothesis, we exam-
ined the ability of the various EB1
proteins to bind to subtilisin-
treated MTs (ST-MTs). ST-MTs
are Taxol-MTs that have been
treated with subtilisin to remove the

induces a change in EB1 conformation, the His-tagged and His-
tag-free EB1 proteins will have different proteinase K digestion
patterns.

When we analyzed the proteinase K-treated samples, we
found that the digestion patterns are indistinguishable (Fig. 7).
This observation shows that the His tag does not dramatically
alter the EB1 conformation and demonstrates that the lower
activity of the His-tag-free proteins is not due to purification-
induced unfolding. However, we cannot conclusively rule out
the possibility that the His tag alters EB1 conformation in a
minor way that is not detectable by proteinase K digestion
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C-terminal tails of both a- and B-tu-

bulin (see supplemental Fig. S3 for
characterization of the ST-MTs). Because removal of the C-ter-
minal tyrosine of tubulin has no effect on EB1 binding in vivo
(47), we expected that subtilisin treatment would have no effect
on MT binding of untagged EB1. However, our data show that
removal of the acidic tail greatly decreases the ability of both
His-tagged and untagged EB1; /EB1,_,,q to bind to MTs (Fig.
9). This observation demonstrates that the acidic tail is involved
in binding of native EB1 to MTs, as was originally proposed by
Hayashi and Ikura (18). However, the observation that both
His-tagged and untagged EB1; /EB1, ,,q proteins still retain
some ability to bind ST-MTs (~30%) reveals that other parts of

VOLUME 284 -NUMBER 47+NOVEMBER 20, 2009


https://doi.org/10.1074/jbc.M109.013466
https://doi.org/10.1074/jbc.M109.013466

Interactions between EB1 and Microtubules

A 10 His-tagged EB1 proteins B 0 Untagged EB1 proteins EB1, ,.s is also a relatively poor
T ' e EB1 T ' promoter of MT assembly; it
3 o8- 18 =2 1248 3 0. robustly induces MT assembly
o i o Untagged when present at high concentra-
= His EB1 . = EB11.248 . .
@ 0.6 FL o 0.6 f— tions (10 um; see Fig. 4C) but has
5 ol ] 5 g4 i §§3 little effect at nearly physiological
5 5 UnEtgﬁlged Untagged concentrations (data not shown, but
§ 0.2 { -.é 0.2- F- Untagged P Hﬁ EB14.245 see Fig. 4 for the weak activity of His
= . V EB1, ,,s at 1 um). These observa-
0.0 tions suggest either that native

M'Il's ST-MTs M'Irs ST-MTs

MTs

averages of three independent assays and are plotted as the means = S.E.

the tubulin dimer contribute to the EBI-MT interaction as well.
The observation that the His-tagged EB1 proteins bind better to
ST-MTs than do their untagged counterparts proteins suggests
that the His tag binds to a part of the MT other than the acidic
tail.

DISCUSSION

Variability in Reported EB1 Behaviors and the Effect of His
Tag on EBI Activity—EB1 appears to be both the evolutionary
and structural core of the complex of proteins at the MT plus
end (4, 13, 16, 17), but it remains poorly understood, in part
because of variability in reported activities (18 —30). All of the
existing studies of EB1 have used proteins that were purified via
affinity tags. We find that N-terminal histidine tags dramati-
cally increase both EB1-MT affinity and polymerization pro-
moting activity (Figs. 3 and 4) and that small amounts of con-
taminating His-tagged proteins act synergistically with larger
amounts of His-tag-free proteins (Fig. 4, E and F). Moreover, it
is hard to remove the His tags by thrombin without cleaving
EBI1 itself or leaving contaminating His-tagged proteins (data
not shown). Therefore, we propose that part of the reason for
inconsistency in the EB1 literature is the variable presence of
His-tagged proteins. A second reason for the variability in
reported EB1 activity, discussed more below, is that both His-
tagged and untagged EB1 proteins bind MTs with complex,
apparently cooperative behavior.

Activity and Autoinhibition of Native EBI—It has been sug-
gested that the C-terminal tail of EB1 (aa 249 —268) acts as an
autoinhibitory domain, promoting interactions between the
EB1 C-terminal domain (aa 183-268) and the MT-binding
head (aa 1-130) (19). Our data are consistent with this idea;
EB1, ,,s constructs have comparatively more activity than the
analogous EB1; constructs in both microtubule binding and
polymerization promoting assays (Figs. 3 and 4).

However, the overall weakness of these activities is surpris-
ing: under standard conditions, EB1; and EB1, ,,s constructs
without His tags are half-saturated by Taxol-MTs at ~20 and
~10 uM, respectively. One explanation of these observations
could be that Taxol-MTs are in the wrong conformation for
optimal EB1 binding; it is expected that EB1 binds strongly to
tip-like or seam-like conformations and weakly to GDP lattice
conformations. However, it is important to note that untagged
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FIGURE 9. Efficient binding of EB1 to MTs requires the tubulin C-terminal tail. In these experiments, EB1
constructs as indicated (2 um) were incubated with either standard Taxol-stabilized MTs (MTs, 10 um) or Taxol-
stabilized MTs treated with subtilisin to remove the C-terminal tails of both a- and B-tubulin (ST-MTs, 10 um).
The fraction of EB1 bound to these MTs was then analyzed by MT cosedimentation. The data represent the

MTs ST-MTs

sequence EB1, _,,s may require addi-
tional factors to be fully activated or
that it must work in concert with
other proteins to promote MT
assembly.

Evidence for Cooperative Behavior—
An additional observation from the binding experiments is that the
data for most EB1 constructs fit poorly to standard binding curves
(Fig. 3 and supplemental Fig. S1). This behavior suggested that
EB1-MT interactions might be complex and prompted us to perform
MT saturation experiments. However, the saturation data diverged
even more significantly from standard binding models (Fig. 6 and sup-
plemental Fig. S2), confirming that EB1-MT interactions are not
simple.

By themselves, these data reveal little about the mechanism
of the complex behavior. However, closer examination of the
saturation data suggests that the His EB1, ,,, construct exhib-
its two binding phases (Fig. 6A): an initial fast phase that
approaches saturation at a ratio ~1:1 (EB1 dimer:tubulin
dimer) and a later slower phase that does not saturate even as
the EB1 dimer:tubulin dimer ratio exceeds 1:1. Other con-
structs also appear to have two binding phases, although the
relative strength of these phases differs. The existence of two
phases implies that two separable interactions are involved in
binding of EB1 to MTs, whereas failure to saturate at a 1:1 ratio
indicates either that one tubulin dimer can directly bind more
than one EB1 dimer or that EB1 binds to MT-bound EB1. One
could argue that the second phase, which consists of a nearly
linear increase in MT binding at high EB1 concentration, is due
to nonspecific interactions. However, weak EB1-EB1 interac-
tions could become significant in the context of the complex of
proteins at the MT tip.

The observation that EB1; ,,, constructs can achieve a 1:1
(or greater) ratio is significant for another reason: recent cryo-
electron microscopy work has provided evidence that the fis-
sion yeast EB1 homolog Mal3p binds preferentially to the seam
of the MT lattice (25), and MT binding studies of both Mal3p
and human EB1 have been interpreted as supporting the idea
that both proteins saturate MTs at a 1:13 ratio (24, 25). How-
ever, an alternative way to interpret these data is that Mal3p and
EB1 bind MTs with weak affinity. Indeed, a more recent study
found that Mal3 can accumulate on MTs at a 1:1 ratio (40).
Consistent with this Mal3 observation, our data show that both
EB1., and EB1,_,,, can accumulate to ratios much higher than
1:13 and so demonstrate conclusively that human EB1 can also
bind to the regular MT lattice, not just the seam.

We conclude from these data that binding of EB1 to MTs is
complex and likely involves at least two separable interactions.
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Although we cannot definitively assign a mechanism for this
behavior, we suggest that these data are most consistent with a
model where EB1 binds to MTs cooperatively, and does so
through a mechanism in which EB1 binds to MTs directly, but
also binds to MT-bound EB1. This model would explain sig-
moidal aspects of the data in Fig. 3, as well as shape and super-
saturation aspects of Fig. 6. We cannot rule out the possibility
that EB1 alters MT conformation in a way that promotes EB1
binding, but under this model, it is difficult to explain the super-
saturation observed in Fig. 6.

EB1-binding Site(s) on Tubulin/MTs—Initial work on the
EBI1-MT interaction indicated that this interaction is electro-
static in nature and predicted that it is mediated by the interac-
tion between the positively charged EB1 N-terminal MT-bind-
ing domain and the negatively charged C-terminal acidic tail of
tubulin (18). However, the observation that removal of the
C-terminal tyrosine of tubulin has no effect on EB1 binding (47)
led researchers away from the idea that the tubulin tail is
involved in EB1-MT interactions. Our observation that
EB1-MT interactions can be disrupted by salt (Fig. 8) confirms
the conclusion that the interaction between EB1 and MTs is
mediated by electrostatic interactions. Moreover, we found
that removal of the tubulin acidic tail greatly reduces the ability
of EB1 to bind MTs (Fig. 9), confirming the original prediction
(18) that the tubulin tail mediates part of the interaction with
EB1. This also means that EB1 binds to the same part of the MT
as do CLIP-170 and many more classical MAPs such as tau (45,
48, 49). However, untagged (native sequence) EB1, /EB1, ,,q
still retains ~30% binding to ST-MTs (10 um), indicating that
EB1 also interacts with other parts of tubulin in addition to the
C-terminal acidic tail.

Use of Affinity Tags in Future EBI Work— Affinity tags greatly
facilitate protein purification (50—52). In many cases they are
benign, but they can affect protein behavior in complex ways
including altering protein dimerization (43, 53), conformation
(50), and binding to other proteins (54). In this study, we estab-
lished that N-terminal His tags dramatically increase EB1
microtubule binding and polymerization promoting activity. It
is important to note that the effect of His tags on EB1 is not
limited to the pET15b vector used in this study; His-tagged
EB1, ,,s expressed from the pDEST17 vector has even greater
activity than His-tagged EB1, _,,5 expressed from the pET15b
vector under the same experimental conditions, perhaps
because the tag is longer (data not shown).

One might expect that cleavage of the His tag would take care
of this problem, but we observed two difficulties with this
approach. First, in our hands, over-digestion of EB1 occurred
unavoidably before removal of the His tag was complete (data
not shown), resulting in contamination of tag-cleaved proteins
by tagged proteins. We found that removal of these tagged pro-
teins by an additional “clean-up” nickel column was essential to
our characterization because small amounts of contaminating
His-tagged proteins can act synergistically with larger amounts
of His-tag-free EB1 proteins (Fig. 4E). Although we have tested
only His-tagged proteins for synergistic effects, we suspect that
tags such as GST could have similar effects, especially if they
mediate multidimerization.
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A second problem with tag-cleaved proteins is that they
behaved differently from untagged EB1 proteins in MT polym-
erization assays (Fig. 4, C and D). We have not determined the
reason for this difference, but we think that it is unlikely to be
due to over-digestion or folding problems because the tag-
cleaved protein behaved indistinguishably from untagged pro-
tein in the proteinase K assays (Fig. 7). The problem may be
related to the remnant linker (3 amino acids) left at the EB1 N
terminus after the His tag is removed (supplemental Table S1).
The idea that such a small tag could be problematic is surpris-
ing, but the striking conservation of the EB1 N terminus (18)
suggests that the extreme N terminus of EB1 has an important
role in EB1 activity.

On the basis of these observations, we suggest that the fol-
lowing points be considered for future analysis of EB1 in vitro:
1) When tags of any type are used for purification, it is impor-
tant to remove them before working with the purified protein;
we have demonstrated here that N-terminal tags alter EB1
activity, but we are suspicious that C-terminal tags could have
similar effects by interfering with EB1 autoinhibition; 2) it is
best to use vector systems that leave no tag remnants behind
after cleavage; 3) when tags are removed, Western blot data
should be presented to verify that no contaminating tagged pro-
teins remain (Fig. 2B); and 4) although we have presented here
only data on human EB1, we predict that His tags have similar
effects on EB1 proteins from other organisms, given the strong
conservation of EB1 structure and function across evolution.
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