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Giant ankyrin-B suppresses stochastic collateral
axon branching through direct interaction with

microtubules

Keyu Chen?*®, Rui Yang*, Yubing Li*®, Jin Chuan Zhou*, and Mingjie Zhang*>*®

Giant ankyrin-B (gAnkB) is a 440-kD neurospecific ankyrin-B isoform and a high-confidence target for autism mutations.
gAnkB suppresses axon branching through coordination of cortical microtubules, and autism-related mutation of gAnkB results
in ectopic neuronal connectivity. We identified a bipartite motif from gAnkB, which bundles and avidly binds to microtubules

in vitro. This motif is composed of a module of 15 tandem repeats followed by a short, conserved fragment also found in giant
ankyrin-G (BG-box). Combination of these two parts synergistically increases microtubule-binding avidity. Transfection of
astrocytes (which lack gAnkB) with WT gAnkB resulted in prominent bundling of microtubules, which did not occur with
mutant gAnkB with impaired microtubule-binding activity. Similarly, rescue of gAnkB-deficient neurons with WT gAnkB
suppressed axonal branching and invasion of EB3-tagged microtubules into filopodia, which did not occur with the same mutant
gAnkB. Together, these findings demonstrate that gAnkB suppresses axon collateral branching and prevents microtubule
invasion of nascent axon branches through direct interaction with microtubules.

Introduction
Axons are capable of forming collateral branches, which expand
neural connectivity >1,000-fold, provide a mechanism for
plasticity, and promote neuroregeneration following injury
(Armijo-Weingart and Gallo, 2017; Kalil and Dent, 2014; Menon
and Gupton, 2018). Axon bifurcations begin with actin-dependent
filopodial extensions, which are subsequently invaded and sta-
bilized by microtubules (MTs; Dent et al., 1999; Kalil and Dent,
2014; Yu et al.,, 1994). Multiple MT-associated proteins normally
prevent entry of MTs into filopodia and function in vivo to
suppress ectopic axonal branches (Bouquet et al., 2004; Homma
et al., 2003; Qiang et al., 2006; Tymanskyj et al., 2017; Yu et al.,
1994). Local regulation of the protein interactions of axonal MTs
thus can determine whether a nascent filopodium will mature
into a full-fledged axon branch.

Giant ankyrin-B (gAnkB) is a 440-kD neurospecific ankyrin-
B isoform associated with axonal plasma membranes through
binding to L1 cell adhesion molecule (LICAM), which has re-
cently been reported to repress axon branching (Bennett and
Lorenzo, 2016; Yang et al., 2019). gAnkB is encoded by ANK2,
which is a high-confidence autism spectrum disorder (ASD)

gene, and several de novo ASD mutations target the neural
specific domain (NSD) of gAnkB (De Rubeis et al., 2014; Iossifov
etal., 2014; Yang et al., 2019). Interestingly, a mouse model for a
human ASD-associated frameshift mutation in the neurospecific
giant exon of gAnkB exhibits phenotypes consistent with in-
creased axon branching that include ectopic structural connec-
tivity as well as increased numbers of excitatory synapses (Yang
et al,, 2019). Cultured neurons from these gAnkB mutant mice
exhibit increased axonal branching as well as increased invasion
of MTs into axonal filopodia (Yang et al., 2019). Moreover, EM
revealed displacement of cortical MTs away from the plasma
membrane in axons of gAnkB frameshift mutant mice, as well as
in L1CAM Y1229H mutant mice, where LICAM lacks gAnkB-
binding activity (Yang et al., 2019). These findings suggest that
gAnkB represses axonal branching through interaction with
cortical MTs, either directly or indirectly through intermediary
protein(s), and that loss of this activity contributes to autism.
This study addresses the related questions of how gAnkB
interacts with MTs and whether gAnkB requires MT association
to repress axonal branching. Ankyrin-B was previously reported
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to associate with MTs in in vitro assays through its ANK repeat
domain, which is shared by both 220-kD AnkB and gAnkB poly-
peptides (Chan et al., 1993; Davis and Bennett, 1984; Davis et al.,
1991; Kunimoto et al., 1991). However, levels of 220-kD AnkB are
not reduced in a mouse model for human ASD frameshift mu-
tation targeting gAnkB (Yang et al., 2019). In addition, neurons
from mice that express 220-kD AnkB but lack gAnkB due to
conditional loss of its giant neurospecific exon also exhibit in-
creased axon branching and invasion of MTs into filopodia
(Yang et al., 2019). Moreover, 220-kD AnkB is associated with
intracellular synaptic cargos through binding to PIP3 phos-
phoinositides, while gAnkB is associated with LICAM on axonal
plasma membranes (Lorenzo et al.,, 2014; Yang et al., 2019).
These considerations suggest that gAnkB contacts MTs through
additional site(s) in its NSD that are not shared with 220-
kD AnkB.

We report that gAnkB contains a bipartite MT-interaction
site located in its NSD that confers strong MT-binding/bun-
dling activity in cells. We further demonstrate that gAnkB re-
quires its neurospecific MT-binding/bundling activity in order
to repress ectopic axonal branching in cultured hippocampal
neurons. These findings, together with earlier work, establish a
molecular pathway required to suppress ectopic axon branches
that connects axonal MTs to the plasma membrane through
direct association with gAnkB, which in turn is linked to the
plasma membrane by L1ICAM.

Results

gAnkB represses axon branching and invasion of MT into
axonal filopodia

We first sought to confirm the previously reported axonal lo-
calization of gAnkB and the role of gAnkB in axonal branching
(Chan et al., 1993; Yang et al., 2019). 440-kD gAnkB has an NSD
encoded by a single 8-kb exon (exon 37) acquired early in ver-
tebrate evolution that is inserted between the spectrin-binding
domain (SBD) and the death domain (DD; Figs. 1 A and 2 A).
Costaining of cultured day 4 in vitro (DIV4) hippocampal neu-
rons with a sheep pan antibody that recognizes the C-terminal
shared region of both isoforms and a rabbit antibody that rec-
ognizes the gAnkB neural specific region confirmed that the
subcellular distribution of gAnkB is mostly limited to axons,
whereas 220-kD AnkB is present in both axons and dendrites
(Fig. 1 B; Lorenzo et al., 2014). To determine effects of gAnkB
deficiency on axon branching, we employed a gAnkB-specific
conditional knockout mouse (AB377f), where exon 37, which
encodes the NSD, was flanked with two loxP sites (Fig. S1 A;
Yang et al., 2019). By crossing these mice with mice expressing
Cre-recombinase under control of the Nestin promoter, the ex-
pression of gAnkB was disrupted in over 90% of the neurons
(Fig. S1B; Yang et al., 2019). Cultured hippocampal neurons from
AB37//f Nes-Cre* mice showed a significantly increased number of
axon branches compared with neurons from WT mice (AB37//f
Nes-Cre™ = 0.6 + 0.07 branches/100 pm; AB37//f Nes-Cre* = 1.6 +
0.1 branches/100 pm; Fig. 1 C), which is consistent with findings
in neurons from a mouse model bearing ANK2 human ASD-
related mutations (Yang et al., 2019). Thus, we establish that
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gAnkB is selectively located in axons and that neurons lacking
gAnkB form more axon branches.

Neurons from mouse models bearing human ANK2 ASD-
related mutations targeting gAnkB or LICAM-Y1229H mu-
tation eliminating LICAM ankyrin-binding activity exhibit
increased frequency of MT invasion into filopodia formed on
the axonal shaft (Yang et al., 2019). To determine how the MT
dynamics change in axons of AB37/f Nes-Cre* neurons lacking
gAnkB, we time-lapse imaged neurons transfected with MT
end-binding protein fused with fluorescent protein tandem
Tomato (EB3-tdTM), which binds to the growing MT plus ends
to form a “comet” (Akhmanova and Steinmetz, 2008; Kleele
et al., 2014). In neurons from WT mice (AB37//f Nes-Cre~), EB3
comets uniformly moved toward the distal end of axons (Video
1). Over a 2-min recording period, the majority of EB3 comets
remained in the axon shaft, as illustrated by the stacking im-
ages over the time period (Fig. 1 D, top left). In neurons from
AB37/f Nes-Cre* mice, EB3 comet movement deviated from the
axon shaft direction with higher frequency, which was illus-
trated by the stacking images over time (Fig. 1 D, top right; and
Video 2). We termed this kind of comet as a “nonaxis comet.”
The number of nonaxis EB3 comets in neurons from AB37//f Nes-
Cre* mice (1.98 + 0.28 comets/100 pm/2 min; n = 10) was sig-
nificantly (P = 0.0024; unpaired t test) higher than in AB37//f
Nes-Cre™ neurons (0.75 + 0.21 comets/100 pm/2 min; n = 10;
Fig. 1 D). In addition, some EB3 comets that deviated from the
axonal shaft further invaded into axonal filopodia to stabilize
nascent collateral axon branches (Fig. 1 D and Video 3), which is
more frequent in gAnkB-deficient neurons (AB37/f Nes-Cre
neuron is 0.76 + 0.21 comets/100 pm/2 min; AB37/f Nes-Cre*
neuron is 1.67 + 0.26 comets/100 um/2 min; n = 10; P = 0.016;
unpaired t test; Fig. 1 D and Video 4). Together, these results
confirmed the function of gAnkB in suppressing axon branch-
ing and invasion of MTs into filopodia.

Identification of a gAnkB MT-binding/bundling site

We next evaluated the hypothesis that gAnkB directly interacts
with MTs through its NSD. Because this ~2,000-residue NSD
(aa 1477-3561) is predicted to be intrinsically disordered (see
Fig. S3 A), we divided it into six fragments (F1-F6: aa 1477-1792,
1793-2070, 2071-2375, 2376-2791, 2792-3188, and 3189-3561)
according to sequence conservation among different species and
secondary structure prediction (Fig. 2 A). These six fragments
were expressed and purified as thioredoxin (Trx)-fused re-
combinant proteins in Escherichia coli and then evaluated for
their binding to MTs using a cosedimentation assay with pre-
polymerized tubulins (Fig. 2 B). After ultracentrifugation under
conditions that sediment MTs, proteins binding to MTs copellet
with MTs and non-MT-bound proteins remain in the superna-
tant. Strikingly, F2 (gAnkB-F2; aa 1793-2070; note that the Trx
tag was removed because the Trx-F2 band would overlap with
the tubulin band) showed a very strong MT-binding activity,
where all the gAnkB-F2 polypeptide copelleted with tubulin and
no protein remained in the supernatant (Fig. 2 B). F1 (aa
1477-1792) showed some level of association with MTs, but the
affinity was weaker than gAnkB-F2, with a smaller fraction
copelleting with MTs (Fig. 2 B). The other four fragments did not
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A 220kD +tAnkB Ig * tAnkB Ig FLgure :, gAnIl(B suppressei axon :ranching
3 tAnkB Ig through regulating axonal MT dynamics.

a0 &\, 9/"kBlg * 9ANkB Ig (A) Schematic of 220-kD AnkB and 440-kD
NSD gAnkB. Asterisks indicate the binding sites of

B Axon Dend Axon Dend antibody against total AnkB (tAnkB Ig) or giant

C Cultured hippocampal neurons + GFP

a7t
Nes-Cre-

Nes-Cre+

D Non-Axis EB3

AnkB (gAnkB Ig). NSD is highlighted in red.
(B) Fluorescence images of DIV4 cultured hip-
pocampal neurons stained with gAnkB Ig (green),
tAnkB Ig (red), and dendritic marker MAP2
(Dend; blue). A merged picture of gAnkB (green)
and MAP2 (blue) staining is displayed on the left
panel with high-magnification pictures of axon
or dendrite for gAnkB staining to the right. The
same neuron stained with tAnkB (red) is displayed

Axon branching
in the right panel with high-magnification images

£ Fekkdk of axon or dendrite for tAnkB staining to the right.
8‘ o (scale bar, 50 um for whole neuron images; 5 pm
g ° for axon/dendrite high-magnification images). (C)
82 Cultured hippocampal neurons from AB37/f Nes-
'81 o Cre~ (WT, top) or AB37/f Nes-Cre* (bottom) mice
E <] were transfected with GFP at DIV3 and fixed, then
% e stained for MAP2 at DIV4. Blue arrowheads point

N @ to the cell body of the transfected neurons (scale

bar, 50 pm). A zoomed-in image of the yellow-
boxed axon region is displayed below for better
visualization of branches (marked with red aster-
isks; scale bar, 50 pm). The number of branches
longer than 10 um is quantified (mean + SEM;
*¥X¥¥P < 0.0001, t test; n = 17 for WT; n = 20 for
AB37/f Nes-Cre* from three biological replicates).
(D) Top left: A single-frame image and a stacked 2-
min time-lapse series image of an axon from an
AB37f Nes-Cre™ neuron (Video 1) or an AB37/f
Nes-Cre* neuron (Video 2; EB3-tdTM transfected,
DIV4; scale bar, 5 pm). Red asterisks indicate EB3
comets and blue arrowheads indicate nonaxis

AB37"fNes-Cre- AB37Nes-Cre+ Non-Axis EB3 EB3 comets. Nonaxis EB3 comet means the EB3
i comet’s moving direction deviated from the axis
?rlgrgnlz e i e Ty G AB37:j:Nes_Cre+ 4 ° direction of the axon. Bottom left: The steps of
. AB37"'Nes-Cre- ol MT invasion into a newly formed filopodium in
2 TN e e L ey 01 2 3 4 the axon shaft of AB37/f Nes-Cre* neurons (Video
Stacks 44 y | # Non-Axis EB3 comete/100 um/2 min 3; scale bar, 5 pm). Blue arrowheads track the
__ . ) . - H movement of one EB3 comet. Right: Quantifica-
MT invading filopodia Invading EB3 tion of the number of nonaxis EB3 comets or the
AB37"fNes-Cre+ I number of invading (into filopodia) EB3 comets
Time(s) O 15 30 45 AB37 'Nes-Cre+ (mean + SEM; t test; **P = 0.0024 for nonaxis
. i  AB37"Nes-Cre- * EB3; *P = 0.016 for invading EB3; n = 10 cells in

’ ’ # ’ N 0 1 2 3 4 all conditions from three biological replicates).

copellet with MTs (Fig. 2 B). Similarly, as a negative control, the
gAnkB C-terminal domain (CD; aa 3748-3957), failed to cosedi-
ment with MTs (Fig. S4 A). Taken together, gAnkB-F2 is a major
MT-binding site of gAnkB.

We employed an imaging-based assay to test the MT-
bundling activity of gAnkB-F2. Prepolymerized tubulin (rho-
damine labeled) was mixed with purified gAnkB-F2 (Alexa Fluor
488 labeled) and imaged by fluorescence microscopy. Strikingly,
in the presence of gAnkB-F2, the originally short and thin single-
MT filaments bundled together and formed very long and thick
fascicles (Fig. 2 C, red; the MT filament or bundle width is
quantified in Fig. 2 D; gAnkB-F2 group, 4.99 + 0.47 um; GFP
control, 0.26 + 0.01 um). The gAnkB-F2 signal (green) perfectly
colocalized with the bundled MTs (Fig. 2 C, red), and this
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phenomenon was not observed in the control sample, where
purified GFP was mixed with prepolymerized tubulins (Fig. 2, C
and D). In fact, after adding gAnkB-F2, prepolymerized tubulin
solution immediately became turbid (Fig. 2 E). We then imaged
MTs by negative staining EM (Fig. 2 F). In the presence of
gAnkB-F2, MT filaments were well aligned in parallel and
formed thick bundles (Fig. 2 F, right; the width is quantified in
Fig. 2 G). In sharp contrast, in the absence of gAnkB-F2, the
“naked” MTs were isolated and scrambled (Fig. 2 F, left; and
Fig. 2 G). The distribution of distances between two neighboring
aligned MTs in the gAnkB-F2 bundled MT fascicles centers on
4-6 nm (Fig. S3 C), which is shorter than the measurements of
other MT-associated protein-bundled MT fascicles, such as
INF2-FHIFH2 (10 to ~12 nm; Gaillard et al., 2011), MAP65-1 (~30
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Figure 2. A conserved and intrinsically disordered sequence in the NSD of gAnkB binds and bundles MTs. (A) Domain organization of gAnkB illustrating
the membrane binding domain (MBD), the SBD, the NSD spanning F1-F6, the DD, and the CD. Amino acid number labels the borders of the six small fragments
(F1-F6) in the NSD used for the MT-binding assay. (B) Coomassie blue-stained SDS-PAGE gel of a MT cosedimentation experiment performed with 2 mg/ml
polymerized tubulins and different gAnkB NSD fragments (F1-F6), each at 5 uM. Supernatant and pellet fractions are labeled as S and P, respectively. The
bands of tubulin (~55 kD) are marked by an arrow. The bands for gAnkB fragments are indicated with red or green boxes. The fraction of gAnkB fragments
present in the pellet were quantified on the basis of band intensity and SDS-PAGE sample loading ratio (right panel; mean + SEM; data from three batches of
repeat experiments). All gAnkB fragments contain a Trx tag (a fusion tag used in protein expression), except for F2, from which the Trx tag was removed.
(C) Confocal images of in vitro Taxol-stabilized MTs (ratio of rhodamine [Rhod]-tubulin/unlabeled tubulin is ~8%; red) mixed with Alexa Fluor 488
(Alex488)-labeled gAnkB-F2 (green) or purified recombinant GFP (negative control). Scale bars, 30 um. MT filament or bundle width quantification is shown in
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D. (D) Measured MT filament or bundle width from C. Mean + SEM; t test; ****P < 0.0001; n = 20 for gAnkB-F2; n = 25 for GFP group. (E) Comparison of
prepolymerized tubulin heterodimer (18.2 uM) after adding reaction buffer (control) or purified gAnkB-F2 (20 uM). (F) Negative-stained EM images of free MTs
(left) and gAnkB-F2 bundled MTs (right). Scale bars, 400 nm. (G) Measured MT filament or bundle width from EM images. y axis is logarithmic. Mean + SEM;

t test; ****P < 0.0001; n = 36 for control group; n = 52 for gAnkB-F2 group.

nm; Gaillard et al., 2008), and MAP65-4 (~15 nm; Fache et al.,
2010). Taken together, gAnkB contains a stretch of amino acids
(1793-2070) that avidly bind and bundle MTs in vitro.

A bipartite gAnkB MT-binding/bundling site

To further characterize how gAnkB-F2 binds to MTs, we ana-
lyzed the sequence features of gAnkB-F2. Interestingly, gAnkB-
F2 contains 15 consecutive 12-residue (12-aa) imperfect repeats
with unknown function (Chan et al., 1993; Otto et al., 1991; Fig. 3,
A and B; and Fig. S2 B). The module of 15 consecutive 12-aa re-
peats is highly conserved in mammalian gAnkB genes. However,
mammalian giant ankyrin-G (gAnkG), a close family member of
gAnkB, and gAnkB in birds, amphibians, and fish contain only
one such repeat (Fig. S2 A). In addition, gAnkB-F2 contains a 34-
residue domain adjacent to the last repeat (corresponding to aa
1984-2017 of human gAnkB), which is highly conserved among
all vertebrates as well as in gAnkG (referred to as the BG-box;
Fig. 3, A and C; and Fig. S2 A). The sequence containing 15 12-aa
repeats and the BG-box of gAnkB (aa 1806-2017; Fig. 3 A) is
predicted to be disordered (Fig. S3 A, highlighted with a green
box). Circular dichroism spectroscopy of the purified recombi-
nant protein of gAnkB-F2 at a temperature range from 20 to
80°C revealed no evidence of secondary structure (Fig. S3 B).
The 15 12-aa repeats of gAnkB are positively charged with a
calculated isoelectric point of 10.6. These features of gAnkB are
similar to other known nonmotor MT-associated proteins such
as Tau, which interacts with MTs through positively charged,
intrinsically disordered short repeats (Tortosa et al., 2016),
though gAnkB-F2 and Tau share no aa sequence similarity.

To map the MT-binding site(s) of gAnkB-F2 in more detail,
we generated four different polypeptides, each containing
either 5 repeats (5R; aa 1793-1865), 10 repeats (10R; aa 1793-1924), 15
repeats (15R; aa 1793-1987), or the BG-box sequence (aa 1978-2070),
respectively. The five-repeat polypeptide only weakly asso-
ciated with MTs in the cosedimentation assay (Fig. 3 D). In
contrast, the 10R and 15R proteins showed obvious MT-binding
activity, with the 15R protein having a stronger affinity (Fig. 3 D).
The BG-box of gAnkB also displayed MT-binding activity, al-
though weaker than the 10R or 15R proteins (Fig. 3 D). Because
the BG-box also exists in gAnkG, we tested the gAnkG fragment
(aa 2193-2328) containing a BG-box and found that it can also
bind to MTs (Fig. S4 B).

We next compared the MT-binding affinity of 15R without
the BG-box and 15R with the BG-box (gAnkB-F2). The combi-
nation of 15R plus the BG-box dramatically enhanced the MT-
binding affinity compared with 15R alone (Fig. 3 E, left). We
further compared the MT-binding affinity between gAnkB-F2
and recombinant full-length Tau protein, which is a well-
known MT-associated protein in axons and has strong MT-
binding and MT-bundling activity in vitro (Kellogg et al., 2018;
Scott et al., 1992). gAnkB-F2 displayed much stronger affinity
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than Tau when binding to prepolymerized tubulin heterodimers
(Fig. 3 E, right). Taking these data together, we found that the
combination of 15 12-aa repeats and a BG-box markedly en-
hanced the MT-binding affinity of the gAnkB-F2 polypeptide.

Full-length gAnkB bundles MTs in cells through 12-aa repeats
We next wanted to determine if full-length gAnkB interacts with
MTs in cells, and, if so, whether this interaction is mediated by
the neurospecific MT-binding site. As a first step, we performed
structure-function studies in vitro to determine the critical re-
gion(s) required for MT bundling. We therefore compared the
MT-bundling activities of the four gAnkB fragments (5R, 10R,
15R, and BG-box). Consistent with the MT cosedimentation-
based binding assay (Fig. 3 D), MT-bundling activity is positively
correlated with the number of repeats. The 5R protein showed
no obvious MT-bundling activity (width = 0.46 + 0.02 um), and
the fluorescence signal of Alexa Fluor 488-labeled gAnkB 5R
polypeptide was faint and diffuse (Fig. 4). In contrast, the 15R
polypeptide bundled MTs into a few very thick and long fila-
ments (width = 2.56 + 0.35 um), and the fluorescence signal of
gAnkB 15R was concomitantly enriched with the bundled MTs
(Fig. 4). The 10R polypeptide was also able to bundle MTs, but
the bundled MTs were thinner (filament width = 0.93 + 0.06
pm) and shorter than those bundled by the 15R polypeptide
(Fig. 4). Also, three short gAnkB fragments (repeats 1-5, 6-10,
and 11-15, each containing five repeats) show similar bundling
activity (Fig. S3 D, left), and two longer fragments (repeats 1-10
and 6-15, each containing 10 repeats) also display similar bun-
dling activity (Fig. S3 D, right). This suggests that the number of
repeats in gAnkB positively correlates with its MT-binding/
bundling ability. It is further noted that the 10R and 15R gAnkB
polypeptides uniformly decorate the entire unbundled MT fila-
ments (Fig. 4), indicating that the gAnkB repeats bind to the
entire MT tracks instead of preferentially clustering at the tips
of MTs. Interestingly, although the BG-box showed distinct MT-
binding activity, it exhibited very weak MT-bundling activity
(width = 0.62 + 0.03 pm; Fig. 4), where the frequency of bundled
MTs as well as the thickness of bundled MTs was much less than
the 10R and 15R polypeptides (Fig. 4).

We next determined the critical residues in the 12-residue
motif of gAnkB that are required for MT binding and bundling.
In previously reported cases of intrinsically disordered MT-
binding proteins, charged residues are known to be important
(Dehmelt and Halpain, 2005). Therefore, we substituted the
conserved “Glu-Arg” cassette at the end of the 12-residue motif
(indicated with triangles in Fig. 3 B and Fig. S5 A) with “Ala-Gly”
in each of the 15 repeats (referred to as the “ER” mutation).
Unexpectedly, this change has little effect on the MT-binding
activity of gAnkB fragment (pellet fraction for 15R is 59.9% =
12.6%; for 15R-ER, it is 57.7% + 6.3%; Fig. S5 B). In another trial,
three highly conserved residues in the third, fifth, and ninth
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Figure 3. The 15 tandem repeats and the BG-box together render gAnkB to bind and bundle MTs with high efficiency. (A) Schematic of the gAnkB MT-
binding domain (F2 in Fig. 2 A). Each blue diamond refers to a repeat (total of 15 consecutive repeats), and the green oval refers to a conserved motif shared by
gAnkB and gAnkG (BG-box). (B) The aa sequence alignment of human gAnkB 15 12-aa repeats. An aa sequence logo plot is shown at the bottom of the
alignment. Residues at the third, fifth, and ninth positions in the 12-aa repeats, marked by green arrows, are mutated in the PSK mutant of gAnkB. * and :
indicate fully conserved and highly conserved residues, respectively. (C) The aa sequence alignment of BG-box of gAnkB and gAnkG from human or rat. The
residue numbering corresponds to the human gAnkB sequence. *, :, and . indicate fully conserved, highly conserved, and conserved residues, respectively.
(D) Coomassie blue-stained SDS-PAGE gel of a MT cosedimentation experiment performed with 5R (aa 1793-1865), 10R (aa 1793-1924), 15R (aa 1793-1987),
gAnkB BG-box (BG-box; aa 1983-2070), and Trx (the fusion tag used in all of the AnkB fragments and used as a negative control). The tubulin bands (~55 kD)
are indicated by an arrow. Percentages of proteins recovered from the MT-binding pellets were quantified on the basis of band intensity and SDS-PAGE sample
loading ratio (mean + SEM; n = 3). (E) Left: Saturation curves of gAnkB 15R (green; aa 1793-1987) or gAnkB 15R plus BG-box (gAnkB-F2, red; aa 1793-2070)
binding to prepolymerized tubulins. Right: Saturation curves of gAnkB-F2 (red; aa 1793-2070; data are the same as in the left panel) or recombinant full-length
human Tau protein (green) binding to prepolymerized tubulins. Gradient concentrations of proteins (gAnkB-F2, 15R or Tau in 2, 4, 6, 8, 10, 12, or 14 uM; 100 pl)
were used in MT cosedimentation assays (final volume was 150 pl; tubulin concentration was 6 uM). The MT-bound fraction of each gAnkB fragment or Tau
was calculated as the ratio of each protein recovered in pellet over the total input. Mean + SEM in both x and y axes are displayed; n = 3.
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Figure 4. gAnkB 15R contributes the major MT-bundling activity. (A) Representative confocal microscopic images of in vitro Taxol-stabilized MTs
(containing ~8% rhodamine-labeled tubulin; red) mixed with fragments containing 5R, 10R, or 15R or BG-box (chemically labeled with Alexa Fluor 488 at ~30%;
green). Scale bars, 30 um. (B) Quantification result of the MT filament or bundle width from in vitro MT-bundling assay fluorescence images. Mean + SEM;
**¥**P < 0.0001; n = 25 for 15R; n = 32 for 10R; n = 20 for 5R; n = 25 for BG-box. The Mann-Whitney test was used to compare 15R versus 10R and 10R versus 5R.
The t test was used to compare 5R versus BG-box. Data derived from three individual experiments.

positions were mutated into Arg/Lys, Ala, and Asp/Glu, re-
spectively, in all 15 repeats (referred to as the “PSK” mutant;
Fig. 3 B, indicated by green arrows). The PSK mutation dra-
matically impaired MT-binding and MT-bundling activity of the
15R polypeptide, as revealed by cosedimentation assay (pellet
fraction for 15R is 76% + 2.2%; for 15R-PSK, it is 4.9% + 0.7%) and
fluorescence imaging-based assays (width = 2.33 + 0.21 pm for
15R and 0.24 + 0.01 pm for 15R-PSK), respectively (Fig. 5, A
and B).

We next tested the effect of the PSK mutation in the context
of full-length gAnkB polypeptide in cells. We employed an
astrocyte-based cellular assay to evaluate the mutation’s effect
on MTs. The MT network of astrocytes is composed of randomly

Chen et al.
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crossed single MTs (Fig. 5 C, left). The peak distribution of the
diameter of MT bundles in nontransfected astrocytes is at 0.2-
pm bin center (62%). We could also quantify the organization of
MTs by measuring the angle between two neighboring MTs,
where 0° refers to parallel and 90° refers to perpendicular ar-
rangements of MTs, respectively. The peak distribution of the
MT angles in nontransfected astrocytes is at 50° (11%) but is
broader. When astrocytes were transfected with gAnkB cDNA
(gAnkB—WT), the peak of the diameter of MT bundles increased
to 0.3 um (39%), and the angles between neighboring MTs are
highly concentrated at the 10-15° window (53%; Fig. 5 C, mid-
dle). Because astrocytes lack endogenous expression of gAnkB
(Yang et al., 2019), this change should be solely due to the
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Figure 5. Point mutations in the 15R segment impair MT-bundling activity of gAnkB. (A) MT cosedimentation assay performed with the WT gAnkB 12-aa
repeats (15R) or the PSK mutant of gAnkB 12-aa repeats (15R-PSK) with Trx as the control (each at 10 uM and Trx at 30 uM). The SDS-PAGE gel is shown in the
left panel, and the percentage of proteins recovered from the MT-binding pellet fractions is shown in the right panel. Mean + SEM; n = 3. (B) Confocal images of
in vitro Taxol-stabilized MTs (contains ~8% rhodamine-labeled tubulin; red) mixed with WT gAnkB 15R (upper panel, labeled with Alexa Fluor 488; green) or
the PSK mutant of gAnkB 15R (lower panel, labeled with Alexa Fluor 488; green). Scale bars, 30 um. MT filament or bundle width quantification is presented in
the right panel. Mean + SEM; ****P < 0.0001; t test; n = 20 for 15R; and n = 25 for 15R-PSK. (C) Nontransfected astrocytes (left) and astrocytes transfected with
gAnkB-WT-halo (middle) or gAnkB-PSK-halo (right) were fixed and stained with anti-tubulin antibody (green) and stained with Janelia Fluor 549 dye (red) after
24 h of expression (scale bars, 20 um). Dashed lines indicate the borders of the astrocyte. The nuclear region is indicated with N. The histogram of the diameter
and the angle of the MT bundle for all three conditions are displayed to the right (for diameter measurement, n = 156 for nontransfected; n = 144 for gAnkB-WT;
n = 136 for gAnkB-PSK; for angle measurement, n = 164 for nontransfected; n = 219 for gAnkB-WT; n = 221 for gAnkB-PSK). Data were collected from 10 cells of
three biological replicates. The arrowheads indicate the peak of distribution in each experimental group.
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exogenously expressed gAnkB. This observation indicated that
gAnkB promoted MT bundling in cells and that gAnkB also
changed the pattern of MTs to a more parallel organization.
Then, we introduced the PSK mutation into the full-length
gAnkB cDNA (referred to as gAnkB-PSK). In gAnkB-PSK, the
BG-box was not altered, because it is conserved through gAnkB
and gAnkG, and changing this region may perturb other un-
known functions shared by gAnkB and gAnkG. gAnkB-PSK
mutant-transfected astrocytes exhibited reduced MT-bundling
effect (40% of MT diameter peaked at 0.2 um, bin center)
compared with the gAnkB-WT-transfected cells (Fig. 5 C, right).
Also, the angles of MTs showed a peak at 30°, again with a broad
distribution (Fig. 5 C, right). The data in Fig. 5 suggested that the
PSK mutation partially impaired the MT-bundling ability of
gAnkB. We also checked the pattern of exogenously expressed
gAnkB in astrocytes by adding Janelia Fluor 549 halo dye (gifted
by Dr. Luke D. Lavis from Janelia Research Campus, Howard
Hughes Medical Institute, Chevy Chase, MD), which labeled the
halo tag fused to the C-terminus of full-length gAnkB. gAnkB-
WT-halo displayed some copatterning with MT bundles, which
is not obvious in gAnkB-PSK-transfected cells (Fig. 5 C, middle).
The expression of gAnkB-WT-halo and gAnkB-PSK-halo was
also confirmed in HEK293T cells with Western blot analysis (Fig.
S1D), showing that the WT and mutant gAnkB are expressed at
comparable levels. Collectively, our data indicate that full-length
gAnkB promotes MT bundling in astrocytes, largely through its
15 12-aa repeats.

gAnkB suppresses axon branching and MT invasion through its
12-aa repeats

To determine whether gAnkB MT-binding/bundling activity is
required to suppress axon branching, we transfected either WT
gAnkB-halo or gAnkB-halo containing the PSK mutation into
DIV3 neurons from AB37/f Nes-Cre* mice and quantified axon
branching at DIV4. We identified neurons expressing gAnkB
polypeptides on the basis of labeling with halo dye. In Fig. 1, we
showed that lack of gAnkB caused increased axon branches in
neurons (Fig. 1 C). Neurons transfected with the gAnkB WT
construct showed an obvious reduction of axon branching in
AB37f/f Nes-Cre* neurons (0.61 + 0.08 branches/100 pm; n = 15;
Fig. 6 A). Strikingly, gAnkB-PSK was totally incapable of res-
cuing the axon branching (1.8 £ 0.2 branches/100 pm; n = 18;
Fig. 6 A), which indicates that the gAnkB 12-aa repeat-mediated
binding to/bundling of MTs is required to suppress axon
branching in hippocampal neurons.

Previously, we showed that lack of gAnkB caused more
MTs to deviate from axonal shafts and invading into filopodia
(Fig. 1 D). To test whether the 12-aa repeats was responsible for
this function of gAnkB, we expressed gAnkB-WT-halo or
gAnkB-PSK-halo in cultured hippocampal neurons from AB37/f
Nes-Cre* mice and recorded the EB3 dynamics in their axonal
shafts to see the rescue effect. The number of EB3 comets that
deviated from the axonal shaft was smaller in gAnkB-WT than
in gAnkB-PSK rescued neurons (Fig. 6 B, nonaxis EB3; 0.49 =
0.21 comets/100 ym/2 min; n = 10 for gAnkB-WT; 1.78 + 0.36
comets/100 pm/2 min; n = 10 for gAnkB-PSK; see Video 5 and
Video 6 for gAnkB-WT and gAnkB-PSK rescue nonaxis EB3
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comets in AB37f/f Nes-Cre* neurons, respectively). Also, the
frequency of EB3 comets that invaded into filopodia was lower
in gAnkB-WT than in gAnkB-PSK rescued neurons (Fig. 6 B,
invading EB3; 0.72 + 0.31 comets/100 pum/2 min; n = 10 for
gAnkB-WT; 1.65 + 0.31 comets/100 um/2 min; n = 10 for gAnkB-
PSK; see Video 7 for gAnkB-PSK rescue invading EB3 comets in
AB37/f Nes-Cre* neurons). Collectively, these data suggested
that the MT-binding/bundling activity of the 12-aa repeats is
required for full-length gAnkB to suppress axon branching
through a direct interaction with MTs (Fig. 6 C).

Discussion
We identify a bipartite motif located in the NSD of gAnkB that
bundles and avidly binds to MTs in vitro. This motif is com-
prised of a module of 15 tandem imperfect 12-aa repeats, con-
served among eutherian and metatherian mammals but missing
from gAnkG, followed by 34 residues, referred to as the BG-box,
because this sequence is conserved between gAnkB and gAnkG.
Although the 15R module is sufficient for MT binding and
bundling, the combination of 15 12-aa repeats and BG-box re-
sulted in a 16-fold increase in MT-binding avidity compared
with 15R alone. Transfection of astrocytes (which lack gAnkB)
with WT gAnkB resulted in prominent bundling of MTs, which
did not occur with gAnkB bearing point mutations in the 15R
module that impaired MT-binding activity. Similarly, rescue of
gAnkB-deficient neurons with WT gAnkB suppressed axonal
branching and invasion of EB3-tagged MTs into filopodia, which
did not occur with mutant gAnkB with impaired MT-bundling
activity. Together these findings demonstrate that gAnkB sup-
presses axon collateral branching and prevents MT invasion of
nascent axon branches through direct interaction with MTs.
gAnkB is confined to the axonal plasma membrane, where it
associates with LICAM/neurofascin and is localized in periodic
domains separated by 190 nm that are likely related to the
spectrin-based periodic membrane skeleton (Xu et al., 2013;
Zhong et al., 2014; Leterrier et al., 2015; Yang et al., 2019). gAnkB
also preferentially interacts with cortical MTs via its large NSD,
and removal of this domain from gAnkB leads to detachments of
MTs from axonal plasma membranes (Yang et al., 2019). The
functional consequences of coupling MTs through gAnkB to the
periodic membrane skeleton remain to be determined. The co-
ordination between axonal MTs and the spectrin/actin-based
periodic membrane skeleton contributes to the neuronal shape
dynamics and resistance to mechanical stress (Krieg et al., 2017).
It is possible that gAnkB may play a role in maintaining the
physical structural stability of the long and slender axons with
extremely large aspect ratios by tethering cortical MTs to the
membrane-attached actin cytoskeleton. It is of interest in this
regard that the periodic membrane skeleton has recently been
identified as a scaffold for receptor tyrosine kinase signaling
(Zhou et al., 2019). Axonal branching is regulated by a variety of
signals, including basic FGF, which potentially could modulate
gAnkB-MT interactions in addition to its effects on Tau (Qiang
et al., 2010). Recent studies also demonstrated that gAnkG can
also couple with cortical MTs underneath plasma membranes
and contribute to axon initial segment assembly (Fréal et al.,
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Figure 6. The PSK mutant of gAnkB fails to suppress collateral axon branching. (A) Fluorescence images of DIV4 cultured hippocampal neurons from
AB37"f Nes-Cre* mice, which were transfected with GFP plus the full-length gAnkB cDNA (gAnkB-WT) or the cDNA-bearing MT-binding-deficient mutation
(gAnkB-PSK). Blue arrowheads point to the cell body of the transfected neurons. A color-inverted high-magnification image of the yellow boxed region in the
axon is displayed for better visualization of branches (marked with red asterisks; scale bars, 50 um). Quantification of axon branching is displayed on the right
(mean + SEM; t test; ****P < 0.0001, n = 15 for gAnkB-WT or n = 18 for gAnkB-PSK, each from three batches of cultures). (B) Neurons from AB377f Nes-Cre*
mice were transfected with EB3-tdTM and gAnkB-WT (Video 5) or gAnkB-PSK (Video 6). Top: A time-lapse image from the axon is displayed as a single-frame
or a 2-min stack image of transfected neurons (scale bar, 5 pm). Red asterisks indicate EB3 comets, and blue arrowheads indicate nonaxis EB3 comets. Bottom:
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The steps of MT invading into a newly formed filopodium in the axon shaft of AB377f Nes-Cre* neurons transfected with gAnkB-PSK mutant (Video 7; scale bar,
5 um). Blue arrowhead tracks the movement of one EB3 comet. The number of nonaxis or invading EB3 was quantified and displayed on the right (mean + SEM;
t test; *P = 0.046 for nonaxis EB3; **P = 0.0063 for invading EB3; n = 10 cells in both conditions from three biological replicates). (C) Schematic diagrams
demonstrating the process of axon-branching suppression by gAnkB-WT near the axonal membrane or failure of suppressing axon branching by gAnkB-PSK.

2019; Ichinose et al., 2019). Different from the direct coupling
between gAnkB and MTs, gAnkG was found to associate with
MTs via adaptor molecules (Ichinose et al., 2019), consistent
with our finding showing that gAnkG only contains one 12-aa
repeat sequence.

Interestingly, fruit flies also have evolved neuronal giant
ankyrins with MT-binding activity in NSDs encoded by very
large exons (Pielage et al., 2008; Stephan et al., 2015). However,
Drosophila melanogaster and vertebrate giant ankyrins likely rose
independently because their giant exons share minimal se-
quence homology and are located at different sites within their
transcripts (Bennett and Walder, 2015; Koch et al., 2008; Pielage
et al., 2008). Drosophila giant exons are located at the 3’ ends of
transcripts, while vertebrate giant exons are located internally
between the DD and spectrin-binding supramodule (Bennett and
Lorenzo, 2016). In both cases, the giant exon-encoded sequence
is enriched in predicted unstructured stretches, resulting in
highly extended polypeptides. The similarities of axonal MT
association and extended structures of independently evolved
giant ankyrins in Drosophila and vertebrate neurons thus rep-
resent a striking example of convergent evolution.

The bipartite motif of gAnkB is conserved among eutherian
and metatherian mammals, but not in monotreme mammals or
other vertebrates, which retain a BG-box but lack the 15R
module (Fig. S2 A). The last common ancestor of eutherian and
metatherian mammals lived in the Jurassic period (dos Reis
et al.,, 2012), suggesting that the mammalian bipartite motif
has been preserved over 100 million years by positive selection.
Interestingly, AB37f Nes-Cre* mice lacking gAnkB in 90% of
their central nervous system neurons survive with normal
lifespan and normal learning but impaired social communica-
tion in selected areas (Yang et al., 2019). Mammalian gAnkB thus
is not required for survival in a protected laboratory environ-
ment, but likely confers benefits in more complex settings and
may operate at a social level.

Materials and methods

Cloning, expression, and protein purification

Full-length 440-kD ankyrin-B cDNA was based on a human
annotated gAnkB (ENST00000264366.10). cDNA encoding hu-
man ANK2 exon 37 plus flanking sequences used in this study
was commercially synthesized (GENEWIZ) and inserted into the
human 220-kD ankyrin-B cDNA using restriction enzyme di-
gestion followed by ligation. The ¢cDNA of gAnkB was then
cloned into the multiple cloning site of a preconstructed vector
under the B-actin promoter and a C-terminal Halo-tag sequence
(gift from Dr. Gary Banker, Oregon Health and Science Univer-
sity, Portland, OR). A cDNA fragment encoding the MT-binding
mutant (the PSK mutant) of gAnkB repeats was synthesized and
used to replace the corresponding sequence in the full-length
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gAnkB cDNA by using the In-Fusion Cloning Kit (Takara Bio).
The mutations were confirmed by Sanger sequencing. EB3-tdTM
was a gift from Dr. Erik Dent (plasmid 50708; Addgene). pCAG-
GFP was a gift from Dr. Gary Banker.

All of the ankyrin fragment coding sequences were PCR
amplified from the full-length human 440-kD AnkB or rat 480-
kD AnkG cDNA harboring plasmids. Tau coding sequence was
PCR amplified from a human Tau full-length template (a gift
from Dr. Robert Qi, Hong Kong University of Science and
Technology, Hong Kong). Each of the coding sequences was
inserted into a modified PET32a vector, which could express
Trx-Hise-tagged or Trx-3xStrepll-His, tagged fusion proteins
in E. coli.

The N-terminal Trx-Hise-tagged or Trx-3xStrepll-Hise-tag-
ged proteins were expressed in E. coli BL21 (DE3) and purified
using the methods described previously (Chen et al., 2017). In
brief, 200-ng plasmids were transformed into 50-ul E. coli BL21
(DE3) competent cells. On the second day, the cells were inoc-
ulated to 1-2-liter Lysogeny broth medium and incubated at 37°C
with shaking at 200 rpm. When UV absorbance at 600 nm of the
cultured cells reached 0.8, the cells were induced by adding
0.15 mM IPTG, and the culture was shifted to 16°C for 20 h with
shaking at 200 rpm. The cells were then pelleted by centrifu-
gation at 3,000 g for 15 min, resuspended with 40 ml re-
suspension buffer (50 mM Tris, 500 mM NaCl, and 5 mM
imidazole, pH 8.0), and lysed by a high-pressure homogenizer
machine at 4°C, followed by high-speed centrifugation at
39,000 g for 20 min. The supernatant was injected into a Ni2*-
NTA agarose affinity column (containing 5 ml of Ni?* Sepharose
6 Fast Flow beads, 17531803; GE Healthcare). The column was
incubated for 15 min and washed twice with 30 ml washing
buffer (50 mM Tris, 500 mM NaCl, and 15 mM imidazole, pH
8.0). Then the proteins on the column were eluted with 15 ml
elution buffer (50 mM Tris, 500 mM NaCl, and 1 M imidazole,
pH 8.0). The eluted proteins were applied to a size exclusion
column (HiLoad 26/600 Superdex 200 pg column; GE Health-
care) with buffer containing 50 mM Tris-HCl, 1 mM DTT, and
1 mM EDTA, pH 7.8, with 100 mM NaCl. The fused Trx-His, tag
was cleaved by incubating each recombinant protein with HRV
3C protease overnight at 4°C. The cleaved tag of each protein was
removed by another step of the size exclusion chromatography.

All of the unlabeled and rhodamine/Hylate-488-labeled tu-
bulin heterodimer proteins were purchased from Cytoskeleton
Inc. (TL590M, TL488M, and T240). These commercially pur-
chased tubulins were purified from porcine brain tissue in >99%
purity and supplied as lyophilized powders.

Fluorescence labeling of recombinant proteins

Purified recombinant proteins (at concentrations of 5-10 mg/
ml) were incubated with fluorescent dye (Alexa Fluor 488 NHS
Ester, A20100, Thermo Fisher Scientific; Cyanine3 NHS Ester,
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21020, Lumiprobe Corporation) with a stoichiometric ratio of 1:1
to 1:2 (protein/dye) in 100 mM NaHCO;, pH 8.3, 50 mM NaCl,
and 1 mM DTT buffer at room temperature and protected from
light for 1 h, followed by a step of gel filtration chromatography
to remove unconjugated dye molecules and to exchange proteins
into PEM buffer (80 mM Pipes, 1 mM EGTA, and 1 mM MgCl,,
pH 6.8) or reaction buffer (10 mM Hepes, 50 mM KCl, 1 mM
DTT, and 20 uM Taxol, pH 7.7).

Taxol-induced tubulin polymerization in vitro

Lyophilized tubulin powders were dissolved by using PEM
buffer (80 mM Pipes, 1 mM EGTA, and 1 mM MgCl,, pH 6.8) and
incubated on ice for 5 min to make a 20-mg/ml tubulin stock
solution. This stock solution was then diluted to a 2-mg/ml tu-
bulin solution with PEM buffer supplemented with 1 mM GTP
(Sigma-Aldrich) and 1 mM DTT (Sigma-Aldrich) to make a po-
lymerization mixture. This mixture was subjected to 150,000 g
centrifugation for 5 min at 4°C to remove small amounts of tu-
bulin aggregates and then incubated at 37°C for 1 h. Taxol
(paclitaxel, T7191, lot no. MKCH9403; Sigma-Aldrich) was then
added in stepwise fashion to the polymerization mixture from
low concentration (2 pM) to high concentration (200 uM) to
induce the polymerization of tubulins. Between each step of
Taxol addition, the polymerization mixture was incubated at
37°C for 10 min without shaking.

MT cosedimentation assay

A 50-pl aliquot of the above-mentioned polymerized MTs was
mixed with 100 pl of each recombinant protein at 5 pM or 10 pM
(Trx protein at 15 or 30 M) in reaction buffer. The recombinant
proteins were centrifuged at 150,000 g for 5 min to remove
potential aggregates before use. Each mixture was incubated at
room temperature for 15 min before being gently added to a
centrifuge tube, which was prefilled with 150 pl sucrose cushion
solution (40% wt/vol sucrose, 10 mM Hepes, 50 mM KCl, and
20 pM Taxol, pH 7.7). The mixture was then centrifuged at
150,000 g for 20 min at 25°C. Supernatant (100 ul was with-
drawn, and the rest was discarded) and pellet fractions (washed
two times with the reaction buffer) were collected and mixed
with 100 pl SDS-PAGE loading buffer (125 mM Tris-HCl, pH 6.8,
10% SDS, 20% glycerol, and 10% B-mercaptoethanol). The sam-
ples were then boiled at 90°C to dissolve the pellets and analyzed
by SDS-PAGE followed by Coomassie blue staining. Stained gels
were imaged by using the ChemiDoc Touch Imaging System
(Bio-Rad Laboratories) and processed by using Bio-Rad Image
Lab software. Quantification of the bands was done by using
Image]J software. The amount of proteins in the supernatant and
pellet fractions were back-calculated on the basis of the protein
band intensity quantification result and the input sample con-
centration and loading ratio.

Imaging-based in vitro MT-bundling assay

A 10-pl aliquot of Taxol-stabilized MTs was mixed with 20 pl
testing proteins (contains ~30% fluorescence-labeled proteins)
at 5 uM or 15 pM. Each mixture was then diluted 50 times with
reaction buffer (10 mM Hepes, 50 mM KCl, 1 mM DTT, and
20 pM Taxol, pH 7.7), sealed in a glass coverslip, and imaged
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immediately at room temperature under a Zeiss LSM880 in-
verted confocal microscope with 40x or 63x NA 1.4 oil objective
lens. Z-stack images were acquired by using ZEN software with
the following settings: 1,024 x 1,024 or 2,048 x 2,048 pixels,
four-line averaging, 0.24-ps pixel dwell speed, and 1 airy unit
pinhole. The images were then processed by maximum intensity
projection. The brightness of the images in Fig. 2 C, Fig. 4 B, and
Fig. 5 B was adjusted for better visualization of the unbundled
single-MT filaments. MT filament or bundle widths in the flu-
orescence images are quantified as follows. For the unbundled
MTs (e.g., the GFP control group in Fig. 2 C or the 5R group in
Fig. 4 B), the MTs were quite homogeneous, and the widths of
these MTs were measured using Image] software by randomly
choosing sufficient numbers of MTs. For the bundled MTs, if the
bundled MT filaments were not branched (e.g., the thick fila-
ments in the 10R and 15R groups in Fig. 4 B), their widths were
simply defined by measuring the distances between two edges in
the middle part of each thick filament. If the bundled filaments
contained multiple strands (e.g., the gAnkB-F2 group in Fig. 2 C),
we measured the width of the high-order bundling sites, defined
as the regions where branching strands were tightly packed
with each other and the gap between two thinner strands was
narrower than 1 pm.

Circular dichroism

The circular dichroism spectrum of the Trx-tag-removed gAnkB-
F2 was measured on a Chirascan spectropolarimeter (Applied
Photophysics) using a cell path length of 1 mm at a temperature
range from 18°C to 84°C with a 2°C interval. Each spectrum was
collected with three scans spanning a spectral window of 195-260
nm. The samples were dissolved in 25 mM Tris buffer containing
50 mM NaCl, 0.5 mM EDTA, and 0.5 mM DTT at pH 7.5. The
protein concentration used in the circular dichroism experiment
was 20 pM.

EM

Negative stain analysis was performed using 300-mesh carbon-
coated copper grids (EMResolutions). Grids were glow dis-
charged for 30 s at 40 mA using a GloQube glow discharger
(Quorum Technologies). A 5-pl drop of 1:8 dilution sample was
applied onto the grid and incubated for 2 min. The sample was
then quickly blotted away, and a 5-pl drop of 2% uranyl acetate
solution was applied for 30 s before blotting to complete dry-
ness. Negative stain images were collected using a Talos L120C
transmission electron microscope (Thermo Fisher Scientific)
operating at 120 kV. Images were recorded using a 4k x 4k BM-
Ceta camera (Thermo Fisher Scientific) at a nominal magnifi-
cation of 22,000x (6.43 A/pixel at the specimen level).

gAnkB-specific antibody

The rabbit anti-gAnkB antibody was generated in house. Five
peptides (10 mg each) with addition of N-terminal lysine resi-
dues to facilitate Schiff base chemistry from gAnkB residues
1443-1620 were synthesized (Thermo Fisher Scientific). The
sequences for these polypeptides were as follows: KSHLVNEVPV-
LASPDLLSE, KAAEEEPGEPFEIVERV, KVNEILRSGTCTRDESS, EEEW-
VIVSDEEIEEARQK, and GLVNYLTDDLNTCVPLPK. The peptides were
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dissolved in 50 mM sodium phosphate buffer (pH 7.4) to 10 mg/ml,
mixed, and coupled overnight with glutaraldehyde-activated
rabbit serum albumin (RSA; Sigma-Aldrich; 5 mg/ml RSA re-
acted 60 min/24°C with glutaraldehyde [EM grade, 1% final;
Sigma-Aldrich], followed by overnight dialysis to remove free
glutaraldehyde). Peptide-RSA conjugates were mixed at a 1:1 ratio
with Freund’s complete (first immunization) or Freund’s incom-
plete (subsequent immunizations; Sigma-Aldrich) adjuvant, and
each time, a 0.5-ml mixture was injected subcutaneously at
multiple sites in each New Zealand white rabbit (aged 3-4 mo). All
rabbit procedures were performed following the guidelines of the
Duke Division of Laboratory Animal Resources. The final pooled
sera after five injections were from three rabbits that reacted
specifically with a 440-kD polypeptide in WT but not in AB37/f
Nes-Cre* mice brain lysates. Sera were diluted 1:1 with 150 mM
Nacl, 10 mM NazPO,, 1 mM EDTA, 1 mM NaNj, and 0.2% Triton X-
100 and heat inactivated at 56°C for 15 min. A quantity of 70 ml of
pooled sera was preadsorbed with RSA-Sepharose and then ad-
sorbed to the mixed peptides coupled to Sepharose (5 ml of Se-
pharose). The column was then washed first with 500 mM NaCl,
10 mM sodium phosphate buffer, and 0.1% Triton X-100 (10x
column volumes); followed by 2 M urea, 0.1 M glycine, and 0.1%
Triton X-100 (2x column volumes); and finally with 150 mM Nacl,
10 mM sodium phosphate, 1 mM EDTA, and 1 mM NaNj; until A,g
was below 0.01. Finally, antibodies were eluted with 4 M MgCl,
and dialyzed into antibody storage buffer (150 mM NaCl, 10 mM
sodium phosphate buffer, 1 mM EDTA, 1 mM NaNj;, and 50%
glycerol, vol/vol). The specificity of purified final antibody was
tested in immunoblots, cell staining, and brain paraffin section
staining of brain tissue from the WT mice with AB377f Nes-Cre*
mice as a negative control. The Ig concentration for paraffin brain
sections and cultured hippocampal neurons was 1 pg/ml.

In-gel Western blotting for detecting gAnkB

Mouse brain tissue or HEK293T cells were collected and ho-
mogenized for 30 s in 9 vol/wt 65°C prewarmed homogenization
buffer (8 M urea, 5% SDS [wt/vol], 50 mM Tris, pH 7.4, 5 mM
EDTA, 5 mM N-ethylmelanamide, protease and phosphatase
inhibitors) and heated at 65°C for 15 min until the homogenate
was cleared. The homogenate was mixed with 5x PAGE buffer
(5% SDS [wt/vol], 25% sucrose [wt/vol], 50 mM Tris, pH 8,
5 mM EDTA, and bromophenol blue) and heated for 15 min at
65°C. Samples were run on a 3.5-17.5% 0.75-mm gradient gel in
Fairbanks running buffer (40 mM Tris, pH 7.4, 20 mM NaAc,
2 mM EDTA, and 0.2% SDS [wt/vol]). Gels for in-gel Western
blots were immediately fixed in 50% isopropanol plus 7% glacial
acetic acid for 15 min and washed two times for 10 min with
deionized water.

Gels were incubated with primary antibodies (rabbit anti-
total ankyrin-B, 1:2,000 dilution) in 5% BSA (wt/vol) in TBS
overnight at 4°C on a shaker. After two washes with TBST (TBS
with 0.05% vol/vol Tween 20), gels were incubated with sec-
ondary antibodies (goat antirabbit 800CW, 1:10,000 dilution;
926-32211, LI-COR Biosciences) for 2 h at room temperature on a
shaker. Gels were extensively washed with TBST for 1 h each
with two final washes in TBS (10 min each). Gels were imaged
on the LI-COR Odyssey at 0.37-mm custom offset.
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Hippocampal neuron culture, transfection,

and immunostaining

Primary hippocampal neurons and astrocytes were prepared
as described previously (Kaech and Banker, 2006; Kaech et al.,
2012). Briefly, hippocampi were dissected from genotyped
postnatal 0-1-d mice, trypsinized, dissociated, and plated onto
poly-L-lysine-coated 18-mm glass coverslips in preconditioned
glia feeder dishes (~200,000 neurons/60-mm culture dish).
Cultures were grown in Neurobasal-A medium plus B27 sup-
plement (2%) and GlutaMAX (1%; Thermo Fisher Scientific) and
maintained at 37°C in an incubator with 5% CO,.

Constructs were transfected into 3-d-old hippocampal neu-
rons or astrocytes with Lipofectamine 2000 (13778075; Thermo
Fisher Scientific) and subsequently fixed with 4% (wt/vol) PFA
with 4% (wt/vol) sucrose in PBS for 15 min at 37°C before an-
tibody staining. Fixed neurons were washed with PBS, per-
meabilized with 0.25% Triton X-100 for 5 min, and then blocked
with 5% BSA in PBS for 1 h. The chicken anti-MAP2 (1:1,000)
antibody from Abcam (AB5392) was diluted in blocking buffer
(5% BSA in PBS, wt/vol) and incubated at 4°C overnight. The
next day, the neurons were washed with PBS, then incubated
with the Alexa Fluor 594-conjugated secondary antibodies
(1:500; Thermo Fisher Scientific) in blocking buffer for 1 h at
room temperature. Finally, the fixed neurons were mounted
with Prolong Diamond (Thermo Fisher Scientific) onto glass
slides and allowed to cure for a minimum of 24 h at room tem-
perature before imaging by confocal microscopy (Zeiss LSM780
inverted confocal microscope). Astrocytes expressing constructs
with a HaloTag were treated with 50 nM Janelia Farm 549 dye
(Grimm et al., 2015) for 10 min and washed for 10 min before
fixation or imaging.

Astrocyte culture, fixation, and staining for MT visualization
Mouse cortices were dissected from postnatal day 1 mice, trypsi-
nized, dissociated, and plated in MEM (Thermo Fisher Scientific)
supplemented with 0.6% glucose (wt/vol; G8769; Sigma-Aldrich),
penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% (vol/
vol) horse serum (Thermo Fisher Scientific). Media were changed
after 1 d and continued to be changed every 2-3 d until cell density
reached 40-50% confluence for transfection. Cells were trans-
fected with Lipofectamine 2000 (Thermo Fisher Scientific) and
fixed by a modified protocol to visualize the cytoskeleton (Smith,
1994). Briefly, cells were fixed in prewarmed (37°C) PHEM buffer
(60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl,, 3.7%
[wt/vol] PFA/sucrose, 0.25% [wt/vol] glutaraldehyde, and 0.1%
[vol/vol] Triton X-100) for 15 min at room temperature. The fixed
cells were sequentially washed three or four times with 1x PBS,
quenched with 50 mM NH,CI/PBS for ~10 min, blocked with 5%
(wt/vol) BSA at room temperature for 1 h, and finally incubated
with anti-tubulin antibody (1:1,000; 53-4502-80; eBioscience) or
AnkB antibody (1:1,000) at 4°C overnight. The next day, cells were
washed with 1x PBS three times, incubated with Alexa Fluor 594
or Alexa Fluor 488 secondary antibodies for 1 h at room temper-
ature, and washed with 1x PBS three times again before being
mounted for imaging. Images were acquired on an LSM780 in-
verted confocal microscope with a 63x/NA 1.4 oil lens objective
(Zeiss).
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Live-cell imaging of EB3 comets and quantification

Cultured hippocampal neurons were transfected with EB3-tdTM
plasmids at DIV3 with Lipofectamine 2000 (13778075; Thermo
Fisher Scientific). On DIV4, neurons were imaged on an Andor
XD revolution spinning disk confocal microscope (Oxford In-
struments; spinning-disk confocal head, Yokogawa CSU-XI,
5,000 rpm) equipped with an electron multiplying charge-coupled
device camera. Neurons were changed to prewarmed live-cell
imaging solution (A14291D]; Thermo Fisher Scientific) to re-
duce background. The whole imaging stage and objectives
were maintained at 37°C and 5% CO, in an enclosure. A 100x/
NA 1.4 oil U PlanSApo DIC objective (Olympus) was used to
acquire image streams of 40 frames (3 s per frame; exposure
time, 200 ms; 30% laser power). For the EB3 stacking images,
a series of images from 40 time points were stacked together
using the Z-projection macro in Fiji software. The signal of the
stacked images was inverted to best display the trajectory of
EB3 comets. The numbers of nonaxis EB3 were quantified by
looking at the EB3 comets that were initiated from the axon
shaft, then moved off the major axon shaft in a 2-min video.
The invading EB3 comets were quantified by looking at EB3
comets that were invading into a preexistent filopodia in a 2-
min video. The number of EB3 comets was normalized to the
length of axons.

General statistical analyses

Statistical analyses and graph generation were performed using
Prism 7 software (GraphPad Software). The data are presented
as mean + SEM. The Shapiro-Wilk test for normality was used to
test whether data assumed a gaussian distribution. An unpaired,
two-tailed Student’s t test was used when comparing two groups
with a normal distribution, and the Mann-Whitney U test was
used when comparing two groups without a normal distribu-
tion. P < 0.05 was considered significant. The statistical meth-
ods, sample volumes, and P values are stated in each figure

legend.

Online supplemental material

Fig. S1 shows the gene editing schematic of AB37//f Nes-Cre mice
and an immunoblot of brain AnkB. It also shows an EB3 comet
that did not invade into a filopodium in the axon of an AB37/f
Nes-Cre~ neuron. Fig. S2 shows the sequence alignment and
sequence logo plot of the gAnkB 15 repeats from different spe-
cies. Fig. S3 shows the evidence that the gAnkB-F2 protein se-
quence is intrinsically disordered. It also shows the gap width
between bundled MTs measured from EM images. Fig. S4 shows
that the negative control, gAnkB-CD, cannot bind to MTs. It also
shows that gAnkG possesses MT-binding activity. Fig. S5 shows
that replacements of Asp/Glu-Lys/Arg at the end of each 12-aa
repeat with Ala-Gly do not affect the MT binding of gAnkB 15
repeats. Video 1 displays nonaxis EB3 comets in a WT axon. Video
2 shows nonaxis EB3 comets in gAnkB-knockout axon. In Video 3,
an invading EB3 is seen in gAnkB-knockout filopodia. Video 4
exhibits an invading EB3 comet in WT filopodia. Video 5 dis-
plays gAnkB-WT rescue nonaxis EB3 comets. Video 6 shows
gAnkB-PSK rescue nonaxis EB3 comets. In Video 7, using gAnkB-
PSK to rescue invading EB3 comets in filopodia is shown.
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Figure S1. Specific knockout of giant AnkB isoform in mouse neurons. (A) Schematic of the gene editing of AB37//f Nes-Cre mice. Triangles indicate the flox
sites. The red line indicates the coding sequence of exon 37 for the gAnkB NSD. (B) In-gel Western blotting of brain lysate blotted with tAnkB antibody (right
lane; 1B). A repeated loading gel is stained with Coomassie blue as a loading control (left lane; CC). (C) Time-series images show an EB3 comet that did not
invade into a filopodium in the axon of an AB37/f Nes-Cre~ neuron (Video 4; scale bar, 5 um). Blue arrowhead tracks the movement of one EB3 comet. (D) In-gel
Western blot analysis of HEK293T cell lysate transfected with gAnkB-WT-halo (lane 1) or gAnkB-PSK-halo (lane 2) blotted with the tAnkB antibody.
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Figure S2. The gAnkB repeated motifs are highly conserved in high vertebrates. (A) Sequence alignment of the gAnkB 15R from different species.
Boundaries of different repeats are indicated by black lines. The last repeat (the 15th repeat) is underlined in green, and one portion of the BG-box is underlined
inred. *, :, and . indicate fully conserved, highly conserved, and conserved residues, respectively. (B) Integrated sequence logo plot of all the 15 repeats of
gAnkB from human, mouse, dog, cat, horse, pig, and koala sequences. Positions of the residues in the 15 repeats are labeled below the residue.
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Figure S3. The gAnkB NSD and F2 are intrinsically disordered. (A) Disorder prediction of the entire gAnkB giant insertion (aa 1477-3561) by IUPre2A
(https://iupred2a.elte.hu/). Disorder probability value in the y axis higher than 0.5 means that the region is likely to be disordered. The position of the gAnkB-F2
is boxed in green, which is expanded in the lower panel. The position of the BG-box is boxed in orange in the lower panel. (B) Circular dichroism spectra of
gAnkB-F2 (fusion tag removed) recorded at the indicated temperatures. The ellipticities of the protein at 220 nm as a function of temperature are plotted and
displayed at the bottom. (C) Distribution of the measured gap width between two neighboring bundled MTs in the gAnkB-F2 group in Fig. 2 F (n = 95).
(D) Quantification of the MT filament or bundle width using fluorescence images from in vitro-imaging-based bundling assays. Left: Comparison of the MT
filament or bundle width among the 1-5 repeats (1-5R), 6-10 repeats (6-10R), and 11-15 repeats (11-15R). Mean + SEM; t test; n = 20 for 1-5R; n = 25 for 6-10R
and 11-15R. Right: Comparison of the MT filament or bundle width between the 1-10 repeats (1-10R) and the 6-15 repeats (6-15R). Mean + SEM; Mann-
Whitney test; ns, nonsignificant; n = 32 for 1-10R; n = 25 for 6-15R.
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Figure S4. The C-terminal ends of 220 kD/440 kD AnkB each contain another type of intrinsically disordered repeating sequence but does not bind
to MTs. (A) Top: Schematic of gAnkB domains including membrane binding domain (MBD), SBD, NSD, and CD (highlighted in red). Bottom left: Coomassie
blue-stained SDS-PAGE gel of a MT cosedimentation experiment performed with 2 mg/ml Taxol-polymerized tubulins and indicated recombinant proteins,
each at 10 uM (Trx at 30 uM). Supernatant and pellet fractions are labeled as S and P, respectively. The bands of tubulin (~55 kD) are marked by an arrow. CD,
gAnkB-F2, and Trx bands are indicated with red boxes. Bottom right: The pellet fractions were quantified on the basis of band intensity and SDS-PAGE sample
loading ratio (mean + SEM; n = 3). (B) Top: Schematic of rat gAnkG fragment containing one 12-aa repeat and a BG-Box. Bottom left: Coomassie blue-stained
SDS-PAGE gel of a MT cosedimentation experiment performed with 2 mg/ml prepolymerized tubulins and gAnkG fragment or the Trx control, each at 10 pM
(Trx at 30 pM). Bottom right: The pellet fractions were quantified on the basis of band intensity and SDS-PAGE sample loading ratio (mean + SEM; n = 3).
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Figure S5. Replacement of Asp/Glu-Lys/Arg at the end of each 12-aa repeat with Ala-Gly does not affect the MT binding of gAnkB. (A) Alignment of
the 15R of human gAnkB with the sequence logo plot shown beneath. Residues at the 11th and 12th positions in the 12-aa repeats, marked by black triangles,
are mutated in the ER mutant of gAnkB (15R-ER). *, :, and . indicate fully conserved, highly conserved, and conserved residues, respectively. (B) Result of a
cosedimentation assay performed with 5 uM WT human gAnkB 15R and its mutant with the last two residues (Asp/Glu-Lys/Arg) of each repeat replaced with
Ala-Gly (15R-ER) and Trx as the control. All of the gAnkB proteins were Trx tagged. The bands of tubulin (~55 kD) are indicated by an arrow. gAnkB fragments
and Trx bands are indicated with red boxes. The pellet fractions were quantified on the basis of band intensity and SDS-PAGE sample loading ratio (mean
SEM; n = 3).

Video 1. Nonaxis EB3 in WT axon. Cultured AB37f Nes-Cre~ hippocampal neurons were transfected with EB3-GFP and imaged at DIV4. Time-series images
were taken on an axon every 3 s at 200-ms exposure time with 30% laser power of Andor XD revolution spinning disk confocal microscope (Yokogawa CSU-X1,
5,000 rpm scan head; 100x/1.4 NA oil objective). A total 2-min video was captured with MetaMorph software (Molecular Devices), and the final video was
generated using Fiji software with a play speed of 20 frames/s.

Video 2. Nonaxis EB3 in gAnkB-knockout axon. Cultured AB37//f Nes-Cre* hippocampal neurons were transfected with EB3-GFP and imaged at DIV4. The
video was acquired with the same settings as in Video 1.

Video 3. Invading EB3 in gAnkB-knockout filopodia. Cultured AB37/f Nes-Cre* hippocampal neurons were transfected with EB3-GFP and imaged at DIV4.
Time-series images were taken on an axonal filopodium every 3 s at 200-ms exposure time for 2 min in total. The final video was generated at 20 frames/s.

Video 4. Invading EB3 in WT filopodia. AB37/f Nes-Cre~ hippocampal neurons were transfected with EB3-GFP and imaged at DIV4. The video was acquired
with the same settings as in Video 3.

Video 5. gAnkB-WT rescue nonaxis EB3. Cultured AB377f Nes-Cre* hippocampal neurons were transfected with EB3-GFP together with gAnkB-WT plasmid.
Time-series images were taken on an axon on DIV4 every 3 s at 200-ms exposure time for 2 min in total. The final video was generated at 20 frames/s.
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Video 6. gAnkB-PSK rescue nonaxis EB3. Cultured AB37/f Nes-Cre* hippocampal neurons were transfected with EB3-GFP together with gAnkB-PSK mutant
plasmid. The video was acquired with the same settings as in Video 5.

Video 7. gAnkB-PSK rescue invading EB3 in filopodia. Cultured AB377/f Nes-Cre* hippocampal neurons were transfected with EB3-GFP together with
gAnkB-PSK mutant plasmid. Time-series images were taken on an axonal filopodium on DIV4 every 3 s at 200-ms exposure time for 2 min in total. The final
video was generated at 20 frames/s.
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