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The axon initial segment (AIS) is a critical compartment in neurons. It converts post-
synaptic input into action potentials that subsequently trigger information transfer to
target neurons. This process relies on the presence of several voltage-gated sodium (Nay)
and potassium (Ky) channels that accumulate in high densities at the AIS. TRAAK is
a mechanosensitive leak potassium channel that was recently localized to the nodes of
Ranvier. Here, we uncover that TRAAK is also present in AISs of hippocampal and
cortical neurons in the adult rat brain as well as in AISs of cultured rat hippocampal
neurons. We show that the AIS localization is driven by a C-terminal ankyrin G-binding
sequence that organizes TRAAK in a 190 nm spaced periodic pattern that codistributes
with periodically organized ankyrin G. We furthermore uncover that while the identified
ankyrin G-binding motif is analogous to known ankyrin G-binding motifs in Nay1 and
Ky7.2/Ky7.3 channels, it was acquired by convergent evolution. Our findings identify
TRAAK as an AIS ion channel that convergently acquired an ankyrin G-binding motif
and expand the role of ankyrin G to include the nanoscale organization of ion channels
at the AIS.

K2P4.1 | KCNK4 | axon initial segment | ankyrin G | STED

TRAAK (K,4.1) is a mechanosensitive leak potassium channel with a critical impact on
neuronal excitability. It belongs to the two-pore domain potassium channel family (K,p)
and displays a preferential neuronal expression (1). While loss-of-function in TRAAK
(~/-) mice results in increased pain sensitivity (2), human gain-of-function mutations
have been linked to the FHEIG neurodevelopmental disorder, which phenotypically
includes epilepsy (3). This could suggest a prominent role for TRAAK in regulating neu-
ronal firing. Indeed, TRAAK was recently localized to the nodes of Ranvier, where it
together with TREK-1, another member of the K, family, facilitates high-speed and
high-frequency firing by promoting the release of sodium channel inactivation and action
potential repolarization (4, 5).

The nodes of Ranvier are the small unmyelinated gaps in myelinated axons that underlie
the regeneration of action potentials. In line with this function, nodal regions contain a
characteristic molecular composition rich in certain ion channels, including specific
voltage-gated sodium (Nay) and potassium (Ky) channels (6). The nodal ion channels are
strictly organized at the nanoscale level in a 190 nm spaced periodic pattern, which is
possibly imposed through interaction with the specialized and periodically organized
ankyrin G-betal V-spectrin cytoskeleton (7). Interestingly, the characteristic, periodically
organized molecular composition at the nodes of Ranvier is, to a large extent, shared with
the axon initial segment (AIS), the proximal region of the axon where action potentials
are preferentially generated (6). Indeed, many nodal ion channels are also expressed at the
AIS, and several of them contain ankyrin G-binding motifs that promote their localization
and stability in both domains (8—13). TRAAK was reported to be exclusively expressed
in nodes of Ranvier (4), however, TRAAK mRNA expression has been detected in many
unmyelinated neurons, such as the CA3 pyramidal neurons of the hippocampus (1). It
thus remains an open question where TRAAK is expressed in neurons lacking nodes of
Ranvier. Further, how TRAAK is organized and selectively stabilized in specific axonal
domains also remains an open question.

In this study, we demonstrate that TRAAK, like many other nodal ion channels, is also
a component of the AIS in hippocampal and cortical pyramidal neurons. We identify an
ankyrin G-binding motif in the TRAAK C-terminus that is both required and sufficient
to drive a periodic, ankyrin-G-associated, nanoscale TRAAK localization at the AIS. We
finally demonstrate that the motif, analogous to identified ankyrin G-binding motifs in
Nay 1 and K7.2/Ky7.3, is highly conserved in bony vertebrates and evolved by convergent
evolution.
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Significance

The axon initial segment (AIS) is
the neuronal subcompartment
responsible for action potential
generation. Here, we identify the
mechanosensitive potassium
channel TRAAK as a component
of the AIS in brain excitatory
neurons. We identify an ankyrin
G-binding motif in the TRAAK
C-terminus that mediates AlS
localization and periodic
codistribution with ankyrin G at
the nanoscale level. The motif,
analogous to ankyrin G-binding
motifs in AIS localized voltage-
gated sodium and potassium
channels, appeared in TRAAK by
convergent evolution and is
highly conserved in bony
vertebrates. Our findings
highlight ankyrin G as a key
evolutionary master organizer of
AlS ion channel proteins, both at
the micro- and the nanoscale.
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Results

TRAAK Is Expressed at the AIS of Forebrain Pyramidal Neurons
In Vivo. TRAAK was previously reported absent from the AIS
in vivo (4). To examine whether TRAAK expression at the AIS
could have been overlooked in earlier studies, we immunolabeled
rat brain tissue with one of the anti-TRAAK antibodies that
were employed to document its nodal expression (4). Previous
reports on TRAAK brain immunolabeling were based on classical
paraformaldehyde perfusion-fixed rat brain tissue. However, as it is
well described that AIS antigens are often inaccessible to antibodies
in classical perfusion-fixed tissue (9, 14-16), we decided to test for
TRAAK immunolabeling on frozen rat brain sections immersed
in acetone. Indeed, this alternative method revealed TRAAK AIS
immunolabeling in the CA1 and CA3 regions of the hippocampus
and the cerebral cortex (Fig. 1). In accordance with previous
reports, we also observed nodal immunostaining in the corpus
callosum (Fig. 1A4). Interestingly, TRAAK expression was detected
within most of the AIS of hippocampal CA3 pyramidal neurons
(Fig. 1 B and C). This is unlike the clear distal AIS localization
observed for several other AIS potassium channels, such as K, 1.1/
Ky1.2 and K,;7.2/K,;7.3 channels (14, 16-18).

TRAAK Displays Preferential Localization to the AIS in Cultured
Hippocampal Neurons. Next, we analyzed its endogenous
distribution in cultured rat hippocampal neurons that were prev-
iously reported to express TRAAK mRNA (19). Cultured neurons
were immunolabeled for TRAAK at 3, 6, 8, 10, 15, and 22 d
in vitro (DIV) and analyzed by confocal microscopy. In accordance
with our in vivo data, the strongest immunolabeling was observed in
the AIS as determined by coimmunolabeling with the AIS marker
ankyrin G (Fig. 2 A and B). AIS labeling was weakly detected at
6 DIV and increased throughout culture development with the
highest expression detected at 22 DIV (Fig. 2C). Further, TRAAK

A Ankyrin G Merge

Corpus callosum

was stably associated with the AIS cytoskeleton as extraction with
TX-100 before fixation revealed a detergent-resistant pool at the
AIS (Fig. 2 Aand D) (8, 9, 16, 20). Indeed, 76% of the TRAAK
AIS immunolabeling intensity was resistant to TX-100 extraction,
while only 25% of the soma immunolabeling was conserved.

We next determined the subcellular localization of exogenously
expressed TRAAK. To enable selective detection of the surface-
expressed channels, we fused full-length mouse TRAAK to the
transmembrane reporter SEP-TAC, which has proven useful to
surface-track ion channels with intracellular N- and C-terminal
tails (Fig. 3A4) (12). SEP-TAC-TRAAK was transfected into 8 DIV
hippocampal neurons and its subcellular localization was deter-
mined at 10 and 22 DIV. While SEP-TAC displayed a nonpolar-
ized surface localization, SEP-TAC-TRAAK was preferentially
expressed at the AIS at both developmental stages (Fig. 3 B-F;
F p15/Fponsiee ratios (10 DIV): SEP-TAC = 1.21 + 0.31 and SEP-
TAC-TRAAK = 7.19 £ 2.79; Fpi¢/Fpical axon ratios (10 DIV):
SEP-TAC = 1.20 £ 0.27 and SEP-TAC-TRAAK = 4.11 + 2.14).

Thus, in cultured hippocampal neurons, both endogenous and
exogenous TRAAK are preferentially localized at the AIS. Since
SEP-TAC-TRAAK targeted to the AIS already at 10 DIV, we
proceeded with this stage to minimize the potential interaction of
exogenously expressed constructs with endogenous TRAAK.

The TRAAK C-Terminus Contains an AIS Localization Motif. To
determine which part of TRAAK dictates its AIS localization, we
fused different regions of TRAAK to SEP-TAC, which functions
as an efficient reporter in the identification of localization motifs
(21). As we hypothesized that targeting signals would likely be
located in the intracellular parts of the protein, we fused the
intracellular loop between transmembrane helices 2 and 3 [aa
152-167; SEP-TAC-TRAAK(loop II-11I)] and the C-terminal tail
[aa 262-398; SEP-TAC-TRAAK(CT)] individually to SEP-TAC.

The N-terminal tail, while also intracellular, was not considered
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Fig. 1. TRAAKIs expressed at the AlS of forebrain pyramidal neurons in vivo. (A) Maximum intensity projection images of rat brain CA1, CA3, retrosplenial cortex
(layer V), and corpus callosum (Bregma -3.80 mm) coimmunolabeled for TRAAK (green) and ankyrin G (magenta). AlSs are indicated with white arrowheads
and nodes of Ranvier with hollow arrowheads. (Scale bar, 10 pm.) (B) Maximum intensity projection images of a CA3 neuron immunolabeled for TRAAK (green)
and ankyrin G (magenta). (Scale bar, 5 pm.) (C) Average relative axonal fluorescence intensity profiles for TRAAK and ankyrin G. Number of AlSs analyzed = 16.
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Fig. 2. Endogenous TRAAK s localized to the AIS in cultured hippocampal neurons. (4) 22 DIV hippocampal neurons immunolabeled for TRAAK (green), ankyrin G
(magenta), and GAPDH (gray). In the lower panel, neurons have been extracted with 0.5% Triton X-100 prior to fixation. The AlS location is indicated with a white
arrowhead. (Scale bar, 15 um.) (B) Average relative axonal fluorescence intensity profiles for TRAAK (green) and ankyrin G (magenta) at 22 DIV. (C) Normalized
TRAAK AIS immunolabeling density at 10, 15, and 22 DIV. Number of neurons analyzed: 10 DIV = 30, 15 DIV = 30, and 22 DIV = 30. (D) TRAAK, ankyrin G, and
GAPDH immunolabeling density in the AIS and soma, of 22 DIV neurons subjected or not to TX-100 extraction prior to fixation. Number of neurons analyzed:
not extracted = 45, TX-100 extracted = 45. Bar plots display mean with SD, and significance is indicated: ****P < 0.0001.

since it only extends 3 aa into the cytosol. Whereas the loop II-
I chimera displayed an unpolarized surface distribution, the
TRAAK C-terminal tail redirected SEP-TAC to the AIS (Fig. 4
C-F). Thus, the TRAAK C-terminus was sufficient to drive AIS
enrichment in cultured hippocampal neurons, though it should
be noted that the AIS localization efficiency was lower than the
one observed for the full-length channel.

To determine which part of the TRAAK C-terminus redirects
SEP-TAC to the AIS, we performed successive deletions in the
C-terminal tail (Fig. 4B). The deletions were based on the protein
sequence since the major part of the tail did not contain any strongly
predicted secondary structures, as determined by the protein struc-
ture prediction program AlphaFold (Fig. 44) (22, 23) and the
C-terminus has previously been predicted to be intrinsically unstruc-
tured (24). While deletions of the proximal 44 aa [SEP-TAC-
TRAAK(306-398)] were without effect, deletion of 83 aa
[SEP-TAC-TRAAK(345-398)] significantly reduced axonal polar-
ization [Fig. 4F; F\1s/Fpendrice ratios: SEP-TAC-TRAAK(306-398)
= 1.79 + 0.54 and SEP-TAC-TRAAK(345-398) = 1.02 + 0.19].
Deletion of a further 25 aa abolished AIS enrichment as the
SEP-TAC-TRAAK(370-398) chimera displayed fluorescence
intensity ratios similar to SEP-TAC (Fig. 4 £ and F; Fy1¢/Fpendrice =
1.16 + 0.15 and F¢/Fpiat won = 1.23 £ 0.20). These observations
suggest that aa 306-369 of the TRAAK C-terminus contain infor-
mation critical for the AIS localization of the channel. Therefore,
we next assessed whether the identified aa were sufficient to drive
SEP-TAC AIS localization. Individually fusing aa 306-344 or
345-369 to SEP-TAC was not sufficient to drive an AIS polarization
comparable to SEP-TAC-TRAAK(CT) (SI Appendix, Fig. S1).
However, fusion of the entire sequence (aa 306-369) redirected
SEP-TAC to the AIS with an efficiency similar to the C-terminal

PNAS 2024 Vol.121 No.31 e2310120121

tail [Fig. 4 C, E, and F; SEP-TAC-TRAAK(306-369): Fs/F
=1.90 £ 0.53 and F,y/Fp . son = 1.50 + 0.40].

Dendrite

The TRAAK C-Terminus Contains an Ankyrin G Binding Like
Motif. We noted that aa 306-369 contained a sequence bearing
resemblance to previously described ankyrin G-binding motifs
in Nayl and K,7.2/K\7.3 channels (Fig. 54) (8, 13, 25).
Importantly, the sequence contained hydrophobic residues in the
first half and negatively charged residues in the second half, which
are critical characteristics of ANK repeat binding motifs (26). To
determine whether the sequence was required for AIS enrichment
of the chimeras, we individually deleted the ankyrin G binding like
motif and the sequence upstream. While internal deletion of aa
306-344 strongly reduced axonal targeting (S/ Appendix, Fig. S2),
internal deletion of aa 345-369, containing the ankyrin G binding
like motif, abolished AIS enrichment, reducing fluorescence
intensity ratios to those of SEP-TAC (Fig. 5 B—D; SEP-TAC-
TRAAK(CT-A345-369): F,/F ratio = 1.07 £ 0.15; Fys/
Fhyisal axon Tatio = 1.23 + 0.20).

Nay1 and K7.2/Ky7.3 ankyrin G binding motifs contain
conserved ESD/ETD sequences that are critical for the binding
(9). We therefore mutated the corresponding residues in the
TRAAK C-terminal chimera. While we observed no significant
effects of the E354A mutation, the double mutation S356A/
D357A resulted in a nonpolarized localization [Fig. 5 B-D; F ¢/
Fpor: SEP-TAC-TRAAK(CT-E354A) = 1.55 + 0.37 and SEP-
TAC-TRAAK(CT-S356A/D357A) = 1.25 + 0.33; F15/Fpiseal axont
SEP-TAC-TRAAK(CT-E354A) = 1.31 + 0.31 and SEP-TAC-
TRAAK(CT-S356A/D357A) = 1.19 + 0.25]. Therefore, aa
S356/D357 within the ankyrin G binding like motif is essential
for the AIS enrichment of the chimeras.

Dendrite

https://doi.org/10.1073/pnas.2310120121
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Fig. 3. Exogenous TRAAK chimeras localize to the AIS in cultured hippocampal neurons. (A) lllustration of the SEP-TAC-TRAAK chimera. TRAAK (light gray) is fused
to SEP-TAC, containing a transmembrane domain (TAC, dark gray) and extracellularly localized superecliptic pHluorin (SEP, green). (B) Average relative axonal
fluorescence intensity profiles for surface GFP (cyan) and ankyrin G (magenta) in 10 DIV SEP-TAC-TRAAK expressing neurons. (C) 10 and 22 DIV hippocampal
neurons transiently expressing SEP-TAC and SEP-TAC-TRAAK immunolabeled for GFP before (cyan) and after (green) permeabilization. Ankyrin G (magenta) was
used as a marker of the AIS. The AlS location is indicated with a white arrowhead and the distal axon with a hollow arrowhead. (Scale bar, 15 pm.) (D) Mean GFP
surface fluorescence in the AlS vs. a dendrite at 10 DIV. (E) Mean GFP surface fluorescence in the AlS vs. the distal axon at 10 DIV. Bar plots display mean with
SD and significance is indicated: ****P < 0.0001. Number of neurons analyzed: SEP-TAC = 30 and SEP-TAC-TRAAK = 36.

Full-Length TRAAK Requires aa 306-369 for Efficient AIS
Localization in Cultured Hippocampal Neurons. We next tested
whether our observations on the C-terminal chimeras could be
transferred to full-length SEP-TAC-TRAAK. We first evaluated
the requirement of the C-terminal tail for AIS localization. Indeed,
deleting the C-terminal tail from the full-length chimera [SEP-
TAC-TRAAK(ACT)] abolished AIS localization, resulting in barely
detectable surface expression levels (Fig. 6A4). Further, as observed
for the C-terminal chimeras, deletion of the region upstream the
ankyrin G binding like motif significantly reduced axonal enrich-
ment (SI Appendix, Fig. S2). Interestingly, deleting the potential
ankyrin G-binding motif [SEP-TAC-TRAAK(A345-369)] or
point mutating it [SEP-TAC-TRAAK(S356A/D357A)], largely
eliminated surface localization and, hence, AIS enrichment,
similarly to the deletion of the entire C-terminus (Fig. 6). Thus,
the ankyrin G binding like motif and the region upstream to it are
required for efficient AIS localization of full-length TRAAK in

cultured hippocampal neurons.

Full-Length TRAAK Interacts with Ankyrin G Through the
Ankyrin G Binding Like Motif. To test for an interaction between
TRAAK and ankyrin G, we employed the single-molecule
pull-down (SiMPull) assay, which allows direct visualization of
individual antibody-immobilized protein complexes by total
internal reflection fluorescence (TIRF) (27, 28). HEK293T cells
were cotransfected with HA-tagged full-length TRAAK (HA-
TRAAK) and mEGFP-tagged 270 kDa ankyrin G (ankyrin G-
mEGFP), and single HA-TRAAK complexes were pulled down
using an anti-HA antibody. HA-TRAAK expressing cells pulled
down significantly more ankyrin G-mEGFP fluorescent spots than
control cells only expressing ankyrin G-mEGFP, demonstrating an

https://doi.org/10.1073/pnas.2310120121

interaction between TRAAK and ankyrin G (Fig. 7 Band C). We
next determined the stoichiometry of the interaction by observing
the fluorophore bleaching steps. ~90% of the fluorescence intensity
trajectories showed one-step bleaching (Fig. 7 D and E), suggesting
each TRAAK channel binds a single ankyrin G molecule.

To examine whether the identified ankyrin G binding like motif
was mediating the interaction, we performed SiMPull using
HA-TRAAK(S356A/D357A) which carries the point mutations
that disturb AIS localization. While HA-TRAAK(S356A/D357A)
was expressed at comparable levels to HA-TRAAK (87 Appendix,
Fig. S3), the number of ankyrin G-mEGFP fluorescent spots
pulled down by HA-TRAAK(S356A/D357A) was drastically
reduced and not significantly different from the control (Fig. 7 B
and C). Thus, the identified TRAAK C-terminal tail motif is an
ankyrin G-binding motif.

The TRAAK Ankyrin G-Binding Motif Appeared by Convergent
Evolution and Is Conserved in Bony Vertebrates. As mentioned,
the TRAAK ankyrin G-binding motif bears a strong resemblance
to the ankyrin G-binding motifs identified in Nay1 and K,,7.2/
Ky7.3 channels (Fig. 54). It has previously been reported that
these two families acquired their binding motifs by convergent
evolution (9, 29). To determine whether TRAAK also acquired
its motif independently, we first examined whether the motif is
present in the other members of the TREK K, family, namely
TREK-1 and TREK-2. Interestingly, the mouse TREK-1 and
TREK-2 sequences do not contain the motif (Fig. 84). Similarly,
the motif is absent in TREK-1 and TREK-2 sequences from
several other representative species (S/ Appendix, Fig. S4). This
suggests that the ankyrin G-binding motif in TRAAK appeared
after the divergence of the TREK K,, family members at the

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2310120121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310120121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310120121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310120121#supplementary-materials

W Very high confidence B

Low confidence
Very low confidence

Ankyrin G

SEP-TAC-
TRAAK(loop II-1ll)

SEP-TAG-
TRAAK(CT)

SEP-TA
TRAAK(370-398)

SEP-TAC-

High confidence SEP TAC

(0 -
282

398 SEP.TAC-TRAAK(CT)
\ 378 SEP-TAC-TRAAK(282-398)
396 398 SEP.TAC-TRAAK(306-398)
398 SEP-TAC-TRAAK(345-398)
\ 393 SEP-TAC-TRAAK(370-398)

306 369 SEP-TAC-TRAAK(306-369)

3“15

08 GFP surface
— Ankyrin G

FIF max
2

10 20 30 40 50 60
Distance from soma (um)

m

Fa1s/Fpendrite

§2 .
x

©

s

2 L3

Tl B k

u

2}

<

w

0
O QD S H S S S
\s Q D% WD WO
I"A-\ ?"6:5,@“"@'5
Qy?*\.‘.\q.\i.\g

DI
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SEP-TAC chimeras. Neurons were labeled with a GFP antibody before (cyan) and after (green) permeabilization. Ankyrin G (magenta) was used as a marker
of the AIS. The AIS location is indicated with a white arrowhead and the distal axon with a hollow arrowhead. (Scale bar, 15 pm.) (D) Average relative axonal
fluorescence intensity profiles for surface GFP (cyan) and ankyrin G (magenta) in SEP-TAC-TRAAK(CT) expressing neurons. (E) Mean GFP surface fluorescence
in the AIS vs. a dendrite. (F) Mean GFP surface fluorescence in the AIS vs. the distal axon. Significance is indicated as compared to SEP-TAC-TRAAK(CT): ***p
<0.001 and ****p < 0.0001. In E and F, SEP-TAC data (dark gray) from Fig. 3 are included as a reference. Bar plots display mean with SD. Number of neurons

TRAAK(306-369)

SEP-TAC fused to

analyzed: SEP-TAC-TRAAK(CT) = 30, SEP-TAC-TRAAK(282-398) = 30, SEP-TAC-TRAAK(306-398) = 30, SEP-TAC-TRAAK(345-398) = 24, SEP-TAC-TRAAK(370-398) = 30,

and SEP-TAC-TRAAK(306-369) = 30.

dawn of vertebrates (30). In support of this, none of five available
Ciona intestinalis (invertebrate chordate—Tunicata) K, sequences
contained the motif (sequence references listed in SI Appendix,
Table S1). As the K, channel family diverged from an ancestor of
both Na,1 and K|7 channels already before metazoan development
(30, 31), the motif in TRAAK appears to have been acquired
independently to the Na,1 and K|7.2/K,7.3 motifs. To further
examine when TRAAK acquired its ankyrin G-binding motif, we
looked for TRAAK annotated sequences in UniProt, NCBI, and
Ensembl (sequences utilized in figures are listed in ST Appendix,
Table S1). No TRAAK annotated sequences were found outside
the phylum Chordate. Within the phylum Chordate, the motif
was highly conserved in sequences from species belonging to the
bony vertebrate superclass (Osteichthyes) (Fig. 8B). Interestingly,
the motif was absent in the ghost shark TRAAK sequence
(cartilaginous fish—Chondrichthyes) (Fig. 8B). The ankyrin

PNAS 2024 Vol.121 No.31 e2310120121

G-binding motif is present in Na, 1 already in the lancelet and is
present in Ky, 7.3 in sharks (9, 29). This indicates that the TRAAK
ankyrin G-binding motif appeared later in evolution than both
the Nay 1 and K,7.2/K,7.3 motifs.

The Ankyrin G-Binding Motif Mediates Periodic Codistribution
of SEP-TAC-TRAAK Chimeras with Ankyrin G. The AIS contains
a highly organized cytoskeleton displaying a periodicity of ~190
nm. A number of AIS proteins, including several ion channels,
display a similar periodic localization pattern (32). To determine
whether TRAAK displays periodic localization at the AIS, we
employed stimulated emission depletion (STED) microscopy
on cultured hippocampal neurons. While endogenous TRAAK
immunolabeling was below the threshold for reliable analysis,
surface staining of SEP-TAC-TRAAK chimeras allowed the
acquisition of adequate STED images. We first examined the

https://doi.org/10.1073/pnas.2310120121
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Fig. 5. The TRAAK C-terminus contains an ankyrin G binding like motif. (A)
Sequence alignment of the mouse TRAAK 345-369 aa sequence with known
ankyrin G-binding motifs in mouse K, 7.2, K, 7.3, and Na,1.6. Conserved aa are
highlighted in gray. (B) 10 DIV hippocampal neurons transiently expressing the
indicated SEP-TAC chimeras labeled with a GFP antibody before (cyan) and
after (green) permeabilization. Ankyrin G (magenta) was used as a marker of
the AIS. The AIS location is indicated with a white arrowhead and the distal
axon with a hollow arrowhead. (Scale bar, 15 um.) (C) Mean GFP surface
fluorescence in the AIS vs. a dendrite. (D) Mean GFP surface fluorescence
in the AIS vs. the distal axon. Significance is indicated as compared to SEP-
TAC-TRAAK(CT): *P < 0.05, **P < 0.01, and ****P < 0.0001. Bar plots display
mean with SD. Number of neurons analyzed: SEP-TAC-TRAAK(CT) = 30, SEP-
TAC-TRAAK(CT- A345-369) = 21, SEP-TAC-TRAAK(CT-E354A) = 30, and SEP-TAC-
TRAAK(CT-S356A/D357A) = 26.

localization pattern of chimeras that display AIS enrichment: full-
length SEP-TAC-TRAAK, SEP-TAC-TRAAK(CT), and SEP-
TAC-TRAAK(306-369). Interestingly, all three chimeras visually
displayed a periodic localization pattern in the AIS (Fig. 94).
The periodic localization pattern was verified by autocorrelation
analysis in which the chimeras were compared to randomly
organized simulated images (Fig. 9B; see Materials and Methods
for details). As shown in Fig. 9C, the three chimeras had similar
normalized correlation values, which were all significantly higher
than the simulated random control. Thus, exogenously expressed
full-length TRAAK is periodically organized at the AIS, and aa
306-369 are sufficient to drive the periodic organization.

To determine whether the periodic localization of TRAAK chi-
meras was associated with ankyrin G, we next performed cross-
correlation analysis between SEP-TAC and ankyrin G coimmu-
nolabelings. The lag value of the cross-correlation function was

https://doi.org/10.1073/pnas.2310120121
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Fig. 6. Full-length TRAAK requires aa 306-369 for efficient AIS localization in
cultured hippocampal neurons. (A) 10 DIV hippocampal neurons transiently
expressing the indicated constructs labeled with a GFP antibody before
(cyan) and after (green) permeabilization. Ankyrin G (magenta) was used as a
marker of the AIS. The AlS location is indicated with a white arrowhead and the
distal axon with a hollow arrowhead. (Scale bar, 15 pm.) (B) Average relative
fluorescence intensity profiles for surface GFP (cyan) and ankyrin G (magenta)
for the indicated chimeras normalized against SEP-TAC-TRAAK. Number of
neurons analyzed: SEP-TAC-TRAAK = 30 and SEP-TAC-TRAAK(S356A/D357A)
=30.

employed as a measure of the shift in the periodic distribution
between the two. Ankyrin G overlapped with SEP-TAC-TRAAK,
SEP-TAC-TRAAK(CT), and SEP-TAC-TRAAK(306-369)
periodic patterns with a maximum shift of 25 nm in 70.83%,
80.00%, and 93.75% of the analyzed samples, respectively (Fig. 9
A and D). This suggests that TRAAK preferentially codistributes
with ankyrin G at the nanoscale level and that aa 306-369 are
sufficient to induce this behavior.

As aa 306-369, containing the ankyrin G-binding motif, were
sufficient to achieve a periodic nanoscale distribution at the AIS,
we decided to test whether the motif was required for the perio-
dicity. As previously mentioned, mutation of the binding motif
in the full-length channel resulted in barely detectable surface
expression levels (Fig. 6), and thus, this mutant could not be ana-
lyzed for periodic surface localization at the AIS. However, both
SEP-TAC-TRAAK(CT-S356A/D357A), which contains point
mutations in the motif, and SEP-TAC-TRAAK(370-398), which
does not contain the motif, displayed a nonperiodic localization
pattern with normalized autocorrelation values that were not sig-
nificantly better than the simulated random control (Fig. 9 A-C).
Thus, the ankyrin G-binding motif is required for the periodic
nanoscale distribution of the chimeras.
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Fig. 7. Full-length TRAAK interacts with ankyrin G through the ankyrin G binding like motif (A) Schematic representation of the SiMPull assay. HEK293T cells
expressing ankyrin G-mEGFP with or without HA-TRAAK or HA-TRAAK(S356A/D357A) were lysed and immobilized on a passivated coverslip conjugated to a
biotinylated anti-HA antibody. (B) Representative TIRF images of single molecules showing the pull-down of ankyrin G-mEGFP. (C) Level of interaction of ankyrin
G-mEGFP with the indicated constructs. Bar plots display the mean number of fluorescent spots with SD. Significance is indicated as compared to the control:
*%%%P <0.0001. Number of analyzed images: control = 15, HA-TRAAK = 15, and HA-TRAAK(S356A/D357A) = 15. (D) Representative trace showing one photobleaching
step of ankyrin G-mEGFP. (E) Summary of photobleaching step distribution for ankyrin G-mEGFP. Bar plots display mean with SD. Number of analyzed images = 3.

Discussion

In this study, we have uncovered that the mechanosensitive leak
potassium channel TRAAK is a component of the AIS in rat
hippocampal and cortical pyramidal neurons. TRAAK was
observed in the AIS in rat brain sections, and both endogenous
and exogenous TRAAK displayed AIS localization in cultured
hippocampal neurons. Our data contrast with previous observa-
tions, where TRAAK was reported to be absent from AlSs of
cortical neurons (4), a discrepancy that possibly stems from dif-
ferent fixation methods. While previous reports failed to detect
TRAAK in the AIS in classical paraformaldehyde perfusion-fixed
rat brain sections, it was exposed in acetone-immersed tissue sec-
tions in our study, corroborating previous observations on the
inaccessibility of many AIS antigens (9, 14-16).

It has been unclear how TRAAK achieves its restricted localiza-
tion at nodes of Ranvier. Here, we identify an ankyrin G-binding
motif in the TRAAK C-terminus, which is both sufficient and
required for AIS localization of the channel. Interestingly, the motif
bears resemblance to previously identified ankyrin G interaction
motifs in Nay 1 and K, 7.2/K7.3 channels (8, 13, 25), and like

several other AlS-enriched ion channels, TRAAK appears to achieve
its localization through interaction with ankyrin G. As observed
for Nay 1 channels, the ankyrin G-binding motif in TRAAK could
drive localization to both the AIS and nodes of Ranvier (10).

The ankyrin G-binding motifs in Nay 1 and K 7.2/Ky,7.3 chan-
nels appear to have emerged independently in evolution (9, 29,
31). Here, we show that the TRAAK ankyrin G-binding motif
also evolved by convergent evolution supporting previous work
suggesting the membrane targets, rather than ankyrins, acquire
binding motifs to adapt to functional requirements (26).
Interestingly, the TRAAK ankyrin G-binding motif is highly con-
served in bony vertebrates but is absent in the ghost shark
sequence, a cartilaginous fish. This suggests the motif evolved in
an ancestor of bony vertebrates, after the appearance of the Nay 1
and the K7.2/Ky7.3 motifs (9, 29). At that time both the AIS
and myelination had evolved (29, 33), placing the appearance of
the TRAAK motif in the context of a myelinated nervous system.
Sequencing more species outside the bony vertebrate superclass
would help ratify these conclusions. Nonetheless, these findings
add TRAAK to the list of ion channels that evolved analogous
ankyrin G-binding motifs by convergent evolution, highlighting

A
TRAAK 229 EKVETPSPPTASALDYPSENLAFIDESSDTQSERGCALPRAPRGRRRPNPSKKP--SRPRGP 388
TREK-1 372 NHNQELTPCRRTL-SVN------ HLTS----- EREV-—————————- LPPLLKAESIYLNG- 409
TREK-2 370 HSLDMLSPEKRSV-FAA------ LDTGRFKASSQES-—-=-—-—————-—— IN--NRPNNLRLKGP 411
B
Lancelet Nay ankyrin binding motif
Ciona Ky7.2/7.3 ankyrin binding motif
Ghost shark 289 RRSRRNLTSRLGEFSEDGNRT--—-—----- 308
Zebra fish 415 PSLLDFFGENLAYIDESSDALSDRVKPS 442
Frog 366 IKAL-EWGANMAFIDESSDSQSEKGEGE 392
Turtle 354 LRPIDYVGENLAFIDESSDTQSEVPSDG 381
Human 334 ASALDYPSENLAFIDESSDTQOSERGCPL 361
Mouse 339 ASALDYPSENLAFIDESSDTQSERGCAL 366

TRAAK ankyrin binding motif

Fig. 8. The TRAAK ankyrin G-binding motif is conserved in bony vertebrates. (A) Alignment of mouse TREK-1 and TREK-2 aa sequences with the mouse TRAAK
ankyrin G-binding motif. (B) Left: A representative phylogram of the phylum Chordata. Right: Alignment of the TRAAK ankyrin G-binding motifs of the indicated
species. Conserved residues are highlighted in dark gray, partially conserved residues are highlighted in light gray, and critical aa within the motif (as determined

in this study) are indicated in red.
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Fig. 9. The ankyrin G-binding motif mediates periodic codistribution of SEP-TAC-TRAAK chimeras with ankyrin G. (A) Deconvolved STED images of 10 DIV
hippocampal neuron AlISs transiently expressing the indicated constructs. The cells were immunolabeled with a GFP antibody before permeabilization (cyan) and
for ankyrin G (magenta) after permeabilization. Normalized fluorescence intensity profiles for both channels along a 2 pm line (yellow) are plotted to the right.
(B) Example of a simulated random control image and the corresponding normalized fluorescence intensity profile along a 2 pm line (yellow). (Scale bar, 1 pm.)
(€) Truncated violin plots of the normalized correlation values for the indicated constructs. Significance is indicated as compared to the control: ***P <0.001 and
**%*p < 0.0001. Number of grids plotted per construct: simulated control = 483, SEP-TAC-TRAAK = 802, SEP-TAC-TRAAK(CT) = 1,019, SEP-TAC-TRAAK(306-369) =
927, SEP-TAC-TRAAK(CT-S356A/D357A) = 892, and SEP-TAC-TRAAK(370-398) = 801. (D) Cross-correlation lag for the indicated constructs. Number of grids plotted
per construct: SEP-TAC-TRAAK = 24, SEP-TAC-TRAAK(CT) = 55, and SEP-TAC-TRAAK(306-369) = 48.

the crucial role of ankyrin G binding in the evolutionary molecular
adaptation of the AIS and nodes of Ranvier.

The Nay 1 and K,7.2/K,,7.3 motifs utilize overlapping binding
sites on ankyrin G (26, 34). As the TRAAK motif is highly anal-
ogous, it raises the possibility that it shares the overlapping binding
site on ankyrin G. This could create a competition between the
three types of ion channels to bind ankyrin G in the AIS, thereby
allowing fine-tuning of ion channel ratios. Indeed, previous studies

https://doi.org/10.1073/pnas.2310120121

have shown that ankyrin binding affinities differ and that the
Nay 1, Ky7.2, and K,,7.3 affinities are regulated by protein kinase
CK2 phosphorylation (26, 34, 35). Further experiments are
needed to clarify the role of this potential competition and its
impact on neuronal signaling properties.

While ankyrin G-binding motifs are definitely critical for the
localization of a number of membrane proteins at the AIS, they
cannot be the sole factor regulating their subcellular localization.

pnas.org



In fact, ion channels bearing ankyrin G-binding motifs still differ
in their micro- and nanoscale distributions within the domains.
For instance, Nay 1.1 is localized to the proximal part of the AIS
in some neuronal cell types, while Nay 1.6 and K, 7.2/K,7.3 chan-
nels are localized to the distal AIS (14, 16-18, 36). The differential
AIS distributions of proteins bearing ankyrin G-binding motifs
point to the existence of additional regulatory mechanisms, which
is further supported by our study. Full-length TRAAK localized
more efficiently to the AIS than the isolated C-terminal tail, even
though both contain the ankyrin G-binding motif. Whether these
differences could be explained by differences in the phosphoryla-
tion state of the binding motif, which, as mentioned above, is
known to regulate ankyrin G binding affinity for Nay 1 and K7.2/
Ky7.3 channels (34, 35), or another factor is in play, remains to
be determined.

Our superresolution studies have unraveled a role for ankyrin
G in the nanoscale organization of the AIS. As reported for a
number of AIS proteins, exogenously expressed TRAAK distrib-
uted in a periodic pattern with an interdistance corresponding to
the membrane-associated periodic scaffold formed by the cytoskel-
etal proteins (reviewed in ref. 32). Cross-correlation analysis
demonstrated that TRAAK preferentially codistributed with
ankyrin G, a periodic codistribution that depended upon the pres-
ence of an intact ankyrin G-binding motif. In fact, a 66 aa long
TRAAK sequence, which includes the ankyrin G-binding motif,
was sufficient to localize the reporter SEP-TAC to the AIS in a
periodically organized pattern. While it has seemed likely that the
periodic distribution of AIS membrane proteins is linked to their
association with the periodically organized cytoskeleton, we here
demonstrate that a short ankyrin G binding peptide sequence
contains sufficient information to localize periodically at the nano-
scale level.

So, what is the role of TRAAK at the AIS? We detected TRAAK
AIS expression in pyramidal cells of the CA1 and CA3 regions of
the hippocampus and the cerebral cortex. A broad regional expres-
sion has previously been reported in nodes (4). This could indicate
that TRAAK broadly and selectively regulates neuronal excitability
in the neuronal subcompartments implicated in the generation
and propagation of action potentials. While it could be speculated
that TRAAK hyperpolarizes the AIS resting membrane potential
thereby promoting sodium channel release from inactivation, as
reported in nodes (4, 5), future experiments are required to under-
stand the exact role played by TRAAK at the AIS.

In summary, we have identified TRAAK as a component of the
AIS in pyramidal neurons of the hippocampus and cortex. We
demonstrate that TRAAK AIS localization and nanoscale periodic
organization are mediated by an ankyrin G-binding motif in the
TRAAK C-terminus. The motif is highly conserved in bony ver-
tebrates and evolved by convergent evolution after the appearance
of the AIS and myelination. Further studies will be needed to
determine the specific function of TRAAK in the AIS and its role
in excitability regulation within the domain.

Materials and Methods

Brain tissue preparation and immunolabeling. Animals were handled in
accordance with the guidelines of the Danish Veterinary and Food Administration
and the Ministry of Environment and Food and the protocol approved by the
Department of Experimental Medicine at the University of Copenhagen. Six-
week-old adult male Sprague Dawley rats (Janvier) were anesthetized with carbon
dioxide and killed by decapitation. The brains were removed, frozen in crushed
dry ice, and cutinto 12 um slices on a cryostat (Leica). The tissue was immersed
for 10 min in ice-cold acetone. Blocking was done for 1 h at room temperature
(RT) in PBS containing 10% goat serum and 0.3% Triton X-100. Samples were

PNAS 2024 Vol.121 No.31 2310120121

immunolabeled sequentially, first for TRAAK and then for ankyrin G. Primary anti-
bodies [rabbit anti-TRAAK (1:100, a kind gift of Roderick MacKinnon, HHMI, The
Rockefeller University, New York, NY (4)] and guinea pig anti-ankyrin G (1:500,
386 004, SYSY)) were incubated overnight at 4 °C in PBS containing 1% goat
serum and 0.3% Triton X-100. Secondary AlexaFluor®-conjugated antibodies
were added for 1 h at RTin the same buffer. Samples were mounted using ProLong
Diamond Antifade mountant.

cDNA Constructs. SEP-TAC in pcDNA3.1+ consists of a truncated version
of the interleukin 2 receptor (TAC) with the fluorescent reporter superecliptic
pHIuorin (SEP) attached to its extracellular N terminus (12). Full-length mouse
TRAAK (TRAAK; NM_001403913.1) inserted downstream SEP-TAC containing a
GS linker sequence was synthesized by Twist Bioscience (San Francisco, CA). The
TRAAK C-terminal tail (aa 262-398) was inserted downstream SEP-TAC using
BamHI and Xhol restriction sites. Deletions or mutations in SEP-TAC fused to full-
length or C-terminal TRAAK were created by site-directed mutagenesis. mCherry
was replaced by mEGFP in Ankyrin G-mCherry (ankG-mCherry was a gift from
Benedicte Dargent-Addgene plasmid # 42566; http://n2t.net/addgene:42566;
RRID:Addgene_42566)(37).The addition of HA-tag at the N terminus of mouse
TRAAK and the point mutations S356A/D357A were performed by PCR and then
subcloned into the pcDNA3.1 vector. All generated plasmids were verified by
sequencing (Macrogen Europe, The Netherlands, and Microsynth).

Hippocampal Neuronal Culture Preparation and Transfection. All ani-
mals were used in accordance with the guidelines of the Danish Veterinary and
Food Administration and the Ministry of Environment and Food. The protocol
is approved by the Department of Experimental Medicine at the University of
Copenhagen. Hippocampal neuronal cultures were prepared from E18 Wistar rat
(Charles River) embryos of unknown sex. In short, hippocampi were dissected out
and enzymatically dissociated. Neurons were plated on 25 mm diameter round
50 pg/mL poly-D-lysine (ThermoFisher Scientific) coated glass coverslips
(Marienfeld Superior) and placed on top of an astroglial feeder layer in 2%
B27,0.5 mM GlutaMAX, and 10 IU/mL penicillin-streptomycin-supplemented
Neurobasal medium (all from ThermoFisher Scientific). At 3 DIV cytosine arabino-
side was added to stop the proliferation of non-neuronal cells at a final concen-
tration of 3 uM. Neurons were transfected at 8 DIV with 0.8 ug of DNA/coverslip
using Lipofectamine 2000 (ThermoFisher Scientific). Fixation of transfected cells
was done at 10, 15, or 22 DIV in 4% paraformaldehyde (PFA) in PBS for 20 min
at RT. For endogenous TRAAK staining, neurons were fixed in 2% PFAin PBS for 2
min at RT followed immediately by 10 min in methanol at =20 °C. Triton extrac-
tion prior to fixation was performed in 0.5% Triton X-100 in PBS for 5 min at RT.

Hippocampal Neuronal Culture Immunolabeling. All steps were performed
at RT. Transfected PFA fixed neurons were immunolabeled with mouse anti-GFP
(1:5, clone 4C9, Developmental Studies Hybridoma Bank, RRID: AB_2617422)
orrabbitanti-GFP (1:100, RRID: AB_221569, ThermoFisher Scientific) and mouse
anti-ankyrin G (1:100-1:200, clone N106/65, RRID: AB_2877525, Neuromab)
antibodies. Two sequential immunolabelings were performed with the GFP anti-
body, before and after permeabilization, to distinguish surface and total SEP.
Blocking was done for 30 min in PBS containing 0.2% fish skin gelatin (PBSg)
for surface or 0.2% fish skin gelatin and 0.1% Triton X-100 (PBSTg) for total
staining. Primary antibodies and secondary AlexaFluor®-conjugated antibodies
(ThermoFisher Scientific) or Abberior STAR dyes (Abberior) were added for 1 h
in PBSg or PBSTg. Endogenous immunolabeling on PFA/methanol fixed cells
followed a total staining protocol. Primary antibodies employed were: rabbit anti-
TRAAK (1:100 to 1:500), mouse anti-ankyrin G and mouse anti-GAPDH (1:100,
RRID: AB_10977387, ThermoFisher Scientific). Coverslips were mounted on
microscope slides using ProLong Diamond Antifade mountant (ThermoFisher
Scientific).

Confocal Microscopy and Image Analysis. Samples were imaged in an upright
LSM710 confocal microscope (Zeiss) equipped with a 63x, 1.4 numerical aper-
ture, oil-immersion objective. Individual neurons were assessed and selected for
imaging based on an overall well-polarized morphology and a well-defined AIS
judged by ankyrin G immunolabeling. Image processing and analysis was per-
For analysis of cultured neuron images, ROIs were manually drawn using 1 px
thick segmented lines along the axon (60 um starting from the soma), along one
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of the major dendrites (20 um projecting from the soma) and background (10 um
ina cell-free region). Ankyrin G immunolabeling was used to identify the AIS and
ROIs were drawn following the same criteria for every analyzed sample. Averaged
fluorescence intensity profiles were obtained from the 60 um axonal ROI with
the mean background value subtracted. Relative axonal intensity profiles were
obtained by normalizing fluorescence intensities to the maximal fluorescence
intensity value of the axonal profile. Fyo/Foengite aNd Fais/Foistal axon 1atios were
calculated by dividing the background-subtracted mean intensities of the AIS
(proximal 30 um of the axon) with that of a dendrite or the distal axon (50 to
60 um of the axon), respectively. For the analysis of TX-100 extracted datasets
in Fig. 2D, the dendritic ROl was replaced by a 30 um somatic ROl as dendrites
were difficult to distinguish in TX-100 extracted neurons. For analysis of brain
immunolabelings, maximum intensity projections of high-resolution confocal
image stacks were used. To extract AlS fluorescence intensity 1 px wide ROIs
were manually drawn along the full length of the AIS, determined by ankyrin G
immunostaining. Relative axonal intensity profiles were obtained as described
for neuronal cultures.

HEK293T Cell Culture and Transfection. HEK293T (ATCC, #CRL11268) cells
were maintained in DMEM supplemented with 10% FBS in 35 mm dishes. At
80% to 90% confluency, they were transiently cotransfected using jetOPTIMUS
(Polyplus) with a total amount of 2 pg of DNA. Cells were used for single-molecule
pull-down (SiMPull) assay experiments 24 h after their transfection.

siMPull. For SiMPull assays, we followed the protocol previously described by Hua
et al. (38). Briefly, HEK293T cells cotransfected with an HA-tagged bait protein
and a mEGFP-fused prey protein were lysed in a buffer containing 150 mM NaCl,
10 mM Tris pH 7.5, 1 mM EDTA, protease inhibitor cocktail (Roche-Diagnostics),
and 1.5% IGEPAL (Sigma-Aldrich). Lysates were collected, normalized using
ankyrin G-mEGFP fluorescence intensity measurements, and then pulled down
on coverslips prepared as follows: Coverslips were treated with ~0.05% (v/v)
dichlorodimethylsilane (DDS, Aldrich, >99.5 %); then with 0.2 mg/mL biotiny-
lated BSA (A8549, Sigma) in T50 buffer (10 mM Tris-HCI pH 8.0, 50 mM NaCl);
followed by a passivation step using 0.2 % Tween-20 (Fisher BioReagents™) in
750 buffer; and then with neutravidin (0.2 mg/mL, ThermoFisher) in T50 buffer.
Several washes with T50 buffer were performed. Finally, coverslips were treated
with biotinylated anti-HA antibody (15 nM, BioLegend) in T50 buffer with BSA
0.1 mg/mL. Several washes with T50 buffer with BSA were performed to avoid
unspecific protein binding. Imaging of single molecule complexes was performed
in a TIRF microscope (Nikon) with a 100 objective. Then, 20 frame 13 x 13
um’ movies were acquired at frame rates of 12.5 Hz and analyzed using Fiji
(Fiji_ls_Just_Imagel).

Phylogenetic Analysis. TRAAK (KCNK4), TREK-1 (KCNK2), and TREK-2 (KCNK10)
annotated sequences were searched forin UniProt, NCBI, and Ensembl databases.
Representative species within the chordate classes were selected and aligned
using the Clustal Omega algorithm [CLUSTALO (1.2.4)] through the UniProt align
function. To build the representative species phylogram, The interactive Tree of
Life (iTOL) vé was used (39). The sequences used in this study can be found in
Sl Appendix, Table S1.

STED Microscopy and Image Analysis. STED microscopy images were
acquired with a Zeiss Axio Imager Z1 microscope attached to a STEDYCON
STED system (Abberior). A 100x, 1.46 numerical aperture, oil-immersion
objective was used. The pixel size was set at 20 nm. AIS images were decon-
volved using Huygens Professional version 22.04 (Scientific Volume Imaging,
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The Netherlands, http://svi.nl) and image analysis was performed with the in-
house developed K2 Napari Wave Breaker plugin version 0.1.4 for napari (DOI:
10.5281/zen0d0.3555620) publicly available at https://github.com/SamKVs/
napari-k2-WaveBreaker. Shortly, a threshold was applied to remove the back-
ground outside the AIS region. Then, the images were splitinto 1 pm long grids
perpendicular to the AIS, as proposed by Barabas et al. (40), while the width
remained equal to that of the original image. Finally, correlation analysis was
performed using the numpy.correlate function. For autocorrelation analysis,
the best normalized correlation value for each grid was found at an angle from
—20°to 20° (40) within an interpeak distance range of 0.17 to 0.21 nm, corre-
sponding to the previously described range of the MPS (41, 42). The normalized
correlation value was calculated as the difference between the middle peak
and the first valley. For cross-correlation analysis, only grids displaying normal-
ized autocorrelation values higher than 0.6 for both the SEP-TAC chimera and
ankyrin G were analyzed. This threshold was defined based on the normalized
correlation profiles of the data and the simulated control. The lag value of the
cross-correlation function indicates the shift between the analyzed SEP-TAC
chimera and the ankyrin G periodic pattern. One cross-correlation value was
selected for each grid, at the angle and frequency where the average normalized
autocorrelation of both channels was the highest. Finally, the lag values were
normalized to the range of one unit of the MPS (from 0 to 95 nm).

Simulated Control for STED Image Analysis. For creating a negative perio-
dicity control, in lack of previously established and characterized nonperiodic
AIS proteins, STED mimicking images were simulated using Python 3.9. 18 STED
images were used to manually create binary masks distinguishing between the
axon and the background of the image. For each mask, 5,000 pixels with a value
of one were randomly distributed in the axon region, while the rest of the pixels
in the image kept a value of zero. To achieve a more realistic simulation, 2D
convolution (Gaussian kernel size = 21 pixels; sigma = 3) was applied to the
binary images. Finally, the simulated AIS images were analyzed using the same
criteria as for STED images.

Statistical Analysis. All statistical analysis was performed in GraphPad Prism.
At least three independent cultures were analyzed per condition. The normality
of the data was determined by visual inspection of QQ plots, and the statistical
analysis was performed accordingly. For confocal data analysis, outliers were
excluded using ROUT (Q = 1%). Comparison of two groups was done with the
unpaired t test with Welch's correction. For comparison of three or more groups,
the Brown-Forsythe ANOVA test with Dunnett's T3 multiple comparison was used.
All bar plots display mean with SD, and each dot represents one analyzed neuron.
For SiMPull and STED autocorrelation data analysis, the Kruskal-Wallis nonpara-
metric testwith Dunn's correction was used. STED data are presented in truncated
violin plots including median and quartiles. Significance is indicated as follows:
*P < 0.05,**P < 0.01,***P < 0.001, and ****P < 0.0001.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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