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ABSTRACT Neurons are polarized cells that require accurate membrane trafficking to main-
tain distinct protein complements at dendritic and axonal membranes. The Kinesin-3 family
members KIF13A and KIF13B are thought to mediate dendrite-selective transport, but the
mechanism by which they are recruited to polarized vesicles and the differences in the spe-
cific trafficking role of each KIF13 have not been defined. We performed live-cell imaging in
cultured hippocampal neurons and found that KIF13A is a dedicated dendrite-selective kine-
sin. KIF13B confers two different transport modes, dendrite- and axon-selective transport.
Both KIF13s are maintained at the trans-Golgi network by interactions with the heterotetra-
meric adaptor protein complex AP-1. Interference with KIF13 binding to AP-1 resulted in
disruptions to both dendrite- and axon-selective trafficking. We propose that AP-1 is the
molecular link between the sorting of polarized cargoes into vesicles and the recruitment of
kinesins that confer polarized transport.
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INTRODUCTION

The neuron is the fundamental unit of the nervous system that medi-
ates electrochemical signaling. Neurons are polarized cells that typi-
cally have multiple dendrites and one axon (Craig and Banker, 1994;
Bentley and Banker, 2016). Dendrites and axons perform different
functions in neuronal signaling and consequently require distinctive
complements of membrane proteins. Polarized membrane proteins
are delivered to their proper domain by membrane trafficking.
Despite their fundamental importance, the trafficking mechanisms
that maintain neuronal polarity are still unclear (Bentley and Banker,
2016; Nabb et al., 2020; Radler et al., 2020).

Polarized transmembrane proteins are moved in vesicles that un-
dergo selective transport (Burack et al., 2000): dendrite-selective
vesicles move bidirectionally in dendrites and are restricted from
entering the axon (Burack et al, 2000; Silverman et al., 2001;
Al-Bassam et al., 2012; Jensen et al., 2014, Petersen et al., 2014;
Frank et al., 2020; Eichel et al., 2022); axon-selective vesicles can
move bidirectionally in dendrites, but preferentially enter the axon
where they undergo mostly anterograde movement (Burack et al.,
2000; Petersen et al., 2014; Nabb and Bentley, 2022). Polarized
transmembrane proteins are synthesized in the endoplasmic reticu-
lum and modified in the Golgi apparatus. At the trans-Golgi net-
work (TGN), proteins are sorted into vesicles that deliver them to
their destination (Bonifacino, 2014; Guardia et al., 2018; Ford et al.,
2021; Ramazanov et al., 2021). Newly synthesized dendritically
polarized proteins are sorted by the heterotetrameric clathrin adap-
tor protein complex 1 (AP-1; Farfas et al., 2012). In addition to Golgi-
derived vesicles, a subpopulation of endocytic vesicles undergoes
dendrite-selective transport (Frank et al., 2020). In contrast, the
machinery that mediates axonal sorting has not been defined in
mammalian neurons.

Dendrite-selective vesicles are transported by two motors of the
Kinesin-3 family, KIF13A and KIF13B (Jenkins et al., 2012). KIF13A
and KIF13B are two of the largest kinesins (1805 and 1826 residues).
Yet, little is known about their specific domain structures. Both have
the FHA domain that is present in all Kinesin-3 family members and
MAGUK domains (Asaba et al., 2003; Hirokawa et al., 2009); KIF13B
also contains a CAP-Gly domain (Venkateswarlu et al., 2005). How-
ever, how each tail binds to cargoes to mediate neuronal trafficking
is not known. In neurons, KIF13A binds dendritically polarized vesi-
cles (Yang et al., 2019; Frank et al., 2020) and mediates localization
of AMPA (Gutiérrez et al., 2021) and serotonin (Zhou et al., 2013)
receptors in dendrites. In nonneuronal cells, KIF13A participates in
the transport and positioning of endosomes (Nakagawa et al., 2000;
Delevoye et al., 2009, 2014; Bentley et al., 2015; Etoh and Fukuda,
2019). KIF13B similarly binds endosomes in nonneuronal cells
(Bentley et al., 2015; Mills et al., 2019). In addition to its role in den-
drite-selective transport (Frank et al., 2020), KIF13B is also required
for axon selection during neuronal development (Horiguchi et al.,
2006; Yoshimura et al., 2010; Yu et al., 2020). Despite this progress,
the specific functions of KIF13A and KIF13B in polarized vesicle
transport-and the specific vesicle subpopulations they move-have
not been defined.

A vesicle transport event is initiated by two steps: 1) cargo sort-
ing and vesicle budding from the donor compartment, and 2) mo-
tor-based transport to the cellular destination. Because these steps
are strictly successive, they must be mechanistically linked; that is,
the proteins required for proper transport must be determined dur-
ing vesicle formation. For example, a vesicle containing proteins
destined for the dendritic plasma membrane must be programmed
to recruit the correct complement of molecular motors and motor
regulatory proteins that confer dendrite-selective transport. Despite
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the crucial importance of motors to vesicle transport, little is known
about how appropriate kinesins are recruited to specific vesicle pop-
ulations and how adaptors regulate vesicle-bound kinesins (Nabb
et al., 2020).

We performed live-cell imaging in cultured hippocampal neu-
rons to quantitatively characterize the functions of KIF13A and
KIF13B in polarized vesicle transport. We found that KIF13A is dedi-
cated to transporting both Golgi-derived and endocytosed den-
drite-selective vesicles. KIF13B participates in the transport of
Golgi-derived and endocytosed dendrite-selective vesicles but per-
forms a second function in mediating transport of axon-selective
vesicles. These data show that KIF13B transports different vesicles
with distinct transport behaviors, providing strong evidence for on-
vesicle regulation (Nabb et al., 2020). Furthermore, neurons main-
tain pools of KIF13A and KIF13B at the TGN by binding to AP-1 and
disrupting these interactions diminishes both dendrite- and axon-
selective trafficking. This suggests that AP-1 performs cargo sorting
into polarized vesicles and mediates recruitment of the proper kine-
sins. Together, these data are consistent with the model that AP-1 is
a molecular link between the sorting of polarized membrane pro-
teins and the recruitment of KIF13s to mediate long-range selective
transport.

RESULTS

KIF13A specializes in dendrite-selective transport

Two Kinesin-3 family members, KIF13A and KIF13B, mediate den-
drite-selective transport in neurons (Jenkins et al., 2012; Yang et al.,
2019, Gutiérrez et al., 2021), but the extent to which they are com-
plementary or redundant is unclear. Vesicles containing important
dendritic membrane proteins such as mGIuR1, AMPA receptors,
and NMDA receptors can be conveniently labeled by expressing
fluorescently tagged transferrin receptor (TfR; Burack et al., 2000;
Silverman et al., 2001; Wang et al., 2008; Farias et al., 2012, 2015;
Frank et al., 2020). However, the pool of “dendrite-selective vesi-
cles”"—even those visualized with a single fluorescent marker—consist
of distinct vesicle subpopulations. TfR traffics in at least two different
subpopulations: 1) Golgi-derived vesicles that contain newly synthe-
sized TfR that transport from the Golgi to the plasma membrane,
and 2) endocytic vesicles that contain TfR that cycles between the
plasma membrane and dendrite-selective endosomes (Harding
et al., 1983; de Jong et al., 1990). While we previously found that
KIF13A and KIF13B bind TfR vesicles, those experiments could not
distinguish between subpopulations (Jenkins et al., 2012; Bentley
and Banker, 2015). Furthermore, the relative amounts of Golgi-de-
rived and endocytic TR vesicles are not known. Therefore, it is un-
clear whether KIF13A and KIF13B are functionally redundant or spe-
cialize in specific aspects of dendrite-selective trafficking.

To determine whether KIF13A and KIF13B specialize in different
aspects of dendrite-selective transport, we used a technique we de-
veloped for visualizing vesicle-bound kinesins in cultured hippocam-
pal neurons (Yang et al., 2019; Frank et al., 2020; Garbouchian et al.,
2022; Montgomery et al., 2022). We coexpressed Halo-KIF13A or
Halo-KIF13B tail with TfR-GFP and a SignalSequence (SigSeq)-
mCherry construct (Figure 1). SigSeg-mCherry consists of the signal
sequence from neuropeptide-Y fused to mCherry which targets the
fluorophore to the lumen of Golgi-derived vesicles (El Meskini et al.,
2001; Kaech etal., 2012b; Das et al., 2013; Fang et al., 2014; Ganguly
et al.,, 2015, 2017; Nabb and Bentley, 2022). When Golgi-derived
mCherry-containing vesicles fuse with the plasma membrane, the
fluorophore is released into the culture medium. With this approach,
TfR-GFP vesicles colabeled with mCherry are Golgi-derived, whereas
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TfR-GFP vesicles without mCherry are endo-
cytic (Figure 1A).

We first measured the polarity of each
construct (Figure 1B). As expected, TfR and
KIF13A were polarized to dendrites. SigSeq
vesicles are equally in axons and dendrites,
which was captured in the D:A ratio. KIF13B
localization exhibited a dendritic bias,
although it was not as pronounced as for
KIF13A. We generated kymographs to ana-
lyze vesicle transport (Figure 1, C and E). Ky-
mograph lines with a positive slope indicate
anterograde transport and lines with a nega-
tive slope indicate retrograde transport, a
convention that is followed in all figures. For
clarity, cotransport events from kymographs
were redrawn as solid white lines. The move-
ment of each vesicle population reflected its
overall polarity (Figure 1, C and E). TfR and
KIF13A vesicles moved in dendrites but
were largely absent from axons. The den-
dritic preference of KIF13A vesicles was
more pronounced than the dendrite-to-axon

Closely related kinesins KIF13A
and KIF13B exhibit different neuronal
localization and transport. (A) Schematic
describing the labeling strategy to visualize
Golgi-derived vesicles. Expression of
SigSeg-mCherry results in visualization of the
lumen of the secretory pathway by mCherry.
Upon vesicle fusion with the plasma
membrane, mCherry is released into the
culture medium. Endocytic vesicles are not
labeled by this strategy. (B) Polarity
measurements for indicated proteins. Each
TfR condition has one datapoint omitted that
exceeded the y-axis. Cell numbers: KIF13A:
7; KIF13B: 9. (C-F) Representative images
and kymographs of nine DIV hippocampal
neurons expressing either Halo-KIF13A tail
(C and D) or Halo-KIF13B tail (E and F) with
SigSeg-mCherry to visualize Golgi-derived
vesicles, and TfR-GFP. Halotags were
visualized with JF646. Kymographs show
transport from a dendrite and the axon and
cotransport events were redrawn for clarity.
High magnification images show the soma of
each neuron. Arrowheads indicate examples
of colocalization. Low magnification scale bar:
20 pm. High magnification soma scale bar:

5 pm. (G-K) Quantification of colocalization
between indicated constructs in the somata.
(L-P) Kymograph cotransport analysis for the
indicated constructs in the dendrites. One
datapoint was omitted in (O) from the KIF13A
condition that exceeded the y-axis. Sample
size: KIF13A: nine cells; KIF13B: 12 cells. *p <
0.05; **p < 0.01; ***p < 0.001; p values: 1B:
TfR/13A: 0.8447; TfR/SigSeq: 0.0006; 13A/
SigSeq: 0.0258; TfR/13B: 0.2393; TfR/SigSeq:
0.0001; 13B/SigSeq: 0.0526; 1G: 0.8206. 1H:
0.2019. 11: 0.0027; 1J: 0.3976; 1K: 0.1774; 1L:
0.3722; 1M: 0.0023; 1N: 0.0056; 10: 0.9832;
1P: 0.0024.
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ratio indicated, likely because unbound KIF13A tails can diffuse into
the axon while not bound to vesicles. SigSeq underwent bidirec-
tional movements in dendrites and exhibited mostly anterograde
movement in the axon. KIF13B vesicles moved bidirectionally in
dendrites, consistent with KIF13B's function in dendrite-selective
transport. Notably, there was also an axonal population of KIF13B-
labeled structures, which is consistent with the hypothesis that
KIF13B performs an axonal role beyond dendrite-selective vesicle
transport.

We evaluated colocalization in somata (Figure 1, D and F), which
are biochemically indistinct from dendrites (Craig and Banker, 1994;
Moore and Baleja, 2012; Leterrier and Dargent, 2014). Because this
analysis was aimed at transport vesicles, we chose imaging planes
close to the coverslip that typically contain no Golgi structures.
KIF13A colocalized substantially with TfR, but relatively little with
SigSeq (Figure 1D). In contrast, KIF13B colocalized less with TfR
than KIF13A did, but more with SigSeq (Figure 1F).

We next performed a series of quantitative colocalization and
cotransport analyses (Figure 1, G-P). Our approach allowed us to
measure relative amounts of Golgi-derived (SigSeq positive) and en-
docytic (SigSeq negative) TfR subpopulations for the first time.
Colocalization quantification shows that ~10% of TfR was in Golgi-
derived vesicles (Figure 1G), indicating that most TfR vesicles are
part of the endocytic recycling pathway. We next measured the frac-
tion of total TfR vesicles that colocalized with each KIF13 (Figure 1H).
Forty-four percent colocalized with KIF13A and 34% with KIF13B
(Figure TH). While this difference was not statistically significant, it is
part of an emerging trend of KIF13A consistently colocalizing and
cotransporting more with TfR than KIF13B. We then measured the
fraction of KIF13 vesicles that colocalized with TfR (Figure 11). Most
KIF13A vesicles (64%) colocalized with TfR, indicating that dendrite-
selective vesicles are the primary KIF13A cargo. In contrast, only
38% of KIF13B vesicles colocalized with TfR. These data show that
KIF13A specializes in dendrite-selective transport. While KIF13B
plays some role in dendrite-selective transport, that accounts for sig-
nificantly fewer of its transport duties compared with KIF13A.

We then measured colocalization of KIF13A or KIF13B with
Golgi-derived (identified by TfR-GFP and SigSeq labeling) or endo-
cytic (identified by TfR-GFP labeling without SigSeq) TfR vesicles.
Both kinesins colocalized with Golgi-derived (KIF13A: 61%; KIF13B:
48%,; Figure 1J) and endocytosed TR (KIF13A: 43%; KIF13B: 33%;
Figure 1K). KIF13A consistently displayed higher colocalization with
TfR. This supports the model that KIF13A is largely excluded from
axons and, therefore, specializes in dendrite-selective transport. In
contrast, dendrite-selective organelles consistently accounted for a
smaller percentage of KIF13B vesicles.

While colocalization data are instructive, cotransport of two fluo-
rescently tagged proteins is maybe the strongest evidence of two
proteins associating with the same vesicle. Furthermore, vesicle
transport is a dynamic process and analysis of moving vesicles di-
rectly evaluates transport behaviors. We measured the cotransport
of different organelles in dendrites (Figure 1, L-P). Results of the
cotransport analysis were generally consistent with the colocaliza-
tion data (Figure 1, G-K). Only ~8% of moving TfR vesicles were
Golgi-derived (Figure 1L), closely matching the colocalization analy-
sis (Figure 1G). From all TfR vesicles, 22% cotransported with KIF13A
and 10% with KIF13B (Figure 1M). About half of KIF13A events co-
transported with TfR, contrasting KIF13B, which consistently exhib-
ited less cotransport with all TfR populations (Figure 1, N-P).

Visualizing vesicle-associated kinesins in live cells is technically
challenging under ideal conditions. Expression of only the vesicle
binding tail domain results in a temporal window in which kinesin-
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labeled vesicles become visible (Yang et al., 2019; Montgomery
et al., 2022). The length of that window varies from cell to cell.
Achieving vesicle labeling is easiest when only expressing a single
kinesin tail. Even then, visible vesicles are probably only a fraction of
all organelles bound by specific kinesins. As is typical with primary
neuronal culture, there is variability in the vesicle labeling between
cells and even between neurites of the same cell. Kinesins are pe-
ripheral membrane proteins that cycle on and off vesicles. There-
fore, fluorescently tagged kinesins must be expressed at low levels,
as they must compete with vesicle binding with endogenous kines-
ins. Balancing additional expression constructs enhances the diffi-
culty of the experiments. Therefore, the colocalization and cotrans-
port numbers we measured are almost certainly an underestimation
of true colocalization and must be interpreted accordingly. Even
single digit colocalization and cotransport percentages are likely in-
dicators of substantial biological interaction between a kinesin and
a specific vesicle.

We sought a complementary approach to determine KIF13A
and KIF13B interactions with dendrite-selective endocytic vesicles
(Figure 2A). Neurons expressing either Halo-KIF13A or Halo-
KIF13B tail were treated with transferrin (Tf) conjugated to an or-
ganic dye. Fluorescent Tf is endocytosed by endogenous TfR and
specifically labels dendrite-selective vesicles in the endocytic path-
way (Frank et al., 2020). Tf vesicles were polarized to dendrites
(Figure 2B) where they cotransported with both KIF13A and KIF13B
(Figure 2, C and D). Quantification of colocalization and cotrans-
port in dendrites showed that both KIF13A and KIF13B bound Tf
vesicles (Figure 2, E-H). A higher proportion of Tf vesicles colocal-
ized with KIF13A (21%) than KIF13B (12%; Figure 2E), although this
was not statistically significant. However, Tf-labeled organelles ac-
counted for a significantly higher fraction of KIF13A vesicles (47%)
than for KIF13B (18%). We next performed cotransport analyses of
Tf with KIF13A or KIF13B. Comparable amounts of Tf vesicles
cotransported with KIF13A (11%) and KIF13B (13%; Figure 2G).
Finally, we measured the fraction of KIF13A or KIF13B vesicles that
cotransported with Tf and found a significant difference between
the two kinesins. KIF13A exhibited significantly more cotransport
with Tf (29%) than KIF13B (14%; Figure 2H), which was consistent
with the colocalization data (Figure 2F). These results further high-
light the specialization of KIF13A for dendrite-selective transport
and show that KIF13B performs additional transport functions.

The systematic analyses of dendrite-selective vesicles point to a
model where both KIF13A and KIF13B mediate dendrite-selective
transport but exhibit different specializations. The fact that KIF13A
vesicles rarely enter the axon is consistent with KIF13A being dedi-
cated to dendrite-selective transport. In contrast, KIF13B partici-
pates in dendrite-selective transport while also transporting axonal
vesicles. These data do not preclude the possibility that KIF13A and
KIF13B mediate transport of the biochemically identical dendrite-
selective vesicles. However, there is an additional population of
KIF13B vesicles—including in axons-that is not dendrite-selective.
Therefore, KIF13B may confer different transport parameters that
depend on its cargo.

KIF13B mediates axon-selective transport

KIF13B is thought to participate in axon selection during neuronal
development (Yamada et al., 2007; Yoshimura et al., 2010), but the
molecular identity of axonal KIF13B vesicles has not been defined.
KIF13B vesicles underwent long-range anterograde transport in ax-
ons, moved bidirectionally in dendrites, and cotransported with
SigSeq (Figure 1E). These transport parameters are similar to those
we had previously observed of axon-selective vesicles containing
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Dendrite to axon intensity ratio
T

Tf  KIF13A Tf  KIF13B

Dendrite KIF13A Tf

KIE13A
Tf

proximal m distal
3 =
7 ¥ ¥
t
i
§

proximal _31pm__distal

KIE13B
Tf

distal
distal

40 ym

proximal

Fkk

J

E s

80

N
S
T
EN
S
T

[
=}
T
[
[=}
T
.
o
.

40

N
=}
T
N
(=}
T

.es e
e, .
s H

20k —3—

S
T
% of dendritic Tf events

that colocalize with Tf
3
T
.
that cotransport with kinesin
that cotransport with Tf

=)
T

% of dendritic Tf vesicles that
colocaliize with kinesin
S
T
o
.
.

% of dendritic kinesin vesicles
% of dendritic kinesin events

KIF13A KIF13B KIF13A  KIF13B KIF13A  KIF13B KIF13A  KIF13B

FIGURE 2: KIF13A preferentially mediates dendrite-selective transport of endocytic vesicles.
(A) Schematic describing the labeling strategy to visualize endocytosed vesicles. Fluorescent Tf
(Tf555) in the culture medium binds endogenous TfR and undergoes endocytosis. Golgi-derived
organelles are not labeled by this strategy. (B) Polarity measurements for indicated proteins.
One Tf data point was omitted from the KIF13A condition because it exceeded the y-axis. Cell
numbers: KIF13A: 10; KIF13B: 10. (C and D) Representative images and kymographs of eight
DIV hippocampal neurons expressing Halo-KIF13A tail (C) or Halo-KIF13B tail (D) and incubated
with Tf555. Halotags were visualized with JF646. Kymographs show transport from a dendrite
and the axon and cotransport events were redrawn for clarity. Scale bar: 20 pm.

(E-H) Quantification of colocalization and cotransport between kinesins and Tf organelles.
Sample size: KIF13A: 12 cells; KIF13B: 10 cells. ***p < 0.001. p values: 2B: Tf/KIF13A: 0.1670;
Tf/KIF13B: 0.1262; 2E: 0.0633; 2F: 0.0007; 2G: 0.2163; 2H: 0.0004.

neuron-glia cell adhesion molecule (NgCAM; Frank et al., 2022;
Nabb and Bentley, 2022), which led us to hypothesize that KIF13B
mediates axon-selective transport. To test this, we coexpressed
NgCAM-GFP with Halo-KIF13B tail and performed live-cell imaging
(Figure 3A). Cotransport in dendrites was relatively low, presumably
because most dendritic KIF13B vesicles are dendrite selective. In
contrast, there was anterograde cotransport in axons. Quantification
of transport parameters found that KIF13B and NgCAM exhibited
similar transport behaviors: vesicles underwent bidirectional move-
ments in dendrites and had a strong anterograde bias in axons
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(Figure 3, B-E and J). Overall, we detected
fewer KIF13B vesicles than NgCAM vesi-
cles. This is likely because NgCAM is a
transmembrane protein that readily labels
vesicles whereas KIF13B is a peripheral
membrane protein that cycles between ves-
icle membranes and the cytoplasm.

We next quantified the cotransport of
KIF13B and NgCAM. NgCAM trafficking in
dendrites is complex, as there are at least
two populations: 1) Golgi-derived NgCAM
vesicles that traverse dendrites before reach-
ing the axon, and 2) endocytic vesicles con-
taining wayward NgCAM that is being traf-
ficked to lysosomes for degradation (Nabb
and Bentley, 2022). Cotransport of KIF13B
and NgCAM in dendrites was below 15%
(Figure 3, F and G). In axons, nearly all an-
terograde NgCAM transport is in Golgi-de-
rived vesicles that contain newly synthesized
proteins (Frank et al., 2022; Nabb and Bent-
ley, 2022). We performed the same analyses
in axons and found considerable cotrans-
port. Here, 39% of anterograde KIF13B ves-
icles cotransported with NgCAM and 24% of
anterograde NgCAM vesicles cotransported
with KIF13B (Figure 3, H and I). These results
show that KIF13B is involved in the transport
of axonal vesicles, consistent with our previ-
ous observations (Yang et al., 2019). It is no-
table that the assumption in the field has
been that Kinesin-1 family members (KIF5s)
mediate axon-selective transport (Nabb
et al., 2020). However, this assumption was
largely due to observations that KIF5 motor
domains are axon-selective (Nakata and Hi-
rokawa, 2003; Jacobson et al., 2006; Nakata
et al., 2011; Huang and Banker, 2012) and
not by detecting kinesin-cargo cotransport.
While KIF5 clearly mediates axonal transport
of multiple organelles (Wang and Schwarz,
2009; Encalada et al., 2011; Fu and Holzbaur,
2013; Farias et al., 2017; Fukuda et al,
2021), itis possible that KIF13B plays at least
a complementary-if not leading—role in the
transport of axon-selective vesicles.

Neurons maintain a stable pool

of KIF13B at the TGN

Polarized cargoes are sorted into vesicles for
selective transport at the TGN (Farias et al.,
2012; Petersen et al, 2014; Nabb and

Bentley, 2022). During or after budding, vesicles must acquire the
proper kinesin motors. Current understanding of any kinesin’s re-
cruitment is at best fragmentary, and even less is known about the
process by which kinesins are recruited to polarized vesicles (Nabb
et al., 2020). For Golgi-derived vesicles, kinesins likely bind at or
near the TGN and we asked whether KIF13A and KIF13B localized
to vesicles in proximity of the TGN. We expressed Halo-KIF13A tail
and stained for the cis-Golgi protein GM130 (Horton et al., 2005)
and the trans-Golgi protein AP-1/y1 (Farfas et al., 2012; Jain et al.,
2015; Figure 4A). High magnification images from a Golgi plane
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FIGURE 3: KIF13B transports axon-selective vesicles. (A) Representative image of an 8 DIV
hippocampal neuron expressing Halo-KIF13B tail and NgCAM-GFP. Halotags were visualized
with JF549. Kymographs show transport from the axon and a dendrite and cotransport events
were redrawn for clarity. Scale bar: 20 ym. (B-J) Quantification of transport events and
cotransport in the axon and dendrites. One retrograde data point in (l) was omitted because it
exceeded the y-axis. Sample size: 15 cells. ****p < 0.0001. p values: 3B: 0.8192; 3C: 0.6642; D:
0.000001; 3E: 0.0000003; 3F: 0.8057; G: 0.8735; 3H: 0.0980; 3I: 0.1236.

show that KIF13A colocalized with some AP-1/y1 structures, but not
with GM130. The fact that KIF13A or KIF13B localized to the larger
Golgi-labeled structures with higher signal-to-noise than transport
vesicles enabled us to use two complementary and objective algo-
rithmic colocalization analyses. We chose Pearson’s correlation coef-
ficient with Costes threshold regression (Figure 4, D-F) and Li's in-
tensity correlation quotient (Supplemental Figure 1). These
colocalization analyses use different approaches to control for vari-
ability in signal-to-noise between the analyzed channels. Both ap-
proaches have limitations, in that they cannot provide a percentage
of objects that colocalize and cannot identify nonlinear correlation.
However, the use of two different colocalization analysis approaches,
the direct comparison of multiple conditions, and the inclusion of
the Kinesin-3 family member KIF1A which is not involved in den-
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Halo-KIF13B tail and immunolabeled en-
dogenous TfR and AP-1/y1 (Figure 4G). TiR
colocalized with AP-1/y1 and KIF13B. To-
gether, these data are the first evidence of
kinesins being targeted to the mammalian
TGN. They show that KIF13A and KIF13B
are enriched at the TGN, possibly as a mech-
anism to ensure nascent vesicles carry the
proper kinesin for transport immediately af-
ter budding.

Neurons are large cells that require a se-
cretory pathway with the biosynthetic capac-
ity to supply sufficient protein material
(Futerman and Banker, 1996). That includes
a dynamic TGN to sort cargoes into nascent
transport vesicles (Ramazanov et al., 2021).
We asked if KIF13B localization to the TGN
was transient for individual budding events,
or if KIF13B persisted at TGN sites dedicated to polarized vesicle
budding. We coexpressed GFP-AP-1/y1 to visualize TGN and Halo-
KIF13B tail and generated 20-min live-cell recordings of a Golgi
plane (Figure 4H). In that time frame, most AP-1/y1-labeled TGN
sites persisted while undergoing some morphological dynamics.
KIF13B exhibited comparable dynamics, indicating that the TGN un-
derwent dynamic remodeling. During recording, some AP-1 organ-
elles appeared near the Golgi. These are likely recently budded
Golgi-derived vesicles of nonpolarized cargoes that are not moved
by KIF13B. Each AP-1/y1-labeled TGN site maintained a stable
KIF13B pool during recording. Fluorescence Quantification of TGN
sites from 15 neurons showed that the absolute amounts of KIF13B
(Figure 4l) and AP-1/y1 (Figure 4J) remained steady throughout
recording. The relative distributions of KIF13B to AP-1/y1 also
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A stable KIF13B pool is maintained at the TGN. (A-C and
G) Representative images of seven to eight DIV hippocampal neurons
expressing the indicated halo-tagged kinesin tail and stained for the
indicated proteins. Halotags were visualized with JF549. High
magnification images show a Golgi plane. Arrowheads indicate
examples of colocalization. Scale bars: low magnification: 10 pm; high
magpnification: 3 pm. (D-F) Quantification of colocalization between
indicated proteins in the Golgi plane. Cell numbers: KIF13A: 20;
KIF13B/GM130: 20; KIF13B/y1: 46; KIF1A: 19; (H) Representative
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remained stable, indicated by an unchanging intensity ratio
(Figure 4K). These results show that KIF13B-positive TGN structures
are persistent, suggesting that they are sites specialized for the bud-
ding of polarized vesicles. This observation does not necessarily
mean that the same KIF13B molecules remain TGN-bound for tens
of minutes. Instead, there may be turnover of individual kinesins,
where any KIF13B that is lost (e.g., due to budding) is replaced by
another kinesin from the cytoplasm. This is the first example of any
kinesin being stably targeted to the TGN of mammalian neurons and
is evidence that KIF13B is maintained at the TGN instead of binding
vesicles after budding.

KIF13A and KIF13B bind AP-1/B1 in neurons

While the pool of KIF13s at the TGN was a surprising discovery, it
provided the opportunity to determine the mechanistic link between
vesicle budding and kinesin recruitment. We hypothesized that AP-1
may be part of that mechanistic link, because it mediates budding of
dendrite-selective vesicles (Farias et al., 2012) and because classic
yeast-two hybrid experiments found interaction between KIF13A
and the ear domain of AP-1/B1 (Nakagawa et al., 2000). The AP-1/B1
earis a small globular domain that is available in the cytoplasm when
the AP-1 tetramer is bound to membranes (Bonifacino, 2014). It is
distinct from the AP-1/B1 trunk domain which forms a tetrameric
complex with other AP-1 subunits (Pearse and Robinson, 1990;
Bonifacino, 2014), and the hinge domain that mediates binding to
clathrin (Shih et al., 1995; Wilde and Brodsky, 1996). However, bind-
ing of KIF13A to AP-1 has not been tested in neurons and there is no
evidence that KIF13B binds AP-1. While the motor domains of
KIF13A and KIF13B are highly homologous, their vesicle-binding
tails differ significantly. Therefore, binding of a protein to one KIF13
may not translate into equivalent binding of that protein to the other
KIF13. To determine interactions between the ear domain of AP-1/B1
and KIF13s, we turned to a microscopy-based assay we developed
for detecting protein—protein binding in their native milieu, the cyto-
plasm of intact neurons (Garbouchian et al., 2022). The assay uses
two protein domains, the FK506 binding protein (FKBP) and FKBP12-
rapamycin binding domain (FRB) that heterodimerize when cells are
treated with a membrane permeant rapamycin analog (Belshaw
etal., 1996; Banaszynski et al., 2005; Kapitein et al., 2010; Robinson
et al., 2010; Jenkins et al., 2012; Bentley and Banker, 2015; Bentley
etal., 2015). We coexpressed an FRB-tagged kinesin tail, the peroxi-
somal protein PEX3 fused to tdTomato and FKBP (PEX-tdTM-FKBP),
and the GFP-tagged AP-1/B1 ear domain (GFP-B1¢; Figure 5A).
Neurons were treated with or without linker for ~ 2 h before fixation
and imaging. Linker-induced colocalization of GFP-B1¢" with peroxi-
somes indicates specific interaction between the candidate kinesin
tail and the AP-1/B1 ear domain.

We first tested KIF13A (Figure 5B). High magnification images
from a dendrite show that PEX-tdTM-FKBP localized to peroxisomes
as expected. GFP-B1¢ was soluble without any specific organelle
labeling. In linker-treated neurons, GFP-B1¢¥" became specifically
enriched on peroxisomes. We quantified colocalization by Pearson’s
correlation coefficient (Figure 5E). Without linker, the correlation

images of a 10 DIV hippocampal neuron expressing Halo-KIF13B tail
and GFP-y1. Halotag was visualized with JF549. Scale bars: low
magnification: 10 um; high magnification images: 2 pm.

(I-K) Quantification of fluorescence intensity from a Golgi structure.
Each line indicates measurements from one cell. Sample size: 15 cells.
***p < 0.001; ****p < 0.0001. p values: 4D: 0.000007; 4E: 0.000001;
4F: 0.0007.
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coefficient was 0.03. In linker-treated neurons, the correlation coef-
ficient increased to 0.35. This shows that KIF13A binds to the AP-
1/B1 ear domain in neurons.

We used the same approach to test whether KIF13B tail interacted
with the AP-1/B1 ear domain (Figure 5C). Without linker, GFP-B1¢"
was soluble and produced a correlation coefficient of 0.09 (Figure 5E).
Linker treatment resulted in colocalization of GFP-B1°*" and peroxi-
somes that resulted in a correlation coefficient of 0.36. These data
show conclusively that KIF13B tail binds the AP-1/B81 ear domain.

To determine whether the interactions with the AP-1/B1 ear do-
main were specific for the kinesins that bind the TGN, we tested
KIF1A in the same assay (Figure 5D). Here linker treatment did not
result in colocalization of GFP-B1°*" with peroxisomes. This was
quantitatively shown by statistically indistinguishable correlation co-
efficients of plus- and minus-linker conditions (Figure SE).

These experiments show that both Kinesin-3 family members
that are enriched at the TGN also interact, directly or indirectly, with
AP-1/B1. The results argue that AP-1 maintains the pool of KIF13s at
the TGN. This suggests a potential mechanism where polarized
vesicles for which budding is mediated by AP-1 are automatically
equipped with the proper kinesin. Therefore, AP-1 is likely to be the
molecular link between the sorting of dendritically polarized car-
goes into nascent vesicles and the recruitment of the proper kinesin
motors for polarized transport.

AP-1 colocalizes with axonal and dendritic cargoes
at the TGN
While AP-1 is known to mediate sorting of dendritically polarized
cargoes (Farias et al., 2012), the sorting machinery for axonally po-
larized cargo is unknown (Bentley and Banker, 2016; Guardia et al.,
2018). In Caenorhabditis elegans, two different heterotetrameric
clathrin adaptor complexes sort dendritically (AP-1) and axonally
(AP-3) polarized membrane proteins (Li et al., 2016). AP-1 and AP-3
localize to distinct subdomains of the C. elegans TGN that are spe-
cialized for budding of dendritic and axonal vesicles (Li et al., 2016).
To determine whether mammalian neurons maintain comparable
specialized TGN subdomains, we immunostained for AP-1/y1 in
neurons expressing either TfR-GFP or NgCAM-GFP (Figure 6, A and
B; Jareb and Banker, 1997; Silverman et al., 2001; Wisco et al., 2003;
Lewis et al., 2011; Soo Hoo et al., 2016; Nabb and Bentley, 2022).
We quantified colocalization of each cargo with AP-1 in a Golgi
plane and found that both colocalized with AP-1 (Figure 6C; Supple-
mental Figure 2A). As a complementary approach, we performed
immunostaining for endogenous AP-1/y1, TfR, and L1CAM (the
mammalian orthologue of NgCAM) in the same neurons and found
AP-1/v1 colocalization with both proteins (Figure 6D; Supplemental
Figure 2B). LICAM is highly polarized to axons, and bright axonal
staining is visible in the low magnification image. Measurement of
Pearson’s correlation coefficients and Li's intensity correlation quo-
tients showed that AP-1/y1 colocalized with both TfR and L1CAM
(Figure 6E; Supplemental Figure 2B). The absolute correlation coef-
ficients and quotients in this experiment were lower than with exog-
enous cargo proteins, likely due to lower signal-to-noise. However,
the fact that colocalization of dendritic and axonal cargo with AP-
1/41 were similar in both experiments, argues that previous observa-
tions with fluorescently tagged cargo proteins were not caused by
overexpression effects.

These experiments provide compelling, although not conclu-
sive, evidence that mammalian neurons do not have AP-1-specific
TGN domains specialized for dendrite-selective vesicle budding, as
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AP-1 colocalizes with dendritic and axonal cargoes at the TGN but is not a kinesin adaptor for long-range
transport. (A and B) Representative images of 6 DIV hippocampal neurons expressing TfR-GFP (A) or NgCAM-GFP (B)
and stained for AP-1/y1. High magnification images show a representative Golgi plane. Arrowheads indicate examples
of colocalization. Scale bars: low magnification: 10 pm; high magnification: 3 pm. (C) Quantification of colocalization. Cell
numbers: TfR: 14; NgCAM: 15. (D) Representative image of a nine DIV neuron stained for AP-1/y1, TfR, and L1CAM.
High magnification images show a Golgi plane with arrowheads indicating examples of colocalization. (E) Quantification
of AP-1/y1 colocalization with TfR or L1CAM at the Golgi. Cell number: 10. (F and G) Representative images and
kymographs of seven to eight DIV hippocampal neurons expressing AP-1/B1-Halo with TfR-GFP (F) or NgCAM-GFP (G).
Halotags were visualized with JF549. (H) Quantification of dendrite to axon ratios for each protein. One TfR data point
was omitted because it exceeded the y-axis. Cell counts: TfR: 14; NgCAM: 14. (I-L) Quantification of TfR and NgCAM
transport events and cotransport of each with AP-1/B1 in the axon and dendrites. (M) Table displaying event and
cotransport frequency for each condition. (I-M) Sample size: TfR: 15 cells; NgCAM: 15 cells. ***p < 0.001; ****p <
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exist in C. elegans (Li et al., 2016). Furthermore, these results sug-
gest the possibility that AP-1 sorts both dendritic and axonal pro-
teins in mammalian neurons.

AP-1 is not the long-term kinesin adaptor for polarized
vesicle transport

The function of heterotetrameric clathrin adaptor complexes during
cargo sorting and vesicle budding are well established (Bonifacino,
2014, Dell’Angelica and Bonifacino, 2019; Duncan, 2022). It is less
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clear what happens with AP complexes after budding. AP com-
plexes are thought to dissociate relatively soon after vesicle bud-
ding completes (Bonifacino, 2014; Dell’Angelica and Bonifacino,
2019; Sanger et al., 2019), although some studies suggest that AP
complexes can act as long-term motor adaptors on vesicles
(Horikawa et al., 2002; Azevedo et al., 2009; Schmidt et al., 2009;
Maritzen and Haucke, 2010), including for KIF13A in nonneuronal
cells (Nakagawa et al., 2000; Delevoye et al., 2009; Campagne
etal., 2018).

KIF13s and polarized transport | 9



(@)

To determine whether AP-1 is the
transport adaptor for KIF13s, we asked
whether the cargoes that colocalized with
AP-1 at the TGN also cotransported with
AP-1. We coexpressed Halo-tagged AP-
1/B1 with either TfR-GFP or NgCAM-GFP

n.s.
_ gt 0.8 1
5 5
° o =
° T =} o
s E o6
z ]
@ @ .
2 2
H g g C 04k o, ae.
o 3 £ & . 2
® = 5 3 i
B _ § E02r -lt o3
g g = * :
g g -
al al Fill  p1eer Fill  p1eer
E Transfection JF549 Washout JF646
VYR _ Live
7/ | | | | 1™ image
2 0 30 60 90 120
days min min min min min
H ns.
) 0.6
NgCAM (GFP fill) NgCAM (GFP-B1e) s
B v E
» s 204f o s
- 38 A
> 2 5
® 5020
o
o_
Fill  p1er
Axon KQ Kkkk
- & oo
2 e a
© S 2 50
S E
- 25 4ot
£ 25 pf W
o Sa 30 R
° T8 g
c > P .
- g2 s
© e, © = 10k ®
E oo # < o
g2
B = Fill  p1e=r
BDNF (GFP fill) o 60r S
b p 3
S 5 83 50
[ .
9 3 40r
<= :
£ g g 30k . -t
o ) .
. S S 20F T
B i £s |
£ £ az 10
E] e o
g < o 0
Fill  p1er
F n.s. n.s.

and Lysotracker

distal

KIF13A
® KIF13B
AP-1

I ™R
| NgCAM

10 | A.C.Montgomery et al.

and Lysotracker

50 ym distal

proximal

S
o

5

Co

£

58 %

€

g

ol

c L

X8 10

# 3

Fill  pler
Ant

Fill e
Ret

AP-1 and KIF13B interactions
are required for proper Tf uptake and
axon-selective transport. (A and B)
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(F and G) high magnification images of the
somata of 10 DIV hippocampal neurons
expressing NgCAM-Halo with either (F)
GFP fill or (G) GFP-B1¢. Scale bar: 5 pm.
(H) Quantification of NgCAM vesicles in
somata. (I and J) Representative images
and kymographs of neurons from (F and
G). Transfected neurons were incubated
with JF549 for 15 m to saturate existing
NgCAM-Halo binding sites. Two hours
after JF549 washout, cells were treated
with JF646 and imaged as detailed in (E).
(K) Quantification of anterograde NgCAM
events in axons. Sample size: GFP fill: 12
cells; GFP-B1°: 13 cells. (L and M)
Representative images and kymographs of
eight DIV hippocampal neurons expressing
BDNF-mRFP1 with either (L) GFP fill or
(M) GFP-B1¢ for 48 h. (N) Quantification
of anterograde BDNF events in axons.
Sample size: GFP fill: 10 cells; GFP-f1¢":
11 cells. (O and P) Representative images
and kymographs of eight DIV hippocampal
neurons expressing (O) GFP fill or

(P) GFP-B 12" for 48 h and incubated

with Lysotracker deep red for 4 min.

(Q) Quantification of anterograde and
retrograde events in axons. Sample size:
GFP fill: 10; GFP-$1°2": 10. ****p < 0.0001.
p values: 7C: 0.0016; 7D: 0.5258; 7H:
0.1240; 7K: 0.000096; 7N: 0.0795. 7Q Ant:
0.4879, 7Q Ret: 0.4953. (R) A schematic
model for KIF13s in polarized transport.
KIF13A and KIF13B are targeted to the
TGN and mediate dendrite-selective
transport of Golgi-derived and endocytic
vesicles. KIF13B and, to a lesser degree,
KIF13A are enriched at the TGN by
binding AP-1. KIF13B can perform
dendrite-selective transport, but also
mediates a second function by
transporting axon-selective vesicles.
Axonal and dendritic sites of vesicle
budding are shown spatially separated,
although the existence of subdomains is
speculative.
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and performed live-cell imaging (Figure 6, F and G). TfR and Ng-
CAM exhibited the anticipated dendritic and axonal polarities
(Figure 6H). Kymographs show that TfR and NgCAM exhibited the
expected dendrite- or axon-selective transport behaviors (Figure 6,
F and G). High magnification images identify AP-1-labeled vesicles
in dendrites and axons and the associated kymographs show that
most AP-1 vesicles were stationary. Few of the stationary vesicles
colocalized with TfR or NgCAM. We then quantified cotransport of
TfR or NgCAM with AP-1/B1 (Figure 6, J and L). In all conditions
cotransport was minimal. The only condition exceeding 8% cotrans-
port was for axonal TR, where TfR events were rare. It is likely that
these are wayward TfR vesicles recently retrieved from the plasma
membrane by endocytosis. Figure 6M shows total event numbers
for TR and NgCAM vesicles and minimal cotransport with AP-1 in
each condition. A potential caveat of this experiment is that labeling
vesicles with AP-1 is challenging and may miss some cotransport.
However, the fact that we observed substantial AP-1 labeling of sta-
tionary organelles suggests that this was not the reason for little co-
transport. Therefore, the small amount of vesicle cotransport with
AP-1 and the fact that most AP-1-labeled vesicles were stationary,
are strong evidence that AP-1 is not the long-term kinesin adaptor
for these vesicles. Instead, these results point to AP-1 maintaining
the TGN pool of KIF13s. There may be a “handoff” to other proteins
that become the kinesin adaptors for long-range vesicle transport
after or during budding.

Interaction between AP-1 and KIF13s is required for proper
polarized vesicle transport

Taken together, the data suggest the hypothesis that AP-1 plays a
central role in recruiting KIF13s to both dendrite- and axon-selective
vesicles. To test this hypothesis, we designed a dominant-negative
approach that specifically interfered with KIF13 binding to AP-1,
without interfering with other functions of endogenous AP-1. Be-
cause B1°" mediates KIF13B binding (Figure 5) its overexpression
may saturate AP-1 binding sites on KIF13A and KIF13B without im-
pacting the cargo sorting and TGN budding activity of endogenous
AP-1/B1.

We treated neurons expressing GFP fill or GFP-B1¢" for 48 h with
Tf for 30 min (Figure 7, A and B). If KIF13s transport newly synthe-
sized TfR to the dendritic membrane and this function depends on
binding to AP-1, expression of GFP-B1¢ would decrease TfR at the
membrane and reduce Tf uptake. The total amount of Tf uptake was
reduced in neurons expressing GFP-B1¢%". Measurement of Tf fluo-
rescence in dendrites found a significant decrease in GFP-B1¢3"-
expressing neurons (Figure 7C). Measuring the number of Tf-labeled
endosomes found no reduction in endosomes (Figure 7D). There-
fore, expression of GFP-B1° does not impact the frequency of
clathrin-mediated endocytosis. This interpretation is strengthened
by the fact that Tf did not build up in the dendritic plasma mem-
brane, as it would if GFP-B1¢" interfered with clathrin-mediated en-
docytosis of endogenous TfRs. Instead, decreased Tf uptake with-
out decreased endocytosis shows that fewer TfRs were available to
import fluorescent Tf for each endocytic event. This supports the
model that KIF13-AP-1 interactions are required for proper trans-
port of TfR to the plasma membrane.

Because KIF13B mediates the transport of axon-selective Ng-
CAM vesicles (Figure 3), we asked whether KIF13B-AP-1 interac-
tions were required for axonal transport of NgCAM. Long-term ex-
pression of NgCAM results in its buildup in the axonal membrane
(Sampo et al., 2003; Nabb and Bentley, 2022), which prevents imag-
ing of vesicles in the axon. To visualize axonal NgCAM transport, we
used the halotag system (Los et al., 2008; Encell, 2012). The halotag
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enzyme itself is not fluorescent. Fluorescence is conferred by cova-
lent binding to a ligand with an organic dye. Because enzyme-sub-
strate binding is covalent, binding of a ligand is irreversible which
prevents the halotag enzyme from binding further ligands. Sequen-
tial exposure to spectrally distinct ligands can specifically visualize
newly synthesized proteins (Yoon et al., 2016; Frank et al., 2022).

We coexpressed NgCAM-Halo with a GFP fill or GFP-B1° for 48
h. Two hours before imaging, neurons were treated with JF549 for
15 min. Before imaging, neurons were incubated with JF646 to visu-
alize NgCAM that has been synthesized in the 2 h since JF549 ex-
posure (Figure 7E). This treatment resulted in NgCAM vesicle label-
ing equivalent to that observed after typical short-term NgCAM
expression (Frank et al., 2022; Nabb and Bentley, 2022). We first
asked if GFP-B1¢ expression reduced vesicle budding at the TGN.
If budding was affected there would be fewer vesicles in the somata.
We measured the number of vesicles containing newly synthesized
NgCAM in non-Golgi planes of somata (Figure 7, F and G). There
was no difference in the vesicle numbers between neurons express-
ing GFP fill and those expressing GFP-B1°" (Figure 7H). This was
further supported by the fact that newly synthesized NgCAM still
reached the axon in the 2 h after JF549 treatment (Figure 7, | and J).
Therefore, budding of NgCAM vesicles from the TGN was not af-
fected by GFP-B1° expression.

We examined NgCAM vesicle transport in the axon by kymo-
graph analysis. Neurons expressing GFP-B1¢" exhibited substan-
tially less NgCAM transport in axons than those expressing a GFP
fill (Figure 7, | and J). Quantification of anterograde transport
events found that axonal NgCAM transport in neurons express-
ing GFP-B1¢a" was decreased significantly, dropping from 38
events/100 um/30 s in GFP-expressing cells to 16 events/100
pm/30 s in cells with GFP-B1¢ (Figure 7K). This decrease in trans-
port shows that interactions between KIF13B and AP-1/B1 are
required for the transport of axon-selective vesicles.

To verify the specificity of the dominant negative effect, we de-
cided to test a Golgi-derived cargo that is not moved by KIF13s.
Vesicles containing brain-derived neurotrophic factor are trans-
ported by KIF1A (Lo et al., 2011). We coexpressed BDNF-mRFP1
with GFP or GFP-B1¢. (Figure 7, L and M) and found no reduction
in axonal vesicle transport (Figure 7N). To further confirm that gen-
eral intracellular trafficking was not affected, we recorded lysosome
transport in neurons expressing GFP or GFP-B1¢* (Figure 7, O and
P). Anterograde lysosome transport in axons is mediated by KIF5
(Farfas et al., 2017). We observed no significant difference in lyso-
some transport (Figure 7Q). This shows that the trafficking effects of
GFP-B1¢" expression on TfR and NgCAM are not due to inhibition
of Golgi export, general transport deficiency, or cell health.

Together, these data show that interactions between AP-1 and
KIF13s are crucial for trafficking of both dendritically and axonally po-
larized membrane proteins. Because AP-1 is crucial for TGN sorting,
these data also support the model that AP-1 is the molecular link be-
tween polarized cargo sorting and subsequent kinesin recruitment.

DISCUSSION

In this study, we defined the functions of Kinesin-3 family members
KIF13A and KIF13B in polarized vesicle transport. We found that
KIF13Ais a dedicated dendrite-selective kinesin and that KIF13B me-
diates transport of both dendrite- and axon-selective vesicles. Neu-
rons maintain a stable pool of KIF13B and, to a lesser extent, KIF13A
at the TGN. Polarized vesicles originate at the TGN (Farias et al.,
2012; Nabb and Bentley, 2022) and this pool provides a convenient
kinesin source for nascent vesicles. KIF13A and KIF13B bind AP-1,
the adaptor complex that mediates the sorting of polarized vesicles
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at the TGN. Interference with AP-1-KIF13 interactions disrupted de-
livery of dendrite-selective membrane proteins and reduced axonal
transport of axon-selective vesicles. Together, these data suggest a
new model for KIF13 activity in polarized trafficking (Figure 7R). In this
model, KIF13A and KIF13B are maintained at the TGN by interac-
tions with AP-1. Interaction with AP-1 recruits KIF13s specifically to
Golgi-derived vesicles destined for polarized transport. KIF13A ex-
clusively participates in the transport of dendrite-selective vesicles;
those that move from the TGN to the dendritic plasma membrane as
well as that of dendrite-selective endosomes. KIF13B performs den-
drite-selective transport and plays an additional role in axon-selective
transport. This model defines the specific transport steps that are
mediated by KIF13A and KIF13B and defines the trafficking frame-
work for future studies to determine the molecular mechanisms by
which KIF13A and KIF13B confer selective transport.

Mechanisms of dendrite-selective transport and on-vesicle
regulation of KIF13s

Vesicles that contain dendritically polarized membrane proteins un-
dergo long-range movement in dendrites, but suspend their move-
ment in the proximal axon (Petersen et al., 2014). The mechanisms
by which vesicles are arrested in the proximal axon have gained
significant attention. Despite this, no comprehensive mechanistic
model has emerged (Bentley and Banker, 2016; Radler et al., 2020).
Most studies proposed models in which dendrite-selective vesicles
are “captured” by mechanisms that are external to the vesicles.
Examples include myosin V-mediated capture on actin filaments in
the proximal axon (Lewis et al., 2009; Al-Bassam et al., 2012; Wata-
nabe et al., 2012; Janssen et al., 2017), dynein-mediated retrograde
movement that clears dendritic vesicles from the axon (Kapitein
et al., 2010; Janssen et al., 2016; Kuijpers et al., 2016), and mem-
brane fusion of polarized vesicles in the proximal axon (Eichel et al.,
2022). These models are “kinesin independent”, in that the identity
of the kinesins that move dendrite-selective vesicles are not part of
the mechanism that confers dendritic selectivity. Little attention has
been paid to the kinesin motors that transport dendrite-selective
vesicles. However, kinesin regulation may contribute to dendritic se-
lectivity as general evidence for on-vesicle regulation of kinesins has
grown steadily (Wang and Schwarz, 2009; Fu and Holzbaur, 2013;
Kelliher et al., 2018; Yang et al., 2019; Keren-Kaplan and Bonifacino,
2021). The fact that two closely related kinesins—KIF13A and
KIF13B-seem to mediate most dendrite-selective transport may
hint at the existence of a common, kinesin-focused mechanism for
dendrite-selective transport.

Kinesin regulation may be a key requirement for polarized vesicle
transport. One mechanism of regulation is the tuning of microtu-
bule—kinesin interactions to control the access of specific kinesins to
defined subsets of microtubules. This can be achieved by posttrans-
lational tubulin modifications (Hammond et al., 2010; Huang and
Banker, 2012; Sirajuddin et al., 2014; Tas et al., 2017) or by differen-
tial localization of microtubule-associated proteins (Karasmanis
etal., 2018; Monroy et al., 2018). For example, MAP? inhibits KIF5B
from translocating along microtubules, while enhancing transport of
KIFTA (Monroy et al., 2020). Recently, on-vesicle regulation has
emerged as a new mechanism for regulating kinesin-mediated vesi-
cle transport (Nabb et al., 2020). KIF13B may be a useful model ki-
nesin for on-vesicle regulation, because our data corroborate and
extend previous studies that proposed KIF13B mediates dendrite-
selective transport (Jenkins et al., 2012) while also participating in
axon selection and extension (Horiguchi et al., 2006; Yoshimura
etal., 2010), and axonal vesicle transport (Yang et al., 2019; Lazo and
Schiavo, 2023). A likely source of transport regulation are the vesicle
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adaptors that maintain kinesins on specific vesicles. Pioneering stud-
ies from Chishti and colleagues identified hDLG/SAP97 as a KIF13B
regulatory protein (Hanada et al., 2000; Asaba et al., 2003; Yamada
et al., 2007; Mills et al., 2019). SAP97 is thought to recruit KIF13B to
vesicles and activate motor activity. Because SAP97 mediates traf-
ficking of dendritic AMPA receptors (Sans et al., 2001; Rumbaugh
et al., 2003; Waites et al., 2009; Zheng and Keifer, 2014; Goodman
et al., 2017), it is a promising candidate to participate in KIF13B-
mediated dendrite-selective transport. A candidate regulatory pro-
tein for axon-selective KIF13B transport is the Arfé GAP centaurin-o.1.
Centaurin-a.1 binds the FHA domain of KIF13B (Venkateswarlu et al.,
2005; Tong et al., 2010), which may be part of the mechanism by
which KIF13B is recruited to axon-selective vesicles. Future studies
will need to integrate these fragments within the overall framework
of neuronal KIF13B trafficking.

The molecular link between cargo sorting and kinesin
recruitment

Cargo sorting and the mechanics of vesicle transport have typically
been studied as independent phenomena but must be linked in
cells to ensure that cargo proteins reach the correct destination. This
study provides the first evidence that AP-1 connects sorting of po-
larized cargoes into vesicles with the recruitment of specific kinesins.
For dendritically polarized vesicles, evidence is converging on a
clear model. AP-1 maintains KIF13A and KIF13B at the TGN. During
vesicle formation, AP-1 recognizes dendritically polarized cargoes
at the TGN by a tyrosine- or dileucine-based motif and packages
them into vesicles destined for dendrite-selective transport (Farias
et al., 2012; Jain et al., 2015). Despite this progress, significant
questions remain. AP-1 is thought to dissociate from vesicles soon
after budding (Ghosh and Kornfeld, 2003; Kural et al., 2012), which
is consistent with the observation that few polarized vesicles co-
transported with AP-1. These results suggest that AP-1 is not the
long-term kinesin adaptor for polarized vesicles, despite mediating
the initial recruitment of kinesins to the TGN. The mechanism by
which KIF13s are “handed off” from AP-1 to the long-term kinesin
adaptor is unclear; at present, the identity of the long-term kinesin
adaptor is unknown. Furthermore, the mechanism by which den-
dritically polarized proteins are recognized is not fully understood.
The AP-1/p1 subunits binds some dendritically polarized proteins
by a YXX® motif. However, the YXX® motif alone cannot be suffi-
cient for specific dendritic sorting, as many membrane proteins pos-
sess compatible sequences, but most do not exhibit dendritic polar-
ity. For example, axonally polarized NgCAM has a canonical YXX®
that is required for AP-2-mediated endocytosis in axons (Kamiguchi
et al., 1998; Schaefer et al., 2002). This suggests the existence of
secondary signals, which remain to be identified.

The sorting and transport of axonally polarized proteins is even
less understood. Classic experiments evaluating axon-selective sort-
ing failed to identify any consensus sorting motifs (Sampo et al.,
2003; Yap et al., 2008) and there has been little progress since
(Bonifacino, 2014; Bentley and Banker, 2016). We found that disrup-
tions to interactions between KIF13B and AP-1 decreased axonal
transport. This result suggests that AP-1 participates in axonal sort-
ing. If AP-1 mediates the TGN sorting of both dendritically and axo-
nally polarized proteins, some yet unknown factor mediates the
separation of these proteins into different Golgi-derived vesicles.
This mechanism appears to be efficient, as there is little cotransport
of dendritically and axonally polarized membrane proteins (Petersen
etal., 2014).

KIF13B plays a previously unappreciated role in axon-selective
transport. Current dogma argues that KIF5s (KIFSA, KIF5B, and
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KIF5C) are the primary axon-selective motors (Nabb et al., 2020).
Kinesin-1 was first identified from axoplasm (Vale et al., 19853,
1985b) and constitutively active Kinesin-1 motor domains accumu-
late in axon tips (Nakata and Hirokawa, 2003; Jacobson et al., 2006;
Huang and Banker, 2012). Furthermore, Kinesin-1 mediates trans-
port of multiple axonal vesicles, including lysosomes (Farias et al.,
2017), mitochondria (Wang and Schwarz, 2009), amyloid precursor
protein vesicles (Fu and Holzbaur, 2013), and GPl-anchored proteins
(Encalada et al., 2011). Together, these observations led to the as-
sumption that KIF5s also mediate axon-selective transport (Bentley
and Banker, 2016; Nabb et al., 2020). The substantial axonal cotrans-
port of KIF13B and NgCAM suggest a prominent role for KIF13B in
axon-selective transport. This does not necessarily mean that KIF13B
is the exclusive axon-selective kinesin. One possibility is that Kine-
sin-1 and KIF13B cooperate in axon-selective transport. Alterna-
tively, Kinesin-1 and KIF13B may move different axon-selective sub-
populations, with NgCAM vesicles being only one of several.

MATERIALS AND METHODS

Cell culture

Primary hippocampal neurons were cultured as previously de-
scribed (Kaech and Banker, 2006; Kaech et al., 2012a). E18 rat hip-
pocampi were dissected, trypsinized, dissociated, and plated onto
18-mm glass coverslips coated with poly-I-lysine. Cultured neurons
were grown in N2-supplemented MEM and maintained at 37°C
with 5% CO,. Stage 4 hippocampal neurons (5-10 DIV) were trans-
fected with Lipofectamine 2000 (Thermo Fisher Scientific, Catalog#
11668019). The following expression times were used: Figures 1-3,
and 6, A-C: 6-20 h; Figure 4, A-G: 5-8 h; Figure 5: 12 h; Figures 4,
H-K, and 6, F-M: 24 h; Figure 7: 48 h. For most immunofluores-
cence experiments, neurons were fixed with 4% paraformaldehyde
(PFA)/4% sucrose in phosphate-buffered saline (PBS) for 20-45 min
at 37°C. PFA-treated neurons were permeabilized with 0.5% Triton
X-100 in PBS. For L1CAM staining (Figure 6, D and E), neurons
were fixed with methanol supplemented with 5 mM EGTA for 11-
20 min at -20°C. Fixed neurons were blocked with 0.5% fish skin
gelatin in PBS for at least 1 h. Coverslips were incubated with pri-
mary antibodies for at least 1 h, washed with PBS, incubated with
secondary antibodies for at least 30 min, and mounted on slides
with Prolong Diamond Antifade (Invitrogen). The following anti-
bodies and dilutions were used in this study: AP-1/y1-adaptin
(1:1000, BD Biosciences, Catalog#: 610385), GM130 (1:1000,
BD Biosciences, Catalog#: 610823), TfR (1:1000, ThermoFisher,
Catalog#: 13-6800), L1CAM (1:1000, Abcam, Catalog#: AB24345).

DNA constructs
Construct details are described in Table 1. All constructs were con-
firmed by sequencing.

Halo labeling, Tf treatment, lysotracker labeling,

and protein—protein binding assay

Halotags were visualized with JF549 or JF646 (Grimm et al., 2015)
as indicated in the figure legends. Neurons were incubated with
10 nM JF dye for at least 5-15 min before imaging or fixation. For
experiments in Figure 7, F-K, NgCAM-Halo was expressed for 48 h
and incubated with JF549 for 15 min. After JF washout and an ad-
ditional 2-h incubation, cells were rinsed and incubated with JF646
for 5 min before imaging.

For Tf labeling, neurons were incubated with 40 nM Tf555 or
Tf647 (Thermo Fisher Scientific, Catalog# T35352 and T23366) for
at least 20 min before live cell imaging (Figure 2) or 30 min before
fixation (Figure 7).
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To visualize acidic lysosomal compartments, neurons were incu-
bated with 10 nM lysotracker deep red (Thermo Fisher Scientific,
Catalog#: L12492) for 4 min before live cell imaging.

For Figure 5, neurons expressing the indicated constructs were
incubated with or without 100 nM linker (AP21967; Takara Cata-
log#635056) for 2 h before fixation and imaging.

Imaging

Most images and all movies were acquired with an Andor Dragonfly
built on a Ti2 (Nikon) with a CFl Apo 60 x 1.49 objective (Nikon) and
two sCMOS cameras (Zyla 4.2+; Andor) controlled by Fusion (Oxford
Instruments). The imaging stage, microscope objectives, and cell
samples (live or fixed) were maintained at 37°C in a warmed enclo-
sure (full lexan incubation ensemble; Okolab). The z-axis movement
was controlled by a Perfect Focus System (Nikon). Most movies
were recorded at ~ 1.4 or 2 frames per second. Movies in Figure 4,
H-K were recorded for 20 min at 0.2 frames per second. Images in
Figure 5 were acquired with a Zeiss Axio Imager Z1 microscope
equipped with a 63 x 1.4 Plan-Apochromat objective and an
Axiocam 506 mono controlled by Zen (Zeiss).

Axons were identified by the experimenter during recordings.
Axons are easily identifiable, as they are many times longer than each
dendrite. During imaging, each neurite was traced by the experi-
menter and the identity of the axon was recorded. As a secondary
feature, the relative smoothness of the axon contrasts the spines that
develop on dendrites and was used to affirm the interpretation.

Analysis

MetaMorph Image Analysis Software (Molecular Devices) was
used to generate kymographs of vesicle transport. To ensure con-
sistency and reduce bias, multiple experiments and conditions
were combined into a large dataset and the analyst was blinded to
the cell and fluorophore channel of origin for each kymograph
except for Figures 3 and 6, F-M. All kymograph analyses per-
formed by a single analyst. Transport events were identified on
kymographs where each continuous line with a consistent slope
was scored as a single transport event. A single vesicle could un-
dergo multiple transport events if there was a distinct pause be-
tween them. Horizonal kymograph lines that did not exhibit move-
ment during recording were scored as stationary objects. Once all
event coordinates had been identified, cotransporting events
were determined by comparing the locations, slopes, and run
lengths from both channels. Only events that demonstrated sub-
stantial overlap were scored. For Figure 1, the three longest den-
drites were pooled into a single dendrite dataset for each neuron.
Events from these dendrites were pooled and velocities and run
lengths (distance moved along the long axis of the neurite) were
calculated. Event coordinates were exported to Microsoft Excel
for analysis. To ensure only microtubule-based long-range trans-
port events were included in the analysis, excursions < 3 pm were
excluded. The cotransport percentage was calculated as the num-
ber of overlapping events divided by the total number of events.
The proximal 25 um of the axon were excluded for axonal analysis
in Figure 6, F-M, due to the proximal axon possessing dendritic
properties.

For Figures 1 and 2 colocalization was determined by blinded
manual object counting in ImageJ in the somata or dendrites, as
indicated. Dendritic object counting was performed in one 20—
30 pm section of one dendrite per cell. Objects were first identified
in each channel independently and ranged in diameter from
~200 nm to 1 pm. An object was only included in the analysis
whether it was at least twofold brighter than cytoplasmic
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MATERIALS AND METHODS TABLE 1: EXPRESSION CONSTRUCTS

Accession
Construct Construct Design Number Source
NgCAM-GFP NgCAM- gaprpT-GFP 7275013 Adapted from (Sampo et al., 2003)
NgCAM-Halo NgCAM-k GaPRPTMASLEPTTEDLYFQSsND-Halotag 775013 (Frank et al., 2020)
SigSeg-mCherry SigSeqg-ppyy-mCherry - (Kaech et al., 2012b)
Halo-KIF13A tail halotag-yspLeLkLRILQSTVPRAR-KIF 13A361-1749 NM_010617.2 (Frank et al., 2020)
FRB-KIF13A tail FRB-3myc ykyspLELKLRILQSTVPRAR KIF 13A3¢1-1749 NM_010617 (Jenkins et al., 2012)

Halo-KIF13B tail haIotag—LYKGGGSGGGSGGG—KIF1 3B442'1843

NM_001081177.1  (Frank et al., 2020)

FRB-KIF13B tail FRB-3myc-yka6656665666-KIF 1384421826 NM_001081177  (Jenkins et al., 2012)
Halo-KIF1A tail ha|Otag'GGGSGGGSGGGLYKGGGSGGGSGGGD'KIF1A39M707 NM_008440 This paper

FRB-KIF1A tail FRB-3myc-y|p-KIF1A391-1707 NM_008440 (Jenkins et al., 2012)
GFP-AP-1/71 GFP-yspLELKLRIL-AP-1/71 NM_009677.6 This paper

AP-1/B1-Halo AP-1/B1-as epTTEDLYFQSDND-alotag NM_145730.3 Adapted from (Ren et al., 2013)
GFP-B1ear GFP-AP-1/§1670-941 NM_145730.3 This paper

TfR-GFP TfR-GDPp\/AT-G FP M11507 (Sampo et a/., 2003)
PEX-tdTomato-FKBP  PEX3-ggsgsggrreT-tdTomato-rrGasceGsGaGscaascgaTr-FKBP NM_019961.3 (Garbouchian et al., 2022)
BDNF-mRFP1 BDNF-g6aproppyar-MRFP1 NM_001270630.1  (Yang et al., 2019)

background. To be scored as colocalizing, independently identi-
fied objects had to have the same morphology. Overlapping struc-
tures with different shapes were not counted as colocalizing. Tf
object counting and intensity analyses (Figure 7, A-D) were per-
formed blinded in 20-30 um regions of an isolated dendrite from
each neuron. For intensity measurements, a linear subtraction was
performed to remove camera background. The same dendrite re-
gions were used for both analyses. NgCAM object counting analy-
sis (Figure 7, E-G) was performed blinded in the somata of trans-
fected neurons.

Pearson’s correlation coefficients (Dunn et al., 2011) were calcu-
lated in ImageJ with the coloc2 plugin with Costes’ threshold re-
gression (Costes et al., 2004). Golgi colocalization (Figures 4, D-F,
6, C and E) for each cell was calculated from a single Golgi-contain-
ing plane with a polygon in the soma that excluded the nucleus.
Dendrite colocalization (Figure 5) was calculated for a polygon that
was drawn around three to five peroxisomes. Li's intensity correla-
tion quotient (Supplemental Figures 1 and 2; Li et al., 2004) were
generated using the same regions as for Pearson’s correlation coef-
ficient analyses.

Dendrite to axon ratios were calculated by a single blinded ana-
lyst. In the first frame of each movie, a 20-pixel wide line scan was
generated from the primary dendrite and the axon. The bottom
10th percentile of the mean intensity was subtracted to remove
background. The dendrite to axon ratio was calculated by dividing
average intensity of the first 20 pm of the primary dendrite by the
average intensity of the axonal region 60-80 pm away from the
soma (beyond the axon initial segment).

Analysis of long-term TGN imaging (Figure 4, H-K) was per-
formed in a circular ROl with a 40-pixel diameter that was drawn
around a stable AP-1/y1 structure. The absolute intensity of this
region was measured in both channels at the indicated time
points.

Replicate numbers. Figure 1: KIF13A, two cultures, five cover-
slips; KIF13B, two cultures, nine coverslips. Figure 2: KIF13A, three
cultures, 11 coverslips; KIF13B: four cultures, 15 coverslips. Figure 3:
two cultures, 11 coverslips. Figure 4, A-F: KIF13A, two cultures, 12
coverslips; KIF13B, five cultures, 20 coverslips; KIF1A, two cultures,
six coverslips. Figure 4G: two cultures, eight coverslips. Figure 4,
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H-K: three cultures, 15 coverslips. Figure 5: KIF13A(-), two cultures,
nine coverslips; KIF13A(+), two cultures, nine coverslips; KIF13B(-),
three cultures, 12 coverslips; KIF13B(+), three cultures, 12 coverslips;
KIF1A(-), three cultures, 12 coverslips; KIF1A(+), two cultures, eight
coverslips. Figure 6, A-C: TfR, two cultures, 12 coverslips; NgCAM,
two cultures, 10 coverslips. Figure 6, D and E: two cultures, 10 cov-
erslips. Figure 6, F-M: TR, five cultures, 14 coverslips; NgCAM six
cultures, 14 coverslips. Figure 7, A-D: Fill, two cultures, five cover-
slips; B1°%, two cultures, four coverslips. Figure 7, F-K: Fill, two cul-
tures, seven coverslips; 1%, two cultures, six coverslips. Figure 7,
L-N: Fill, two cultures, six coverslips; B1°, two cultures, seven cov-
erslips. Figure 7, O-Q: Fill, two cultures, seven coverslips; 1, two
cultures, five coverslips. Counts only include coverslips with trans-
fected neurons that satisfied quality standards.

Normality of each dataset was determined by Shapiro-Wilks
analysis. Nonnormal datasets were analyzed by Kruskal-Wallis and
Dunn’s multiple comparison test (Figure 1B) or Mann-Whitney test
(Figure 1, G, M, O, and P; Figure 3, E and I; Figure 5E, 13A condi-
tion; Figure 6C; Supplemental Figure 2B). Normal datasets (all oth-
ers) were analyzed by Student’s t test. All statistical analyses and
plots were generated in GraphPad Prism.
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