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N-acetyl-p-glucosamine kinase interacts with dynein
light-chain roadblock type 1 at Golgi outposts in
neuronal dendritic branch points

Md Ariful Islam!, Syeda Ridita Sharif!, HyunSook Lee?, Dae-Hyun Seog® and Il Soo Moon'>2

N-acetylglucosamine kinase (GIcNAc kinase or NAGK) is a ubiquitously expressed enzyme in mammalian cells. Recent studies
have shown that NAGK has an essential structural, non-enzymatic role in the upregulation of dendritogenesis. In this study, we
conducted yeast two-hybrid screening to search for NAGK-binding proteins and found a specific interaction between NAGK and
dynein light-chain roadblock type 1 (DYNLRB1). Immunocytochemistry (ICC) on hippocampal neurons using antibodies against
NAGK and DYNLRB1 or dynein heavy chain showed some colocalization, which was increased by treating the live cells with a
crosslinker. A proximity ligation assay (PLA) of NAGK-dynein followed by tubulin ICC showed the localization of PLA signals on
microtubule fibers at dendritic branch points. NAGK-dynein PLA combined with Golgi ICC showed the colocalization of PLA
signals with somal Golgi facing the apical dendrite and with Golgi outposts in dendritic branch points and distensions. NAGK-

Golgi PLA followed by tubulin or DYNLRB1 ICC showed that PLA signals colocalize with DYNLRB1 at dendritic branch points
and at somal Golgi, indicating a tripartite interaction between NAGK, dynein and Golgi. Finally, the ectopic introduction of a
small peptide derived from the C-terminal amino acids 74-96 of DYNLRB1 resulted in the stunting of hippocampal neuron
dendrites in culture. Our data indicate that the NAGK-dynein-Golgi tripartite interaction at dendritic branch points functions to

regulate dendritic growth and/or branching.
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INTRODUCTION
N-acetylglucosamine kinase (GlcNAc kinase or NAGK; EC
2.7.1.59) is a key salvage enzyme that is involved in mammalian
amino-sugar metabolism. This enzyme belongs to the sugar
kinase/heat shock protein 70/actin superfamily, which is
defined by a fold consisting of two domains with the topology
BpRaPapo.! Members of this superfamily catalyze ATP phos-
phoryl transfer or hydrolysis, which is coupled to a large
conformational change that induces the two domains to close.!
NAGK phosphorylates GlcNAc to GlcNAc-6-phosphate in the
GIcNAc recycling pathway, which leads to the formation of
uridine diphosphate (UDP)-GlcNAc. This compound is then
utilized to synthesize various oligosaccharide chains such as
N-/O-glycans and glycolipids,>™ glycosaminoglycans® and the
glycosyl phosphatidylinositol anchor of membrane-bound
glycoproteins.®

Since the initial characterization of NAGK as early as 1970,”
the molecular structure and properties of NAGK have been
widely studied. It has been found that the molecular weights of

rat and human NAGK are 37 and 39 kDa, respectively, and they
form homodimers in solution.® Human and mouse genes for
NAGK have been cloned,” and two crystal structures of homo-
dimeric human NAGK have been described; one complexes
with GIcNAc and the other with ADP and glucose.'’ The
N-terminal small and C-terminal large domains have been
found to form a V-shaped structure that acts as an active center
for the binding of its substrates, GIcNAc and ATP.!? NAGK is a
ubiquitously expressed protein, and NAGK mRNA and enzyme
activity have been found in almost all tissues tested.” The
expression of NAGK has also been confirmed at the protein
level in different cell lines.!! In neurons, NAGK has been found
to be colocalized with microtubules (MTs) throughout the cell,
with stronger intensity in the dendrites.!> The expression of
NAGK in different nuclear subdomains, including speckles and
paraspeckles, and around the outer nuclear membrane was
described recently.!

Early in 2014, a non-canonical effect for NAGK on dendritic
arborization was reported. The overexpression of NAGK
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accelerated dendrite elaboration, whereas the knockdown of
NAGK by short-hairpin (sh) RNA initiated the degeneration
of dendrites, which could be prevented by the overexpression
of exogenous NAGK.!? In a follow-up study, the same research
group noted that this effect of NAGK on dendritic arborization
had nothing to do with its enzymatic function, as point-
mutations in NAGK that blocked its kinase activity did not
affect its function on dendritogenesis; mutant NAGK was able
to promote dendritogenesis as effectively as the wild-type
enzyme.'? This finding indicated a structural role for NAGK
in neuritogenesis, and Lee et al.' found that the overexpression
of the small, but not the large domain of NAGK resulted in
dendritic degeneration. This suggests that the small domain of
NAGK binds and sequesters a key component that mediates
dendritogenesis.

In this study, we performed yeast two-hybrid screening to
search for NAGK-interacting proteins. Among several potential
candidates, dynein light-chain roadblock type 1 (DYNLRBI),
a component of cytoplasmic dynein complex, draws our
attention because a very similar phenomenon has been
reported in neurons expressing mutant dynein.'>!® Because
intracellular NAGK'? and DYNLRB1 both colocalize with MT
and both are essential for dendritic growth, they are more likely
to functionally interact within neuronal cells. We performed
immunocytochemistry (ICC) and proximity ligation assays
(PLA) and found that an interaction occurs in the cytoplasm
of neuronal and non-neuronal cells and on MT fibers at
dendritic branches in neurons.

MATERIALS AND METHODS

Antibodies and plasmids

The following antibodies were used at the indicated dilutions unless
otherwise indicated: chicken polyclonal NAGK (1:1000 for ICC,
GenWay Biotech Inc., San Diego, CA, USA, now GW22347, Sigma,
St. Louis, MO, USA); mouse monoclonal NAGK (1:10 for PLA; Santa
Cruz Biotechnology, Dallas, TX, USA); rabbit polyclonal NAGK (1:50
for PLA; GeneTex, Irvine, CA, USA); rabbit polyclonal DYNLRB1/LC7
(1:50 for ICC and 1:25 for PLA; Proteintech Group, Chicago, IL,
USA); rabbit polyclonal dynein light-chain 1/LC8 (1:50 for PLA; Santa
Cruz); rabbit polyclonal dynein heavy chain (DHC; 1:50 for ICC and
1:25 for PLA; Santa Cruz); rabbit affinity-isolated kinesin 5B (1:200 for
ICC; Sigma); mouse monoclonal DDK (1:100 for PLA; Origene
Technologies, Rockville, MD, USA); mouse monoclonal TGN38
(1:50; BD Biosciences, San Jose, CA, USA); rabbit polyclonal
GM130 (1:25; Santa Cruz); and mouse monoclonal alpha-tubulin
(1:10; broth preparation, Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA, USA). The plasmid used for
transfection was pCMV6-Myc-DDK-tagged rat NAGK (Origene).

Primary culture

Hippocampi from embryonic day 19 (E19) Sprague-Dawley rat pups
were dissected, dissociated by trypsin treatment and mechanical
trituration, and plated onto 12mm diameter polylysine/laminin-
coated glass coverslips at a density of ~150 neurons/mm? as
previously described.!” Cells were initially plated in MACS Neuro
Medium (MiltenyiBiotec, Auburn, CA, USA) supplemented with
MACS NeuroBrew-21, 45.95 um glutamate, 500 pM glutamine, 25 pm
2-mercaptoethanol and 1% penicillin-streptomycin and were fed every
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4 days following plating with the same media (without additional
glutamate and 2-mercaptoethanol). HEK293T cells were purchased
from the Korean Cell Line Bank (Seoul, Korea) and cultured in 10%
fetal bovine serum in DMEM (Invitrogen, Grand Island, NY, USA)
with 1% penicillin-streptomycin.

DNA and peptide transfection

Plasmid transfection in HEK293T cells was performed using the
Genecellin transfection reagent (BioCellChallenge, Paris, France) accord-
ing to the manufacturer’s instructions. An 18-amino acid peptide termed
‘DYNLRBI (59-76)" and a 23-amino acid peptide termed ‘DYNLRB1
(74-96)" were custom made and high-pressure liquid chromatography
purified by Anygen (Gwangju, Korea) with 98% purity. These peptides
are consisted of two regions of DYNLRBI1 (59-76, EIDPQNDLTFL-
RIRSKKN and 74-96, KKNEIMVAPDKDYFLIVIQNPTE) that belong
to the C-terminal part of DYNLRBI (59-end) which interacted with
NAGK in a yeast two-hybrid assay. Peptide transfection in neurons was
performed using a Chariot protein transfection kit (Active Motif,
Carlsbad, CA, USA) as per the manufacturer’s instructions. Briefly, a
peptide solution was made by mixing 250 ng of peptide with 500 ng of
[-galactosidase in a total of 50 pl of PBS, and a Chariot solution was
made by diluting 2 pl of the Chariot reagent in 50 pl sterile H,O. The
peptide solution was then added to the Chariot solution and allowed to
incubate for 30 min at room temperature (RT) to form a Chariot-
peptide complex. This complex was then added to neuronal cultures
(24-well plate) and immediately overlaid with 100 pl of Macs Neuro
feeding medium and incubated at 37 °C under 5% CO,/95% air in a
humidified chamber for 60 min. An additional 100pl of feeding
medium was then added, and the incubation was continued for an
additional 3 h. Then, another 200 pl of same feeding medium was added
and incubated for approximately 48—72 h. The cells were then fixed and
stained with a p-galactosidase staining kit (Active Motif) as per the
manufacturer’s protocol.

Cross-linking and immunocytochemistry (ICC)

Intracellular cross-linking was performed in live hippocampal cells
with 2mm dithiobis (succinimidyl) propionate (DSP, Sigma) for
30min at 37°C inside a 5% CO, incubator. A 50 mm DSP stock
solution was freshly prepared in dimethyl sulfoxide and diluted to
2mwm in Dulbecco’s phosphate buffered saline (D-PBS; Invitrogen).
The DSP solution was added directly to the neuronal cells, and the
crosslinking reaction was quenched by incubating the cells in 50 mm
Tris buffer (pH 7.4) for 15 min at 37 °C inside a 5% CO, incubator.
The cells were fixed using a sequential paraformaldehyde/methanol
fixation procedure. Briefly, the cells were incubated in 4%
paraformaldehyde in PBS (20 mm sodium phosphate buffer, pH 7.4,
0.9% NaCl) at RT for 10 min followed by incubation in methanol at
—20°C for 20 min.'® ICC was performed as previously described.!®

Proximity ligation assay (PLA)

Generic in situ PLA was performed using a Duolink kit (Olink
Bioscience, Uppsala, Sweden) according to the manufacturer’s instruc-
tions with minor modifications. Fixed cells were incubated with
primary antibodies in preblocking buffer (5% normal goat serum,
0.05% Triton X-100 in PBS, pH 7.4) overnight at 4 °C. Cells were
washed three times in preblocking buffer for 20 min each at RT. Then,
secondary antibodies conjugated with oligonucleotides, PLA probe
anti-mouse MINUS and PLA probe anti-rabbit PLUS, were diluted in
preblocking buffer, added to the cells and incubated for 2h at 37°C
inside a humidity chamber. Other aspects of the assay were performed



according to the manufacturer’s instructions. Briefly, cells were
washed with wash buffer provided with the Duolink kit and
incubated with ligation mixture and ligase for 30 min at 37 °C. After
the hybridization and ligation of the DNA oligonucleotides, an
amplification solution along with polymerase was added, which
resulted in rolling circle amplification reaction. The amplified product
was detected by using complimentary fluorescently labeled oligonu-
cleotides. For the combination of PLAs and ICC, the PLA reactions
were performed first followed by the addition of primary antibodies to
the cells overnight at 4°C and the incubation with fluorophore-
conjugated secondary antibodies as per the ICC procedure.

Image acquisition

A Leica Research Microscope DM IRE2 equipped with I3 S, N2.1 S
and Y5 filter systems (Leica Microsystems AG, Wetzlar, Germany) was
used for epifluorescence microscopy. Images (1388 X 1039 pixels) were
acquired using a high-resolution CoolSNAP CCD camera (Photo-
metrics, Tuscon, AZ, USA) using Leica FW4000 software. Digital
images were processed with Adobe Systems Photoshop 7.0 software
(Adobe, San Jose, CA, USA).

Yeast two-hybrid screen

The Matchmaker LexA two-hybrid system was used for screening
according to the manufacturer's protocol (Clontech Laboratories,
Palo Alto, CA, USA). Briefly, the small domain of the NAGK gene
(aa 1-117) was used to the DNA-BD region of the pLexA vector, and
the plasmid DNA was transformed into yeast strain EGY48 carrying
the p8op-lacZ gene. Transformed EGY48 yeast strains containing the
small domain of NAGK bait plasmid were transformed with a mouse
brain cDNA library,!® and the cells were grown on synthetic dextrose
(SD) plates supplemented with glucose but not with histidine,
tryptophan or uracil (SD/-His/-Trp/-Ura). The screening of positive
clones was performed on an SD/-His/-Trp/-Ura/-Leu plate containing
galactose, raffinose and X-gal. Library plasmids from positive colonies
were isolated and rescued using an E. coli strain (KC8 strain) on
ampicillin-resistant plates. Library inserts were then amplified by PCR
and analyzed by restriction enzyme digestion. Unique inserts were
sequenced, and DNA and protein sequence analyses were performed
using the BLAST algorithm at the National Center for Biotechnology
Information. After isolation of the plasmids encoding the library
clones, these plasmids were tested for interactions of the reporter gene
yeast by retransformation. The activation of the reporter genes in the
positive colonies was confirmed in the same experiments.

Statistics

The numbers of puncta per dendritic segment (20 pm, n=20) of
typical pyramidal neurons (n=5-10) from two to three independent
experiments were counted and expressed as the percentage of the total
(mean +s.d.). Data were analyzed using one-way analysis of variance
with Duncan’s multiple comparison post hoc tests. Statistical signifi-
cance was accepted for P-values <0.01, and the analysis was conducted
using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

The small domain of NAGK interacts with DYNLRBI in a
yeast two-hybrid screen

Because it has been shown previously'# that the small domain
of NAGK plays a critical role in dendritogenesis, we used the
small domain as bait in a yeast two-hybrid screen. The NAGK-
interacting proteins, which were screened at multiple times
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with the yeast two-hybrid system, are shown in Figure la. The
domains of DYNLRBI and strength of the interaction with
NAGK are shown in Figure 1b.

NAGK interacts with DYNLRBI in primary hippocampal
neurons

Colocalization of NAGK and DYNLRBI in ICC. To study the
colocalization between NAGK and DYNLRBI, we performed
ICC in rat hippocampal cultures (developmental stage IV,
DIV 10) at a time of active dendritic arborization. Because the
interaction between NAGK and DYNLRBI could be transient,
we added a crosslinker DSP to the culture medium for 30 min
before fixation. The fluorescent images of neurons double-
stained with antibody sets, including those against NAGK and
DYNLRBI, are shown in Figure 2. Immunoreactive (IR) signals
for NAGK, DYNLRB1, DHC and kinesin 5B were widely
distributed throughout the soma and dendrites. Enlarged
images of dendritic regions revealed many puncta, and the
merged images (arrowheads) showed some colocalization of
NAGK with DYNLRBI (Figure 2a) or DHC (Figure 2b).
Statistical analysis showed that the ratio of NAGK colocaliza-
tion with DYNLRB1 or DHC significantly (P< 0.01) increased
(from 12+2 to 16+2%) when a crosslinker was added
(Figure 2d, DSP(+)). As a control experiment, NAGK/kinesin
5B double-staining was performed (Figure 2¢). In addition,
NAGK-IR puncta colocalized with kinesin 5B-IR at a slightly
lower ratio (11+2%) than with DYNLRB1 or DHC
(Figure 2d, kinesin 5B). However, the addition of DSP did
not increase the ratio of colocalization, indicating that this
colocalization was fortuitous due to the dense distribution of
the two proteins on MT fibers. These results suggest that
NAGK interacts transiently with dynein complexes.

- NAGK-interacting protein identified by yeast two-hybrid selection
. Subcellular
protein name localization
dynein light chain roadblock-type 1 (Dynirb1) cytoplasm
lactate dehydrogenase A (Ldha) cytoplasm
translation elongation factor 1 alpha 1 (Eef1a1) cytoplasm
general transcription factor [IH, polypeptide 5 (Gtf2h5) nucleus
snRNP-associated polypeptide N (snRNPN) nucleus
b

1 Roadblock/LC7domain  96a.a. Interactionwith
DYNLRE1 ‘s’ NAGK small domain

59-End +++

3-End +++

Full (1-end) +++
KLC (1-End) -

Figure 1 N-acetylglucosamine kinase-binding proteins. (a) N-acetyl-
glucosamine kinase-interacting proteins identified by using
the small domain as bait in yeast two-hybrid screening. (b) The
interacting domains of dynein light-chain roadblock type 1. The
coding region (amino acids 1-96) of dynein light-chain roadblock
type 1 is shown as a bar diagram with the conserved roadblock/LC7
domain. The two positive clones in the yeast two-hybrid selection
having a coding region from 3 or 59 to the C-terminal end are also
shown. Full length dynein light-chain roadblock type 1 (1-end) and
kinesin light chain 1 were used as a positive and a negative
control, respectively.

)
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Verification of NAGK-dynein complex interaction by
proximity ligation assay (PLA)

We conducted in situ PLA to further confirm the direct
interaction between the NAGK and dynein complexes in both
neuronal and non-neuronal cells. Firstly, we applied in situ
PLA for visualization of the interaction between NAGK
and DYNLRBI or DHC in primary hippocampal neurons
followed by ICC with anti-tubulin antibody. In contrast
to the dense distribution and a considerable amount of
colocalization ratio of NAGK and dynein complex, there
appeared much lower PLA signals. However, the longer the
dendrites grow, the greater the number of PLA dots that are
found in a single neuron. Because dynein is a motor that walks
along the MT fiber, the NAGK-dynein complex would be
expected to localize to MT fibers. Likewise, PLA signals for
NAGK-DYNLRBI (Figure 3a, arrowheads in upper panel) and
NAGK-DHC (Figure 3a, arrowheads in the lower panel) were
localized to MT fibers and were distributed in somatodendritic
domains. The negative control, where primary antibody

Q

DSP(-)

DSP(+)

o

DSP(-)

was not added, showed no PLA signals (data not shown).
Because we found an unexpectedly small number of
PLA signals, we performed PLA in HEK293T cells with dynein
light-chain 1/LC8 (DYNLLI), another component of dynein
light-chain that is positioned close to DYNLRBI in the dynein
complex. PLA interaction signals appeared throughout the
cells, but again the number was low per cell (average six dots/
cell, n=30) (Figure 3b, upper panel). To further confirm the
interaction, we transfected HEK293T cells with a Myc-DDK-
tagged NAGK plasmid and conducted PLA using a primary
antibody against DDK (for exogenously expressed NAGK)
coupled with an antibody against DYNLL1. PLA signals were
detected throughout the cells, but the number was low as with
endogenous NAGK (Figure 3b, lower panel). We also con-
ducted PLA in hypothalamic GT1-7 neuronal cells with NAGK
and DYNLRBI primary antibodies and found PLA signals
(average seven dots/cell, n=30, images not shown). These
results clearly show an interaction between NAGK and dynein
complex.

DSP(+)

25 1

DSP() % *%
™ DSP(+)

=y
(4]
1

% Colocalization
with NAGK
o

KIF5B DHC DYNLRB1

Figure 2 Immunocytochemistry showing the colocalization of N-acetylglucosamine kinase with dynein light-chain roadblock type 1.
Cultured rat hippocampal neurons were treated with dithiobis (succinimidyl) propionate (DSP+), fixed at DIV1O (stage IV) and double-
stained with primary antibodies against N-acetylglucosamine kinase and dynein light-chain roadblock type 1 (a) or dynein heavy chain (b)
or kinesin 5B (c). Primary antibodies were visualized by using goat secondary antibodies conjugated to Alexa 488 (N-acetylglucosamine
kinase, green) or Alexa 568 (dynein light-chain roadblock type 1 or dynein heavy chain or kinesin5B, red) fluorochromes. The boxed areas
of the merged images are enlarged at the bottom. Colocalized immunopuncta are indicated by arrowheads. Scale bar: 10 pm. Statistics (d).
The numbers of puncta per dendritic segment (20 pm, n=20) were counted and expressed as a percentage of the total (mean=+s.d.).

**P<0.01.
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a PLA/Phase PLA/ICC

k.

Figure 3 Proximity ligation assay showing an interaction between N-acetylglucosamine kinase and the dynein complex. (a) Rat
hippocampal neurons (DIV2) were fixed, and proximity ligation assay was performed using mouse anti-N-acetylglucosamine kinase and
rabbit anti-dynein light-chain roadblock type 1 or anti-dynein heavy chain antibodies. The proximity ligation assay was followed by
immunocytochemistry using a mouse anti-tubulin antibody (green). Proximity ligation assay/phase-contrast (Phase) and proximity ligation
assay/immunocytochemistry merged images are shown. Boxed areas are enlarged (insets) to show the colocalization of the
N-acetylglucosamine kinase-dynein complex with thinner microtubule fibers (arrowheads). To obtain a better view of proximity ligation
assay signals, phase-contrast images were inverted using Photoshop software. Scale bar: 10pum. (b) HEK293T cells were fixed, and
proximity ligation assay was performed using anti-N-acetylglucosamine kinase and anti-dynein light-chain 1/LC8 antibodies (upper panel).
Alternatively, the cells were transfected with Myc-DDK-tagged N-acetylglucosamine kinase plasmids, and proximity ligation assay was
conducted by using anti-DDK and anti-dynein light-chain 1/LC8 antibodies to show the interaction between exogenous N-
acetylglucosamine kinase and dynein light-chain 1/LC8 (lower panel). Red dots represent the interaction between N-acetylglucosamine
kinase and dynein. Phase-contrast (phase), proximity ligation assay signal (red), and proximity ligation assay/phase-contrast merged images
are shown. To better depict proximity ligation assay puncta, phase-contrast images were inverted using Photoshop software. Scale bar:
10 pm.
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NAGK localizes to MT fibers

The subcellular distribution of NAGK strongly overlaps with
MTs in the neuronal somatodendritic domains.!> To show the
in situ colocalization of NAGK and MT, we first performed
ICC on primary hippocampal neurons. We reconfirmed the
overlapping expression of NAGK and MT in mature Stage V
(DIV 21) hippocampal neurons (Figure 4a, Stage V). The
mature dendrites are packed with compact MT and dense
NAGK, which make it impossible to see whether the NAGK
puncta are localized on MTs. Therefore, we used early
developmental neurons (stage II, DIV 1); in which growth
cones show dispersed, separate MT fibers. Enlarged images of
growth cones showed NAGK puncta and single, separate MT
fibers, and the merged images showed that NAGK puncta
localize to MT fibers (Figure 4a, Stage II). The statistical
analysis showed that ~98% of NAGK puncta (n=30) were
localized to MT (Figure 4b). These results strongly suggest that
NAGK localizes to MT fibers, further supporting the possibility
of being a part of the dynein motor complex.

The interaction between NAGK and dynein frequently
occurs at dendritic branch points

Typical multipolar neurons, such as hippocampal pyramidal
neurons, develop axons and dendrites in a stereotypical
process that begins with a round-shaped precursor.?’ The
generation of new processes from soma and the formation of
branches is tightly regulated and requires specific underlying
molecular machinery. Because NAGK has a critical role in
dendritogenesis,'>!* the positioning of NAGK-dynein com-
plexes at neuronal subcellular sites could be important for their
function. NAGK-DHC PLA was conducted on hippocampal
neurons with multiple branches at the early developmental
stage (stage IV), and PLA was followed by ICC with an anti-
tubulin antibody. The merged images of PLA/phase-contrast
and PLA/ICC are shown (Figure 5a). Local areas containing
PLA puncta were enlarged and are shown in Figure 5b, where
the localization of PLA dots at the initiation points of primary
dendrites and at the initiation sites of branches is evident.
We observed that some PLA dots were located at established
branch joints with MTs in the neonate branch (Figure 5b,
upper panel), while others missed MTs (Figure 5b, lower
panel). Interestingly, NAGK-dynein PLA puncta were
frequently found at the dendritic distension where MT fibers
were dispersed rather than compact (Figures 5a and b; dot
positions 2 and 9). Statistical analysis showed that about half of
the PLA puncta in dendrites were localized to branch points.
Among those, 28.72% were located at an established branch
joint with MTs, while 21.81% were at a branch initiation point
without MTs in the neonate protrusion (Figure 5¢, n =30, 30
neurons). These phenomena suggest that the NAGK-dynein
interaction has a role at dendritic branch points.

NAGK-dynein complexes colocalize with Golgi ‘outposts’ at
dendritic branch points

The Golgi apparatus in dendritic branches, the so called Golgi
‘outpost’, is transported by dynein and typically localizes to
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Figure 4 The colocalization of N-acetylglucosamine kinase with
tubulin confirms that N-acetylglucosamine kinase-dynein complex
locates on microtubule fibers. (a) Cultured rat hippocampal neurons
at mature (stage V, DIV 21) or early developmental (stage Il, DIV 1)
stages were double-stained with anti-/N-acetylglucosamine kinase
and anti-tubulin antibodies. Primary antibodies were visualized
using goat secondary antibodies conjugated with Alexa 488
(tubulin, green) or Alexa 568 (N-acetylglucosamine kinase, red)
fluorochromes. The right side shows the merging of two images,
and a growth cone (boxed area) is enlarged at the bottom.
Examples of N-acetylglucosamine kinase puncta on microtubules
are indicated by arrowheads. Scale bar: 15um. (b) Statistics. Pie
chart shows that approximately 98% of N-acetylglucosamine kinase
puncta (n=30, 3 growth cones) were localized to microtubules.

branch bifurcation sites. We investigated whether the
NAGK-dynein complex interacts with Golgi outposts to find
a potential role in the transportation and/or formation of
outposts. We conducted NAGK-DHC PLA to reveal the
NAGK-dynein complexes, which was followed by ICC with
anti-TGN38 antibody, a Golgi marker, to reveal the position of
Golgi outposts. In the soma, TGN38 staining was observed as a
large cluster with some small dispersed signals, whereas
NAGK-dynein PLA signals were located at the somal periphery
facing the dendrite joint (Figure 6a, inset 1, arrows). Along the
dendritic shafts, NAGK-dynein PLA signals were found mainly
at branch points and colocalized with Golgi outposts
(Figure 6a, insets 2, 3, arrowheads). Golgi outposts were also
colocalized with the NAGK-dynein complex at the dendritic
distension (Figure 6b) where new dendritic branches were
protruding (Figure 6b, arrows).
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Figure 5 N-acetylglucosamine kinase-dynein interactions occur at dendritic branch points. (a) N-acetylglucosamine kinase-dynein heavy chain
proximity ligation assay was performed in hippocampal neurons (stage IV, DIV 2) and followed by tubulin immunocytochemistry. Proximity
ligation assay/phase-contrast (phase) and proximity ligation assay/immunocytochemistry merged images are shown. The proximity ligation
assay puncta (red) are indicated by arrowheads and with numbers. Scale bar: 10 pm. (b) Local areas of proximity ligation assay puncta are
enlarged. Proximity ligation assay puncta were sorted into two categories: one with ‘established’ branch joints where the microtubule fiber is
already developed (upper panel) and the other at branch initiation sites where the microtubule is yet to develop (lower panel). Positions of
branches are indicated with arrowheads. (c) Statistics. Percentages of N-acetylglucosamine kinase-dynein heavy chain proximity ligation assay
puncta at branch joints with or without microtubule in neonate protrusions are shown by a pie chart. =30, 30 neurons.

Colocalization of NAGK-Golgi complexes with DYNLRB1 on  tubulin antibody in stage IV hippocampal neurons that have
MTs at dendritic branch points many proximal dendritic branch bifurcation points (Figure 7a).
To further strengthen the evidence for NAGK-dynein-Golgi In addition to in the soma, NAGK-TGN38 PLA signals (red
colocalization on MT fibers at dendritic branch points, we dots marked by arrowheads) were also found in dendrites, and
conducted NAGK-TGN38 PLA followed by ICC with an anti- ICC with an anti-tubulin antibody further showed that the PLA
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signals localize to MT fibers at dendritic branch points (Figure
7a, insets 1 and 2). Having shown the NAGK-Golgi interaction
on MT fibers, we next investigated the tripartite NAGK-Golgi—
DYNLRBI1 interaction. To do so, NAGK-GM130 PLA was
followed by anti-DYNLRB1 ICC. NAGK-GM130 PLA signals
showed a similar distribution to those from NAGK-TGN38
PLA, including at the somal area toward the base of the apical
dendrites (Figure 7b, box i) and at the dendritic branch points
(Figure 7b, box ii). Interestingly, the NAGK-GM130 PLA
puncta mostly colocalized with DYNLRB1 ICC labeling
(Figure 7b, insets 1-3). The statistical analysis showed that

a

~99% of the NAGK-TGN38 PLA signals (n=30) were
localized to MTs and 96% of NAGK-GM130 PLA puncta
(n=30) colocalized with DYNLRBI1 (Figure 7c). Together,
these results strongly support a three-way interaction of
NAGK-dynein-Golgi outpost at dendritic branch points.

Ectopic introduction of peptides derived from DYNLRBI1
induce dendritic degeneration

To confirm the NAGK-DYNLRBI1 interaction and its effect
on dendritogenesis, we designed two small peptides, DYNLRB1
(59-76) (EIDPQNDLTFLRIRSKKN) and DYNLRBI (74-96)

Figure 6 Colocalization of N-acetylglucosamine kinase-dynein

complexes with Golgi

outposts on dendritic branch points.

N-acetylglucosamine kinase-dynein heavy chain proximity ligation assay was performed in hippocampal neurons (developmental stage IV)
and was followed by immunocytochemistry with an anti-TGN38 antibody to mark Golgi particles. Merged images of NAGK-DHC PLA/phase
(N-acetylglucosamine kinase+dynein heavy chain proximity ligation assay/phase contrast) and NAGK-DHC PLA/immunocytochemistry are
shown. (a) Proximity ligation assay signals at soma (boxed area 1) and distal branch points (boxed areas 2, 3) are enlarged to show the
colocalization of N-acetylglucosamine kinase-dynein complex (red) with Golgi particles (green) oriented to the soma-dendrite joint (inset 1,
arrows) or with the Golgi outpost (green) at distal branching sites (inset 2, 3, arrowheads). (b) A high frequency of proximity ligation assay
puncta (red) and Golgi outposts (green) was found at dendritic distensions. Small branches protruding out of the distensions are marked
with arrows. Dendritic distensions (boxed areas 1, 2) are enlarged (insets) to show the colocalization of N-acetylglucosamine kinase-dynein
complex (red) with Golgi particles (green) marked by arrowheads. Scale bar: 10 pm.
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Figure 7 Co-localization of N-acetylglucosamine kinase-Golgi complexes with dynein light-chain roadblock type 1 on microtubule at
dendritic branch points. (a) N-acetylglucosamine kinase-TGN38 proximity ligation assay (red dots) was followed by immunocytochemistry
(green) with an anti-tubulin antibody. Images for proximity ligation assay signals are inverted to better show proximity ligation assay puncta
(marked with red arrowheads). The positions of proximity ligation assay signals at branch points are marked with numbers and enlarged in
insets. Scale bar: 10 um. (b) N-acetylglucosamine kinase-GM130 proximity ligation assay was followed by immunocytochemistry with an
anti-dynein light-chain roadblock type 1 antibody. The proximity ligation assay puncta in the soma (box i) were enlarged to show that
proximity ligation assay signals facing the apical dendrite at the somal Golgi apparatus merged with dynein light-chain roadblock type 1
signals. Proximity ligation assay dot positions (red) in dendrites are enlarged for better visualization (box ii, 1-3). Scale bar: 10 pm.
(c) Statistics. Pie charts show that ~99% (n=30) of N-acetylglucosamine kinase-TGN38 proximity ligation assay dots were localized to
microtubules and ~96% (n=30) of N-acetylglucosamine kinase-GM130 proximity ligation assay signals were colocalized with dynein

light-chain roadblock type 1.

(KKNEIMVAPDKDYFLIVIQNPTE), from the C-terminal half
of DYNLRBI1, which binds to the NAGK small domain in our
yeast two-hybrid analysis (Figure 1b; clone 59-end). We
co-transfected each of the peptides coupled with B-galactosidase
into stage IV neurons and identified the transfected neurons by
color development using f-galactosidase. We found that
neurons transfected with the C-terminal end peptide
(DYNLRBI (74-96)) but not DYNLRB1 (59-76) (Figure 8a,
left image) displayed shorter, stunted dendrites (Figure 8a,
right image, arrows). In both cases, neurons had long and
apparently intact axons (Figure 8a, arrowhead), which

confirmed that the DYNLRB1 (74-96) peptide resulted in
dendritic but not axonal degeneration. Sholl analysis?! showed
that neurons transfected with DYNLRB1 (74-96) had signifi-
cantly fewer dendritic crossing points (P<0.01; n=30 trans-
fected neurons) at all distances, except at 10 pm (Figure 8b).
This phenomenon is very similar to the phenotype that results
from NAGK knockdown or the dominant-negative expression
of its small domain.'>'* These results confirm that NAGK
interacts with the C-terminal end domain of DYNLRBI1 and that
the interruption of this interaction results in the degeneration of
dendritic arborizations.
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Figure 8 Transfection with a small peptide from dynein light-chain roadblock type 1 induced dendritic degeneration. (a) Co-transfection of
either DYNLRB1 (59-76) or DYNLRB1 (74-96) peptide with p-galactosidase was performed and was stained with pB-galactosidase staining
kit. Neurons transfected with DYNLRB1 (59-76) peptide showed healthy dendrites. In contrast, neurons transfected with DYNLRB1 (74—
96) peptide showed short, stunted dendrites (arrows), while the axon (arrowhead) was apparently unaffected. Scale bar: 10 pm. (b) Sholl
analysis. The numbers of dendritic intersections were counted at distances of 10, 15, 20, 25 and 30 pm (concentric circles; see the right
image for an example) from soma centroids of neurons (30 neurons in each category) transfected with p-galactosidase only (control), with

DYNLRBI (59-76) or with DYNLRB1 (74-96). **P<0.01.

DISCUSSION

In this study, we found by yeast two-hybrid screening that a
hexosamine kinase, NAGK, interacts with DYNLRBI. ICC
images show that NAGK and DYNLRBI formed dense puncta
in neuronal dendrites, and the merging of the two ICC images
revealed a partial colocalization of the two proteins; however,
the ratio of colocalization was low (~12%). Intracellular
crosslinking by DSP, which covalently crosslinks interacting
proteins, resulted in a small but statistically significant increase
(by ~4%) in the colocalization ratio, suggesting a protein—
protein interaction between the two proteins. The interaction
was confirmed by PLA, which showed that NAGK-DYNLRBI
binding occurred on MT fibers at dendritic branch points.
We also showed that the NAGK-dynein complex could be
found at proximal and distal branch points that contained
Golgi outposts. Finally, the ectopic inclusion of a small peptide
derived from the NAGK-binding domain of DYNLRBI
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resulted in dendritic degeneration, confirming an essential role
for the NAGK-DYNLRBI interaction in dendritogenesis.
Every protein interaction is assumed to be an integrated part
of a larger network and to be critical for cellular signal
transduction processes. NAGK is an essential enzyme for
amino sugar metabolism where it is involved in the salvage
pathway for GlcNAc recycling.?? Recently, it was revealed that
NAGK regulates cellular processes involved in neuronal
dendritogenesis.'>!* This effect on dendritic development was
independent of its kinase activity, with the small domain
having a critical role.'* The discovery of this non-canonical
function for NAGK prompted us to search for binding partners
of the small domain. We performed yeast two-hybrid screening
using the small domain of NAGK as bait and found that NAGK
interacts with DYNLRB1. Cytoplasmic dynein is a large, multi-
subunit protein complex that functions in transport towards
the (=) end of MTs. The cytoplasmic dynein complex consists
of two heavy chains, two intermediate chains, four light



intermediate chains and light chains of the LC7/roadblock, LC8
and the Tctexl/rp3 protein families. Based on the latest
nomenclature of cytoplasmic dynein,>> DYNLRBI is a member
of the LC7/roadblock protein family. The two highly homo-
logous mammalian roadblocks, DYNLRB1 and DYNLRB2,
have been shown to be expressed in a variety of tissues. In
contrast to the generally high level of DYNLRB2 expression,
DYNLRBI is relatively expressed more strongly in the brain,
heart, liver and pancreas,’* suggesting a differential role in these
tissues. Indeed, Drosophilla melanogaster LC7-null mutants
exhibit phenotypes including defects in dendrite growth, axonal
transport and neuroblast cell division.??

DYNLRBI1 acts as one of several non-catalytic accessory
components that could link dynein to cargos and to adapter
proteins that regulate dynein function. DYNLRBI has been
reported to have multiple non-dynein interaction partners
including the Rab6 family of GTPase regulators,®® human
reduced folate carrier?” and the transforming growth factor-f
receptor complex.?®2” In the structure of DYNLRBI, there is a
small hole formed by residues 68, 69, 79-81 and 88-90 from
three B sheets (B3, p4 and B5), into which a residue can fit.>
This surface has a positive electric charge, which has been
suggested to be the potential site for protein interaction by
means of a salt bridge. Our present study supports the
hypothesis that this surface may be the site to which NAGK
binds. First, our yeast two-hybrid assay showed that the 59-96
amino acid region, which encompasses this hole, interacts
with the small domain of NAGK. Second, the exogenous
introduction of the DYNLRB1 (74-96) peptide, but not
DYNLRBI (59-76), resulted in neurons with shorter dendrites.
Interestingly, neurons transfected with the DYNLRB1 (74-96)
peptide had apparently undisturbed axons. The shortened
dendrites and apparently intact axons are characteristic features
that are very similar to the morphology observed following
NAGK knockdown.'? Thus, our results indicate that the amino
acids 74-96 of DYNLRBI are responsible for binding to the
small domain of NAGK and that this interaction is essential for
dendritogenesis.

The question remains as to how NAGK, as part of the dynein
complex, regulates dendritic arborization. Eukaryotic cells use
cytoskeletal motor proteins to transport many different intra-
cellular cargos. Two different mechanisms have been evolved to
cope with the diverse cargos that are transported on MTs.
Numerous kinesins have evolved to facilitate positive-end
transport on MTs. In contrast, a single cytoplasmic dynein
serves the minus end-directed transport for similarly diverse
cargos. This could be achieved by employing adaptors that link
dynein to diverse cargos (see review by Kardon and Vale).’! In
this respect, the frequent localization of NAGK-dynein PLA
puncta at dendritic branch points drew our attention because its
distribution profile is very similar to that of Golgi outposts in
dendrites. In mammalian neurons, the Golgi apparatus is
present as Golgi stacks in the cell body and discrete Golgi
outposts in the branch points of dendrites.*>=3 It is also known
that small Golgi particles move from the soma to dendrites via
dynein and that proteins such as Drosophila golgin Lava lamp3®
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and Golgin160°” link Golgi to dynein for this movement. In this
study, we have shown a tripartite interaction of NAGK-dynein-
Golgi on the MTs in both the soma and dendritic branch
points, suggesting that NAGK has a role in the regulation of
Golgi transport by the dynein motor. The involvement of the
NAGK-DYNLRB1 complex in Golgi trafficking is further
supported by the fact that DYNLRB1 colocalizes with Rab6
GTPase at the Golgi apparatus in Neuro-2A cells.?® The
localization of DHC? and Tctex-1* at Golgi bodies has also
been revealed. Thus, the three-way interaction between dynein,
NAGK and Golgi on MTs at dendritic branch points supports a
non-canonical function for NAGK in Golgi transport.

This raises a question as to the function of NAGK-dynein
complex at a dendritic branch points. During early neuronal
development in culture, MT fibers are dispersed in the
distended regions of dendritic shafts.’® In this study, we
observed that these expansion sites are enriched with the
NAGK-dynein complex and Golgi outposts. Ye et al.#! reported
that the growth of dendrites requires membrane trafficking
through the classical secretory pathway via the Golgi apparatus.
In addition, that study also showed that the directional
movements of dendritic Golgi outposts correlate with the
extension and retraction of dendritic branches. These results
provide strong evidence that local dendritic branching and
growth is controlled, in part, by the dynamics and abundance
of dendritic Golgi outposts.’> Supporting the role for Golgi
outposts in dendritic branching, Ori-McKenney et al%?
reported that Golgi outposts were instrumental in dendritic
morphogenesis by functioning as sites for acentrosomal MT
nucleation. Our study shows that NAGK-dynein complex
frequently localizes to neonate protrusions with or without
MTs. The association of NAGK-dynein complexes with Golgi
outposts suggests that the complex has a role in directional
Golgi dynamics and MT nucleation toward the neonate
protrusions. Our findings shed light on the interactions of
NAGK with dynein and Golgi outposts and their roles in
dendritic growth. Further investigation is needed into the
molecular mechanisms underlying these interactions.
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