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this disease, we evaluated the impact of N-glycosylation processing of a neuronal voltage gated potassium channel,
Kv3.1b, expressed in a neuronal-derived cell line, B35 neuroblastoma cells.

Methods: Total internal reflection fluorescence and differential interference contrast microscopy measurements of
live B35 cells expressing wild type and glycosylation mutant Kv3.1b proteins were used to evaluate the distribution
of the various forms of the Kv3.1b protein in the cell body and outgrowths. Cell adhesion assays were also employed.
Results: Microscopy images revealed that occupancy of both N-glycosylation sites of Kv3.1b had relatively similar
amounts of Kv3.1b in the outgrowth and cell body while vacancy of one or both sites led to increased accumulation
of Kv3.1b in the cell body. Further both the fully glycosylated and partially glycosylated N229Q Kv3.1b proteins
formed higher density particles in outgrowths compared to cell body. Cellular assays demonstrated that the distinct
spatial arrangements altered cell adhesion properties.

Conclusions: Our findings provide direct evidence that occupancy of the N-glycosylation sites of Kv3.1b contrib-
utes significantly to its lateral heterogeneity in membranes of neuronal-derived cells, and in turn alters cellular
properties.

General significance: Our study demonstrates that N-glycans of Kv3.1b contain information regarding the associ-
ation, clustering, and distribution of Kv3.1b in the cell membrane, and furthermore that decreased occupancy
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caused by congenital disorders of glycosylation may alter the biological activity of Kv3.1b.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

N-Glycosylation to newly synthesized membrane proteins is the
most abundant protein co-translational modification in the lumen of
the endoplasmic reticulum [1]. N-Linked oligosaccharides have been
shown to be involved in protein folding, protein assembly, and intracel-
lular protein sorting while outside the cell they are engaged in cell
recognition events [2]. For instance, the presence of N-glycans attached
to apical membrane proteins are critical for their trafficking to and
retention in the apical membranes [3]. It has also been shown that the
number of complex N-glycans and the degree of N-glycan branching in-
crease expression of cell surface glycoproteins [4]. Since the majority of
membrane proteins is N-glycosylated, and a vital property conveyed by

Abbreviations: Kv channel, voltage-gating potassium channel; CB, cell body; OG,
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integral membrane proteins is their lateral heterogeneity in biological
membranes, it is of considerable importance to understand the impact
that the number and position of N-glycans have on the spatial arrange-
ment of membrane proteins in plasma membranes. This would further
reinforce the role of glycans as informational biopolymers.
Voltage-gated potassium channels (Kv) are critical components in
the generation and propagation of electrical excitability in the nervous
system [5]. A less defined role of Kv channels is their non-conducting
functions, such as cell-cell interactions, cell migration, and cell prolifer-
ation [6]. The Kv3 channel subfamily members, Kv3.1-Kv3.4, have
two absolutely conserved N-glycosylation sites within their S1-S2
extracytoplasmic linkers. Both of the two N-glycosylation sites of
Kv3.1[7], Kv3.3, and Kv3.4 are occupied throughout the rat central ner-
vous system [8]. There are two different carboxyl-terminus Kv3.1 splice
variants (Kv3.1a, and b) with Kv3.1b as the more abundant variant [9].
Kv3.1 splice variants are localized to the axonal and somatodendritic
compartments of neurons but at significantly different levels [10].
When either one or both of the N-glycosylation sites of the Kv3.1b
channel were vacated, the heterologously expressed ionic currents
have decreased activation, inactivation and deactivation rates, as well
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as reduced cell migratory rates [11]. Additionally, partial substitution of
the natural sialic acids with non-natural sialic acids of the N-glycans of
Kv3.1b glycoprotein generated decreased activation and inactivation
rates of the outward ionic currents [12]. Other Kv channels which
lack N-glycosylation occupancy, as well as sialic acid residues, have
also been shown to have altered channel gating [13]. The importance
of N-glycosylation site occupancy of glycoproteins is emphasized by
congenital disorders of glycosylation (CDG) [14]. Further dysfunction
and expression levels of Kv3 channels have been linked to other dis-
eases of the nervous system [15], as well as colon cancer [16]. Therefore,
the modulation of the conducting and non-conducting functions of the
Kv3.1b channel is of importance in health and disease.

Since CDG reveals that the vacancy of naturally occupied N-
glycosylation sites of glycoproteins is disruptive to human neurology,
the present investigation was undertaken to examine whether the
number and position of N-glycans attached to the Kv3.1b protein influ-
ence the distribution of the Kv3.1b protein to the outgrowths and cell
body of B35 neuroblastoma cells, and furthermore address whether
these different spatial arrangements correlate to changes in the
conducting and non-conducting functions of the Kv3.1b channel. We se-
lected B35 neuroblastoma cells, a cultured neuronal-derived cell model,
since they are commonly employed to investigate neurites and cell mo-
tility [17]. Total internal reflection fluorescence (TIRF) and differential
interference contrast (DIC) microscopy measurements were performed
to evaluate the distribution of the various forms of the glycosylated
Kv3.1b protein, as well as the unglycosylated Kv3.1b protein, in live
B35 cells. Cell dissociation and association assays were conducted to as-
sess the strength of cell-cell interactions and size of cell aggregates. We
observed that vacancy of one or both N-glycosylation sites of the Kv3.1b
protein decreases the amount of the Kv3.1b protein in the outgrowth
relative to the cell body of neuronal-derived cells which correlated
with decreases in cell migration [11] and cell-cell adhesiveness.
Additionally, the formation of high density particles in the neuronal
outgrowths was observed for the fully glycosylated and partially glyco-
sylated N229Q Kv3.1b proteins, unlike the unglycosylated and partially
glycosylated N220Q Kv3.1b proteins. Based on the present study, along
with our previous study [11], the formation of these high density clus-
ters correlated with more noninactivating whole cell current patterns
than inactivating whole cell current patterns for cells expressing the
Kv3.1b channel.

2. Materials and methods
2.1. Molecular biology

Polymerase chain reaction (PCR) was employed to fuse EGFP to the
C-termini of wild type and glycosylation mutant Kv3.1b cDNAs [11]. We
used Rattus rattus Kv3.1b cDNA (accession no. P25122). Briefly, the stop
sites and BamHI sites were added to the 5’ and 3’ ends of wild type,
N220Q/N229Q, N220Q, and N229Q Kv3.1b cDNAs in pCDNA3.1 vectors.
These cDNAs were sequenced, digested with BamHI (New England
BioLabs, Ipswich, MA, USA) and then inserts were isolated. Subsequently,
each of the inserts was fused into a digested BamHI pEGFP-N3 vector
(Clontech, Mountain View, CA, USA) to generate Kv3.1b-pEGFP-N3,
N220Q/N229Q-pEGFP-N3, N220Q-pEGFP-N3, and N229Q-pEGFP-N3 re-
combinant vectors. Orientations in the recombinant vectors were verified
using Smal (New England BioLabs, Ipswich, MA, USA) digests. Standard
procedures were followed for DNA amplification, DNA isolation, and
subcloning [11].

2.2. B35 neuroblastoma cell culture and the establishment of stable cell
lines

B35 neuroblastoma cells (rat central nervous system, derived) were
obtained from the American Type Culture Collection (Manassas, VA,
USA) and maintained in DMEM (Mediatech Inc., Manassas, VA, USA)

supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA), penicillin (50 U/mL) (Invitrogen, Carlsbad, CA, USA), and strepto-
mycin (50 pg/mL) (Invitrogen, Carlsbad, CA, USA) at 37 °C under 5% CO,
(ref). B35 cells were plated on uncoated 60 mm dishes (Fisher Scientific,
Suwanee, GA, USA) every 3-4days after a brief trypsin-EDTA (Invitrogen,
Carlsbad, CA, USA) treatment and the cell culture medium was changed
every 2-3 days. For the production of stable cell lines expressing the var-
ious forms of the Kv3.1 protein, B35 cells of 75-80% confluency were
transfected with neomycin selectable pEGFN3 expression plasmids
encoding wild type, N200Q/N229Q, N220Q, and N229Q Kv3.1b proteins
using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer's protocol. In brief, FBS and antibiotic free B35 cell
culture media (1 mL) containing about 8 ng of recombinant vector and
15 pL of Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) were
added to each dish. Following an incubation of 5 h with the DMEM-
DNA-lipid transfection solution, each dish of the B35 cells was re-fed
with 3 mL of serum and antibotic containing DMEM medium. B35
cells were selected for stable transfectants by the addition of 1.0 g/L of
Geneticin® (Invitrogen, Carlsbad, CA, USA) to the cell culture medium.
After this treatment, B35 cells expressing the various Kv3.1b-EGFP pro-
teins were further enriched using a FACS Vantage (Becton Dickinson,
Franklin Lakes, NJ, USA) cell sorter with laser excitation at 488 nm and
green fluorescence emission at 515-545 nm. Isolated stable pools of
transfected cells were then used for subsequent studies.

2.3. B35 total membrane isolation

B35 cells expressing wild type, N220Q/N229Q, N220Q, and N229Q
Kv3.1b EGFP fusion proteins (about 1.35 x 10%) were homogenized (30-
50 strokes) in 3mL of lysis buffer (10mM Tris (pH7.4)); 250 mM sucrose,
5 mM EDTA; protease inhibitor cocktail set III 1:500 (Calbiochem,
San Diego, USA), and subsequently centrifuged at 2000 xg in an
Eppendorf F-45-30-11 rotor (Eppendorf, Westbury, NY, USA) for 10 min
at 4 °C. The supernatant was then centrifuged at 100,000 xg in an
AH650 rotor (Sorvall, Newtown, CT, USA) for 1h at 4°C. The high speed
pellet was resuspended in about 200 L lysis buffer and the protein
concentration was determined by the method of Lowry. Samples were
then stored at — 80 °C until needed.

24. Glycosidase digestions of total B35 membranes

Total B35 membranes (5 g/L) containing wild type, N220Q/N229Q,
N220Q and N229Q Kv3.1 proteins fused to EGFP were treated with
PNGase F (20 U/uL) (New England Biolabs, Ipswich, MA, USA), Endo H
(50 U/uL) (New England Biolabs, Ipswich, MA, USA), or neuraminidase
(0.83 U/UL) (New England Biolabs, Ipswich, MA, USA) in buffers
supplied by NEB. Reactions were allowed to proceed overnight at 37° C.
Reactions were stopped by addition of reducing SDS-PAGE sample buffer
(2x).

2.5. Immunoblotting

For preparation of immunoblots, reducing SDS sample buffer (2x)
was added to B35 membranes, and was subjected to electrophoresis
for 105 min at 20 mA on 10% SDS gels. Electrophoresed proteins were
transferred to Immobilon-P PVDF membranes (Millipore, Billerica, MA,
USA) for 240 min at 250 mA. Blots were then incubated at room temper-
ature for 20 min in blocking buffer (PBS, 3% BSA with 0.1% Tween 20)
followed by incubation for 2 h in polyclonal rabbit anti-Kv3.1antibody
(Alomone Labs, Jerusalem, Israel). The specificity of the anti-Kv3.1 anti-
body has been previously described [7]. Subsequently blots were
washed, and then incubated overnight at 4 °C with anti-rabbit antibody
conjugated to alkaline phosphate. Finally, immunobands were devel-
oped with immunoalkaline phosphatase substrate (MP Biomedicals,
Irvine, CA, USA).
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2.6. TIRF microscopy

Stable transfected B35 cells expressing wild type Kv3.1b-EGFP,
N220Q/N229Q-EGFP, N220Q-EGFP, and N229Q-EGFP were seeded
onto 35 mm ploy-L-lysine coated glass bottom dishes (MatTek, Ashland,
Ma, USA) and kept under culturing conditions for about 15-18 h before
imaging. Images were excited with an argon laser beam of wavelength
488 nm entering the side illumination port of an Olympus 1x-71 micro-
scope through an Apo 60 x 1.45 objective and an ORCA R2 deep cooled
mono CCD camera. Detection settings were kept constant for compari-
sons of the glycosylated, unglycosylated and partially glycosylated
Kv3.1 proteins. The shutters, filters and camera, as well as data acquisition
were controlled by Cell*TIRF Control 1.1 and MetaMorph for Olympus
Basic software. Exposure time of 1000 ms was utilized for data analysis.
Image ] software was used for mean data analysis. Origin 7.5 was used
for graphics and statistics. Data is presented as the mean <+ S.E. where
n denotes the number of cells tested. Student's t-test was employed to
evaluate the statistical comparison. Statistical significance was considered
at P<0.05.

2.7. Dissociation assays

Stable transfected B35 cells expressing wild type Kv3.1b-EGFP and
N220Q/N229Q-EGFP and nontransfected cells were seeded in equal
concentrations and allowed to grow for 2 days on 60 mm CellBind cul-
ture dishes (Corning, Corning, NY, USA). Confluent dishes were washed
twice with PBS and resuspended in DMEM. Cells were detached by one
complete rotation with a cell scraper and then cell aggregates were
dissociated by pipetting ten times. Images (30-35 fields/dish) were ob-
tained on an Olympus IX 50 microscope using a 20x objective. Particles
(=2 cells/aggregate) were counted, and their areas determined using
Image ] software. Data is presented as the mean =+ S.E. where n denotes
the number of particles. Student's t-test was used to evaluate the statis-
tical comparison. Statistical significance was considered at P<0.05.

2.8. Classical cell aggregation assay

B35 neuroblastoma cells were treated with PBS/10 mM EDTA for
5 min at room temperature and dispersed by pipetting. After two
washes with Hanks Balanced Salt Solution the cells (10° cells/mL)
were resuspended in Hanks Balanced Salt Solution with either 1 mM
CaCl, or 5 mM EDTA and seeded into 12 well plates (Thermo Fisher
Scientific, Atlanta, GA, USA) pre-coated with 2% BSA (Sigma, St. Louis,
MO, USA). Plates were placed on a rotating, gyrating platform at 37°
for 40 min. Aggregation reactions were stopped by adding 8% glutaral-
dehyde (Sigma, St. Louis, MO, USA). Images (6 fields/well) were taken
with an Olympus IX50 (Olympus, Center Valley, PA) microscope using
10x objective. Areas of particles (>10 cells per aggregate) were deter-
mined using Image ] software. Data is presented as the mean &+ S.E.
where n denotes the number of images. Student's t-test was used to
evaluate the statistical comparison. Statistical significance was consid-
ered at P<0.01.

2.9. Hanging drop aggregation assay

B35 neuroblastoma cells were treated with 0.5% trypsin and 0.5 mM
EDTA for 5 min at room temperature. Cells were washed 2x in PBS and
resuspended in DMEM (Mediatech) at a concentration of 5.0 x 10°
cells/mL. Drops (30 pL) of cell suspension containing about 1.5 x 10*
cells/drop were placed on the inner surface of the lid of a 24 well cell cul-
ture dish and the lid was inverted over the culture wells which contained
0.5 mL of PBS to prevent evaporation of the hanging drop. The cells were
cultured overnight in the hanging drop at 37°. The lids were inverted and
the weak aggregates were disrupted by pipetting up and down 7 times
using a standard 200 pL pipet tip. Images (3 fields/well) were taken
with an Olympus IX50 microscope (Olympus, Center Valley, PA) using

10x and 40x objectives. Image ] software was utilized to ascertain area
of particles (>10 cells per aggregate). Data is presented as the mean +
S.E. where n denotes the number of particles. Student's t-test was
used to evaluate the statistical comparison. Statistical significance was
considered at P<0.05.

3. Results
3.1. Characterization of the various forms of the Kv3.1b protein

Previously, glycosylated (wild type), unglycosylated (N220Q/N229Q),
and partially glycosylated (N220Q and N229Q) Kv3.1b proteins were
expressed in B35 neuroblastoma cells to show that N-glycan occupancy
of the Kv3.1b glycoprotein could influence outward ionic current kinetics
[11]. Here we have utilized this same expression system to ascertain
whether N-glycosylation occupancy of the Kv3.1b protein could affect
the number and size of Kv3.1b particles in the cell body and outgrowth,
and furthermore address whether changes in the distribution of the
Kv3.1b channel throughout the B35 cell could be attributed to differences
in outward currents. In the earlier study, all four Kv3.1b proteins were
tagged with FLAG epitope while for the current study proteins were
fused to EGFP. The latter tag provided a means to evaluate spatial arrange-
ment of Kv3.1b proteins in live B35 cells. To verify that the larger tag
did not disrupt N-glycosylation processing of the Kv3.1b proteins, we ex-
amined N-glycosylation occupancy and N-glycan type. Total membranes
were isolated from B35 cells expressing wild type, N220Q/N229Q,
N220Q, or N229Q Kv3.1b proteins. These membranes were treated
without (—) and with (+) PNGase F (removes complex, hybrid, and
oligomannose N-glycans), neuraminidase (cleaves sialyl residues from
non-reducing termini of carbohydrate chains), or Endo H (removes
oligomannose and some hybrid N-glycans), and then analyzed by
Western blotting. A major immunoband was observed for wild type
(~138 kDa) (a), N220Q/N229Q (=104 kDa) (a), N220Q (=120 kDa)
(b) and N229Q (~120kDa) (b) Kv3.1b proteins (Fig. 1). The electropho-
retic migrations were slowest for wild type and fastest for the aglycoform
while that of the single glycosylation mutants were intermediate. Major
bands for wild type, N220Q, and N229Q Kv3.1b proteins were sensitive
to both PNGase F and neuraminidase treatment while they were resistant
to Endo H treatment. Further the electrophoretic migrations were greater
for the Kv3.1b glycoproteins treated with PNGase F than neuraminidase.
The N220Q/N229Q Kv3.1b protein was resistant to all of the different

K\B.1b-eG2|;Fc": ] Wild type N220Q/N229Q
150- -—
100- =
PNGaseF. + - - - - - i .
EndoH:| - = + - - - - = +
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Kv3.1b-eGFP: |
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PNGaseF. + - = _ _ - _ o
EndoH: - - - 1+ | * 1 - ——
Neu: - + - = _ - + -

Fig. 1. The characterization of various forms of the Kv3.1b protein in B35 neuroblastoma
cells by Western blotting. Blots of wild type (a), N220Q/N229Q (a), N220Q (cb), and
N229Q (db) Kv3.1b proteins digested (+) and undigested (—) with PNGase F, Endo H,
and neuraminidase (neu) when heterologously expressed in B35 neuroblastoma cells.
Vertical solid gray lines indicate cut or separate blot. The numbers adjacent to the Western
blots represent the Kaleidoscope markers (in kDa). Arrows in black or gray denote
sialylated or asialylated complex N-glycan(s) of the Kv3.1b glycoprotein, while the black
and gray solid lines represent oligomannose N-glycan(s) of the Kv3.1b glycoprotein and
the unglycosylated Kv3.1b protein, respectively.
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glycosidase treatments and the electrophoretic migration was similar to
that of all three forms of the Kv3.1b glycoprotein treated with PNGase F.
In some cases, a faint immunoband which migrated faster than the
major band could be detected for wild type, N220Q or N229Q Kv3.1b pro-
teins. In all cases, these faint immunobands were sensitive to PNGase F
and Endo H while they were resistant to neuraminidase. Previously, it
was shown that very small amounts of the various Kv3.1 glycoproteins
escaped cis-Golgi processing [11]. Taken together, these results verified
that two, one, one, and zero sialylated complex N-glycans could be
attached to wild type (glycosylated), N220Q (partially glycosylated),
N229Q (partially glycosylated), and N220Q/N229Q (unglycosylated)
Kv3.1b proteins, respectively, and importantly that the EGFP tag did not
disrupt protein folding.

3.2. Glycosylation impacts subcellular localization of the Kv3.1b protein

We utilized TIRF microscopy to ascertain whether N-glycosylation
occupancy of Kv3.1b alters cell body and outgrowth localization of
Kv3.1b in B35 neuroblastoma cells. High contrast images of wild type
(a), N220Q/N229Q (b), N220Q (c¢) and N229Q (d) Kv3.1b proteins
tagged with EGFP at the adherent membrane of live B35 neuroblastoma
cells were acquired by TIRF microscopy (Fig. 2, top rows). Then, DIC im-
ages (Fig. 2, middle rows) were obtained in the same plane to designate
the clusters of fluorescence signal to specific positions of the cell in TIRF
images. Lastly, images were obtained from the same cell after changing
the laser beam to achieve wide-field fluorescence excitation (Fig. 2, bot-
tom rows). We found that the fluorescence intensity signals from TIRF
images were of higher intensity than those from the wide-field images,
with respect to both the entire cell (ratios of mean fluorescence intensi-
ty values of TIRF images to mean fluorescence intensity values of wide-
field images were 1.18 £ 0.01, n =46 and 1.27 £ 0.02, n = 48 for B35
cells expressing glycosylated and unglycosylated Kv3.1b, respectively)
and cell body (ratios of mean fluorescence intensity values of TIRF im-
ages to mean fluorescence intensity values of wide-field images were
1.27 + 0.01, n = 46 and 1.28 4 0.02, n = 48 for B35 cells expressing
glycosylated and unglycosylated Kv3.1b, respectively). The high signal
to noise ratio supports that detailed spatial arrangement of Kv3.1b
proteins at adherent plasma membrane could be obtained in the TIRF
mode. Of note, the lower mean intensity ratio of entire cell relative
to that of cell body determined for cells expressing glycosylated
Kv3.1b protein was due to the amount of glycosylated Kv3.1b protein
expressed in the thin outgrowths. Further the high values for the
unglycosylated Kv3.1b protein verified that this mutant was trafficked
to the plasma membrane, like the glycosylated Kv3.1b protein.

Cells expressing either the glycosylated or unglycosylated Kv3.1b
proteins had a similar number of particles of comparable size per cell
while those expressing either N220Q or N229Q Kv3.1b proteins had
fewer particles per cell, but with larger particle size (Fig. 2e and f). How-
ever, the total area of fluorescence signal per cell for N220Q or N229Q
Kv3.1b proteins transfected cells was 95% and 87% of wild type Kv3.1b
transfected cells, respectively while that of N220Q/N229Q Kv3.1b pro-
tein transfected cells was 68%. The mean intensity was greater for cells
expressing wild type and N229Q Kv3.1b proteins than those expressing
N220Q/N229Q or N220Q (Fig. 2g). However, these differences in
the mean intensity values did not alter the overall protein expression
levels determined from the total fluorescence signal area of the
unglycosylated and partially glycosylated Kv3.1b proteins relative to
that of the fully glycosylated Kv3.1b protein. Taken together, these re-
sults suggest that quite similar amounts of glycosylated, unglycosylated,
and partially glycosylated Kv3.1b proteins were expressed at the adher-
ent plasma membrane but the density of Kv3.1b protein per particle for
wild type and N229Q Kv3.1b proteins were higher than those of N220Q/
N229Q and N220Q Kv3.1b proteins.

Fluorescence intensity signals were quite strong for cells expressing
various forms of the Kv3.1b protein, and they could be observed in the
outgrowths and cell body of cells. Although the mean particle number

was quite similar between these domains for cells expressing glycosyl-
ated Kv3.1b protein, there were more particles concentrated in the cell
body for cells expressing unglycosylated and partially glycosylated
Kv3.1b proteins (Fig. 2h). Ratios of mean particle number in cell body
to that in outgrowth were 1.1, 1.7, 1.6, and 1.6 for cells expressing
wild type, N220Q/N229Q, N220Q and N229Q Kv3.1b proteins, respec-
tively. TIRF image analysis also revealed that the mean particle size for
cells expressing N220Q/N229Q and N220Q Kv3.1b proteins was larger
in the cell body than outgrowth while they were not significantly differ-
ent for cells expressing wild type and N229Q Kv3.1b proteins (Fig. 2i).
Ratios of mean particle sizes in the cell body to that in the outgrowth
were 1.2, 7.3, 2.7 and 1.6 for cells expressing wild type, N220Q/
N229Q, N220Q and N229Q Kv3.1b proteins, respectively. Ratios of the
total area of fluorescence signal in cell body to that in outgrowth were
about 1 for wild type, 2 for N229Q, 4 for N220Q and 12 for N220Q/
N229Q Kv3.1b proteins. In all cases, mean fluorescence intensity of par-
ticles in cell body of the various cell lines was quite similar (Fig. 2j).
Mean intensity values in the outgrowths were significantly higher
than those in the cell body for cells expressing wild type and N229Q
Kv3.1b proteins. Taken together, these results revealed that a similar
amount of the fully glycosylated Kv3.1b protein was observed in both
domains of neuroblastoma cells while the aglycoform had much more
Kv3.1b protein in the cell body than in the outgrowth. Further the
fully glycosylated and partially glycosylated N229Q Kv3.1b proteins
formed higher density particles in the outgrowths than cell body. Both
of the partially glycosylated Kv3.1b proteins favored localization in the
cell body but to a lesser extent than the aglycoform. Additionally, the
N220Q Kv3.1b protein had a higher preference for the cell body than
the N229Q Kv3.1b protein.

3.3. Cell-Cell adhesion is enhanced by N-glycosylation of the Kv3.1 protein

Since N-glycans altered subcellular localization of the Kv3.1b protein
in B35 cells, we evaluated whether these unique distribution patterns
influenced the strength of cell-cell adhesion. Representative images
of cell aggregates remaining after dissociation of a cell monolayer for
transfected B35 cells with glycosylated (Fig. 3a), unglycosylated
(Fig. 3b) Kv3.1b proteins, and nontranfected B35 cells (Fig. 3c). Analysis
of these images revealed that the mean particle size of the cell aggregates
(>2 cells/aggregate) was about 1.7-fold and 1.3-fold greater for the glyco-
sylated and unglycosylated Kv3.1b than the nontransfected cells (Fig. 3d).
Further cells expressing the glycosylated Kv3.1b protein had cell aggre-
gates about 1.4-fold larger than those expressing the unglycosylated
Kv3.1 protein. Cells transfected with either wild type or N220Q/N229Q
Kv3.1b proteins had approximately 1.6-fold greater percent of large cell
aggregates (>5 cells/aggregate) than the nontransfected cells (Fig. 3e).
Conversely, the nontransfected cells resulted in a greater percent of
small aggregates (2-5 cells/aggregate) than those observed for the glyco-
sylated or unglycosylated Kv3.1b proteins. In short, these results revealed
the ability of B35 cells expressing the glycosylated Kv3.1b protein to resist
aggregate disruption to a greater extent than those expressing its
unglycosylated counterpart, and even greater than the nontransfected
cells. As such, expression of the Kv3.1b protein in B35 cells results in
strengthening adhesive contacts between neighboring cells, and further-
more attachment of the N-glycans to the Kv3.1b protein enhances the
strength of cell-cell adhesion.

3.4. Cell-cell association is influenced by the glycosylation of the Kv3.1
protein

Since expression and distribution of the Kv3.1b protein throughout
the adherent plasma membrane influenced cell-cell adhesion, it was
addressed whether cells transfected with the Kv3.1b protein affected
cell aggregate formation in cell suspensions. Representative images of
cell-cell association in the presence of calcium at 40 min are shown
for cells expressing glycosylated (Fig. 4a) and unglycosylated (Fig. 4b)
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N220Q/N229Q Kv3.1b

Fig. 2. Microscopy images were acquired in TIRF (upper panels), DIC (middle panels), and wide-field (lower panels) modes for EGFP tagged wild type (a), N220Q/N229Q (b), N220Q
(c), and N229Q (d) Kv3.1b proteins expressed in B35 neuroblastoma cells. Representative scale bar (5 um) was identical for all images. The number of fluorescence particles (e), average
size of those particles (f), and the mean intensity (g) was determined for the entire cell. Particle number (h), particle size (i), and mean intensity (j) were also determined for cell body
(CB) and outgrowth (OG). Data are presented as the mean + S.E. and n denotes the number of cells (e, f & g), cell bodies, and outgrowths. The number of cell bodies was similar to the
number of cells while the number of outgrowths was 112, 114, 80 and 95 for wild type, N220Q/N229Q, N220Q, and N229Q, respectively (h). The number of cell bodies with particles
was 39, 46, 33 and 38 and the number of outgrowths with particles was 111, 107, 75 and 93 for wild type, N220Q/N229Q, N220Q, and N229Q, respectively, (i & j). Data are
presented as the mean 4 S.E. Mean differences were compared by student's t test. Asterisks (*) indicate significant differences in mean values relative to wild type Kv3.1b transfected
cells (e, f & g) and those between the cell body and outgrowth (h, i & j) at a probability of 0.05. NS denotes the mean values were not significantly different.



image of Fig.�2

600
e f,_300
w
g
w —
o & 200
= k-
w
(s
bry 2 100
=2
[v]
.o
dg ¢ ¢
=22 2 % =
gg =z =
h e 1
o=
5 12 NS
§ *
A X *
°
g 4_ (o] CB
o oG
#*
04 .
= 3 o o
= 22 § §
NN g g
ZzZ
j 200
bl NS NS *
5 150
£ cH
S cgf
o
1004
E 0G| DG
£
— 504
04
g o o o
22 z

M.K. Hall et al. / Biochimica et Biophysica Acta 1840 (2014) 595-604

- g,_\zoo
NS =) x % NS
<
2150
o
il 100
o
&
e 50
1S
- 9 -
S50 @ © 3o @ O
3o agg
s & & g2 & &
8y ¢ ¢ ag § ¢
P z=z = =
= 4
.‘_“600
£
]
& 400+
N
w
o
.2 200+
=
©
o
0,

Fig. 2. (continued).

Kv3.1b proteins, along with nontransfected cells (Fig. 4c). These images
revealed that aggregates formed from cells expressing the Kv3.1b glyco-
protein were smaller than those expressing unglycosylated Kv3.1b, and
much smaller than the nontransfected cell aggregates. The mean particle
size of cell aggregates expressing glycosylated Kv3.1b was about 1.7-fold
smaller than that from cells expressing unglycosylated Kv3.1b and it was
about 5.9-fold smaller than nontransfected cells (Fig. 4d). Aggregates of
cells expressing unglycosylated Kv3.1b were about 3.3-fold smaller than
aggregates of nontransfected cells. In all cases, the mean particle size in
the presence of calcium at 0 min was 1071 4+ 184 pixels, n = 55;
1901 4 950 pixels, n = 44; 832 4 245 pixels, n = 56 for wild type and
N220Q/N229Q Kv3.1b transfected and nontransfected B35 cells, respec-
tively. The values of the mean particle size in the absence of calcium at
these same time points were not significantly different from the 0 m
time point with calcium. Thus, these results indicate that the Kv3.1b pro-
tein decreases the ability of the cells to associate in a calcium-dependent
manner, and furthermore glycans attached to the Kv3.1b glycoprotein
further decrease cell association.

To elaborate on the impact of the Kv3.1b protein on cell aggregation,
the hanging drop assay was conducted. Representative images of aggre-
gates formed after 24 h incubation in the hanging drop for cells express-
ing glycosylated (Fig. 5a), unglycosylated (Fig. 5b) Kv3.1b proteins, and
nontransfected cells (Fig. 5¢). The mean particle size of cells transfected
with wild type Kv3.1b protein was smaller than that of cells transfected
with N220Q/N229Q and much smaller than that of nontransfected cells
(Fig. 5d). Notable differences in the morphology of the aggregates
formed were observed. Compact spheroids consisting of cells smaller
in size (Fig. 5e, upper), along with the loosely organized aggregates

with larger cells (Fig. 5e, lower), were noted. Both types of aggregates
were represented in all three cell populations but the loosely organized
aggregates formed by far the majority of the aggregates. Wild type
Kv3.1b cells displayed a greater percentage of fields with compact
spherical aggregates than the unglycosylated Kv3.1b cells and much
greater than the nontransfected cell population (Fig. 5f). Both loose
sheet-like aggregates and compact spheroids for various cancer cells
using this same technique have previously been reported [18]. These
results verify the classical aggregation assay results, and furthermore
indicate that the Kv3.1b glycoprotein contributes to the compaction of
the aggregates.

4. Discussion

For the present study, we have utilized rat B35 neuroblastoma cells
to investigate effects of N-glycosylation on Kv3.1b protein clustering in
the cell body and outgrowth domains of a neuron-like cell, along with
cell adhesion properties. B35 neuroblastoma cells provide a standard
cellular model for the investigation of neuronal-like cellular proper-
ties [17]. Recently, we have shown that heterologous expression of the
Kv3.1b protein, including wild type, N220Q, N229Q, and N220Q/
N229Q Kv3.1b proteins, in B35 cells enhances cell migration, and
furthermore that the number of occupied N-glycosylation sites of the
Kv3.1b protein also had an impact on the rates of cellular migration
[11]. Additionally, we showed that fully glycosylated, partially glycosyl-
ated, and unglycosylated Kv3.1b proteins preferred different whole cell
current patterns, and the Kv3.1b channels had different opening and
closing rates. In the current study, we provide insight into how the
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various forms of the Kv3.1b protein impact its spatial arrangement,
including the degree of Kv3.1b protein clustering, in the cell body and
outgrowth domains of B35 cells, and in turn alter cell migration, cell ad-
hesion and ion conductance properties. Using TIRF microscopic analysis
of GFP tagged Kv3.1b proteins, we found that the fully glycosylated
Kv3.1b protein localized equally well to both the cell body and out-
growth, while unglycosylated and partially glycosylated Kv3.1b pro-
teins preferentially localized to the cell body. Higher density Kv3.1b
particles were also observed in the outgrowth as compared to the cell
body for both the fully glycosylated Kv3.1b protein and the partially gly-
cosylated N229Q Kv3.1b protein while this was not the case for neither
the aglycoform nor the other partially glycosylated N220Q Kv3.1b
protein.

Naturally occupied N-glycosylation sites of glycoproteins may influ-
ence many of their properties which include folding, stability, solubility,
antigenicity clearance rate, degradation, and in vivo activity [2]. Our re-
sults would suggest that synthesis and degradation rates were similar
for all four forms of the Kv3.1b protein since their protein levels were
quite comparable in the B35 cells. Further the level of the fully glycosylat-
ed and unglycosylated Kv3.1b channels at the cell surface were remark-
ably identical as determined from the maximum current amplitude
divided by the cell capacitance [19]. On the contrary, the density of the
Kv3.1b molecules per particle, also referred to as a Kv3.1b protein cluster,
was greater for the fully glycosylated and partially glycosylated N229Q
Kv3.1b protein than those of the partially glycosylated N220Q and
unglycosylated Kv3.1b proteins. The number and position of glycans con-
tributed to the density of the Kv3.1b particles, indicating that the glycans
are participating in glycoprotein-glycoprotein interaction of these high
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Fig. 3. Kv3.1b alters dissociation of cell aggregates. Cell adhesion of Kv3.1b transfected B35
cells was evaluated by the cell dissociation assay. Microscopy images were acquired for
wild type (a) and N220Q/N229Q (b) Kv3.1b transfected cells, and nontransfected cells
(c). Particle sizes were analyzed for cell aggregates with >2 cells (d). The scale bar denotes
129 pixels or 0.25 um. The percent of cell aggregates was calculated for particles comprised
of >5 cells (left), and for particles with 2-5 cells (right) (e). Data are presented as the
mean =+ S.E. and n denotes the number of particles (d) and images (e). Mean differences
were compared by student's t test. Asterisks indicate significant differences in mean values
at a probability of 0.05 and NS signifies that the mean values were not significantly
different.

density particles. Previous studies have shown that carbohydrate-to-
carbohydrate interactions participate in membrane organization [20].
Changes in the stability of tertiary structure and/or quaternary structure
of the various forms of the Kv3.1b protein could also be adding to the
differences in particle density. Alternatively, it may be that enrichment
of the glycoprotein per particle occurs due to crosslinking of the fully
and partially glycosylated Kv3.1b proteins to galectins [4]. Nonetheless,
our data, including the expression of fully glycosylated Kv3.1b throughout
the central nervous system [8], support that if N-glycan attachment
would be aberrant, such as in humans suffering from CDG [14], then the
spatial arrangement of Kv3.1b proteins, lacking one or two N-linked gly-
cans, would be different from that of the fully glycosylated Kv3.1b protein,
and furthermore the Kv3.1b protein clusters would be less dense for the
partially glycosylated N220Q and unglycosylated Kv3.1b proteins in the
outgrowths.

Neuronal polarity has been broadly described as segregation of
various protein and lipid collections to axonal and somatodendritic do-
mains [21]. In some cases, distinct sets of membrane proteins are specif-
ic for a particular cellular domain. In other cases, the same protein may
reside in both domains but at different protein levels. The latter condi-
tion has been described for the localization of both Kv3.1 splice variant
proteins [10]. For instance, Kv3.1a was quite limited to the axonal pro-
cesses of the mammalian brain while Kv3.1b was well distributed be-
tween the neuronal somata and processes [22]. Here we observed that
when both N-glycans were attached to the Kv3.1b protein, the number
and size of the Kv3.1b protein particles were quite similar in the cell
body and outgrowth. However, the number of Kv3.1b glycoprotein
molecules per particle was higher in the outgrowth than cell body.
When N-glycosylation sites were not occupied at positions 220 and
229 of the Kv3.1b protein, the number and size of Kv3.1b protein
particles were greater in the cell body than the outgrowth. Further the
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Fig. 4. Kv3.1b influences cell-cell association in the presence of calcium. The classical cell
association assay was employed to compare cell aggregation of nontransfected B35 cells to
Kv3.1b transfected B35 cells. Microscopy images were acquired for wild type (a) and
N220Q/N229Q (b) Kv3.1b expressing cells, as well as nontransfected cells (c). The scale
bar represents 64 pixels or 0.25 pm. Particle sizes were determined for cell aggregates
composed of >10 cells (d). Each bar represents mean numbers + S.E., and n denotes the
number of particles. Asterisks denote significant differences in mean values at a probabil-
ity of 0.05.
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density of the Kv3.1b protein per particle was similar in both domains or
similar to that of the fully glycosylated Kv3.1b in the cell body. When
either one of the sites was not occupied, then the number of Kv3.1b pro-
tein particles favored localization to the cell body, like the aglycoform.
The N220Q Kv3.1b protein was also like the aglycoform in that larger
Kv3.1b particles were observed in the cell body than outgrowths, and
the density of the Kv3.1b protein per particle was similar in both do-
mains. On the contrary, the N229Q Kv3.1b protein was more similar to
the fully glycosylated Kv3.1b protein since sizes of the Kv3.1b particles
were quite similar between the cell body and outgrowth, and further-
more the density of the Kv3.1b protein per particle was greater in the
outgrowth than the cell body. Taken together, our study reveals that
N-glycans of the Kv3.1 protein contain information on its lateral hetero-
geneity in the cell membrane. As such, segregation of glycans, like
proteins and lipids, contribute to neuronal polarity.

Since the N-glycans of Kv3.1b contributed to its segregation in the
membrane of the cell body and outgrowths of neuronal-derived cells,
glycans of other glycosylated membrane proteins would most likely
provide information for them as well. Further the distributions of glyco-
sylated Kv channels in neurons of mammalian brain would be influ-
enced by normal or abnormal N-glycosylation processing. For instance,
Kv3.1a protein was much more strongly localized to the axonal process-
es of mammalian brain than Kv3.1b [22]. As such, it would be expected
that in B35 cells the fully glycosylated form of the Kv3.1a would be more

localized to the outgrowths than cell body. Further if N-glycosylation
sites were unoccupied then more of the Kv3.1a protein would be ex-
pected to localize to the cell body of B35 cells, or less Kv3.1a protein dis-
tributed to axonal processes of mammalian brain. Another notable
feature is that high density clusters of the Kv3.1b channel were reported
in the node of Ranvier of mammalian axons [10] which correlates with
the higher density Kv3.1b particles in the outgrowth compared to the
cell body in B35 cells. A more recent study has revealed that various
glycan structures associated with Kv3.1b, as well as E-cadherin, had
an impact on their topographical arrangements in the cell membrane
[23] which supports the importance of N-glycans in organization of gly-
cosylated transmembrane proteins in neurons of mammalian brain.
Taken together, our results indicate that the segregation and clustering
of the Kv3.1b glycoprotein, as well as other Kv channels in neuronal
membranes are strongly influenced by the number and position of its
N-glycans.

Previously, we have shown that the number and position of the N-
glycans associated with the Kv3.1b channel favored distinct whole cell
current patterns [11]. Both the fully glycosylated and partially glycosylat-
ed N229Q Kv3.1b channels preferred noninactivating currents while the
partially glycosylated N220Q and unglycosylated N220Q/N229Q Kv3.1b
channels favored the inactivating current type. The noninactivating
current type represents current amplitudes that lack saturation at more
depolarized potentials, and these currents usually have transient peaks
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Fig. 5. Kv3.1b alters formation of cell aggregates. Cell-cell association of Kv3.1b transfected B35 cells and nontransfected B35 cells was evaluated using the hanging drop assay. Microscopy
images were acquired for wild type (a) and N220Q/N229Q (b) Kv3.1b transfected cells, along with nontransfected cells (c). Encircled areas denote particles (>cells/aggregate) measured.
The scale bar indicates 64 pixels or 0.25 um (a) and 264 pixels or 0.25um (e), respectively. The average particle size was determined for each cell type (d). Representative images of a tight
aggregate (upper) and a loose aggregate (lower) are displayed (e). The percent of fields containing at least one tight aggregate was calculated (f). Data are presented as the mean number +
S.E. and n denotes the number of particles (d) and experiments (f). Asterisks signify significant differences in mean values at a probability of 0.05.
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[24-26]. The inactivating current type represents saturation of current
amplitudes at more depolarized potentials [27]. Interestingly, these pref-
erential current types expressed by the various forms of the Kv3.1b chan-
nel can be explained by their topographical arrangements in the cell
membrane. Both the fully glycosylated and partially glycosylated N229Q
Kv3.1b channels expressed a higher density of Kv3.1b molecules per par-
ticle in the outgrowth than the unglycosylated and partially glycosylated
N220Q Kv3.1b channels. As such, the outward ionic currents expressed by
the earlier two forms of the Kv3.1b channel were more likely to lack
saturation at greater depolarized potentials. Another interesting point is
that the fully and partially glycosylated Kv3.1b channels had a preference
for the noninactivating current type with transient peaks while the
unglycosylated Kv3.1b channel favored this current type without tran-
sient peaks. This current preference of the fully and partially glycosylated
Kv3.1 channels may be explained by larger amounts of the Kv3.1b protein
in the outgrowths relative to that of the unglycosylated Kv3.1b protein.
Thirdly, opening and closing rates of the Kv3.1b channel were greatly re-
duced by the vacancy of both N-glycosylation sites for either current type
while they were solely decreased for the inactivating current type when
one of the sites was vacant. We attribute these differences in the rates
to the much lower level of the unglycosylated Kv3.1b protein, as well as
the lower level of partially glycosylated Kv3.1b proteins, in the outgrowth
to cell body compared to the fully glycosylated Kv3.1b channel. Another
study has shown that Kv3.1 splice variants in cultured hippocampal neu-
rons were unequally distributed in the plasma membrane, and further-
more their dissimilarities in distribution modified the firing frequency of
neurons [28]. Taken together, these studies support that N-glycosylation
site occupancy and position of the Kv3.1b protein can achieve different or-
chestrated patterns of electrical activity by localizing different levels of
Kv3.1b channels to specific regions in the plasma membrane of neuronal
cells. Further it would be of importance to determine how N-glycosylation
processing of Kv3.1 splice variants impact spiking frequency of neuronal
cells.

An important issue raised by our findings is that changes in cellular
properties can be supported by the different distributions of various gly-
cosylated forms of the Kv3.1b protein in the B35 cells. Previously, we
showed that cell migratory rates were slowest for the unglycosylated
Kv3.1b protein, fastest for the fully glycosylated Kv3.1b protein, and in-
termediate for partially glycosylated Kv3.1b proteins [11]. Since more
Kv3.1b protein was expressed in outgrowths for the fully glycosylated
Kv3.1b protein than either of the partially glycosylated Kv3.1b proteins,
and much more than that of the aglycoform, the results support that the
localization of the Kv3.1b protein to outgrowths contributes to the
migratory rates of the B35 cells. Strength of cell-cell interactions also
appeared to be enhanced by greater amounts of the Kv3.1b protein
in the outgrowths since dissociated cell monolayers produced larger
cell aggregates for the fully glycosylated Kv3.1b protein than the
aglycoform. Additionally, B35 cells in cell suspension cultures express-
ing the fully glycosylated Kv3.1b protein formed more compact spheroi-
dal cell aggregates than cells expressing the Kv3.1b aglycoform.
Alternatively, loose cell aggregates of smaller size were detected for
the fully glycosylated Kv3.1b protein than the aglycoform. Of note, the
dissociation assay measures the disruption of cell aggregates in a mono-
layer while the hanging drop assay, like the classical association assay,
reports the ability of the cells in suspension to aggregate. As such, it
may be that when monolayers are formed the outgrowths are the
major contributors to the tight cell-cell adhesion, and furthermore
that the glycosylated Kv3.1 has more protein in outgrowths. In contrast,
when the association of cells was measured, the cell body is most likely
the major contributor to the size of the cell aggregates since outgrowths
tend to retract when cells are in suspension cultures. Further when the
cells attach and aggregate, as in the hanging drop assay, the compact
spheroidal cell aggregates may form due to greater extension of the out-
growths. Therefore, the number and placement of N-glycans associated
with the Kv3.1b protein enhance the cellular migratory rates, the
strength of cell-cell adhesion, and compaction of cell aggregates. Since

these cellular properties involve numerous proteins, our results suggest
that the different distributions of the various forms of the Kv3.1b glyco-
protein could directly and indirectly modify their biological roles which
in turn impact cell adhesion and migration properties.

5. Conclusion

We conclude that the level and location of N-linked glycan site occu-
pancy for the Kv3.1b protein are a critical determinant in the distribu-
tion of this protein between the cell body and outgrowth of B35 cells.
The fully glycosylated Kv3.1b protein had a higher distribution in out-
growths of a neuronal-derived cell than that of the partially glycosylated
N229Q Kv3.1b protein, followed closely by that of the partially N220Q
Kv3.1b protein, and much higher than that of the aglycoform. Further
both the fully glycosylated and partially glycosylated N229Q Kv3.1b
proteins formed higher density particles in the outgrowth than cell
body. Our current study, along with our previous study [11], demon-
strated the functional significance of the Kv3.1b protein distribution in
cell outgrowths as measured by increased strength of cell-cell interac-
tion, enhanced cell migratory rates and preference for noninactivating
currents with transient peaks, and increased activation and deactivation
rates of ionic currents. Taken together, these results suggest that the
glycan content of Kv3.1b membrane proteins contains information
that guides their spatial arrangement in the cell membrane, and thus
influences their cellular function.
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