ABSTRACT
Tara Ann Cartwright. THE BIOCHEMICAL CHARACTERIZATION OF NEURONAL
K" CHANNEL N-GLYCANS AND THEIR ROLE IN REGULATING K" CHANNEL
FUNCTION. (Under the direction of Dr. Ruth A. Schwalbe) Department of Biochemistry
and Molecular Biology, June 2009.

The Kv3 and Kvl subfamilies of voltage-gated K channels are critical
components which contribute to action potential repolarization throughout the central
nervous system. Here, it was shown that both absolutely conserved N-glycosylation sites
of Kv3.1, Kv3.3 and Kv3.4 proteins were occupied in the central nervous system of the
adult rat by complex oligosaccharides. Additionally, it was demonstrated that the
expression patterns of the Kv3 glycoproteins were different from one another throughout
the central nervous system. Electrophoretic migration patterns of the Kv3 glycoproteins
from different membranes of the central nervous system digested with glycosidases were
utilized to identify the attachment of unique sialylated N-glycan structures. Examination
of these sialylated N-glycans structures revealed that Kv3 glycoproteins, along with
Kvl.1, Kvl1.2, and Kv1.4 glycoproteins, were terminated with atypical disialyl units.
Moreover, at least one of the carbohydrate chains of the Kv3.1, Kv3.3 and Kv3.4
glycoproteins, like Kv3.1 heterologously expressed in B35 cells, was capped with an
oligo/polysialic acid unit. Notably, this is the first time that di/oligo/polysialyl units have
been shown to be associated with K" channels. Sialyl residues linked to internal
carbohydrate residues were shown to be components of the N-glycans of the Kvl
glycoproteins, as well as the Kv3 glycoproteins and N-CAM. To date, this unusual

glycosidic bond for sialyl residues has not been identified on N-glycans. Whole cell



current measurements of glycosylated (wild type), unglycosylated mutant
(N220Q/N229Q) and partially glycosylated mutant (N220Q and N229Q) Kv3.1 channels
heterologously expressed in B35 cells revealed that the glycosylated Kv3.1 protein could
favor a subpopulation of channels with fast activation and inactivation rates for
inactivating currents. However, this subpopulation was undetectable for the inactivating
currents of the unglycosylated and partially glycosylated Kv3.1 channels. Additionally,
the noninactivating current type of the glycosylated and partially glycosylated Kv3.1
channels revealed a subpopulation of Kv3.1 channels with fast activation and inactivation
rates, as well as with fast activation and slow inactivation. We conclude that the presence
of atypical sialylated N-glycans of Kv3 glycoproteins, and perhaps Kv1 glycoproteins, in
mammalian brain is critical in modulating the expression of K* currents at the surface of

neurons.
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generates a subpopulation of glycosylated Kv3.1 channels which requires more
depolarization to be activated, and are more readily inactivated than the unglycosylated
Kv3.1 channel.

The voltage dependence of channel activation analysis was also conducted for
wild type Kv3.1 transfected B35 cells which expressed the fast (Figure 25C) and slow
(Figure 25D) forms. Conductance-voltage curves constructed from peak current
amplitudes showed more depolarization was required for 50% of the fast form to reach
activation than that of the slow form (Vo5 (peak): fast form, 13.8 + 1.5 mV, n=13; slow
form, 9.0 £ 0.8 mV, n=24). On the contrary, when determining this same parameter from
the current amplitudes at the end of the pulses, then less depolarization was required for
50% of the fast form to reach activation than that of the slow form (Vo s (ss»): fast form, 1.8
+ 1.0 mV, n=13; slow form, 7.6 = 0.8 mV, n=24). Additionally, it was observed that
fewer channels were activated as the applied voltage was increased for the fast form (dV
is 14.0 £ 1.0, n=13) than for the slow form (dV is 9.9 + 0.5, n=24) when using peak
current amplitudes to determine parameters. However, when using current amplitude at
the end of the pulse for the two groups, their parameters were not significantly different.
These results indicate that neuronal N-glycosylation processing of the wild type Kv3.1
protein can generate at least two distinct subpopulations of glycosylated Kv3.1 channels
which activate and inactivate over a different voltage range. In comparing the slow form
of the wild type Kv3.1 channel to the N220Q/N229Q channel, slightly more
depolarization was required to activate 50% of the slow form channels and fewer of these

channels were activated as the applied voltage increased (Table 1 and 2). Therefore, these
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results support that the voltage dependence of Kv3.1 channel activation and inactivation

are modulated by neuronal N-glycosylation processing.

Noninactivating current behavior was more common for the glycosylated Kv3.1
channel

Previously, whole cell recordings of wild type Kv3.1 expressed in mammalian
cells (24,26,29) and infected Sf9 cells (35) were shown to have little saturation in current
amplitude in response to large depolarization steps. For clarity, this type of whole cell
current pattern will be defined as the noninactivating current type. The wild type Kv3.1
(Figure 26A) and N220Q/N229Q (Figure 26B) channels expressed in B35 cells also
displayed noninactivating current behavior. The noninactivating currents were the
predominant current type expressed by the wild type Kv3.1 channel while inactivating
currents were the predominant type for the N220Q/N229Q channel (Table 1). It was also
observed that the noninactivating currents of wild type Kv3.1 channels usually had a
transient current peak at the initial phase of the sweep (Figure 26A) while the
N220Q/N229Q channel usually lacked the transient peak (Figure 26B) (Table 1). Based
on the presence and absence of the transient peak at +40 mV, the noninactivating current
type was further divided into two groups. One group was referred to as the
noninactivating currents with transient peaks, while the other group was referred to as the
noninactivating currents without transient peaks. The percent of current remaining at the
end of the sweep at +40 mV and +60 mV were determined for both types of

noninactivating currents of wild type Kv3.1 and N220Q/N229Q (Figure 26C). The wild
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Figure 26. Comparison of the noninactivating current patterns from wild type
Kv3.1 and N220Q/N229Q channels

Representative whole cell currents are displayed from B35 cells transfected with
wild type Kv3.1 (A) and N220Q/N229Q (B). (C) Percentage of current remaining at +40
mV (left) and +60 mV (right) of the noninactivating current type for wild type Kv3.1
(light gray, 92.8 + 0.8 at +40 mV; 87.8 £ 0.9 at +60 mV) and N220Q/N229Q (dark gray,
98.6 + 0.5 at +40 mV, 96.9 + 1.2 at +60 mV). Asterisks show significant differences (P <
0.05) versus wild type Kv3.1. Data are expressed as mean + S.E. n corresponds to the

number of cells tested.
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type Kv3.1 channel had a faster inactivation rate at the more depolarized potential while
those for the N220Q/N229Q channel were quite similar. Additionally, the inactivation
rates were faster for wild type Kv3.1 than N220Q/N229Q at the various potentials (Table
1). The two different types of noninactivating currents for the glycosylated Kv3.1 channel
were also reported to inactivate at a faster rate than those of the unglycosylated Kv3.1
channel (Table 1). Moreover, when comparing the two different noninactivating current
types displayed by either form of the Kv3.1 channel expressed in B35 cells, the
noninactivating current with transient peaks showed a greater inactivation rate than those
without transient peaks (Table 1). These results corroborated the inactivation Kkinetics of
the inactivating current type in that the glycosylated Kv3.1 channel inactivates at a faster
rate than its unglycosylated counterpart. The results also suggested that the
noninactivating current types with transient peaks express a subpopulation of Kv3.1
channels which have faster inactivation kinetic properties, similar to the inactivating

current type.

N-Glycosylation of the Kv3.1 channel increased current density
Channel density at the cell surface was determined for all types of current of the
wild type Kv3.1 (Imax/cap is 295 * 20 pA/pF, n=105) and N220Q/N229Q (Imax/cap is 138
+ 19 pA/pF, n=39) channels (Figure 27A). This larger current density of the wild type
Kv3.1 channel correlated with its more prevalent noninactivating current behavior.
However, both inactivating and noninactivating currents expressed larger channel

densities at the cell surface for wild type Kv3.1 (Ima/cap: 163 *+ 24 pA/pF, n=37,
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Figure 27. Differences in the current density are expressed by the various whole cell
current types of the wild type Kv3.1 and N220Q/N229Q channels

(A) Bar graph representing the current densities of all current types, inactivating
current type, and noninactivating current type from B35 cells transfected with wild type
Kv3.1 (light gray, inactivating current type is 163 = 24; noninactivating current type is
366 £ 24; and all types of current is 295 + 20 pA/pF) and N220Q/N229Q (dark gray,
inactivating current type is 88 = 13; noninacivating current type is 239 + 39; and all
types of current is 138 £ 19, pA/pF). (B) Bar graph representing the current densities of
the fast (274 £ 53 pA/pF) and slow (103 + 14 pA/pF) forms of the inactivating current
type of the wild type Kv3.1 channel. (C) The plot displays the frequency distribution of
current density for the fast (lower panel, n=13) and slow (upper panel, n=24) forms.
Asterisks indicate the level of significance against either wild type Kv3.1 (P < 0.05) or

fast inactivating currents (P < 0.01).
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Figure 27
Cartwright and Schwalbe, 2008
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inactivating currents; and 366 = 24 pA/pF, n=68, noninactivating currents) than for
N220Q/N229Q (Imax/cap: 88 + 13 pA/pF, n=26, inactivating currents; and 239 £+ 39
pA/pF, n=13, noninactivating currents) (Table 1). These results demonstrated that N-
glycosylation of the Kv3.1 channel regulates the current density at the cell surface.

It was determined that the current density for the fast form (Imax/cap is 274 = 53
pA/pF, n=13) of the wild type Kv3.1 channel was at least 2.5 times larger than the slow
form (Imax/cap is 103 = 14 pA/pF, n=24). The frequency distribution of the current
densities for the slow form was quite narrow while the fast form covered a broad range.
In fact, close to 80% of the slow form expressed current densities of less than 150 pA/pF
while only approximately 15% of the fast form expressed these small current densities.
The large current densities for the fast form support that the fast inactivation of the wild
type Kv3.1 channel was due to N-glycosylation processing and not to endogenous

protein.

Glycosylated Kv3.1 channels have faster activation rates than their unglycosylated
counterpart
To compare activation kinetics of the inactivating currents, the whole cell current
recordings of wild type Kv3.1 and N220Q/N229Q were normalized at +20 mV and +30
mV (Figure 28A), +40 mV and +50 mV (Figure 28B) and +60 and +70 mV (Figure 28C)
and overlaid in pairs for clarity. The activation rates were slowest at the lowest applied
test potential and fastest at the highest potential for both forms of Kv3.1 which indicates

voltage dependence of channel activation. Additionally, the rise times were faster for the
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Figure 28. Variations in the activation rates of the various whole cell current types
for wild type Kv3.1 and N220Q/N229Q channels

Time course of normalized currents from wild type Kv3.1 (light grey curves) and
N220Q/N229Q (dark gray curves) at +20 mV (thick lines) and +30 mV (thin lines) (A),
+40 mV (thick lines) and +50 mV (thin lines) (B), and +60 mV (thick lines) and +70 mV
(thin lines) (C). (D) Plot of activation rise time as a function of applied voltage for wild
type Kv3.1 (m, n=37 unless indicated) and N220Q/N229Q (e, n=26 unless indicated)
transfected B35 cells. (E) Bar graph representation of activation time constants (Ta) at
+40 mV for wild type Kv3.1 (3.1 £ 0.3 ms), including the fast (1.5 £ 0.2 ms) and slow
(3.9 £ 0.4 ms) forms, and N220Q/N229Q (7.1 £ 0.7 ms). (F) Rise time at +40 mV for the
fast (light gray, 4.3 = 0.4 ms) and slow (light gray, 9.6 = 0.7 ms) forms of wild type
Kv3.1. (G) Bar graph characterizing the rise times at +40 mV for wild type Kv3.1 (light
gray) and N220Q/N229Q (dark gray) transfected B35 cells for inactivating current type
(wild type Kv3.1, 7.7 £ 0.6; N220Q/N229Q, 16.2 + 1.5 ms) and noninactivating current
types with (wild type Kv3.1, 3.0 £ 0.1; N220Q/N229Q, 3.9 £ 0.2 ms) and without (wild
type Kv3.1, 5.8 £ 0.7; N220Q/N229Q, 12.2 + 1.3 ms) transient peaks. Asterisks represent
statistical significance compared with either the fast inactivating (P < 0.01) or wild type
Kv3.1 currents (P < 0.05). Data are expressed as mean + S.E. n corresponds to the

number of cells tested.
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wild type Kv3.1 channel than the N220Q/N229Q channel at and beyond -20 mV (Figure
28D). The activation time constant at +40 mV for the wild type Kv3.1 channel was more
than twice as fast as the N220Q/N229Q channel (Figure 28E). Interestingly, activation
time constants (Figure 28E) and rise times (Figure 28F) at +40 mV were at least twice as
fast for the fast form of the wild type Kv3.1 channel compared to the slow form.
Moreover, the activation rates of the slow form were at least 1.7 times faster than those of
the N220Q/N229Q channel. When comparing the rise times of all three types of current
for the wild type Kv3.1 channel, the noninactivating current with transient peaks was
faster than those without transient peaks while the inactivating current was the slowest
(Figure 28G). All three current types for the N220Q/N229Q channel had a similar
ranking. In all cases, the rise times of each current type were faster for the wild type
Kv3.1 channel compared to those of the N220Q/N229Q channel (Figure 28G). These
results demonstrated that N-glycosylation enhances the activation rates of the Kv3.1

channel.

N-Glycosylation of the Kv3.1 channel increases the deactivation rate
The deactivation rates of Kv3 channel are rapid (14). To examine the deactivation
kinetics, transfected B35 cells were briefly clamped at +40 mV to activate the wild type
Kv3.1 (Figure 29A) and N220Q/N229Q (Figure 29B) channels, and subsequently the
channels were deactivated by clamping the cells to less depolarized potentials. Both
glycosylated and unglycosylated forms of the Kv3.1 channel displayed rapid deactivation

rates (Figure 29C). However, the deactivation rate of the wild type Kv3.1 (Tgeact at -60
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Figure 29. Deactivation rates of wild type Kv3.1 and N220Q/N229Q channels
Representative deactivation current traces from B35 cells expressing wild type
Kv3.1 (A) and N220Q/N229Q (B). Cells were held at -50 mV and depolarized to +40
mV for 25 ms followed by repolarization from -110 mV to 0 mV for 200 ms. (C)
Summary of deactivation time constants (Tgeact) Obtained at —60 mV from B35 cells
expressing wild type Kv3.1 (light gray bars, 1.29 £ 0.04 ms) and N220Q/N229Q (dark
gray bars, 1.45 + 0.04 ms). Asterisks denote statistical significance (P < 0.05) when
compared to wt Kv3.1. Data are expressed as mean + S.E. n corresponds to the number of

cells tested.
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mV was 1.29 + 0.04 ms, n=31) channel was significantly faster than that of the
N220Q/N229Q (Tgeact at -60 mV was 1.45 + 0.04 ms, n=19) channel. These results

showed that N-glycosylation of the Kv3.1 channel slightly enhances the deactivation

rates of the channel.

Analysis of the partially glycosylated Kv3.1 channels

After detecting differences in the channel activities of the Kv3.1 protein with both
N-glycosylation sites occupied (glycosylated form) and unoccupied (unglycosylated
form), we evaluated the channel properties of the Kv3.1 proteins with either 1 of the 2
sites occupied (partially glycosylated forms). Similar whole cell voltage protocols were
utilized for the partially glycosylated Kv3.1 forms (N220Q and N229Q) as those for the
glycosylated and unglycosylated Kv3.1 channels. Both N220Q (Figure 30A, left panel)
and N229Q (Figure 30A, right panel) channels were shown to produce currents when
transfected B35 cells were clamped to test potentials >-30 mV and >-20 mV,
respectively, for a duration of 200 ms. Similar to the glycosylated and unglycosylated
Kv3.1 channels, the partially unglycosylated Kv3.1 channels expressed all three types of
current. Inactivating currents were more prevalent than noninactivating currents for the
N220Q channel, like the unglycosylated channel. On the other hand, the major current
type expressed by the N229Q channel was the noninactivating current, similar to the
glycosylated Kv3.1 channel. For both partially glycosylated Kv3.1 forms most of the
noninactivating currents had transient peaks, like the glycosylated Kv3.1 channel. The

current density, including all current types, of the N220Q channel was significantly
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Figure 30. Functional characterization of B35 cells expressing the single N-
glycosylation mutants, N220Q and N229Q

Representative whole cell traces of N220Q (left panels) and N229Q (right panels)
inactivating current type (A and C) and noninactivating current type (B). The duration of
the voltage steps were 100 ms (top and upper middle traces) and 2 sec (lower middle
traces). (D) Deactivation current traces from B35 cells expressing the single mutant

Kv3.1 channels.
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Figure 30
Cartwright and Schwalbe, 2008
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smaller than that of the N229Q channel (Table 1). The difference in the overall current
density was due to the inactivating currents being the predominant current type of the
N220Q channel.

Inactivation kinetics of the N220Q andN229Q were examined using the voltage
protocols with both 100 ms (Figure 22A and B) and 2 s (Figure 22C) voltage step
durations. Both of the partially glycosylated Kv3.1 channels displayed significantly
slower decreases in current with time compared to the glycosylated Kv3.1 channel for the
inactivating current type, similar to the unglycosylated Kv3.1 channel (Table 1). In
contrast, the current inactivation rates of the noninactivating currents for the N220Q and
N229Q channels were significantly faster than the N220Q/N229Q channel, like the wild
type Kv3.1 channel (Table 1). The membrane conductance vs. applied voltage curves
were quite similar whether determined from peak current amplitudes or current
amplitudes at the end of the pulses for the partially glycosylated Kv3.1 channels, similar
to that of the unglycosylated Kv3.1 channel (Figure 30D). This result indicates that the
partially unglycosylated channels expressed in transfected B35 cells express slow
inactivating Kinetics. Somewhat similar amounts of partially glycosylated Kv3.1 channels
were activated as the applied voltage was increased, like the unglycosylated Kv3.1
channel. The amount of applied voltage required to activate 50% of the N220Q channel
was less depolarized than the N229Q channel and more depolarized than the
unglycosylated Kv3.1 channel. The inactivating currents of the partially glycosylated
Kv3.1 channels had differences in their activation rates while their noninactivating

currents were similar. For instance, the activation rate of the inactivating currents of
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N229Q channels was at least 1.7 times slower than the wild type Kv3.1 channel while
that of the N220Q channel was at least 0.6 times faster than the N220Q/N229Q channel
(Table 1). The deactivation rates of the partially glycosylated Kv3.1 channels were not
significantly different (Figure 30E). These results demonstrated that the partially
glycosylated Kv3.1 channels share some biophysical properties with the glycosylated

Kv3.1 channel and others with the unglycosylated Kv3.1 channel.
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DISCUSSION

Heterologous expression of wild type and mutant forms of the Kv3.1 channel in
B35 cells were utilized to generate various glycoforms, as well as the aglycoform. Earlier
studies have shown that the N-glycan associated with the Kv3.1 protein has a2,8-linked
sialyl residues and that both sites were fully occupied by N-glycans in transfected B35
cells (152) and adult rat brain (35,116,152) (Figure 22A). This atypical linkage leads to
the formation of di-, oligo-, or poly-sialyl units (69,70,96,97) and to date a limited
number of proteins have been identified to carry these modifications
(70,88,90,97,98,100-102,140). Here both sites were shown to be occupied by sialylated
N-glycans, and furthermore each was fully occupied when one site was abolished. These
results were surprising based on the N-glycosylation survey of membrane glycoproteins
which predicts that usually the site after the one closest to the amino-terminus is
inefficiently utilized (154). Secondly, the attachment of N-glycans to either both sites or
to each site, independently, was inefficient when the Kv3.1 protein was heterologously
expressed in infected Sf9 cells (35). Based on previous studies, occupancy of an N-
glycosylation site can be regulated by the primary sequence, protein folding and
assembly, orientation of the protein to the membrane, and the distance of site to the
endoplasmic reticulum membrane (66,79,154). Our present and past (35) studies which
utilized two independent heterologous expression systems revealed that occupancy of the
N-glycosylation sites of the Kv3.1 protein can also be regulated by cell type.
Additionally, the results showed that the efficiency of N-glycan attachment to these sites

was independently regulated.
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To date, atypical N-glycosylation of endogenously and heterologously expressed
Kv glycoproteins has not been established when characterizing channel function. Here we
have shown that the processing of the N-glycans to atypical sialoglycoconjugates of the
wild type Kv3.1 protein can generate a subpopulation of wild type Kv3.1 channels with
enhanced inactivation and activation kinetics. As mentioned, the wild type Kv3.1 protein
expressed in B35 cells produced an inactivating current type and a noninactivating
current type. These current types were based on current saturation at more depolarized
potentials and those that lacked current saturation, respectively. Moreover, the
inactivating current type of wild type Kv3.1 channel was further divided into the fast
form and the slow form which was based on current decay as a function of time.
Detection of the fast form was unexpected since the inactivation rate of the wild type
Kv3.1 channel has been described to be quite slow in oocytes (20-22) CHO cells (28)
native tissue (13,28,29,40) and Sf9 cells (35). However, it appears that when the wild
type Kv3.1 channel was expressed in L929 cells the inactivation rates were faster than in
the former mentioned expression systems (153), and perhaps more comparable to those
expressed in B35 cells. The fast rate of inactivation for the wild type Kv3.1 channel was
also supported by the conductance-voltage relationships. The conductance-voltage curve
determined from peak current amplitudes showed a rightward shift compared to that
determined from current amplitudes near the end of pulses (Figure 25A and 25C). This
rightward shift was due to a shallower slope for the conductance-voltage curve
determined from peak current amplitudes. These results support increased instability of

the open state near the resting potential for the fast form of the wild type Kv3.1 channel
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compared to the slow form. The activation rate at +40 mV of the slow form of the wild
type Kv3.1 channel was at least 2.2-fold slower than that of the fast form (Table 2).
Taken together, these results revealed that a subpopulation of the wild type Kv3.1
channels with faster inactivation and activation kinetics, along with a less stable opening
state near the resting potential, exists in the B35 neuroblastoma cellular model.

A subpopulation of wild type Kv3.1 channels with faster inactivation and
activation kinetics could also be shown for the noninactivating current type. This type of
current was first described when Kv3.1 was expressed in HEK cells, and the transient
peak was suggested to be due to the accumulation of external potassium ions (24). In
comparing the inactivating and noninactivating current types, we refer to the transient
peaks of the noninactivating currents as the subpopulation of wild type Kv3.1 channels
with fast inactivation rates while the currents thereafter represent the subpopulation of the
wild type Kv3.1 channels with slow inactivation rates. It was determined that the rise
times at +40 mV of the noninactivating currents without transient peaks was about 2-fold
slower than those of the noninactivating current with transient peaks (Table 1).
Additionally, the rise times of the noninactivating currents without transient peaks had
slower rise times than the fast form of wild type Kv3.1 but faster than the slow form. This
result suggests a third subpopulation of wild type Kv3.1 channels may exist which has
the fast activation rates but slow inactivation rates. This third subpopulation of the wild
type Kv3.1 channel is also supported when comparing the ratio of the rise times at +40
mV for the slow form to fast form (2.2), and the noninactivating current type without

transient peaks to those with transient peaks (1.9). Therefore, two subpopulations of the
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wild type Kv3.1 channel with fast activation rates and either fast or slow inactivation
rates can be identified for the noninactivating current type.

An explanation of the fast inactivation kinetics displayed by the wild type Kv3.1
channel expressed in B35 cells could be the result of the Kv3.1 protein interacting with
the Kv3.4 protein to form a heteromultimer Kv3 channel. For instance, it has been shown
that the Kv3.1 channel could contain a fast inactivating component if it forms a
heteromultimeric channel with the Kv3.4 protein (14,22). Based on several results, the
present study does not support that the Kv3.1 protein interacted with endogenous Kv3.4
protein to form heteromultimeric Kv3 channels. The Kv3.4 protein was not detected as an
endogenous protein in B35 cells. Additionally, the current density of the fast form was
about 2.7 times greater than the slow form (Figure 27B), and it was also approximately
72 times greater than that of nontransfected B35 cells. Therefore, these results argue
against the Kv3.1 protein forming a heteromultimeric Kv3 channel with the Kv3.4
protein in the B35 neuroblastoma cellular model.

Here the results favor that the fast inactivation and activation kinetics of the wild
type Kv3.1 channel are due to the occupancy of both sites by sialylated N-glycans. The
fast inactivating kinetics of the inactivating current type displayed by transfected B35
cells expressing the wild type Kv3.1 channel were undetected in 55 out of 55 of the
transfected B35 cells expressing either the unglycosylated or partially glycosylated forms
of the Kv3.1 channel. Moreover, the rise times at +40 mV of the unglycosylated Kv3.1
channel was 2.1-fold slower than the glycosylated wild type Kv3.1 channel. Those of the

partially glycosylated Kv3.1 channels were also slower compared to the glycosylated
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wild type Kv3.1 channel. The peak current amplitude conductance-voltage curve of the
aglycoform was also shifted to the left relative to that of the glycosylated Kv3.1 channel.
Additionally, the aglycoform expressed the noninactivating current with transient peaks
only 10% of the time, unlike the wild type Kv3.1 channel. The rise times at +40 mV of
the noninactivating current type of the aglycoform Kv3.1 channel was 2.5-fold slower
than those of the glycosylated Kv3.1 channel. Thus, these results argue that occupancy of
the two N-glycosylation sites of the Kv3.1 protein by sialoglycoconjugates are required
to generate the subpopulation of Kv3.1 channels with enhanced inactivation and
activation rates, and instability of the open state near the resting potential.

The partially glycosylated Kv3.1 channels could produce the subpopulation of
Kv3.1 channels with fast inactivation and activation kinetics. However, it depended on
the current type and a much higher current density than that of the glycosylated Kv3.1
channel. This result was contradictory to an earlier study which proposed that the fast
inactivating component was the result of lower current amplitudes expressed by the wild
type Kv3.1 channel in Xenopus oocytes (23). Here when the current density of the
partially glycosylated channels were high they commonly expressed the noninactivating
current type. Moreover, these currents had transient peaks the majority (>75%) of the
time, similar to the wild type Kv3.1 channel. The activation rates of the noninactivating
current types of the partially glycosylated Kv3.1 channels were also found to be relatively
fast, like the glycosylated Kv3.1 channel. Interestingly, it was also discovered that sole
occupancy of the Asn at position 220 by a sialoglycoconjugate could generate the

subpopulation more than 53% of the time while the sole attachment of the
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sialoglycoconjugate at position 229 was only 30% of the time. Therefore, N-
glycosylation of the first site could more readily generate the Kv3.1 channels with fast
inactivation and activation kinetics than that of the second site due to a greater ability to
express noninactivating currents with large current density in B35 cells.

Based on the analysis of the inactivating currents of the various forms of the
Kv3.1 channel, vacancy of the N-glycosylation sites, independently or together, had
major changes on the voltage dependence of channel activation. The conductance-voltage
curve generated by the N220Q channel was almost identical to the slow form of the wild
type Kv3.1 channel. Additionally, the activation rate of the N220Q channel was quite
comparable to the slow form of the wild type Kv3.1 channel. These results indicated that
the sole vacancy of position 220 by an N-glycan could disrupt the production of the fast
form of the wild type K3.1 channel. When only the second N-glycosylation site was
vacant, the threshold potential of Kv3.1 channel activation was more positive (5-10 mV)
than the other three forms of the Kv3.1 channel. This slightly greater depolarization
potential produced a conductance-voltage curve with a similar shape to the
unglycosylated Kv3.1 channel, except that it was shifted to the right. Taken together,
these results supported that the vacancy of either one of the N-glycosylation sites will
disrupt the production of the fast form, and that the vacancy of position 229 will increase
the threshold potential for channel activation. Moreover, it is critical that both sites be
occupied simultaneously to confer the unique properties of the Kv3 channel, such as the

destabilization of the open state near the resting potential and the fast activation kinetics.
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Cell-specific glycoconjugates presented at the cell surface influence the voltage
sensor of the wild type Kv3.1 channel. More depolarization (about 6 mV) was required to
activate 50% of the Kv3.1 channels expressed in Sf9 cells (35) compared to those
expressed in B35 cells. A possible reason for this difference could be explained by the
surface potential theory (5) due to sialylated N-glycans of B35 cells (69,138,152) and the
lack of these N-glycans for Sf9 cells (35,155). Previously, this theory was applied to
explain the removal of sialic acid from N-glycans for the Kv1.1 (58,83) and Kv1.2 (84)
channels. However, this does not appear to be a plausible explanation for the Kv 3.1
channel since the slopes of the G-V curves were different in both the Sf9 (35) and B35
cells. Secondly, the voltage sensor of the Kv3.1 channel appeared unaware of the
attachment of the atypical sialylated N-glycans since the amount of depolarization to
activate similar amounts of the unglycosylated Kv3.1 channel expressed in B35 cells was
less. Of interest, the half-maximal conductance of the unglycosylated Kv3.1 channel
expressed in Sf9 cells (35) was greater (about 12 mV) than that expressed in B35 cells
and the slopes of the G-V curves were quite similar. Taken together, the attachment of
sialoglycoconjugates to the cell surface appears to contribute to the uniform
transmembrane electrical field detected by the voltage sensor of the Kv3.1 channel.
However, attachment of both sialylated N-glycans lacks detection by the voltage sensor
when the Kv3.1 channel resides in the matrix of B35 cells.

Mechanisms involved in gating of the Kv3.1 channel are regulated by N-
glycosylation. More depolarization was required to activate 50% of the N229Q channel

than the wild type Kv3.1 channel. This result suggests that the sialylated N-glycan
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attached to position 229 was detected by the voltage sensor. However, the slopes of the
G-V curves were different between the N229Q and wild type Kv3.1 channels, and
furthermore less depolarization was required to activate the aglycoform than the N229Q
channel. These results argue against the voltage sensor detecting the sialylated N-glycan
at position 229 of the wild type Kv3.1 channel. Perhaps the voltage dependence of the
N229Q channel activation can be more easily explained by the gating stabilizing theory
(5), similar to the N220Q and N220Q/N229Q channels. When the attachment of the N-
glycan at position 229 was prevented, the open state of the Kv3.1 channel was more
destabilized near the resting membrane potential, like the unglycosylated Kv1.1 (58,83)
and Kv1.2 (84) channels. An earlier study of the Kirl.1 channel also showed that the
open state was destabilized by the absence of N-glycosylation (119). On the other hand,
the absence of an N-glycan at position 220 caused more stabilization of the open state
near the resting potential, and furthermore when both N-glycans were absent the open
state was even more stabilized. Therefore, the results indicated that attachment of both N-
glycans cooperate together to destabilize the open state of the Kv3.1 channel near the
resting membrane potential. For instance, it may be that attachment of sialylated N-
glycans to both positions 220 and 229 are required for the correct placement and
orientation of the first extracellular loop in the plasma membrane to favor the various
conformational states of the glycosylated Kv3.1 channel.

To date, studies relating the activation kinetics of the Kv3.1 channel to cell-
specific N-glycosylation processing are absent. The wild type Kv3.1 protein is associated

with simple type N- glycans when heterologously expressed in Sf9 cells (35) while it is
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associated with atypical sialylated N-glycans when heterologously expressed in B35 cells
(152). The activation rates for both inactivating current and noninactivating current types
of the wild type Kv3.1 channel in infected Sf9 cells (35) were much slower than those of
the wild type Kv3.1 channel in B35 cells. Additionally, when comparing the ratio of the
rise times at +40 mV of the unglycosylated Kv3.1 channel to that of the glycosylated
Kv3.1 channel expressed in B35 cells (2.1 for inactivating current type and 2.5 for
noninactivating current type) and those in Sf9 cells (1.5 for inactivating current type and
1.4 for noninactivating current type) the ratios were higher for those of B35 cells. These
results, along with the slightly faster rise time of the Kv3.1 aglycoform expressed in B35
cells compared to the glycosylated Kv3.1 expressed in Sf9 cells, indicate that the
sialylated N-glycans attached to the Kv3.1 channel are enhancing the activation rates to a
greater degree than the simple N-glycans attached to the Kv3.1 channel. Utilization of the
ratios also eliminates changes of the activation kinetics due to the conserved mutations.
Next, when comparing the ratio of the rise times at +40 mV for the glycosylated Kv3.1
channel in Sf9 cells to those in B35 cells (2.5 for inactivating current type and 2.6 for
noninactivating current type) and the ratio of the unglycosylated Kv3.1 channel in Sf9
cells to that in B35 cells (1.8 for inactivating current type and 1.5 for noninactivating
current type) the ratios were higher for the glycosylated Kv3.1 channel than the
aglycoform. Taken together, these results indicate that the sialoglycoconjugates attached
to the cell surface have remarkably similar affects on both the wild type Kv3.1 and
N220Q/N229Q channels, and furthermore support that the type of N-glycan attached to

the Kv3.1 channel regulates the activation rates.
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Both the type of N-glycan and current density are critical factors in the production
of the subpopulation of Kv3.1 channels with fast activation and inactivation Kinetics.
When the N-glycans of Kv3.1 were of simple type as found in Sf9 cells the current
density was smaller (35) than when atypical sialylated N-glycans were attached to the
Kv3.1 channel. Additionally, the number of wild type Kv3.1 transfected B35 cells that
expressed the noninactivating current type was about 1.4-fold greater than that from wild
type Kv3.1 infected Sf9 cells (35). Another notable difference was the noninactivating
currents with transient peaks at +40 mV of the wild type Kv3.1 transfected B35 cells
were absent in infected Sf9 cells expressing the wild type Kv3.1 channel (35). These
results indicate that current density and current type of the Kv3.1 channel depends on the
type of N-glycan carried by the Kv3.1 channel. The production of the subpopulation of
Kv3.1 channels with fast activation and inactivation kinetics was undetected in infected
Sf9 cells and was only observed in transfected B35 cells when the current density was
quite large. For instance, the current density of the fast form of the wild type Kv3.1
channel was about 2.7-fold greater than that of the slow form. Additionally, the
noninactivating current type which has the larger current density was needed to generate
the fast activation and inactivation kinetics of the Kv3.1 channel for partially
glycosylated Kv3.1 channels. Taken together, these results indicated that neuronal N-
glycosylation processing is essential in generating the Kv3.1 channel with fast activation
and inactivation rates.

Here several subpopulations of the wild Kv3.1 channels expressed in transfected

B35 cells have been identified. The glycosylated Kv3.1 channel could produce a
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predominant subpopulation with fast activation and inactivation rates for 35% of the cells
expressing the inactivating current type. This subpopulation was undetected for the
inactivating currents of the aglycoform and partially glycosylated Kv3.1 channels in B35
cells, as well as wild type and glycosylation mutant Kv3.1 channels in Sf9 cells (35). The
noninactivating current type of the glycosylated and partially glycosylated Kv3.1
channels revealed a subpopulation with fast activation and slow inactivation. Of note, the
subpopulation with fast activation and inactivation kinetics were unobserved for the
inactivating current type produced by Kv3.1 channels with simple type N- glycans (35).
However, a subpopulation with faster activation rates was suggested by the
noninactivating current type. Taken together, the results indicate that the attachment of
atypical sialylated N-glycans to the Kv3.1 protein changes the equilibrium of the various
subpopulations of Kv3.1 channels in B35 cells, and consequently increases the
subpopulations of Kv3.1 channels with fast activation rates.

In conclusion, this study indicates that the attachment of atypical sialylated N-
glycans to positions: 220 and 229 of the Kv3.1 channel is essential for stabilizing the
open state distal from the resting membrane potential. The atypical sialylated N-glycans
were shown to be critical structural determinants in modulating the activation and
inactivation rates of the Kv3.1 channel, and therefore the N-glycans were assigned a
novel functional role in regulating the transitions of the channel. As mentioned, our
results support that the production of the subpopulations of Kv3.1 channels were
dependent on both N-glycan type and high current density. Additionally, earlier studies

have indicated that sequestration of Kv channels in high density clusters at synapses is



174

responsible for effective synaptic signaling (30). We propose that neuronal N-
glycosylation processing of the Kv3.1 channel, as well as other glycosylated ion
channels, provides a novel and vital cellular mechanism for sequestering ion channels in
high density clusters, and thus in regulating the independent structural and functional

plasticity of individual synapses.



CHAPTER 8 - SUMMARY

The primary research goal of this dissertation was to characterize the N-glycan
structures of Kv3 and Kvl1 glycoproteins in rat brain, as well as to determine how
neuronal N-glycosylation processing regulates Kv3.1 voltage-gated K* channel function.
In the pursuit of this research goal, the following four specific aims were devised for this
investigation: 1) to demonstrate that both absolutely conserved N-glycosylation sites of
Kv3.1, Kv3.3, and Kv3.4 channels are occupied by complex oligosaccharides in rat brain,
2) to demonstrate that sialylated N-glycan structures attached to Kv3.1, Kv3.3, and Kv3.4
channels are different throughout the central nervous system of the adult rat, 3) to
determine the different linkages of sialyl residues associated with N-glycans attached to
Kv3.1, 3.3, 3.4, 1.1, 1.2, and 1.4 channels in rat brain, as well as a rat neuroblastoma cell
line and 4) to determine whether atypical sialylated N-glycans associated with the Kv3.1
protein modulate channel activity. Collectively these specific aims are critical to
understanding how N-glycan processing of K* channels influences the firing patterns and
the duration of action potentials in neurons, as well as regulates cell volume, lymphocyte
differentiation and cell proliferation.

The impetus for the present investigation was an observation which was made
during a previous study in our laboratory upon treatment of rat brain membranes with
PNGase F (35). In this study, it was shown that the Kv3.1 channel protein was N-
glycosylated in rat brain, and the N-linked oligosaccharides were of either hybrid or
complex type in composition, unlike the simple type detected for Kv3.1 in Sf9 cells (35).

Additionally, it was demonstrated that the Kv3.1 protein heterologously expressed in Sf9
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cells had both absolutely conserved sites of N-glycosylation utilized. Based on these
earlier observations, Specific Aim 1 of this present investigation was designed to
ascertain whether the Kv3.3 and Kv3.4 channel proteins derived from rat brain were N-
glycosylated, like the Kv3.1 channel protein. Furthermore, occupancy of both absolutely
conserved N-glycosylation sites of the Kv3.1, Kv3.3, and Kv3.4 channel proteins, as well
as the type of attached N-glycans, were also examined in the adult rat brain.

The results in Specific Aim 1 (chapter 4) demonstrated that the Kv3.1, Kv3.3, and
Kv3.4 channel proteins were N-glycosylated in the adult rat brain, and that both
absolutely conserved glycosylation sites were completely utilized. The results also
demonstrated that at least one N-linked oligosaccharide was of complex type for Kv3.1,
Kv3.3, and Kv3.4. In these studies, the demonstration that both absolutely conserved N-
glycosylation sites were fully occupied and processed for Kv3.1, Kv3.3, and Kv3.4
proteins provided strong evidence that the S1-S2 linker of these Kv3 channel proteins
was topologically extracellular. Furthermore, this finding was also in agreement with
utilization of the native N-glycosylation site in the S1-S2 linker of other Kv channels
such as Kv1.1 (129), Kv1.2 (123), Kv1.4 (86) and Kv1.5 (130). However, it was in
disagreement with the x-ray crystal structure of the bacterial potassium channel KvAP
which placed the S1-S2 linker for all Kv channels in the plasma membrane (131). As
previously mentioned (Chapter 4, Discussion), this structural difference could be due to
differences between bacterial Kv channels and eukaryotic Kv channels. Occupancy of

both absolutely conserved N-glycosylation sites of the Kv 3.1, Kv3.3 and Kv3.4 channels
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in the rat brain also allows us to speculate that occupancy of these channels would be
lower in CDG | patients than normal individuals.

Given the above observation that both absolutely conserved N-glycosylation sites
within the S1-S2 extracytoplasmic loop of Kv3.1, Kv3.3, and Kv3.4 channels were
occupied in rat brain and that at least one oligosaccharide was of complex type,
additional studies were needed to determine whether the N-glycans of these channels
were composed of sialyl residues. Further studies were also needed to establish whether
the structural composition of the N-glycans attached to the Kv3.1, Kv3.3, and Kv3.4
glycoproteins were distinct in the various regions of the adult rat brain. As demonstrated
in Specific Aim 2 (chapter 5) the Kv3.1, Kv3.3, and Kv3.4 glycoproteins expressed in
brain were of different sizes and their N-glycans were terminated with at least several
sialyl residues. It was also demonstrated that the Kv3.1, Kv3.3, and Kv3.4 glycoproteins
were expressed in the hypothalamus, thalamus, cerebellum, cerebral cortex, hippocampus
and spinal cord of the adult rat. Our studies also provided the first evidence that each of
the Kv3.1, Kv3.3, and Kv3.4 glycoproteins were expressed as different glycoforms in the
central nervous system of the adult rat. Additionally, we observed that the N-glycans of
the differentially expressed Kv3 glycoforms were sialylated in all six regions of the
central nervous system. Taken together, these studies demonstrated that cell specific N-
glycosylation of Kv3 channels occurs throughout the central nervous system, and
therefore is essential for carrying out physiological responses.

Additionally, it was observed that protein expression levels for Kv3.1 and Kv3.3

were similar with the highest levels observed in the cerebellum, while the lowest levels
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were observed in the thalamus and hypothalamus. However, Kv3.3 protein levels were
higher in the spinal cord than both the cerebral cortex and hippocampus, while those for
Kv3.1 were quite similar to each other. The Kv3.4 protein levels in both the cerebellum
and hippocampus were the highest, while the cerebral cortex, thalamus, hypothalamus
and spinal cord expressed lower levels. These results differed from those previously
reported for the Kv3.1 protein expression levels (38,39), as well as the Kv3.1 (22,32,36),
Kv3.3 (38) and Kv3.4 (22) transcript levels.

In Specific Aim 2, we demonstrated that the N-glycan structures attached to
brain Kv3 glycoproteins were heavily sialylated. Our laboratory expanded upon these
findings in Specific Aim 3 (chapter 5) by further evaluating the sialic acid linkages of the
Kv3 glycoproteins in rat brain, as well as in transfected B35 neuroblastoma cells.
Previous studies have demonstrated that brain Kv1.1, Kv1.2, and Kv1.4 glycoproteins
(16,58-60) contain sialylated N-glycan structures. Therefore, it was of further interest to
our laboratory to characterize the sialyl linkages of these carbohydrate chains in Specific
Aim 3 as well.

Examination of these sialylated N-glycan structures revealed that the N-glycan
chains of brain Kv3.1, Kv3.3, Kv3.4, Kvl.1, Kvl.2 and Kvl1.4 glycoproteins were
terminated with atypical disialyl units. As stated previously less than 10% of sialylated
glycoproteins in the adult rat brain contain disialyl units (70). These same studies also
demonstrated that brain Kv3.1, Kv3.3, and Kv3.4 glycoproteins, like Kv3.1
heterologously expressed in B35 cells, have at least one of their carbohydrate chains

terminated with an oligo/polysialyl unit. Notably, this is the first time that di/oligosialyl
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units have been shown to be associated with voltage-gated K* channels. The biological
importance of atypical di/oligosialyl units of glycoproteins is unknown. However, the
identification of two classes of voltage gated potassium channels with di/oligosialyl units
is the initial step in determining the biological roles of these atypical types of N-glycans.
We speculate that perhaps di/oligosialyl units are involved in cell adhesion,
differentiation and signal transduction, similar to gangliosides (88).

Additionally, sialyl residues were shown to be linked to internal residues of the
carbohydrate chains of the Kv1.1, Kv1.2, and Kv1.4 N-glycans. This unique N-glycan
modification of branched sialyl residues was also identified for the Kv3.1, Kv3.3, Kv3.4,
and N-CAM glycoproteins. Prior to this investigation, this unusual glycosidic bond for
sialyl residues had only been identified in gangliosides (103,104) and not carbohydrate
chains of N-glycans. Overall, we conclude that all six Kv channels contribute to the
sialylated N-glycan pool in mammalian brain. We speculate that these novel sialylated N-
glycans of the Kv3 and Kv1 channels are important modifications in regulating channel
function and are responsible for fine tuning the excitable properties of neurons in the
nervous system. Additionally, the sialylated N-glycans of the Kv3 and Kv1 proteins may
also play an important role in channel expression at the cell surface of either axonal or
somatodendritic compartments of neurons.

As described in the text above Specific Aim 3 demonstrated that the Kv3.1
channel heterologously expressed in B35 cells generated a Kv3.1 glycoprotein with
atypical sialylated N-glycan structures. To our knowledge the effect of neuronal N-

glycosylation processing on Kv3.1 channel activity had not been evaluated in this same
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expression system and therefore, laid the scientific ground work for Specific Aim 4
(chapter 7). In this Specific Aim immunoblots of B35 cells heterologously expressing
glycosylated (wild type), unglycosylated (N220Q/N229Q) and partially glycosylated
(N220Q and N229Q) Kv3.1 channels were utilized to examine site occupancy. These
western blotting studies of the various Kv3.1 proteins in B35 cells demonstrated that
occupancy of each of the N-glycosylation sites was independent of one another.
Moreover, these studies demonstrated that the removal of one or both N-glycosylation
sites did not greatly influence Kv3.1 protein expression in B35 cells indicating that Kv3.1
protein can properly fold without the attachment of N-glycans. Immunoband shift assays
of partially glycosylated Kv3.1 proteins digested with neuraminidase also indicated that
both N-glycosylation sites were occupied by sialylated N-glycans. Finally, immunoblots
confirmed that endogenous Kv3.1, Kv3.3, and Kv3.4 glycoprotein expression was below
detection limits in nontransfected B35 cells, nor were endogenous Kv3.3 and Kv3.4
glycoproteins found to form heteromultimers with the heterologously expressed Kv3.1
glycoprotein.

In order to examine whether the attachment of uncommon sialylated N-glycan
structures affected Kv3.1 channel activity, whole cell current measurements were
performed in the whole cell mode of the patch clamp technique. An analysis of whole cell
currents identified at least three subpopulations of Kv3.1 channels expressed in B35
which were dependent on N-glycosylation processing. The wild type Kv3.1 channels
associated with atypical sialylated N-glycans favored the subpopulation which exhibited

fast activation and inactivation rates with much greater frequency than those Kv3.1
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channels which lacked N-glycans. The partially glycosylated Kv3.1 channels, like the
aglycoform, also lacked the subpopulation with fast activation and inactivation rates for
the inactivating current type. However, this subpopulation could be favored by the
partially glycosylated Kv3.1 channels, like the glycosylated Kv3.1 channel, when the
current density was large, and the current type was noninactivating. It was also observed
that the predominant current type for the wild type Kv3.1 and N229Q channels were
noninactivating currents while inactivating currents were the predominant type for the
unglycosylated and N220Q channels. Additionally, the noninactivating currents of the
wild type and the partially glycosylated Kv3.1 channels customarily displayed transient
peaks at the initial phase of the sweep while the unglycosylated Kv3.1 channels were
generally deficient. These results suggest that the noninactivating current types with
transient peaks express a subpopulation of glycosylated or partially glycosylated Kv3.1
channels which have faster or fast inactivation kinetic properties respectively.

In order to analyze the voltage dependence of wild type Kv3.1 and
N220Q/N229Q channel activation membrane conductance vs. voltage curves were
constructed. These curves showed that more depolarization was required for 50% of the
wild type channels to reach activation than that of the aglycoform channels. Therefore,
these results argue against the voltage sensor detecting the sialylated N-glycans of the
wild type Kv3.1 channels. Moreover, less depolarization was required for 50% of the
N220Q channels to reach activation than that of the N229Q channels. These studies also
demonstrated that channel density at the B35 cell surface for the unglycosylated channel

was greatly reduced compared to the wild type Kv3.1 channel for both inactivating and
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noninactivating currents. The current densities, for all current types of the N220Q
channel were also significantly smaller than that of the N229Q channel. Furthermore, the
activation rates for the wild type Kv3.1 channels were faster compared to the
unglycosylated channels. An analysis of the deactivation kinetics showed that the
magnitude of the deactivation constant was greater for the wild type Kv3.1 channel than
the N220Q/N229Q channel, while the deactivation time constants for the N220Q channel
and the N229Q channel were not significantly different. Taken together, these studies
support that neuronal N-glycosylation processing of the Kv3.1 protein is critical in
regulating the equilibrium of the various subpopulations of Kv3.1 channels. And in
particular can favor the subpopulation of Kv3.1 channels with fast activation and
inactivation Kinetics. We propose that cell-specific N-glycosylation processing of
glycosylated channels provides a universal cellular mechanism for regulating ion channel

function.

Conclusion
The novel findings of the above studies have provided substantial insight
regarding the structures of the N-glycans attached to rat brain Kv3 and Kvl
glycoproteins. Based on these findings we have proposed the following topological
model for the Kv3 and Kv1 monomeric a-subunits within the lipid bilayer. As illustrated
in Figure 14, Kv3 (A) and Kv1l (B) a-subunits consist of six transmembrane segments
(S1-S6) with both N and C termini localized in the cytoplasm. One or two utilized N-

glycosylation sites lie within the S1-S2 extracytoplasmic loop of the Kvl and Kv3
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glycoproteins, respectively. The occupied N-glycans (branched structures) of the Kv3
brain glycoproteins were capped with monosialyl residues (single dark gray circles) and
disialyl units (rows with one dark gray and one light gray circle). Moreover, at least one
antenna was terminated with an oligo/polysialyl unit (row of light gray circles). In
contrast, brain Kv1 glycoproteins were capped with disialyl units (rows with one dark
gray and one light gray circle). Both brain Kvl and Kv3 glycoproteins also contained
sialyl residues linked to internal residues of the carbohydrate chains (white filled circles).

This investigation has provided the first evidence in the scientific literature that
two distinct voltage-gated potassium channel families, Kv3 and Kv1, which are highly
expressed in mammalian brain, contain atypical sialylated N-glycan structures.
Additionally, these same studies have also demonstrated that the attachment of unique
sialylated N-glycans structures to the Kv3.1 glycoprotein are crucial components in
regulating channel activation and inactivation rates. To date, only a small number of
glycoproteins are known to be carriers of oligo/polysialic acid chains in the adult
mammalian brain (70,88,98). Furthermore, information on the cellular roles of these
uncommon sialoglycoconjugates is sparse. The identification of six Kv brain
glycoproteins with di/oligosialyl units in this dissertation is the initial step in elucidating
the roles of these uncommon sialoglycoconjugates. Based on the data presented in this
dissertation, we propose that occupancy of Kv3 channel N-glycosylation sites by these
uncommon sialoglycoconjugates assists in regulating action potential waveforms by
influencing the rates of repolarization. An understanding of the physiological roles of

these atypical sialylated N-glycans on channel activities of the Kv3 glycoproteins is
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essential for unraveling the complex electrical properties of neurons in maintaining the
central nervous system. Furthermore, these studies may be essential in laying the
foundation for utilizing occupancy of N-glycosylation sites by atypical
sialoglycoconjugates for designing effective therapeutic agents, as well as providing a

diagnostic marker for neurodegenerative diseases.
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