
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 Kv1 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 

Kv1.1, Kv1.2, 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 Kv1 

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 (V0.5 (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 (V0.5 (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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Figure 26
Cartwright and Schwalbe, 2008
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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 kinetics 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 (Imax/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 (■, n=37 unless indicated) and N220Q/N229Q (●, n=26 unless indicated) 

transfected B35 cells. (E) Bar graph representation of activation time constants (τact) 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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Figure 28
Cartwright and Schwalbe, 2008
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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 (τdeact 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 (τdeact) 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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Figure 29
Cartwright and Schwalbe, 2008
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mV was 1.29 ± 0.04 ms, n=31) channel was significantly faster than that of the 

N220Q/N229Q (τdeact 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 



 

 

162

 

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 α2,8-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 Kir1.1 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 
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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 Kv1 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 I 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, Kv1.1, Kv1.2 and Kv1.4 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 Kv1 

glycoproteins. Based on these findings we have proposed the following topological 

model for the Kv3 and Kv1 monomeric α-subunits within the lipid bilayer. As illustrated 

in Figure 14, Kv3 (A) and Kv1 (B) α-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 Kv1 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 Kv1 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. 



REFERENCES 

1. Gutman, G. A., Chandy, K. G., Grissmer, S., Lazdunski, M., McKinnon, D., 
Pardo, L. A., Robertson, G. A., Rudy, B., Sanguinetti, M. C., Stuhmer, W., and 
Wang, X. (2005) Pharmacol Rev 57(4), 473-508 

2. Sansom, M. S., Shrivastava, I. H., Bright, J. N., Tate, J., Capener, C. E., and 
Biggin, P. C. (2002) Biochim Biophys Acta 1565(2), 294-307 

3. Choe, S. (2002) Nat Rev Neurosci 3(2), 115-121 
4. Verma-Kurvari, S., Border, B., and Joho, R. H. (1997) Brain Res Mol Brain Res 

46(1-2), 54-62 
5. Hille, B. (2001) Ionic Channels of Excitable Membranes, 3rd Ed., Sinauer, 

Sunderland, MA 
6. Lujan, R., de Cabo de la Vega, C., Dominguez del Toro, E., Ballesta, J. J., Criado, 

M., and Juiz, J. M. (2003) J Chem Neuroanat 26(3), 209-224 
7. McCormik, D. A. (1998) The Synaptic Organization of the Brain, Oxford 

University Press, New York, NY 
8. Jan, L. Y., and Jan, Y. N. (1992) Annu Rev Physiol 54, 537-555 
9. Jan, L. Y., and Jan, Y. N. (1997) Annu Rev Neurosci 20, 91-123 
10. Pongs, O. (1992) Physiol Rev 72(4 Suppl), S69-88 
11. Salkoff, L., Baker, K., Butler, A., Covarrubias, M., Pak, M. D., and Wei, A. 

(1992) Trends Neurosci 15(5), 161-166 
12. Dubois, J. M., and Rouzaire-Dubois, B. (1993) Prog Biophys Mol Biol 59(1), 1-

21 
13. Coetzee, W. A., Amarillo, Y., Chiu, J., Chow, A., Lau, D., McCormack, T., 

Moreno, H., Nadal, M. S., Ozaita, A., Pountney, D., Saganich, M., Vega-Saenz de 
Miera, E., and Rudy, B. (1999) Ann N Y Acad Sci 868, 233-285 

14. Rudy, B., and McBain, C. J. (2001) Trends Neurosci 24(9), 517-526 
15. Rudy, B., Chow, A., Lau, D., Amarillo, Y., Ozaita, A., Saganich, M., Moreno, H., 

Nadal, M. S., Hernandez-Pineda, R., Hernandez-Cruz, A., Erisir, A., Leonard, C., 
and Vega-Saenz de Miera, E. (1999) Ann N Y Acad Sci 868, 304-343 

16. Misonou, H., and Trimmer, J. S. (2004) Crit Rev Biochem Mol Biol 39(3), 125-
145 

17. Hodgkin, A. L., and Huxley, A. F. (1952) J Physiol 116(4), 449-472 
18. Luneau, C. J., Williams, J. B., Marshall, J., Levitan, E. S., Oliva, C., Smith, J. S., 

Antanavage, J., Folander, K., Stein, R. B., Swanson, R., and et al. (1991) Proc 
Natl Acad Sci U S A 88(9), 3932-3936 

19. Yokoyama, S., Imoto, K., Kawamura, T., Higashida, H., Iwabe, N., Miyata, T., 
and Numa, S. (1989) FEBS Lett 259(1), 37-42 

20. McCormack, T., Vega-Saenz de Miera, E. C., and Rudy, B. (1990) Proc Natl 
Acad Sci U S A 87(13), 5227-5231 

21. Taglialatela, M., Vandongen, A. M., Drewe, J. A., Joho, R. H., Brown, A. M., and 
Kirsch, G. E. (1991) Mol Pharmacol 40(2), 299-307 

22. Weiser, M., Vega-Saenz de Miera, E., Kentros, C., Moreno, H., Franzen, L., 
Hillman, D., Baker, H., and Rudy, B. (1994) J Neurosci 14(3 Pt 1), 949-972 



 

 

186

 

23. Ito, Y., Yokoyama, S., and Higashida, H. (1992) Proc Biol Sci 248(1322), 95-101 
24. Critz, S. D., Wible, B. A., Lopez, H. S., and Brown, A. M. (1993) J Neurochem 

60(3), 1175-1178 
25. Grissmer, S., Nguyen, A. N., Aiyar, J., Hanson, D. C., Mather, R. J., Gutman, G. 

A., Karmilowicz, M. J., Auperin, D. D., and Chandy, K. G. (1994) Mol 
Pharmacol 45(6), 1227-1234 

26. Kanemasa, T., Gan, L., Perney, T. M., Wang, L. Y., and Kaczmarek, L. K. (1995) 
J Neurophysiol 74(1), 207-217 

27. Wang, L. Y., Gan, L., Perney, T. M., Schwartz, I., and Kaczmarek, L. K. (1998) 
Proc Natl Acad Sci U S A 95(4), 1882-1887 

28. Hernandez-Pineda, R., Chow, A., Amarillo, Y., Moreno, H., Saganich, M., Vega-
Saenz de Miera, E. C., Hernandez-Cruz, A., and Rudy, B. (1999) J Neurophysiol 
82(3), 1512-1528 

29. Macica, C. M., von Hehn, C. A., Wang, L. Y., Ho, C. S., Yokoyama, S., Joho, R. 
H., and Kaczmarek, L. K. (2003) J Neurosci 23(4), 1133-1141 

30. Trimmer, J. S., and Rhodes, K. J. (2004) Annu Rev Physiol 66, 477-519 
31. Luneau, C., Wiedmann, R., Smith, J. S., and Williams, J. B. (1991) FEBS Lett 

288(1-2), 163-167 
32. Rudy, B., Kentros, C., Weiser, M., Fruhling, D., Serodio, P., Vega-Saenz de 

Miera, E., Ellisman, M. H., Pollock, J. A., and Baker, H. (1992) Proc Natl Acad 
Sci U S A 89(10), 4603-4607 

33. Vega-Saenz de Miera, E., Moreno, H., Fruhling, D., Kentros, C., and Rudy, B. 
(1992) Proc Biol Sci 248(1321), 9-18 

34. Varshney, A., and Mathew, M.K. (2004) Current Science 87, 166-174 
35. Brooks, N. L., Corey, M. J., and Schwalbe, R. A. (2006) Febs J  
36. Perney, T. M., Marshall, J., Martin, K. A., Hockfield, S., and Kaczmarek, L. K. 

(1992) J Neurophysiol 68(3), 756-766 
37. Schwalbe, R. A., Corey, M. J., and Cartwright, T. A. (2008) Biochem Cell Biol 

86(1), 21-30 
38. Weiser, M., Bueno, E., Sekirnjak, C., Martone, M. E., Baker, H., Hillman, D., 

Chen, S., Thornhill, W., Ellisman, M., and Rudy, B. (1995) J Neurosci 15(6), 
4298-4314 

39. Gelband, C. H., Warth, J. D., Mason, H. S., Zhu, M., Moore, J. M., Kenyon, J. L., 
Horowitz, B., and Sumners, C. (1999) Circ Res 84(3), 352-359 

40. Du, J., Zhang, L., Weiser, M., Rudy, B., and McBain, C. J. (1996) J Neurosci 
16(2), 506-518 

41. Espinosa, F., Marks, G., Heintz, N., and Joho, R. H. (2004) Genes Brain Behav 
3(2), 90-100 

42. Porcello, D. M., Ho, C. S., Joho, R. H., and Huguenard, J. R. (2002) J 
Neurophysiol 87(3), 1303-1310 

43. Hurlock, E. C., McMahon, A., and Joho, R. H. (2008) J Neurosci 28(18), 4640-
4648 

44. Espinosa, F., McMahon, A., Chan, E., Wang, S., Ho, C. S., Heintz, N., and Joho, 
R. H. (2001) J Neurosci 21(17), 6657-6665 



 

 

187

 

45. Gutman, G. A., Chandy, K. G., Adelman, J. P., Aiyar, J., Bayliss, D. A., Clapham, 
D. E., Covarriubias, M., Desir, G. V., Furuichi, K., Ganetzky, B., Garcia, M. L., 
Grissmer, S., Jan, L. Y., Karschin, A., Kim, D., Kuperschmidt, S., Kurachi, Y., 
Lazdunski, M., Lesage, F., Lester, H. A., McKinnon, D., Nichols, C. G., O'Kelly, 
I., Robbins, J., Robertson, G. A., Rudy, B., Sanguinetti, M., Seino, S., Stuehmer, 
W., Tamkun, M. M., Vandenberg, C. A., Wei, A., Wulff, H., and Wymore, R. S. 
(2003) Pharmacol Rev 55(4), 583-586 

46. Baumann, A., Grupe, A., Ackermann, A., and Pongs, O. (1988) Embo J 7(8), 
2457-2463 

47. Chandy, K. G., Williams, C. B., Spencer, R. H., Aguilar, B. A., Ghanshani, S., 
Tempel, B. L., and Gutman, G. A. (1990) Science 247(4945), 973-975 

48. Grupe, A., Schroter, K. H., Ruppersberg, J. P., Stocker, M., Drewes, T., Beckh, 
S., and Pongs, O. (1990) Embo J 9(6), 1749-1756 

49. Kalman, K., Nguyen, A., Tseng-Crank, J., Dukes, I. D., Chandy, G., Hustad, C. 
M., Copeland, N. G., Jenkins, N. A., Mohrenweiser, H., Brandriff, B., Cahalan, 
M., Gutman, G. A., and Chandy, K. G. (1998) J Biol Chem 273(10), 5851-5857 

50. Stuhmer, W., Ruppersberg, J. P., Schroter, K. H., Sakmann, B., Stocker, M., 
Giese, K. P., Perschke, A., Baumann, A., and Pongs, O. (1989) Embo J 8(11), 
3235-3244 

51. Tempel, B. L., Jan, Y. N., and Jan, L. Y. (1988) Nature 332(6167), 837-839 
52. Grissmer, S., Dethlefs, B., Wasmuth, J. J., Goldin, A. L., Gutman, G. A., Cahalan, 

M. D., and Chandy, K. G. (1990) Proc Natl Acad Sci U S A 87(23), 9411-9415 
53. Adda, S., Fleischmann, B. K., Freedman, B. D., Yu, M., Hay, D. W., and 

Kotlikoff, M. I. (1996) J Biol Chem 271(22), 13239-13243 
54. Mason, D. E., Mitchell, K. E., Li, Y., Finley, M. R., and Freeman, L. C. (2002) 

Mol Pharmacol 61(1), 201-213 
55. Dixon, J. E., and McKinnon, D. (1994) Circ Res 75(2), 252-260 
56. Pappone, P. A., and Ortiz-Miranda, S. I. (1993) Am J Physiol 264(4 Pt 1), C1014-

1019 
57. Ouadid-Ahidouch, H., Van Coppenolle, F., Le Bourhis, X., Belhaj, A., and 

Prevarskaya, N. (1999) FEBS Lett 459(1), 15-21 
58. Thornhill, W. B., Wu, M. B., Jiang, X., Wu, X., Morgan, P. T., and Margiotta, J. 

F. (1996) J Biol Chem 271(32), 19093-19098 
59. Shi, G., and Trimmer, J. S. (1999) J Membr Biol 168(3), 265-273 
60. Manganas, L. N., and Trimmer, J. S. (2000) J Biol Chem 275(38), 29685-29693 
61. Gahmberg, C. G., and Tolvanen, M. (1996) Trends Biochem Sci 21(8), 308-311 
62. Cheung, J. C., and Reithmeier, R. A. (2007) Methods 41(4), 451-459 
63. Jaeken, J. (2003) J Inherit Metab Dis 26(2-3), 99-118 
64. Freeze, H. H., and Aebi, M. (2005) Curr Opin Struct Biol 15(5), 490-498 
65. Keir, G., Winchester, B. G., and Clayton, P. (1999) Ann Clin Biochem 36 ( Pt 1), 

20-36 
66. Nilsson, I. M., and von Heijne, G. (1993) J Biol Chem 268(8), 5798-5801 
67. Durand, G., and Seta, N. (2000) Clin Chem 46(6 Pt 1), 795-805 



 

 

188

 

68. Roth, J., Taatjes, D. J., Lucocq, J. M., Weinstein, J., and Paulson, J. C. (1985) 
Cell 43(1), 287-295 

69. Zamze, S., Harvey, D. J., Chen, Y. J., Guile, G. R., Dwek, R. A., and Wing, D. R. 
(1998) Eur J Biochem 258(1), 243-270 

70. Finne, J., Krusius, T., and Rauvala, H. (1977) Biochem Biophys Res Commun 
74(2), 405-410 

71. Rosenberg, I. M. (2004) Protein analysis and purification: benchtop techniques, 2 
Ed., Birkhauser, Verlag 

72. Katayama, T., Imaizumi, K., Manabe, T., Hitomi, J., Kudo, T., and Tohyama, M. 
(2004) J Chem Neuroanat 28(1-2), 67-78 

73. Lindholm, D., Wootz, H., and Korhonen, L. (2006) Cell Death Differ 13(3), 385-
392 

74. Dempski, R. E., Jr., and Imperiali, B. (2002) Curr Opin Chem Biol 6(6), 844-850 
75. Jaeken, J., van Eijk, H. G., van der Heul, C., Corbeel, L., Eeckels, R., and 

Eggermont, E. (1984) Clin Chim Acta 144(2-3), 245-247 
76. Jaeken, J., and Matthijs, G. (2001) Annu Rev Genomics Hum Genet 2, 129-151 
77. Fukuda, M. N., Dell, A., and Scartezzini, P. (1987) J Biol Chem 262(15), 7195-

7206 
78. Fukuda, M. N., Masri, K. A., Dell, A., Luzzatto, L., and Moremen, K. W. (1990) 

Proc Natl Acad Sci U S A 87(19), 7443-7447 
79. Kornfeld, R., and Kornfeld, S. (1985) Annu Rev Biochem 54, 631-664 
80. Ioffe, E., and Stanley, P. (1994) Proc Natl Acad Sci U S A 91(2), 728-732 
81. Metzler, M., Gertz, A., Sarkar, M., Schachter, H., Schrader, J. W., and Marth, J. 

D. (1994) Embo J 13(9), 2056-2065 
82. Lowe, J. B., and Marth, J. D. (2003) Annu Rev Biochem 72, 643-691 
83. Watanabe, I., Wang, H. G., Sutachan, J. J., Zhu, J., Recio-Pinto, E., and Thornhill, 

W. B. (2003) J Physiol 550(Pt 1), 51-66 
84. Watanabe, I., Zhu, J., Sutachan, J. J., Gottschalk, A., Recio-Pinto, E., and 

Thornhill, W. B. (2007) Brain Res 1144, 1-18 
85. Napp, J., Monje, F., Stuhmer, W., and Pardo, L. A. (2005) J Biol Chem 280(33), 

29506-29512 
86. Watanabe, I., Zhu, J., Recio-Pinto, E., and Thornhill, W. B. (2004) J Biol Chem 

279(10), 8879-8885 
87. Petrecca, K., Atanasiu, R., Akhavan, A., and Shrier, A. (1999) J Physiol 515 ( Pt 

1), 41-48 
88. Sato, C., Fukuoka, H., Ohta, K., Matsuda, T., Koshino, R., Kobayashi, K., Troy, 

F. A., 2nd, and Kitajima, K. (2000) J Biol Chem 275(20), 15422-15431 
89. Oetke, C., Hinderlich, S., Brossmer, R., Reutter, W., Pawlita, M., and Keppler, O. 

T. (2001) Eur J Biochem 268(16), 4553-4561 
90. Yabe, U., Sato, C., Matsuda, T., and Kitajima, K. (2003) J Biol Chem 278(16), 

13875-13880 
91. Rohrer, J. S., Thayer, J., Weitzhandler, M., and Avdalovic, N. (1998) 

Glycobiology 8(1), 35-43 



 

 

189

 

92. Schwartz, E. L., Hadfield, A. F., Brown, A. E., and Sartorelli, A. C. (1983) 
Biochim Biophys Acta 762(4), 489-497 

93. Varki, A. (1997) Faseb J 11(4), 248-255 
94. Varki, A. (1993) Glycobiology 3(2), 97-130 
95. Krusius, T., and Finne, J. (1978) Eur J Biochem 84(2), 395-403 
96. Varki, A., Cummings, R., Esko, J., Freeze, H., Hart, G., and Marth, J. (1999) The 

Consortium of Glycobiology, Cold Spring Laboratory Press, Cold Spring Harbor, 
New York 

97. Finne, J. (1982) J Biol Chem 257(20), 11966-11970 
98. Zuber, C., Lackie, P. M., Catterall, W. A., and Roth, J. (1992) J Biol Chem 

267(14), 9965-9971 
99. Troy, F. A., 2nd. (1992) Glycobiology 2(1), 5-23 
100. Curreli, S., Arany, Z., Gerardy-Schahn, R., Mann, D., and Stamatos, N. M. (2007) 

J Biol Chem 282(42), 30346-30356 
101. Muhlenhoff, M., Eckhardt, M., Bethe, A., Frosch, M., and Gerardy-Schahn, R. 

(1996) Embo J 15(24), 6943-6950 
102. Close, B. E., Wilkinson, J. M., Bohrer, T. J., Goodwin, C. P., Broom, L. J., and 

Colley, K. J. (2001) Glycobiology 11(11), 997-1008 
103. Taki, T., Hirabayashi, Y., Ishikawa, H., Ando, S., Kon, K., Tanaka, Y., and 

Matsumoto, M. (1986) J Biol Chem 261(7), 3075-3078 
104. Yamamoto, H., Iida-Tanaka, N., Kasama, T., Ishizuka, I., Kushi, Y., and Handa, 

S. (1999) J Biochem 125(5), 923-930 
105. Yan, A., and Lennarz, W. J. (2005) J Biol Chem 280(5), 3121-3124 
106. Neher, E., Sakmann, B., and Steinbach, J. H. (1978) Pflugers Arch 375(2), 219-

228 
107. Peterson, G. L. (1979) Anal Biochem 100(2), 201-220 
108. Stummeyer, K., Dickmanns, A., Muhlenhoff, M., Gerardy-Schahn, R., and Ficner, 

R. (2005) Nat Struct Mol Biol 12(1), 90-96 
109. Iwamori, M., Ohta, Y., Uchida, Y., and Tsukada, Y. (1997) Glycoconj J 14(1), 

67-73 
110. Prime, S., Dearnley, J., Ventom, A. M., Parekh, R. B., and Edge, C. J. (1996) J 

Chromatogr A 720(1-2), 263-274 
111. Uchida, Y., Tsukada, Y., and Sugimori, T. (1979) J Biochem 86(5), 1573-1585 
112. Roggentin, P., Kleineidam, R. G., and Schauer, R. (1995) Biol Chem Hoppe 

Seyler 376(9), 569-575 
113. Glasgow, L. R., Paulson, J. C., and Hill, R. L. (1977) J Biol Chem 252(23), 8615-

8623 
114. Sambrook, J., Fritsch, E., and Maniatis, T. (1992) Molecular Cloning: A 

Laboratory Manual, Coldspring Harbour Laboratory, Coldspring Harbour 
115. Varki, A. (1994) Methods Enzymol 230, 16-32 
116. Cartwright, T. A., Corey, M. J., and Schwalbe, R. A. (2007) Biochim Biophys 

Acta 1770(4), 666-671 
117. Schachter, H. (2002) Biochim Biophys Acta 1573(3), 292-300 



 

 

190

 

118. Wang, Y., Schachter, H., and Marth, J. D. (2002) Biochim Biophys Acta 1573(3), 
301-311 

119. Schwalbe, R. A., Wang, Z., Wible, B. A., and Brown, A. M. (1995) J Biol Chem 
270(25), 15336-15340 

120. Schwalbe, R. A., Wang, Z., Bianchi, L., and Brown, A. M. (1996) J Biol Chem 
271(39), 24201-24206 

121. Schwalbe, R. A., Bianchi, L., and Brown, A. M. (1997) J Biol Chem 272(40), 
25217-25223 

122. Schwalbe, R. A., Rudin, A., Xia, S. L., and Wingo, C. S. (2002) J Biol Chem 
277(27), 24382-24389 

123. Zhu, J., Watanabe, I., Poholek, A., Koss, M., Gomez, B., Yan, C., Recio-Pinto, E., 
and Thornhill, W. B. (2003) Biochem J 375(Pt 3), 769-775 

124. Benoit, A., Vargas, M. A., Desgroseillers, L., and Boileau, G. (2004) Biochem J 
380(Pt 3), 881-888 

125. Sobko, A., Peretz, A., Shirihai, O., Etkin, S., Cherepanova, V., Dagan, D., and 
Attali, B. (1998) J Neurosci 18(24), 10398-10408 

126. McMahon, A., Fowler, S. C., Perney, T. M., Akemann, W., Knopfel, T., and 
Joho, R. H. (2004) Eur J Neurosci 19(12), 3317-3327 

127. Xu, C., Tang, G., Lu, Y., and Wang, R. (2000) Life Sci 66(21), 2023-2033 
128. Santacruz-Toloza, L., Huang, Y., John, S. A., and Papazian, D. M. (1994) 

Biochemistry 33(18), 5607-5613 
129. Deal, K. K., Lovinger, D. M., and Tamkun, M. M. (1994) The brain Kv1.1 

potassium channel: in vitro and in vivo studies on subunit assembly and 
posttranslational processing. In. J Neurosci 

130. Philipson, L. H., Malayev, A., Kuznetsov, A., Chang, C., and Nelson, D. J. (1993) 
Biochim Biophys Acta 1153(1), 111-121 

131. Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B. T., and MacKinnon, 
R. (2003) Nature 423(6935), 33-41 

132. Jones, J., Krag, S. S., and Betenbaugh, M. J. (2005) Biochim Biophys Acta 
1726(2), 121-137 

133. Drickamer, K., and Taylor, M. E. (1998) Trends Biochem Sci 23(9), 321-324 
134. Freeze, H. H., and Aebi, M. (1999) Biochim Biophys Acta 1455(2-3), 167-178 
135. Eckhardt, M., Bukalo, O., Chazal, G., Wang, L., Goridis, C., Schachner, M., 

Gerardy-Schahn, R., Cremer, H., and Dityatev, A. (2000) J Neurosci 20(14), 
5234-5244 

136. Angata, K., and Fukuda, M. (2003) Biochimie 85(1-2), 195-206 
137. Galuska, S. P., Oltmann-Norden, I., Geyer, H., Weinhold, B., Kuchelmeister, K., 

Hildebrandt, H., Gerardy-Schahn, R., Geyer, R., and Muhlenhoff, M. (2006) J 
Biol Chem 281(42), 31605-31615 

138. Albach, C., Klein, R. A., and Schmitz, B. (2001) Biol Chem 382(2), 187-194 
139. Varki A., Cummings R., Esko J., Freeze H., Hart G., and J., M. (1999) The 

Consortium of Glycobiology Editors, La Jolla California, Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor 

140. Close, B. E., and Colley, K. J. (1998) J Biol Chem 273(51), 34586-34593 



 

 

191

 

141. Finne, J., Krusius, T., Rauvala, H., and Hemminki, K. (1977) Eur J Biochem 
77(2), 319-323 

142. Acheson, A., Sunshine, J. L., and Rutishauser, U. (1991) J Cell Biol 114(1), 143-
153 

143. Cunningham, B. A., Hemperly, J. J., Murray, B. A., Prediger, E. A., Brackenbury, 
R., and Edelman, G. M. (1987) Science 236(4803), 799-806 

144. Theodosis, D. T., Rougon, G., and Poulain, D. A. (1991) Proc Natl Acad Sci U S 
A 88(13), 5494-5498 

145. Bouwstra, J. B., Deyl, C. M., and Vliegenthart, J. F. (1987) Biol Chem Hoppe 
Seyler 368(3), 269-275 

146. Finne, J., Finne, U., Deagostini-Bazin, H., and Goridis, C. (1983) Biochem 
Biophys Res Commun 112(2), 482-487 

147. Orlandini, M., Santucci, A., Tramontano, A., Neri, P., and Oliviero, S. (1994) 
Protein Sci 3(9), 1476-1484 

148. Koeppen, A. H., Dickson, A. C., and McEvoy, J. A. (1995) J Neuropathol Exp 
Neurol 54(3), 395-403 

149. Jett, M., Jamieson, G. A., and DeBernardo, S. L. (1971) J Biol Chem 246(11), 
3686-3693 

150. D'Andrea, G., D'Alessandro, A. M., Salucci, M. L., and Oratore, A. (1994) J 
Protein Chem 13(1), 31-36 

151. Hallenbeck, P. C., Vimr, E. R., Yu, F., Bassler, B., and Troy, F. A. (1987) J Biol 
Chem 262(8), 3553-3561 

152. Cartwright, T. A., and Schwalbe, R. A. (2008) Biosci Rep  
153. Grissmer, S., Ghanshani, S., Dethlefs, B., McPherson, J. D., Wasmuth, J. J., 

Gutman, G. A., Cahalan, M. D., and Chandy, K. G. (1992) J Biol Chem 267(29), 
20971-20979 

154. Landolt-Marticorena, C., and Reithmeier, R. A. (1994) Biochem J 302 ( Pt 1), 
253-260 

155. O'Reilly, D. R., Miller, L. K., and Lucklow, V. A. (1994) Baculovirus Expression 
Vector:  A Lab Manual, Oxford University Press, New York 

 
 



APPENDIX A: COPYWRITE PERMISSION 
 
From: Jones, Jennifer (ELS-OXF) 
Sent: Fri 8/8/2008 5:29 AM 
To: Cartwright, Tara Ann 
Subject: RE: manuscript permission 

 
Dear Tara Ann Cartwright 
  
As author of the requested article, you do not need Elsevier’s permission to include it in 
your thesis as it is part of the author’s rights you retain as an Elsevier journal author.   
  
For further information on the rights you retain as an Elsevier journal author, please visit 
our web page at http://www.elsevier.com/wps/find/authorsview.authors/copyright. 
  
  
Yours sincerely 
Jennifer Jones 
Rights Assistant 
Global Rights Department 
  
Elsevier Ltd 
PO Box 800 
Oxford OX5 1GB 
UK 
  
Elsevier Limited, a company registered in England and Wales with company number 
1982084, whose registered office is The Boulevard, Langford Lane, Kidlington, Oxford, 
OX5 1GB, United Kingdom. 



 

 

193

 

APPENDIX B: COPYWRITE PERMISSION 
 
From: Landriault, Roxanne [mailto:Roxanne.Landriault@nrc-cnrc.gc.ca] 
Sent: Thu 8/7/2008 6:58 AM 
To: Cartwright, Tara Ann 
Subject: FW: Permission to Reproduce Article 

Permission is granted for use of the material, as described below, 
provided that acknowledgement is given to the source. 
 
Sincerely 
Mike Boroczki 
Business Manager 
NRC Research Press 
Tel: 613-993-9108 
Fax: 613-952-7656 
 
-----Original Message----- 
From: rp.business@nrc-cnrc.gc.ca [mailto:rp.business@nrc-cnrc.gc.ca] 
Sent: Wednesday, August 06, 2008 10:27 PM 
To: CISTI, Research Press Business 
Subject: Permission to Reproduce Article 
 
Below is the result of your feedback form.  It was submitted by 
 (rp.business@nrc-cnrc.gc.ca) on Wednesday, August 06, 2008 at 22:26:45 
------------------------------------------------------------------------ 
--- 
name: Tara A. Cartwright 
address: Department of Biochemistry & Molecular Biology  Brody 
School of Medicine at ECU  600 Moye Blvd  Greenville, NC 27834 
phone: 347-517-5330 
email: TAC0421@ecu.edu 
fax: 252-744-3383 
publication: Biochemistry and Cell Biology 
Volume: 86 
issue: 1 
pages: entire publication 
Pub Author: Schwalbe RA, Corey MJ, Cartwright TA 
date: 02/2008 
purpose: The requested material will be used in my dissertation 



 

 

194

 

APPENDIX C: COPYWRITE PERMISSION 
 

 


