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The biochemistry of amyloid proteins has been a fascinating
and important area of research because of its contribution to
our understanding of protein folding dynamics and assembly
and of the pathogenetic mechanisms of human disease. One
such disease is AD,? the most common neurodegenerative dis-
order ofaging. In AD, A (Fig. 14), which is expressed normally
and ubiquitously throughout life as a 40 —42-residue peptide,
forms fibrils that deposit in the brain as “amyloid plaques.” This
pathologic deposition process led researchers to investigate
fibril formation as a target for therapeutic intervention. In
doing so, an increasing number of fibril precursors and non-
fibrillar AB assemblies have been identified, the majority of
which are neurotoxic. These findings have altered prevailing
fibril-centered views of the pathobiology of amyloid diseases (1)
and intensified efforts to understand the early folding and
assembly dynamics of AB. In the discussion that follows, we
seek to introduce the reader to the complex world of AB assem-
bly and biological activity, a goal we hope will provide a concep-
tual framework upon which further knowledge or experimen-
tation may be built.

ApB Fibril Structure

The determination of the structure of fibrils has been an
unusually difficult problem because A belongs to a class of
proteins that are “natively unfolded” (2) and preferentially form
amyloid fibrils rather than protein crystals. This has precluded
x-ray diffraction studies of full-length AB and made solution
NMR studies problematic (3). Nevertheless, site-directed spin
labeling and solid-state NMR studies have been informative.
The former studies have revealed that A fibrils comprise
B-strands organized in a parallel, in-register fashion. The latter
studies showed that in AB40 fibrils, residues 12-24 and 3040
form parallel B-sheets and that these two 3-strand segments are
connected by a turn involving residues 25-29 (4). Hydrogen/
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deuterium exchange coupled with solution-state NMR
revealed a similar, but distinct, segmental arrangement of
B-strands within AB42 fibrils. Here, residues 18 -26 and 3142
form the B-strands. In both models, salt bridges between Asp®®
and Lys®® stabilize the turn region connecting the two
B-strands {2, 5). Similar findings have been obtained using
other methods (5, 6).

Differences among the studies likely result from the exami-
nation of different peptides (AB40 versus AP42), the absence or
presence of Met**(0), or the conditions under which fibrils
were formed. All these factors have been shown to affect signif-
icantly peptide assembly and biological activity (6, 7). Although
no crystal structures have been determined with full-length A,
exciting work has been done on microcrystals formed by C-ter-
minal peptides. These microcrystals yield diffraction patterns
consistent with an in-register cross-B-organization of two
interdigitated B-sheets. This “steric zipper” structure has been
found in at least 13 other amyloid protein microcrystals (8).
Whether steric zippers exists in A fibrils is unclear.

Pathways of Peptide Assembly

How do monomers form fibrils? This question is fundamen-
tal to understanding fibrillogenesis and for identifying assembly
steps that could be therapeutic targets. Influential early inves-
tigations promulgated the idea that AB assembly was a specific
example of the general class of nucleation-dependent polymer-
ization reactions (Fig. 1B). These reactions comprise a slow
nucleation step, producing a “lag phase” during assembly mon-
itoring, followed by a rapid fibril elongation step. Operating
within this paradigm, nucleation (k,,) and elongation (k,) rate
constants for AB fibril formation were determined (9). How-
ever, continuing elucidation of this ostensibly classical polym-
erization process revealed unexpected complexity in the num-
bers and types (“on-pathway” or “off-pathway” for fibril
formation) of assembly paths and the structures resulting
therefrom (Fig. 1C and supplemental Table S1).

Protofibrils, Paranuclei, and Monomer Folds

Fig. 1C illustrates one pathway of fibril assembly. The penul-
timate fibril intermediate, the protofibril, was first identified
more than a decade ago (10). Protofibrils were described as
beaded chains, each bead of which was ~5 nm in diameter. The
length of these structures generally was <<150 nm. Kinetics and
solution-phase AFM experiments showed that protofibrils
matured into fibrils (10). To understand how protofibrils
formed, methods were developed to determine quantitatively
the oligomer size distribution in nascent A preparations (11).
In AB42 assembly, these experiments suggested that a penta-
mer or hexamer, the “paranucleus,” was the basic unit of the
protofibril and that the beaded chains comprising protofibrils
formed by the self-association of paranuclei.

To understand the oligomerization process in atomic detail,
computer simulations have been done (12). These studies
yielded oligomer frequency distributions similar to those deter-
mined experimentally, but in addition provided high resotution
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FIGURE 1. AB assembly. A, the sequence of AB42 is shown in one-letter amino acid code. The side chain charge at neutral pH s color-coded (red, negative; blue,
positive). B, nucleation-dependent polymerization, reflecting the unfavorable self-association (rate constant k,; << k) of X natively folded monomers (in this
case, six total) to form a fibril nucleus and the favorable addition (k) >> k_) of a large indeterminate number of monomers to the nucleus (nascent fibril) during
fibril elongation. C, AB self-assembly. AB belongs to the class of “natively disordered” proteins, existing in the monomer state as an equilibrium mixture of many
conformers. On-pathway assembly requires the formation of a partially folded monomer that self-associates to form a nucleus for fibril elongation, a paranu-
cleus (in this case, containing six monomers). Nucleation of monomer folding is a process distinct from fibril nucleation (50). Fibril nucleation is unfavorable
kinetically (k; << k3), which explains the lag phase of fibrillogenesis experiments, a period during which no fibril formation is apparent. Paranuclei self-
associate readily (k3 >> k3) to form protofibrils, which are relatively narrow (~5 nm), short (<150 nm), flexible structures. These protofibrils comprise a
significant but finite number (X) of paranuclei. Maturation of protofibrils through a process that is kinetically favorable (k3 > k7) yields classical amyloid-type
fibrils (~10-nm diameter, indeterminate (but often >1 um) length). Other assembly pathways produce annular pore-like structures, globular dodecameric

(and higher order) structures, and amylospheroids. Annuli and amylospheroids appear to be off-pathway assemblies.

conformational information. AB40 oligomers were more com-
pact than AB42 oligomers due to increased conformational
freedom of the AB42 N termini. This suggested that intermo-
lecular interactions among AB42 N termini might facilitate the
C-terminal interactions obligatory for fibril formation. The
work also revealed the formation of a turn in AB42 at Gly>’-
Gly®® that was not observed in AB40 and that thus could be
critical in paranucleus formation.

The importance of the C terminus of Af in controlling A3
assembly has also been revealed in experiments involving
amino acid substitutions (11). Systematic alterations in residue
41 side chain hydrophobicity showed that Gly or Ala largely
eliminated paranucleus formation, whereas amino acids with
hydropathic characteristics similar to Ile had no effect. Elimi-
nation of the Ala*? side chain blocked paranucleus self-associ-
ation, whereas insertion of larger apolar side chains facilitated
the process. Similar studies examined Met>® polarity, animpor-
tant question with respect to redox chemistry in AD (5, 11). In
these experiments, oxidation of Met®® to Met**(O) or Met®®
sulfone had no effect on AB40 oligomerization, whereas A342
paranucleus formation was abolished. Interestingly, the modi-
fied AB42 peptides oligomerized identically to AB40.

The relative importance of the C terminus in controlling AB
assembly was also apparent in studies of AB40 and AB42 pep-
tides containing substitutions linked to familial forms of AD or
CAA. These substitutions (Glu?* — GIn, Glu**> — Gly, Glu** —
Lys, and Asp®® — Asn) produced oligomers of higher order

4750 JOURNAL OF BIOLOGICAL CHEMISTRY

when substituted in AB40 but had little effect on AB42 oli-
gomerization. Removal of N-terminal residues Asp'~Gly® in
AB42 had no effect on its oligomer size distribution, whereas
truncation of either the N-terminal two or four residues of
AB40 produced higher-order oligomers. This observation
was consistent with the aforementioned simulation data that
suggested that collapse of the N terminus of AB40 on the
oligomer surface might shield underlying hydrophobic
regions of the oligomers that otherwise might interact to
form higher-order assemblies (12). In fact, this process was
observed in studies of the folding and assembly of urea-de-
natured AB (13). AB40 formed an unstable but largely col-
lapsed monomeric species, whereas Af42 existed in a tri-
meric or tetrameric state (13).

The solvent inaccessibility of the Ala>'~Ala®° region of AB
likely results from the formation of a turn-like structure that
nucleates monomer folding (14). This decapeptide region ini-
tially was identified due to its resistance to proteolysis, a resist-
ance that remained in the isolated decapeptide itself and that
allowed NMR and computational determinations of its struc-
ture and dynamics (14). Most recently, thermodynamics stud-
ies showed that the turn is destabilized by amino acid substitu-
tions that cause AD and CAA (15). Destabilization correlates
with accelerated A oligomerization and higher-order assem-
bly and thus provides a mechanistic explanation for these famil-
ial forms of AD and CAA.

AN
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Other Assembly Pathways

The idea that an AB hexamer building block exists is intrigu-
ing because at least four other structures, ADDLs, AfB*56,
“globulomers,” and “Af oligomers,” comprise multiples of this
basic unit (Fig. 1C and supplemental Table S1). ADDLs are
dodecamers produced in vitro from AB42 using special solvent
conditions and appear in AFM studies as globular structures
with heights of 5-6 nm (16). AB*56 was identified in SDS
extracts from brains of Tg2576 transgenic mice (17). The “56”
refers to the molecular weight of the oligomer, which is consist-
ent with that of a dodecamer. The morphology of AB*56 is a
prolate ellipsoid. A third type of dodecamer is the globulomer
(so-called because it is a globular oligomer), which is formed by
AB42 in the presence of SDS (18). Protease digestion, antibody
binding, and mass spectrometry studies of globulomers suggest
a structural model in which the hydrophobic C terminus (resi-
dues 24 -42) forms a stable core and the more hydrophilic N
terminus is on the surface. Although globulomers have sub-
stantial B-sheet content, presumably at the C terminus, they do
not form fibrils and thus may be considered an off-pathway
assembly (18). A larger species, the AS oligomer, also has been
produced in vitro (19). Its molecular weight (~90,000) suggests
that its assembly order is ~15-20, consistent with that of an
octadecamer. In addition to assemblies with globular morphol-
ogy, annular pore-like structures with diameters of 812 nm
and pore sizes of 2-2.5 nm also have been described (10, 20).

The largest globular assemblies are amylospheroids and
B-amyloid balls. Amylospheroids are off-pathway spheroidal
structures with diameters of 10-15 nm that are formed by
APB40 or AB42 (21). B-Amyloid balls are very large (20-200
um) spheroidal structures formed only by AB40 at high con-
centration (300 - 600 um) (22). Although such concentrations
are non-physiological with respect to the average concentra-
tion of soluble A in vivo, B-amyloid balls may be an interesting
model of amyloid plaques or of the inclusion bodies formed in
Parkinson and Huntington diseases and in the transmissible
spongiform encephalopathies.

Assembly Complexity and Provenance

The complexity of AB assembly complicates the determina-
tion of precursor-product relationships. For example, are the
different dodecameric assemblies discussed above really differ-
ent, or are they all the same entity described in different ways by
different investigators? Do the different larger spheroidal
assemblies form from the same hexamer building blocks that
produce dodecamers and thus belong on the same pathway?
We do not know, but the answers to these questions are impor-
tant because they have implications for the development of
therapeutic agents targeting critical steps in the assembly path-
ways. For example, recent work has shown that compounds
exist that can efficiently inhibit fibril formation or oligomeriza-
tion, but not both (23). The distinction is critical if one assembly
is benign and the other toxic.

AB Assembly and Disease
Thus far, we have discussed basic aspects of the physical bio-

chemistry of AB assembly. However, the most fundamental
biological question is, “what is the relationship between AB
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assemblies and AD?” Strong linkage exists between amyloid
formation per se and disease (for a comprehensive review, see
Ref. 24), and this linkage formed, in part, the foundation for the
“amyloid cascade hypothesis,” which posited that amyloid fibril
formation was the key pathogenetic process in AD (25). As
discussed above, elucidation of the mechanisms of fibril forma-
tion unexpectedly revealed a broad range of fibrillar and non-
fibrillar structures (supplemental Table S1). AB oligomers
appear to be particularly important because they are potent
neurotoxins and are isolable from AD patients, and their con-
centrations correlate positively with neuropathology in vivo.
These facts have produced a fundamental paradigm shift
resulting in a revised amyloid cascade hypothesis (1, 20, 26), one
that posits the primacy of oligomeric forms of AS in AD
causation.

A substantial experimental corpus exists demonstrating that
“AB” is neurotoxic (27). However, it was not until approxi-
mately a decade ago, with the discovery and characterization
of protofibrils and ADDLs, that a more structurally precise
definition of AB could be made, one that in turn enabled
more precise structure-neurotoxicity correlations to be
established (16, 28). Each new assembly subsequently dis-
covered also was toxic. An important goal of current
research is to better define the mechanisms of this toxicity, a
variety of which we now discuss.

Membrane Effects

Ap is an amphipathic peptide (Fig. 14). The side chains of 16
of the first 28 residues are polar; 12 are charged at neutral pH.
The remaining 12 (AB40) or 14 (AB42) side chains are apolar.
Structures such as these can form micelles (29) or interact with
membranes directly. Recent work has shown that Af340 inserts
into membranes of hippocampal neurons from AD brains (30).
Membrane insertion can perturb plasma membrane structure
and function. For example, conformational analysis of the
C-terminal domain of AB (residues 29 —40/2) has shown it to
have properties similar to those of fusion peptides of viral pro-
teins. Insertion of these fragments in a tilted manner in the
membrane is thought to disrupt the parallel symmetry of the
fatty acyl chains, altering the curvature of the membrane sur-
face and destabilizing the membrane. Consistent with this pre-
diction, AB(22-42) induces membrane fusion and permeabi-
lizes lipid vesicles that mimic neuronal membranes (31).

A oligomers have also been shown to increase the conduct-
ance of lipid bilayers and living cell membranes by lowering the
“dielectric barrier,” possibly by increasing the membrane
dielectric constant, introducing localized structural defects, or
thinning the membrane (thereby facilitating charge transloca-
tion across the bilayer) (32). These effects may be related to
oligomer-induced release of membrane components, including
cholesterol, phospholipids, and monosialogangliosides, which
in turn may lead to tau hyperphosphorylation and neurodegen-
eration (30, 33).

Structured membrane reorganization may also occur. AB40
oligomers form cation-sensitive ion channels in neuronal
plasma membranes and liposomes (30, 34). These channels
may comprise four to six subunits, each of which is an AB oli-
gomer of order four to six, and thus the channels comprise a
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total of 1636 AB monomers. The channels are quasi-stable,
suggesting that channel formation is a dynamic process (31).
For example, Arispe et al. (31) have shown that AB40 channel
activity in planar lipid bilayers results in spontaneous transi-
tions to higher conductances. AFM images of Ap-treated
reconstituted bilayers have revealed disk-like structures with
pore-like concavities of 8-12-nm outside diameter and
1-2-nm inside diameter. However, pore formation remains a
contentious issue. Some believe that AB oligomer-mediated
interference with the surface packing of lipid headgroups effec-
tively thins the membrane, reduces effective membrane con-
ductance, and may produce the appearance of pores. Time-
lapse AFM experiments have revealed that AB aggregates ~500
nm in size form along the edges of bilayer defects, a result that
could be misinterpreted as pore formation (35). Consistent
with this interpretation are recent results suggesting that oli-
gomers alter membrane conductivity without forming discrete
pores (32).

We note that two general classes of AB/membrane interac-
tion may occur: 1) nonreceptor-mediated structural interac-
tions of the type discussed above; and 2) specific receptor-me-
diated interactions. These latter interactions may involve
fibrillar and oligomeric forms of AB that act either as agonists
or antagonists. Many membrane A receptors have been iden-
tified (30), but the important question that remains unan-
swered is whether these interactions are physiologically rele-
vant or serendipitous.

Metals, Aggregation, and Radicals

Evidence exists that metals are involved in the pathogenesis
of AD. However, this is a contentious issue that remains unre-
solved. We present here a number of prominent mechanistic
hypotheses.

In vitro results indicate that physiological concentrations of
Zn** and Cu®* can accelerate A aggregation and increase A
toxicity (36, 37). AB has a strong positive reduction potential
and displays high-affinity binding for Cu**, Zn®*, and Fe**
ions (34). Solution-state NMR and EPR have suggested that the
three His residues in AB, His®, His'3, and His**, coordinate
Cu?*, This metalloenzyme-like complex has been proposed to
catalyze Fenton chemistry (Equation 1),

Me™ + H,0, —Me®* V* + OH" + OH~ (Eq. 1)

which yields toxic hydroxyl (OH') and peroxide (OOH") radi-
cals. Fe** is also thought to participate in this chemistry. In
addition to its postulated catalytic role in Fenton chemistry, it
has been suggested that AB-linked inhibition of catalase
increases H,O, production (Equation 2) (38).

Me®*D* + H,0, —>Me™ + OOH + H*  (Eq.2)

A second center for redox chemistry is Met®® (39). The gen-
eration of reactive oxygen species by A requires reduction of
Cu®* or Fe**, a reaction that may proceed through the oxida-
tion of Met®® to its corresponding sulfide radical cation. Cu™ or
Fe®* produced in this way may react with molecular oxygen
and biological reducing agents (e.g;; cholesterol, vitamin C, or
catecholamine) to yield H,O, and the starting Cu™ cation (40).
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The H,O, thus produced can further oxidize Met*® to its sulf-
oxide form and also react with superoxide anion (O3) in a
Haber-Weiss reaction to produce OH’ (Equation 3).

05+ H,0,—-0OH +OH™ + O, (Eq.3)

Interestingly, the Met**(O) and Met?® sulfone forms of AS
do not assemble as does the wild-type peptide (11, 41). Hou
et al. (41) have reported that oxidation of Met®® to Met*3(O)
significantly reduces the rate of amyloid formation and alters
fibril morphology. Bitan and Teplow (11) reported similar
findings and found that Met®*(0) AB42 does not form
paranuclei, but rather oligomerizes similarly to AB40. These
in vitro observations are consistent with the strong negative
correlation that exists between oxidative damage and AS
deposition in AD (11, 39).

Murakami et al. (42) have proposed that Tyr'® is also
involved in redox chemistry. They suggested that H,O, pro-
duced by AB-metal complexes oxidizes Tyr'® to produce the
tyrosyl radical, which then attacks the thioether of Met®® and
yields an S-oxidized radical cation. A turn at Gly**-Val®® brings
the C-terminal carboxylate anion proximate to the radical, sta-
bilizing it and simultaneously creating a hydrophobic subdo-
main facilitating peptide oligomerization, fibril formation, and
longer lasting oxidative stress.

Mitochondrial Effects

Mitochondrial dysfunction has been linked directly to the
aging process (43), a process that is the largest single risk factor
for AD. Exacerbation of age-related dysfunction by toxic AS
assemblies may explain the linkage of both age and A to AD.
Increasing evidence suggests that AB-induced mitochondrial
dysfunction does in fact occur. The interaction of full-length
AP or truncated forms with mitochondria causes potent inhi-
bition of electron transport chain enzyme complexes and
reductions in the activities of tricarboxylic acid cycle enzymes,
leading to inhibition of ATP production, mitochondrial swell-
ing, cytochrome ¢ release, caspase activation, transition pore
opening, increased mitochondrial reactive oxygen species pro-
duction, and decreased mitochondrial membrane potential and
respiration rates (43, 44). Complexation of A3 with AB-binding
alcohol dehydrogenase, a mitochondrial matrix enzyme, or
with endoplasmic reticulum-associated Ap-binding protein
also produces this type of damage (45).

Apoptosis

A common final pathway of AB-induced neuronal dysfunc-
tion is apoptosis. This pathway is particularly likely to occur
following mitochondrial compromise. AB40 and AB42 olig-
omers also have been shown recently to activate sphingomy-
elinases, which results in apoptotic cell death through a
redox-sensitive cytosolic phospholipase A,/arachidonic acid-
dependent pathway (46). In rat hippocampal neuron cultures,
activation of ERK1/2 (extracellular signal-regulated kinase-1/2)
by AB oligomers results in caspase-3 activation, tau cleavage,
dysregulation of cell structure, and finally apoptosis (47).
Transforming growth factor-f1 has been found to exacerbate
AB-induced toxicity through Smad7 and B-catenin interac-
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tions and nuclear localization. AB40 also can activate the
NFE-«B apoptosis pathway by selectively inducing the nuclear
translocation of the NF-«B p65 and p50 subunits. For this rea-
son, p65 and p50 have been suggested as AD therapeutic tar-
gets. The connection of apoptosis with AB assemblies is sup-
ported by the observation that up-regulation in neurons of
peroxisome proliferator-activated receptor-vy, which increases
expression of the anti-apoptotic protein Bcl-2, protects these
cells against AB-induced toxicity (48).

An Explication

The impetus for studies of AB structure, dynamics, and bio-
activity has been the causal link of A to AD. The result of these
studies has been an extraordinary expansion of knowledge. The
rapidly increasing number of clinical trials of mechanistically
novel AD therapies suggests that this knowledge has been of
value (49). However, a consensus does not exist regarding either
the biophysical or biological behavior of AB. For academics,
rigorous experiments done in well controlled systems provide
reliable, although not necessarily clinically relevant, informa-
tion. However, for AD patients, their families, and the treating
clinicians, relevance is paramount. For their sake, it is hoped
that the information presented here will stimulate current and
especially new researchers to conceive of novel experimental
approaches seeking to answer three fundamental questions. 1)
Is AB, in fact, the proximate etiologic agent of AD; 2) if so, what
is the structure of the proximate neurotoxic Af3 assembly; and
3) if not, what is?
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the role of proteasome in the proteolysis of Ag is still uncertain. To explore
the role of proteasome in Af accumulation of AD pathologies, we investi-
gated here the influence of proteasome inhibition on Af production and
the underlying mechanisms in rats. Methods: We injected bilaterally lacta-
cystin, an irreversible inhibitor of proteasome, into the rat hippocampus and
employed Western blotting, immunohistochemistry, and enzyme linked im-
munosorbent assay (ELISA) to measure the alterations of A8 production and
the possible mechanisms in rats. Results: We observed the following results
in our experiment. (1) Lactacystin inhibited the proteasome activities; (2) Af-
ter proteasome inhibition, the level of AB40 and AB42 were both increased
by ELISA, and Ag fragments were also increased by Wesstern blotting and
immunohistochemstry with 4G8 and 6E10; (3) APP levels including full
length and C-Terminal fragment cleaved by f-secretase (CTF-8) were ele-
vated upon proteasome inhibition; (4) BACE!. PS-1 and PS-2 were in-
creased at the different time points, witch suggested that S-secretase and
y-secretase activity were increased after proteasome inhibition. Conclu-
sions: We conclude that proteasome inhibition led to the increase of Ag pro-
duction through elevating APP level and the 8- and y-secretase activities in

rat brain.
P1-151 EFFECT OF TARGETING L,F7** WITH SIRNAS ON
ALZHEIMER-LIKE PATHOLOGY IN TG2576 MICE

Wei Wel, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China. Contact e-mail: rocky1240@163.com

Background: In Alzheimer’s disease, increased inhibitor-2 of protein phos-
phatase-2A (™" “2A level has been associated with decreased protein phos-
phatase-2A activity. Thus, reduction of L,"72* level could play a vital role in
the treatment of Alzheimer’s disease. Here, to explore the role of IL,7"?* in
Alzheimer’s disease pathology, we investigate the effect of [,*" “22 reduction
on Af, tau, memory and the underlying mechanisms in 12-months Tg2576
mice (Tg-mice). Methods: We injected the lentiviral vectors (LV)-sil, ™
2A expressing siRNA targeting P2 1o lower the L7 Jevels into the
left hippocampus and right cerebralventricle, and employed Western blot-
ting, immunohistochemistry, Morris water maze to measure the changes of
AB, tau phosphorylation, as well as the learning and memory in the Tg-
mice. Results: We found that firstly, L™ level was decreased after injec-
tion of LV- sil," 2" in the left hippocampus and the right cortex of the Tg-
mice; Secondly, with ,YF2* reduction, the level of A, APP and the APP
phosphorylation were decreased; Thirdly, tau hyperphosphorylation at
Ser199/202, Ser214 and Ser396 sites was reduced, and the levels of PP-
2A¢, phosphorylated PP-2A¢ at Tyr-307 and GSK-38 at SerY were all in-
creased, which suggested that PP-2A activity was increased while GSK-34
activity was decreased, and these maybe contribute to the reduction of tau
phosphorylation at those sites. Fourthly, after injection of LV- sil, P24
the learning and memory retention abilities were also improved in the Tg-
mice, and the c-fos was increased simultaneously. Coneclusions: Down reg-
ulation of L7P?A with siRNAs teduces the Ag load through decreasing APP
level and its phosphorylation, and tau phosphorylation partially through in-
creasing PP-2A activity and/or decreasing GSK-34 activity, and ameliorates
the learning and memory ability of Tg-mice.

THE CHANGING OF DISTRIBUTION AND
LOCATION OF NEUROGLOBIN IN TG2576
TRANSGENIC MOUSE

Liming Chen'?, 'Key Laboratory of Neurological Diseases, withan, China;
2Tongji Medical College, Huazhong University of Science and Technology,
Department of Pathophysiology, Wuhan, China.

Contact e-mail: 51651286@qq.com

Background: Neuroglobin (Ngb), a recently discovered vertebrate globin
expressed predominantly in the brain. Ngb is similar to myoglobin and he-
moglobin and shares their capability for oxygen binding. It has thus been pro-
posed to act as an oxygen reservoir or combats reactive oxygen species. It
was also known to protect cells against amyloid toxicity and to attenuate
the AD phenotype of transgenic mice. But the mechanism of this neuropro-
tection is unclear. Methods: We investigated the ngb expression pattern in
the Tg2576 mouse brain using immunohistochemistry and immunofiuores-

cence. Selecting mouse as four group from juvenile to senium.(about 3month
,8month,2month,18month). Results: The immunohistochemistry and im-
munofluorescence shows the neuroglobin positive neuron to dedrease gradu-
ally from four aging model in hippocampus CA3, but not cortex. The
construction of neuron fiber deranged gradually also. Conclusions: In hippo-
campus CA3, the overexpression app may effect the production of neuroglo-
bin.neuroglobin may as a new biomarker to diagnose alzheimer disease in
future.

LGI3 ASSOCIATES WITH ASTROGLIAL RESPONSE
AGAINST ABETA AND ACCUMULATES IN AGED
MONKEY BRAINS

Sachi Okabayashi', Nobuyuki Kimura®, ‘The Corporation for Production
and Research of Laboratory Primates, Tsukuba-shi, Japan; *Tsukuba Pri-

mate Research Center, National Institute of Biomedical Innovation, Iharaki,
Japan. Contact e-mail: okarin@primate.or.jp

Background: The leucine-rich glioma inactivated (LGI) family of genes en-
codes a leucine-rich repeat (LRR) protein, proteins that are thought to be spe-
cifically involved in protein-protein and protein-matrix interactions. Since
amyloid beta peptide (AB) has been previously shown to induce the expres-
sion of another LRR-encoding gene in neural cells, we assessed how A af-
fects LGI gene expression in rat primary cerebral cortical cultures and
astrocyte cultures. Results: Both RT-PCR and Western blot analyses re-
vealed that Ag robustly induced the expression of LGI3 in rat astrocyte cul-
tures coincidentally with the up-regulation of glial fibrillary acidic protein
(GFAP) and apolipoprotein E (ApoE). Immunocytochemistry showed that
LGI3 colocalized with A at plasma membranes and also with internalized
Ap in astrocytes. These findings suggest that activated LGI3 may be involved
in the astroglial response against A@. Furthermore, we examined in monkey
brains of various ages the in vivo relationship between A and LGI3. Immu-
nohistochemistry showed that LGI3 was present in almost all cortical neurons
and astrocytes, and mainly localized to nuclei and plasma membranes. In aged
monkey brains, both LGI3 and A colocalized on/near plasma membranes,
forming large, diffuse clusters. Moreover, LGI3 localized in lipid rafts, coloc-
alizing with endocytosis-associated proteins, which also accumulated near
the plasma membranes of neurons in aged monkey brains. Conclusions:
These findings indicate that LGI3 is not only associated with AS but also
with endocytosis system in brain, and that aging caused these proteins to ac-
cumulate on/near plasma membranes.

IDENTIFICATION OF AMYLOSPHEROID-BINDING
PROTEINS FROM MATURE NEURONS AS

A MOLECULAR TARGET OF NEUROTOXICITY
INDUCED BY NONFIBRILLAR AB ASSEMBLIES

Yasuki Kitamura, Masako Yanazawa, Michio Sato, Akane lio,
Minako M. Hoshi, Mitsubishi Kagaku Institute of Life Sciences, Tokyo,
Japan. Contact e-mail: minhoshi@mitils.jp

Background: The conversion of amyloid #-protein (A) into neurotoxic AS
assemblies is suggested to be a key initiating event of Alzheimer’s disease.
Studies suggest that A assemblies induce synaptic impairment and neuronal
loss through interaction with neurons. To elucidate molecular mechanisms of
Ap neurotoxicity, we have first identified 10-15-nm spherical A assemblies
termed “‘amylospheroids” (ASPDs) (~130 kDa in mass) as neurotoxic in-vi-
tro assemblies. We recently demonstrated their in vivo existence and their
high neurotoxicity (A.N., D.B.T.. M.H., unpublished data). Our previous
studies revealed that ASPDs cause degeneration of mature neurons by their
binding to neuronal surface, suggesting that binding of ASPDs to putative
toxic target(s) on mature neuronal surface might trigger signals leading to
cell death. We therefore aim to isolate ASPD-binding proteins from mature
neurons. Methods: Biotin-labeled ASPDs were prepared from 50 pM solu-
tions of AB1-42 containing a small amount of biotinylated AB1-40 by slowly
rotating the solutions. The biotin-labeled ASPDs were separated from mono-
mers and other smaller A8 assemblies using 100-kDa molecular-weight-cut-
off filters. Mature rat hippocampal neuronal cultures were incubated briefly
with the isolated biotin-labeled ASPDs. Extracts containing the biotin-la-
beled ASPD-putative-ASPD-binding protein complexes were obtained by
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solubilizing the above neuronal cells using mild detergents. The biotin-la-
beled ASPD-putative-ASPD-binding protein complexes were isolated using
streptavidin beads. The isolated ASPD-binding proteins were separated by
SDS-PAGE, visualized using silver stain. Results: We first examined
whether ASPD-binding proteins are present or not in mature neuron-derived
extracts using far-Western blotting. We could detect some bands that were
specifically detected by anti-ASPD antibodies but not by an anti-Ag antibody
using ASPDs as ligands. These bands were absent in extracts derived from
immature neurons or from non-neuronal cells. We next attempted to isolate
ASPD-binding proteins using biotin-labeled ASPDs as baits. We optimized
the experimental conditions for isolating the biotin-labeled ASPD-putative-
ASPD-binding protein complexes from mature neuron-derived extracts and
finally succeeded to detect the bands of the putative ASPD-binding proteins
in SDS-PAGE analysis, some of which were identical to the bands detected
by far-Western blotting. Conclusions: We thus isolated the candidates for
the neurotoxic targets for ASPDs from mature neurons. Further analysis us-
ing mass specirometry is proceeding to characterize the isolated proteins.
EXCLUSION OF PHOSPORYLATED APP CTFS
FROM MEMBRANE REGION RICH IN ACTIVE
v-SECRETASE

Takahide Matsushima, Tadashi Nakaya, Toshiharu Suzuki, Hokkaido
University, Sapporo, Japan. Contact e-mail: matusima@pharm.hokudai.
acjp

Background: In neuron, mature APP695 (mAPP, N- and O-glycosylated
form) is phosphorylated at Thr668 within the motif 667-VIPEER-672 of cy-
toplasmic domain. Function of APP can be modified by cytoplasmic confor-
mational change induced with the phosphorylation (reviewed in J. Biol.
Chem. [2008] 283 29633-29637). Several reports indicated that phosphory-
lation or amino acid substitutions for Thr668 of APP could regulate the
cleavage by f-secretase andfor vy-secretase, or that phosphorylation at
Thr668 has been up-regulated in AD brains. Contrary to these observation,
a mutant mice carrying amino acid substitution of Ala for Thr668 (A/A mu-
tant), which mimicked non-phosphorylated APP, did not influence in APP
processing in brain. Thus the participation of phosphorylation in APP metab-
olism is still under consideration. We herein report the role of APP phosphor-
ylation in v-site cleavage of APP. Methods: Levels of phosphorylated APP
CTFs (pCTFs) and nonphosphorylated CTFs (nCTFs) in mice brain mem-
brane were examined by Western blotting and their relative amounts were
quantified. The brain samples were subjected to in vifro vy-secretase assay
and the cleavage of pCTFs was compared to that of nCTFs. Results: In
CTFB, C99 and C89, the phosphorylated form was dominant compared to
nonphosphorylated forms, while both pCTF and nCTF were even in quantity
for CTFa, C83. When the membrane fraction including these CTFs was as-
sayed for y-secretase cleavage, the cleavage of pCTFs was significantly
lower compared to that of nCTFs in spite of kinetic equivalence of pCTFs
and nCTFs for susceptibility to y-secretase. Conclusions: In vitro y-cleav-
age assay of CTFs indicates that phosphorylated and non-phosphorylated
CTFs were kinetically equivalent substrates for y-secretase. However,
more nCTFs were likely to be cleaved rather than pCTFs. This indicates
that phosphorylation for Thr668 regulates the localization of CTFs instead
of a direct inhibition of y-cleavage. The pCTFs may be located at a distance
from the active y-secretase in the membrane, while non-phosphorylated
CTFs are located close to the active enzyme. The model what we have pro-
posed differes from the interpretation that phosphorylation of CTFs directly
interferes or facilitates in cleavage by y-secretase.

THE PATHOGENIC 1716F AMYLOID PRECURSOR
PROTEIN (APP) MUTATION LEADS TO A REDUCED
PROTEIN PROCESSING AND A VERY AGGRESSIVE
EARLY-ONSET ALZHEIMER’S DISEASE

Cristina Guardia-Laguarta', Marta Pera', Jordi Clarimon', Albert Llado®,
Raquel Sanchez-Valle?, Jose Luis Mol'muevoz, Teresa Gomez-Isla',

Rafael Blesa', Isidre Ferrer”, Alberto Lieo', ! Hospital Sant Pau, Barcelona,
Spain; 2Hospital Clinic, Barcelona, Spain; *Hospital de Bellvitge, Barce-
lona, Spain. Contact e-mail: cguardia@sanipau.es

Background: Previous studies suggest that a mutation in the codon 716 of
the amyloid precursor protein (APP) leads to familial early onset Alzheimer’s
disease (EOAD) with an age of onset in the mid 50s. We report a novel
mutation in APP (I716F) in a patient with an onset of 31 years. We investi-
gate in detail the clinical, neuropathological and biochemical effects of this
mutation. Methods: Neuropathological examination was performed using
specific antibodies against amyloid-# , tau/phospho-tau, ¢, -sinuclein, TDP-
43, and GFAP. ¢cDNA constructs encoding APPV7171 and APPI716F
were generated by site-directed mutagenesis. CHO cells were transfected
with wtAPP, APPV7171 or APPI716F, and AS 40 and Ag 42 levels were
measured by ELISA. APP C-terminal fragments (CTFs) were measured by
Western blot. We measured the APP intracellular domain (AICD) in an in
vitro cell-free assay. Finally, v -secretase activity was measured by a fluoro-
metric assay in cell lysates, and brain samples from the proband, AD patients
and healthy controls. Results: The proband had a diagnosis of EOAD with an
age of onset of 31 (age of death of 36). The father had developed EOAD with
an age of onset of 35. The neuropathological examination of the proband
showed abundant diffuse amyloid plaques, mainly stained for A342, and
widespread neurofibrillary pathology corresponding to a stage VI of Braak.
Lewy bodies and aberrant neurites were observed in the amygdala. CHO cells
transfected with the APP 1716F and V7171 mutations showed a marked in-
crease of the AB42/40 ratio in the media compared to wtAPP. Both mutations
led to a decrease in AICD production and reduced y-secretase activity. APP
CTFs levels were increased in cells transfected with both mutations as well as
in the proband’s brain sample. Conclusions: The APP 1716F mutation is
associated with a very early age of onset and aggressive neuropathological
phenotype. Our data indicates that this mutation, as well as the V7171 APP
mutation, leads to an increased Af 4440 ratio but also to a reduced APP
proteolysis by vy -secretase. This suggests an additional mechanism by which
mutations around v -secretase cleavage site may lead to AD.

v-SECRETASE SUBSTRATES APP, NOTCH1 AND
CD44 SHOW DISTINCT PROCESSING IN NPC
CELLS

Martina Malnar!, Harald Steinell, Sven Lammich?, Silva Hecimovic',
'Rudjer Boskovic Institute, Zagreb, Croatia; 2Ludwig-Maximilians-Univer-
sity, Munich, Germany. Contact e-mail: martina.malnar@irb.hr

Background: It has been previously demonstrated that NPC1 dysfunction,
that causes Niemann Pick type C disease (NPC), results in altered APP pro-
cessing leading to increased levels of C99 and amyloid-g peptide (Ag). To
elucidate whether the Ag increase upon NPC1 loss of function is due to a com-
mon mechanism of altered y-secretase processing, we analyzed the levels of
B-like peptides and intracellular domains (ICDs) of APP, Notchl and CD44
in wt (CHOwt) and NPC cells (CHO NPC1-null). Methods: The cells were
transiently transfected with C99, Flag-Next or CD44AE-Flag constructs
(all C-terminal myc tagged). In order to detect S-peptides, media were col-
lected, cleared and immunoprecipitated using appropriate antibodies.
Immunoprecipitates were subjected to SDS-PAGE on Schidgger gels and
blotted onto nitrocellulose membranes. The membranes were probed
with antibody FLAG-M2 (CD44-8 and Notchl-8) or 6E10 (AB). For de-
tection of ICDs, cell lysates were subjected to SDS-PAGE, blotted on
PVDF membranes and immunoblotted with antibody 9E10. Results: In
contrast to the markedly increased levels of AB, we did not observe an in-
crease in Notch-g and CD44-8 peptides in NPC compared to wt cells. Our
observation that AICD levels were similar in wt and NPC cells, suggests
that cholesterol accumulation upon NPC1 dysfunction may specifically af-
fect y-secretase cleavage at y40/42-site and not y-secretase cleavage at the
e-site, In addition, the levels of Notchl-ICD (NICD) and CD44-ICD were
similar between wt and NPC cells, further supporting the hypothesis that
y-secretase processing of Notchl and CD44 is not altered in NPC cells.
Conclusions: We found that NPC1 loss specifically affects A8 levels
and not the levels of other y-secretase generated §-like peptides. These
results suggest that there is not a common mechanism of vy-secretase
cleavage that would result in similar vy-secretase processing of APP,
Notchl and CD44 in NPC cells. This finding supports a model of distinct
processing pathways of y-secretase substrates, indicating that designing an
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Triple N-Glycosylation in the Long S5-P Loop Regulates the
Activation and Trafficking of the Kv12.2 Potassium Channel™
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Mammalian voltage-dependent potassium (Kv) channels reg-
ulate the excitability of nerve and muscle cells. Kv12.2 features
the longest S5-P loop among all known mammalian Kv channels
with the most N-linked glycosylation sites (three sites). Despite
its unique structural features, Kv12.2 is not well characterized.
Because glycosylation plays important roles in the folding, traf-
ficking, and function of various Kv channels, we focused on the
N-glycosylation of Kv12.2. We show that Kv12.2 is N-glycosy-
lated in Chinese hamster ovary (CHO) cells and in cultured neu-
rons as well as in the mouse brain. As an effect of N-glycosylation
on the function of Kv12.2, we demonstrate that removal of sugar
chains causes a depolarizing shift in the steady-state activation
without a significant reduction in current amplitude. Unlike the
previously reported shift for Shaker-type Kv channels, this shift
does not appear to be due to negatively charged sialic acid resi-
dues in the sugar chains. We next examined the trafficking in
CHO cells to address whether the unglycosylated Kv12.2 chan-
nels are utilized in vivo. Although double mutants, retaining
only one glycosylation site, are trafficked to the surface of CHO
cells irrespective of the position of the glycosylated site, ungly-
cosylated channels are not trafficked to the cell surface. Further-
more, we could not detect unglycosylated channels in the mouse
brain. Our data suggest that only glycosylated Kv12.2 channels
show proper voltage dependence and are utilized in vivo.

Mammalian voltage-dependent potassium (Kv)* channels
are multisubunit membrane proteins that regulate the excit-
ability of nerve and muscle cells (1). The channels are composed
of four a-subunits, with each a-subunit containing six mem-
brane-spanning segments (S1-56) (Fig. 14). The S1-S4 helices
function as the voltage sensor, whereas the S5-S6 helices
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ment Organization.
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supplemental Figs. 1-3.
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3The abbreviations used are: Kv channels, voltage-dependent potassium
channels; CHO, Chinese hamster ovary; Eag, ether-a-go-go; EGFP, en-
hanced green fluorescent protein; Elk, ether-a-go-go-like; Erg, ether-a-go-
go-related gene; HERG, human ether-a-go-go-related gene; PB, phosphate
buffer; PBS, phosphate-buffered saline; Endo H, endoglycosidase H;
PNGase F, peptide N-glycosidase F.
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together with a pore helix between them tetramerize to form a
central ion-conducting pore. Mammalian Kv channels consti-
tute a large superfamily and are categorized into groups termed
Kvl.x ~ Kv12.x according to their primary sequences (2, 3).
Kv12.2, also known as ether-a-go-go-like 2 (Elk2) or KCNH3,
belongs to the ether-a-go-go (EAG) family, which comprises
the ether-a-go-go (Eag, Kv10.x), ether-a-go-go-related gene
(Erg, Kv11.x), and ether-a-go-go like (Elk, Kv12.x) subfamilies
(4, 5). In mouse, rat, and human, Kv12.2 mRNA is specifically
expressed in the brain (6 —8). In the human brain expression
levels of Kv12.2 mRNA are high in the cerebral cortex, hip-
pocampus, amygdala, caudate, and nucleus accumbens (9). In
these parts of the brain the level of Kv12.2 mRNA was found to
be as high as 15~30% that of ribosomal protein RS9, a house-
keeping gene (9). Unlike Kv5.x, Kv6.x, Kv8.x, and Kv9.x, which
function as modifiers for other Kv channels (10), Kv12.2 can
produce a functional channel on its own when heterologously
expressed (6 -8, 11). In addition, human Kv12.2 may be impli-
cated in epilepsy (12). These findings suggest that Kv12.2 is
likely to play important roles in the mammalian brain. Among
all known mammalian Kv channels, Kv12.2 has the longest
extracellular S5-P loop located between S5 and the pore helix
(Fig. 1A, right panel) and the largest number of (i.e. three)
N-glycosylation consensus sequences in the S5-P loop (Fig. 1B).
Despite these findings and unique structural features, Kv12.2
has not yet been well characterized at the protein level (10).
Many Kv channels undergo N-linked glycosylation, which
begins with the co-translational addition of a core glycan to a
lumenal-exposed asparagine residue that is part of a consensus
sequence. As the proteins progress through the Golgi appara-
tus, enzymes modify the sugar chains, resulting in high man-
nose, hybrid, or complex oligosaccharides (13, 14). N-Glycosy-
lation generally promotes proper folding, increases trafficking
and stability, and modifies the function of Kv channels (15-20),
but the positions and roles of N-glycosylation vary among Kv
channels. With the exception of Kv1.6, Shaker type Kvl.x chan-
nels have a single glycosylation consensus sequence in a loop
located between helices S1 and S2 (Fig. 1A, left panel), and in
some Kv1.x channels removal of the N-linked glycans results in
a positive shift of the activation curve (15, 19). It has been sug-
gested that this effect is due to negatively charged sialic acid
residues in the sugar chains. In contrast, despite the fact that
EAG-type Kv channels have one or more N-glycosylation sites
adjacent to the pore region (Fig. 1B), only a few studies have
addressed the role of N-glycosylation in the functional regula-
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FIGURE 1. Topological model and amino acid sequence of S5-P loops of various voltage-dependent potassium channels. A, the proposed topology of
the Kv1.x and Kv12.2 monomers is shown. Kv channels have six transmembrane segments (51-56). Helix S4 contains positively charged residues, indicated by
+. The predicted N-linked glycosylation sites are indicated by W. Kv1.x channels have an N-terminal tetramerization domain (T7), and single N-glycosylation
site between helix S1 and S2 with the exception of Kv1.6. Kv12.2 channels have an N-terminal Per-Arnt-Sim (PAS) domain and a C-terminal cyclic nucleotide
biding domain (CNBD). Kv12.2 has three N-glycosylation sites in a particularly long extracellular S5-P loop between helix S5 and the pore helix (PH). B, shown
are amino acid sequences of the predicted S5-P loops of the mouse Kv, fruit fly (Drosophila melanogaster) Elk, and zebrafish (Danio rerio) Elk1 channels. The
names in parentheses refer to the subfamilies containing the corresponding mouse Kv channels. Elk, Eag, and Erg are subfamilies of the EAG family. White letters
in black boxes indicate the predicted N-linked glycosylation consensus sequence Asn-Xaa-(Ser/Thr) in which Xaa can be any amino acid except proline. The
numbers in parentheses above the sequences indicate the positions of the residues in Kv12.2.

tion of these channels (18). The analysis of Kv12.2 provides
insights into the role of N-glycans in the function of channels of
the EAG family.

Regulation of trafficking to the cell surface, where Kv chan-
nels are generally expressed, is another important role of the

sylated Kv1.1 could be utilized in vivo and that differences in the
degree of glycosylation increase the functional diversity of the
channels, possibly modifying cell excitability (24). In contrast,
the human Erg (HERG or Kv11.1) channel requires glycosyla-
tion for proper cell surface expression (20, 25). Mutations that

N-glycosylation of these channels (21, 22). The effect of glyco-
sylation on trafficking varies between Kv channels. Glycosyla-
tion of Kv1.1 does not affect the trafficking of the channel (16,
23). It has been suggested that both glycosylated and unglyco-
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prevent glycosylation of the HERG protein cause a cardiac dis-
order known as long QT syndrome type 2 (20). These data
suggest isoform-specific differences in the sensitivity of potas-
sium channel trafficking to N-linked glycosylation.
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Here we present the evidence that Kv12.2 channels are
expressed and N-glycosylated in the mouse brain and that
N-glycosylation is essential for proper function of EGFP-Kv12.2
expressed in Chinese hamster ovary (CHO) cells. Furthermore,
by a systematic mutational analysis of the three glycosylation
sites of Kv12.2, our study provides insight into how glycosyla-
tion regulates the trafficking of Kv channels.

EXPERIMENTAL PROCEDURES

Cloning and Plasmid Construction—Kv12.2 cDNA was iso-
lated by PCR from a mouse brain library using Prime STAR
GXL DNA polymerase (Takara Bio Inc., Otsu, Japan) and
specific primers (5'-primer, 5'-GCTAGCGCCACCATGCCG-
GCCATGCGGGGGCTCCTG-3'; 3'-primer, 5'-TTGCGGC-
CGCTCAGACCCCTGTGCCTTCTTCCTGGGT-3'). A Nhel-
Kozak sequence was introduced at the 5’ end of the PCR
product and a Notl restriction site at the 3’ end, and the con-
struct was cloned into the pGEM T-easy cloning vector (Pro-
mega). With the exception of two silent mutations (G1161A
and G2682A), our mouse Kv12.2 cDNA sequence is identical
to GenBank™ accession number NM_010601.3 but differs
slightly from GenBank™ accession number AF109143 (8). The
Nhel-Notl fragment from the Kv12.2 cloning vector was ligated
into digested pcDNA3.1(+) vector (Invitrogen). For the EGFP-
Kv12.2 construct, EGFP was isolated by PCR from the pEGFP
C2 vector (Clontech) and ligated to the 5’ end of Kv12.2 in the
pcDNA3.1(+) vector. EGFP-Kv12.2 substitution mutants were
generated from EGFP-Kv12.2 with the QuikChange II site-di-
rected mutagenesis kit (Stratagene, Birmingham, AL) accord-
ing to the manufacturer’s instructions. To avoid undesired
mutations, after point mutations were introduced into the
EGFP-Kv12.2 construct, the fragments were sequenced and
ligated into confirmed vectors. For expression of EGFP-Kv12.2
in primary cultured neurons, the EGFP-Kv12.2 fragment was
cloned into the pCA mammalian expression vector under the
chicken B-actin promoter. The pCA-based EGFP-Kv12.2 vec-
tor resulted in higher protein expression in cultured neurons
than the pcDNA3.1-based vector.

CHO Cell Culture and Transfection—CHO K1 cells were
grown in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% heat-inactivated fetal bovine serum (Bio-
Whittaker), 50 units/ml penicillin, and 50 wg/ml streptomycin
at 37 °C in a humidified 5% CO, atmosphere. CHO-K1 cellsin a
35-mm Petri dish were transfected with a mixture containing
1.5 ug of the EGFP-Kv12.2 expression plasmid and 5 ul of Lipo-
fectamine (Invitrogen) according to the manufacturer’s in-
structions. For transfection of CHO-K1 cells in 60-mm Petri
dishes, twice as much EGFP-Kv12.2 expression plasmid and
Lipofectamine were used.

Patch Clamp Recordings and Data Analysis—Whole-cell
Kv12.2 currents were recorded 36 —48 h after transfection at
25°C. Cells were voltage-clamped with an EPC10 amplifier
(HEKA Elektronik, Lambrecht, Germany). Patch pipette resist-
ances were 2—3.5 megaohms. The external solution contained
10 mm HEPES-NaOH (pH 7.4), 112 mm NaCl, 40 mm KCI, 1.5
mMm CaCl,, 1 mm MgCl,, and 10 mm glucose. The internal
pipette solution contained 10 mm HEPES-KOH (pH 7.3), 10
mm NaCl, 130 mm potassium gluconate, 1.3 mm CaCl,, 2 mm
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MgCl,, 10 mm EGTA, and 1 mm ATP. To generate the steady-
state activation curve, an established tail current protocol was
used (6, 8, 11). Inward tail currents were elicited by voltage steps
at —120 mV after conditioning pulses from —80 to 80 or 100
mV for 3 s. The small inward tail current for the conditioning
pulse of —80 mV was subtracted from all measured currents.
The peak amplitudes of the tail currents were normalized and
plotted against the conditioning potential. The data points were
fitted with a Boltzmann function of the form g = g_../1 +
exp(—(V,, — Vi,5)/k), where g, .. is the maximum conduc-
tance, V7, is the voltage of half-maximal activation, V,, is the
applied membrane potential of the conditioning pulse, and k is
the slope factor. Data are usually given as the mean value * the
S.E. The channel activity was evaluated from the average peak
amplitude of tail currents at —100 mV after a conditioning
potential of 120 mV for 500 ms.

Primary Hippocampal Cell Culture—E18 rat hippocampi
dissected in Hanks’ balanced salt solution without calcium and
magnesium were treated with 0.25% trypsin for 15 min at 37 °C
and dispersed with a constricted Pasteur pipette (20 times) to
produce a homogeneous suspension. The isolated neurons
were washed with Hanks’ balanced salt solution without cal-
cium and magnesium and subjected to electroporation using
the Nucleofector system (Amaxa Inc., Gaithersburg, MD).
Briefly, 2~3 X 10° dissociated neurons were spun down at
100 X g for 3 min at 4 °C, resuspended in 100 ul of rat neuron
Nucleofector solution kept at room temperature, combined
with 3 ug of plasmid DNA, transferred into a cuvette, and elec-
troporated using program O-03 of the Amaxa system. Trans-
fected neurons (200,000 ~ 400,000 per 60-mm dish) were
plated in tissue culture dishes coated with poly-L-lysine (Sigma)
in neurobasal medium (Invitrogen) containing 1/50 volume of
B27 (Invitrogen) and 1 mm GlutaMAX (Invitrogen). The neu-
rons were maintained at 37 °C in a humidified 5% CO, atmo-
sphere for 14 days and used for immunoblot analysis.

Antibody against the Very C Terminus of Kv12.2—Antibody
against the Kv12.2 protein was raised using as antigen a peptide
corresponding to its very C terminus (residues 1081-1095).
The synthetic peptide was conjugated to keyhole limpet hemo-
cyanin and injected into rabbits to generate polyclonal antibod-
ies according to standard protocol. The antibody was affinity-
purified from the rabbit serum and used for immunoblotting
(anti-Kv12.2(1081)). The anti-Kv12.2(787) antibody was raised
against a peptide corresponding to C-terminal residues 787—
800 using the same method described for anti-Kv12.2(1081).

Immunoblot Analysis—48 h after transfection, CHO cells
were washed with phosphate-buffered saline (PBS; 8.1 mm
Na,HPO,, 1.5 mm KH,PO,, 137 mm NaCl, 2.7 mm KCl; Takara
Bio, Inc.) and harvested. To solubilize the Kv12.2 protein, cell
pellets were suspended in solubilization buffer (1% #-dodecyl-
B-D-maltopyranoside (Dojindo Laboratories, Kumamoto,
Japan) in 50 mm Tris-HCl (pH 7.5), 150 mm NaCl, 1 mM EDTA)
supplemented with 1/100 volume of protease inhibitor mixture
(Nacalai Tesque, Inc., Kyoto, Japan) and 1 mm phenylmethyl-
sulfonyl fluoride and incubated for 30 min on ice. After remov-
ing cell debris by centrifugation at 20,000 X g for 30 min, the
supernatant was resolved by SDS-PAGE (7.5% gel). The lanes
were transferred to a polyvinylidene difluoride membrane (Bio-

JOURNAL OF BIOLOGICAL CHEMISTRY 33141

6002 ‘6 1oqwiada uo ‘Ausianiun 0joAy) ye Bio ogl-mmm woly papeojumoq



ASBMB

The Journal of Biological Chemistry

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/10/06/M109.021519.DC1.html

Glycosylation of Kv12.2

Rad), which was incubated with anti-Kv12.2 antibody at 2.5
pg/ml for about 12 h at 4°C. The antibody was detected by
horseradish peroxidase-conjugated secondary antibody (Pro-
mega) and visualized using ECL Advance (Amersham Bio-
sciences). The bands were quantified using an LAS-3000 image
analyzer (FUJI FILM).

At 14 days in vitro hippocampal neurons were washed with
PBS, harvested, and treated like CHO cells except that for sol-
ubilization of neurons radioimmune precipitation assay buffer
was used (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS in 50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 1 mm EDTA)
supplemented with 1/100 volume of protease inhibitor mixture
(Nacalai Tesque) and 1 mm phenylmethylsulfonyl fluoride.

For the detection of native Kv12.2, crude membrane frac-
tions were prepared from freshly dissected whole brains of mice
of different ages (embryonic 17 day, postnatal day 5 (PD5), P13,
or adult (P210)). Crude membrane fractions prepared from liv-
ers of adult mice were used as control. Samples were homoge-
nized in homogenization buffer (0.32 M sucrose, 10 mm HEPES-
NaOH (pH 7.0), 0.1 mm CaCl,, 1 mm MgCl,, 1/100 volume of
protease inhibitor mixture). The homogenate was centrifuged
at 1500 X g for 10 min to remove cell debris, and the superna-
tant was centrifuged at 13,500 X g for 10 min. The pellet was
resuspended in homogenization buffer and stored at —80 °C.
Protein content was determined using the DC Protein Assay
system (Bio-Rad) with bovine serum albumin as standard. 20
g of protein was added to reducing SDS sample buffer, boiled
for 3 min at 95°C, and analyzed by immunoblotting as de-
scribed above.

Enzymatic Deglycosylation—n-Dodecyl-f-D-maltopyrano-
side or radioimmune precipitation assay buffer-solubilized pro-
teins from transfected cells or crude membrane fractions from
mouse tissues were denatured by boiling for 3 min at 95°C in
buffer containing 1% B-mercaptoethanol and 0.5% SDS. The
denatured samples were treated with 50 units/ul Endo H (New
England Biolabs) or 50 units/ul PNGase F (New England Bio-
labs) for 1 h at 37 °C. The reaction was stopped by adding an
equal volume of 2X SDS sample buffer and boiling the samples
for 3 min at 95 °C.

Tunicamycin Treatment—8—10 h after transfection with
the EGFP-Kv12.2 construct, CHO cells were treated with 50
wg/ml tunicamycin (Sigma) or an equal volume of dimethyl
sulfoxide (DMSO) as control. CHO cells were cultured for an
additional ~36 h and analyzed by immunoblot or patch clamp
experiments.

PNGase F or Neuraminidase Treatment of Live CHO Cells—
For PNGase F treatment oflive CHO cells, EGFP-Kv12.2-trans-
fected cells in a 35-mm tissue culture dish were washed 3 times
with PBS containing 1 mm MgCl, and 1 mm CaCl, (PBS-MC)
and incubated with 1 ml of PBS-MC containing 0, 500, 1000,
2500, or 5000 units of PNGase F for 1 h at 37 °C. The removal of
sugar chains was monitored by immunoblotting. Cells treated
with 1000 units of PNGase F were used for patch clamp record-
ings within 1 h after treatment. Neuraminidase treatment was
performed as described for PNGase F using 0, 50, or 100 units in
1 ml of PBS-MC for immunoblot experiments and 50 units for
patch clamp experiments.
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Fluorescence Microscopy and Immunoelectron Microscopy—
For confocal immunofluorescence microscopy, CHO cells were
cultured in eight-well culture slides (Nunc, Naperville, IL).
3648 h after transfection fluorescence images were acquired
at room temperature with an FV1000 confocal laser-scanning
microscope (Olympus, Tokyo, Japan).

For immunoelectron microscopy, CHO cells were fixed
48 h after transfection for 2 h at room temperature with 2%
paraformaldehyde (Merck) in 0.1 M phosphate buffer (PB) at
pH 7.5 containing 20 uM (p-amidinophenyl)methanesulfonyl
fluoride hydrochloride. After washing with 100 mm PB, cells
were incubated for 15 min in 20% Blockace (Dainippon Phar-
maceutical, Osaka, Japan) in 100 mMm PB containing 20 um
(p-amidinophenyl)methanesulfonyl fluoride hydrochloride
and 0.005% saponin (Merck). Cells were then incubated over-
night at 4 °C with anti-green fluorescent protein polyclonal
antibody (Abcam, Cambridge, MA) diluted 1:1000 in dilution
buffer (100 mm PB containing 5% Blockace and 0.05% saponin
(Merck)). After washing with washing buffer (100 mm PB con-
taining 0.05% saponin (Merck)), cells were incubated for 2 h at
room temperature with 1-nm gold-conjugated goat anti-rabbit
IgG (Nanogold; Nanoprobes, Inc., Stony Brook, NY) diluted
1:100 in dilution buffer. After washing with washing buffer,
cells were postfixed for 15 min with 1% glutaraldehyde in PB,
and gold labels were enhanced by a 6-min incubation with a
silver developer (HQ silver, Nanoprobes) in the dark. Cells were
postfixed again with 0.5% OsO, in PB for 90 min at 4 °C, stained
with 4% uranyl acetate for 30 min at room temperature, and
dehydrated by passage through a graded series of ethanol (50,
70, 90, and 100%). After embedding in Epon 812 (Nacalai
Tesque), ultrathin sections (80 nm thickness) were cut with an
LKB Ultratome (GE Healthcare ), transferred to specimen grids
coated with polyvinyl formal (Nissin EM Co., Tokyo, Japan),
stained with uranyl acetate and lead citrate, and inspected
under an electron microscope (JEM-1013EX, JEOL, Tokyo,
Japan) (26).

RESULTS

EGFP-Kv12.2 Forms Functional Channels—We cloned the
mouse Kv12.2 gene (see “Experimental Procedures”) and exam-
ined the activity of its product by recording whole-cell currents
in transiently transfected CHO cells using the patch clamp
technique. To identify transfected cells, EGFP was co-trans-
fected with wild-type Kv12.2, but this approach did not allow us
to reliably measure currents from EGFP-positive cell (data not
shown). To improve the reproducibility of our measurements,
we fused EGFP to the N terminus of Kv12.2. When cells were
transfected with EGFP-Kv12.2, almost all EGFP-positive cells
showed voltage-dependent transient outward currents and
characteristic tail currents (Fig. 2), which were absent in mock-
transfected cells. The currents were similar to those of
untagged Kv12.2 channels which were previously reported (6, 8,
11). We, therefore, concluded that EGFP-Kv12.2 could be used
for further characterization of the channel.

Electrophoretic Mobility of Recombinant EGFP-Kv12.2 and
Native Kv12.2—To characterize the biochemical properties of
Kv12.2, we performed an immunoblot analysis. We raised a
polyclonal antibody against the very C terminus of mouse
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FIGURE 2. Voltage-dependent current of EGFP-Kv12.2. Representative cur-
rents were measured from CHO cells transfected with EGFP-Kv12.2. In this
experiment, EGFP-Kv12.2 outward currents were elicited by voltage pulses
from —80 to 80 mV for 500 ms from a holding potential of —80 mV. Tail
currents were elicited by repolarizing the membrane to —120 mV at the end
of the 500-ms pulses. The asterisk indicates the tail currents.
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FIGURE 3. Electrophoretic mobility of Kv12.2 channels. Cell lysates or
crude membranes were analyzed by SDS-PAGE and immunoblotting. A, n-do-
decyl-B-p-maltopyranoside-solubilized lysates were prepared from CHO cells
transfected with EGFP-Kv12.2 and mock-transfected cells. B, radioimmune
precipitation assay buffer-solubilized lysates were prepared from hippocam-
pal neurons transfected with EGFP-Kv12.2 and mock-transfected neurons.
C, crude membranes were prepared from adult mouse brain and liver tissue at
postnatal day 210. 20 p.g of protein was loaded. D, equal amounts of crude
membranes were analyzed at different developmental stages: embryonic day
17 (E17), postnatal day 5 (P5) and 13 (P13), and adult (P210). The molecular
masses estimated from the protein standards are shown to the right of the
lanes.

Kv12.2 (anti-Kv12.2(1081), see “Experimental Procedures”)
and used it to detect EGFP-Kv12.2 expressed in CHO cells. The
anti-Kv12.2(1081) antibody recognized three prominent bands
that were absent in mock-transfected CHO cells (Fig. 3A). The
bands at molecular masses of 172 and 167 kDa were strong,
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whereas the band at the highest molecular mass (188 kDa) was
faint. These molecular masses are bigger than the calculated
molecular mass of the EGFP-Kv12.2 protein of 145 kDa, which
includes 27 kDa for EGFP and the linker. The antibody did not
cross-react with the closely related Kv12.3 channel expressed in
CHO cells (supplemental Fig. S1), and another antibody (anti-
Kv12.2(787), see “Experimental Procedures”) produced a simi-
lar staining pattern on immunoblots (supplemental Fig. S1).
We, therefore, conclude that the anti-Kv12.2(1081) antibody
specifically recognizes Kv12.2 and that all three bands detected
by anti-Kv12.2(1081) represent EGFP-Kv12.2.

Immunoblot analysis of EGFP-Kv12.2 expressed in cul-
tured hippocampal neurons revealed only two bands (Fig.
3B). Their apparent molecular masses of 186 and 170 kDa
suggested that they correspond to the upper (188 kDa) and
middle (172 kDa) band seen in immunoblots of CHO cells
expressing EGFP-Kv12.2.

When immunoblots of crude membranes from mouse
brain were analyzed, the anti-Kv12.2(1081) antibody recog-
nized two bands with apparent molecular masses of 157 and
142 kDa that were not detected in immunoblots of mouse
liver membranes (Fig. 3C). These bands would correspond to
the upper band (188 and 186 kDa) and the middle band (172
and 170 kDa) of EGFP-Kv12.2 expressed in heterologous sys-
tems (CHO cells and cultured neurons, respectively). The lower
apparent molecular masses of the native channels are due to the
lack of the 27-kDa EGFP. The faint bands at 200 and 120 kDa
are likely due to nonspecific binding because these bands were
not detected by the anti-Kv12.2(787) antibody. To examine
temporal changes in the expression level and the biochemical
properties of native Kv12.2 channels in the developing brain,
equal amounts of membranes from whole brains of mice at four
ages (embryonic day 17 (E17), postnatal day 5 (PS), P13, and
P210 (adult)) were analyzed (Fig. 3D). The intensity of the pre-
dominant 157-kDa band increased steadily in the course
of brain development, with the greatest change occurring
between postnatal day 5 and P13. In contrast, the intensity of
the 142-kDa band peaked at P13. The detection of multiple
bands in these results suggested that Kv12.2 carries co- and/or
post-translational modifications both ix vitro and in vivo.

Kvi2.2 Is N-Glycosylated—Among the various potential
modifications of Kv12.2, we decided to focus on N-glycosyla-
tion because Kv12.2 contains three N-linked glycosylation con-
sensus sequences in the unique S5-P loop (Fig. 1B). To investi-
gate the N-glycosylation of Kv12.2, we performed immunoblot
analysis of detergent-solubilized EGFP-Kv12.2 or crude mouse
brain membrane preparations after removal of either high
mannose-type oligosaccharides by Endo H or all types of oligo-
saccharides by PNGase F.

When EGFP-Kv12.2 expressed in CHO cells was treated with
Endo H, the 172-kDa band disappeared, presumably shifting
the protein to the 167-kDa band, which increased in intensity
(Fig. 4A, white arrowhead). The 188-kDa band was not affected
by Endo H treatment (Fig. 44, black arrow). This result indi-
cates that the 172-kDa band contains proteins carrying high
mannose-type oligosaccharides. We will refer to this protein as
the immature form of EGFP-Kv12.2. Treatment of recombi-
nant EGFP-Kv12.2 with PNGase F, which can remove both high
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FIGURE 4. Enzymatic deglycosylation of Kv12.2 channels. Cell lysates or
crude membranes were denatured and treated with endoglycosidases (Endo
H or PNGase F) or buffer alone (—). A, lysate of CHO cells transfected with
EGFP-Kv12.2 is shown. B, lysate of neurons transfected with EGFP-Kv12.2 is
shown. C, crude membranes prepared from P13 mouse brain are shown.
Arrows indicate the mature form of EGFP-Kv12.2 or native Kv12.2, which car-
ries complex oligosaccharides. Open arrowheads indicate the immature form
of EGFP-Kv12.2 or native Kv12.2, which carries high mannose oligosaccha-
rides. Filled arrowheads indicate the unglycosylated or deglycosylated form of
EGFP-Kv12.2 or native Kv12.2,

mannose and complex oligosaccharides, caused the 188-kDa
band to completely disappear, and the intensity of the 172-kDa
band was significantly reduced with a concomitant increase in
the intensity of the 167-kDa band (Fig. 4A4). This result sug-
gests that the 188-kDa band contains proteins carrying com-
plex oligosaccharides, and we will refer to this protein as the
mature form of EGFP-Kv12.2. The 167-kDa band did not
shift even after PNGase F treatment (Fig. 44, black arrow-
head), indicating that it represents unglycosylated EGFP-
Kv12.2. These results demonstrate that EGFP-Kv12.2 ex-
pressed in CHO cells is N-glycosylated.

In primary cultured neurons, similar band shifts were ob-
served when detergent-solubilized EGFP-Kv12.2 was treated
with endoglycosidases (Fig. 4B). The experiments revealed that
in cultured neurons the 186-kDa band represents the mature
channel carrying complex oligosaccharides, and the 170-kDa
band represents the immature channel carrying high mannose
oligosaccharides. The lack of a 165-kDa band, which would
correspond to unglycosylated EGFP-Kv12.2 (Fig. 4B, black
arrowhead) indicates that only a negligible fraction of EGFP-
Kv12.2 in cultured neurons exists in an unglycosylated form.
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The 157-kDa band seen with native Kv12.2 from mouse brain
was resistant to Endo H but sensitive to PNGase F, whereas the
142-kDa band was sensitive to both enzymes (Fig. 4C). Like
recombinant EGFP-Kv12.2 in cultured neurons, native Kv12.2
appears to exist in the mouse brain in a mature form carrying
complex oligosaccharides (157-kDa band) and an immature
form carrying high-mannose oligosaccharides (142-kDa band)
with an undetectable level of unglycosylated protein.

From these results we conclude that Kv12.2 is N-glycosylated
both in vivo as well as in heterologous expression systems. The
bands representing deglycosylated Kv12.2 after PNGase F
treatment were diffuse (Fig. 4). This may be due to «1,3-linked
fucose residues in the sugar chains, which render N-glycans
resistant to cleavage by PNGase F (27). It is also possible that
mature Kv12.2 undergoes another post-translational modifica-
tion that affects the electrophoretic mobility. The ratio of
mature to immature and unglycosylated Kv12.2 was higher in
mouse brain and cultured neurons than in CHO cells. The inef-
ficient maturation of EGFP-Kv12.2 in CHO cells was not due to
the fused EGFP, because the analysis of Kv12.2 without EGFP
expressed in CHO cells yielded similar results (supplemental
Fig. S2). The observed molecular masses of deglycosylated
EGFP-Kv12.2 and deglycosylated Kv12.2 from mouse brain are
bigger than the calculated molecular mass of the core protein by
~20 kDa. The difference between the apparent and calculated
molecular masses may indicate that Kv12.2 carries post-trans-
lational modifications other than N-linked glycosylation or may
be due to a slightly aberrant mobility of Kv12.2 in SDS-PAGE
gels, which is not uncommon for membrane proteins.

Glycosylation Is Not Required for Kvi2.2 Channel Function—
N-Linked glycosylation may play an important role in channel
function itself and/or in defining channel characteristics
because the N-glycosylation sites of Kv12.2 are located in the
long extracellular S5-P loop near the pore region (Fig. 14, right
panel). To determine whether glycosylation affects channel
function itself, we measured the tail currents of CHO cells
expressing wild-type EGFP-Kv12.2 after enzymatic removal of
the sugar chains with PNGase F. Because only channels in the
plasma membrane are measured, this experimental design
eliminated any potential effects related to protein trafficking.
We first treated live CHO cells expressing EGFP-Kv12.2 with
increasing concentrations of PNGase F and evaluated its effi-
ciency (Fig. 54). Although PNGase F could affect high man-
nose-type oligosaccharides of detergent-solubilized EGFP-
Kv12.2 (Fig. 4A), treatment of the cells with 500 units/ml
PNGase F only affected complex sugar chains of EGFP-Kv12.2
(Fig. 5A, arrow), and even higher enzyme concentrations did
not remove high mannose-type oligosaccharides (Fig. 54, white
arrowhead). This result shows that PNGase F can remove sugar
chains of EGFP-Kv12.2 on live cells and suggests that only the
mature form of Kv12.2 carrying complex oligosaccharides is
expressed on the cell surface. When we measured the EGFP-
Kv12.2 tail currents after removal of the sugar chains by 1000
units/ml PNGase F, the current amplitude was not significantly
reduced as compared with the controls (Fig. 5B). This result
indicates that sugar chains are not necessary for the Kv12.2
channel function itself.
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FIGURE 5. Effect of glycosylation on the current amplitude and steady-state activation of EGFP-Kv12.2 expressed in CHO cells. A, an immunoblot of
lysate from CHO cells transfected with EGFP-Kv12.2 and treated with PNGase F is shown. CHO cells transfected with wild-type EGFP-Kv12.2 were incubated at
37 °C for 1 h with 0, 500, 1000, 2500, or 5000 units/ml PNGase F in PBS supplemented with 1 mm MgCl, and 1 mm CaCl,. The arrow indicates the mature form
of EGFP-Kv12.2, the open arrowhead indicates the immature form, and the filled arrowhead indicates unglycosylated EGFP-Kv12.2. B and C, CHO cells trans-
fected with EGFP-Kv12.2 were treated with 1000 units/ml or without PNGase F (filled circles or open circles in Fig. 5C, respectively). B, shown are average current
amplitudes of the treated cell. The numbers in parentheses indicate the number of experiments. C, the activation curve obtained using the tail-current protocol
is shown. For PNGase F-treated cells, the half-maximal activation voltage (V, ,) was 46.5 = 1.3 mV, and the slope factor (k) was 29.9 = 0.7 mV (n = 5, open circles);

for control cells V,,, was 15.1 = 2.5 mV, and k was 23.7 = 1.7 mV (n = 5, filled circles). Error bars correspond to the S.E. of the mean.

Deglycosylation Causes a Depolarizing Shift in the Voltage-
dependent Activation of Kvi2.2—We next focused on the role
of N-glycosylation in the channel characteristics. To examine
the effect of glycosylation on the voltage dependence of Kv12.2,
we determined the steady-state activation of EGFP-Kv12.2
before and after PNGase F treatment of live CHO cells express-
ing EGFP-Kv12.2 (Fig. 5C). The steady-state activation was
evaluated according to an established tail-current protocol (see
the legend to Fig. 5C and Refs. 6, 8, and 11 for details). The
membrane potential was stepped from a holding potential to
conditioning potentials between —80 and 80 mV. Tail currents
were elicited during a subsequent repolarizing step, where the
inactivated channels recover quickly to the open state as in Fig.
2. Therefore, the tail current reflects the number of open chan-
nels at a conditioning potential. The normalized peak ampli-
tudes of the tail currents were plotted against the conditioning
potentials (Fig. 5C). The half-maximal activation voltage of gly-
cosylated EGFP-Kv12.2 was 15.1 = 2.5 mV (n = 5, Fig. 5C, filled
circles), but that of deglycosylated EGFP-Kv12.2 was 46.5 = 1.3
mV (n = 5, Fig. 5C, open circles). Thus, removal of sugar chains
by PNGase F treatment caused a depolarizing shift in the voltage-de-
pendent activation by ~30 mV.

The Deglycosylation-induced Shift in Voltage-dependent
Activation Is Not Due to the Loss of Sialic Acid Residues—DPre-
vious studies have reported that N-glycosylation can affect
voltage-dependent activation of potassium channels and so-
dium channels via negatively charged sialic acids. The removal
of sialic acids causes a depolarizing shift in the activation volt-
age by ~10-20 mV (28-31). The effect of sialic acids on the
channels was attributed to the electrostatic influence of these
negatively charged residues, which alters the effective electric
field detected by the voltage sensors of the channels. We spec-
ulated that the effect of N-glycans on Kv12.2 (Fig. 5C) is also
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caused by sialic acid residues in the sugar chains. To examine
this possibility, we treated cells expressing wild-type EGFP-
Kv12.2 with neuraminidase (sialidase) and analyzed them by
immunoblotting and patch clamp recording. Immunoblots
demonstrated that neuraminidase caused a band shift of 4 kDa
(Fig. 6A). This result shows that EGFP-Kv12.2 expressed in
CHO cells carries sialic acids and that these can be removed by
neuraminidase treatment of live CHO cells. The steady-state
activation of the desialylated EGFP-Kv12.2 channel was mea-
sured by the same tail-current protocol used in Fig. 5C (Fig. 6B).
The half-maximal activation voltage after neuraminidase treat-
ment was 12.3 * 2.8 mV (u = 4, Fig. 6B, open circles), similar to
that measured with untreated cells (Fig. 6B, filled circles, same
data as in Fig. 5C). This result suggests that the deglycosylation-
induced shift in the steady-state activation curve of the EGFP-
Kv12.2 channel is due to a mechanism that is different from the
electrostatic influence of the sialic acid residues.

Unglycosylated Kvi2.2 Is Not Expressed on the Cell Surface—
We next focused on the trafficking of unglycosylated chan-
nels to know whether unglycosylated channels, which have a
different voltage dependence from glycosylated channels
(Fig. 5C), are utilized in vivo. To address this issue we ana-
lyzed CHO cells expressing EGFP-Kv12.2 that were treated
with tunicamycin, which inhibits N-linked glycosylation.
Immunoblots revealed a single band of 167 kDa, corresponding
to the size of EGFP-Kv12.2 after PNGase F treatment (Fig. 7A).
This finding corroborated our conclusion that the 188- and
172-kDa bands correspond to glycosylated protein, and the
167-kDa bands correspond to unglycosylated protein and con-
firmed that tunicamycin effectively inhibits N-linked glycosyla-
tion in this system.

To study the expression of unglycosylated Kv12.2 channels
on the cell surface, we performed patch clamp studies on trans-
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FIGURE 6. Effect of sialic acid residues on the steady-state activation of
EGFP-Kv12.2 expressed in CHO cells. A, shown is an immunoblot of lysate
from EGFP-Kv12.2-transfected cells after neuraminidase treatment. Cells
transfected with wild-type EGFP-Kv12.2 were treated as in Fig. 5A, except that
three different concentrations of neuraminidase were used in this experi-
ment: 0, 50, or 100 units/ml. The black arrow indicates the fully glycosylated
form of EGFP-Kv12.2, and the white arrow indicates the desialylated EGFP-
Kv12.2 channel. B, shown is an activation curve of untreated (filled circles) and
neuraminidase-treated (open circles) EGFP-Kv12.2. To remove sialic acid resi-
dues, 50 units/ml neuraminidase were added to live CHO cells transfected
with EGFP-Kv12.2. The activation curves were obtained following the same
tail-current protocol used in Fig. 5C. Error bars correspond to the S.E. For
neuraminidase-treated cells, V,,, was 12.3 = 2.8 mV, and the slope factor
was 25.8 = 1.8 mV (n = 4); for control cells, the values are the same as
those in Fig. 5C.

fected CHO cells after tunicamycin treatment. If unglycosy-
lated channels are expressed on the cell surface, tail currents
would be observable because Kv12.2 channels lacking sugar
chains are functional (Fig. 5B). Fig. 7B shows representative tail
currents measured from EGFP-Kv12.2-transfected cells after
treatment with tunicamycin or DMSO. Treatment of the cells
with tunicamycin resulted in the loss of Kv12.2 current. Quan-
titative analysis of the data showed that tunicamycin treatment
caused a dramatic reduction in the average current amplitude
of EGFP-Kv12.2 (Fig. 7C). This result implies that unglycosy-
lated Kv12.2 is not trafficked to the cell surface.

Expression of Kv12.2 on the Cell Surface Requires at Least One
of the Three Glycosylation Sites to Carry a Sugar Chain—Kv12.2
has three consensus sequences for N-linked glycosylation at
asparagines 421, 428, and 447 (Fig. 1B). Tunicamycin treat-
ment inhibits the glycosylation of all three sites. To investi-
gate how the number and position of N-glycosylation at
these three sites affect maturation and cell surface expres-
sion of Kv12.2, we used site-directed mutagenesis to generate
glutamine substitution mutants, specifically the three single
mutants N421Q, N428Q, and N447Q (designated as EGFP-
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Kv12.2 QNN, NQN, and NNQ), the three double mutants
N421Q,N428Q, N421Q,N447Q, and N428Q,N447 (designated
as EGFP-Kv12.2 QQN, QNQ, and NQQ), and the triple mutant
N421Q,N428Q,N447Q (designated as EGFP-Kv12.2 QQQ).

Immunoblots of the single mutants EGFP-Kv12.2 QNN,
NQN, and NNQ showed three bands corresponding to the
mature, immature, and unglycosylated form of the wild-type
channel (Fig. 84). In contrast, immunoblots of the double
mutants EGFP-Kv12.2 QQN, QNQ, and NQQ showed only
the bands representing the immature and unglycosylated form,
but the mature form could no longer be detected (Fig. 84). This
result demonstrates that all three sites are potentially glyco-
sylated and suggests that the maturation of the double mutants
was less efficient than that of the wild type and single mutants.
The triple mutant EGFP-Kv12.2 QQQ showed only one sharp
band with the same mobility as the wild-type protein treated
with PNGase F (Fig. 84). Furthermore, PNGase F treatment
had no effect on the electrophoretic mobility of the triple
mutant (data not shown). These results suggest that N-linked
glycosylation at sites Asn-421, Asn-428, and Asn-447 account
for all the N-linked oligosaccharides on the Kv12.2 channel.

The function of the substitution mutants was analyzed by
measuring their tail currents (Fig. 8B8). CHO cells transfected
with single mutants showed average current amplitudes similar
to cells transfected with wild-type EGFP-Kv12.2. The average
current amplitude was slightly reduced in cells transfected with
double mutants and significantly reduced in cells transfected
with the triple mutant (Fig. 8B). This result indicates that
expression of Kv12.2 on the cell surface requires at least one of
the three glycosylation sites to carry a sugar chain irrespective
of their positions.

Intracellular Distribution and Surface Expression of Unglyco-
sylated Kv12.2—The lack of current seen in CHO cells express-
ing wild-type EGFP-Kv12.2 after tunicamycin treatment (Fig. 7,
B and C) and cells expressing the EGFP-Kv12.2 QQQ triple
mutant (Fig. 8B) must be due to inefficient trafficking of the
channels to the cell surface, because removal of sugar chains
did not diminish the current amplitude (Fig. 5B). To further
corroborate our conclusion, we used fluorescence micros-
copy to analyze the subcellular localization of the channels.
In CHO cells expressing EGFP-Kv12.2 wild type and QQQ
triple mutant, most of the signal localized to intracellular or
perinuclear compartments, co-localizing mainly with endo-
plasmic reticulum marker (supplemental Fig. S3). To better
detect the signal on the cell surface, we then used confocal
microscopy, which revealed the EGFP signal at the cell mem-
brane in cells expressing wild-type EGFP-Kv12.2 (Fig. 9, A4,
left panel and B, arrows). In contrast, no EGFP signal was
seen at the cell surface in cells expressing the triple mutant
(Fig. 94, right panel). This subcellular distribution was fur-
ther analyzed by immunoelectron microscopy with anti-
EGFP antibodies, which confirmed the plasma membrane
localization of wild-type EGFP-Kv12.2 (Fig. 9, C, left panel
and D, arrows) but not of the triple mutant (Fig. 9C, right
panel). We, therefore, conclude that N-glycosylation is nec-
essary for intracellular trafficking of the Kv12.2 channel to
the cell surface.
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FIGURE 7. Effects of tunicamycin treatment on the glycosylation and function of Kv12.2 in CHO cells. 8-10 h after transfection with EGFP-Kv12.2, CHO
cells were treated with 5 pg/ml tunicamycin or DMSO as control. A, shown is an immunoblot of lysates from tunicamycin- and DMSO-treated CHO cells. The
arrow indicates the mature form of EGFP-Kv12.2, the open arrowhead indicates the immature form, and the filled arrowhead indicates unglycosylated EGFP-
Kv12.2. B, representative currents recorded from tunicamycin- and DMSO-treated CHO cells are shown. Tail current was elicited by a voltage step at —100 mV
after a conditioning pulse of 120 mV for 500 ms. C, shown are average amplitudes of peak tail currents measured from tunicamycin- and DMSO-treated CHO
cells. Error bars correspond to the S.E., and the numbers in parentheses indicate the number of cells measured.

DISCUSSION

In this study we demonstrate that N-linked glycosylation
plays two important roles in Kv12.2. 1) N-linked glycans regu-
late the voltage-dependent activation of Kv12.2 through a
mechanism that is independent of the presence of negatively
charged sialic acid residues in the sugar chains. 2) Although the
position is not crucial, at least one of the three glycosylation
sites has to carry a sugar chain for Kv12.2 to be trafficked to the
cell surface. In addition, our results provide evidence that
Kv12.2 exists mostly in a glycosylated form in the mouse brain.
These results suggest that N-glycosylated Kv12.2 is likely to
function in vivo, whereas unglycosylated Kv12.2, which has dif-
ferent channel properties, is unlikely to have any functional
significance.

We showed that removal of N-glycans results in a depolariz-
ing shift in the voltage-dependent activation of Kv12.2 by ~30
mV (Fig. 5C). A similar effect of sugar chains, especially of neg-
ativelychargedsialicacid residues, hasbeenreported forvoltage-
dependent potassium channels (Kv) and sodium channels
(Nav) (19, 23, 28, 30). Enzymatic removal of the entire sugar
chain or only the sialic acid residues from purified, transfected,
or endogenous Kv and Nav channels shifted gating in the depo-
larized direction (23, 31, 32). Moreover, when some Kv and Nav
a-subunit isoforms were expressed in the Lec2 mutant CHO
cell line, which exhibits reduced sialylation, the channels
opened at more depolarized potentials (19, 28, 29, 31). Reduced
sialylation of these channels is thought to change their external
surface charge, causing a shift in their activation curve by
10~20 mV. Unexpectedly, in the case of Kv12.2, removal of
sialic acids did not affect the steady-state activation curve (Fig.
6B). It is possible that Kv12.2 is modified by sialic acids that are
resistant to neuraminidase added to live cells. Alternatively, the
observed shift may be caused by a novel mechanism that is
independent of the sialic acid residues. Possibly, the sugar
chains directly interact with the channel itself and regulate its
function. It has been reported that the S5-P loop in members of
the EAG family contains an amphipathic a-helix, which inter-
acts with the voltage sensor and contributes to the different
inactivation characteristics of the channels (33-35). This sug-
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gests that the sugar chains in the long S5-P loop could also
interact with a part of the channel itself such as the voltage
sensor. The recent structure of a Kv1.2-2.1 chimera channel
together with its B-subunit provided important insights into
the gating of voltage-dependent channels, but it did not pro-
vide structural information on the sugar chains (36). Ideally,
to understand channel gating under the most native condi-
tions, structural information should be obtained for voltage-
dependent channels carrying their native sugar chains. How-
ever, the heterogeneous and flexible nature of sugar chains
often prevent the growth of three-dimensional crystals
and/or are too disordered in crystals to be resolved in the
resulting density map.

Our results from the inhibition of N-glycosylation by tunica-
mycin (Fig. 7) and the analysis of glutamine mutants (Figs. 8 and
9) showed that unglycosylated Kv12.2 channels are not traf-
ficked to the cell surface in CHO cells. The Eag (Kv10.1) chan-
neland the HERG (Kv11.1) channel, other members of the EAG
family (Kv10.x ~ Kv12.x, Fig. 1B), also require glycosylation for
their proper cell surface trafficking (18, 20, 25). In the Kv10.1
channel the two glycosylation sites in the S5-P loop appear not
to be equivalent, as it has been shown that proper complex
glycosylation of at one of the two sites is crucial for proper
trafficking of the channel and its functional properties (18). In
contrast, the three sites of Kv12.2 appear to be equivalent at
least for channel trafficking because all double mutants showed
current amplitudes only slightly lower than that of the wild-
type EGFP-Kv12.2 (Fig. 9B). The recognition mechanism of
sugar chains or the structure of the S5-P loop may, thus, vary,
even between members of the EAG family.

Here we presented the first biochemical data for N-glyco-
sylation of Kv12.2. In the adult mouse Kv12.2 protein
is expressed in the brain but not in the liver (Fig. 3C). This
result is consistent with the brain-specific expression of its
mRNA (6-8). The level of mature Kv12.2 protein increases
with development (Fig. 3D). This result is also consistent
with the up-regulation of Kv12.2 mRNA in the rat brain (6).
A similar increase in protein level with development has
been reported for other potassium channels, including
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tion and cell surface expression.
Another possibility is that, as a
recent study showed using Xeno-
pus oocytes (41), intrinsic KCNE1
and KCNE3 may down-regulate
the cell surface expression of
Kv12.2 in CHO cells.

Finally, we discuss why Kv12.2
features an unusually long S5-P loop
and has as many as three glycosyla-
tion sites. These structural features
are unique to mammalian Kv12.2.
The fruit fly ortholog Elk, the
zebrafish ortholog Elkl, and the
mammalian paralogs Kv12.1 and

number of cells measured.

Kv1.4, Kv1.5, Kv2.1, and Kv2.2 (37). This increase in the
expression of Kv12.2 may be partly due to the postnatal
increase in synaptogenesis and suggests that Kv12.2 is
involved in the excitability of neurons. In our experiments
the unglycosylated form of Kv12.2 was not observed in the
mouse brain. This finding together with the fact that ungly-
cosylated EGFP-Kv12.2 was not trafficked to the cell surface
in CHO cells suggests that unglycosylated Kv12.2 is not uti-
lized in vivo. Unlike in mouse brain and in cultured neurons,
the unglycosylated and immature forms are predominant in
the non-neuronal CHO cells even for the wild-type channels.
This result suggests that Kv12.2 does not mature efficiently
when transiently expressed in non-neuronal cells like CHO
cells. Because the final maturation steps of sugar chains
occur in the Golgi apparatus, the preponderance of imma-
ture and unglycosylated channels suggested that the channel
is retained in the endoplasmic reticulum (13). Immunofluo-
rescence microscopy of CHO cells expressing EGFP-Kv12.2
supported this notion, because the majority of the signal
co-localized with endoplasmic reticulum markers (supple-
mental Fig. S3). These results indicate that Kv12.2 may
require some factors for efficient maturation and/or efficient
trafficking and these factors might only be present in neuro-
nal cells but are lacking in non-neuronal cells, such as CHO
cells. Certain channels are known to require auxiliary mole-

33148 JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 8. Biochemical and electrophysiological analyses of Kv12.2 substitution mutants. CHO cells
were transfected with mutants in which the asparagine residues in the three glycosylation sites were
substituted with glutamine residues (see “Results” for details). A, shown is an immunoblot of wild-type
(WT) EGFP-Kv12.2 and the substitution mutants. The arrow indicates the mature form of EGFP-Kv12.2, the
open arrowhead indicates the immature form, and the filled arrowhead indicates unglycosylated EGFP-
Kv12.2. B, average current amplitudes are shown of the peak tail currents measured from the transfected
CHO cells as in Fig. 5B. Error bars correspond to the S.E., and the numbers in parentheses indicate the

Kv12.3 lack both of them (Fig. 1B),
whereas they are conserved in all
known mammalian Kv12.2 chan-
nels. This suggests that all three
N-glycans would play important
roles in the regulation of the mam-
malian Kv12.2 channel. One N-gly-
cosylation site is sufficient for traf-
ficking (Fig. 8B), and the additional
two N-glycans are, therefore, likely to have some other roles. As
we have shown here, one role is to regulate the steady-state
activation of Kv12.2. Further analysis is required to elucidate
how the number and/or position of the sugar chains affect the
functions of Kv12.2. N-Glycosylation of these three sites may
also be involved in the folding and/or stability of the channel.
Many membrane proteins are known to require N-glycosyla-
tion for efficient folding and/or stability (42). These N-glycans
are recognized by molecular chaperons such as calnexin and
calreticulin (43). It has been reported that the number of N-gly-
cans correlates with the affinity of these chaperons and the
folding rate (44, 45). Here, we observed a small reduction in the
current amplitude (Fig. 8B) and inefficient maturation of dou-
ble mutants (Fig. 8A4) that have only one glycosylation site (Fig.
1B) compared with the wild-type protein and the single
mutants. This observation may suggest that the three glycosy-
lation sites are required for proper folding by mediating inter-
actions with molecular chaperons. The three glycosylation sites
of Kv12.2 would, thus, serve several distinct functions. The gly-
cosylation sites are located in an extended region of the S5-P
loop. The S5-P loop may have to be long to properly display the
three glycosylation sites, in particular because efficient N-gly-
cosylation typically only occurs on sites that are 10 amino acids
removed from a transmembrane region (46, 47). It is also pos-
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FIGURE 9. Intracellular distribution of wild-type EGFP-Kv12.2 and QQQ
mutant channels in CHO cells. A, shown are confocal microscope images of
CHO cells transfected with wild-type (WT) EGFP-Kv12.2 (left panel) or the QQQ
mutant (right panel). White arrows point to the EGFP signals on the cell surface
of a CHO cell expressing wild-type EGFP-Kv12.2. Scale bars represent 10 um.
B, shown is a higher magnification image of the cell membrane of the cell
expressing wild-type EGFP-Kv12.2 shown in panel A. The scale bar represents
1 um. G, electron microscope images are shown of CHO cells transfected with
wild-type EGFP-Kv12.2 (left panel) or the QQQ mutant (right panel). The cells
were labeled with gold-conjugated antibodies against EGFP. Black arrows
point to immunogold localized on the cell surface. Scale bars represent 1
wm. D, shown is a higher magnification image of the cell membrane of the
cells expressing wild-type EGFP-Kv12.2 shown in panel C. Scale bar repre-
sents 0.5 um.

sible that the long S5-P loop itself has a specific, yet to be iden-
tified function.
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