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Results: GSK-3f is cleaved at both N and C termini by calpain.

cleavage.
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(Background: GSK-3B is a key pro-apoptotic kinase, and its activity is strictly regulated.
Conclusion: N- or C-terminal truncation activates GSK-33, and Ser-9/Ser-389 phosphorylation protects GSK-3 from calpain

Significance: The GSK-3 C terminus functions as an autoinhibitory domain, and Ser-9/Ser-389 phosphorylation and calpain-
mediated cleavage operate together in regulating GSK-3f3 activity.
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Glycogen synthase kinase-38 (GSK-3p), a key regulator of
neuronal apoptosis, is inhibited by the phosphorylation of Ser-
9/Ser-389 and was recently shown to be cleaved by calpain at the
N terminus, leading to its subsequent activation. In this study
calpain was found to cleave GSK-3f not only at the N terminus
but also at the C terminus, and cleavage sites were identified at
residues Thr-38 -Thr-39 and Ile-384 —GIn-385. Furthermore,
the cleavage of GSK-3f3 occurred in tandem with Ser-9 dephos-
phorylation during cerebellar granule neuron apoptosis.
Increasing Ser-9 phosphorylation of GSK-38 by inhibiting
phosphatase 1/2A or pretreating with purified active Akt inhib-
ited calpain-mediated cleavage of GSK-3f at both N and C ter-
mini, whereas non-phosphorylatable mutant GSK-3 3 S9A facil-
itated its cleavage. In contrast, Ser-389 phosphorylation
selectively inhibited the cleavage of GSK-3f at the C terminus
but not the N terminus. Calpain-mediated cleavage resulted in
three truncated products, all of which contained an intact kinase
domain: AN-GSK-3B (amino acids 39-420), AC-GSK-3p
(amino acids 1-384), and AN/AC-GSK-3 (amino acids
39-384). All three truncated products showed increased kinase
and pro-apoptotic activity, with AN/AC-GSK-3 being the most
active form. This observation suggests that the GSK-3 C termi-
nus acts as an autoinhibitory domain similar to the N terminus.
Taken together, these findings demonstrate that calpain-medi-
ated cleavage activates GSK-3f3 by removing its N- and C-termi-
nal autoinhibitory domains and that Ser-9 phosphorylation
inhibits the cleavage of GSK-3f at both termini. In contrast,
Ser-389 phosphorylation inhibits only C-terminal cleavage but
not N-terminal cleavage. These findings also identify a mecha-
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nism by which site-specific phosphorylation and calpain-medi-
ated cleavage operate in concert to regulate GSK-3 activity.

Glycogen synthase kinase-38 (GSK-38)® is a serine/threo-
nine protein kinase consisting of 420 amino acids and translat-
ing into a 47-kDa protein. The core kinase domain (amino acids
55-345) of GSK-33 shares ~33% amino acid sequence identity
with other members of the serine/threonine protein kinase
family, whereas the N- and C-terminal structural elements are
unique (1). The N and C termini are thought to function as
regulatory domains, but the underlying regulatory mechanisms
remain to be fully elucidated. GSK-3 is particularly abundant
in the central nervous system (2, 3). Aberrantly increased
GSK-3p activity plays a key role in neuronal death (4—6) and
has been implicated in the development of neurodegenerative
disorders, such as Alzheimer disease (7) and Parkinson disease
(8). Various GSK-3f inhibitors exert neuroprotective effects in
a wide array of different neuronal death paradigms (9-11).
Therefore, the tight regulation of GSK-38 is crucial for neuro-
nal survival and is worthy of further exploration.

Inhibitory phosphorylation of Ser-9 by upstream kinases,
such as Akt (12), PKA (13), and calcium/calmodulin dependent
protein kinase II (14), is the most extensively studied mecha-
nism controlling GSK-38 activity. The phosphorylated N ter-
minus acts as a pseudosubstrate for GSK-38, binding the
pocket that normally binds prephosphorylated, or “primed,”
substrates to block its own activity (15). Trophic withdrawal-
(6) or activity deprivation-induced (14) loss of GSK-38 Ser-9
phosphorylation has been shown to contribute to neuronal
death, indicating that Ser-9 phosphorylation plays an impor-
tant role in neuronal survival. In addition, Thr-390 at the C
terminus of human GSK-38 (Ser-389 in mouse and rat GSK-

3 The abbreviations used are: GSK-3, glycogen synthase kinase-3; CGN, cere-
bellar granule neuron; 25K, 25 mM KCl; 5K, 5 mM KCl; DIV, days in vitro; AN,
N-terminal-truncated; AC, C-terminal-truncated; AN/AC, both N- and
C-terminal-truncated; OA, okadaic acid; ALLM, calpain inhibitor II; Z-VAD-
FMK, benzyloxycarbonyl-VAD-fluoromethyl ketone.
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3B) was recently identified as a novel residue for phosphoryla-
tion by p38 MAPK (16). Phosphorylation at Thr-390/Ser-389
by p38 MAPK causes inhibition of GSK-38 comparable with
that of Ser-9 phosphorylation. Thus, the GSK-38 C terminus
may have an autoinhibitory property similar to that of the N
terminus.

In addition to phosphorylation, enzymatic cleavage of pro-
teins can also serve as a regulatory mechanism. Calpain, a cal-
cium-dependent cysteine protease, has been reported to
remove the inhibitory N-terminal domain of GSK-3 and thus
activate it in vitro (17). This cleavage has been observed in cer-
tain neuropathological conditions, including post-mortem
brain samples (18), cortical neurons exposed to glutamate (17)
or ionomycin (19), and hippocampal neurons treated with 3-ni-
tropropionic acid (20). However, the biological significance of
calpain-mediated cleavage of GSK-38 remains unknown.

This study provides the first evidence that calpain truncates
GSK-3B not only at the N terminus but also at the C terminus in
various neuronal cell death paradigms. N- as well as C-termi-
nal-truncated GSK-38 has enhanced kinase and pro-apoptotic
activities, indicating that the GSK-38 C terminus exerts an
autoinhibitory effect similar to that of the N terminus. This
study also shows that Ser-9 phosphorylation inhibits the cleav-
age of GSK-3p at both termini, whereas Ser-389 phosphoryla-
tion inhibits only the C-terminal cleavage but not the N-termi-
nal cleavage. Hence, the collaborative regulation of GSK-3
through Ser-9/Ser-389 phosphorylation and calpain-mediated
cleavage may play an important role in neuronal death.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant calpain was from EMD Biosciences
(catalog no. 208718), and N-terminally His-tagged GSK-3f3
(rabbit) was from Sigma (catalog no. G1663). Recombinant
N-terminally His-tagged GSK-38 (rat) was expressed by the
Bac-to-Bac Baculovirus Expression System (Invitrogen) and
was purified by nickel-nitrilotriacetic acid-agarose (Qiagen)
chromatography. Purified Akt, okadaic acid (OA), and pro-
tein G plus protein A-agarose were obtained from EMD Bio-
sciences. Calpeptin and selective GSK-3 phosphopeptide
substrate 2B-SP were purchased from Tocris Bioscience;
glutamate, 1-methyl-4-phenylpyridinium (MPP™), and cal-
pain inhibitor II (ALLM) were purchased from Sigma. Cas-
pase inhibitor Z-VAD-FMK and endoproteinase Asp-N were
acquired from Enzo Life Sciences and Roche Applied Science,
respectively. Peptides, including Ser-389-tide (RIQAAASP-
PAN, corresponding to residues 383-393 of rat GSK-3p),
Ser(P)-389-tide (RIQAAA(P)SPPAN, (P) represents a phos-
phate), Ser-9-tide (RPRTTSFAESC, corresponding to residues
4-14 of GSK-3p), and Ser(P)-9-tide (RPRTT(P)SFAESC) were
synthesized by Genemed Synthesis, Inc.

Cell Culture and Treatments—Rat cerebellar granule neu-
rons (CGNs) were cultured in basal modified Eagle’s medium
containing 10% fetal bovine serum and 25 mm KCI (25K) as
previously described (21, 22). Transfections were performed on
culture days 5-6 (DIV5-6), and experiments were performed
after 7 days (DIV7) of culture. For potassium deprivation, DIV7
cells in basal modified Eagle’s medium and 25K were switched
to serum-free medium containing 25K or 5 mm KCl (5K) at
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various times. MPP ™ (200 um) or glutamate (75 uM) was extem-
poraneously prepared by solubilization into CGN culture
medium. To inhibit calpain or caspases, CGNs in 5K, MPP ™, or
glutamate medium were treated with ALLM (25 um), calpeptin
(5 um), or Z-VAD-FMK (10 um) for 12 h. To inhibit phospha-
tase 1/2A, OA was added to CGN culture to a final concentra-
tion of 25 nM for 3 h, and the cell lysates were subsequently
collected for in vitro cleavage assays. Neurons that did not
receive inhibitors received DMSO as a control, and the final
concentration of DMSO in the medium was no more than 0.1%.
Human embryonic kidney (HEK) 293 cells were cultured in
DMEM with 10% fetal bovine serum.

Immunoblotting and Antibodies—Immunoblot analysis was
performed as described previously (23, 24). The primary anti-
bodies used in this study were GSK-3 antibodies (Santa Cruz
Biotechnology, no. SC9166, designated GSK-3 Mid antibody;
Sigma, no. G7914, designated GSK-3B C-ter antibody);
p-GSK-3B (Ser-9), HA, HA-HRP (Cell Signal Technology, no.
9336, no. 2367, no. 2999); V5 (AbD Serotec, no. 1360GA),
FLAG, and tubulin (Sigma, no. F3165, no. T4026). The
p-GSK-3B (Ser-389) antibody was generated by GenScript
using peptide ARIQAAA(P)SPPANATA with N-terminal
acetylation for immunization.

Two-dimensional Electrophoresis—Two-dimensional elec-
trophoresis was performed as described previously (25) with
slight modifications. Briefly, 25K- or 5K-treated CGNs were
washed 3 times in ice-cold Tris-buffered sucrose solution,
scraped, and lysed in ice-cold lysis buffer (30 mm Tris-HCI, pH
8.5, 7 M urea, 2 M thiourea, and 4% w/v CHAPS). Next, the
two-dimensional Clean-up kit (GE Healthcare) and two-di-
mensional Quant kit (GE Healthcare) were used to sequentially
remove non-protein material from the extract and determine
the final protein concentrations. The amount of protein to be
electrophoresed on one gel was set at 60 ug. The protein sample
was dissolved in rehydration buffer (7 M urea, 2 M thiourea, 4%
w/v CHAPS, 40 mMm DTT, 1% immobilized pH gradient (IPG)
buffer pH 6-11, and 0.002% w/v bromphenol blue). Rehydra-
tion and isoelectric focusing were performed according to the
manufacturer’s instructions using pH 6 —11 IPG strips (13 cm)
and an Ettan IPGphor II apparatus (GE Healthcare). After two-
step equilibration, the proteins were resolved in the second
dimension on a 12.5% SDS-PAGE gel (18 X 16 cm) using the
Hoefer SE 600 Ruby instrument (GE Healthcare).

Calpain Cleavage Assay—CGNs with or without OA treat-
ment and HEK293 cells transfected with GSK-38 wild type
(WT), a serine 9 to alanine mutant (S9A), or a serine 389 to
alanine mutant (S389A) were homogenized in lysis buffer (50
mM Tris-HCI, pH 7.4, 0.5% Nonidet P-40, 50 mm NaCl, 1 mm
EDTA,1 mMEGTA, 1 mmDTT, 1 mMm B3-glycerophosphate, and
1 mm sodium pyrophosphate). After centrifugation, the super-
natants were collected and incubated with 5 mm CaCl, and 3
units/ml calpain at 30°C for different incubation periods.
Recombinant His-tagged GSK-38 (0.5 ug) was incubated in
cleavage buffer (50 mm Tris-HCI pH 7.4, 50 mm NaCl, 1 mm
EDTA, 1 mm EGTA, and 1 mm DTT) containing 0.3 unit/ml
calpain and 5 mm CacCl,. Samples were then incubated at 30 °C
for various times in the presence or absence of 25 um ALLM.
For the Akt phosphorylation studies, 800 ng of recombinant
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His-tagged GSK-33 was incubated for 30 min at 30 °C with 1 ul
of purified Akt in 30 ul of kinase reaction buffer (25 mm Tris-Cl
pH 7.5, 1 mm DTT, 10 mm MgCl,, and 1 mMm 3-glycerophos-
phate) in the presence or absence of 100 mm ATP. After phos-
phorylation, the reaction mix was diluted with cleavage buffer
to a final volume of 300 ul followed by further incubations for
different times at 30 °C with or without 0.3 unit/ml calpain and
5 mMm CaCl,. For immunoblot analysis, the reactions described
above were terminated by the addition of 3X Laemmli buffer
followed by boiling for 5 min. For the GSK-3f kinase activity
assay, in vitro cleavage of recombinant His-tagged GSK-33 was
terminated with the addition of 25 um ALLM.

Identification of Cleavage Sites—Samples of the calpain-me-
diated in vitro cleavage products derived from the recombinant
His-tagged GSK-3f3 were separated by one-dimensional SDS-
PAGE. Gels were stained with Coomassie Brilliant Blue, and
band I was excised and subjected to in-gel digestion with the
endoproteinase Asp-N. Identification of the extracted peptides
was performed using nano-HPLC MS/MS on an Agilent 1100
instrument (Agilent, Santa Clara, CA) coupled to an LTQ-Or-
bitrap fitted with a 10 cm long, 100 wm inner diameter fused
silica column packed with 5 wm particle size reversed phase
(C18) beads (Michrom Bioresources) and using a water:aceto-
nitrile:formic acid formula as the mobile phase for gradient elu-
tion. Mass spectrometry data were analyzed by comparison
with the GSK-38 sequence (UniProtKB P49841) using Mascot
v.2.1.

Constructs and Transfection—The rat GSK-38 WT and its
deletion mutants AN (amino acids 39-420), AC (amino acids
1-384), and AN/AC (amino acids 39 —384) were subcloned into
the pcDNA3.1-3XFLAG vector. The GSK-38 S9A mutant
plasmid has been described previously (14). The point mutation
at Ser-389 (Ala) was introduced by overlap extension PCR. The
N-terminally FLAG-tagged GSK-38 WT, S9A, or S389A
sequence was subsequently subcloned into the pcDNA3.1/V5-
His vector (Invitrogen). The rat m-calpain coding sequence was
generously provided by Dr. Hiroyuki Sorimachi (Tokyo Metro-
politan Institute of Medical Science, Japan) and subcloned into
the pCMV-HA vector (Clontech). MKK6 and p38 plasmids
were kindly provided by Dr. Jiahuai Han (Xiamen University,
China). The primer sequences used for cloning are available
upon request. All constructs were confirmed by DNA sequenc-
ing. For CGN transfection, cells at DIV5-6 were transfected
using the calcium phosphate transfection method as described
previously (13, 23). The overall transfection efficiency using the
calcium phosphate method in CGN culture was ~1%. HEK293
cells were transfected using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Immunoprecipitation—Immunoprecipitation assays were
performed as described previously (24). HEK293 cells were
transfected with 3 ug of pcDNA3.1-3XFLAG-GSK-33 WT,
AN, AC, or AN/AC for 24 h. The cell lysates were centrifuged at
10,000 rpm for 10 min at 4 °C. Before immunoprecipitation, 2
ng FLAG antibody was incubated with protein G plus protein
A-agarose for 4 h at 4 °C. Next, antibody and agarose complex
were added to the cleared lysates and incubated overnight at
4 °C. The immunoprecipitates were subsequently collected by
short centrifugations and washed three times with lysis buffer
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and twice with GSK-38 kinase assay buffer (50 mm Tris-HCl,
pH 7.5, 10 mm MgCl,, and 1 mm DTT). The precipitates were
subsequently used for the GSK-38 activity assay. For co-immu-
noprecipitation of calpain and GSK-38, HEK293 cells were co-
transfected with 2.5 ug of FLAG-tagged GSK-33 WT, S9A, or
control plasmid and a HA-tagged calpain plasmid. Twenty-four
hours after transfection, the cells were lysed and immunopre-
cipitated with 2 ug of FLAG antibody. The precipitated immu-
nocomplexes were subsequently subjected to immunoblotting
analysis.

GSK-3p Kinase Assay—GSK-3 activity assay was described
in our previous reports (13, 14). Briefly, samples from in vitro
cleavage or immunoprecipitation were incubated in a total vol-
ume of 40 ul of GSK-3 kinase assay buffer containing 100 pum
2B-SP and 100 uM [y-**P]ATP (2 uCi) (PerkinElmer Life Sci-
ences). After incubation for 30 min at 30 °C, the reaction was
terminated by spotting onto P81 phosphocellulose paper (GE
Healthcare). Filters were washed in 3 changes of 0.75% phos-
phoric acid for a total of 15 min, rinsed in acetone, and dried.
The filter radioactivity was determined by Cerenkov counting.

Immunofluorescence and Quantification of Neuronal
Apoptosis—Immunofluorescence and imaging were performed
as described previously (14). Briefly, CGNs were transfected
with GFP (for marking the transfected cells) and either FLAG-
GSK-38 or one of its deletion mutants. Twenty-four hours after
transfection, cells were fixed and incubated with FLAG anti-
body and later with an Alexa Fluor®555 secondary antibody
(Invitrogen). Anti-FLAG fluorescence intensity was deter-
mined in GFP-positive cells using Image] software. The expres-
sion level of FLAG-tagged GSK-33 was determined by the rel-
ative fluorescence intensity of the transfected cells. The relative
fluorescence intensity of GSK-338 WT-transfected cells was set
to 1.0. For the apoptosis quantification assay, 36 h after trans-
fection, the neurons were switched to 25K medium for 12 h and
stained with Hoechst 33258 to visualize nuclear morphology.
Apoptotic rates were quantified by scoring the percentage of
GFP-positive cells with condensed or fragmented nuclei as
described previously (14, 21). Cells were counted in an unbiased
manner, with at least 500 transfected cells being counted for
each group.

Statistical Analysis—All experiments were independently
repeated at least three times, and all measurements were per-
formed blindly. The significance of the difference between the
means was analyzed by analysis of variance followed by the
Bonferroni post hoc test for multiple comparisons between
groups. Student’s ¢ test was used for single comparison between
treatment and control groups. All values represent the mean =
S.E. For this study, p < 0.05 was considered to be statistically
significant.

RESULTS

Calpain Cleaves GSK-38 at Both N and C Termini during
CGN Death—Cultured CGNs are healthy in serum-free
medium containing 25K but undergo apoptosis after switching
to 5K medium, as has been described by our group (21, 23, 24)
and others (22, 26). A time-course analysis of GSK-38 using a
polyclonal antibody against amino acids 345—420 of GSK-3
(designated the Mid antibody) showed a time-dependent

JOURNAL OF BIOLOGICAL CHEMISTRY 22523



Phosphorylation Protects GSK-3f3 from Cleavage

A Time (h) 4 6 8 12
25K 5K 25K 5K 25K 5K 25K 5K

GSK-38 *' _ <band |
(Mid) vl : <band Il
T . e —
(C-ter) .
Tubulin %5-
B 25K 5K

GSK-38
(Mid)

GSK-3p3
(C-ter)

GSK-38

(Mid) <band |

<band Il

Tubulin

D ALLM - -  + E

Calpain = + + Calpain
His-GSK-38  + + + time (min) 0 0.1 03 05 1 2 3

GSK-3p

Mid) ~ <band | Flag

__|<band

GSK-38

(C-ten) <band | V5

His | |<band |

FIGURE 1. Calpain cleaves GSK-3 at both N and C termini during CGN death. A, activity deprivation-induced GSK-33 cleavage is shown. DIV7 CGNs
were incubated in 25K (control) or 5K medium for the indicated times. Cell lysates were subjected to immunoblotting with the indicated antibodies and
with a tubulin as the loading control. The two black arrowheads indicate band | and band I, which are the truncated fragments of GSK-33. B, CGNs
incubated in 25K or 5K for 8 h were lysed, subjected to two-dimensional gel electrophoresis, and immunoblotted with either GSK-33 Mid or C-ter
antibody. The spots in rectangle 1 represent full-length GSK-33; the white arrow denotes AC-GSK-33. The remaining spots in rectangle 2 represent
AN-GSK-3B; the spots in rectangle 3 represent AN/AC-GSK-3. C, DIV7 CGNs were treated with 5K, MPP*, or glutamate (Glu) in the presence or absence
of 25 um ALLM, 5 um calpeptin, or 10 um Z-VAD-FMK (Z-VAD) for 12 h. D, in vitro cleavage of GSK-33 by calpain is shown. Recombinant His-GSK-38 was
incubated with or without 0.3 unit/ml calpain plus 5 mm calcium in the presence or absence of 25 um ALLM for 2 min. E, time course of GSK-3 cleavage
is shown. FLAG-GSK-33-V5 was transfected into HEK293 cells for 24 h, and cell lysates were added with 3 units/ml calpain plus 5 mm calcium for the
various time intervals.
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decrease in the 47-kDa full-length GSK-38 in 5K compared
with 25K. Concomitantly, a ~43-kDa fragment (band I)
appeared at 4 h, and its intensity gradually increased over time
as the 5K treatment progressed (Fig. 14, upper panel). Another
fragment, which exhibited a molecular mass of ~39-kDa (band
II), emerged at 6 h, becoming more apparent at 8 h and later
(Fig. 1A, upper panel). Cleavage of GSK-3f into two fragments
by calpain has been described by others (17), but the cleavage
sites have not been identified. The cleavage sites were assumed
to be located at the N terminus based on the observation that a
His-tag antibody was unable to recognize the truncated frag-
ments of recombinant N-terminally His-tagged GSK-38 in
vitro.

If GSK-3p is truncated only at the N terminus, the cleavage
patterns exhibited by the Mid and GSK-38 C-terminal antibod-
ies should be identical. Surprisingly, when the immunoblots
were probed with a C-terminal antibody against the last 17
C-terminal residues of GSK-3 (designated GSK-33 C-ter anti-
body), band I, but not band II, was observed (Fig. 1A, middle
panel) even when the blot was overexposed (data not shown).
This finding implies that GSK-3 8 was truncated at the C termi-
nus as well as the N terminus. Thus, band I, which was clearly
detectable by both Mid and C-ter antibodies, was definitely
N-terminal-truncated GSK-3 (AN-GSK-33), whereas band II,
which was positive to the Mid antibody but negative to the
C-ter antibody, may be C-terminal-truncated GSK-38 (AC-
GSK-3pB) or both N- and C-terminal-truncated GSK-38 (AN/
AC-GSK-3p). Closer observation revealed that the ratio of band
I to full-length GSK-38 recognized by the C-ter antibody was
much less than that recognized by the Mid antibody, implying
that band I did not consist entirely of AN-GSK-38 but may have
overlapped with AC-GSK-3p. Thus, band II was deduced to be
AN/AC-GSK-3 from the apparent molecular masses.

An N-terminal antibody would directly recognize AC-GSK-
3B and verify this hypothesis; however, no commercially avail-
able GSK-38 N-terminal antibody is appropriate for this pur-
pose. As an alternative, two-dimensional electrophoresis was
performed to separate the cleavage products based on their
molecular masses as well as their net charges. Full-length
GSK-3p was separated into a series of spots (Fig. 1B, rectangle
1) corresponding to the different phosphorylation states of
GSK-3B. Accordingly, two groups of truncated products, the
spots in rectangle 2 (equivalent to band I) and the spots in rec-
tangle 3 (equivalent to band II), were detected by the Mid anti-
body in 5K but not in 25K (Fig. 1B), which was consistent with
the immunoblotting results (Fig. 1A4). Interestingly, the C-ter
antibody missed one spot in rectangle 2 (Fig. 1B, denoted by the
white arrow), which represented AC-GSK-38. The remaining
spots in rectangle 2 clearly represented AN-GSK-3p. There-
fore, the spots in rectangle 3 were supposed to be AN/AC-
GSK-3p according to molecular weight. Thus, as speculated
above, band I represents an overlap of AN-GSK-38 and
AC-GSK-3B.

The calpain inhibitors, calpeptin and ALLM, but not the
caspase inhibitor, Z-VAD-FMK, inhibited the generation of
the truncated products (Fig. 1C, left panel), confirming that the
cleavage of GSK-33 was dependent on calpain activity. Similar
results were also obtained in other calpain-dependent neuronal
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death models, such as MPP*- (27) or glutamate-treated (28)
CGNs, and the resulting cleavage patterns were identical to
those observed after potassium deprivation (Fig. 1C). These
observations suggest that cleavage of GSK-3f3 by calpain is a
general phenomenon during neuronal death.

To determine whether calpain directly cleaves GSK-38 and
to further confirm that GSK-3 is truncated at both its N and C
termini, we performed an in vitro cleavage assay using recom-
binant N-terminally His-tagged GSK-3 as the substrate of cal-
pain as previously reported (17). Our results showed that the
His-tag antibody reliably recognized AC-GSK-3p, which over-
lapped with AN-GSK-38 in band I. Therefore, band II, which
was positive by Mid antibody staining but not by the His-tag or
C-ter antibody staining, represented AN/AC-GSK-3p (Fig. 1D).

To examine which terminus of GSK-38 was more sensitive to
calpain truncation, we generated the N-terminally FLAG-
tagged and C-terminally V5-tagged GSK-38 construct, FLAG-
GSK-3B-V5. Total protein lysates from HEK293 cells trans-
fected with this construct were incubated with calpain plus
calcium for various time intervals, and the resulting fragments
were detected by immunoblot analysis using either the FLAG or
the V5 antibody. Consistent with the above mentioned data,
both FLAG and V5 antibodies could detect only band I, suggest-
ing that the FLAG fragment and the V5 fragment represent
AC-GSK-33 and AN-GSK-3p, respectively (Fig. 1E). The two
fragments both appeared in as short a time period as 0.1 min
and gradually increased over time after calpain treatment (Fig.
1E), indicating that the N and C termini of GSK-3 have equal
susceptibility to calpain.

Taken together, these results demonstrate that calpain trun-
cates GSK-38 not only at the N terminus but also at the C
terminus in various neuronal death models. Moreover, we show
that calpain truncates GSK-38 in a limited fashion, generating
three truncated products: AN-GSK-383, AC-GSK-38, and
AN/AC-GSK-3B.

Ser-9 Phosphorylation Protects GSK-33 from Calpain-medi-
ated Cleavage at Both N and C Termini —As has been previ-
ously reported by our group (14), Ser-9 phosphorylation of
GSK-3B is significantly decreased within 2 h and thereafter
remains stable (Fig. 24, upper panel) during potassium depri-
vation-induced CGN apoptosis. In a parallel time-course
experiment, we found that GSK-3 was cleaved by calpain soon
after Ser-9 dephosphorylation (Fig. 24, middle panel). This
interesting observation raises the possibility that Ser-9 phos-
phorylation of GSK-38 may reduce its vulnerability to calpain
cleavage.

To test this possibility, CGNs in 5K medium were treated
with the phosphatase 1/2A inhibitor OA to increase the Ser-9
phosphorylation of GSK-3, as previously reported (29). After
3 h of incubation, the cell lysates were collected and added with
the purified calpain plus calcium for different incubation times.
The OA, which dramatically increased Ser-9 phosphorylation
levels (Fig. 2B, lower panel), substantially attenuated the cleav-
age of GSK-3 (Fig. 2B, upper panel). By contrast, OA had no
discernible effect on the cleavage of spectrin, an acknowledged
calpain substrate (Fig. 2B, middle panel). These results indicate
that the Ser-9 phosphorylation state of GSK-3f3 affects the
cleavage of GSK-3.
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of Ser-9-tide or Ser(P)-9-tide (100 um) for 2 min.

To confirm further that Ser-9 phosphorylation reduced the
susceptibility of GSK-3f to calpain, purified GSK-33 was first
phosphorylated by Akt and subsequently incubated with cal-
pain and calcium. In the presence of Akt and the absence of
ATP, GSK-3f Ser-9 was rarely phosphorylated and was cleaved
by calpain, as monitored by the His-tag and C-ter antibodies
(Fig. 2C). By contrast, in the presence of ATP, GSK-38 was
largely phosphorylated at Ser-9 by Akt and subsequently
became resistant to calpain-mediated cleavage at both N and C
termini (Fig. 2C).

Next, we examined whether blocking Ser-9 phosphorylation
would facilitate calpain-mediated cleavage with a non-phos-
phorylatable mutant of GSK-3f in which Ser-9 was mutated to
alanine (S9A). With a similar quantity of GSK-38 wild type
(WT), S9A promoted the production of both AN-GSK-38 and
AC-GSK-3f upon calpain treatment, indicating that GSK-3/3
S9A is more susceptible to calpain (Fig. 2D). Thus, these results
suggest that Ser-9 phosphorylation protects GSK-3f from cal-
pain-mediated cleavage at both N and C termini.

To investigate how Ser-9 phosphorylation inhibits the cal-
pain-mediated cleavage of GSK-3 3, we performed a co-immu-
noprecipitation experiment to test whether Ser-9 phosphory-
lation negatively regulates the interaction between GSK-38 and
calpain. As shown in Fig. 2E, calpain equivalently interacted
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with GSK-38 WT and S9A, suggesting that Ser-9 phosphory-
lation did not affect the interaction between calpain and
GSK-38.

The conformation of GSK-38 is known to be affected by
Ser-9 phosphorylation (15). As previously noted by our group
and by others (14, 15), the Ser-9-phosphorylated peptide
encompassing residues 4—14 (Ser(P)-9-tide) can compete for
the endogenous priming phosphate binding pocket of GSK-33
and thus may suppress the three-dimensional structural tran-
sition resulting from Ser-9 phosphorylation. By using the
Ser(P)-9-tide with a non-phosphorylated peptide (Ser-9-tide)
as a control, we found that Ser(P)-9-tide promoted the cleavage
of GSK-38, whereas Ser-9-tide had no effect (Fig. 2F). This
result implies that Ser-9 phosphorylation may lead to a confor-
mational change that may hinder the access of calpain to its
recognition sites and thus protect GSK-38 from calpain-medi-
ated cleavage at both its N and C termini.

Ser-389 Phosphorylation Protects GSK-33 from Its C-termi-
nal but Not N-terminal Cleavage—MAPK-dependent phos-
phorylation of Ser-389/Thr-390 (rat/human) has been demon-
strated recently as an alternative pathway for GSK-38
inactivation (16). To investigate whether Ser-389 phosphoryla-
tion affects calpain-mediated cleavage in CGNs as well, we gen-
erated a phospho-Ser-389-specific antibody against a synthetic
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phosphopeptide that corresponds to the residues surrounding
Ser-389 of rat GSK-38. A specific band corresponding to
GSK-3p was detected by this antibody in HEK293 cells trans-
fected with a WT GSK-38 but not with the GSK-33 S389A
mutant (Fig. 34). The intensity of the band increased in magni-
tude when GSK-38 WT was co-transfected with MKK6/p38
(Fig. 3A) as previously reported (16), suggesting that this anti-
body is both efficient and specific for p-GSK-3 (Ser-389). Uti-
lizing the same time-course experiment used for examining
Ser-9 phosphorylation status (Fig. 2A) with this antibody, we
found that there was no change in the level of Ser-389 phosphor-
ylation between the 25K and 5K cultures (Fig. 3B). Further-
more, the phosphatase inhibitor OA, which was able to increase
Ser-9 phosphorylation (Fig. 2B), had no effect on Ser-389 phos-
phorylation (Fig. 3C). Thus, Ser-389 phosphorylation is not
regulated by an OA-sensitive phosphatase in CGNs.

To examine whether Ser-389 phosphorylation also inhibits
the calpain-mediated cleavage of GSK-33, FLAG-GSK-33-V5
WT was transfected into HEK293 cells with or without MKK6/
p38 to induce Ser-389 phosphorylation. The increase in Ser-
389 phosphorylation by MKK6/p38 inhibited the production of
the FLAG fragment but not the V5 fragment (Fig. 3D), suggest-
ing that Ser-389 phosphorylation inhibits GSK-38 cleavage at
its C terminus rather than its N terminus. Consistently, the
non-phosphorylatable mutant S389A promotes the production
of the FLAG but not the V5 fragment compared with WT (Fig.
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3D). Together, these results demonstrate that Ser-389 phos-
phorylation protects GSK-3 from C-terminal but not N-ter-
minal cleavage.

In addition, we found that the Ser-389-phosphorylated pep-
tide (Ser(P)-389-tide) derived from residues 383-393 of
GSK-3B could inhibit GSK-3 activity (see Fig. 5C), just as
Ser(P)-9-tide did (14), but that it had no effect on the cleavage of
GSK-3B (Fig. 3E) even at higher concentrations (data not
shown). This result suggests that the underlying mechanisms
by which Ser-389 phosphorylation regulates calpain-medi-
ated cleavage of GSK-3f are different from those of Ser-9
phosphorylation (for a more detailed explanation, please see
“Discussion”).

GSK-3B Is Cleaved at Thr-38 —Thr-39 and lle-384—Gln-385—
To generate constructs mimicking the truncated forms of
GSK-3p to investigate their individual functions, we identified
the cleavage sites using electrospray ionization-MS/MS. The
~43-kDa band I comprising AN-GSK-33 and AC-GSK-38 was
visualized by Coomassie Blue staining, whereas band II was not,
due to its low intensity (Fig. 4A4). Therefore, band I was sub-
jected to in-gel digestion with endoproteinase Asp-N, which
specifically cleaves at the N-terminal side of aspartic acid or
glutamic acid residues. Analysis of the MS" spectra (Fig. 4, B
and C, top right corner) revealed that two interesting peaks
at m/z 1001.5 and 680.4 (denoted by asterisks) did not
match the predicted molecular weight of the peptides derived
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from Asp-N digestion, suggesting that these peptides resulted
from calpain cleavage. MS? analysis identified the m/z 1001.5
peak as the peptide T | **TVVATPGQGPDRPQEVSYT®” | D
(Fig. 4B) and the m/z 680.4 peak as the peptide Q | **°ELS-
SNPPLATILIPPHARI®** | Q (Fig. 4C). Therefore, the residues
Thr-38 -Thr-39 and Ile-384 —GIn-385, which are not Asp-N
recognition sites, clearly are calpain cleavage sites.

Based on these cleavage sites, the resulting calculated molec-
ular masses for both AN-GSK-383 and AC-GSK-33 were ~43-
kDa, supporting the previous observation that they overlapped
in band I in the SDS-PAGE gels. These data demonstrate that
calpain-mediated cleavage of GSK-3f3 occurs at both Thr-38 —
Thr-39 and Ile-384 —GIn-385, resulting in the removal of the N-
and C-terminal domains of GSK-38 while leaving the kinase
domain intact.

Calpain Truncation Activates GSK-3[3 by Removing Its N/C-
terminal Autoinhibitory Domains—Consistent with a previous
report (17), GSK-3p activity increased over time after calpain
treatment in vitro (Fig. 5A). We further found that the abun-
dance of AN/AC-GSK-38 gradually increased along with an
increase in GSK-3p activity, suggesting that AN/AC-GSK-3f3
may be the main product contributing to the enhanced activity
of GSK-3B. In other words, the GSK-38 C terminus acts addi-
tively with the N terminus in GSK-3 activity inhibition.

We next examined whether the truncated GSK-3s, partic-
ularly AC-GSK-3p, showed increased activity when compared
with the full-length GSK-3. Plasmids expressing N-terminally
FLAG-tagged GSK-38 WT, AN-GSK-38, AC-GSK-38, or
AN/AC-GSK-38 were constructed (Fig. 5B, left panel) and
overexpressed in HEK293 cells. At the same protein levels, each
of the three truncated forms of GSK-33 (AN-GSK-38,
AC-GSK-3B, and AN/AC-GSK-3B) exhibited significantly
increased kinase activity compared with the WT (Fig. 5B, right
panel). Moreover, the activity of AN/AC-GSK-38 demon-
strated a significant (p < 0.05) increase over either AN-GSK-33
or AC-GSK-3, suggesting that N- and C-terminal cleavage
have an additive effect on the activation of GSK-3p.

The N-terminal domain of GSK-38 has been established as
autoinhibitory; however, the features of the GSK-38 C-termi-
nal domain are not yet fully understood. To confirm that the C
terminus of GSK-3 has an autoinhibitory effect, we synthe-
sized a series of peptides covering the GSK-33 C-terminal res-
idues from 383 to 420 and found that none of these peptides
inhibited GSK-3f activity (data not shown). Thornton et al.
(16) reported an inhibitory phosphorylation site, Thr-390,
located at the GSK-33 C-terminal domain; the corresponding
site in the rat is Ser-389. Based on this report (16), we synthe-
sized two other peptides encompassing residues 383—393, with
Ser-389 phosphorylated or not (Ser(P)-389-tide, Ser-389-tide).
The results showed that Ser(P)-389-tide but not Ser-389-tide
inhibited GSK-3 activity (Fig. 5C), indicating that the C termi-
nus of GSK-3f acts as an autoinhibitory domain in a Ser-389
phosphorylation-dependent manner. Taken together, these
results confirm that the GSK-38 C terminus serves as an auto-
inhibitory domain and demonstrate that calpain-mediated
truncation activates GSK-33 through the removal of its N- and
C-terminal autoinhibitory domains.
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Truncated Forms of GSK-3B Promote Neuronal Death—
GSK-3p plays a critical role in neuronal death (5, 6). This study
shows that calpain-truncated forms of GSK-383 have higher
activity than full-length GSK-38. Next, we asked whether the
truncated GSK-3p also possesses stronger pro-apoptotic prop-
erty. FLAG-tagged WT GSK-38, AN-GSK-3f3, AC-GSK-3p3, or
AN/AC-GSK-3f was transiently transfected into CGNs. After
36 h of transfection, CGNs were switched to serum-free
medium containing 25K for 24 h followed by immunofluores-
cence and apoptosis assays. Because of the low transfection effi-
ciency in cultured primary neurons (~1% for differentiated
neurons), the protein expression levels in the transfected neu-
rons were impossible to detect by immunoblotting. Therefore,
as previously described (21, 24), GFP was used to mark the
transfected cells, and the relative fluorescence intensity of
FLAG immunostaining was employed to indicate FLAG-tagged
GSK-38 protein levels in the transfected CGNs. At a compara-
ble expression level (Fig. 6A4), the GSK-38 WT-transfected cells
were morphologically indistinguishable from the cells trans-
fected with the vector (Fig. 6B). In contrast, transfection of
AC-GSK-3B or AN-GSK-3B resulted in a significant (p < 0.05)
increase in neuronal apoptosis (Fig. 6B). Moreover, AN/AC-
GSK-3B was the most toxic isoform of the three truncated
products. Consistent with the notion that aberrant activation of
GSK-3B promotes neuronal death, these data suggest that both
the N- and C-terminal calpain-mediated truncation of GSK-33
act collaboratively to contribute to GSK-3 activation and sub-
sequent neuronal death.

DISCUSSION

To the best of our knowledge this study is the first to dem-
onstrate the following: 1) GSK-3 is cleaved by calpain not only
at the N terminus but also at the C terminus. 2) Ser-9 phosphor-
ylation inhibits calpain-mediated cleavage of GSK-38 at both
termini, whereas Ser-389 phosphorylation protects GSK-3
from only C-terminal but not N-terminal cleavage. 3) Trun-
cated GSK-3 shows increased kinase and pro-apoptotic activ-
ity, further supporting the notion that, similar to the N termi-
nus, the GSK-3 C terminus is an autoinhibitory domain.

In contrast to the report of Goii-Oliver et al. (17) showing
that calpain cleaves GSK-3f3 at the N terminus in vitro, this
study found that calpain cleaved GSK-3p at both the N termi-
nus and the C terminus iz vitro and in vivo. One possible expla-
nation for this discrepancy is that when determining which ter-
minus of GSK-38 is cleaved by calpain, Goni-Oliver et al. (17)
showed that the His-tag antibody failed to recognize the trun-
cated products. This finding may have resulted from the exces-
sive cleavage of GSK-3, as excess calpain, or overly long cal-
pain incubation times generate more AN/AC-GSK-38 (band II
in Fig. 5A) than primary truncated product (band I in Fig. 54);
therefore, the remaining small amounts of AC-GSK-3f are
beyond the detection limit of the His-tag antibody. In this study
we provide several lines of evidence, including the same in vitro
cleavage experiment previously performed, to confirm our con-
clusion. First, the fragment patterns of GSK-38 were not iden-
tical when examined with the GSK-33 C-ter and Mid antibod-
ies, suggesting that GSK-38 was cleaved at the both the N
terminus and the C terminus. Second, three truncated prod-
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FIGURE 5. Removal of either N- or C-terminal autoinhibitory domain by
calpain activates GSK-3 3. A, shown is the effect of calpain-mediated cleav-
age on the activity of GSK-38. Recombinant His-tagged GSK-38 was first
cleaved by calpain, after which GSK-38 activity was assayed. B, schematic
diagrams of the FLAG-GSK-38 WT, AN, AC, and AN/AC constructs (left panel)
are shown. These constructs were transfected into HEK293 cells, and the
resulting cell lysates were immunoprecipitated with the FLAG antibody. The
precipitates were subsequently subjected to a GSK-3B kinase assay. C, recom-
binant GSK-3 was preincubated with the indicated concentrations of Ser-
389-tide or Ser(P)-389-tide for 5 min, and a GSK-33 activity assay was per-
formed with 2B-SP as the substrate. All data in this figure represent the
mean = S.E. of at least three independent experiments. *, p < 0.05.

ucts, AN-GSK-38, AC-GSK-3B, and AN/AC-GSK-38, were
separated by two-dimensional gel electrophoresis and visual-
ized by probing with either C-ter or Mid antibody. Third, the
His-tag antibody clearly recognized AC-GSK-3f, resulting
from in vitro cleavage of recombinant N-terminally His-tagged
GSK-3p by calpain. Finally, the identified cleavage sites were
located at the N-terminal Thr-38 —Thr-39 and C-terminal Ile-
384—GIn-385 residues of GSK-3B. Thus, calpain-mediated
cleavage removed both the N and C termini of GSK-383, leaving
the kinase domain intact.

The GSK-38 N terminus is known to be an autoinhibitory
domain (12, 15, 30); therefore, it is reasonable to believe that
AN-GSK-38 has increased activity. Unexpectedly, we found
that AC-GSK-3 also showed enhanced kinase activity similar
to that of AN-GSK-3f3, and the activity of AN/AC-GSK-38

exceeded that of AN-GSK-383 and AC-GSK-38. These data
indicate that, similar to the N terminus, the C terminus of
GSK-3Bis an autoinhibitory domain and that both termini con-
trol GSK-38 activity additively. To further confirm that the C
terminus of GSK-38 has autoinhibitory effects, we synthesized
a series of peptides derived from the GSK-33 C-terminal region
and found that only the Ser(P)-389-tide had an autoinhibitory
effect, which is consistent with a previous report showing that
phosphorylation at the C-terminal Thr-390 site (the corre-
sponding residue in rat is Ser-389) inhibits GSK-38 activity
(16). Moreover, a study in patients with Parkinson disease
revealed a disease-related SNP site that results in an alternative
GSK-38 splice isoform (Aexon9 + 11) that lacks residues 366 —
398 (31). Interestingly, this isoform also lost the phosphoryla-
tion site Thr-390 and showed increased kinase activity com-
pared with full-length GSK-3B. The present data in
combination with those of the reports mentioned above estab-
lish the GSK-3 C terminus as an important functional inhibi-
tory domain. Further exploration of how the GSK-38 C-termi-
nal domain exerts its autoinhibitory effect may redefine and
deepen our understanding of its functions.

Although the crystal structure of GSK-3 has been solved by
many groups (1, 15), clear electron density is evident only for
the 351 residues from Lys-35 to Ser-386; the regions preceding
residue 35 and following residue 386 lack organized structure.
Referring to the literature (32), we realized that these regions
may be intrinsically disordered. Prediction of GSK-38 disor-
dered regions by the DISOPRED server (33) indicates that the
regions from residues 1 to 36 at the N terminus and from resi-
dues 381 to 420 at the C terminus are disordered (data not
shown). Disordered protein sequences, which are characterized
by a lack of stable tertiary structure, a low proportion of bulky
hydrophobic amino acids, and a high proportion of polar and
charged amino acids, have been recognized for many years (32,
34). The flexibility of the disordered regions is proposed to cor-
relate with sites of post-translational modification, such as
phosphorylation (35) and protease degradation (36), both of
which occur at the N- and C-terminal domains of GSK-3p.
Another classic feature of disordered regions is their ability to
acquire different conformational arrangements for binding tar-
get proteins or interacting with different molecules (32, 37).
The N terminus of GSK-3f3 was recently reported to be neces-
sary for 14—3-3¢, p53, and PKB interactions (38); however, the
interaction partners of the GSK-38 C terminus have not yet
been thoroughly investigated. We are currently studying this
topic.

It has been proposed that phosphorylation could influence
the neighboring cleavage sites to decrease or increase the acces-
sibility of the recognition sites to calpain (39, 40). However,
several of our experimental approaches support the notion that
phosphorylation of GSK-38 at Ser-9, distant from the cleavage

FIGURE 4. GSK-3 is cleaved at Thr-38-Thr-39 and lle-384-GIn-385. A, calpain cleavage of GSK-38 was performed in vitro as described above (Fig. 1D).
Samples were resolved by SDS-PAGE and visualized by Coomassie Brilliant Blue staining. Band | was excised for in-gel digestion with endoproteinase Asp-N and
subsequent identification. B, MS' spectra (top right corner) identifying a peak at m/z 1002.0 (asterisk) did not match the predicted molecular weight of peptides
derived from Asp-N digestion. The peptide was then sequenced by a series of b- and y-ions in the MS/MS spectrum and corresponded to TVVATPGQGP-
DRPQEVSYT at the N terminus of GSK-38. C, as described in B, MS/MS identified another non-Asp-N derived peptide, ELSSNPPLATILIPPHARI, at the C terminus

of GSK-3.
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sites Thr-38 —Thr-39 and Ile-384 —GIn-385, inhibits calpain-
mediated cleavage at both sites by altering the conformation of
GSK-3B. First, increasing Ser-9 phosphorylation of GSK-38 via
inhibition of phosphatase 1/2A or via pretreatment with puri-
fied active Akt protects GSK-3f from calpain-mediated cleav-
age at both N and C termini. Second, the non-phosphorylatable
mutant S9A increases calpain-mediated cleavage of GSK-3f3 at
the N terminus as well as the C terminus. Third, the three-
dimensional conformation of protein substrates has been spec-
ulated to determine calpain access to the cleavage site (41), and
the conformation of GSK-383 has been proposed to change
upon Ser-9 phosphorylation (15). Furthermore, the peptide
Ser(P)-9-tide, which could mimic the Ser-9-phosphorylated N
terminus of GSK-38 and block the Ser-9 phosphorylation-de-
pendent conformational change, promotes the cleavage of
GSK-38 at both sites. Taken together, these data indicate that
Ser-9 phosphorylation can induce tertiary structure transfor-
mation, which in turn reduces the accessibility of calpain to its
cleavage sites and contributes to the Ser-9 phospho-GSK-383
cleavage resistance.

Ser-389 is an alternative inhibitory phosphorylation site of
GSK-3p, although the mechanism underlying its autoinhibi-
tory effect remains unclear. In this study we found that MKK6/
p38-mediated Ser-389 phosphorylation inhibits, whereas a
non-phosphorylatable mutant S389A promotes the cleavage of
GSK-3 at the C terminus but not the N terminus. This result
demonstrates that unlike Ser-9 phosphorylation, Ser-389 phos-
phorylation protects GSK-38 from only C-terminal rather than
N-terminal cleavage. Furthermore, Ser(P)-389-tide, which
inhibits GSK-3 B activity just as Ser(P)-9-tide does, has no effect
on the cleavage of GSK-3 3. These results suggest that the phos-
phorylation of Ser-389 affects only its vicinal calpain cleavage
site Ile-384 —GIn-385 instead of altering its tertiary structure, as
Ser-9 phosphorylation does.

In potassium deprivation-induced CGN apoptosis, Ser-9
dephosphorylation precedes and facilitates calpain-mediated
cleavage. The latter subsequently serves in an irreversible reg-
ulatory manner to activate GSK-3f3, providing the opportunity
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to amplify cell death signals through the production of “strate-
gic” cleavage products under cell death stimuli. Coordinated
regulation of GSK-38 by Ser-9 phosphorylation and calpain
cleavage may allow for the fine-tuning of the cell death thresh-
old. Both calpain and GSK-3p play critical roles in many neu-
rological diseases characterized by deregulated neuronal death,
such as Alzheimer disease, Parkinson disease, and brain ische-
mia (9, 10, 42). In this study we found that calpain cleaves
GSK-3p after treatment with various neuronal death stimuli,
including potassium deprivation, MPP™, and glutamate. Thus,
it will be interesting to examine whether calpain-mediated
cleavage of GSK-3 8 promotes neuronal death in animal models
of these neurological diseases, which is a possibility that may
have important implications for their pathogenesis.
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