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Development of protein kinase inhibitors is a focus of many drug discovery programs. A major problem, however, is
the limited specificity of the commonly used adenosine triphosphate-competitive inhibitors and the weak inhibition
of the more selective substrate-competitive inhibitors. Glycogen synthase kinase-3 (GSK-3) is a promising drug tar-
get for treating neurodegenerative disorders, including Alzheimer’s disease (AD), but most GSK-3 inhibitors have not
reached the clinic. We describe a new type of GSK-3 inhibitor, L807mts, that acts through a substrate-to-inhibitor
conversion mechanism that occurs within the catalytic site of the enzyme. We determined that L807mts was a po-
tent and highly selective GSK-3 inhibitor with reasonable pharmacological and safety properties when tested in
rodents. Treatment with L807mts enhanced the clearance of B amyloid loads, reduced inflammation, enhanced au-
tophagic flux, and improved cognitive and social skills in the 5XFAD AD mouse model. This new modality of GSK-3
inhibition may be therapeutic in patients with AD or other central nervous system disorders associated with dysreg-

ulated GSK-3.

INTRODUCTION

Protein kinases are important regulators of many biological processes,
and their abnormal activity causes many human diseases (I). Develop-
ment and design of specific inhibitors of protein kinases are the focus of
many drug discovery programs. So far, most protein kinase inhibitors
are small molecules that compete with adenosine triphosphate (ATP)
for its binding site on the kinase. This type of inhibitor, although pow-
erful, often has limited specificity (2, 3), because the ATP binding site is
highly conserved among protein kinases (4, 5). This lack of specificity
can be beneficial in some instances or may result in serious side effects.
Another category of inhibitors are substrate-competitive inhibitors that
mimic the unique interactions that occur in the less conserved substrate
binding cavity of the kinase and are therefore expected to be highly se-
lective (4, 5). Most substrate-competitive inhibitors exhibit relatively
weak inhibition capacity [median inhibitory concentration (ICs) values
in the millimolar range] because of their weak binding to the kinase
(6-9). Suicide substrate inhibitors, which bind covalently to an enzyme
and irreversibly inhibit it, were described (10) but have not been re-
ported for kinases. A substantial improvement in the binding affinity
of substrate-competitive inhibitors to the kinase would result in “ideal”
inhibitors that are both selective and effective.

The serine-threonine kinase glycogen synthase kinase-3 (GSK-3) is
recognized as an important drug discovery target in neurodegenerative
disorders, such as Alzheimer’s disease (AD), multiple sclerosis, fragile X,
amyotrophic lateral sclerosis, and depressive behavior (11-15). In
humans, GSK-3 exists as two isozymes, GSK-3a and GSK-38, which
are encoded by two genes and share 97% homology in the catalytic do-
main (16). The mechanisms by which GSK-3 contributes to neurological
disorders are under investigation. For example, GSK-3 phosphorylates
the microtubule-associated protein tau (17, 18), and phosphorylated
tau causes neurofibrillary tangle formation in AD (19, 20). GSK-3 also
destabilizes the Wnt signaling component B-catenin (21, 22), regulates
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transcription factors such as nuclear factor kB (23, 24), activates proin-
flammatory factors (25, 26), and impairs autophagic and lysosomal ac-
tivity (27, 28), the last of which results in the accumulation of neurotoxic
or damaged proteins. Studies in animal models provide evidence of the
therapeutic benefits of inhibition of GSK-3 in limiting the progression
of neurodegenerative diseases and cognitive impairment (28-37). How-
ever, most GSK-3 inhibitors have not reached the clinic mainly because
of limited specificity and toxic effects (11).

Previously, we described substrate-competitive GSK-3 inhibitors
that inhibit both GSK-3 isozymes. These inhibitors are short phos-
phorylated peptides (38) that exploit the unique substrate-recognition
motif of GSK-3, S'XXXS*(p) (where S' is the site phosphorylated by
GSK-3, and S$” is the priming site phosphorylated by other kinases)
(39, 40). Our previous work resulted in a leading inhibitor, L803mts,
which is derived from the GSK-3 substrate heat shock factor-1 (HSF-1)
(41) and has a myristic acid attached to the N-terminal end that enables
cell permeability (38). In vitro and in vivo studies with L803mts showed
that this compound produced therapeutic benefits in diverse disease
models, including diabetes (38, 42, 43), depressive behavior (44), cancer
(45), Parkinson’s disease (46), AD (28), and multiple sclerosis (30).
Combined mutagenesis and computational docking further revealed
that the recognition of substrate combines the promiscuity of the
binding loop composed of GSK-3p residues 89 to 95 and the require-
ment for primed phosphorylation to enable the interaction with the
phosphate-binding pocket of GSK-3 (47, 48).

During the process of improving the inhibitor L803mts, we
discovered a peptide derivate, L807, that acts both as a substrate and
as an inhibitor. Here, we explored the mechanism of L807 action and
the activity of its myristylated version, L807mts, in a mouse model of
AD. We found that L807 acts through an in situ substrate-inhibitor con-
version mechanism, meaning that the peptide binds GSK-3 (o or ) and
becomes phosphorylated, which converts the compound into an inhib-
itor. Compared with L803mts, L807mts is a more potent GSK-3 inhib-
itor. L807mts is also highly selective for GSK-3 in vitro, and in mice it
exhibits suitable pharmacological properties, including stability, deliv-
ery to the brain, pharmacokinetics, and safety. Finally, L807mts im-
proves neuropathological symptoms and cognitive behavior in an AD
mouse model.
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RESULTS

A substrate is also a potent inhibitor

We used peptide substrates and inhibitors derived from HSF-1 (Fig. 1A).
In these peptides, the priming site is Ser'® and the GSK-3 phosphoryl-
ation site is Ser®. Replacement of Ser® with alanine produced a weak
inhibition, whereas replacement of both Ser® and Glu® with alanine gen-
erated the previously described inhibitor L803 (Fig. 1A) (38). In the pep-
tide termed 1807, Glu® is replaced with alanine, but Ser® is not (Fig. 1A).
We assumed that L807 would act either as a substrate or as an inhibitor,
but, surprisingly, L807 has both properties. In vitro kinase assays showed
that L807 is readily phosphorylated by GSK-3p as were other GSK-3 sub-
strates, such as the primed peptides derived from insulin receptor sub-
strate-1 (49) or HSF-1, termed here pIRS-1 and pHSF-1 (Fig. 1B). In
vitro kinase assays with pIRS-1 as the substrate for GSK-3p in the pres-

ence or absence of L807 showed that 1807 reduced GSK-3 phospho-
rylation of pIRS-1 by more than 80% (Fig. 1C, left panel). The presence
of pHSF-1 at a similar concentration did not inhibit pIRS-1 phosphoryl-
ation (Fig. 1C, left panel). This indicated that L807 does not inhibit
GSK-3B through substrate competition. Furthermore, comparison of
GSK-3p inhibition by L807 or L803 or their myristic acid-conjugated
forms, L807mts and L803mts, showed that L807 and L807mts are more
potent and efficacious GSK-3p inhibitors (Fig. 1C, middle panel). The
activity assays suggested that during the process of GSK-3-mediated
phosphorylation of 1807, the double-phosphorylated product DpL807
(Fig. 1A) is converted into an inhibitor. Yet, externally synthesized
DpL807 only slightly reduced GSK-3B activity, and as compared to
L1807, its ability to inhibit GSK-3p was negligible (Fig. 1C, right panel),
indicating that DpL807 does not inhibit GSK-3p as a “free” peptide.
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Fig. 1. L807 and L807mts function as potent GSK-3 inhibitors that act as both substrates and inhibitors. (A) List of
sequences derived from the HSF-1 substrate. Positions of priming site Ser'®, phosphorylation site Ser®, and residue Glu® are
indicated. In other sequences, S(p) indicates phosphorylated serine, and Dp indicates double phosphorylation at the
priming and the GSK-3 phosphorylation sites (S° and S'°). The priming site is marked red, and sites mutated to alanine
are marked blue. Whether the peptide functions as a substrate (S) or as an inhibitor (1) is indicated as is the ICs, if relevant.
L803mts and L807mts are the myristoylated forms of L803 and L807. (B) L807 is a GSK-3 substrate. GSK-3 kinase assays
were performed with pIRS-1, pHSF-1, or L807 (100 uM each). 3P incorporation into the substrates was monitored and is
presented as counts per minute (CPMs). Results are means + SEM of three independent experiments. Control reaction (Ctrl)
does not contain substrate. (C) GSK-3 kinase assays were performed with pIRS-1 (50 uM) as the substrate in the presence or
absence of the indicated peptides (50 uM) . 3P incorporation into pIRS-1 was monitored. Data are normalized to GSK-3
activity measured in the control reaction containing only pIRS-1. Left: The GSK-3 kinase assays were performed in the
presence of L807 or pHSF-1. Middle: Dose-response curves of the inhibition of GSK-3 by a range of concentrations of
L807 and L803 or L807mts and L803mts. Right: The GSK-3 kinase assays were performed in the presence of DpL807 or
L807. Results are means + SEM of three independent experiments except the middle panels that show representative
curves of three independent experiments. ***P < 0.001 compared to Ctrl by one-way analysis of variance (ANOVA) followed
by Dunnet’s test. (D) Kinase assays were performed in the presence of L807mts (1 uM). Inhibition by L807mts is presented
as a percentage of each kinase activity in a control assay without L807. Results of a representative panel of protein kinases
tested + SEM are shown. Inhibition of GSK-30. or GSK-3f is marked by arrows. See table S1 for complete results.
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Thus, we propose that the GSK-3B/L807
complex undergoes kinase activity—dependent
conformational changes that tighten the
interaction of the product DpL807 with
the kinase. As expected because the two
isozymes share identical substrate binding
site, L807mts inhibited both isozymes of
GSK-3, GSK-3p and GSK-3a (Fig. 1D
and table S1).

The substrate-inhibitor conversion
mechanism of action would be predicted
to result in a highly specific inhibitor.
Analysis of the selectivity of L807mts for
GSK-30 or GSK-3p using in vitro kinase
assays with 139 protein kinases (Fig. 1D
and table S1) demonstrated that L807mts
had remarkable specificity toward both
GSK-3 isozymes. Together, we have gener-
ated a new type of kinase inhibitor. The in-
hibitor is a substrate that is converted in
situ into a potent inhibitor upon phospho-
rylation by the kinase.

Molecular dynamics simulations of
the GSK-3p peptide complexes
support an in situ
substrate-inhibitor conversion
Molecular dynamics (MD) simulations
were used to predict the binding modes
of L807, DpL807, and DpHSF-1 (double-
phosphorylated HSF-1) to GSK-3f and
to examine the possibility of in situ inhibi-
tion. We first explored the binding of L807
to GSK-3p and then the changes that
occurred upon its phosphorylation. A pre-
liminary elastic network-based normal
modes analysis of free GSK-3p indicated
that two loops showed extensive mobility:
loop 63 to 69, which binds the ATP, and
loop 89 to 95, which together with loop
63 to 69 delimits the promiscuous substrate
binding cavity. Therefore, these loops were
allowed free movement in the MD simula-
tions together with all the side chains
of GSK-3B, the ligands [ATP or ADP
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(adenosine diphosphate) and Mg*'], the peptide (L807, DpL807, or
DpHSEF-1), and the solvent. Each MD trajectory consists of the
coordinates of every atom in the system and their change over time,
and the combined 100- to 150-ns trajectories provide a useful, though
possibly incomplete, picture of the molecular interactions and mobility.
To assess in detail the contacts in each complex, we calculated the dis-
tributions of distances between centers of mass of side chain groups of
atoms (Table 1).

The time-dependent displacements of the loops and the peptide in
the last 50 ns of each trajectory showed that the root mean square de-
viations (RMSDs) for peptides L807 and DpHSF-1 are small, and they
stabilized to the same range of values in the two independent trajectories
(fig. S1). However, L807 remained bound in the active site of GSK-38,
whereas DpHSF-1 moved partially out of the active site (Fig. 2).

Snapshots from the trajectories for the three complexes, GSK-3p/
ATP/2Mg** /1807, GSK-3B/ADP/2Mg**/DpL807, and GSK-3p/ADP/

2Mg2+/DpHSF—1 (Fig. 2) showed that the mobility of loops 63 to 69
and 89 to 95 resembles the motion predicted independently by elastic
network normal modes analysis, as well as the conformation differences
observed in experimental structures of GSK-3B [Protein Data Bank
(PDB) IDs: 1H8F, 1PYX, 109U, 4NM3], suggesting that the MD simu-
lations span the full range of loop motions. In at least one MD trajectory
for each GSK-3B—-peptide complex (fig. S1), loop 89 to 95 is predicted to
be very mobile with RMSD up to 9 to 10 A from the equilibration po-
sition (Fig. 2B). Loop 63 to 69 is more mobile in the DpL807 complex,
and to some extent also in the DpHSF-1 complex, than in the L807
complex, which may relate to predicted changes in ADP conformation
and position; ADP rotates and shifts partially out of the ATP binding
cavity in the DpL807 complex simulations.

The MD simulations predicted that L807 maintains a stable confor-
mation and position within the GSK-3p active site, in particular the
extended C-terminal segment Ser®-Ser'*(p) of the peptide (Fig. 2B).

Table 1. GSK-3B/peptide and intrapeptide contacts along the MD trajectories. The numbers in parentheses indicate the percentage of time that the contact
is maintained along the trajectory. Only contacts exceeding 10% of the trajectory are listed. Contacts to Lys and Arg are to their positively charged groups
except when Lysp,qr and Argpq, are listed, which detail contacts to the hydrophobic part of these side chains. Intrapeptide contacts are listed in italics.

Residue in Contacts in Contacts in Contacts in

Contacts in Contacts in Contacts in Contacts in

peptide trajectory 1: trajectory 2: trajectory 1: trajectory 2: trajectory 3: trajectory 1: trajectory 2:
L807 L807 DplL807 DplL807 DplL807 DpHSF-1 DpHSF-1
Lys' Tyr?'°-P0O; (95)  Tyr?'®-PO; (100)  Tyr*'®-PO; (98) Glu?'"" (77) Ser®(p) (91) Tyr?'®-PO; (99) —
5236 (11) Ser'%(p) (100) Ser'%(p) (100)
Lys'hyar — — — — Val'® (24) Pro’ (75) —
Glu? Tyr®?' (12) — Arg®? (23) — — —
Ala*/Glu® Ser®® (11) Pro®(16) lle*'” (80) — Ser®® (g) — —
Pro” (15) Pro® (50) Phe®” (8)
Pro®(18)
Pro Ty ing (26) lle?'” (39) Pro® (52) Phe®’ (73) _ _
Ser’® (86) Phe®® (19)
Pro® (29)
Pro’ Ser®® (10) Ald® (16) Val?' (22) Pro” (10) Phe®” (45) — —
Ser’'® (14) Tyr216§ing (17) Pro® (89) Phe” (57)
Ala® (50) Pro® (25)
Pro’ (5)
Pro® (8)
Ser®/Ser®(p) ATP P, (72) ATP P, (93) Lys™* (91) Arg®® (100) Arg®® (100) Lys'® (98) Lys'® (92
Asp'®' (87) Asp'®" (50) Arg”® (100) Arg'® (100) Arg'® (86) GIn'® (40)
Lys'®> (77) Lys'® (100) Arg!®° (100) Lys** (100) Lys*% (99) Ser’'® (27)
Lys*® (50) Ser®' (98) Lys*°® (100) Lys' (91)
Pro’ lle?"” (64) lle'” (82) Pro® (5) Phe®” (11) Arg®hyqr (44) Tyr’ % (98) Tyr’'®ng (99)
Tyr216§ing (71) Tyr*"%ing (98) Pro'’ (92) Phe”® (90) lle?'” (15) lle?'” (45)
Ala® (15) Pro® (10) Lys' nyar (75)
Pro® Phe®” (22) — Val?' (55) Arg‘”Péydr (54) Phe®” (45) — —
Ald® (18) Pro® (8) Phe®® (40) Val®’(27)
Pro* (52) Phe®® (97)
Pro® (89) Pro* (29)
Pro® (25)
GIn® Arg®® (99) Arg®® (98) Pro?'? (27) Lys>% (89) Arg®? (75) Arg®® (89) Arg®® (74)
Arg'® (78) Arg'®° (56) Phe®® (75) Arg'®° (34) Arg'®° (65)
Ser'°(p) Arg®® (98) Arg®® (100) Lys>* (88) Lys>* (100) Arg92 (20) Argf6 (94) Arg% (97)
Arg'° (100) Lys?® Arg'®% (100) Lys*®  Arg®®® (100) Lys*°® (100) Arg™® (100) Arg™° (100) Arg™®° (100)
(98) (99) Asn?'® (68) Lys' (100) Lys*® (100) Lys**® (100) Lys**® (99)
Lys' (100)
Pro’ Pro” (92) Arg®pyar (11) Lys**hyar (32) — —
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GSK-3p/L807

GSK-3p/DpL807 GSK-3B/DpHSF-1

Fig. 2. Binding of L807, DpL807, or DpHSF-1 to GSK-3. (A) Elastic network-based normal mode 3, calculated for free GSK-38. The mobile loops 63 to 69 and 89 to 95 are shown in
beige and reddish brown, respectively. The yellow ribbon depicts the crystallographic structure (PDB ID: TH8F). (B) Clusters of MD snapshots taken every 2 ns from the production
trajectories of the L807 complex, DpL807 complex, and DpHSF-1 complex. Loops 63 to 69 and 89 to 95 are colored as in (A). The light blue ribbons are superposed experimental
structures of GSK-3f in complex with Hepes (PDB ID: TH8F), an ATP analog (PDB ID: 1PYX), or ADP and an inhibitory peptide (PDB ID: 4NM3), and GSK-3f phosphorylated on Tyr216
in complex with an ATP analog (PDB ID: 109U). L807 is shown in yellow. DpL807 from the three trajectories is shown in three shades of green to emphasize the conformation
change and shift within the substrate binding trough. DpHSF-1 is in gray. The view of the DpHSF-1 complex was rotated about the vertical axis by ~90° relative to the other

structures to show the dissociation of the N-terminal part of the peptide.

The binding is dominated by the electrostatic interaction between L807/
Ser'*(p) and GSK-3 residues Arg’, Arg'®, and Lys**, which form the
positively charged binding pocket for the phosphorylated priming site
(Table 1, Fig. 3A, and fig. S2A) (50, 51). Additional stable interactions
include contacts with the hydrophobic patch of GSK-3p (fig. S2B),
which we previously identified as an inhibitor binding site (47, 48).
The distance between atoms L807/Ser® O, and ATP P, is 5 A or less
for 82% of the time (Table 1 and fig. S2C), adequate for phosphoryl-
ation, consistent with L807 binding to GSK-3p as a substrate. Hence,
the MD simulation results predicted that L807 binds predominantly
to the C-terminal lobe of the kinase with residue Ser® positioned for
phosphorylation, making only few contacts with loop 63 to 69 and
no contacts with loop 89 to 95.

The three MD trajectories for the complex GSK-38/ADP/2Mg>*/DpL807
show that DpL807 changes conformation and shifts within the substrate
binding trough of GSK-38 (Fig. 2B). A prevalent occurrence in all three
trajectories is the formation of a helical turn by DpL807 residues Ser®-Gln’
(Fig. 3B), which is stabilized by interactions of both Ser(p) and Ser'*(p)
with the GSK-3P positively charged cavity and with positively charged
residues in loop 89 to 95 (Table 1 and fig. S3, A and B). Thus, Seré(p)
inserts into the positive cavity, whereas Ser'’(p) shifts to the edge of the
cavity. Analysis of the time dependence of the distance between Phe®” in
one loop and Phe” in the other mobile loop of GSK-3B indicated that
these two loops approach one another in the DpL807 complex (fig. S3C)
but not in the L807 complex (fig. S2D). Phe” also contacts DpL807 res-
idues Pro” and Pro® (fig. S3D). In two trajectories, the N-terminal seg-
ment of DpL807 forms a hairpin turn (Fig. 3B, middle and bottom
panels), creating a hydrophobic center stabilized by intrapeptide inter-
actions between Pro*, Pro’, Pro’, and Pro® (fig. S3E). The third trajec-
tory predicts that a second helical turn is formed; DpL807 also shifts
into the “promiscuous” substrate binding pocket that we described pre-
viously (47, 48) and is located between loops 63 to 69 and 89 to 95 (Fig. 3B,
bottom panel), contacting GSK-3p residues Phe®’, Val*’, and Phe”
(fig. S3D). The hydrophobic center of DpL807 is maintained all along
this trajectory.

In summary, the trajectories for the GSK-33/ADP/2Mg”"/DpL807
complex provide snapshots that predict an in situ transformation of
DpL807. The transformation starts with the formation of the Ser®(p)-

Licht-Murava et al., Sci. Signal. 9, ra110 (2016) 15 November 2016

GlIn” helical turn and the shift of Ser®(p) into the positively charged cav-
ity of GSK-3p and is followed with the formation of the Glu*-Pro’
hairpin and the creation of a hydrophobic center. Finally, a second heli-
cal turn is formed. During these changes, the peptide gradually shifts
within the active site, away from the hydrophobic patch and into the
substrate binding pocket delimited by GSK-38 loops 63 to 69 and 89
to 95. This predicted transformation indicated that the inhibitory effect
of DpL807 appears to arise from the formation of a stable hydrophobic
center in the peptide, binding of the two phosphorylated serine residues
in and near the positively charged cavity, and the formation of hydro-
phobic contacts with the substrate binding pocket, particularly with
GSK-3p residue Phe”.

From the in situ inhibition model of DpL807, we can begin to ad-
dress the question: Why does phosphorylation of the peptide DpHSF-1,
which differs from DpL807 only in position 3, Glu® instead of Ala’, not
produce a similar inhibitory effect? The MD simulations predicted that,
unlike DpL807, DpHSF-1 does not form a helical turn and its N-
terminal part shifts out of the kinase binding trough (Fig. 2B and
Table 1). Furthermore, the DpHSF-1 residue Ser®(p) does not approach
the positively charged cavity where Ser'°(p) is positioned. Thus, the
simulations predicted that DpHSF-1 does not undergo the confor-
mation change seen for DpL807, because the negative Glu® is repelled
from Serﬁ(p) and Serlo(p). Instead, Ser6(p) moves away from GSK-38
residues Asp”” and Asp'®', resulting in partial dissociation. The final
dissociation step, which requires breaking the interaction with the pos-
itively charged cavity of GSK-38, is probably a much slower process and
is not seen in any of our simulations.

According to the predicted L807 binding and inhibition model, we
expected that the binding and phosphorylation of L807 will not involve
interactions with GSK-3p Phe””, whereas inhibition by 1807 will require
these interactions. We thus tested these predictions using the GSK-38
mutant F93A in which Phe”® was mutated to alanine (47) for in vitro
phosphorylation and inhibition assays. F93A readily phosphorylated
L807 but was not inhibited by L807 (Fig. 3C). Hence, the binding
and phosphorylation of L807 were not affected by the FO3A mutation;
however, the extensive interactions with Phe” formed after L807 phos-
phorylation cannot occur in the F93A mutant, resulting in destabiliza-
tion of the inhibitory GSK-3/DpL807 complex.
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Fig. 3. L807 substrate binding, the conformational change of DpL807 that produces inhibitory binding, and the effect of mutation GSK-3p F93A. (A) Binding mode of
L807. The peptide is shown in gold with red oxygen atoms, blue nitrogen atoms, and orange phosphor atom. Ser'%(p) is located in the positively charged cavity, and Ser® points
toward the y-phosphate of ATP. (B) Steps in the structural change in DpL807 that support the proposed in situ inhibition. The top panel shows the formation of a helical turn in the
C-terminal part and the binding of Ser®(p) in the positive cavity and of Ser'%(p) near this cavity. The middle panel presents the bending of the N-terminal part, the detachment from
Tyr?'®(p), and the formation of a hydrophobic center. The bottom panel presents the formation of a second helical turn and the shift into the cavity delimited by loops 63 to 69 and
8910 95.In (A) and (B), the surface of GSK-3p is colored by the electrostatic potential: blue for positive, red for negative, and white for neutral. The surface is transparent to show the
residues that interact with the peptide. (C) Phe® is required for inhibition. Left: GSK-33 kinase assays were performed with WT GSK-3p or F93A mutant using L807 as a substrate. 32P
incorporation into L807 was monitored. Data are normalized to maximal activity of WT. Right: GSK-3 kinase assays were performed with WT or F93A with L807 (50 uM) using
pIRS-1 (50 uM) as a substrate. 2P incorporation into pIRS-1 was monitored. Data are normalized to maximal activity of WT with no inhibitor. Results are means + SEM. ***P <

0.001 by Student’s t test.

L807mts inhibits GSK-3 in cells and in animals

The high selectivity and potency of L807mts in the assay with purified
GSK-3 prompted us to evaluate its biological properties. We exposed
human neuroblastoma SH-SY5Y cells to a range of concentrations of
L807mts and measured the abundance of B-catenin, which is a Wnt
signaling component that is destabilized upon phosphorylation by
GSK-3 (21, 52). L807mts increased B-catenin abundance in cells at a
concentration as low as 5 uM (Fig. 4A). In addition, tyrosine phospho-
rylation of GSK-30: and GSK-3 at residues Tyr”’® and Tyr*'°, respec-
tively, was significantly reduced by exposing the cells to L807mts (Fig. 4A).
The relative weak response in GSK-3 autophosphorylation could be ex-
plained by the fact that L807mts does not block the ATP binding site
and thus enables phosphate transfer to the GSK-3 tyrosine residue.

Licht-Murava et al., Sci. Signal. 9, ra110 (2016) 15 November 2016

Nevertheless, L807mts binding to the catalytic cavity likely slows down
the kinetics of autophosphorylation. Another marker for GSK-3 inhibi-
tion is enhanced lysosomal acidification (27, 28). Mouse embryonic fi-
broblast (MEF) cells that lack presenilin proteins (MEF-PS1/27'~ cells)
are deficient in lysosomal acidification (53, 54). Exposing MEF-PS1 127~
cells to L807mts or L803mts restored lysosomal acidification, as de-
tected in live cells stained with LysoTracker Red, a fluorescent dye that
accumulates in acidified organelles (Fig. 4B). However, L807mts was
more potent (Fig. 4B). In hippocampal primary neurons, exposure to
L807mits also increased lysosomal acidification (Fig. 4C).

We also conducted a series of in vivo experiments using C57BL6/J
mice that were administered L807mts intranasally at doses ranging
from 20 to 80 ug per mouse. We chose the nasal route, because this
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Fig. 4. L807mts is a potent GSK-3 inhibitor in cells and animals. (A) The effect of L807mts on B-catenin abundance or tyrosine phosphorylation of GSK-3a/B. SH-SY5Y cells
were treated with indicated concentrations of L807mits for 2.5 hours, and protein abundance was determined by Western blotting with antibodies recognizing the indicated
proteins. The right panel shows densitometry analyses. Results are means + SEM of three independent experiments. *P < 0.05, **P < 0.01 compared to control by one-way ANOVA
with Dunnett’s test. (B) The effect of L807mts on lysosomal pH. MEF-PS1/27~ cells were treated with indicated concentrations of L803mts or L807mits for 2.5 hours. Cells were
stained with LysoTracker Red, and live cells were imaged by confocal microscopy. Red dots indicate low-pH compartments, likely representing acidic lysosomes. Graph shows
quantitation of low-pH puncta in the cells. Results are means + SEM of dots per cell from the analysis of at least 50 cells from five fields per condition. *P = 0.012, **P = 0.001
compared to control by one-way ANOVA with Dunnett’s test. (C) Effect of L807mts on lysosomal acidification of hippocampal neurons. Hippocampal primary neurons prepared
from newborn mice were exposed to 20 uM L807mts for 2.5 hours, then stained with LysoTracker Red, and visualized by confocal microscopy. The field is mainly focused at the
soma plane. Data are representative of three independent experiments. (D) The effect of L807mts on GSK-3 activity in the mouse brain. C57BL6/J mice were treated nasally with
L807mts at indicated doses for two successive days. Hippocampal tissue extracts were immunoblotted for the amount of B-catenin and tau phosphorylation at Ser’®, The left
panel shows a representative gel obtained from each of two animals treated with 60 ug of L807mts or nontreated (NT). The right panel shows densitometry analyses. Results are
means + SEM obtained from four animals. For B-catenin: *P = 0.03 for 40 ug, *P = 0.016 for 60 g, *P = 0.04 for 80 ug, treated versus nontreated. For tau: *P = 0.037 for 60 ug, **P =
0.0014 for 80 pg, treated versus nontreated, by one-way ANOVA with Dunnett’s test. (E) Transgenic mice that express human mutant tau were treated with 60 ug of L807mts or
nontreated, and tissue extracts were analyzed as described in (D). The right panel shows densitometry analyses. Results are means + SEM obtained from four animals. *P = 0.01,

treated versus nontreated, by Student’s t test. a.u,, arbitrary units.

route is an effective delivery route for L803mts and other peptide-based
compounds (28, 30, 55, 56). The mice were treated with two doses of
L807mts in two consecutive days and were harvested 4 hours after the
administration of the second dose. We then dissected hippocampal
tissues and measured the abundance of B-catenin and the amount of
tau phosphorylation at Ser**, which is a site-phosphorylated GSK-3
(17,57, 58). Treatment of mice with L807mts increased -catenin abun-
dance and reduced tau phosphorylation in the hippocampus (Fig. 4D).
Similarly, L807mts reduced the phosphorylation of the human mutant
tau K257T/P301S (Fig. 4E) expressed in the brains of transgenic mice
that exhibit phenotypes similar to frontotemporal dementia in humans
(59). Collectively, these data indicated that L807mts is a potent GSK-3
inhibitor in cells and in animals.

L807mts shows acceptable pharmacological properties

The potency and selectivity of L807mts prompted us to evaluate its
pharmacological properties. We generated fluorescently labeled Cy5-
L807mts to enable in vivo detection. To evaluate stability, we incubated
Cy5-L807mts with freshly prepared mouse serum at 37°C for times ran-

Licht-Murava et al., Sci. Signal. 9, ra110 (2016) 15 November 2016

ging from 5 min to 2 days and monitored the stability of Cy5-L807mts
by gel electrophoresis. No degradation was observed after 48 hours in
serum (Fig. 5A). Digestion of Cy5-L807mts with trypsin or with pro-
teinase K served as control for the detectability of cleaved Cy5-L807mts
(Fig. 5A). We conducted pharmacokinetic analyses in mice injected in-
travenously with Cy5-L807mts. We quantified Cy5-L807mts stability in
blood using fluorescence (Fig. 5B, lower panel) or qualitatively visual-
ized Cy5-L807mits by gel electrophoresis (Fig. 5B, upper panel). Cy5-
L807mts was stable in circulation for up to 12 hours after injection, and
clearance from the blood stream after intravenous injection occurred
with a half-life of 5 to 6 hours. We detected the cleaved products of
Cy5-L807mts in urine 10 and 12 hours after injection (Fig. 5C). Because
the brain is the relevant target for AD treatment, we evaluated Cy5-
L807mts delivery to the brain by imaging the brains immediately after
killing at times ranging from 2 to 12 hours after intravenous adminis-
tration. Fluorescence signal peaked at 4 hours, and the Cy5-L807mts
was cleared from the brain at 12 hours after administration (Fig. 5D).

Finally, we performed toxicological studies after intraperitoneal or
intranasal administration of 600 pg of L807mts, a dose about 10-fold
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Fig. 5. Pharmacological properties of L807mts. (A) The stability of L8O7mts in serum. Cy5-L807mts (10 uM) was incubated in fresh mouse serum for indicated times at 37°C.
Samples were separated by gel electrophoresis and imaged using an FLA-5100 analyzer. Control peptide that was not exposed to serum is indicated by “P” and marked as “intact.”
Products of trypsin or proteinase K (Prot K) digestion are indicated as “cleaved.” Serum from nontreated animals is marked as “S.” A representative gel of three independent
experiments is shown. (B) The half-life of Cy5-L807mts in circulation. Four mice were given 60 ug of Cy5-L807mts intravenously. Blood samples were collected at indicated time
points. The upper panel shows samples that were separated on the same gel and imaged after gel electrophoresis. Samples were analyzed in a microplate fluorescence reader,
and half-life (5 to 6 hours) was calculated on the basis of calibration curve (inset). A representative gel of three independent experiments is shown. (C) Excretion of CY5-L807mts in
urine. Urine samples were collected from four mice 10 and 12 hours after intravenous administration of 60 ug of Cy5-L807mts. Samples were analyzed by gel electrophoresis.
Digestion products obtained with trypsin (Tryp) or proteinase K (Prot K), pure peptide (P), and control animal urine not receiving Cy5-L807mts (NT) are shown. (D) Penetration of
Cy5-L807mts into the brain. Twelve mice were treated with 100 ug of Cy5-L807mts intravenously. After killing at indicated times and perfusion with phosphate-buffered saline
(PBS), brains were removed and immediately imaged using the CRi Maestro fluorescence imaging system. Representative bright-field (BF) and Cy5 images are shown. (E) Toxic
effects of L8O7mts. Mice were treated or not treated with 600 ug of L807mts per animal, a dose that is 10-fold of the optimal dose (60 ug per animal). Body weight was
monitored as indicated over 24 days. Results are means + SEM (n = 4 nontreated or 6 treated mice). See table S2 for additional metrics of toxicity.
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L807mts reverses cognitive decline
in an AD mouse model

GSK-3 drives neurodegenerative disease
progression in several models, including
those of AD (28-37). Furthermore, GSK-3
inhibition enhances cognitive ability in
mouse models of AD (28, 29, 33, 37). We
thus used the AD model of the 5XFAD

NT L807mts

NT L807mts
5XFAD

Fig. 6. L807mts reverses cognitive decline and impaired social skills in the 5XFAD AD mouse model. 5XFAD mice
were treated nasally with L807mts and then subjected to behavioral tests. (A) In the fear conditioning test, freezing-time
duration in mice treated with L807mts compared to nontreated mice was determined 24 hours after the electric stimulus.
Results are means + SEM (n = 6). Means: 113 and 68.05. Medians: 115.5 and 68.92. **P = 0.0025, treated versus nontreated,
by Student’s t test. (B) In the object recognition test, the discrimination index of nontreated or treated mice was determined
in two sessions (session 2 and session 3) as described in Materials and Methods. Results are means = SEM (n = 5). Means:
0.52,0.04,0.315, and —0.448. Medians: 0.51,-0.02, 0.42, and —0.52. *P = 0.0294, **P = 0.0019 for treated versus nontreated in

session 2 or session 3, respectively, by Student’s t test. (C) In the sociability test, the discrimination index was determined in
WT C57BL6/J mice and in the 5XFAD mice that were treated or not treated with L807mts. Results are means + SEM (n = 4).
Means: 0.635, 0.05, and 0.495. Medians: 0.635, 0.08, and 0.475 for WT, nontreated, or treated 5XFAD mice, respectively. *P =
0.040, WT versus 5XFAD mice; *P = 0.026, 5XFAD mice treated versus nontreated, by Student’s t test.
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mice to evaluate the therapeutic activity
of L807mts on both neuropathology and
cognitive functions. These mice express
genes encoding amyloid precursor protein
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and presenilin-1 (PS1) with mutations characteristic of familial AD and
develop massive cerebral f amyloid (AB) loads and memory deficits (60).
At 2 months of age, we began treating mice nasally with L807mts (60 g
per dose), or vehicle, every other day for 120 days. At 6 months of age, we
subjected the mice to cognitive and behavioral tests.

The contextual fear conditioning test evaluates associative learning
and memory. As reported previously, 5XFAD mice show reduced
“freezing time” duration as compared to wild-type (WT) mice (28, 60).
Treatment with L807mts improved performance compared to that
of nontreated mice (Fig. 6A). The novel object recognition test evaluates
recognition memory. In this test, the spontaneous tendency of the
mouse to explore a novel object rather than a familiar one is evaluated
(61, 62). The nontreated 5XFAD mice spent about equal time at the
novel and the familiar objects, whereas the L807mts-treated animals
spent significantly more time near the novel object (Fig. 6B, session
2). The next test was conducted 24 hours later, and the previously used

L807mts

Congo red

200 um

GFAP + DAPI

T
<
[a]
+
el
°
o
(o))
c
o
© CA1
”jg
=2
« 4000
<
< 2000
AB
80 0 NT

NT L8o7mts O NT  L807mts

Fig. 7. L807mts treatment clears AB deposits, reduces astrogliosis, and is associated with increased autophagic activity. (A

familiar object was replaced by a new object (“session 3”). The untreated
animals preferred to spend more time near the object that they had seen
before, as manifested by the negative values obtained for the discrimina-
tion index (Fig. 6B, session 3). In contrast, the L807mts-treated animals
spent more time near the new object (Fig. 6B, session 3). This tendency
of the AD mice to spend more time with a familiar object is similar to
repetitive or stereotypic behavior common in AD patients (63, 64).
Thus, L807mts improved memory and reversed the repetitive or stereo-
typic behavior.

Excess GSK-3 activity is associated with impaired social interactions
in rodents (65-67). We therefore evaluated sociability of the 5XFAD
mice using the “three-apparatus” sociability test (68, 69). This test
monitors how much time the subject mouse spends near a “stranger”
mouse. Preference for interaction with the stranger serves as an index
for sociability. The 5XFAD mice were less sociable than the WT mice
(Fig. 6C). L807mts-treated mice clearly preferred to spend more time
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L807mts NT L807mts

) L8O7mts reduces A pathology. Represent-

ative histological images of paraformaldehyde-fixed hemibrain sections obtained from L807mts-treated or nontreated 5XFAD mice. Congo red staining, immunostaining with the
AB antibody (6E10), and Congo red plus 4',6-diamidino-2-phenylindole (DAPI) stains are shown. Magnified area is shown at the lower panel. Quantitation of plaques is shown at the
lower panel; the means + SEM of three slices from each group (n = 3) are plotted. For Congo red, values are as follows. Means: 23.67 and 96.11. Medians: 24.5 and 88, treated versus
nontreated, respectively. **P = 0.0037 by Student’s t test. For Ap, values are as follows. Means: 25.11 and 42.17. Medians: 25.33 and 39, treated versus nontreated, respec-
tively. *P = 0.025 by Student’s t test. (B) L807mts reduces astrogliosis. Brain tissue sections from L807mts-treated or nontreated animals were immunostained with an
antibody against GFAP and DAPI dye. Images were taken for CA1 (upper two rows of images) and dentate gyrus (DG, lower row) hippocampal regions. Magnified area
shows astrocytes marked with arrowheads. Quantification of astrocytes is shown at the lower panel; results are means + SEM of three slices from each group (n = 4). For
CAT1, values are as follows. Means: 2967 and 6213. Medians: 2891 and 6052, treated versus nontreated, respectively. **P = 0.0084 by Student’s t test. For dentate gyrus, values are
as follows. Means: 3062 and 5565. Medians: 2689 and 5195, treated versus nontreated, respectively. *P = 0.0365 by Student’s t test. (C) Amounts of p62 (also known as SQSTM1),
LC3-l, and LC3-ll were determined in hippocampal tissue extracts from L807mts-treated or nontreated animals by immunoblot analysis. Densitometry analysis is shown at the
lower panel. Results plaques are means + SEM obtained from five brains. *P=0.017, **P = 0.0075 for p62 or LC3I/LC3lII, respectively, treated versus nontreated, by Student’s t
test. GAPDH, glyceraldehyde phosphate dehydrogenase.
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near the stranger than in other chambers as compared to the nontreated
group (Fig. 6C). Collectively, these experiments showed that treatment
with L807mts improves cognitive and social behavior in the mouse
model of AD.

L807mts reduces Ap pathology and increases autophagic
activity in AD mouse model

Increased production of peptides of AP and accumulation of AP plaques
are key hallmarks of AD pathogenesis (70-72). The accumulation of A
aggregates results at least in part from impaired cellular clearance man-
ifested by reduced autophagic and lysosomal activity (73-75). Given
that GSK-3 is a key regulator of autophagy and lysosomal function
(27, 28) and that L807mts enhances lysosomal acidification (Fig. 4, B
and C), we evaluated A loads in untreated and L807mts-treated
5XFAD mice. Brain tissue sections were stained with Congo red dye
that stains amyloid fibrils or with a specific AP monoclonal antibody.
In the brains of untreated mice, Congo red staining and Ap immuno-
staining detected pronounced abundancy of A aggregates (Fig. 7A).
In contrast, the brains from mice treated nasally with L807mts had a
significant reduction in both Congo red staining and AB immune
staining, indicating reduction in AR accumulation and fibril forma-
tion (Fig. 7A).

Increased AP loads activate proinflammatory responses and astro-
gliosis (76-78). To compare numbers of astrocytes in treated and un-
treated brains, we stained brain tissue sections for GFAP, a glial fibrillary
acidic protein that is a specific marker for astrocytes. Intranasal treat-
ment with L807mts significantly reduced the number of astrocytes in
both the CA1 and dentate gyrus sections of the hippocampi (Fig. 7B).

Finally, we analyzed autophagic markers in the hippocampi of trea-
ted and untreated animals. These markers included p62 (also known as
SQSTM1), which interacts with ubiquitylated proteins and is degraded
upon increased autophagic flux, and the microtubule-associated protein
light chain 3-II (LC3-II), a protein that is associated with autophago-
some membranes, is also reduced in abundance under conditions of
increased autophagic flux (73-75). The hippocampi of L807mts-treated
mice had significantly less p62 and LC3-II compared to those from
sham-treated 5XFAD mice (Fig. 7C). This indicated that L807mts
enhanced autophagic activity as reflected by increased turnover of the
autophagosomal marker LC3-1I and cargo delivery protein p62. Hence,
this L807mts-induced enhancement in autophagic flux by may be par-
tially responsible for the AP clearance observed in this AD model.

DISCUSSION

Many potent GSK-3 inhibitors have been reported; however, most of
them did not advance to clinical trials. There could be multiple reasons
for this failure. Most GSK-3 inhibitors are ATP-competitive inhibitors,
which potentially could also inhibit other kinases, thus limiting their
effective dosage. Moreover, some of them had only limited oral bio-
availability. Substrate-competitive inhibitors for protein kinases offer
promising therapeutic opportunities with improved specificity and
fewer off-target side effects. However, rational design and development
of substrate-competitive inhibitors are complicated, because knowledge
of the recognition modes of substrates is essential but not sufficient. The
substrate forms specific though weak interactions with the enzyme;
thus, copying these interactions does not guarantee inhibition. Al-
though all substrate-competitive inhibitors reported are based on the
idea of “phosphorylation-invalid” substrate, namely, peptide sequences
that cannot be phosphorylated, here we present a different concept of a
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“dissociation-invalid” or “dissociation-resistant” substrate. Namely, the
inhibitor acts as a substrate, but, in contrast to regular substrates, its
phosphorylation prevents or slows down its dissociation from the ki-
nase. This requirement for kinase activity to produce inhibition might
be an advantage, because it might spare less active or inactive GSK-3 in
healthy tissues.

A similar concept can be found in suicide substrates, which covalent-
ly bind to the enzyme after catalysis (10). These substrates are small
molecules and inhibit the enzyme in an irreversible manner. In contrast,
L807 is a peptide that undergoes phosphorylation and does not appear
to become covalently attached to the kinase after catalysis.

We found that substrate-to-inhibitor conversion is facilitated by (i)
the presence of an Ala at position 3 in the peptide, which impairs the
dissociation of DpL807; (ii) the presence of the SXXXS(p) motif, which
can undergo conformational changes that facilitate binding of two
phosphate groups near the GSK-3 phosphate-binding pocket; and
(iii) the presence of two sites that facilitate binding of the inhibitor. In
GSK-3, the “positive” phosphate-binding pocket binds the doubly phos-
phorylated DpL807, and the promiscuous pocket can accommodate
DpL807 and stabilize its binding through interactions with the hydro-
phobic residues Phe®” and Phe®®. Our approach can be adapted to other
kinases and to protein enzymes in general. Once the important sites for
substrate binding and dissociation are elucidated, either experimentally
or computationally or both, a dissociation-resistant substrate that may
act as an effective inhibitor can be designed. In summary, we present
here a novel modality of GSK-3 inhibition and its potential utility for
the treatment of AD and other neurological disorders.

MATERIALS AND METHODS

In vitro kinase assays

Purified GSK-3B or GSK-3a was incubated in a reaction mixture
containing 50 mM tris-HCI (pH 7.3), 10 mM Mg(CH;COO),, 100 uM
*2p[y-ATP] (0.5 pCi per assay), and 0.01% B-mercaptoethanol, together
with 100 uM indicated peptide substrate pIRS-1:RREGGMSRPAS(p)
VDG, pHSF-1:RRKEEPPSPPQS(p)P, or 1807, RRKEAPPSPPQS(p)P
for 15 min at 30°C. RR enables the binding of the peptide substrates
to the p81 paper used in the next step. The reactions were spotted on
p81 paper (Whatman), washed with 10 mM phosphoric acid, and
counted for radioactivity. In the assays that evaluated the inhibition ca-
pability of L807 or pHSF-1, we used peptides lacking the two RR at the
beginning, which prevented their binding to the p81 paper. Thus, only
the RR-containing pIRS-1 bound and was detected. Selectivity of
L807mts (1 uM) was tested against 139 protein kinases (table S1).
The assays were performed at the International Centre for Kinase Pro-
filing at the Medical Research Council unit, University of Dundee, U.K.

Molecular modeling

An initial model structure of the complex GSK-3p/ATP/2Mg**/L807
was built on the basis of our previously described model of GSK-3p/
ATP/2Mg”" (48), which was based on two x-ray structures: one with
phosphorylated Tyr*'® (PDB ID: 1109U) and another with a bound
nonhydrolyzable analog of ATP (PDB ID: 11PYX). We extended that
model by adding L807, positioned in the substrate binding cavity of
GSK-3B with Ser'°(p) near the positive cavity delimited by Lys**,
Arg™, and Arg"®. The N-to-C direction of the peptide was chosen so
that Ser® was located roughly near the ATP groups. The complex was
solvated in a box of water, neutralized, and energy-minimized. A pre-
liminary elastic network normal modes analysis (79, 80) showed that
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loops 63 to 69 and 89 to 95 of GSK-3p are highly mobile (Fig. 2A). These
loops, together with all the side chains of GSK-3B, ATP, Mg>" ions,
L1807, and the solvent, were free to move in the two independent 100-ns
MD simulations executed for this system.

The final structures of the L807 complexes were modified by adding
a phosphate group to residue Ser® and omitting the terminal phosphate
of ATP (replacing ATP with ADP), thus producing starting structures
for the three independent 100-ns MD simulations of the DpL807
complex. Additional replacement of residue Ala® with Glu provided
starting structures for the two 100-ns simulations of the DpHSF-1 complex.
The last 50 ns of each MD trajectory was considered as production trajec-
tory and was analyzed by calculating the distributions of distances be-
tween centers of mass of groups of side chain atoms. For Lys, Arg, and
Tyr(p), we separated the charged moiety from the hydrophobic part of
the side chain; for Phe, Tyr, and Pro, the centers of mass of the six- or
five-membered rings were used. The distances derived from the MD
trajectories were compared to estimated contact distances obtained by
placing residues next to each other and minimizing the energy. We used
the Gromacs package for the MD simulations (81) and trajectory analy-
ses and UCSF Chimera software for figure preparation (82).

Studies in cells

SH-SY5Y cells were grown in RPMI 1640 medium [glucose (2 mg/ml)]
supplemented with 10% fetal calf serum (FCS), 5 mM 1-glutamine, and
0.04% gentamicin. Cells were collected and lysed in an ice-cold buffer G
(20 mM tris-HCI, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 0.5%
Triton X-100, 0.5 mM orthovanadate, 10 mM B-glycerophosphate,
5 mM sodium pyrophosphate, 50 mM NaF, 1 mM benzaminidine, and
protease inhibitors aprotenin, leupeptine, and pepstatin A). Cell extracts
were centrifuged at 14,000¢ for 20 min, and supernatants were collected.
MEF-PS1/27" cells were provided by B. De Strooper (KU Leuven,
Belgium) (53). The cells were grown in Dulbecco’s modified Eagle’s
medium [glucose (4.5 mg/ml)] supplemented with 10% FCS, 5 mM
L-glutamine, and 1% penicillin-streptomycin. Primary cultures of
CA3-CA1 hippocampal neurons were prepared from newborn mice
(C57BL6/]) at postnatal day 1. In brief, brains were removed, and
hippocampi were isolated and digested with buffer containing trypsin
IV and deoxyribonuclease IV (Sigma). After 5 min of incubation, cells
were centrifuged at 800¢ and plated on coverslips. After 24 hours, fresh
minimum essential medium supplemented with 1% L-glutamine, 0.2%
insulin, 5% fetal bovine serum, 0.1% B-27, and bovine transferrin was
added. Cultures were maintained for 2 to 3 weeks.

Lysosome staining and live-cell imaging

Cells were exposed to indicated concentrations of L807mts or L803mts.
Cells were then incubated with 50 nM LysoTracker Red (Molecular
Probes) for 12 min at 37°C. Cells were washed twice with PBS (pH
7.4) and imaged with a laser scanning confocal microscope (Leica
TCS SP5 II) with a spatial resolution of 50 to 70 nm using a 63.0 x
1.40 oil ultraviolet objective lens.

Pharmacological studies

For stability analysis, Cy5-L807mts was incubated for varying time
periods in fresh mouse serum at 37°C. The samples were separated
by gel electrophoresis and imaged by an FLA-5100 analyzer (Fujifilm).
Cy5-L807-mts was digested by trypsin or proteinase K at 37°C for
4 hours. For peptide delivery, Cy5-L807mts, dissolved in DDX1 solu-
tion (125 mM NaCl, 8 mM citric acid monohydrate, 15 mM Na,HPO,,
and 0.0005% benzalkonium chloride), was administrated intravenously
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to five C57BL/6] mice (100 pg per animal). After killing at the indicated
times and perfusion with PBS (pH 7.4), brains were removed and im-
mediately imaged using the CRi Maestro fluorescence imaging system.
For pharmacokinetic studies, Four C57Bl/6] mice were injected intra-
venously with Cy5-L807mts (60 pg per animal). Blood samples were
collected from the orbital vein at indicated time points. The fluorescence
intensity of the serum samples were monitored by a Tecan Infinite F200
microplate fluorescence reader. In addition, serum samples were
separated by gel electrophoresis and imaged by the FLA-5100 analyzer.
Urine samples were collected at 10 and 12 hours after administration
of Cy5-L807mts, separated by gel electrophoresis, and imaged by the
FLA-5100 analyzer.

For toxicological studies, 8-week-old C57Bl/6] male mice were ex-
posed intranasally or intraperitoneally to 600 pg of L807mts (x10 of
optimal dose). Body weight was determined every 2 to 3 days. Animals
were observed daily for clinical signs. Observations include changes in
skin, fur, eyes, and mucous membranes as well as occurrence of secre-
tions and excretions (for example, diarrhea). Changes in gait, posture,
and response to handling, as well as the appearance of bizarre behavior,
tremors, and seizures, over a period of 24 days were observed. The ex-
periment included four nontreated and six L807mts-treated mice.

In vivo studies and tissue extraction

All animal experiments were performed in compliance with protocols
approved by the Tel Aviv University animal care and use committee.
C57BL/6] mice were treated nasally with L807mts, dissolved in
DDXI solution, at indicated concentrations for two successive days. Af-
ter perfusion with saline, hippocampi were removed and immediately
frozen in liquid nitrogen. A similar procedure was performed in the
5XFAD mice that were treated with L807mts. Tissues were homogenized
with ice-cold buffer H [150 mM B-glycerophosphate (pH 7.3), 10% glyc-
erol, 5 mM EGTA, 5 mM EDTA, 40 mM NaF, 25 mM sodium pyro-
phosphate, leupeptin, aprotinin (25 mg/ml), pepstatin A (10 mg/ml),
1 mM dithiothreitol, and 1% NP-40]. The protein extracts were centri-
fuged at 14,000¢ for 30 min, and supernatants were collected.

Western blot analyses

Equal amounts of proteins (30 to 50 pg) were subjected to gel electro-
phoresis and immunoblotted with antibodies recognizing B-catenin
(BD Transduction Laboratories), tau, phospho-tau (Ser*™), B-actin,
P62, LC3, and glyceraldehyde phosphate dehydrogenase (all purchased
from Cell Signaling Technology) and an antibody recognizing GFAP
(Sigma), followed by incubation with horseradish peroxidase-linked
anti-rabbit or anti-mouse IgG (Cell Signaling Technology and Jackson
ImmunoResearch, respectively).

The 5XFAD mouse model and behavior tests

5XFAD transgenic mice (60) were purchased from Jackson Labora-
tories. Hemizygous transgenic mice were crossed with C57Bl/6] breed-
ers as described (28, 60). Mice were housed in individual cages in a
temperature-controlled facility with a 12-hour light/dark cycle. 5XFAD
male mice were randomly assigned to two groups (six animals each).
Mice (2 months old) were treated nasally with L807mts (60 pug per
dose), dissolved in vehicle DDXI1 solution or with vehicle (referred to
as “nontreated”), every other day for 120 days and as described (28). The
contextual fear conditioning test was conducted as described (83). Brief-
ly, mice were subjected to an unconditioned electric stimulus (one foot
shock; 1 s/1 mA) in a training precession, and 24 hours later, a fear
conditioning test was performed by scoring freezing behavior (for
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example, the absence of all but respiratory movement monitored for
180 s) using a FreezeFrame automated scoring system (Coulbourn
Instruments). The object recognition test was conducted as described
(61, 62). In brief, 24 hours after habituation, mice were exposed to
two identical objects for 5 min, and the time spent in sniffing or
touching each object was measured (first session). Three hours later,
the mice were exposed to one familiar and one novel object for
3 min, and the time spent near the objects was measured (second ses-
sion). After 24 hours, the familiar object was replaced by a novel object,
and the time spent near the objects was measured (third session). The
time spent near each object was used to determine the discrimination
index, calculated as the time spent near the novel object minus the time
spent near the familiar object divided by the total time. Sociability was
evaluated according to Crawley’s sociability test using the three-
chamber paradigm (68). The main principle of this test is based on
the free choice of the subject mouse to spend time in any of the three
boxes’ compartments during two experimental sessions. Each mouse
was placed in the empty three-chamber apparatus with the doors
open. After habituation to the empty box, a strange mouse was
placed in one of the chambers in a pencil cup. The time spent sniffing
each pencil cup, the time spent in each chamber, and the number of
entries into each chamber were measured.

Histology and Ap staining

Saline-perfused brains were removed and fixed with 4% para-
formaldehyde. Paraffin-embedded sections were cut into slices (6 pm)
and kept at 4°C. For staining, sections were deparaffinized with xy-
lene and stained with Congo red dye (Sigma) or with an antigen-
retrieval method using unmasking solution (Vector Laboratories)
and antibody against AR 6E10 (Covance) or antibody GFAP anti-
body (Sigma). Slices were stained with secondary antibody (1:400)
and visualized by fluorescence microscopy on an Olympus BX51.
GFAP antibody (Sigma) was visualized by fluorescence microscopy.
Quantification of AB depositions was done for the whole hippo-
campal area using ImageJ software (http://imagej.nih.gov/ij/) in
an unbiased approach. Astrocytes were quantitated by measuring
GFAP staining in an area measured in square pixels in the dentate
gyrus and CA1 areas of the hippocampus using Image] software in
an unbiased approach.

Statistical analyses

All experiments were repeated at least three times, and the number
of animals is specified in the figure legends. Data are shown as
means + SEM. The unpaired Student’s ¢ test was used for compar-
ison of two independent groups, and one-way ANOVA followed by
Dunnett’s post hoc tests as outlined in each figure legend. For statis-
tical comparisons, P < 0.05 was considered significant. Statistical
analyses were performed with GraphPad Prism (version 7.01)
software.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/454/ra110/DC1

Fig. S1. RMSDs along the last 50 ns of each trajectory, calculated for the C, atoms of loop 63 to
68, loop 89 to 95, or the peptide, after superposition of the restrained C, atoms of GSK-3p.
Fig. 2. Time dependence of the distances between selected residues in the GSK-3p/ATP/2Mg?*/L807
complex.

Fig. S3. Time dependence of the distances between selected residues in the GSK-33/ADP/2Mg>*/Dpl.807
complex.

Table S1. Selectivity of L807mts toward a panel of protein kinases.

Table S2. L807mts toxicology screening.
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