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Abstract

Glycogen synthase kinase-3 (GSK-3) has been implicated in numerous pathologies making GSK-3
an attractive therapeutic target. Our group has identified a compound termed COB-187 that is

a potent and selective inhibitor of GSK-3. In this study, we probed the mechanism by which
COB-187 inhibits GSK-3p. Progress curves, generated via real-time monitoring of kinase activity,
indicated that COB-187 inhibition of GSK-3p is time-dependent and subsequent jump dilution
assays revealed that COB-187 binding to GSK-3p is reversible. Further, a plot of the kinetic
constant (kqps) Versus COB-187 concentration suggested that, within the range of concentrations
studied, COB-187 binds to GSK-3 via an induced-fit mechanism. There is a critical cysteine
residue at the entry to the active site of GSK-3p (Cys-199). We generated a mutant version

of GSK-3p wherein Cys-199 was substituted with an alanine. This mutation caused a dramatic
decrease in the activity of COB-187; specifically, an ICgg in the nM range for wild type versus
>100 uM for the mutant. A screen of COB-187 against 34 kinases that contain a conserved
cysteine in their active site revealed that COB-187 is highly selective for GSK-3 indicating that
COB-187’s inhibition of GSK-3p via Cys-199 is specific. Combined, these findings suggest that
COB-187 inhibits GSK-3p via a specific, reversible, time and Cys-199-dependent mechanism.
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1. Introduction

Glycogen synthase kinase-3 is a ubiquitously expressed serine/threonine kinase involved in
multiple signaling pathways. There are two isoforms of GSK-3, namely GSK-3a (51 kDa)
and GSK-3p (47 kDa)!. GSK-3 was first identified as important in glucose metabolism?,
and has since been shown to play a significant role in a host of cellular processes34.

Not surprisingly, the aberrant activity of GSK-3 has been implicated in several human
pathologies making GSK-3 an attractive therapeutic target®. To date, the lack of FDA-
approved selective and potent inhibitors of GSK-3 has impeded the treatment of GSK-3-
implicated diseases.

Most known GSK-3 inhibitors are small molecules; although peptide inhibitors of GSK-3
are being developed®. The majority of the small molecule inhibitors are ATP- competitive
[e.g., AR-A0144187] and are highly potent. That said, ATP-competitive inhibitors often
suffer from a lack of specificity® which could lead to high toxicity, off-target effects

and failure in clinical trials. Indeed, a significant challenge in the development of kinase
inhibitors is designing a compound that is selective towards the kinase of interest amongst
the over 500 other kinases. In theory, the specificity of ATP-competitive inhibitors could be
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improved by designing drugs based on unique features of the GSK-3 ATP-binding pocket®.
Perhaps the most advanced ATP-competitive inhibitor is 9-ING-41 which is in phase 1l
clinical trials0. 9-ING-41 appears to be specific as it was reported to be selective for GSK-3
in a screen of 320 related kinases®. This observation bolsters the conjecture that there

are features of the ATP-binding pocket that are unique to GSK-3 and this region can be
exploited to generate inhibitors that are highly specific for GSK-3°.

Several chemical families have been reported whose mechanism of GSK-3 inhibition
appears to be distinct from ATP competition2. The most clinically advanced [e.g.1]

of these inhibitors is tideglusib. Tideglusib inhibits GSK-3 via an ATP-noncompetitive
mechanism4 and was first touted as a GSK-3-specific inhibitor}2, However, recent data
suggests that tidelgusib does inhibit multiple kinases, in addition to GSK-3, meaning
tideglusib is likely only modestly selective towards GSK-31914, The detailed mechanism
of action of tideglusib is complex and still somewhat cloudy. Tideglusib appears to bind
irreversibly to GSK-3, although there is no clear evidence that tideglusib binds covalently
to GSK-3p14. Cys-199 in the GSK-3p active site plays a significant role in tideglusib’s
activity14,

Our group previously described a selective and potent inhibitor of GSK-3 termed
COB-187 [4-hydroxy-4-phenyl-3-(pyridin-4-ylmethyl)thiazolidine-2-thione]1°. Molecular
assays revealed that COB-187 inhibits both isoforms of GSK-3 with an ICg in the
nanomolar range and, importantly, exhibits high selectivity towards GSK-3 among 404
kinases screened?. In cell-based assays, COB-187 was found to inhibit phosphorylation
of canonical GSK-3 substrates indicating that it is a cellular GSK-3 inhibitor!®. Recently,
we reported that COB-187 dramatically attenuates the cytokine storm induced by

LPS in a human macrophage cell line!6. Combined, these findings demonstrate that
COB-187 is a starting point for the development of novel inhibitors of GSK-3 that have
therapeutic potential. To guide the rational and efficient development of such inhibitors, an
understanding of the mechanism by which COB-187 inhibits GSK-3 is needed. Thus, in the
present study we sought to gain insight into the molecular mechanism by which COB- 187
inhibits GSK-3.

2. Materials and Methods

2.1. Reagents

The chemical structure of all of the compounds used in this study is given in Fig. 1.
COB-187 was prepared as described previously®. Tideglusib, alsterpaullone, AR-A014418,
hypothemycin, ethanethiol, tributylphosphine, and THF were purchased from Sigma-Aldrich
(St. Louis, MO). Insect-expressed human recombinant full length histidine-tagged GSK-3p
(catalog number PR5074A) was from Life Technologies/Thermo Fisher (Waltham, MA).
The mutant version of the abovementioned GSK-3, where the cysteine at position 199

was replaced with an alanine (C199A), was generated by ThermoFisher via a contract
agreement. The phospho substrate (catalog number AQT0157) and ATP (catalog humber
AQT 100XATP) were obtained from AssayQuant Tech (Marlboro, MA). L-Glutathione
reduced (GSH) (catalog number: G4251) and Tris(2-carboxyethyl)phosphine hydrochlo
(TCEP) (catalog number: C4706) were purchased from Sigma-Aldrich. Dithiotheritol
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(DTT) (catalog number: AQT1000X DTT) was purchased from AssayQuant Tech. The
kinase reaction buffer (AssayQuant Tech; catalog number: AQT10XRB) contained 500

mM HEPES, pH 7.5, 0.1% Brij-35, and 100 mM MgCl,. The enzyme dilution buffer
(AssayQuant Tech; catalog number: AQT1XEDB) contained 20 mM HEPES, pH 7.5, 0.01%
Brij-35, 5% glycerol, and 1 mg/mL bovine serum albumin.

2.2. Kinase assay

The activity of both versions of GSK-3p (wild type and C199A) was measured with the
PhosphoSens® Protein Kinase assay (AssayQuant Tech) which monitors kinase activity
in real time. The protocol provided by the manufacturer was followed. The assay was
performed in white 96-well plates (Corning). The basis for the assay is a Sox-modified
peptide substrate. Upon phosphorylation of the substrate, a phosphate group is “near” the
Sox construct. In real time, the assay solution is exposed to 360 nm light and the resulting
emission read at 485 nm. The extent of 485 nm emission detected correlates with the
extent of peptide phosphorylationl”:18.19 All experiments were run at 30 °C. For all of the
AssayQuant assays, except the data presented in Figs. 3 and 6, the final concentrations of
each reaction component were as follows: 50 mM HEPES, pH 7.5, 14 uM ATP, 0.01%
Brij-35, 1 mM EGTA, 10 mM MgCl,, 1% glycerol, 0.2 mg/mL bovine serum albumin, 10
UM peptide substrate, and 0.5 nM GSK-3 or 0.5 nM C199A. For the data presented in
Fig. 6, 2 mM of a reducing agent was added to the reaction buffer and % inhibition was
determined after 84 minutes of reaction. The progress curves (Fig. 2) were generated by
monitoring the kinase reaction and recording data every 3 minutes. The data from each
individual experiment was normalized to the 1% DMSO reading at the end point for that
experiment. The normalized data was then averaged over the separate experiments to arrive
at the data presented in Fig. 2.

2.3. Screen of COB-187 on a panel of kinases

COB-187 was screened on a panel of 34 kinase assays via contract research with Thermo
Fisher. Schirmer et al., in a bioinformatic analysis, identified 46 kinases in the human
kinome which contain a cysteine residue in their active site?0. We screened COB-187 on all
of the kinases available from ThermoFisher that have a cysteine residue in their active site.
Both Z’-LYTE and LanthaScreen assays were used. The Z’-LYTE assay measures kinase
activity via detection of phosphorylation of the peptide while the LanthaScreen assay is
based on displacement of the fluorescent analogues of ATP-competitive inhibitors. Both of
these assays are endpoint assays and were conducted in the absence of a reducing agent.

A peptide, based on human glycogen synthase | containing Ser64114, was the substrate for
the GSK-3 kinase assay. The substrate concentration was 2 M and the concentration of
COB-187 was 2 pM. Both kinase and development reactions were carried out for 60 min at
room temperature in 384-well plates.

2.4. Jump dilution experiments

Running jump dilution assays?! were performed as follows. Samples of 50 nM GSK-38
in the enzyme dilution buffer were incubated with 10% DMSO or with a concentration

of the compounds that results in ~90% enzyme inhibition at this level of enzyme. After a
3-hour incubation, the mixtures were diluted 100-fold with substrate and ATP master mix
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(supplemented with DMSO) yielding final concentrations of 10 uM, 2 mM, and 1%, for

the substrate, ATP and DMSO, respectively. Subsequently, the progress of the reaction was
followed and recorded (Fig. 3A and Supp. Fig. S3). To quantify the recovery of GSK-3p
pre-treated with COB-187, the activity of GSK-3p, which had been pre-incubated with
COB-187, was determined over three different time periods (0-30, 30-60 and 60-90 minutes)
since initiation of the jump dilution (Fig. 3B). For each time period, the RFU at the end

of the time period was subtracted from the RFU at the beginning of the time period for

both the COB-187 and no compound-treated GSK-3p. The resulting values were ratioed
(i.e., pre-treated/not pretreated), and the quotient multiplied by 100%. The values from 3
replicate experiments were averaged to arrive at the data presented. For the no-preincubation
control for the jump dilution (Fig. 3C), 5 uL of the inhibitors at 10X, i.e., 10 times greater
than its final concentration after dilution in the jump dilution assay, was added to the plate.
Subsequently, 35 pL of a solution containing substrate and ATP in reaction buffer was added
to the corresponding wells. The reaction was then initiated by the addition of 10 pL (5X) of
the GSK-3p in the enzyme dilution buffer with the final concentrations of substrate, enzyme,
and ATP, 10 uM, 0.5 nM, and 2 mM, respectively. Note that these conditions are identical to
the final conditions in the jump dilution assay described above for Fig. 3A.

2.5. ATP and substrate K, values

The ATP Ky, values were determined by preparing 7-point dilutions of ATP (starting at 448
UM), in the presence of 10 uM of substrate and 0.5 nM of GSK-3p or C199A. The substrate
K values were determined by preparing 8-point dilutions of substrate (starting at 30 uM) in
the presence of 250 UM ATP and 0.5 nM of GSK-3p or C199A. The resulting initial velocity
data were fit to the Michaelis-Menten model to arrive at the Ky,.

2.6. ICgg value determination with or without pre-incubation of the inhibitors with enzyme

For the “no preincubation” assays (Fig. 5 and Table 1), 5 uM of the inhibitors at 10X, i.e., 10
times greater than its final concentration, was added to white 96-well plates. Subsequently,
35 uL of a solution containing substrate and ATP in reaction buffer was added to the wells.
The reaction was then initiated by the addition of 10 pL (5X) of the GSK-3p in the enzyme
dilution buffer. In contrast, for the “preincubation” assays (Fig. 5 and Table 1), 5 puL of

the inhibitors at 10X and 10 pL of the enzyme at 5X were mixed for three hours then the
reaction was initiated with addition of 35 pL of a solution containing ATP and substrate with
the final concentrations the same as for the “no preincubation protocol” stated above. For
each condition, the 1Csq values were determined by performing serial dilution experiments.
For each condition, the plCg (the negative logarithm of the ICgp) values were determined by
fitting dose-response data to the following equation using Prism 8.3.2 (GraphPad Software
Inc., San Diego, CA).

. . Min — Max
Percent Inhibition = Min + (Eq. 1)

1+ 10(10g[l] + pICs)"

The input parameters were the inhibitor concentration [1], and the percent inhibition relative
to activity in the absence of inhibitor (determined after 84 minutes of reaction). n7is the hill
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coefficient and Min/Max are the lowest and highest asymptotes of the dose-response curve.
The no inhibitor samples had the carrier control (1% DMSO for all but the C199A assay
where 5% DMSO was utilized to avoid potential precipitation of COB- 187 due to the high
levels of COB-187 used). Note that the data generated for hypothemycin did not fit well to
Eq. 1 and thus, a simpler 3-parameter equation (i.e., 77set to 1) was used.

Statistical analyses —All statistical analyses were performed using the GraphPad
Prism 8.3.2 (GraphPad Software Inc., San Diego, CA). Specific analyses are listed in the
figure captions. The following symbols represent the p-values: *p<0.05, **p<0.01, and
***p<0.001.

3. Results

3.1. Analysis of GSK-3B progress curves in the presence of COB-187 reveals a time-
dependent velocity

To explore the mechanism of action of COB-187, we used a novel GSK-3p PhosphoSens®
Protein Kinase assay that allows real-time monitoring of the reaction. As shown in Supp.
Fig. S1 and S2, the substrate K, and ATP K, determined from this assay, ~ 1 uM

and ~11 uM respectively, are similar to that reported for other GSK-3 kinase assays [14

and ThermoFisher Z’Lyte assay]. The structures of COB-187 and the other compounds
used in this study are provided in Fig. 1. The other compounds were selected due to

their complementary mechanisms: hypothemycin, an irreversible inhibitor of GSK-3 likely
involving covalent binding to a cys residue in the active site of GSK-314; tideglusib, an
irreversible inhibitor of GSK-3 through a mechanism different from hypothemycin’sl# and
arguably the most clinically advanced inhibitor of GSK-313; and alsterpaullone, a reversible
inhibitor of GSK-314. AR-A014418 was chosen due to the fact that it inhibits GSK-3 in the
presence of reducing agents’.

Our preliminary studies indicated that COB-187 inhibition of GSK-3p is highly dependent
on the ATP concentration. Thus, in the present study, we focused on the condition wherein

the peptide substrate concentration was at a saturating level (to achieve a robust signal) and
the ATP concentration was near its K, value. We first evaluated the progress curves of the

GSK-3p reaction in the presence of COB-187. As shown in Fig. 2, as the concentration of

COB-187 increased, the velocity of the GSK-3p reaction decreased and the velocity of the

reaction, in the presence of COB-187, appeared to change with time.

To explore this latter observation further, we considered Eq. 6.1 from Copeland?2 shown
below.

Vo=V _
[Product] = Vg t+ %(1 - exp( kobs * t)) (Eq. 2)
0oDs

This equation models the kinase reaction as consisting of two reaction regimes, an initial
regime wherein the velocity of the reaction is Vg and a later regime wherein the reaction
velocity is V. Kgps reflects the “kinetics” of the transition between the two regimes. Note
that this is a 3-parameter model; V,, Vg and Kqps. Two simplifications of this model describe

Bioorg Med Chem. Author manuscript; available in PMC 2022 June 15.
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other possible mechanisms. First, if the velocity does not change throughout the experiment,
V, =V, and Eq. 2 simply becomes a linear model:

[Product] = V, = t (Eq. 3)

Alternatively, if the velocity does change with time but Vg is zero, Eq. 2 becomes a
2-parameter exponential decay model:

V -
[Product] = T 1(;) (1 - exp( kobs * t)) (Eq. 4)
0obs

We first compared the fit between the simplest model, i.e., the linear model (Eq. 3),

and the next most complicated model, i.e., the 2-parameter model (Eq. 4). This analysis
revealed that the progress curves representing GSK-3p activity in the presence of COB-187,
with the exception of the lowest concentration analyzed (41 nM), had a better fit to the
non-constant velocity model, Eq. 4, than the linear constant velocity model, Eq. 3 (see
Supp. Table S1; upper set of data). We next compared the 2-parameter model, Eq. 4, to the
3-parameter model, Eq. 2, and found that the 2-parameter model was preferred (see Supp.
Table S1; lower set of data). These observations indicate that there is indeed curvature in the
progress curves in the presence of COB-187 that becomes more pronounced with increasing
concentrations of COB-187 and reveal that the two-regime velocity model (Eq. 2) provided
no better fit than the simpler exponential decay model (Eqg. 4).

3.2. COB-187 is a reversible inhibitor of GSK-3g with a low Kegt

As stated, the progress curves fit well to Eq. 4. This equation can describe irreversible
kinetics [see equation 9.1 from Copeland?2]. This led us to question whether COB-187 binds
to GSK-3p irreversibly. Thus, we next probed the dissociation, or lack thereof, of COB-187
from GSK-3p. For this we performed jump dilution experiments2122 wherein COB-187 was
pre-incubated with GSK-3p at a relatively high concentration of COB-187 and GSK-3p

and then the solution was “jump diluted” simultaneously with starting the kinase reaction

by adding the substrate and ATP. For comparison, we ran hypothemycin [an irreversible
inhibitor!4] and tideglusib [reported to be an irreversible inhibitorl4] and alsterpaullone [a
reversible inhibitor4].

Specifically, in the absence of substrate and ATP, we preincubated 50 nM of GSK- 3p

with 10 pM of COB-187, 70 uM of hypothemycin, 20 uM of tideglusib or 400 nM of
alsterpaullone. [Note that in preliminary experiments we observed that these concentrations
of inhibitors are = the 1Cqq for each inhibitor when the concentration of GSK-3p is 50

nM.] After the pre-incubation, these solutions were then diluted 100-fold with a master
mix solution containing ATP and substrate. The final concentration of GSK-3p in each
solution was 0.5 nM and the COB-187, hypothemycin, tideglusib, and alsterpaullone
concentrations were 100 nM, 700 nM, 200 nM, and 4 nM, respectively. The ATP and
substrate concentrations were 2 mM and 10 UM, respectively, well above the K., values we
measured for our system (Supp. Fig. S2).

Bioorg Med Chem. Author manuscript; available in PMC 2022 June 15.
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Representative curves from this analysis are shown in Fig. 3A, where it is revealed that
GSK-3p pre-treated with hypothemycin and tideglusib, did not recover activity upon jump
dilution. In contrast, GSK-3p pre-treated with alsterpaullone recovered most of its activity
upon dilution. The GSK-p activity in the presence of COB-187 was time-dependent. In the
first 30 minutes there was limited GSK-3p activity, but after 30 minutes the GSK-3p activity
became pronounced and continued to increase (Fig. 3A). Additional replicates of the data
presented in Fig. 3A are provided in Supp. Fig. S3.

Since the RFU values are cumulative, the activity of GSK-3p at a given time point is
difficult to discern from the RFU verses time plot. Therefore, we decided to discretize the
1.5-hour time course into three time periods, namely 0 to < 30 min, > 30 to < 60 min and
> 60 to < 90 min. Within each time period, we calculated the enzyme recovery and plotted
this result versus time (Fig. 3B). As shown, the activity of GSK-3p treated with COB-187
increased over time and exceeds 50% of the untreated value in the last time period.

To further interpret the jump dilution results (Figs. 3A and 3B), we conducted an assay
starting at the assay conditions present after the jump dilution (i.e., with no preincubation
and at 0.5 nM GSK-38, 2 mM ATP, 10 uM substrate, 700 nM of hypothemycin, 200 nM

of tideglusib, 100 nM of COB-187, and 4 nM of alsterpaullone). As shown in Fig. 3C

(grey squares), in stark contrast to that observed in the jump dilution experiment [Figs. 3A
and 3C (black circles)], neither hypothemycin, tideglusib or COB-187 showed inhibition
under these conditions. This observation (Fig. 3C - grey squares) strongly indicates that it
is the pre-incubation step, in the absence of ATP and substrate, that allows hypothemycin,
tideglusib and COB-187 to have an inhibitory effect in the jump dilution assay [Figs. 3A and
3C (black circles)], and further suggests that hypothemycin and tideglusib bind irreversibly
to GSK-3B, as expected, and that COB-187 binds to GSK-3p through a slowly reversible
reaction. Combined, the behavior of COB-187 is not consistent with an entirely irreversible
or a reversible compound. Instead, the data in Fig. 3 indicate that COB-187 belongs to a
class of compounds known as time-dependent inhibitors with relatively slow kogf 22.

3.3. COB-187 appears to bind to GSK-3p via an induced conformation mechanism.

The jump dilution data indicate that there is not an irreversible bond formed between
COB-187 and GSK-3p. As outlined by Copeland?2, a plot of Koy Versus inhibitor
concentration allows one to gain insight into whether a “simple reversible slow binding”
or “induced-fit mechanism” is operative. These mechanisms correspond to the following
reaction schemes?2:

kq[I]
Simple reversible slow binding E k<:> EI (Eq. 5)
2
) ki[I] k3
Induced—fit E=— EIl 2 E*I (Eq. 6)
ky k4

Bioorg Med Chem. Author manuscript; available in PMC 2022 June 15.
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For simple reversible slow binding, the relationship between kg5 and the concentration of
the inhibitor [1] is linear and is given by the following equation:

kops = ki * [I] + ko (Eq. 7)

For the induced-fit mechanism, the relationship between kgps and the concentration of the
inhibitor [1] is a rectangular hyperbola and given by the following equation:

k3

Kops = kg + —————
. 1+ (KEPP/(1))

(Eq. 8)

where K; 8P is the apparent K; value.

Plots of kqpg Versus the concentration of COB-187 for the five replicate experiments used to
generate Fig. 2 are shown in Supp. Fig. S4. Each appears to show curvature. The kqps Values
from each experiment were averaged and the resulting plot, along with the curve fit to Egs. 7
and 8, are shown in Fig. 4. Curvature is, again, observed and the data appeared to fit better to
Eg. 8 than Eqg. 7, suggesting that COB-187 binds to GSK-3 via an induced-fit mechanism
for the concentrations of COB-187 investigated. Interestingly, the average k4 determined
from curve-fitting each replicate (Supp. Fig. 4) to Eq. 8 and taking the average, was quite
low and less than a standard deviation away from zero 2.9 x 107 (+4.8 x 107 SD) (1/min).

3.4. Preincubation decreases the ICgy value of COB-187 but not as dramatically as that
observed for two known irreversible inhibitors

Previous work by Dominguez et al.14 demonstrated that the activity of tideglusib, an
apparent irreversible inhibitor, is dramatically influenced by pre-incubation of tideglusib
with GSK-3B. This trend was observed for COB-187 in the single dose jump dilution study
(Fig. 3). Thus, we investigated the dose-response of COB-187, tideglusib, alsterpaullone,
and hypothemycin’s activity on GSK-3p with and without preincubation. In contrast to

the jump dilution experiment described in Fig. 3 which included a 100-fold dilution
post-incubation, in the present experiment the solution was diluted only 3.3-fold
postpreincubation.

As shown in Fig. 5 and Table 1, the potency of hypothemycin increased dramatically (~17-
fold) with preincubation. Similar to that reported by Dominguez et al., preincubation caused
a dramatic increase (~13-fold) in potency of tideglusib (Fig. 5, Table 1). In contrast, there
was no significant increase in the potency of alsterpaullone (Fig. 5, Table 1). Preincubation
significantly increased the potency of COB-187 but the shift was not as dramatic (< 4-fold)
as that seen for hypothemycin and tideglusib (Fig. 5, Table 1). Thus, as was observed

with the jump dilution experiments, COB-187’s behavior is between a reversible and an
irreversible behavior.

Bioorg Med Chem. Author manuscript; available in PMC 2022 June 15.
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3.5. The ability of COB-187 and tideglusib to inhibit GSK-3g is significantly diminished in
the presence of reducing agents

Our previous work® and the assays described in the above sections, were performed in the
absence of reducing agents. As demonstrated by Lee et al.23, the presence of a reducing
agent in such assays can have a dramatic effect on the results. Reducing agents are used to
limit oxidation of the kinase (e.g., cysteine residues) but can also interfere with, or provide
insight into, the mechanism of action of the test compound. Since GSK-3 has a cysteine
residue, Cys-199, at the entry to the ATP binding site that has been implicated in tideglusib’s
mechanism of inhibition14, we explored the effect of reducing agents on COB-187"s ability
to inhibit GSK-3p.

For these studies, we used DTT, TCEP and GSH which are reducing agents frequently
used in kinase assays23 and tideglusib, hypothemycin and AR-A014418 for comparison.
Note that we chose AR-A014418 since it is an inhibitor that is reported to work in the
presence of reducing agents’. As shown in Fig. 6, COB-187, tideglusib and hypothmycin’s
potencies were significantly diminished in the presence of the reducing agents with the
effect on tideglusib being the most dramatic. In contrast, AR-A014418’s potency was not
significantly altered by the presence of DTT or GSH. There was a significant but modest
reduction in AR-A014418’s potency in the presence of TCEP. Interestingly, we observed
that the AR-A014418 solution has a yellow tint that turns colorless in the presence of
TCEP indicating a possible reaction between AR-A014418 and TCEP. Combined, the data
presented in Fig. 6 clearly indicate that the inhibitory activities of COB-187, tidegulsib, and
hypothemycin are significantly attenuated by the presence of reducing agents.

3.6. COB-187 does not appear to be a non-specific thiol-reactive compound

As stated, GSK-3B has a cysteine, Cys-199, in its active sitel4. Thiol-reactive compounds
can inhibit kinases which contain a cysteine in their active site by binding covalently to

this amino acid 2° Indeed, hypothemycin, which is a Michael acceptor of nucleophiles like
cysteine, is reported to covalently bind to kinases that have a conserved cysteine residue in
their active site while other kinases, that do not have this residue, appear to be unaffected

by hypothemycin4 20, Thus, a fairly straight forward explanation for the data presented in
Fig. 6 regarding COB-187, is that (i) COB-187 covalently binds to Cys-199 of GSK-3f

in the absence of reducing agents and (ii) COB-187 forms an adduct with the reducing
agents rendering it unable to covalently bind to Cys-199 in the presence of reducing agents.
That said, there is a key difference between hypothemyicn and COB-187. Specifically,
hypothemycin has both an unsaturated a- carbony! group and an epoxide both of which are
potent electrophiles capable of making a covalent bond with a nucleophile like cysteine20.24,
These reactive functional groups of hypothemycin make it primed to react with enzymes
containing cysteine or serine residues in their active sites?0. In contrast, COB-187 does not
have a reactive electrophilic group. Most importantly, the data in Fig. 3 strongly suggest that
COB-187 is a reversible inhibitor. Nevertheless, we sought to probe possible interactions
between COB-187 and Cys-199.

To understand the potential reaction of COB-187 with thiols such as cysteine or
other reducing groups [e.g. DTT, TCEP, tributylphosphine] we attempted reactions
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between COB-187 and such reagents. COB-187 was stirred with both ethanethiol

and tributylphosphine in tetrahydrofuran (THF). Reactions were carried out at several
temperatures from room temperature to reflux and were analyzed by HPLC and 1H-NMR.
There was no evidence of any reaction and only the starting material (COB-187) was
observed.

Next, we screened COB-187 against 34 kinases in the human kinome that contain a
conserved cysteine in their active site20:14 As shown in Table 2, in addition to GSK-3a
and B, COB-187 only inhibited one kinase [MAPKAPK5(~64%)] other than GSK-3a. and
GSK-3p at >40%. These results indicate that should COB-187’s mechanism involve the
cysteine in the active site of GSK-3, it is likely not due to a “non-specific” chemical
modification. Note that a similar argument was made by Dominguez! for tideglusib, and
COB-187 appears to be more specific for GSK-3 than tideglusib™®.

3.7. The mechanism of COB-187 inhibition of GSK-3p involves Cys-199

Previous studies have shown that Cys-199 is one of the key residues in the active site

of GSK-314. While COB-187 does not appear to make a covalent bond with GSK-3,

the possibility remains that COB-187’s mechanism of inhibition involves Cys-199 or even
binds to Cys-199 via a noncovalent bond. Thus, to further probe the mechanism by which
COB-187 inhibits GSK-3p, we generated a mutated form of GSK-3p wherein Cys-199
was replaced with an alanine. This mutant is termed C199A. Prior to using C199A with
COB-187, its substrate and ATP K, values were measured. This analysis revealed that
replacement of Cys-199 with alanine significantly increases the ATP and substrate K,
values; a 3.4- and 2.4-fold increase, respectively (Supp. Fig. S2). A comparison of the kinase
activity of wild type GSK-3p to C199A in the presence of COB-187 revealed a dramatic (>
300-fold) decrease in the potency of COB-187 for the mutant; 1Csq 370 nM for wild type
and 121,000 nM for C199A (n = 4), Table 3.

4. Discussion

Our previous studies utilizing molecular assays demonstrated that COB-187 is a selective
and potent inhibitor of GSK-3p1. In this study, we investigated the mechanism of
inhibition. Using a molecular assay that allows real-time observation of GSK-3p activity,

we observed that the rate of product formation in the presence of COB-187 was significantly
reduced (Fig. 2). Curve fitting of the progress curves revealed that a model wherein the
reaction velocity changes with time, i.e., Eq. 4, as compared to a model wherein the reaction
velocity is non-variant with time, i.e., Eq. 3, provided a better fit to the data. This effect was
most distinct at the higher levels of COB-187.

An important observation from this analysis is that the more complex time-dependent
velocity model, i.e., Eq. 2, did not provide a better fit to the data compared to the simpler,
time-dependent velocity model, i.e., Eq. 4. As stated in the results section, Eq. 4 can be used
to describe irreversible kinetics [9.1 from Copeland??]. Thus, it could be argued that either
(i) COB-187 is binding irreversibly to GSK-3p or (ii) COB-187 binds reversibly to GSK-3p
but this reversible interaction is “functionally irreversible” in the context of the conducted
experiments. Additional observations made in this paper suggest that the latter scenario is
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operative. First, a jump dilution analysis (Fig. 3; and Supp. Fig. S3) clearly reveals that
GSK-3p recovers its activity after being exposed to a relatively high level of COB-187 that
is subsequently diluted. Second, a likely mechanism of COB-187 irreversible binding would
be via a covalent bond between the Cys residue in the active site of GSK-3p (Cys-199)

and COB-187. In this case, it would be expected that COB-187 would inhibit multiple
kinases that have a Cys residue in their active site. However, a screen of COB-187 against a
panel of over 30 such kinases revealed that COB-187 is quite specific for GSK-3 (Table 2).
Thus, COB-187 appears to be a specific reversible inhibitor of GSK-3p that behaves in an
irreversible manner in the context of the present experiments.

The above considerations also provide insight into the kinetics of the reaction and suggest
that COB-187 belongs to the class of compounds that exhibit relatively slow kinetics22. As
discussed in Copeland??2, a plot of kyps Vs. the concentration of inhibitor provides insight
into the mechanism of the slow binding. Our analysis (Supp. Fig. S4 and Fig. 4) suggests
that, for the range of COB-187 concentrations analyzed, COB-187 inhibits GSK-3p via

an induced-fit mechanism. Interestingly, the kq¢ values determined from these experiments
were quite low and not statistically different from zero. These later observations combined
with Fig. 3 again support the argument that COB-187 does not form an irreversible bond
with GSK-3, but behaves, under the conditions used in the progress curve data collection,
as a functionally irreversible inhibitor of GSK-3p. Finally, the fact that pre-incubation does
appear to enhance the inhibitory effect of COB-187 (Fig. 5) may reflect the induced-fit
nature of the binding.

Mutating Cys-199 of GSK-3p to an alanine had a dramatic attenuating (>300-fold) effect

on the potency of COB-187 clearly indicating that Cys-199 is involved in the mechanism

of inhibition. Interestingly, the K, value for both ATP and the substrate is significantly
increased with the mutant compared to the wild type GSK-3p, but this increase is only
~3-fold and ~2-fold respectively. In contrast, the increase in the 1Cgy of COB-187 is >
300-fold when going from the wild type to C199A. This observation is consistent with the
hypothesis that an interaction between Cys-199 and COB-187 is a key part of its mechanism
of inhibition.

These findings impact the overall process of developing novel GSK-3 inhibitors based

on COB-187 in several ways. First, the results bolster the hypothesis that the COB-187
mechanism of inhibition is distinct from the most clinically advanced GSK-3 inhibitor
tideglusib. Specifically: (i) we have previously provided evidence that COB-187 is
significantly more selective than tideglusib amongst over 400 kinases screened™5; (ii)
tideglusib has been reported to be an irreversible inhibitor of GSK-3p14, a finding supported
by the results presented here (Fig. 3A), while COB-187 appears to be a reversible inhibitor
(Fig. 3); and (iii) preincubation of tideglusib with GSK-3 causes a dramatic drop in the
ICsp value (~13-fold) while preincubation of COB-187 with GSK-3p causes only a modest
decrease in the 1Cgq value (< 4 fold). Second, these findings facilitate the rational and
efficient development of a library of COB-187-like compounds that have an improved,
compared to COB-187, inhibition profile in molecular/cell-based assays. Indeed, we are
currently using docking studies and molecular simulations in our lead optimization process.
The mechanistic findings revealed in the present study complement this effort (e.g., the
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finding that the Cys-199 residue is critical to the mechanism provides a locus for the
docking and simulation studies). Finally, the majority of this study was done with the
GSK-3p isoform. While the two GSK-3 isoforms have significant similarity in their kinase
domains?, there is increasing interest in GSK-3a specific inhibitors?®. Thus, a series of
studies with GSK-3a and a family of COB-187-like molecules, similar to the studies
conducted here with COB-187 and GSK-3p, are clearly warranted and will provide further
insight into the mechanism of COB-187 inhibition of GSK-3 and, perhaps, guide the
development of novel isoform specific inhibitors.

In summary, COB-187 appears to be a specific, reversible, time-dependent inhibitor of
GSK-3p and the mechanism involves Cys-199.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chemical structure of inhibitors used in this work.
(A) COB-187, (B) Tideglusib, (C) Alsterpaullone, (D) Hypothemycin, and (E) AR-
A014418.
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Figure 2. Progress curves of GSK-3B activity in the presence of various concentrations of
COB-187.

Progress curves were obtained with 0.5 nM GSK-3p at various concentrations of COB-187
provided in the inset; 1% DMSO is carrier control. Normalized RFU (y-axis) correlates with
the cumulative enzyme activity while time (x-axis) is the time since the initiation of the
reaction. Curve fits shown are to Eq. 4. Error bars represent the SD at that time point; n=>5.
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Figure 3. Activity of inhibitor-treated GSK-3p after jump dilution.
(A) Normalized RFU (y-axis) correlates with the cumulative enzyme activity while time

(x-axis) is the time since the initiation of the reaction with the “jump dilution”. Each curve
represents a treatment with the DMSO control or an inhibitor: open circles 1% DMSO
control; black inverted triangles alsterpaullone; grey upright triangles COB-187; open
diamonds tideglusib; and black circles hypothemycin. Curves from separate experiments,
each normalized to its own DMSO control, have been plotted on the same axis for
comparison (DMSO curve is representative from that set of experiments). Additional
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replicates provided in Supp. Fig. S3. (B) Recovery of GSK-3p pre-treated with COB-187
over time. The activity of GSK-3p pre-incubated with COB-187, relative to untreated
GSK-3p, determined over three different time periods from the initiation of the reaction with
the jump dilution, is shown. The activity of GSK-3p pre-treated with COB-187 increased
with time from the jump dilution suggesting that the COB-187 was dissociating from
GSK-3p. The 95% confidence interval of the slope of the regression line fit to the enzyme
recovery data did not span zero indicating that the GSK-3p activity increased with time
since the jump dilution. (n=3; error bar £ SD). (C) The percent inhibition of GSK-3p
activity for each compound after the jump dilution experiment (black circles) and at the
same condition as after the jump dilution but without preincubation of the GSK-3p with
the compounds (grey squares) is shown. Error bars denote SD with n =2, ***p < 0.001
and **p < 0.01 as determined by t-test comparing the black and the grey symbols for each
compound.
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Figure 4. kgps Vs concentration of COB-187.
Average Kqps, determined from the data in Fig. 2, versus concentration of COB-187. The

data were fit to Eq. 7 (linear) and Eq. 8 (rectangular hyperbolic) of the text. The data appears
to more closely fit Eq. 8. Replicates used to determine the average kops are presented in
Supp. Fig. S4. Error bars denote £ SD with n=5.
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Figure 5. Dose response curves for inhibition of GSK-3p with and without 3-hour pre-incubation

with an inhibitor.
Dose-response curves of (A) Hypothemycin, (B) Tideglusib,

(C) Alsterpaullone, and (D)

COB-187 on wild type GSK-3p with (H) or without (@) a 3-hour preincubation of GSK-3

with the compound. Error bars represent SD; n >2.
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Fig 6. The effect of reducing agents DTT, GSH, and TCEP on the activity of GSK-3 inhibitors.
The effect of various inhibitors on GSK-3p activity, in the presence and absence of reducing

agents. Circles - no reducing agent; squares - 2 mM DTT; grey upright triangles - 2 mM
GSH; and black inverted triangles - 2 mM TECP. Error bars represent SD; n=2. ***p <
0.001 as determined by a Dunnett’s test comparing result with no reducing agent to the
result in the presence of DTT, GSH or TCEP within each inhibitor group. Concentration of
inhibitors was 10 pM.
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Table 1
1Cs values for inhibition of GSK-3B with and without a 3-hour pre-incubation.

The 1C5p values (nM), determined by curve-fitting the data in Fig. 5 to Eq. 1, with and without 3-hour
pre-incubation of GSK-3p with the inhibitor. Number in parentheses is the 95% CI;

Inhibitor No pre-incubation 3-hr pre-incubation
COB-187 370 (251 to 592) 102 (80.3 to 129) *
Tideglusib 1780 (1090 to 4890) 139 (973 to 198) *

Hypothemycin 11300 (3760 to 48800) 663 (462 to 949) *

Alesterpaullone 6.5(4.4109.3) 79(4.7t012)

*
indicates no overlap of the 95% Cls for the 1C5Qs of the no pre-incubation and the 3-hour pre-incubation conditions for that inhibitor.
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Table 2

COB-187 is selective for GSK-3.

COB-187 was screened against a panel of recombinant human kinases that have a cysteine in their active site.
Assay - Z’-LYTE (Z) or Lantha (L); ATP - level of ATP used in the Z’-LYTE assay; Right column presents
the % inhibition in the presence of COB-187 +SD (n=2). Bold face text - inhibition = 80%; underlined text -
inhibition between 79% and 40%; and plain text- inhibition < 40%.

Kinases with Cys Assay ATP Inhibition

AAK1 L - 11+15
CDKL5 z Km 2+32

FLT1 (VEGFR1) z Km 0+13
FLT3 z Km 2+1.0

FLT4 (VEGFR3) z Km 1+19
GAK L - 2459
GSK3A (GSK3 alpha) z Km 91+2.2
GSK3B (GSK3 beta) z Km 89+4.7
KDR (VEGFR2) z Km 8+82
KIT z Km 4%£19
MAP2K1 (MEK1) z 100 6+0.3
MAP2K1 (MEK1) L - 5+04
MAP2K2 (MEK2) Z 100pM 708
MAP2K2 (MEK?2) L - 4+0.5
MAP2K3 (MEK3) L - 7+18
MAP2K4 (MEK4) L - 12+0.3
MAP2KS5 (MEKS5) L - 1+09
MAP3K7/MAP3K7IP1 (TAK1-TABL) L - 21+0.6
MAPK1 (ERK2) z Km 29+0.5
MAPK15 (ERK7) " L - 26+0.9
MAPKS3 (ERK1) z Km 26+3.4
MAPKAPKS5 (PRAK) z Km 60+5
MKNK1 (MNK1) z Km -2+35
MKNK2 (MNK2) L - 1+0.7
NLK L - 24+12
PDGFRA (PDGFR alpha) z Km -2+05
PDGFRB (PDGFR beta) z Km -2+13
PRKCN (PKD3) z Km 10+0.1
PRKD2 (PKD2) z Km 11+18
RPS6KA1 (RSK1) z Km 6+1.1
RPS6KA2 (RSK3) z Km 9+34
RPS6KA3 (RSK2) z Km 11+0.8
RPS6KA6 (RSK4) z Km 18+2.0
TGFBR2 L - 2022

ZAK L - 9+0.2
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*
Note that in a previous screen (Noori et al.15), we reported inhibition of MAPK15 (ERK7) above 40% (specifically 42%) whereas here we found
it to be < 40% (specifically 26%). The average of the two screens for MAPK15 is < 40%.
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Table 3
The 1C5q for COB-187 is dramatically increased for the GSK-3B C199A mutant compared

to wild type GSK-3p.

The 1C5q values (nM) were determined from a curve fit to Eq. 1. Number in parentheses is the 95% Cl;

Inhibitor Wild type C199A

COB-187  370(251t0592) 121 000 (88,100 to 187,000)

*
indicates no overlap of the 95% Cls for the IC50s between mutant and wild type. n 24.
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