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Contrasting Effects of Inhibitors Li* and Be** on Catalytic Cycle
of Glycogen Synthase Kinase-3[
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ABSTRACT: Ionic lithium shows rare effectiveness for treating bipolar disorder and is a promising drug for treating neurodegener-
ative diseases. Unfortunately, lithium suffers from significant drawbacks as a drug, mainly a narrow therapeutic window. Among
the different targets of lithium, glycogen synthase kinase 33 (GSK-3[3) might be the one responsible for its therapeutic effects. De-
veloping alternative, selective inhibitors of this kinase could avoid lithium side effects, but efforts to do so have met little success so
far. A detailed, atomistic understanding of Li* inhibition and a more detailed understanding of the phosphorylation reaction GSK-
3 catalyzes would therefore facilitate the development of new drugs. In this study, we use extensive sampling of catalytic states
with our mixed quantum-classical dynamics method QM/DMD and binding affinities from a competitive metal affinity (CMA) ap-
proach to fill out the atomic scale picture of Li* GSK-3p inhibition. We compare Li" action with Be?*, another known inhibitor, and
find our results in agreement with in-vitro kinetics studies. Ultimately, our simulations show that Li" inhibition is driven primarily
by directly decreasing the reaction rate of the phosphorylation step, rather than reducing catalytic turnover through tight binding to
different GSK-3[ states like Be?*' inhibition. The effect of these metals derive from electrostatic differences and especially their
smaller atomic radii compared to the native Mg?* and thus provides insight for the development of GSK-3f inhibitors based on

other paradigms.

Introduction: Glycogen synthase kinase-33 (GSK-3p) is
an important therapeutic target for a wide range of neurologi-
cal conditions. GSK-3[3 dysfunction is known or proposed to
be implicated in bipolar disorder (BD), Parkinson’s disease,
epilepsy, and Alzheimer’s disease (AD) (according to the
prominent tau hyperphosphorylation hypothesis).'” Conse-
quentially, GSK-3p is an attractive target for inhibitors to treat
these conditions,*” and some have even entered clinical trials.?
However, no recent efforts have yet passed, encountering
problems with toxicity and efficacy.® GSK-3p is difficult to
target selectively as it is highly homologous with related ki-
nases, particularly mitogen-activated protein  kinases
(MAPKSs), cyclin-dependent kinases (CDKs), and protein ki-
nase C (PKC). This family of proteins all bind an ATP mole-
cule alongside two Mg”" ions at a site adjacent to a peptide/
protein substrate binding channel (Figure 1A)." As the most
conserved region between these proteins is the ATP binding
site, a well-studied potential solution to this are allosteric in-
hibitors.">? Although ATP non-competitive compounds can
improve selectivity, their more subtle modes of binding and in-
hibition make them difficult to develop into effective drugs.
Study of a past, and rare, successful therapeutic agent would
be especially helpful in the design of new ones.

Lithium is one of the most effective treatments for BD, and
evidence for its beneficial effects on other neurological condi-

tions have recently been gathering. The metal has been used
for its mood stabilizing effect for BD since its serendipitous
discovery in 1949." In-vivo and even clinical studies report
some beneficial effects on AD pathology, but with conflicting
results."*® Li* therapeutic action is believed to be driven pri-
marily through altering pro- and anti-apoptotic gene expres-
sion and GSK-3 inhibition.'® Kinetic studies comparing Li* to
Be*", another potent inhibitor, demonstrate that Li* binds non-
competitively with ATP, just replacing one of the two native
Mg”" ions.”® Remarkably, Li* has a limited effect on the ac-
tivity of closely related CDK5, PKC, and MAPK.! Lithium
does, however, have major drawbacks as a drug: a narrow
therapeutic index, with therapeutic levels between 0.6 and 1.5
mEg/Lit,” and several side effects®® — though it is specific, re-
garding altering activity of GSK-3[3 among other kinases, it
clearly has other targets. An atomic-scale picture of GSK-3[3
activity and Li* inhibition would explain some of this behavior
and aid the development of new, selective therapeutics without
these drawbacks.

There have been many structural studies on related kinases
and the biological effect of Li*, but how the metal inhibits
GSK-3 is not fully understood. Experimental and computa-
tional research on the related protein kinase A (PKA) has es-
tablished a likely SN1 or SN2-like mechanism of phosphoryl
transfer facilitated by a nearby aspartate residue acting as a
base (Figure 1B).?* Quantum mechanical (QM) calculations
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Figure 1: (A) Ribbon diagram of GSK-3p structure with insert showing the ATP binding site under the Gly-Loop (in blue) and the pep -
tide/protein substrate binding channel, defined by the Gly-Loop, C-Loop (in purple) and Activation-Loop (in pink). The substrate serine
or threonine residue binds at the P+0 site while a pre-phosphorylated residue binds at the P+4 site, held tightly by a series of charged
residues (Arg96, Arg180, Lys205). (B) The dominant phosphorylation mechanism for GSK-3f3 based on studies of related kinases. The re-
action proceeds by either an SN1 or SN2 path, with a nearby Asp181 residue acting as the base. (C) The catalytic cycle of GSK-3B. Li*
and Be** binding could inhibit activity by directly increasing the phosphorylation reaction barrier (circled red) or by disrupting the bind -
ing of the substrate (tau in this study, circled solid green) or either the unbinding of the substrate or ADP complex (circled dashed

green).

on small mimic complexes of the GSK-33 metal binding site
suggest that Li* can replace Mg?* in only the ATP-bound forms
of the protein,® but truncated model systems like these do not
take the full effect of the protein environment into account.
Later dynamics simulations on GSK-3f indicate that Li" pref-
erentially binds to one Mg?* site but not the other.*** How-
ever, these studies did not confirm their results by calculating
thermodynamic quantities such as binding energies or reaction
barriers, nor did they consider the role Li* could play in other
steps of the catalytic cycle.

This computational study investigated the atomic-scale ef-
fect of Li* and Be*" on each relevant step of the GSK-3[3 cat-
alytic cycle. Metal inhibition could arise from a direct increase
to the phosphorylation reaction barrier or disruption of the
timely binding or detachment of other groups that could slow
turnover: ATP, ADP, or the peptide substrate (Figure 1C). We
employed the established QM/DMD method to study the
structure of the ATP and ADP bound states of GSK-3[3. This
method combines QM calculations for appropriate treatment
of the metal environment with discrete molecular dynamics
simulations for rapid and extensive sampling of protein con-
formations. We also performed additional QM calculations to
obtain binding affinities and phosphorylation reaction barriers
based on the lowest energy structures identified by QM/DMD.
We consider the effect of docking a tau protein fragment, a
species implicated in AD, as an example substrate. We also

identify structural differences between the native and Li" states
that could serve as targets for future inhibitor development.

Theoretical Methods: This study began with dynamics
simulations using the QM/DMD method.”* This technique
samples metalloprotein configurations using quantum mechan-
ical (QM) electronic structure calculations (normally density
functional theory) necessary to describe the metal and its coor-
dination environment (referred to as the ‘QM region’) and dis-
crete molecular dynamics (DMD)??® to model the rest of the
protein. Both methods treat an overlapping QM/DMD region
which consists of species constituting the active site but not di-
rectly binding to the metal. This region enables inter-region
geometric communication and mitigates discontinuity errors.
QM/DMD has a strong record of successfully explaining a
range of metalloenzyme behaviors. These include metal-de-
pendent catalytic activity,”** protein-metal binding affinity,>'
the effect of mutagenesis on structure,** and flexible docking
of substrates.*

All of the QM calculations in this study were performed at
the density functional theory (DFT) level using Turbomole
(version 6.6).* The pure meta-GGA TPSS functional® was
used with the D3 dispersion correction.*” The metal was mod-
eled with the triple-zeta basis set def2-TZVPP while all other
atoms were treated with the double-zeta def2-SVP basis
set.®® A small basis set may result in some degree of basis set
superposition error, but the large size of the QM regions (111-
116 atoms) precluded any larger basis set. Regardless, this



level of theory has proven effective in previous studies, in-
cluding for quantitative free energy comparisons.*** Lastly,
the Conductor-like Screen Model (COSMO)* with a constant
dielectric of 20 was applied to approximate the partial screen-
ing and solvation effects in the partly buried active site. Any
water molecules that directly coordinate to the metals were
modeled explicitly. All QM calculations were performed to
convergence withtin 1.0 x 107 Hartree or at least 100 SCF cy-
cles to afford more sampling during QM/DMD simulations.
All DMD phases in the QM/DMD simulations in this study
were performed for 10,000 steps per iteration (roughly 0.5 ns).
DMD operates with an implicit solvent through the appropri-
ate potentials in its forcefield.

QM/DMD simulations were performed on all the catalytic
forms of GSK-3[ for each metal binding state with one excep-
tion. Attempts to dock a short peptide proxy for tau protein
were unsuccessful due to the poor potentials for the pre-phos-
phorylated residue in DMD. Thus, the simulations only cap-
ture the ATP and ADP bound states of the protein without tau,
which proves to be sufficient for the purposes of this study.

QM/DMD simulations were performed on the 8 total metal
bound states of GSK-33-ATP and GSK-3(3-ADP. For the ADP
form these include the Mg?*, Li*, and Be*" states. In the case of
the ATP form, as there are two metal binding sites, these in-
clude the 2Mg?*, Li'Mg*, Mg*Li*, Be**Mg”*, and Mg*Be*
states. The first denoted metal represents the site closer to the
ATP adenosine group while the second one represents the fur-
ther site. Simulations were performed in 5 replicate QM/DMD
trajectories for the native Mg®* and Li* containing states of the
ATP form and 3 replicate trajectories for the other systems, i.e.
a total of 30 simulations. Each trajectory was continued for 40
iterations, which roughly corresponds to 20 ns. Full rational-
ization of the construction of each system can be found in the
supporting information.
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The convergence of the QM/DMD simulations was
achieved according to several benchmarks: the protein back-
bone RMSD, the DMD energy, and QM region energy. All
QM/DMD simulations were converged by 40 iterations / ~ 20
ns by these metrics. The full convergence charts with respect
to the three standards are shown in the supporting information.

Further optimization of the QM region was done to generate
the structures for free energy and metal angular variance cal-
culations. The ten QM regions for each system with the lowest
unoptimized electronic energy were fully converged (when not
already achieved) using the same level of theory as the QM
calculations from QM/DMD. The free energy was then calcu-
lated for each with a harmonic frequency calculation. The
structure with the lowest free energy was then selected as the
representative minimum of each system.

Potential energy surface (PES) scans were performed to cal-
culate the phosphorylation reaction barriers for the 2Mg*,
Li'Mg*, and Be**Mg?* states of the protein. The two reaction
coordinates were the distance between the O and H of the tau
serine (from 0.8A to 2.2A), and the distance between O of the
tau serine and the terminal P on ATP (from 1.4A to 2.6A), with
a step of 0.1A. The active spaces were truncated from the low-
est energy QM optimized structures with a fragment of tau
manually docked into these structured and truncated at the Cf3
(capped with a hydrogen and with its position frozen in all cal-
culations). Without full dynamics for the tau substrate, these
constraints could introduce errors into the calculated energies
and barriers, but full dynamics could not be obtained as ex-
plained above. Full details of the system construction are
found in the supporting information. Once the PES were plot-
ted, the stationary points were fully optimized with the same
level of DFT theory as the QM calculations from QM/DMD
with accompanying harmonic frequency calculations to obtain
free energies for the reactant and product states as well as any
intermediates and transition states.
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Figure 2: Variance of the peptide binding channel conformation in QM/DMD ensembles from a reference, peptide-bound crystal struc-
ture (4NU1). The green structure is an example from the 2Mg** simulations. The average variance for each metal-bound state is
graphed on the left with the blue bar spanning one standard deviation above and below the average and the thin blue line showing the
minimum and maximum loop distances. The variance was calculated by the equation at the top using the inscribed distances between
loops in the picture on the right. The distances used were the minimum distance between any two alpha carbon on opposite loops. I is
the number of QM/DMD iterations, R; is the loop distance in the QM/DMD simulation, and Ruyu; is the loop distance in the crystal
structure. Note that all the metal bound states report roughly the same variances.



All metal binding affinities in this study were calculated
through the recently developed competitive metal affinity
(CMA) method,* which shows that it can obtain quantitatively
accurate relative metal binding affinities compared to experi-
ment.*"* This method determines the relative binding affinity
to a protein compared to a reference metal using an indirect
thermodynamic cycle dependent on experimental metal bind-
ing free energies to a chelator. The absolute binding affinities
are computationally inaccessible (both resource intensive and
error prone) because of the indeterminate structure of solvated
metal ions. EDTA was used as a chelator complex for CMA
calculations. The first benefit of this complex is that experi-
mental binding affinities are available for nearly all metals, in-
cluding Mg*, Li*, and Be**.* Normally the second benefit of
EDTA is that its metal-bound structure is known and well be-
haved: fully coordinating the metal in an octahedral geometry.
However, this assumption may not hold for small, low charge
metals like the alkali and alkali earth metals of this study.
These metals can not satisfy the -4 charge of EDTA alone and
so the complex is likely to coordinate additional water mole-
cules — one of the complications that the CMA method seeks
to avoid. Indeed, a crystal structure for a Ca** complex with
EDTA shows only partial coordination of the metal with
EDTA and a number of closely interacting waters.* Nonethe-
less, CMA binding AAG were calculated using EDTA as the
sole ligand in implicit solvent water, as no alternative complex
with experimental binding affinities to the examined metals
could be found. Free energies for the octahedrally coordinated
EDTA complexes were calculated in the same manner as the
QM/DMD optimizations but with a dielectric constant of 84
for COSMO to represent the aqueous environment. To miti-
gate the shortcomings and verify the results using EDTA, an
alternative approach using ATP and ADP as chelators was also
pursued.

This study also relied on the free energy of exchange of Li"
and Be®* from the solvated forms of ATP and ADP to the holo-
protein. While they do not offer the same full coordination of
EDTA, ATP and ADP are both chelators and recent research
has gone into their structure and the position of the water mol-
ecules that complete their coordination shells.” The solution
phase structures used in this study are based on the bimetallic
complexes determined recently by Dudev et al. That study did
not ascertain structures for Be®*, so the input structures for
Be®" are the same as Li'. The Li* input structures were used as
both metals prefer tetrahedral geometries while Mg** adopts an
octahedral geometry. The solvated complexes were then fully
optimized to account for structural differences and obtain their
free energies in the same manner as EDTA, including the use
of the COSMO dielectric of 84.

Results and Discussion

Effect of Metals on Substrate Binding Channel: Anal-
ysis of the conformational ensembles we generated through
QM/DMD for the GSK-33-ATP form shows no evidence that
the metal could alter the nature of peptide/protein substrate
binding. To assess this, we calculated the variance of two im-
portant features of the protein binding channel from a crystal
structure of GSK-3[3 bound to an axin-derived peptide (PDB
ID: 4NU1)." While the axin peptide in 4NU1 is different from
tau, the binding site should be the same due to the anchoring
role the P+4 site plays for pre-phosphorylated substrates. We
therefore selected the crystal structure as our reference to see
if Li* or Be*" impede the adoption of a structure predisposed to
binding. The two geometric features of our analysis are the
shape of the binding channel itself as defined by its loops and

Figure 3: Variance of the P+4 peptide phosphate binding site ge-
ometry in QM/DMD ensembles from reference, peptide-bound
crystal structure (4NUI). The green structure is an example from
a 2Mg** simulation. The variance was calculated using the equa-
tion at the top based on distances between the alpha carbon of
three positively charged residues that define the P+4 site. I is the
number of iterations, R,; is the distance in the QM/DMD simula-
tion, and Rn4nu: is the distance in the crystal structure.

the structure of the critical P+4 site. If the channel defining
loops or the positively charged residues of the P+4 site in the
Li* and Be*" states are significantly more distant, this incurs an
energetic penalty to pull them together. Furthermore, the
greater distance would also make additional binding modes
more likely. Together, these changes to the potential energy
surface of this event would reduce tau binding affinity.

The variance in the conformation of the peptide channel
shows no significant differences between the different metal
bound states. We calculated this as the variance from the
4NU1 structure in the distance between the closest alpha car-
bon for each pair of loops. Our graph depicts the average of
this value across all iterations for all replicates of QM/DMD
for each metal bound form of GSK-3f3 (Figure 2). For all the
metals, the average variance is small at about 2A for the Gly-C
distance and large, over 5A, for the distances involving the Act
loop. This simply represents the binding channel closing
around the peptide upon binding. The variances for the Gly-C
loop distance are 0.91 + 0.57A for 2Mg*", 0.79 + 0.55A for
Li'Mg*, 1.03 = 0.51A for Mg*Li’, 1.26 + 0.87A for
Be?*Mg?*, and 0.66 + 1.00A for the Mg?Be* form of the pro-
tein. The variances for the Gly-Act loop distance are 4.53 +
1.79A for 2Mg?*, 4.47 + 1.32A for Li'Mg*, 5.09 + 1.12A for
Mg?'Li", 4.59 + 1.03A for Be**Mg?*, and 5.98 + 1.12A for the
Mg®'Be®* form of the protein. Finally, the variances for the C-
Act loop distance are 7.90 + 1.39A for 2Mg?*, 8.06 + 1.41A
for Li'Mg*, 9.33 + 1.32A for Mg*Li*, 8.75 + 1.94A for
Be?"Mg?*", and 8.64 + 1.36A for the Mg*'Be*" form of the pro-
tein. However, the difference in the variance between the dif-
ferent metals is small, subsumed by their standard deviations.
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Figure 4: QM optimized geometries of the active site from the QM/DMD simulations for (A) ADP, (B) ATP with Li*, and (C) ATP with
Be?*. Mg** is shown in cyan, Li* in pink, and Be®" in yellow-green. Also reported for each structure are the preferred metal geometries
with the average angular variance from ideal angles. The structures from the ATP-bound state also feature the free energy preference for
metal substitution at the first binding site over the second. Note that the smaller Li* and especially Be** report much smaller angular
variances.
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Figure 5: Potential energy surfaces for serine phosphorylation in the native form of GSK and the Li* and Be** bound states. These plots
vary the two reaction coordinates: serine hydroxyl hydrogen to aspartate carboxyl oxygen and serine hydroxyl oxygen to ATP terminal
phosphorus. Electronic energies are shown as a heat map going from blue (low) to red (high). Stationary points with free energies along
the reaction path are recorded in red for the native and Li* states. Note how 2Mg** reports two barriers, Li* reports one higher one, and
Be?* shows no product state and can’t perform this reaction by the investigated mechanism.

The shape of the binding channel does not look especially pre-
disposed to protein binding with any metal over the others.

The structure of the P+4 site is similarly invariant between
the different metal bound states. As with the channel loops, we
calculated the variance from the 4NU1 structure between al-
pha carbons, this time of Arg96, Arg180, and Lys205. In this
case we averaged all three distances together for all iterations
of all replicates of QM/DMD for each metal bound state (Fig-
ure 3). The variances are all around a small 0.5A: 0.52 + 0.25A
for 2Mg?", 0.52 + 0.25A for Li'Mg®, 0.52 + 0.25A for Mg?'Li",
0.52 + 0.25A for Be*Mg?, and 0.57 + 0.24A for the Mg*'Be*'
form of the protein. As before the differences are minor between
the metal states and well below the standard deviation of each
ensemble.

Active Site Metal Geometry: The lowest energy active
site structures from QM/DMD show significant differences
when Li" and Be** bind. The QM calculations suggest that the
inhibitory metals preferentially bind to the first binding site
closer to the adenosine group. The structures with the in-
hibitory metals occupying the second, further site are less sta-
ble by 10.9 kcal/mol for Li* and 8.1 kcal/mol for Be**. For our
future analyses we therefore consider metal substitutions only
to the first, apparently dominant site.

Full investigation of the dominant active site structures im-
mediately reveals significant geometric variations between the
different metal bound states, dictated by the size and charge of
the metal cations. The largest cation is Mg*", followed by Li’,
and Be*. This is demonstrated by the average ligand-metal
distances which are 2.05 + 0.06A for Mg*, 1.94 + 0.04A for
Li*, and 1.64 + 0.02A for Be®* in the ADP bound states, and
2.09 + 0.1A for Mg*, 1.95 + 0.06A for Li*, and 1.63 + 0.04A
for Be* in the dominant ATP-bound state. Furthemore, both
Li* and Be* prefer fewer ligands than Mg”*; they feature tetra-
hedral coordination with both ATP and ADP, whereas Mg?* is
octahedral in both forms (Figure 4). Obviously, the doubly-
charged cations attract nucleophilic ligands more strongly, re-
sulting in more favorable electrostatics. On the other hand,
smaller cations could favor fewer ligands, benefiting less from
metal-ligand electrotactic attraction, but reducing the crowd-
ing of the coordination sphere and ligand-ligand repulsion.
The total ligand-metal attraction, ligand-ligand repulsion, lig-
and and metal coordination strain, and binding site accommo-
dation constitute a complex interplay that we aim to uncover.

The resultant interactions in the binding pocket should also
contribute to the site thermodynamics.

The joint effects of the metal charge, size, and ligand inter-
actions are reflected in the differences in the strain that these
complexes exhibit, judged by the metal angular variance. In
the ADP bound state of GSK-3f3, the phosphate tail of ADP
can better accommodate the coordination of the smaller Li*
and especially Be** with less strain than the native Mg?*. In ad-
dition, less crowded tetrahedral coordination should have
weaker ligand-ligand repulsions and also tighter binding to the
metal. In the ADP bound state of GSK-3 the metal angular
variances are 14.3° for Mg**, a smaller 10.5° for Li*, and only
3.7° for Be?* (Figure 4). Smaller strain is expected to be asso-
ciated with tighter binding, again featuring Be** as a strong
binder, though the most valid comparison in this case is be-
tween Li* and Be*, since both are tetrahedral. A similar trend
emerges for the preferred ATP bound states. A notable differ-
ence in this case, however, is that Li* reports a comparable an-
gular variance of 6.6° to the 6.0° and 6.8° of the native Mg>*
structure, while that of Be®* continues to be significantly
smaller at 3.6°. Relative to Mg*", Li* coordination appears less
strained with ATP than with ADP, which (while being just one
of the relevant parameters) can be expected to yield a greater
barrier to the catalytic reaction step for Li* compared to Mg?*".
Be®, being the tightest binder of both ATP and ADP, should
feature specific reactivity as well. Mg”*, while having greater
variance, benefits electrostatically from having more ligands
in the octahedral sphere, and the exact energetic balance is
thus far unclear. The compounding effects of the geometric
trends on the thermodynamics of binding and reactivity are
evaluated next.

Relative Metal Binding Affinities: Binding affinities that
we calculated suggest that Li* and Be*" can replace native
Mg?* in GSK at various points during its catalytic cycle. When
Mg?* is used as the reference metal in our CMA method, the
AAG of replacement with Li* or Be®* are uniformly negative
for the ATP and ADP bound forms of GSK-3[3. These values
are -16.7 kcal/mol for Li* and -38.1 kcal/mol for Be®* in the
ADP bound form of the protein and -17.6 kcal/mol for
Li'Mg*, -6.7 kcal/mol for Mg*Li*, -23.0 kcal/mol for
Be*'Mg?*, and -14.9 kcal/mol for Mg*'Be?*" in the ATP bound
form of the protein. The AAG correspond to the following re-
actions
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point between the two metals. Note that the values for the phosphorylation reactant Mg** are distinct from those of the Li* and Be

2+

states. Both quantities are marked on the structures on the right. Structural deviations of the phosphorylation reactant geometry in the
(C) Li* and (D) Be** bound states are also shown. In both, the native Mg** geometry is overlaid in tan while the metal substituted geome-
try is colored pink or green respectively. Note how for both Li* and Be?* the final phosphate group is angled down and away from the tau

serine substrate.

2+

GSK spp, yigtM = GSK ,pp y+Mg~ (1)

GSKATP,ZMg+M - GSKATP,M,Mg+ ng (2

Where M can be either Li* or Be* and GSKappmg and
GSKapeu are the ADP bound form of GSK-3p with Mg** and
the substituted non-native metal in the active site, respectively.
This notation carries for equation 2 and all that follow. The
uniformly negative competitive metal affinities indicate that
Li* and Be*" readily replace Mg® and bind to GSK more
tightly at all considered points during the catalytic cycle.
While ambiguities with the EDTA complexes discussed above
might contribute to error, these would cancel out when com-
paring the ADP and ATP states, corresponding to reaction 3:

GSK app. gt GSK srp a1 g GSK app it GSK spp oy (3)

We see that the AAG between the dominant ATP state and the
ADRP state is far larger and negative for Be2+ (-15.1 kcal/mol)
compared to Li+ (0.9 kcal/mol). As a check, we also calcu-
lated the ADP-ATP AAG based on the binding AG from the
solvated forms of ATP and ADP. Each AG calculated this way
corresponds to the reactions

GSK spp, g+t ADPy = GSK ypp yy+ADP . (4)
GSK j1p ypigt ATP s 3y = GSK rp yy gt ATPy,  (5)

Therefore, subtracting the binding AG for GSK-33-ATP from
GSK-3B-ADP yields energies consistent with the following re-
action

GSK app, gt ADPy +GSK y1p 31 pg+ ATP, g ™
GSK ppp i+ ADP +GSK ypp 5 g+ ATP 1y

The results for equation 6 are qualitatively consistent with the
earlier EDTA-based CMA approach (equation 3), with +11.9
kcal/mol for Li* and -12.3 kcal/mol for Be**. Together, our re-
sults suggest that Li" has a preference for binding the ATP
form of GSK-3[3, while Be*" prefers binding to the ADP form.
This is consistent with experiment, showing that Li" can not
easily bind alongside ADP while Be*" does. The particularly
small size and angular variance of Be*", as well as its greater
charge relative to Li*, and better placement of Be®'-bound
ADP in the binding pocket all likely contributes to this.

©)

Phosphorylation Reaction Barriers: Analysis of the
GSK-3[3 phosphorylation mechanism shows that Li* inhibition
is driven by its direct reduction of the rate of the phosphoryla-
tion step itself, as inferred from the geometric differences be-
tween Li" and Mg*. The mechanism involves the deprotona-
tion and phosphorylation of a serine residue either in concert
or sequentially. To assess this we calculated potential energy
surfaces.



The PES for the tau phosphorylation are shown in Figure 5,
and they exhibit significant differences for the three metals.
The deep blue wells in the lower right correspond to the reac-
tant states. In the upper left, a well for the product state can be
found for Mg** and Li*. However, the Mg** and Li* mecha-
nisms are slightly different. The Mg*'-based PES reveals a
small well corresponding to an intermediate, whereas for Li"
the reaction consists of a single step and has no intermediate.
Therefore, the reaction proceeds as SN1 for Mg®* and SN2 for
Li". Furthermore, full optimizations of the stationary points on
the PES and frequency calculations yield free energies that
suggest a reduced rate of phosphorylation in the Li* bound
protein compared to Mg**. In the native protein the reaction is
slightly exothermic, by 0.1 kcal/mol with our level of theory.
The highest of its two reaction barriers is a reasonable 17.9
kcal/mol. By contrast in the Li+ case, the reaction is majorly
endothermic by 19.6 kcal/mol, and the barrier is 26.0 kcal/
mol. This is in line with the qualitative predictions based on
the geometries and binding energies of ATP-Li* and ADP-Li"
relative to Mg?* forms, presented earlier, and is additionally re-
lated to geometric effects in the binding pocket discussed in
the next section. Hence, the reaction with Li" is both thermo-
dynamically and kinetically unfavorable, enabling Li" to take
an inhibitory role on GSK-3p.

The PES for Be®* shows no well for the product state within
the investigated mechanism. This result seems surprising,
given that the ADP-Be?* state, the product of this reaction, is
very stable and preferred over the ATP-Be*" state (see the Rel-
ative Metal Binding Affinities section). However, this is clari-
fied in the next section, where we discuss how structural mis-
alignment of the ATP-Be*" system impedes efficient phospho-
rylation.

Structural Differences Contributing to Inhibition:
The interactions between the metals and the binding pocket of
GSK-3p could reveal the structural root of the differences be-
tween phosphorylation mechanisms and inform future drug
development. The structural features that show the greatest
difference between the three considered metal-bound states of
GSK-ATP are (i) the distance between the final ATP phosphate
group and the oxygen on Asp181 that acts as the base in the
reaction and (ii) the angle of the final phosphate group relative
to metal centers (Figure 6A-B). We tracked each of these
quantities both across the full ensemble of structures generated
with QM/DMD and for the phosphorylation reactant structures
based on the lowest energy structures from QM/DMD. The
Asp181 to final phosphate distance can affect activity. The dis-
tance is much smaller for the Mg** form both on average and
for the phosphorylation reactant states than in the Li" form.
The Be*" form shows a relatively low distance as well, so its
product-less PES likely arises from other quantities. The corre-
lation between activity and the Asp181 distance, at least for
Mg?* and Li*, makes sense as Asp181 is the only negatively
charged group near the active site that could accept a proton:
its greater distance from the substrate Ser and ATP phosphate
incurs a greater reaction barrier as the proton or phosphate
group must move more over the course of the reaction. In light
of our results, we hypothesize that a potential inhibitor which
can provide Asp181 with a competing non-covalent interaction
would have a similar effect to Li".

The angle of the final phosphate group correlates fully with
activity across the metal bound forms of GSK-3[3 and likewise
yields opportunities for new inhibitors. Both for the phospho-
rylation reactant structures and the full QM/DMD ensemble,
the Mg®" form reports the largest angles, followed by Li", and

finally Be**. The implications of the angle on the phosphoryla-
tion reaction barrier is clear from inspection of the reactant
structures. While the final ATP phosphate faces the tau serine
substrate with Mg?*", it is shifted slightly down and away from
it in the inhibitory structures (Figure 6C-D). This is particu-
larly true of the Be®* active site. This incurs an energetic
penalty as the phosphate or tau must move and geometrically
reorganize to perform the reaction. In the case of Be®" this
penalty appears too large for the reaction to occur at all ac-
cording to the phosphorylation PES. This is most likely due to
the smaller size of Li* and especially Be®*, as they pull the
phosphate group toward them with their tighter coordination
sphere. Though metal properties appear to drive the final phos-
phate angle, we suspect any structural changes which shrink
that angle would reduce GSK-3[3 activity, given the resulting
poor alignment of the reactant moieties. This might be
achieved by crowding of the Gly-C loop, located directly
above the ATP binding site.

Finally, based on these structural differences, we put for-
ward a hypothesis regarding the mechanism of Be®* inhibition
of GSK-3f. In part, it is not principally different from that of
Li": because Be** features an even tighter binding of ATP than
Li", the misalignment with the tau serine is also greater, further
making the reaction unfavorable. However, Be** can bind
ADP, the product of phosphorylation, even tighter than ATP.
While the PES for the reaction suggests that ADP cannot be
reached in the Be** form of the protein, Be**-ADP could be re-
cruited from solution. Hence, due to very strong binding, both
ATP and ADP are predicted to stay bound and inhibit the pro-
tein with Be”", reducing the turnover number of GSK-3f . The
opportunity for ADP-based inhibition is accessible only to
Be”", and not to Li*, which constitutes the largest difference in
their inhibitory mechanisms. One possible way to check this
proposed mechanism would be to bind a small trivalent cation
instead of Be*, to enforce an even tighter binding. No smaller
cations than Be*" exist, to the best of our knowledge, but
higher valency might still lead to a similar effect.

Conclusion: GSK-3f is an important, but challenging, tar-
get for treating neurological and psychiatric disorders.
Atomic-scale information about the effect of rare, successful
inhibitors is helpful to design new inhibitory drugs. In this
study, we identified how Li* affects GSK-3[3 structure to in-
hibit its activity and how this contrasts with another metal ion
inhibitor, Be**. Li* binds most strongly to the ATP bound form
of GSK-3[ and directly increases the barrier for the phospho-
rylation reaction through poor orientation of the transferring
final phosphate group. This differs from Be®*, which binds
ATP tighter than Li+ does and can also tightly bind ADP. The
bound ATP is so strongly attracted to the compact and highly-
charged Be®* that it becomes too contorted and out of align-
ment with the rest of the binding site to undergo subsequent
phosphorylation. If the protein recruits Be** alongside ADP,
then this binding is even stronger. We therefore conclude that
Be”" stays bound to the protein either with unreacted ATP or
ADP. In the case of both metals, their inhibitory effect arises
from their small ionic radii relative to the native Mg, exacer-
bated in Be*" by its comparably high charge. While these are
metallic properties, a similar effect might be achieved by new
therapeutics that provide competing interactions to an Asp181
residue that acts as the base during phosphorylation or crowd-
ing the final ATP phosphate group.
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