Biophysical Journal —
physical / Biophysical Society

A Molecular Model for Lithium’s Bioactive Form

Katharine T. Briggs,’ Gary G. Giulian,” Gong Li,>* Joseph P. Y. Kao,”* and John P. Marino™""

"Institute for Bioscience and Biotechnology Research, University of Maryland, National Institute of Standards and Technology, Rockuville,
Maryland; 2Center for Biomedical Engineering and Technology, University of Maryland School of Medicine, Baltimore, Maryland; SDepartment
of Neural and Pain Sciences, University of Maryland School of Dentistry, Baltimore, Maryland; and “Department of Physiology, University of
Maryland School of Medicine, Baltimore, Maryland

ABSTRACT Lithium carbonate, a drug for the treatment of bipolar disorder, provides mood stability to mitigate recurrent
episodes of mania and/or depression. Despite its long-term and widespread use, the mechanism by which lithium acts
to elicit these psychological changes has remained unknown. Using nuclear magnetic resonance (NMR) methods, in this
study we characterized the association of lithium with adenosine triphosphate (ATP) and identified a bimetallic (Mg-Li)
ATP complex. Lithium’s affinity to form this complex was found to be relatively high (Ky ~1.6 mM) compared with other
monovalent cations and relevant, considering lithium dosing and physiological concentrations of Mg?" and ATP. The
ATP-Mg-Li complex reveals, for the first time, to the best of our knowledge, that lithium can associate with magnesium-
bound phosphate sites and then act to modulate purine receptor activity in neuronal cells, suggesting a molecular mode

for in vivo lithium action.

INTRODUCTION

Lithium (Li*) has been used for treating various ailments
since the 1850s and was first repurposed to treat “psychotic
excitement” by John Cade in 1949 (1,2). Shortly after its
approval by the Food and Drug Administration (FDA) in
1970, it was proposed that Li* may act through a “challenge”
to other biological cations [e.g., sodium (Na™), potassium
(K™), calcium (Ca®"), magnesium (Mg®")] and thereby
cause a biological effect (3). Support for the challenge hy-
pothesis came from early research that showed that under
experimental conditions that simulated complex biological
media where many molecules compete for binding to these
cations, Li™ could compete with Mg”" for its binding sites.
Under such simulated conditions created with cation-seques-
tering agents, like ATP, it was shown that Li " could challenge
Mg*" for binding to uramildiacetate (4), a complexing agent
derived from urea and an iminopolycarboxylic acid, where
Mg*" is normally preferred (3).

Subsequently, the interpretation of these experiments was
challenged on the basis of a failure to consider that Li"
might also bind to the ATP present in the medium (5).
Further nucleotide binding studies (6) suggested that Li™
could associate with nucleotides in the presence of Mg”",
which led to the hypothesis that Li* may act therapeutically
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by interrupting ATP/ADP equilibria in key enzymes, such as
ATPases. Although these preliminary studies suggested the
possibility of a ternary complex comprising Li", Mg, and
nucleotide, confirmation of the exact nature of this complex
required more direct physical evidence (6). Moreover,
despite subsequent biochemical and biophysical studies
(7-9), a consensus on the mode of Li" interaction was never
reached, nor have the enzymes found to be inhibited by Lit,
such as glycogen synthase kinase 38 (GSK303) and inositol
monophosphatase (IMPase) (10), been validated as the
target of Li™ in treatment of bipolar disorder.

In this study we demonstrate, using solution-state NMR
techniques, that Li* can indeed associate with magne-
sium-chelated nucleotides (NDP/NTP) under physiological
cation concentrations. This has led to the hypothesis that
a purine receptor response might be modulated by an
ATP-Mg-Li complex and more generally provides a com-
mon molecular framework for how lithium may adopt its
bioactive form by cobinding to magnesium-bound phos-
phorylated ligands or cofactors.

MATERIALS AND METHODS

Certain commercial equipment, instruments, and materials are identified in
this article to specify the experimental procedure. Such identification does
not imply recommendation or endorsement by the National Institute of
Standards and Technology (NIST), nor does it imply that the material or
equipment identified is necessarily the best available for the purpose.
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NMR sample preparation

NMR samples were prepared in 5 mm NMR tubes (Wilmad Labglass, Vine-
land, NJ) with a H,O/D,0 (9:1) mixture to a final volume of 500 uL (D,O
from Cambridge Isotope Laboratories, Tewksbury, MA). Dry stocks of
the sodium salts of adenosine triphosphate, adenosine diphosphate, guano-
sine triphosphate, guanosine diphosphate, triphosphate (Sigma-Aldrich,
St. Louis, MO) were dissolved in water at 100 mM, adjusted to pH 8.0
with NaOH and stored at —20°C until ready for use. A standard pH meter
and probe were used (series @ pH meter from Beckman, Brea, CA; Orion
pH electrode from Thermo Scientific, Waltham, MA). Samples were pre-
pared in NMR buffer (25 mM sodium chloride and 1 mM sodium cacody-
late, pH 6.5) from a 10x stock. Sodium chloride, sodium cacodylate,
lithium chloride solution (8 M), magnesium chloride hexahydrate, and
manganese (II) chloride tetrahydrate were purchased from Sigma-Aldrich.
Unless otherwise stated, NMR samples contained 10 mM ATP (50 uL of
100 mM stock), 11 mM MgCl, (5.5 uL of 1M MgCl, stock), 10 mM
LiCl (5 uL of IM LiCl stock), with or without 50 uM MnCl, (2.5 uL
from 10 mM MnCl, stock), 50 uL D,0O, and brought up to 500 uL with
NMR buffer.

NMR data collection

Data were collected on a Bruker (Billerica, MA) 600 MHz AVANCE spec-
trometer with a broadband observe (BBFO) probe, a Bruker 500 MHz DRX
spectrometer with a broadband probe, or a Bruker 600 MHz AVANCE spec-
trometer equipped with a broadband inverse probe. Datasets were collected
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Lithium titration binding measurements by NMR

Li" binding affinity to ATP was determined by a series of "Li inversion
recovery experiments measuring the ‘Li T1 relaxation (2 mM LiCl in
buffer) with increasing concentrations of ATP-Mg (Mn). The Bruker
automation software, IconNMR, was used with the Bruker automation
hardware, NMR Case, for acquisition of the multiple samples required
to generate each 'Li T1 relaxation data point and the TI relaxation
was determined using the Topspin “T1Guide” software. Further details
on the measurement of “Li T1 relaxation is as described in the previous
experimental section. The “Li T1 relaxation data were plotted and fit
using a nonlinear equation in GraFit 5 (Erithacus Software, East Grin-
stead, UK). Each observed "Li T1 signal (7,,;) was interpreted using a
two-state model where the two states refer to free and ATP-Mg-bound
Li*, and treated as the population-weighted average of the signals
from the following two states:

Tohs = Tff)“ + Thfh (1)

where Tyrepresents the free Li* NMR "Li T1 constant, f;represents the frac-
tion of free Li™, T}, represents the ATP-Mg-bound Li™ NMR "Li T1 con-
stant, and f;, represents the fraction of ATP-Mg-bound Li*.
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where

(Ko + [Lio] + [ATP)) — /(K + [Lio] + [ATPS])? — 4([Lio][ATPy))

X =

at 283 K (9.85°C), 298 K (24.85°C), 300 K (26.85°C), 303 K (29.85°C), or
310 K (36.85°C) and data are presented in the text with specific tempera-
tures of acquisition.

“Li T1 relaxation measurements

One-dimensional (1D) "Li NMR inversion recovery experiments were used
to measure T1 relaxation with the following experimental acquisition
parameters unless otherwise noted in the text: predelay (D1) of roughly
five times the “Li T1, which was measured at each temperature and typi-
cally exceeded 100 s. The total digitization (TD) was 4096 points, sweep
width 699.63, dummy scans (DS) = 4, number of scans (NS) = 8, with a
spectrometer frequency of 233.233 MHz for lithium at 14.4 Tesla
(600 MHz proton frequency spectrometer). The variable delay list was
kept constant for comparable sets of experiments but may otherwise be
different depending on the expected relaxation rate (i.e., experiments at
different temperatures). Spectra collected at different delay times were pro-
cessed with the same zero filling to 2 x the number of data points, apodized
with exponential multiplication using 2.0 Hz line broadening, and phase
corrected based on the zero time delay of the variable delay. The lithium
signal was peak picked, the peak height and integrated volume of the signal
was then measured and plotted for each experiment at the different variable
delays to allow fitting to a T1 relaxation rate using Topspin 1.3 with the
following commands: “xf2,” “tlguide,” “extract slice” from FID number
32, “define ranges” to obtain integral, export region to relaxation module,
“relaxation window” to plot data, and fit the data.

» «
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and [Lig] is the total Li" concentration and [ATP,] is the total concentration
of ATP-Mg, except in the Li™ control experiment (Fig. S3 in the Supporting
Material), where [ATPy] is the total concentration of ATP.

31p NMR measurements

The *'P 1D experiments used a zero go pulse program with the broadband
probe tuned to 242.93 MHz for phosphorus at 14.4 Tesla (600 MHz proton
frequency spectrometer), number of scans (NS) = 1024, dummy scans
(DS) = 4, and total digitization (TD) = 8192. Spectra were processed
with zero filling to 2x the number of data points and apodized with a cosine
function over 512 points.

[Ca%"]; measurements on rat neurons

Male Sprague-Dawley rats, weighing 150-250 g, were purchased from
Harland Laboratories (Frederick, MD) and killed by CO, asphyxiation, as
approved by the Institutional Animal Care and Use Committee of the Uni-
versity of Maryland Biotechnology Institute. Dissociation of nodose gan-
glion neurons (NGNs) was performed as described previously (11) with
the exception that sterile technique was used and the final neuronal pellet
was resuspended in Leibovitz L-15 medium (Gibco-BRL, Grand Island,
NY) containing 10% fetal bovine serum (FBS; JRH Bioscience, Lenexa,
KS). The resulting cell suspension was plated as 0.2 mL aliquots onto
25 mm glass cover slips (Fisher Scientific, Newark, DE) coated with
poly-D-lysine (0.1 mg/mL; Sigma). NGNs were incubated at 37°C for
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24 h, then maintained at room temperature to prevent neurite outgrowth,
and used for experiments for 72 h. NGNs were loaded with fluo-3 by incu-
bation with the acetoxymethyl (AM) ester of fluo-3, as previously described
(12). During imaging experiments, the neurons were superfused with
Locke solution containing the following (in mM): 120 NaCl, 3.0 KCI,
1.5 MgCl,, 1.0 NaH,PO,, 25 NaHCO3;, 2.5 CaCl,, and 10.0 dextrose; the
solution was equilibrated with 95% 0,/5% CO, to reach a final pH of
7.4. Where nominally Ca*>"-free solution was required, CaCl, was replaced
with an equivalent amount of MgCl,. P2 receptor activation was induced by
exposure to 100 uM ATP, 100 uM MgCl,, and 1 mM LiCl in the superfusate
as specified in the data. A laser scanning confocal microscope (LSM
510 NLO; Carl Zeiss Microscopy, Jena, Germany) was used to image
changes in fluo-3 fluorescence elicited by agonist challenges in the
NGNs. Fluorescence excitation was at 490 nm and other experimental pa-
rameters with fluo-3 detection were performed as described previously (12).
After background correction, fluorescence intensity change was reported
relative to the baseline fluorescence (4F/F,). Student’s r-test was applied
to the data to determine significance between two means.

Structures and graphs

ATP structures were built using ChemBioDraw (Perkin Elmer, Waltham,
MA) and annotated with CorelDraw X7 (Corel, Ottawa, Canada).

RESULTS AND DISCUSSION

In this study, the question of Li" binding to ATP (13) in the
presence of Mg?" has been readdressed using 'Li NMR
(Fig. 1 A). To ensure a known and invariant ATP-Mg con-
centration, Mg?" was used at saturating concentration
(10 mM ATP, 11 mM MgCl,); saturation was confirmed
by *'P NMR, which can monitor Mg?" binding through
changes in the chemical shifts of the nucleotide phosphorus
atoms (Fig. S1). Under these conditions, addition of a stoi-
chiometric amount of Li* can have three possible outcomes
(Fig. 1 B): 1) no Li* binding to ATP-Mg; 2) Li* binding to
ATP by displacing the Mg”"; or 3) Li" binding to ATP-Mg
without displacing the Mg®". To distinguish these possibil-
ities, the “Li T1 relaxation time was measured in the pres-
ence of ATP-Mg and compared with reference values
obtained in buffer alone. If Li* binds to ATP-Mg and the
Li" population shifts from being free to nucleotide-bound,
then T1 would be expected to be shorter than that measured
in buffer alone. Fig. 1 C shows representative 'Li T1 inver-
sion-recovery data (open circles) where Li* peak intensity
is plotted as a function of relaxation delay, which reveals
the extent that the signal has returned to the equilibrium
value after application of a 180-degree inversion pulse. Sin-
gle-exponential fits to the data yielded T1 values. Thus,
whereas the reference 'Li T1 for 10 mM LiCl and 11 mM
MgCl, in buffer alone was 12.96 s at 10°C (Table S1), the
"Li T1 for 10 mM LiCl in the presence of 10 mM ATP
and 11 mM MgCl, was 7.16 s. The nearly twofold change
in T1 indicates measurable Li* binding to ATP.

Although the change in 'Li T1 indicates that Li* binds
ATP in the presence of Mg2+, this measurement does not
reveal whether Li" binding displaces Mg®" (competition).
To address the latter question, manganese (Mn”"), which
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FIGURE 1 Mode of Li* binding to ATP-Mg. (A) Schematic representa-
tion of ATP with Mg?* bound to the § and  phosphates is shown. (B) Three
possible modes of Li™ binding to ATP-Mg (phosphates, red; Mg>", blue;
Li", green) are shown. Scheme I represents Liz+ ATP-Mg — ATP-Mg + Liy.
Scheme 2 represents Li; + ATP-Mg — ATP-Li + Mgy. Scheme 3 represents
Li¢+ ATP-Mg — ATP-Mg-Li. (C) Representative "Li T1 relaxation data in
the absence (open circles) and presence (closed circles) of 50 uM MnCl, in a
sample of 10 mM ATP, 11 mM MgCl,, and 10 mM LiCl; smooth curves are
single-exponential fits.

can bind nucleotide triphosphates in a manner similar to
Mg*", was spiked into the buffer as a paramagnetic probe
(14). Because of the fast exchange kinetics (> 10,000 s h
of Mg>"/Mn*" binding to ATP, rapid sampling of all the
ATP molecules by the two divalent cations was observed
even at a Mg®>":Mn*" molar ratio of 220:1 (Fig. S2). Since
the electron magnetic dipole moment of Mn** is known to
cause a paramagnetic relaxation enhancement (PRE) to all



NMR-active nuclei within ~30 A, observation of a 'Li T1
PRE would indicate that the sites being sampled by Mn>"
are proximal to the Li* binding sites, and is thus evidence
of two-metal binding (Fig. 1 B, Scheme 3). Conversely,
"Li T1 PRE would not be observed if Mg®>"/Mn*" is dis-
placed into solution upon Li™ binding (Fig. 1 B, Scheme 2).
Addition of 50 uM MnCl, to a sample of 10 mM ATP,
11 mM MgCl,, and 10 mM LiCl caused marked
PRE—shortening the 7Li T1 from 7.16 t0 2.30 s (Fig. 1 G;
Table S1). This observation provides direct evidence that
under conditions of saturating, stoichiometric binding of
Mg>", Li* does not displace Mg*" from ATP, but rather co-
binds in proximity to the divalent cation (Mg®*/Mn>"). In
contrast, the addition of Mn?" to a sample of Li" and
Mg®" in buffer without ATP yielded a 'Li T1 of 12.24
s—only slightly shorter (~5%) than the T1 measured in
the absence of Mn>" (Table S1); such a small change is
within the uncertainty of the measurement. The observation
of the Li* binding to ATP-Mg led to the question of
whether a nucleoside diphosphate would similarly bind
Mg?" and Li*, and whether the adenine and ribose moieties
are necessary for metal ion binding. To address these ques-
tions, 'Li T1 relaxation inversion-recovery experiments
were performed with adenosine 5’-diphosphate (ADP) and
triphosphate (TP) (Table S1) in the presence of Mg>".
Like ATP, these molecules are known to chelate MgZJr
(15,16) and to interact with Li" in its presence. Just as
was observed for ATP, trace Mn>" in these samples caused
Li T1 PRE. These experiments showed that Li™ binds to
ATP-Mg, ADP-Mg, and TP-Mg, as well as other nucleo-

>
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tides (Table S1) under saturating, stoichiometric Mg2+ bind-
ing conditions. Together, the data support an interaction of
Li™ through the polyphosphates that, as for Mg”", is electro-
statically driven and guided by the cation’s coordination
geometry. Taken together, these results are important to
how Li™ may interact to form a “bioactive” species, as bio-
logical ATP is normally found in the Mg bound state.
To measure the affinity of Li* for its binding site, the T1
of 2 mM LiCl was determined as a function of the concen-
tration of the substrate (i.e., ATP-Mg, ADP-Mg, or
TP-Mg). The data in Fig. 2, A—C, show that increasing the
substrate concentration shortened the "Li T1, reflecting a
shift from free to substrate-bound Li*. Nonlinear least-
squares fitting of the data yielded the apparent affinity of
Li™" for each substrate (Fig. 2, A—C). For example, the equi-
librium dissociation constant (K;) of Li* from ATP-Mg-Li
was found to be 1.6 = 0.21 mM at 10°C. Interestingly, the
measured Li* affinity for ATP-Mg is higher than the affinity
of Li™ for ATP alone (K, ~7.1 mM) (Fig. S3) or the Li™ af-
finity for ATP previously reported using another competitive
binding method (13). More importantly, the affinity deter-
mined here is relevant in view of the therapeutic Li* dosage
(target serum level 0.8—1.1 mM (17)) as well as physiolog-
ical concentrations of ATP and Mg>". Similarly, the affinity
of Li" for ADP and TP in the presence of Mg®" was
measured and K,;’s are in the low-millimolar range (Fig. 2,
A-C; Table S2). As expected, the affinity of Lit for
ADP-Mg at 10°C (K; = 3.24 = 0.56 mM) was weaker
than for ATP-Mg, likely attributable to ADP having one
fewer phosphate group and thus a reduced negative charge.

ADP-Mg
Li,—>— ADP-Mg-Li

FIGURE 2 Measured affinity of Li" binding to
ATP-Mg, ADP-Mg, and TP-Mg. "Li T1 relaxation
times (black circles) measured for 2 mM LiCl at
10°C as a function of the concentration of (A)
ATP-Mg, (B) ADP-Mg, or (C) TP-Mg are shown.
Fits using a quadratic binding equation (curves)
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yielded Li" equilibrium dissociation constants,
K; 1.60 = 021 mM for ATP-Mg; 3.24 =+
0.56 mM for ADP-Mg; and 0.71 * 0.23 mM for
TP-Mg (reported uncertainties are standard errors
calculated from least-squares fitting). Sample

integrity was monitored using >'P NMR
O (Fig. S4). (D) A proposed molecular model for
’ , & the ternary ATP-Mg-Li complex is shown. Mg*"

[R] is 6-coordinate, with the @ and 7y phosphate

oxygens replacing two water molecules. Li™ is
O- 4-coordinate, with a v phosphate oxygen replacing
one water and a water bridge shared with Mg>".
To see this figure in color, go online.
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Interestingly, Li* affinity for TP-Mg was higher (K, =
0.71 £ 0.23 mM) relative to ATP-Mg, and further increased
with temperature (K; = 0.31 = 0.16 mM at 37°C). The tem-
perature dependence of the binding affinity supports a
model where binding is entropically driven, primarily
through reorganization of the Li™ hydration sphere. Further,
the observation of an apparent higher affinity of Li™ for
TP-Mg relative to nucleotide-Mg could be explained by
the fact that the TP is conformationally unconstrained by
the nucleoside, has one extra negative charge on the second
terminal phosphate and has effectively two terminal (PP)
moieties for binding Mg*" and Li" thus giving TP complex
formation a statistical advantage. Together, this and other
binding data (Table S2) support a model where Mg*"
binding to a phosphate moiety creates a secondary, “high-
affinity” Li* binding site (Fig. 2 D), thus generating
a two-metal-phosphate complex. The identified phos-
phate-Mg-Li interaction points to the possibility, proposed
in earlier work (5), that the pharmacologic mechanism of
action of Li* could involve modulating normal ATP func-
tions. The concept of a core phosphate-Mg-Li interaction
provides a common link between a number of previous
studies that have identified seemingly unrelated kinases,
phosphatases and other enzymes that have been proposed
as potential targets for the action of Li* (10,18). Alterna-
tively, the identified ATP-Mg-Li complex raises the possi-
bility that Li* could act by modulating ATP’s normal
function as a receptor ligand. For example, purine ligands
ATP or ADP bind and activate cell-surface purine receptors,
of which there are two subtypes (Fig. 3 A): P2X, which are
ion channels that mediate influx of extracellular Ca*" into
the cytoplasm, and P2Y, which are G-protein-coupled recep-
tors (GPCRs) that activate the inositol trisphosphate second
messenger pathway to release Ca”" from intracellular stores
(19-23). Modulation of purine receptor activity has been
shown with different nucleotide analogs and metal cofactors
(19,20,24).

To test the effect of Li* on P2 receptor activation, receptor
responses in rat nodose ganglion neurons (12) were measured
upon stimulation with 100 uM ATP in presence of 1.5 mM
MgCl,, 1 mM LiCl, or both salts at these concentrations.
Under these different conditions and using the binding affin-
ities for each metal-ATP complex, the stimulating solution
would be expected to contain 100 uM ATP-Mg, and
63 uM ATP-Mg-Li, respectively. The change in cytosolic
Ca*" concentration ([Ca®"].) upon P2 receptor activation
was monitored with a fluorescent Ca’" indicator, fluo-3
(25). After establishing that repeated ATP stimuli could reli-
ably elicit P2 responses (Fig. 3 B), the responses to ATP-Mg
and ATP-Li were compared with the response of ATP alone
(Fig. 3 C). Although the Ca®" response amplitudes were
comparable for the three agents, the response elicited
by ATP-Li is ~40% longer in duration than that elicited
by ATP alone. Comparing the responses with ATP-Mg
and ATP-Mg-Li (Fig. 3 D) again showed comparable
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FIGURE 3 Intracellular Ca*" signals evoked by stimulating neuronal
purinergic receptors with ATP, ATP-Mg, ATP-Li, and ATP-Mg-Li. (A)
Schematic representation of purinergic receptors on the cell surface: P2X
receptors are ion channels that permit influx of Ca>* ions when activated
by purinergic ligands like ATP; P2Y receptors are G-protein-coupled and
trigger Ca*" release from intracellular stores when activated by ATP. (B)
Ca”" signals are reliably triggered by consecutive 20 s pulses of 100 uM
ATP. Repeated responses in the same cell are not significantly different
(compare 1st and 2nd responses: #0020 = 114, 112 s, respectively, p =
0.83, n=9). (C) Ca>" signals elicited by 20 s pulses of 100 uM ATP-Mg,
100 uM ATP, or 100 uM ATP-Li. ATP-Li without Mg®" lengthens the
Ca** response by 39% (compare 2nd and 3rd responses (ATP vs. ATP-Li,
[Mg*"] = 0 mM): mean t;00.00 = 139, 193 s, respectively, p = 0.015, n =
12). (D) Ca** responses evoked by 20 s pulses of 100 uM ATP-Mg or 100
uM ATP-Mg-Li. Response evoked by ATP-Mg-Li was longer than that
evoked by ATP-Mg by 2.2-fold (compare 1st and 2nd responses (ATP-Mg
vs. ATP-Mg-Li): 119920 = 86, 191 s, respectively, p = 2.4 x 1075, n =20;
compare Ist and 3rd response (1st ATP-Mg vs. 2nd ATP-Mg; internal con-
trol): #100.20 = 86, 88 s, respectively, p = 0.78, n = 20). (E) Ca>t responses
triggered by 100 s pulses of 100 uM ATP-Mg or 100 uM ATP-Mg-Li in
Ca”"-free buffer. The P2Y component of ATP response does not depend
significantly on Li" (compare 1Ist and 2nd responses (ATP-Mg vs.
ATP-Mg-Li): t100.20 = 41, 50 s, respectively, p = 0.17338, n = 28; compare
Ist and 3rd responses (1st ATP-Mg vs. 2nd ATP-Mg; internal control):
too-0 = 41, 38 s, respectively, p = 0.73, n = 28). In panels B-D, extracel-
lular Ca®* was 2.5 mM. Application of Li* alone elicited no response
(not shown).



amplitudes, but notably, the response to the ternary complex,
ATP-Mg-Li, lasted about twice as long as the response
to ATP-Mg. The longer response could be due to prolonged
Ca*" influx through P2X receptors, or prolonged P2Y recep-
tor signaling triggering greater intracellular Ca®" release.
These alternatives can be distinguished by applying the stim-
uli in the absence of extracellular Ca2+, which abolishes
Ca”" influx (Fig. 3 E). In Ca**-free medium, not only were
the responses to ATP-Mg and ATP-Mg-Li comparable in
amplitude, their temporal durations were also not signifi-
cantly different. As absence of extracellular Ca*" permits
only P2Y-mediated Ca®" responses, this experiment indi-
cates that ATP-Mg and ATP-Mg-Li activate P2Y receptors
comparably. Therefore, that ATP-Mg-Li evoked a longer
Ca*" response than ATP-Mg in Ca®"-containing medium
implies that P2X receptor activation is prolonged when
ATP-Mg-Li is the stimulus.

CONCLUSIONS

The observation that Li* can interact directly with magne-
sium-phosphates (e.g., ATP-Mg-Li) and modulate P2
receptor response, suggests a mode of in vivo Li* action
through ligand-activated cell surface receptors, which could
modulate signaling in the central nervous system and the pe-
riphery. Although our data cannot rule out an off-target effect
of Li" in these experiments, the interpretation that Li* exerts
its effect through the ATP-Mg- Li complex is consistent with
previous studies that have demonstrated a specific modula-
tory effect of magnesium binding to ATP on activation of
different purine receptor subtypes (20,21,26).

For any putative bioactive form of Li* to be clinically
relevant, it should exist in appreciable proportions under
the low dosing levels of Li* (17,27). Our studies indicate
that a considerable fraction of the ATP-Mg-Li complex
could form at normal ATP and Mg”" concentrations found
in the plasma or cytoplasm (Table S3). Moreover, elevated
ATP levels corresponding to biological activity or stress
response in the cytoplasm, organelles (e.g., mitochondria),
and the extracellular matrix could serve as reservoirs for
accumulating Li™.

In summary, the ATP-Mg-Li complex provides a way to
broadly view lithium’s bioactive form as acting through
cobinding with Mg?" to phosphate-containing ligands or
cofactors of receptors and enzymes. This general molecular
model provides a new perspective, to our knowledge, to
direct the identification of Li™ targets, guide drug design,
and contribute to advancing our understanding of lithium’s
pharmacology.

SUPPORTING MATERIAL

Four figures and three tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(16)30461-1.
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1D *'P NMR Spectra of 10 mM ATP
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Figure S1. Saturation of ATP with MgCl,. 1D *'P NMR spectra of a sample of 10 mM
ATP with various concentrations of Mg®*, as indicated at the left of each spectrum. Each
phosphate peak in the presence of Mg?* represents an averaging of the free and bound
states because Mg®* is in fast exchange with ATP. Resonances of the o, P, and y
phosphates of ATP are labeled in the top NMR spectrum; these shift slightly with the
addition of MgCh, particularly for the B and y phosphates, which chelate Mg?*.
Significant line broadening is evident in the intermediate exchange regime (e.g., at MgCl,
concentrations of 1-5 mM), where the free phosphate population is shifting to Mg?**-
bound. Saturation of the ATP phosphates by Mg®* is shown by the shifting and
sharpening of the peaks with increasing Mg?* concentration, which reflects a shift of the
population of phosphates to the fully bound state. At 11 mM MgClk, the 10 mM ATP was
fully saturated as seen in the bottom spectrum. All samples were in a buffer of 25 mM
sodium chloride and 1 mM sodium cacodylate, at 37 °C and pH 6.5. Data were collected
on a 600 MHz NMR spectrometer.
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Figure S2. Manganese Sampling of Magnesium Binding Sites Observed by 3!P and 'H NMR. 1D NMR spectra of ATP are
compared with (red) and without (blue) 50 uM MnCl,. The phosphates of ATP are observed in the 3*P spectra (left) and the hydrogens
of ATP in the H spectra (right). The distance dependence of relaxation by the Mn?* electron magnetic moment can be seen in the non-
uniform broadening. For example, the H8 resonance is broader than the H2 resonance due its closer proximity to the Mn®** and also
indicates the adenosine and phosphate tail of ATP are in the ‘anti’ conformation. Data were collected on a 500 MHz NMR
spectrometer at 10 °C.
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Figure S3. Measured Affinity of Li* Binding to ATP. Plot of the Li T1 relaxation
times (black circles) measured for 2 mM LICl at 10 °C as a function of the concentration
of ATP. An estimated stoichiometry of 3 Li* to 1 ATP is assumed in the fitting based on
simple charge balance and to allow a comparison with the Mg-Li data in which Mg?* and
Li* together contribute three positive charges in their complex with ATP. Quadratic
equation fit (curve shown) vielded a Li* equilibrium dissociation constant, Kq: 7.1 + 0.8
mM, for ATP (reported uncertainty is the standard error calculated from least-squares
fitting).
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Figure S4. Detection of ATP hydrolysis using *'P NMR over the course of an experimental titration. The integrity of ATP in the
17 NMR samples that were used to calculate Li* binding affinity was measured upon completion of those experiments. 1D *'P NMR
spectra show the phosphates of ATP, labeled o, B, and y. The ATP-Mg concentration increases from the bottom to top spectrum. Of
the 17 samples, only one, the sample with the lowest concentration of ATP-Mg (bottom spectrum), showed any hydrolysis of ATP to
AMP and inorganic phosphate (P;), at the completion of the several days of 'Li T1 experiments. Data were collected on a 600 MHz

NMR spectrometer at 10°C.
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Table S1. T1 Relaxation of Lithium with ATP, ADP, TP, GTP, GDP. Li T1
relaxation (in seconds) are tabulated for the samples containing: 10 mM ATP, ADP,
triphosphate (TP), guanosine triphosphate (GTP), guanosine diphosphate (GDP), or 2,3-
diphosphoglycerate (DPG), and 11 mM MgChk, 10 mM LiCl, and 50 uM MnCly;
presence and absence of a species in the sample are indicated by plus and minus signs,
respectively. The tabulated ‘Li T1 relaxation times are the average of triplicate
experiments with standard deviation, except for DPG, indicated by an asterisk, where the
standard errors are estimated from the fit to single experiments. Relaxation Enhancement
(%) was calculated by subtracting the PRE T1 value (+MnCly) from the initial T1 value
(~MnCl,), dividing the difference by the initial T1, and muktiplying by 100. Experiments
were performed on a 600 MHz NMR spectrometer at 10°C.

Relaxation
ATP | ADP | TP | GTP | GDP | DPG | MnCl, "LiT1 (s) Enhancement
(%)
- - - - - - - 12.96 + 0.26
- - - - - - + 12.24 + 0.10 55
+ - - - - - - 7.16 £ 0.63
+ - - - - - + 2.30 £ 0.43 67.8
- + - - - - - 9.75+0.23
- + - - - - + 2.17+0.09 77.7
- - + - - - - 7.59+0.04
- - + - - - + 1.76 £ 0.04 76.8
- - - + - - - 10.54 £ 0.10
- - - + - - + 4,13 +£0.04 60.8
- - - - + - - 7.65+0.22
- - - - + - + 3.69+1.36 51.8
- - - - - + - 6.86 £ 0.02*
- - - - - + + 2.81 £ 0.02* 59.0
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Table S2. Dissociation Constants of Lithium with Phosphate-containing Molecules.
Li* equilibrium dissociation constants for ATPeMg, GTP-Mg, TPsMg, ADP<Mg,
GDP<Mg, and DPG*Mg were determined. The dissociation constant (Kq) was determined
by exponential fitting of the ‘Li T1 relaxation times as a function of the concentration of
ATP-Mg, GTPsMg, TP-Mg, ADP-Mg, GDP+Mg, or DPG*Mg Li" K4 values were
similar, i.e., within ~1.5-2-fold, regardless of whether there are two or three phosphates
on the nucleotide, or which purine base, adenine or guanine, is present. This emphasizes
that the key aspect of this molecular interaction is the Mg?* and Li* coordination. The Li*
Kgs observed, especially for the nucleotides and DPG, are physiologically relevant
because they are comparable to the serum Li" concentration safely allowed for patients
with bipolar disorder (0.8-1.1 mM). The Li* Kgs are reported with errors from the fitting.
The asterisk denotes the Ky reported for ATP is the average of triplicate experiments,
with the standard deviation. All other reported errors are from the fitting of single
experiments. Data were collected on 600 MHz NMR spectrometers. (n.d., not
determined)

Molecule Kg (MM) at 10°C Kg (MM) at 37°C
ATP-Mg 1.60 £ 0.21° 1.45+0.18
GTP-Mg 4.81 +0.55 250 +0.71
TP-Mg 0.71+0.23 0.31+0.16
ADP-Mg 3.24 + 0.56 n.d.
GDP-Mg 6.76 + 1.21 n.d.
DPG-Mg 0.89 +0.13 0.71+0.11
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Table S3. Potential formation of the ATP«Mg-Li complex under normal plasma and
cytoplasmic concentrations of ATP and magnesium at clinical dosing levels of
lithium. The concentration of ATP and the dose levels of lithium were taken from
published literature. The estimated concentration of the ATP*MgeLi complex under each
condition was estimated using simple equilibrium binding equations and binding
constants determined in this study for Li* binding to ATP*Mg (Kgq ~ 1.6 mM). For the
purpose of estimating the concentration of the ATP*MgeLi that may form in the plasma
and cytoplasm, ATP is assumed to be in the ATP-Mg form. Note that at elevated ATP
concentrations and assuming the upper dosage concentration of Li* in the cytoplasm,
binding of Li* is saturating and all of the Li* would be expected to be bound by ATP-Mg
absent other competing binding interactions.

Component Estimated Plasma Estimated Cytoplasmic
P Concentration (1-3) Concentration (1, 4)
Lithium Dosing Level 0.8mM - 1.1 mM 0.1mM -0.4mM
ATPsMg* 0.028 uM - 0.24 UM 1mM -2mM
ATP*MgeLi 0.014 uM - 0.16 pM 63 UM — 400 pM
% Complex
(ATP-MgrLi/ ATP-Mg) 50 - 66 6.3-20
% Lithium Bound
(ATPMg+Li /Lithium Dose) 0.002-0.01 63 - 100

*ATP*Mg concentrations can reach higher levels locally, such as at replication sites, within
certain organelles (e.g, in mitochondria), and in the extracellular matrix (4-6).



Page S8

Supporting References

1.

Birch, N.J. 1991. Lithium and the cell : pharmacology and biochemistry. Academic
Press, London; Boston.

Gorman, M. W., E. O. Feigl, and C. W. Buffington. 2007. Human plasma ATP
concentration. Clinical chemistry 53:318-325.

Yatham, L. N., S. H. Kennedy, C. O'Donovan, S. Parikh, G. MacQueen, R. Mclntyre,
V. Sharma, P. Silverstone, M. Alda, P. Baruch, S. Beaulieu, A. Daigneault, R. Milev,
L. T. Young, A. Ravindran, A. Schaffer, M. Connolly, and C. P. Gorman. 2005.
Canadian Network for Mood and Anxiety Treatments (CANMAT) guidelines for the
management of patients with bipolar disorder: consensus and controversies. Bipolar
disorders 7:5-69.

Traut, T. W. 1994. Physiological concentrations of purines and pyrimidines.
Molecular and cellular biochemistry 140:1-22.

Ando, T., H. Imamura, R. Suzuki, H. Aizaki, T. Watanabe, T. Wakita, and T. Suzuki.
2012. Visualization and Measurement of ATP Lewvels in Living Cells Replicating
Hepatitis C Virus Genome RNA. PLoS Pathog 8:¢1002561.

ldzko, M., D. Ferrari, and H. K. Eltzschig. 2014. Nucleotide signalling during
inflammation. Nature 509:310-317.



	A Molecular Model for Lithium’s Bioactive Form
	Introduction
	Materials and Methods
	NMR sample preparation
	NMR data collection
	7Li T1 relaxation measurements
	Lithium titration binding measurements by NMR
	31P NMR measurements
	[Ca2+]i measurements on rat neurons
	Structures and graphs

	Results and Discussion
	Conclusions
	Supporting Material
	Author Contributions
	Acknowledgments
	Supporting Citations
	References


