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Abstract

Li" is the most effective drug used to treat bipolar disorder; however, its exact mechanism of action has yet to be elucidated. One
hypothesis is that Li* competes with Mg?* for the Mg?* binding sites on guanine-nucleotide binding proteins (G-proteins). Using
"Li T relaxation measurements and fluorescence spectroscopy with the Mg>* fluorophore furaptra, we detected Li*/Mg?t com-
petition in three preparations: the purified G-protein transducin (Gy), stripped rod outer segment membranes (SROS), and SROS
with purified Gy reattached (ROS-T). When purified ROS-T, SROS or transducin were titrated with Li* in the presence of fixed
amounts of Mg?*, the apparent Li* binding constant decreased due to Li/Mg>* competition. Whereas for SROS the competition
mechanism was monophasic, for G, the competition was biphasic, suggesting that in G, Li*/Mg>" competition occurred with
different affinities for Mg?* in two types of Mg?* binding sites. Moreover, as [Li*] increased, the fluorescence excitation spectra of
both ROS-T and G, were blue shifted, indicating an increase in free [Mg>*] compatible with Li* displacement of Mg>* from two low
affinity Mg?* binding sites of G;. G; release from ROS-T membrane was also inhibited by Li* addition. In summary, we found
evidence of Li*/Mg>* competition in G;-containing preparations.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

For 50 years, Lit has been the most effective treat-
ment for bipolar disorder, despite the fact that its
pharmacological mechanism of action remains un-
known. Several hypotheses for its mechanism of action
have been advanced [1-3]. One main branch of the re-
search into the Li™ mechanism of action has focused on
the effect of Li* on guanine-nucleotide binding (G)
proteins.
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G-proteins are membrane-bound proteins, which
play a vital role in cellular communication [4,5]. They
function as molecular switches by relaying extracellular
signals to specific intracellular effectors [4,5]. Thus, G-
proteins affect the way cells interact with their environ-
ment, which is critical to the overall health and viability
of an organism.

Some studies have provided evidence for the presence
of hyperfunctional G-proteins or for abnormal amounts
of G-proteins in the membranes of bipolar patients
relative to those present in normal individuals [6,7].
Another study found that therapeutic concentrations of
Li" inhibited the activities of G; and G (two G-proteins
that inhibit and stimulate, respectively), the enzyme
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adenylate cyclase, and G4 and G, (G-proteins that
regulate phosphatidyl inositol (PI) turnover via the
modulation of the activity of phospholipase C) [8]. Li*
inhibition of these G-proteins affects the ability of var-
ious neurotransmitters to bring about a cellular response
by decreasing the G-protein-regulated production of the
second messenger molecules: cAMP, DAG or IP; [3].
Thus, the therapeutic effect of Li* may be due to Li*
inhibition of the G-proteins that are involved in the
regulation of adenylate cyclase (G5 and Gj) and of PI
turnover (Gq and G,) as well as by the Gg, dimer via
modulation of the production of the aforementioned
second messenger molecules [3,8-12].

One ionic hypothesis as to how Li" is able to provide
this mood regulation in bipolar patients is that Li"
competes with Mg?* for the Mg>* binding sites in G-
proteins. It is known that G-proteins have at least two
types of Mg?* binding sites — specifically, a high affinity
Mg>* binding site (K4 value in the nM range) that is
needed for the hydrolysis of GTP and a low affinity
Mg?* binding site(s) (K4 value(s) in the mM range) that
is required for the hormone-catalyzed GDP/GTP ex-
change [5]. Because Li* and Mg?t ions have similar
chemical and physical properties [13], competition be-
tween Li* and Mg>* for the Mg>* binding sites present
in G-proteins could occur. Avissar et al. [14] hypothe-
sized that competition between Li* and Mg>" ions may
occur for the low-affinity Mg?*-binding sites in the G
proteins present in the membranes from rat cerebral
cortex, and indeed found that increasing the Mg>*
concentration reversed the inhibitory effect of Li™ on
G;, Gi and G,. Using these observations as a basis for
the current investigation, we tested the Li* and Mg>*
competition hypothesis as a possible mechanism of Li"
action using two complimentary spectroscopic methods
("Li NMR spectroscopy and fluorescence spectroscopy
with the Mg?*-sensitive fluorophore furaptra) for three
model G-protein-containing preparations. The G-pro-
tein used in our study was transducin (Gy), which is
bound on the rod outer segment (ROS) membrane.
Therefore, we chose to purify Gy, stripped ROS mem-
branes (SROS), where all peripheral membrane pro-
teins, including G;, were removed, and SROS
membranes with purified G; reattached.

These biophysical studies (particularly NMR), re-
quired large amounts of protein (10-20 mg); therefore
we chose to use G; as our model system since it was
possible to purify 20-30 mg of protein quickly and
easily, following a published procedure [15]. Addition-
ally, the ROS membrane, in which Gy is normally em-
bedded, can also be quickly and easily isolated, allowing
the construction of a reconstituted membrane system
[15]. Considering the fact that the amino acids involved
in high-affinity Mg?* coordination are essentially the
same in most of the proteins in the G-protein super-
family [16-21], whereas those involved in low-affinity

Mg?* binding are unknown, it is important to determine
whether the metal ion competition results obtained in
our study may be extended to other G-proteins.

Like all G-proteins, Gy acts as a molecular switch.
Specifically, Gy is involved in regulating a light-activated
cGMP cascade in the ROS membranes of vertebrate rod
photoreceptor cells [5,15]. In its inactive conformation,
G has GDP is bound to the o subunit of Gy (G,-GDP)
and is tightly associated to its G, complex. Upon
photoexcitation, photoexcited rhodopsin (R*) promotes
GTP/GDP exchange, transforming G; from its inactive
GDP-bound form into its active GTP-bound form. G-
GTP then dissociates from the R*-Gp, complex and
activates a ¢cGMP phosphodiesterase (PDE). The in-
trinsic GTPase activity of the Gy, subunit hydrolyzes
GTP to GDP, at which point G,-GDP reassociates with
the G, complex, allowing G; to relay another extra-
cellular signal [5,15].

The inactive conformation of G;, G-GDP, was
chosen as a starting point for our examination of the
competition between Li* and Mg>* for the Mg>**
binding sites in G; because the high-affinity Mg>**
binding site of G; has been shown, by X-ray crystallo-
graphic studies, to be more exposed in this conformation
than in the active conformation [19]. Specifically, for Gy
in the inactive conformation, the X-ray crystallographic
studies have shown that the octahedrally-coordinated
Mg ion is bound to four water molecules, to the p-
phosphate of GDP and to the side chain oxygen of Ser
43 [19]. On the other hand, for G; in the GTP-bound
conformation, the Mg”>* ion is coordinated to the side
chain oxygens of Thr 177 and Ser 43, to the B and vy
phosphates of GTP and to only 2 molecules of water
[19]. Thus, in the GTP-bound conformation, the Mg>*
ion is less accessible to the aqueous milieu than in the
GDP-bound conformation [19]. Therefore, Lit/Mg**
competition for the Mg>* binding sites of G, may be
more readily observable in its inactive GDP-bound form
than in its active GTP-bound form.

2. Experimental
2.1. Materials

G and SROS membranes were isolated from bovine
eyes collected at local packing companies. All bio-
chemicals and inorganic salts were purchased from
Sigma Chemical Company (St. Louis, MO). Furaptra
was purchased from Molecular Probes (Eugene, OR).
The Bio-Rad Bradford dye reagent used for protein
determinations was purchased from Bio-Rad Labora-
tories (Hercules, CA), while the gels and buffer strips
used for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis were purchased
from Pharmacia Biotech (Uppsala, Sweden).
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2.2. Preparation of purified G; and SROS membranes
from bovine retinas

G and SROS membranes were prepared from fresh
bovine eyes as described in the literature [15] with the
following modification: 100 ul of 10 mM GTP instead of
50 ul was added to each tube that contained G; bound to
ROS membrane to ensure that sufficient GTP was
present to allow Gy to dissociate from the rhodopsin in
the ROS membranes. The purity of the G; was assessed
by SDS-PAGE using a Pharmacia Phase system, while
the protein concentration was determined by the Brad-
ford method using the Bio-Rad Bradford dye with bo-
vine serum albumin as a standard [22]. For protein
concentration determinations of preparations of Gy
bound to SROS membranes, a modified protein analysis
procedure using detergent was used [23]. A typical G;
isolation from 400 bovine retinas usually yielded 20-30
mg of pure protein, which is consistent with previous
reports [15].

2.3. Preparation of G, samples for fluorescence, NMR and
G; release experiments

A preparation of apo Gy was required for this in-
vestigation to ensure that the majority of the Mg>* in
the system was the Mg>* that was added during the
NMR, fluorescence, and Gy release experiments, rather
than the excess Mg?* (2 mM) that is generally present at
the end of a Gy isolation. To remove any excess, un-
bound Mg>* and any other metal ion contaminants
(especially paramagnetic ions that would affect the "Li
T\ relaxation measurements), the G; preparations were
dialyzed against 50 mM trisThydroxymethyl] amino-
methane hydrochloride (Tris/HCI; pH 7.5). To remove
Mg?* tightly bound to the protein, the G, samples were
dialyzed against a buffered solution containing 50 mM
Tris/HC1 (pH 7.5), 0.1 M NaCl, 0.01% n-octyl-B-p-
glucopyranoside, 5 mM dithiothreitol (DTT), 0.03 mM
GDP, and 1 mM ethylenediamine-N, N, N’, N'-tetraace-
tic acid (EDTA), changing the buffer twice over a six
hour period [24]. The samples were then dialyzed for 24
h changing the buffer three times against 50 mM Tris/
HCI (pH 7.5), 0.1 M NacCl, and 0.03 mM GDP in order
to allow the protein to refold in the GDP-bound con-
formation and to remove any excess EDTA. Following
the Mg?* removal, the protein samples were concen-
trated using an Amicon ultrafiltration cell with a YM-10
membrane, to the desired concentrations of 0.1 mM for
both the NMR and fluorescence experiments, or 5 uM
for the Gy release assays.

To verify the removal of all metal ions including
Mg?*, several samples were sent to the Chemical Anal-
ysis Laboratory, University of Georgia, Athens, GA, for
analysis on an inductively coupled plasma emission
spectrometer (ICP-ES). The ICP-ES analysis showed

that a very small amount of Mg?* was still present, with
a concentration of approximately 10% of the protein
concentration. The ICP-ES analysis also showed indi-
rectly that the concentration of phosphorous in the
sample was approximately equal to twice that of the
protein concentration in the sample suggesting that GDP
was bound to the protein in a 1:1 ratio, since there are
two phosphorus atoms per GDP molecule.

For the NMR experiments, the Mg**-free G, samples
were supplemented with fixed amounts of Mg>* to yield
samples with Mg?* concentrations varying from 0.01 to
0.20 mM Mg?*. For the fluorescence experiments, Mg>*
was added in a 1.1:1 ratio in order to have a slight excess
of Mg?*, while furaptra was added at a concentration of
2 uM. For the Gy release experiments, 1.0 mM Mg>*
was added to allow G, to function, since Mg>* is re-
quired for the proper functioning of all G-proteins, in-
cluding Gy [5,21].

After Mg>" readdition, these reconstituted G; sam-
ples (G, samples that had Mg?>* removed and then re-
added) were then titrated with LiT concentrations
ranging from 0 to 30 mM for the NMR experiments or
from 0 to 50 mM Li* for the fluorescence and G; release
experiments. The NMR and fluorescence experiments
that involved SROS membranes with or without bound
G were conducted in the dark under a dim red light to
avoid photobleaching of the ROS membranes.

2.4. G; release from SROS membranes

The effect of Li™ on Gy release from SROS mem-
branes was determined using a modification of a pro-
cedure described in the literature [15]. Briefly, SROS
membranes were first photobleached under normal
room light for 1 min on ice. Photobleaching of the
rhodopsin in the SROS membranes must be done on ice
to prevent their overbleaching, since overbleached rho-
dopsin slowly decays into metarhodopsin III, retinal and
opsin, all of which are known to bind G; poorly [25].
These photobleached membranes now contain R*,
which readily binds Gy [26].

In order to confirm that the removal of the bound
Mg?* from G, did not denature the protein, the results
from our experiments using reconstituted G; were
compared with the results from previous experiments in
which native G; (protein that did not have its bound
Mg?* removed) was used [15]. The G release values that
we obtained from our experiments with 2 mM Mg>* but
no Lit (57.2%) agreed well with those G; release values
in which native Gy in the presence of 2 mM Mg>* was
used (55%) [15]. For these control experiments, an excess
of Mg”" (2 mM) was used [15], but our experiments
determined that only 1 mM Mg?* is actually needed to
give comparable Gy release values. This is the reason
why only 1 mM Mg>* was readded to reconstitute our
G samples. Thus, these experiments with native Gy
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provided a control with which to compare the results
from our Gy release experiments to see if Lit would
affect the release of G; from SROS membranes. There-
fore, our modified protocol called for mixing of 25 pM
of photobleached SROS membranes were then mixed
with 5 uM of reconstituted G (apo G; with 1 mM Mg>*
readded to it) in a buffer containing 10 mM 3-[N-mor-
pholino] propanesulphonic acid (MOPS; pH 7.5), 2 mM
DTT and varying concentrations of either Li* (15, 30 or
50 mM), K* (15 or 30 mM), or Mg?* (1 mM).

This SROS/G; mixture was then allowed to incubate
for 20 min in the dark. Dark conditions must be used to
prevent overbleaching of rhodopsin in the SROS mem-
branes and to facilitate G; binding to rhodopsin in the
SROS membranes. To these tubes, | pM of a non-
hydrolyzable analog of GTP, B,y-imidoguanosine 5'-
triphosphate (Gpp(NH)p), was then added. After a 5
min incubation period with Gpp(NH)p, the Gy in solu-
tion was separated from the membrane-bound G; by
centrifugation at 20 psi for 5 min in a Beckman Airfuge.
The supernatants were analyzed for protein content by
UV analysis, as described above [22].

2.5. Nuclear magnetic resonance spectrometry

The NMR experiments were conducted on a Varian
VXR-300 NMR spectrometer using a 10 mm broadband
probe. All samples were run at room temperature with
spinning at 16-18 Hz. "Li NMR spectra were recorded
at 116.5 MHz with a spectral width of 10,000 Hz and an
acquisition time of 0.979 s. 7Li 7; relaxation measure-
ments were determined using the inversion recovery
pulse sequence (D;—180°-t-90°). At least seven t values
were used for each spin-lattice relaxation time (77) de-
termination, and an interpulse delay of at least 5 times
the 77 value was used before repeating the pulse se-
quence. The relaxation measurements were often ac-
companied by a 10% uncertainty. The reported apparent
Li* binding constants, K,pp, are the averages from two
separately prepared samples with error bars that repre-
sent the range of the calculated values.

2.5.1. Calculation of Lit and Mg* binding constants
from"Li NMR T; measurements to G,, SROS and ROS-T

The K,pp values were calculated from James-Noggle
plots according to Eq. (1) using at least five "Li 7} values
[27,28]. The calculation of K,p, from 7Li 7; measure-
ments assumes a two-state (free, f, and bound, b, metal
ions) model undergoing fast exchange that uses a total
binding site concentration, [B], and thus, [Li*], ~[Lit]¢
[27-31]:

AR = (Rops — Ry) ™
= K, {[BI(Ry — Re)} '+ [Li*] {[B](Ry — Rr)} ',
(1)

where all symbols are defined as in the abbreviations,
respectively. K,,, can be calculated from Eq. (1) using
the quotient of the slope by the y-intercept and then
multiplying by 1000, which yields K,y,, values in M.
From this competition model, even assuming a single
binding site or a number of equivalent indepen-
dent binding sites for Li* and Mg>*, the true Li* and
Mg?* binding constants for G, and the other systems
cannot be directly determined from the experimental data
when both ions are present because Li* displaces Mg>*
and vice versa. Thus, in the presence of Mg>", only an
apparent Li* binding constant can be directly determined
from the experimental data. However, the true Li* and
Mg>* binding constants can be determined by plotting

K, vs. [Mg*"]; using the following equation [30]:

Kb =Ko (1 + Kwg[Mg]p), 2)

where Ki; is the Li* binding constant in the absence of
other metal ions (the true Li* binding constant), Ky, 18
the Mg?* binding constant in the absence of other metal
ions (the true Mg?* binding constant) and [Mg>*]; (as-
sumed ~ [Mg?*],) is the free Mg>" concentration.

2.6. Fluorescence spectroscopy

Fluorescence experiments were conducted using a
Photon Technology International QuantaMaster QM-1
fluorimeter. Fluorescence data was recorded using fu-
raptra, by scanning the excitation spectrum from 300 to
400 nm while monitoring the emission at 510 nm [32—
34]. Fluorescence experiments using purified G; alone
were conducted at room temperature, while the fluo-
rescence experiments using SROS membranes with and
without bound G; were conducted at 4 °C to increase
the stability of the SROS. The effect of the temperature
difference of the K,p, values was corrected using the
Van’t Hoff equation. For those fluorescence experiments
conducted at 4 °C, a cooling unit was connected to the
fluorimeter.

2.6.1. Calculation of [Mg*" |, values from fluorescence
spectroscopy data

When using furaptra, the free Mg?* concentration,
which was corrected for Li* binding to furaptra [26,32],
was calculated from the following equation:

_ KdSmin(R - Rmin)

M 24
[ g ]f Smax(Rmax - R)
+ KdSllnax (R — R;nax) [L1+}f (3)
KéSmax (Rmax - R) '

where R, Rmin, Rmax> Riyis Smins Smaxs Shax Ka and K are
defined in the abbreviations footnote.! The second term
of the equation compensates for the weak interaction
between the dye and Li*. As a large excess of Lit is used

in this experiment, then [Li*], ~[Li*];.
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The K4 values for Mg?* and Li* to furaptra at room
temperature were previously reported to be 1.50 and 250
mM, respectively [29,32,34]. We measured the K4 values
of Mg?>* and Li* to furaptra at 4 °C and found them to
be 4.12 and 530 mM, respectively [35].

2.7. Statistical analysis

The statistical significance of differences between sets
of data was assessed using a paired Student’s 7-test.

3. Results

3.1. Competition between Li* and Mg>* for the Mg+
binding sites on SROS membrane with and without G,
and with G, alone using "Li NMR

Fig. 1(a) and (c) illustrate that the linear increase in
Li Ty values with increasing Li* concentration for those
systems containing Gy was more pronounced in the
presence of 0.05 mM Mg?* than in its absence. In fact,
the slopes of such linear correlations for ROS-T and G
alone are significantly larger (p < 0.01) in the presence
of Mg?* (0.46 and 0.28, respectively) than in its absence
(0.34 and 0.10, respectively). Fig. 1(b), however, illus-
trates that the increase in the ’Li 7} values for SROS was
not greatly affected by the addition of 0.05 mM Mg>*.
The slope for the SROS correlation in the presence of
MgZ* (0.39) is not significantly different (p > 0.05) from
the value in the absence of Mg?* (0.35).

Using these 'Li 7; measurements, James—Noggle
plots were constructed [27,28] to calculate the K,pp, val-
ues for Li* binding to ROS-T, SROS and for G, alone
in the presence of increasing amounts of Mg>* (0.01-0.2
mM). The Li" K, values for ROS-T were the largest
for all systems at very low concentrations of added
Mg?** and also showed the largest decrease with in-
creasing [Mg”>*]; (4804 18-98 +15 M~!), while the Kapp
values for SROS showed a much smaller decrease under
similar conditions (270 £29-130+4 M~!). The magni-
tude of the decrease in the K,p, values for Gy alone,
however, was in between (235 + 3-60 +2 M~!) those for
ROS-T and for SROS. Thus, the Li* K,p, values for
ROS-T are the largest in the absence of Mg?t and the
most sensitive of the three systems to increasing Mg?*
concentrations.

Plots of Kapp vs. [Mg?*']; also show that the binding
strength of both ROS-T and G; to Li* exhibits a bi-
phasic dependence on [Mg”*];. The initial points for the
graphs of ROS-T and G, at low Mg?* concentrations
(0.01-0.1 mM) produce straight lines with much larger
slopes (—2500 and —1340, respectively) than the slopes
(—1320 and —446, respectively) for those points at higher
Mg>* concentrations (0.1-0.2 mM). Both graphs seem
to have a break point around 0.08 mM Mg>*. On the
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Fig. 1. "Li T} measurements for bovine SROS membranes with (a) and
without (b) heterotrimeric G and for Gy alone (c) in the absence (H) or
the presence (A) of 0.05 mM Mg>". The SROS membrane protein
concentration was 9.0 £ 0.8 mg/ml and all experiments were conducted
at 20+ 1 °Cin a 10 mm NMR probe in a dark room under a dim red
light. The error bars denote the range of values obtained from two
different trials.

other hand, the corresponding dependence of K,p, on
[Mg?*]; for SROS is linear.

Fig. 2 is a graphical representation of Eq. (2), where
the data is plotted as K-l vs. [Mg>*];. According to Eq.

app
(2), if all binding sites are independent, equivalent, and if
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[Mg?*]; ~[Mg?*];, the curves should be linear with in-
tercepts and slopes equal to Kljil and (Kwmg/Kti), re-
spectively, where K1; and Ky, are the true Li* and Mg>*
binding constants. The curve for SROS in Fig. 2 is linear
(R? = 0.999), indicating that a single type of equivalent
Lit and Mg?t binding site is indeed present for SROS.
The binding of both ions to SROS is weak, as shown by
the fact that [Mg>"]; ~[Mg>*]; holds even at very low
[Mg?*];, and by the estimated values Ki; and Ky,
(3104 17 and 6760 405 M ™!, respectively), which were
obtained from Eq. (2) by extrapolating the SROS data
from Fig. 2. However, the graphs for both G; and ROS-
T are not linear, reflecting the presence of more than one
type of ion binding sites. The graph for Gy is clearly
biphasic, with a break point around 0.08 mM Mg>*,
where the two linear sections of the plot are each defined
by four different K| values (R*=0.998 for
[Mg?*];<0.08 mM and R> =0.993 for [Mg?*];>0.08
mM). Assuming that [Mg>*]~[Mg>*];, the Ki; and
Kwmg values for Gy at low [Mg?"]; were estimated to be
260+ 6 and 12,4004+400 M~!, respectively, while at
high [Mg?*];, Ky and Ky, were 332444 and
22,530+ 1,800 M~!, respectively. However, these esti-
mates should have only qualitative value, as the as-
sumption that [Mg?*],~[Mg>*]; probably does not
apply, particularly when [Mg>*];<0.1 mM since the
total Gy concentration is 0.1 mM. The graph for ROS-T
in Fig. 2 is neither linear nor biphasic, as the three points
above 0.08 mM [Mg>*]; give a low R> = 0.961, reflecting
the presence of several types of ion binding sites.

The above calculations of the Li* and Mg?* binding
constants from Eq. (2) are based on very accurate pro-
tein concentrations only for Gy, because the purity and

0.0167
~ 0.012-
2
- =
5 0.0087
M
0.0044
./
0.000 T T T T T T T T
0.00 0.05 0.10 0.15 0.20

[Mg**] (mM)

Fig. 2. Variation of values of Ka*plp with [Mg?*]; for SROS membranes
with (V) and without (A) heterotrimeric Gy, using the same dark ex-
perimental conditions as for Fig. 1(a), and for purified G alone (H), in
the presence of varying concentrations of MgCl,. The SROS mem-
brane protein concentration was 9.0 £ 0.8 mg/ml. The concentration of
purified Gy used was 0.1 mM. The concentration range of LiCl varied
from 1-30 mM. The reported, apparent Li* binding K, values are the
averages from 2 separately prepared samples. The error bars represent
the range of the values obtained.

concentration of the SROS and ROS-T systems could
not be determined consistently and accurately. The
concentration of G; bound to the SROS membrane in
the ROS-T system is not constant as a result of the
procedure for sample preparation. The SROS system
could also possibly have different concentrations of
neutral and negatively-charged phospholipids, which
would affect the calculated Lit and Mg>* binding
constants.

3.2. Competition between Lit and Mg* for the Mg™*
binding sites on SROS membranes in the absence and
presence of G, and in purified G; alone using fluorescence
spectroscopy

Fluorescence measurements using furaptra were con-
ducted on ROS-T and SROS membranes. Fig. 3 shows
the fluorescence excitation spectra of a solution of ROS-
T membrane containing 2 uM furaptra, 2.2 mM MgCl,
and 150 mM Tris-Cl (pH 7.4) that were titrated with
various Li" concentrations. An increase in [Li*] resulted
in a blue-shift of the fluorescence spectrum (Fig. 3).
Table 1 shows the calculated [Mg?*]; values (after cor-
rection for Li* binding to furaptra) of solutions of ROS-
T and SROS membranes that were titrated with Li"
[29,35]. Comparison of the calculated [Mg>*]; values for
both ROS-T and SROS membranes shows that the val-
ues obtained from ROS-T membranes are significantly
lower than those obtained from SROS membranes. In
the absence of Li*, 67% of the Mg>* in the SROS
membrane sample is free, compared to 45% of the Mg>*
being free in the ROS-T membrane sample (Table 1).
Upon addition of 50 mM Li*, nearly 100% of the Mg>*
is free in the SROS membrane sample, compared to 65%
of the Mg?>* being free in the ROS-T membrane sample
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Fig. 3. Fluorescence excitation spectra of 2 uM furaptra in a solution

containing G¢-bound SROS membrane, 2.2 mM MgCl, and 150 mM

Tris-Cl, pH 7.4, and (a) 0 mM LiCl, (b) 5 mM LiCl, (c¢) 10 mM LiCl,

(d) 20 mM LiCl and (e) 50 mM LiCl. The membrane protein con-

centration was 1.04 mg/ml.
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Table 1

Fluorescence-determined [Mg?*]; values for ROS membrane suspensions with and without G*

[Lit)YmM SROS membranes® ROS-T membranes® Ratio of Mg?* release from SROS over
Rd [Mg**]; (mM) R4 [Mg>]r (mM) ROS-T (IMg**] sros/[Mg>* It ros-1)
0 1.06 1.48 0.94 1.00 1.49
5 1.12 1.73 0.99 1.20 1.44
10 1.18 1.99 1.04 1.37 1.46
50 1.27 2.20 1.11 1.44 1.53

#The reported values represent an average of measurements conducted in three separately prepared samples. All samples contained 2 uM furaptra,

2.2 mM MgCly, and 0.15 M Tris-Cl, pH 7.4, at 4 °C.
®The total protein concentration was 0.85 mg/ml.
©The total protein concentration was 1.04 mg/ml.

9The errors in the determination of the R values (Fs35/F370) were less than 10%.

(Table 1). The protein concentration was a factor of 1.22
in the ROS-T membrane samples as compared to the
SROS membrane samples, but the [Mg>*]; values were
decreased by a factor of 1.53+0.10 (Table 1, last col-
umn). This unexpected result, which indicates that the
presence of G in the ROS membrane (ROS-T) decreases
the displacement of bound Mg>* upon addition of Li*,
led us to investigate the effect of G, on Mg?>* binding and
displacement in the presence of Lit.

Fluorescence experiments, using furaptra, were con-
ducted with purified G; in its inactive GDP-bound
conformation. Fig. 4 shows the fluorescence spectra
obtained when a solution, containing 100 uM Gy, 100
uM GDP and 300 uM Mg>*, was titrated with Lit.
Again, as the Li* concentration increased, the spectrum
of the Mg>*-sensitive dye was blue shifted. Table 2
shows the calculated [Mg>*]; values (after correction for
Li* binding to furaptra) for the solution of the GDP-
bound form of Gy after titration with Li* [29,35]. This
table also indicates that there are, at least, three Mg>*
binding sites per G; molecule, since 300 pM Mg>* is
completely bound to 100 uM Gg.
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Fig. 4. Fluorescence excitation spectra of 100 uM Gy and 100 uM GDP
with 300 pM Mg>* alone (a), and titrated with Li* (Traces b through
e). The Li™ concentrations were: (b) 5 mM, (c) 10 mM, (d) 20 mM, and
(e) 50 mM.

3.3. Effect of Lit on the release of G, bound to SROS
membranes

The amount of G; released from the SROS mem-
branes was affected by the addition of Li* (Table 3). The
amount of Gy released from the SROS membranes de-
creased from 57.2% for the control experiment, which
contained 1 mM Mg>*, to 45.4%, 47.4%, and 41.5%,
after the addition of 15, 30 and 50 mM Li™", respectively.
This decrease in the amount of released G; from the
SROS membranes was found to be statistically signifi-

Table 2
Fluorescence-determined [Mg>*] values for G, solutions titrated with
Li+a

[Li*] (mM) R® Mg* ] (uM)
0 0.48 0
5 0.54 87

10 0.58 137

20 0.63 178

50 0.72 195

#The reported values represent an average of measurements con-
ducted in three separately prepared samples. All samples contained 2
uM furaptra, 100 uM Gy, 100 pM GDP, 300 uM MgCl,, and 0.15 M
Tris-Cl, pH 7.4, at 25 °C.

°The errors in the determination of the R values (F3ss /F370) were less
than 10%.

Table 3

Effect of Li™ and K on the release of G, from SROS membranes?
Cation [Gl]addcd (HM) [Gl]rclcascd (“M) Protein
concentration® released (%)
1 mM Mg** 4.95 2.83+0.09 57.2+1.76
15 mM Li* 4.95 2.25+0.30 4544498
30 mM Li* 4.95 2.35+0.15 47.4+3.03
50 mM Li* 4.95 2.054+0.13 41.5+2.60
15 mM K+ 4.95 2.78+0.18 56.1+3.66
30 mM K+ 4.95 2.70 £0.08 54.6 +1.53

#The reported values represent an average of measurements con-
ducted in three separately prepared samples.

® All G, samples were prepared in a 10 mM MOPS (pH 7.5) buffer
containing 2 mM DTT and 1 mM Mg>* before the addition of one of
the above cation concentrations.
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cant (p < 0.05). In contrast, the addition of 15 or 30 mM
K" did not result in a statistically significant (p > 0.05)
decrease in the amount of released Gy (Table 3), as
compared to the control condition.

4. Discussion

It is known that G-proteins require Mg>* to function
[4,5]. Specifically, Mg>* ions must bind to a high affinity
(K4 in nM) Mg>* binding site for the G-protein to
possess its GTPase activity and to a low affinity (K4 in
mM) Mg”* binding site for the G-protein to possess its
GDP/GTP exchange activity [5,14]. Because Li™ and
Mg>* ions have similar chemical and physical properties
[1,13], competition between Li* and Mg>* for the Mg?*+
binding sites in G-proteins is plausible. We have previ-
ously demonstrated Li* and Mg>* competition for
Mg?* binding sites in intact cells and various biomole-
cules [29,35-40]. Evidence of Li* and Mg>* competition
for the Mg?* binding site(s) of various Mg?>*-dependent
enzymes [41,42], including G-proteins [8,9,13,14] has
also been reported. In this study, we used 'Li T} relax-
ation measurements and fluorescence spectroscopy with
the Mg>* fluorophore, furaptra, to examine the Li*/
Mg?* competition hypothesis in three model systems:
the purified G-protein Gy, stripped ROS membranes
with bound G (ROS-T), and stripped ROS membranes
without bound G; (SROS).

Since the observed ’Li T} values are a weighted av-
erage of the free and bound Li T} values, they represent
a function of free Li™ concentrations and, indirectly, a
function of free Mg?* concentrations [27,35,43], because
Li* and Mg>* compete for the same Mg>* binding sites.
Therefore, this method is sensitive to both LiT-induced
Mg+ displacement and Mg”*-induced Li*™ displace-
ment. The "Li 7} values obtained for ROS-T, SROS and
G; alone, in the absence and presence of 0.05 mM Mg>*
increase linearly as [Li*] increases, and this indicates
that Li* binds to both membrane systems and to Gy
itself (Fig. 1(a)—(c), respectively). The addition of Mg>*
resulted in large increases in the slopes of the corre-
sponding curves for ROS-T membrane and Gy, whereas
the slope remained constant for the SROS membrane
curve, demonstrating that the presence of Gy decreases
the binding of Li™, as Li* competes to a lesser extent for
the binding sites occupied by Mg>*.

When both ROS-T and SROS membrane samples
were titrated with Li™ in the presence of increasing
amounts of Mg?*, the Kapp values for Lit binding de-
creased due to Mg>*-induced Li* displacement. The
increase of K, 1 with [Mg**]; (Fig. 2), plotted according
to Eq. (2), is linear for SROS membranes, reflecting the
presence of a single type of relatively weak, equivalent
Lit and Mg?* binding sites with constant Ky; and Ky,
values, and Ky, /Ky; ~ 22, leading to [Mg>" ] ~ [Mg?*];.

However, the behaviour of Ky, for Li* binding to ROS-
T was more complicated: at low [Mg?*] (<0.1 mM),
Mg?* is able to displace large amounts of Li*, reflected
in the large decrease in the Li™ K,,, values, while at
larger [Mg?>*] (=0.1 mM), a much smaller amount of
Lit is displaced, again reflected in the smaller decrease
in the Lit K,pp values at larger Mg?* concentrations.
Consequently, the curve for ROS-T in Fig. 2 is not
linear, reflecting Li*/Mg?* competition at more than
one type of ion binding sites with different affinities for
both ions. In order to determine whether this non-linear
pattern was caused by Gy itself or by its interaction with
the SROS membranes, ’Li 7} relaxation measurements
were conducted on Gy alone.

The plot of K, vs. [Mg”*]; (Fig. 2), generated on the
basis of the ’Li 7; measurements when samples of pu-
rified Gy were titrated with Li* in the presence of in-
creasing amounts of Mg?*, is clearly biphasic, with a
break point around 0.08 mM Mg>*. At lower [Mg>*];
(<0.08 mM), Mg>* was able to displace larger amounts
of Li* than at higher [Mg?*], (>0.08 mM). This again
suggests Li*/Mg>* competition for two types of cation
binding sites in G; with different affinities for both ions.

Thus, Fig. 2 demonstrates the biphasic nature of the
competition between Li* and Mg?* in the G, samples,
while for ROS-T the competition model seems to be
more complex. At a concentration as low as 0.025 mM
Mg*t, Mg?* addition decreased the K,p, values for Lit
binding by 100 M~! for ROS-T and by 40 M~! for Gq,
indicating that a small amount of Mg>* is able to dis-
place a large amount of Li*, presumably from the high-
affinity Mg?>* binding site. Since the competitive Li*
concentrations were two to three orders of magnitude
higher than those of Mg>*, the affinity of Li* for the
high-affinity Mg?* binding site must be rather low.
Thus, it is likely that at physiological Mg>* concentra-
tions, Li* modulates Mg>* binding in a competitive
manner primarily by competing for the low affinity
Mg?* binding sites.

Fig. 2 also shows that the binding site(s) available to
Li* are stronger for ROS-T than for SROS and G,
suggesting that the G-ROS membrane interface in-
creases the affinity of the G; low affinity metal binding
sites for Li* binding. The presence of these binding sites
may be the source of the higher complexity of the ion
competition observed for ROS-T relative to SROS and
G:. However, the dependence of Li™ binding K, values
to ROS-T on Mg>* concentration did not fit this simple
model.

Our NMR studies demonstrated Li* binding to ROS-
T and G, and Li*-induced displacement of Mg>* are
also from these two systems. The fluorescence spectra
provided evidence for a Lit concentration-dependent
release of Mg?t from ROS-T and from G, (Figs. 3 and
4). As the Li™ concentration was increased, the fluo-
rescence spectra of ROS-T and of Gi-containing sam-
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ples were blue shifted, indicating displacement of Mg>*
by Li" in both systems. Thus, as with the NMR results
for these two systems, the fluorescence spectra (Figs. 3
and 4) support the conclusion that Li* addition causes
Mg?* displacement from these two systems.

Other fluorescence experiments demonstrate that
Mg?* is displaced more effectively from the SROS than
from ROS-T (Table 1). With G; addition, the total
protein concentration in the ROS-T system was in-
creased by a factor of 1.22 over the SROS system, which
would be expected to result in an increase in the number
of Mg>* binding sites and a decrease in [Mg>*]; in G
and in particular for ROS-T, where competition leads to
a more pronounced break in the graph. However,
[Mg?*]; decreased by a larger factor of 1.5340.10
(Table 2, last column). Thus, the decreased [Mg>*]; in
the ROS-T samples as compared to the SROS samples
cannot solely be attributed to the increase in protein
concentration of the ROS-T system. It may be due to the
presence of high affinity Mg?>* binding sites on the
bound G; in the ROS-T system.

Table 2 indicates that there are three Mg?t binding
sites per Gy molecule. It also shows that even at 50 mM
Li*, only two thirds of the Mg>* initially present is
displaced from G;. However, as Table 1 indicates, at 50
mM Li* all the Mg?* is displaced from the SROS. These
results indicate the presence in the G; molecule of one
Mg binding site that selectively binds Mg>* even in
the presence of large amounts of Li*. This high affinity
Mg?* binding site is responsible for the biphasic re-
sponse of the plots of K, |, vs. [Mg**] for G; and ROS-T
(Fig. 2). However, even at 5 mM Li*, a small amount of
Mgt is displaced from G, (Table 2), suggesting the
presence of two low affinity Mg”* binding sites from
which Li* can effectively displace Mg>* even in the
presence of excess Mg?*. Thus, the fluorescence data
indicate Li* displacement of Mg?* from G, and suggest
that there are two types of Mg?* binding sites on G, that
have different affinities for Mg?*. The Li* displacement
of Mg occurs only at the low affinity Mg>* binding
sites.

However, the purpose of this study was not the full
characterization of these two types of Mg>" binding
sites. The affinities of these two types of Mg>* binding
sites both for Li* and Mg>* along with their location
will be the focus of a future study in which this Li*/
Mg+ competition hypothesis will also be tested in the
GTP bound form of G;.

The biophysical studies described above provide evi-
dence for an ionic competition mechanism between Li™
and Mg?* for the Mg>* binding sites on G, where Li*
can displace Mg>* at the low affinity Mg?*-binding sites
of the protein, in accordance with the hypothesis [8,14]
previously proposed for the G-proteins present in the
membranes from rat cerebral cortex. Li* binding to G
may affect its functional properties such as its release

from the SROS membranes. The ability of Li* to reg-
ulate Gy release may be important for the understanding
of its pharmacological action in the treatment of bipolar
disorder. Thus, the effect of Li* on G release from
SROS membranes was examined.

At concentrations of 15, 30 and 50 mM, Li* was
found to inhibit the release of G; from SROS mem-
branes in the presence of Gpp(NH)p (Table 3). At 15
mM, the amount of released G, was significantly de-
creased (p < 0.05) by 17%, in comparison to the control
condition, while, at 50 mM Li", the amount of released
G was significantly decreased (p < 0.05) by 27%, as
compared to the control condition. To ensure that this
effect was not due to ionic strength, G; release experi-
ments were also conducted in 15 and 30 mM K*. At
these two K™ concentrations, the amount of released G,
was not statistically different (» > 0.05) from the control
experiment (Table 3). Thus, this effect was not due to
ionic strength. Therefore, Lit is able to inhibit G; re-
lease, probably by displacing Mg?*, presumably from
the low affinity Mg>* binding sites, which are known to
be necessary for the release of G; from the SROS
membranes [5,14]. By decreasing the amount of released
Gy, Lit can alter the signal transducing properties of
this G-protein, ultimately inhibiting the G-protein’s
ability to produce an intracellular effect in response to
an extracellular signal.

In summary, the multinuclear NMR methods devel-
oped by us and others for small molecules to probe Li™
binding as well as Li*/Mg>* competition [29,35-
40,44,45] were extended to the 84.5 kDa G-protein Gq.
Using these NMR methods based on 'Li T} relaxation
measurements, and fluorescence spectroscopy with the
Mg?* fluorophore, furtrapra, we have demonstrated
that Li* binds to G, ROS-T and SROS and that Li*™
competes with Mg”>* in a biphasic manner for G; and
ROS-T, suggesting two types of Mg?* binding sites of
different affinity. Additionally, in the present study, we
demonstrated that Li™ is able to inhibit the release of G;
from SROS membranes, presumably by displacing
Mg?* from the low affinity Mg?* binding sites. By in-
hibiting the release of Gy from SROS membranes, Li*
may be able to modulate the activity of Gg.

Considering the homology of the high-affinity Mg?*
binding site among all G-proteins [16-21], and the
present study, it is unlikely that Li*/Mg>* competition
can occur at this site. By contrast, sequence and struc-
tural analyses of the low-affinity Mg>* binding site are
unavailable. Further characterization of these two types
of Mg?* binding sites in transducin in other conforma-
tions as well as in other G-proteins will be attempted in
future studies to determine whether Lit may be able to
compete for the low-affinity Mg?* site and modulate the
activity of G-proteins, which ultimately, may be one of
the mechanisms of lithium action in the treatment of
bipolar disorder.
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The therapeutic 0.5-1.0 mM concentration range of
Lit corresponds to plasma concentrations, but, as our
recent studies with different types of cells show [46], Li™
can concentrate intracellularly up to approximately 3-5
mmol/l cells, which corresponds to 5-8 mM (assuming
that the cytoplasmatic volume is roughly 80% of the cell
volume). Because the G protein targets are intracellular,
we predict that at therapeutic intracellular Li™ concen-
trations, Li* competes with ~20-30% Mg?* and is re-
sponsible for ~10% of Li*-induced Gy, release.
However, high concentrations of Mg>* (5-100 mM) are
found to increase the rate of binding of GTPy S to both
G, and G;j and consequently their rate of activation by
GTPy S, indicating that low affinity Mg>* site(s) are
involved here. This process requires removal of GDP
first from the G, site. GDP dissociates slowly from
isolated G,, but binds almost irreversibly to Gygy,
thereby rendering activation dependent on G, interac-
tion with hormone-activated membrane receptors. The
GDP binding and dissociation from isolated G,. GDP
depends on the structure and flexibility/rigidity of the
switch I (G2 loop) and switch II (G3 loop and a 2) re-
gions, which are disordered in this form. Thus, a low
affinity Mg>* ion would probably bind close to these
regions, whose conformations are directly affected by
Gp, binding and indirectly by receptor interactions. Li*
competition with the low-affinity Mg?* site would an-
tagonize the mM range effects of Mg?*, but not the uM
range effects. This means that Lit would retard the
processes leading to G, activation, but would not affect
the deactivation GTP hydrolysis process.

5. Abbreviations

cAMP cyclic adenosine 3, 5-monophos-
phate

DAG diacylglycerol

DTT dithiothreitol

EDTA ethylenediamine-N, N, N’, N'-tetra-
acetic acid

G-protein guanine nucleotide-binding protein

G, transducin

G, GtBa and th
GDP

o, B, and y subunits of transducin
guanosine-5'-diphosphate

Gpp(NH)p B, y-imidoguanosine 5'-triphos-
phate

GTP guanosine-5'-triphosphate

ICP-ES inductively coupled plasma
emis-sion spectrometry

1P, inositol 1,4,5-triphosphate

[Lit]e concentration of free Li™ ions

[Lit]; total concentration of Lit ions

Kapp apparent Li* binding constant

Ky dissociation constant

Ki; Li* binding constant

Kg Mg?* binding constant

Mg concentration of free Mg>* ions

Mg, total concentration of Mg”* ions

MOPS 3-[N-morpholino]propanesul-
phonic acid

PI phosphatidyl inositol

PDE phosphodiesterase

PMSF phenylmethylsulphonyl fluoride

Psi pounds per square inch

R photoexcited rhodopsin

Ry the reciprocal of the T,

R; the reciprocal of the Ti¢

Rmax and R) intensity ratios in the presence of
satu-rating amounts of Mg** or
Li*, respectively

Roin intensity ratio in the absence of
metal ions

Robs the reciprocal of the 77ops

RBCs red blood cells

ROS rod outer segment

ROS-T stripped ROS membranes
reattached to G;

Smax and S/ fluorescence intensities at 510 nm
after excitation at 370 nm in the
presence of saturating amounts of
Mg?>* or Li*, respectively

Stnin fluorescence intensity at 510 nm
after excitation at 370 nm in the
absence of metal ions

SROS stripped ROS membranes without
bound transducin

T spin-lattice relaxation time

T the 77 value in the presence
of saturating amounts of substrate

Tir the 7} value in the presence of
saturating amounts of Li*

Tiobs the experimentally-determined 7
value

Tris Tris[hydroxymethyllJaminomethane
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