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Broad-Spectrum, Non-Opioid Analgesic Activity
by Selective Modulation of Neuronal Nicotinic
Acetylcholine Receptors
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D. Donnelly-Roberts, P. S. Puttfarcken, R. S. Bitner, A. Diaz,
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Development of analgesic agents for the treatment of severe pain requires the identi-
fication of compounds that are devoid of opioid receptor liabilities. A potent (inhibition
constant = 37 picomolar) neuronal nicotinic acetylcholine receptor (NnAChR) ligand called
ABT-594 was developed that has antinociceptive properties equal in efficacy to those
of morphine across a series of diverse animal models of acute thermal, persistent
chemical, and neuropathic pain states. These effects were blocked by the nAChR
antagonist mecamylamine. In contrast to morphine, repeated treatment with ABT-594
did not appear to elicit opioid-like withdrawal or physical dependence. Thus, ABT-594

may be an analgesic that lacks the problems associated with opioid analgesia.

Systemic administration of opioid analgesics
such as morphine remains the most effective
means of alleviating severe pain across a
wide range of conditions that includes acute,
persistent inflammatory, and neuropathic
pain states (I). Despite the broad-spectrum
analgesic actions of the opioids, their clinical
use is limited by side effects such as respira-
tory depression, constipation, and physical
dependence as well as scheduling constraints
and perceived abuse liabilities (2). Efforts to
develop new generations of analgesics for the
treatment of moderate to severe pain states
based on advances in the understanding of
endogenous opiate systems have resulted
in only modest incremental improvements
(3). Thus, the challenge in developing
therapies for the management of severe
pain has been the identification of com-
pounds that are devoid of opioid receptor
interactions and consequently of opioid-
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related liabilities, yet have a defined
mechanism of action that is related to
pain-processing mechanisms.

The antinociceptive activity of (—)—nic-
otine was reported as early as 1932 (4). How-
ever, (—)—nicotine has not been developed
as an analgesic agent because of its poor spec-
trum of antinociceptive activity, low intrinsic
activity relative to that of the opioids, and
poor side-effect profile (5). The potent,
broad-spectrum antinociceptive actions of
epibatidine (6), an alkaloid isolated from the
skin of Ecuadorian frogs, are also mediated via
a neuronal nicotinic acetylcholine receptor
(nAChR) mechanism (7). However, these
antinociceptive actions are accompanied by
adverse effects (for example, hypertension,
neuromuscular paralysis, and seizures) at or
near the doses required for antinociceptive

Fig. 1. The chemical struc-
tures  of * (—)—nicotine,
(*)—epibatidine, and ABT-
594  [(R)-5-(2-azetidinyl-
methoxy)-2-chloropyridine].
Like epibatidine, ABT-594
possesses a 2-chloro-5-
pyridyl group and a basic
nitrogen atom, but it differs

(-)-Nicotine

H
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efficacy (8), and these dose-limiting in vivo
actions have precluded the development of
epibatidine as an analgesic agent. Because
these effects are mediated via interactions
with distinct ganglionic, neuromuscular, and
central nervous system (CNS) nAChR sub-
types, the design of compounds selective for
distinct nAChR subtypes is an approach to
identifying analgesic agents with reduced side
effects as compared to those of (#)—epibati-
dine. In the rodent CNS, the predominant
nAChR subtypes are @482 and the homooli-
gomer a7 (9). These differ from the o, 3,3v(e)
and a3-containing nAChR subtypes found at
the neuromuscular junction (10) and sympa-
thetic ganglia (11), respectively, that mediate
many of the undesired functional effects of
(#+)—epibatidine. A number of nAChR li-
gands have been reported that are selective for
neuronal nAChR subtypes and may have po-
tential in the treatment of Alzheimer’s discase
and Parkinson’s disease (12).

ABT-594 [(R)-5-(2-azetidinylmethoxy)-
2-chloropyridine] (Fig. 1) was synthesized as
a potential neuronal nAChR ligand and
identified asa potential analgesic agent in a
mouse hot plate screen (13). The activity of
ABT-594, (—)—nicotine, and (=) —epibati-
dine at a4B2 neuronal nAChRs was deter-
mined with the use of [*H]eytisine binding to
rat brain membranes (Table 1) (I14). The
inhibition constant (K)) values for the three
nAChR ligands were 37 pM, 1 nM, and 42
pM, respectively. In cell membranes from
Torpedo californica electroplax (that is, neu-
romuscular nAChRs), ABT-594 and
{—)—nicotine were ineffective in displacing
['#*T]a-bungarotoxin (a-bgt) binding (K, >
10 M), whereas (=) —epibatidine had a K,
value of 2.4 nM. Thus, while ABT-594 and
(%) —epibatidine have similar affinity for

N Cl

(1)-Epibatidine ABT-594

structurally in several respects (13), including (i) the azacycle moiety encompassing the basic nitrogen atom
(azetidine versus 7-azabicyclo[2.2.1]heptane); (i) elements linking the pyridyl group to the azacycle moiety
(oxymethylene versus a single bondy; (iii) the smallest number of contiguous bonds intervening between the
pyridine moiety and the basic nitrogen atom (four versus three); (iv) the number of freely rotatable internal
ponds in the molecule (three versus one); and (v) the number of chiral centers (one versus three).
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a4B2 neuronal nAChRs, ABT-594 had ap-
proximately 4000 times less affinity for neu-
romuscular nAChRs than did (*)—epibati-
dine. Morphine was inactive (K, > 10 pM)
at both nAChR subtypes studied. ABT-594
had low affinity (K, > 1000 nM) for 70 other
drug targets, including other ligand-gated
ion channels, heterotrimeric GTP-binding
protein—coupled receptors (including opioid
and muscarinic receptor subtypes), amine

uptake sites, channel proteins, second mes-
senger system proteins, and isoforms of cy-
clooxygenase (15). The preferential selectiv-
ity of ABT-594 for neuronal a4B2 nAChRs
thus provided a basis for an improved ther-
apeutic index relative to (*)—epibatidine.

ABT-594, (—)—nicotine, and morphine
were compared in animal models of acute
thermal (rat hot box) (16) and persistent
chemical (formalin test) (17) pain. In the

Table 1. Binding assays for nAChR subtypes (8). The values represent the mean = SEM.

[PH]cytisine K, (nM) ['28l)a-bgt K; (NM)

Compound . T. californica electroplax,
? {rat brain, o:4B2) (neuromuscular junct‘i)on)
(—)—Nicotine 1.0 01 >10,000
(*)—Epibatidine 0.042 + 0.001 24 *05
ABT-594 0.037 = 0.003 >10,000
Morphine >10,000 >10,000
Fig. 2. (A), (C), and (E) 20
*
show the effects of ABT- - 18- A =1
594 (squares), (—)—nico- > 164
ting (cirgles), anq mor- 2 i3] Acute pain
phine (triangles) in pre- % A (hot box)
8 124

clinical models of acute,
persistent, and neuro- 10+
pathic pain. Al com-
pounds were adminis-
tered ip. Each compound
was tested independent-
ly, but for graphical pre-
sentation, control (that is,
saline-treated  animal) 50-
values were pooled from
each experiment. Values
shown represent the
mean *+ SEM. Statistical
significance () repre-
sents different from con-
trol within each experi-
ment with the use of anal-
ysis of variance (ANOVA),
followed by Fisher’s pro-
tected least-significant
difference (P < 0.05). (B),
(D), and (F) show the blockade of the antinociceptive effect of ABT-594 by pretreatment with the nAChR
antagonist mecamylamine (mec) in these same three models; (*) represents statistically different from
saline/saline (sal/sal) and mec/ABT-594 groups with the use of ANOVA, followed by Fisher's protected
least-significant difference (P < 0.05). (A) Effects in the rat hot box, a model of acute thermal pain (n = 8
per treatment group). The latency for the animal to remove its paw from a thermal stimulus was used as the
dependent measure. Data were collapsed from measures taken 15, 30, and 45 min after ABT-594
treatment. (B) Mecamylamine pretreatment (5 wmol/kg, ip) attenuated the antinociceptive effect of ABT-
594 (0.1 wmol/kg, ip) in the rat hot box (1 = 8 per group). Data were collapsed from measures taken 15,
30, and 45 min after ABT-594 treatment. (C) Effects in the formalin test, a model of persistent pain (n = 8
per treatment group). The number of nocifensive responses 30 to 50 min after injection of 5% formalin
(phase 2) into the dorsal surface of the hindpaw was used as the dependent measure, and drugs were
administered 5 min before the injection of formalin. Note the reversed y axis on the graph. Statistical
significance (*) represents different from control within each experiment with the use.of ANOVA, followed
by Fisher's protected least-significant difference (P < 0.05). (D) Mecamylamine pretreatment (5 umol/kg,
ip) attenuated the antinociceptive effect of ABT-594 (0.3 umol/kg, ip) in the formalin test (n = 8 per group).
(E) Effects in the Chung model, a model of neuropathic pain (7 = 6 per treatment group). Allodynia was
measured with calibrated Von Frey filaments according to the method of Chaplan et al. (34). (F)
Mecamylamine pretreatment (5 wmol/kg, ip) attenuates the anti-allodynic effect of ABT-594 (0.3 umol/kg,
ip) in the Chung model (n = 6 per group). The data were obtained 15 min after ABT-594 treatment. Initial
treatment (with saline or mecamylamine) was administered 15 min before the second treatment (with
saline or ABT-594). :

104

Persistent pain
(formalin test)

Responses
w
T

Neuropathic pain
(Chung model)

Force (g)

001 01 1 10 sal mec sal mec
Dose (pmol/kg) sal sal  ABT ABT

hot box assay, morphine and (—)—nicotine
are effective in attenuating the response to
pain (18). ABT-594 was, however, 30 to 70 .
times more potent in eliciting a dose-depen-
dent antinociceptive effect, with an efficacy
similar to that seen with morphine (Fig.
2A). The analgesic effects of ABT-594 [0.1
pmol per kilogram of body weight (pmol/
kg), administered intraperitoneally (ip)] in
the hot box model were attenuated by pre-
treatment with the nAChR antagonist
mecamylamine (5 wmol/kg, ip) (Fig. 2B) but
not by the opioid antagonist naltrexone
(19). In the formalin test, the second phase
of the biphasic nociceptive response is
thought to be mediated, in part, by a sensi-
tization of neuronal function at the level of
the spinal cord (20) and may reflect the
clinical observation of hyperalgesia associat-
ed with tissue injury. Nociceptive respond-
ing during phase 2 was blocked by ABT-594
in a dose-dependent manner with a potency
nearly 70 times greater than that of mor-
phine when ABT-594 was administered be-
fore the injection of 5% formalin into the
paw (Fig. 2C). The antinociceptive effects of
ABT-594 (0.3 wmol/kg, ip) in the formalin
test were attenuated by pretreatment with
mecamylamine (5 pwmol/kg, ip) (Fig. 2D) but
not by naltrexone (19). (—)—Nicotine (0.62
to 6.2 pmol/kg, ip) was ineffective in this
model, with higher doses being toxic. In
contrast to the restricted activity of
{—)—nicotine, ABT-594 was an effective
antinociceptive agent in both an acute ther-
mal model of pain (the hot box) and a
persistent chemical model of pain (the for-
malin test), with efficacy equivalent to that
of morphine. Thus, based on these behavior-
al endpoints, ABT-594 was effective in re-
ducing the nociceptive input that is known
to be encoded primarily by C-fiber afferents.

In neuropathic pain models, nerve injury
results in neuroplastic changes that lead to
allodynia, a condition characterized by no-
cifensive behavioral responses to what are
normally nonnoxious stimuli conducted by
APB fibers. In the Chung model of neuro-
pathic pain, allodynia is produced in the
hind limb ipsilateral to the ligation of the L5
and L6 spinal nerves (21). ABT-594 pro-
duced a dose-dependent antiallodynic effect
(Fig. 2E) in this model that was blocked by
mecamylamine pretreatment (Fig. 2F).
{—)—Nicotine and morphine treatment also
produced antiallodynic effects but had po-
tencies 20 and 30 times lower, respectively,
than that seen with ABT-594. Thus, ABT-
594 appears to interact with nAChRs to
achieve antinociception, equal in efficacy to
and greater in potency than morphine, in
three mechanistically diverse animal models
of pain. ABT-594 is able to reduce nocicep-
tive behaviors regardless of whether they are
encoded by C fibers (for example, acute
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pain) or AR fibers (for example, neuropathic
pain). :

Activation of primary afferent pain fibers
by noxious stimuli can induce the release of
neurotransmitters such as calcitonin gene-
related peptide, glutamate, and substance P
(SP) from nerve terminals in the dorsal horn
of the spinal cord (22). These then activate
secondary neurons in the dorsal horn to fa-
cilitate nociceptive transmission to supraspi-
nal levels. The analgesic effects of opioids
such as morphine are mediated, in part, by
decreasing the release of these neurotrans-
mitters in the dorsal horn (1). Selective de-
polarization of C fibers by 1 wM capsaicin
can be used to stimulate SP release from
spinal cord slices (23). ABT-594 dose-de-
pendently reduced capsaicin-induced release
(1 to 30 uM), with maximal effects observed
at 30 uM concentration. The effect of 30
uM ABT-594 was blocked by pretreatment
with mecamylamine (100 uM) (24).

Electrophysiological studies were also con-
ducted in anesthetized rats to determine
whether ABT-594 selectively affected affer-
ent sensory neuron activation after non-nox-
ious (that is, AB-fiber activation) and noxious
(for example, C-fiber activation) stimuli. Ex-
tracellular recordings were made from conver-
gent neurons in the dorsal horn that respond-
ed to both non-noxious and noxious stimuli
(25). An antinociceptive dose of ABT-594
[0.3 wmol/kg, administered subcutaneously
(sc)] reduced activity in neurons activated by
noxious mechanical or thermal stimuli but did
not alter the activity of these dorsal hom
neurons when activated by non-noxious me-
chanical and thermal stimuli (26). This sug-

Fig. 3. (A) Systemic ad-
ministration of an antino-
ciceptive dose of ABT-
594 (0.3 pmol/kg, ip) (b),
but not saline (a), pro-
duced an increase in c-
fos staining in the NRM
(30). The scale bar repre-
sents 100 um. (B) Local
injection of ABT-594 into
the NRM (32) produced

gests that ABT-594 can selectively inhibit
afferent pain signal transmission without af-
fecting other sensory modalities such as touch.

In separate electrophysiological studies,
intradermal injection of ABT-594 (2.7 to
29.7 nmol in 50 pl) into the hindpaw re-
duced the spinal neuronal responses to nox-
ious stimuli in a dose-dependent manner
(25). The maximal effects of ABT-594 (60
to 70%) on the spinal neuronal responses to
noxious heat and mechanical stimuli ap-
plied to the hindpaw were reversible by
mecamylamine (250 g in 50 ul) given at
the same site. Because the expression of the
nAChRs on the central terminals of C fi-
bers is likely to be paralleled by a peripheral
location, it is likely that inhibition of trans-
mitter release and activity by ABT-594 may
occur at both ends of C fibers.

At the supraspinal level, the primary
mechanisms for inhibiting nociceptive trans-
mission include activation of the brainstem-
descending pain inhibitory systems that arise
from monoaminergic cell groups such as the
nucleus raphe magnus (NRM) and the locus
coeruleus (27). Activation of these areas can
gate transmission of afferent impulses at the
level of the spinal cord and thus prevent
nociceptive input from reaching higher cen-
ters. Injection of (—)—nicotine into the
NRM of rats can produce an antinociceptive
effect in both the tail-flick and hot plate
assays (28). Using expression of the immedi-
ate early gene c-fos as a marker of neuronal
activation (29), antinociceptive doses of
ABT-594 were shown to increase c-fos immu-
noreactivity in the NRM (Fig. 3A) (30). To
establish the fact that local activation of these

an antinociceptive effect in the rat hot box. Values represent mean = SEM (n =

8 to 10 per group). Injections were made in rats with indwelling cannulae located

(9]

in the NRM. Statistical significance (%) represents difference from saline (P <

0.05). (C) Studies were conducted in rats to determine whether, like morphine,
ABT-594 produces physical dependence with repeated administration and elic-
its withdrawal signs after nonprecipitated discontinuation. Decreases in food
intake in response to compound discontinuation were interpreted as a sign of
withdrawal, as published by Goudie and Leathley (32). Rats were treated with
vehicle (circles), ABT-594 (1.2 wmol/kg, ip) (squares), or morphine (84 pmol/kg,
ip) (triangles) twice a day for 10 days. Data are presented for days 8 through 10
of treatment (D8 through D10) and for 8 days after discontinuation of treatment
(W1 through W8). Decreased food intake was observed after discontinuation of
morphine treatment but not of ABT-594 treatment. In addition, in a separate
experiment using a conditioned place-preference procedure, morphine, but not
ABT-594, produced conditioned place preference (35).

Food intake (g)

neurons was antinociceptive, very low doses
of ABT-594 (0.004 to 0.04 nmol per rat) were
microinjected directly into the NRM and pro-
duced a significant antinociceptive effect in
the hot box model (Fig. 3B) (31). Thus, the
antinociceptive activity of ABT-594 could
result, in part, from activation of neurons in
the NRM, which in turn provides a critical
descending pain-inhibitory mechanism.

Studies were also conducted in rats to
determine if, like morphine, ABT-594 pro-
duces overt physical dependence with re-
peated administration and elicits withdrawal
signs when discontinued (32). Decreases in
food intake in response to compound discon-
tinuation have been interpreted as a sign of
opioid withdrawal. Rats were treated twice a
day for 10 days with vehicle, ABT-594, or
morphine at doses that were approximately
four times the maximally effective antinoci-
ceptive dose. Treatment was stopped after
day 10 and animals were monitored for an
additional 8 days. Decreases in baseline-food
intake were observed during treatment in
both morphine- and ABT-594-treated rats
(Fig. 3C). Upon discontinuation of treat-
ment (that is, withdrawal), animals given
morphine showed an additional decrease in
food intake that peaked at day 2. In contrast,
food intake in animals treated with ABT-
594 returned rapidly to control levels after
cessation of treatment, which suggests that
ABT-594 does not produce opioid-like with-
drawal effects. Clinical study of ABT-594
will help determine whether or not there are
nicotinelike dependence liabilities, as ob-
served in users of tobacco products.

The nAChR ligand ABT-594, but not

B
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z
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(—)—nicotine, has both peripheral and cen-
tral antinociceptive effects in preclinical mod-
els of acute thermal, persistent chemical, and
neuropathic pain states. The cardiovascular
liablities associated with nAChR ligands such
as epibatidine are reduced with ABT-594
(13). To date, only systemic treatment with
opioids such as morphiné has been reported to
have broad-spectrum analgesic activity. Like
the opioids, ABT-594 can selectively modu-
late pain transmission by inhibiting SP release
from C fibers at the level of the dorsal horn
and by activating the brainstem centers that
provide descending inhibitory pathways that
are known to gate painful stimuli. In contrast
to morphine, repeated treatment with ABT-
594 did not appear to produce opioid-like
withdrawal effects at termination of treat-
ment, which suggests an absence of physical
dependence liabilities. Also in contrast to
morphine, at antinociceptive doses, ABT-594
did not decrease gastric motility in rats (33).
Compounds such as ABT-594 that can selec-
tively modulate neuronal nAChR function
and possess broad-based antinociceptive ac-
tivity may provide a therapeutic approach to
pain management that avoids the liabilities
typically associated with opioid analgesics.
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capsaicin treatment was significantly higher than the
baseline value. For this reason, data are expressed as
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Inhibition of the Hammerhead Ribozyme
Cleavage Reaction by Site-Specific
Binding of Tb(lll)

Andrew L. Feig, William G. Scott, Olke C. Uhlenbeck”*

Terbium(lll) [Tb(lll)] was shown to inhibit the hammerhead ribozyme by competing with

a single magnesium(ll) ion. X-ray crystallography revealed that the Tb(lll) ion binds to a-

site adjacent to an essential guanosine in the catalytic core of the ribozyme, approxi-
mately 10 angstroms from the cleavage site. Synthetic modifications near this binding
site yielded an RNA substrate that was resistant to Tb(lll) binding and capable of being
cleaved, even in the presence of up to 20 micromolar Tb(ill). It is suggested that the
magnesium(ll) ion thought to bind at this site may act as a switch, affecting the con-
formational changes required to achieve the transition state.

RxA enzymes require divalent metal ions
for activity, either to promote folding or for
direct participation in catalysis. The ham-
merhead ribozyme (Fig. 1A), a self-cleaving
RNA found naturally in plant viroids and
virusoids, is an excellent system in which to
study metal ion-RNA interactions because
of the extensive structural and mechanistic
data available (1-4). Two independent crys-
tal structures of the hammerhead ribozyme
have revealed divalent metal ions binding to
six different sites on the molecule (5-7).
Biochemical methods available to evaluate
the role of these metal ions in ribozyme
function are limited. The most common ap-
proach is to introduce a phosphorothioate
modification into the RNA and to examine
its effect on the metal specificity of the
catalytic reaction (8—13). We present an
approach to studying metal binding to ri-
bozymes based on the observation that ions
that compete efficiently for critical Mg-bind-
ing sites can thereby inhibit catalysis. The
powerful enzymatic and spectroscopic tools
originally developed for use with protein
metalloenzymes can then be applied to RNA
systems such as the hammerhead ribozyme.

Interactions between lanthanide ions and
RNA molecules have been studied (14, 15).
The luminescence properties of Th(III) made
it an attractive choice from a list of potential
inhibitors (16). Irradiation (excitation wave-
length, 260 nm) of a 1 uM solution of ham-
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merhead 16 (HH16) (17) in the presence of
10 pM TH(III) and 10 mM Mg(1l) resulted in
sensitized emission from the °D, state of the
Th ion (Fig. 1B). This signal was absent from
control samples lacking either RNA or
Th(III). These data indicate that the Tb ion
binds to the RNA, resulting in energy transfer
from the RNA to the lanthanide ion. We
therefore investigated the effects of Th(III)
binding on the hammerhead-catalyzed reac-
tion, a site-specific cleavage of a phosphodi-
ester bond to form 2,3'-cyclic phosphate and
5'-hydroxyl termini.

Terbium(Ill) proved an efficient inhibitor
of hammerhead cleavage (18). For example,
Th(IlI) inhibited the HH8 single-turnover
cleavage reaction with an apparent inhibition
constant (Ki,.,) of 2.0 = 0.3 pM at 25 mM
Mg(Il) (Fig. 2ZA), and similar values were
obtained under multiple-turnover conditions.
Two other well-characterized hammerheads,
HHI16 (19) and HHal (20), showed Kj
values for Th(II) of 1.1 * 0.4 and 0.57 =
0.08 uM, respectively, at 10 mM Mg(Il) (21).
Because all three ribozymes were inhibited
similarly by Th(III) despite sequence differ-
ences in the peripheral base-paired regions
and loops, the data indicate that the binding
event that underlies inhibition results from
the interaction of Th(III) with a site in the
conserved catalytic core.

The K .pp values for Tb(IIl) increased
with increasing Mg(lI) concentrations, in-
dicating that the two ions compete for a site
(Fig. 2B). Competition was confirmed by a
chase experiment (Fig. 2C); when Tb(III)
was added to a cleavage reaction after it had
already started, the reaction stopped rapidly
and completely. When even higher concen-
trations of Mg(Il) were later added to the
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Fig. 1. (A) Schematic representation of the ham-
merhead ribozyme as well as the standard num-
bering scheme for the residues (38). The se-
quence shown is that of hammerhead 8 (HH8), a
construct that has been previously characterized
(39) and was used for most of the inhibition stud-
ies. (B) Sensitized luminescence spectrum of 10
wM ToCly in the presence of 10 mM MgCl, and 1
wM HH16 (solid line). Control luminescence spec-
tra of 1 pM HH16 and 10 mM MgCl, with no
added TobCl; and of 100 uM TbCl; in water
(dashed and dotted lines, respectively) are also
shown. Excitation was at 260 nm.

same reaction, cleavage resumed. The re-
versibility of this inhibition implied that
the Tb(I1l) adduct rapidly equilibrates with
the fully hydrated ion and does not irrevo-
cably damage the hammerhead. This impli-
cation was confirmed by direct analysis of
the RNA by gel electrophoresis after incu-
bation with Th(III) for up to 4 hours (22).

Two crystallographic experiments were
performed to determine the location of
Th(III) binding. In one experiment, 2 mM
TbCl; was allowed to soak into already-
formed crystals of the hammerhead; in the
other, the ribozyme was crystallized in the
presence of 2 mM TbCl, (Table 1). The high
concentration was required to offset the ionic
strength of the mother liquor. In both in-
stances, the overall structures were identical
to the native hammerhead with the exception
of localized regions of positive electron densi-
ty indicative of metal binding. The difference
electron density map from the cocrystalliza-
tion experiment (Fig. 3A) revealed three
bound ions. The site with the highest occu-
pancy was adjacent to residues G5 and A6 in
the catalytic core. This Th ion was the only
one observed in the soak experiment. One of
the two binding sites with lower occupancy
identified in the cocrystallization experiment
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