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Abstract

We report the synthesis of two new acyclic sulfated acyclic CB[n]-type receptors (TriMO0 and
Me,TetMO) and investigations of their binding properties toward a panel of drugs of abuse (1

— 13) by a combination of 1H NMR spectroscopy and isothermal titration calorimetry. TetMO

is the most potent receptor with K, = 106 M~1 toward methamphetamine, fentanyl, MDMA and
mephedrone. TetMO is not cytotoxic toward HepG2 and HEK 293 cells below 100 uM according
to MTS metabolic and adenylate kinase release assays and is well tolerated /7 vivo when dosed
at 46 mg kg~L. TetMO does not inhibit the hERG ion channel and is not mutagenic based on

the Ames fluctuation test. Finally, /in vivo efficacy studies show that the hyperlocomotion of mice
treated with methamphetamine can be greatly reduced by treatment with TetMO up to 5 minutes
later. TetMO has potential as a broad spectrum /n vivo sequestrant for drugs of abuse.
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Take a Chill Pill: We investigate the interactions of three sulfated acyclic CB[n]-type receptors
toward a panel of drugs of abuse abuse by 'H NMR and isothermal titration calorimetry.
TetMO is biocompatible, not mutagenic, and does not inhibit the hERG ion channel which
paves the way toward /n vivo application. The hyperlocomotion exhibited by mice treated with
methamphetamine can be reversed /n vivo by treatment with TetMO.
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Introduction

The abuse of prescription and illicit drugs is a national emergency in the United States

that results in a large number of deaths annually due to overdose.[!] It is estimated that

the costs of healthcare and decreased work productivity associated with drug abuse exceeds
$271 billion per year and that 10.2% of the population over age 12 use illicit drugs each
month.[2] The most commonly abused drugs include opioids (e.g. heroin), non-opioids (e.g.
methamphetamine, cocaine), hallucinogens (e.g. ketamine and phencyclidine), marijuana,
and prescription medicines. Accordingly, there is a pressing need to develop therapeutics
to treat drug overdose across the full range of drugs of abuse. Overdose with opioids can
currently be counteracted by treatment with Naloxone which acts by a pharmacodynamic
effect at the opioid receptor.[3] However, Naloxone is not effective in treating patients that
have overdosed on methamphetamine, cocaine, phencyclidine or ketamine.[4] Furthermore,
Naloxone is less effective at treating high potency synthetic opioids like fentanyl and
carfentanil.[5] An alternative class of methods to treat drug abuse and overdose relies on
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pharmacokinetic approaches which decrease the concentration of freely circulating drug by
catalytic destruction or non-covalent sequestration.[3] For example, human butyrylcholine
esterase catalytically transforms cocaine to ecgonine methyl ester and is therefore explored
as a therapeutic for cocaine intoxication.[®] Conversely, antibodies can be raised that bind
tightly to methamphetamine, cocaine, and fentanyl. Such antibodies sequester drugs in the
bloodstream, prevent their passage through the blood brain barrier, and therefore can be
used to combat drug abuse and overdose.[”] As supramolecular chemists, we envisioned that
high affinity macrocyclic hosts (Figure 1) could enable a complementary pharmacokinetic
approach to combat death due to drug overdose by sequestering drugs of abuse /n vivo

as their macrocyclesdrug complexes.[8] Supramolecular chemists seek to understand the
nature of non-covalent interactions, create new supramolecular recognition systems, and
use them to enable new chemical and biological applications.[®] Preorganized macrocyclic
hosts lie at the heart of supramolecular chemistry because they often display high affinity
and highly selective interactions with their targets.[9] Cyclodextrins, calixarenes, cavitands,
cyclophanes, cucurbit[n]urils (CB[n]), and pillararenes are among the most commonly
studied macrocyclic host systems.[9¢: 10] Guest compounds that are encapsulated within

the cavity of macrocyclic hosts often display different physical properties, photophysical
properties, chemical reactivity, and biological properties than the uncomplexed guest
compound. Accordingly, popular /n vitro application of macrocycles include sensing
ensembles,[1] supramolecular catalysts,[12] supramolecular materials,[*3] chiral separations
phases,[24] household deodorizers,[5] and molecular machines.[®d: 161 Many classes of
macrocyclic hosts display high binding affinity in buffered water and are biocompatible
which enables /n vivo applications. For example, sulfonated calix[4]arene can be used to
reduce the /n vivo (mice) toxic effects of methyl viologen.[17] Recently, water soluble
pillararenes have been investigated as /7 vivo reversal agents for neuromuscular blockers.[18]
Squaraine rotaxanes have been used for /n7 vivoimaging and theranostic applications.[19]
Most significantly, cyclodextrin derivatives (Figure 1) are currently widely used in several
real world applications. For example, SBE-B-CD is widely used as a solubilizing excipient
for insoluble drugs for parenteral administration to humans,[20] HP-B-CD is the active
ingredient in the household product Febreeze™ [150] and Sugammadex is used clinically as
an /in vivo reversal agent for the post-operative side effects of the neuromuscular blocking
agents rocuronium and vecuronium.[8d: 21]

We, and others, have been interested in the synthesis and molecular recogition properties
of an alternative class of molecular container compounds known as cucurbit[n]urils
(CB[n], Figure 1).[20n. 22] CB[n] are composed of 7 glycoluril units connected by 2n
methylene bridges that define a central hydrophobic cavity and two symmetry equivalent
electrostatically negative ureidyl carbonyl portals. Accordingly, CB[n] hosts display ultra
high affinity toward hydrophobic (di)cations in aqueous solutions with K, values reaching
1017 M1 in special cases.[23] Among the unfunctionalized macrocyclic CB[n] (n = 5,

6, 7, 8, 10), CB[7] is most actively investigated due to its good water solubility (> 5
mM), excellent biocompatibility, and its sizable cavity which can accommodate a variety
of biologically active guests.[24] The Wang group has used CB[7] as an /in vivo antidote
to counteract the effects of paraquat poisoning,[2° to alleviate blood coagulation induced
by hexadimethrine bromide (mice),[26] to reverse paralysis induced by succinyl choline
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(mice),[182] and to reverse general anesthesia in zebrafish.[27] Recently, we demonstrated
that a water soluble derivative of CB[8] was able to sequester phencyclidine (PCP) in
vivo (mice) and thereby control their hyperlocomotion.[28] In a related line of inquiry,
we and others, have synthesized acyclic CB[n]-type receptors (e.g. M1, Figure 1) that
feature a central glycoluril oligomer, two aromatic sidewalls, and four propanesulfonate
solubilizing sidearms.[29] In a series of papers we established the influence of the
glycoluril oligomer length, sidewall identity, and solubilizing group identity on host
binding affinity.[3%] Acyclic CB[n] retain the essential molecular recognition properties
of macrocyclic CBI[n], display high water solubility and outstanding biocompatibility,
and allow straightforward functionalization to tailor binding affinity and selectivity.[29]
Previously, we have demonstrated that M1 and analogues function as solubilizing agents
for insoluble drugs and as /n7 vivo reversal agents for neuromuscular blockers (rocuronium,
vecuronium, cistracurium), anesthetics, and drugs of abuse (e.g. methamphetamine and
fentany!).[82. 311 Most recently, we reported the synthesis of TetMO0 which is formally
derived from M1 by the deletion of the (CH2)3 linkers between the sidewalls and the
SO3~ moieties to create sulfate substituents.[32] This structural change brings the anionic
groups closer to the ureidyl carbonyl portals and enhances binding affinity toward selected
(di)cationic guests (e.g. rocuronium). In this paper, we synthesize new acyclic CB[n]
sulfates, measure their binding affinity toward a panel of drugs of abuse (Figure 2), and
demonstrate the ability of TetMO to control the hyperlocomotion of mice that had been
treated with methamphetamine.

Results and Discussion

This results and discussion section is subdivided into sections as follows. First, we report
the synthesis of two new acyclic CB[n] sulfates (TriMO0 and Me,TetMO0). Subsequently,
we investigate the binding properties of TetMO0, TriMO0, and Me4TetMO toward a panel of
13 drugs of abuse (Figure 2) by means of 1H NMR spectroscopy and isothermal titration
calorimetry (ITC). Next, we demonstrate /n vitro and in vivo biocompatibility (cytotoxicity
and maximum tolerated dose) of TetMO as well as its lack of mutagenicity (Ames test) and
hERG ion channel inhibitory activity. Finally, /n vivo efficacy studies show that TetMO is
capable of controlling the hyperlocomotion of mice dosed with methamphetamine.

Synthesis of TriM0 and Me,TetMO.

We have previously reported the synthesis of TetMO (Figure 1) by the double electrophilic
aromatic substitution reaction of glycoluril tetramer bis(cyclic ether) (TetBCE) with
hydroquinone followed by sulfation with pysSOj3 in hot pyridine.[32] Scheme 1 shows the
synthesis of TriMO0 and Me,TetMO by an analogous synthetic route. For the synthesis

of TriMO0, we begin with the reaction of glycoluril trimer bis(cyclic ether) TriBCE[3%]
with hydroquinone (4 equiv.) in trifluoroacetic acid (TFA) at 25 °C to deliver TriMOH

in 80% yield (Scheme 1). Subsequent reaction of TriMOH with py=SOs in hot pyridine
(90 °C) gave TriMO in 55% yield. TriMO was fully characterized by 1H and 13C NMR,
IR, and mass spectrometry (Supporting Information). The 1H and 13C NMR spectra of
TriMO display 8 and 12 resonances, respectively, which are in accord with their depicted
G, rsymmetric structures. For the preparation of Me,TetMO, we reacted tetramer bis(cyclic
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ether) TetBCE with 2,3-dimethylhydroquinone (Me,HQ) in TFA to give Me,TetMOH in
43% yield as an insoluble cream colored solid. Sulfation of MesTetMOH was performed in
hot pyridine using py=SO3 to deliver Me,TetMO in 87% yield. Host Me,TetMO was fully
characterized by 1H and 13C NMR, IR, and mass spectrometry (Supporting Information).
For example, the ESI-MS spectrum of Me,TetMO shows an ion at 77/z691 which
corresponds to Me,TetM0%~. The IH and 13C NMR spectra recorded for Me,TetMO show
11 and 15 resonances, respectively, as expected based on the depicted &, ,-symmetry.

Qualitative TH NMR host guest recognition study.

First, we performed *H NMR dilution experiments (5 mM to 100 uM) which show that
TriMO0 and Me4TetMO do not undergo self-association in buffered water (Supporting
Information). Next, we performed qualitative hosteguest binding studies between the three
hosts (TetMO, TriMO0, Me4TetMO) and the drugs of abuse panel (1 — 13, Figure 2). In

these studies, we prepared mixtures of host and guest at 1:1 and 1:2 ratio and monitored the
changes in chemical shift to glean information regarding the symmetry and geometry of the
hosteguest complex and the rate of guest exchange relative to the 1H NMR chemical shift
timescale. Figure 3 shows NMR spectra recorded for the interaction between hosts TetMO,
TriMO, and Me, TetMO and methamphetamine as guest. Figure 3a,b,c,g show the 1H NMR
spectra for the interaction of TetMO with methamphetamine which display a number of
interesting features. For example, upon formation of the TetM0Osmethamphetamine complex
(Figure 3b), the resonance for aryl resonance Ha of TetMO shifts upfield and becomes

split into a pair of coupled doublets. This splitting into a pair of doublets reflects the

fact that methamphetamine is chiral and Cj-symmetric and therefore all protons in the
TetMOemethamphetamine complex are different along with the fact that the ammonium ion
can reside at either ureidyl C=0 portal by 180 degree rotation of TetMO. Similarly, the
resonances for the methylene bridges of the glycoluril oligomer (e.g. Hp, Hg, and Hg; He, He,
and Hg) split into two sets of five resonances that reflects the reduced effective symmetry
of the TetMO- methamphetamine complex (Figure 3b). The resonances for the aryl (Hy, Hy,
H,) and methylene (H,,, Hy,’) resonances of methamphetamine undergo significant upfield
shifts which establishes that the aryl ring of methamphetamine binds inside the cavity of
TetMO as previously established crystallographically for M1.[82] The broadening of the Hy
— H; resonances (Figure 3b) indicates that the rate of guest exchange is in the intermediate
exchange regime on the chemical shift timescale. At a 1:2 TetMO0:methamphetamine ratio,
the resonances for Hy — H; shift back toward the chemical shift observed for uncomplexed
methamphetamine (Figure 3g) which further establishes the intermediate nature of the
exchange process and the 1:1 host:guest stoichiometry (vide infra). Similar changes are
observed during the complexation of TriMO0 with methamphetamine (Figure 3d,e,f,g).
Notably, the resonances for Hy — H, of TriM0Osmethamphetamine (Figure 3e and 3f) appear
as sharp resonances that display the expected coupling (one doublet and two triplets)

which establish fast guest exchange on the chemical shift timescale. Fast guest exchange

is often observed for weaker hosteguest complexes as a consequence of the fact that K,

= Kon / Koff and Kop is usually diffusion limited. Finally, the TH NMR spectra for the
interaction of Me,TetMO with methamphetamine are shown in Figure 3g — 3j which display
similar changes in chemical shift due to desymmetrization of upon hosteguest complexation
and inclusion of the aryl ring of methamphetamine in the cavity of Me,TetMO. As
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expected, the CH3-groups (Hm) of Me,TetMO split into two singlets upon formation of
Me,4 TetMOsmethamphetamine. Related IH NMR investigations were performed for the
remaining 12 remaining guests with TetMO, TriMO, and Me4TetMO and are reported in the
Supporting Information. As expected, the hydrophobic region of each guest is bound within
the host cavity which positions the ammonium cation at the carbonyl portal of the host.

The H NMR results obtained with methamphetamine, fentanyl, MDMA, and mephedrone
indicate that the (substituted) phenethylammonium ion moiety is a privileged binding site
for acyclic CB[n]-type receptors that is also found in a variety of synthetic opioids which
suggests the use of (sulfated) acyclic CB[n] as broad spectrum sequestering agents.

Measurement of the thermodynamic parameters of complex formation by ITC.

After elucidating the geometry and dynamic properties of the hostedrug complexes by 1H
NMR spectroscopy, we turned our attention toward measuring their thermodynamics of
complexation. Given the previously established tight binding of TetMO toward diammonium
guests like rocuronium, the limited dynamic range of 1H NMR titrations (e.g. < 104 M™1),
and our desire to use a single analytical method to determine all the binding constants lead
us to use isothermal titration calorimetry. In ITC, a solution of the host in the ITC cell

is titrated with a solution of guest in the ITC syringe and the heat evolved is monitored,
integrated, and can be fitted to the one set of sites binding model with n = 1 (hereafter
referred to as a 1:1 binding model) to obtain K,, AH, and hosteguest stoichometry.[33] For
example, Figure 4a shows a plot of DP versus time when a solution of TetMO0 (100 pM)

in the ITC cell was titrated with a solution of MDMA (1 mM) in the syringe. Figure 4b
shows a plot of AH versus molar ratio that was fitted to the 1:1 binding model in the PEAQ
ITC data analysis software to extract K, = (2.54 + 0.21) x 10 M~Land AH = (-17.8 +
0.13) kcal mol~1. Related direct ITC titrations were performed for the remainder of the
complexes between hosts TetMO, TriMO0, and Me,TetMO and the panel of drugs of abuse.
The experimental data are presented in the Supporting Information and the thermodynamic
data is summarized in Table 1. In these ITC experiments, we maintained the c-value (¢ =
Ka % [host]) lower than 500 which is recommended to ensure the accuracy of direct ITC
titrations.[34]

The results in Table 1 show that the hostedrug binding affinity spans from 2.66 x 103

M1 for TriMO«ketamine to 3.64 x 108 M~1 for TetMO0-fentanyl. All of the hostedrug
complexes are driven by favorable changes in enthalpy. The enthalpic driving force for these
complexation events results from the non-classical hydrophobic effect which derives from
the presence of high energy waters in the cavity of uncomplexed host that are released upon
hostedrug complexation as has been established previously for cyclophanes and macrocyclic
CBI[n] hosts.[3%] The data in Table 1 allow a comparison of the binding efficiency of hosts
that differ in the length of the glycoluril oligomer (e.g. TetMO versus TriMO) and separately
between hosts with different sidewalls (e.g. TetMO versus Me,TetMO). Table 1 establishes
that TetMO binds 2.1 to 1724-fold more tightly than TriMO does toward a specific drug. We
surmise that the cavity of TriMO which is shaped by only three glycoluril rings is smaller
than that of TetMO which is shaped by four glycoluril rings and therefore undergoes less
powerful non-classical hydrophobic binding.[3%] Additionally, the portal of TriMO contains
fewer ureidyl C=0 groups than TetMO which results in weaker ion-dipole interactions
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between TriMO and drug. Related results have been previously observed during the use

of M1 and its glycoluril trimer based analogue as a solubilizing excipient for insoluble
drugs.[30a] Table 1 also allows us to discern the influence of the four methyl groups on

the aromatic walls of Me,TetMO on the binding affinity toward a common drug relative

to that measured for TetMO. A priori, one might expect that the longer aromatic sidewalls

of Me,TetMO might expand the cavity due to sidewalleeesidewall interactions which could
result in more powerful non-classical hydrophobically driven binding. Experimentally, we
find that TetMO is a comparable to slightly more potent host for a given drug than
Me,TetMO by factors of 0.57 to 10.7-fold. The selectivities of TetMO versus Me,TetMO
for the narrower guests methamphetamine, fentanyl, MDMA and mephedrone range from
4.6 to 9.7 which probably reflects the fact the cavity of TetMO is properly sized for the
(substituted) phenethylammonium ion moiety. In previous studies, we observed that Me;M1
was a less efficient solubilizing excipient than M1.3%0] Given that TetMO is the most
powerful host with highest potential as an /n vivo sequestrant, a discussion of its binding
preferences is warranted. TetMO binds with submicromolar dissociation constants fentanyl,
methamphetamine, MDMA, and mephedrone. These four drugs each feature a narrow
arylethyl ammonium ion binding epitope which is complementary to acyclic CB[n]-type
receptors cavity shaped by four glycolurils. Furthermore, TetMO displays submicromolar
affinity toward hydromorphone and hydrocodone which feature larger but more hydrophobic
polycyclic skeletons. Here, the known ability of acyclic CB[n] to expand their cavity

in a low energy cost process by flexing their methylene bridged glycoluril oligomer
backbone plays an important role. Overall, we find that TetMO displays excellent affinity
toward methamphetamine, synthetic opioids (e.g. fentanyl and derivatives), and opioids (e.g.
oxycodone) which suggests that TetMO should be considered as a general purpose in vivo
sequestrant.

In Vitro Cytotoxicity and In Vivo Maximum Tolerated Dose Studies.

Given the submicromolar dissociation constants displayed by TetMO described above, we
decided to proceed toward its use as an /n7 vivo sequestrant. As a first step, we wanted to
assess the /n vitro and /n vivo biocompatibility of TetMO. Initially, we performed the MTS
cell viability and the adenylate kinase (AK) release cell death assays with TetMO (Figure
5). We performed the /n vitro cytotoxicity tests using human kidney (HEK 293) and human
liver (HepG2) cells because they report on potential kidney and liver toxicity which are
relevant since compounds accumulate in these organs for processing and clearance. The
cell lines HEK293 (CRL-1573) and HepG2 (HB-8065) were purchased from ATCC. In

the MTS assay, untreated (UT) cells were set to 100% cell viability, whereas in the AK
release assay distilled water (W) was used as a positive control (100% release). Figure 5a,b
show that HepG2 and HEK 293 cells treated with TetMO show a dose dependent change

in cell viability. At the highest dose (1 mM) statisically significant decrease in cell viability
were seen; HepG2 cells showed an 80% reduction whereas HEK 293 cells showed a 55%
decrease. At [TetMO0] < 100 puM, no statisically significant differences in cell viability were
observed. Figure 5¢,d show the results of the AK release assay. Even at the highest dose
tested (1 mM) neither HepG2 nor HEK 293 cells show any statistically significant increases
in cell lysis relative to distilled water as positive control.
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After demonstrating the low cytotoxicity of TetMO at concentrations below 100 pM, we
proceeded to perform an /n vivo maximum tolerated dose study (Figure 6). For this study,
we formulated TetMO in 5% aqueous dextrose (D5W) because the solubility of TetMO

was low in PBS. Female Swiss Webster mice were divided into three treatment groups

(n =5, [TetMO0] = 10, 8, 6 mM) and a control group (n = 5) that received only D5W.

The mice were dose via tail vein injection (0.150 mL) on days 0 and 2 (denoted by *).

The mice were weighed every other day and monitored for changes in behavior and health
status. Figure 6 shows that the weight of the animals receiving the highest TetMO0 dose

was comparable to those receiving D5W. However, mice receiving [TetMO0] = 10 mM (83
mg kg™1) showed visual signs of adverse behavior including labored breathing, reduced
locomotion, and reduced socialization for about 20 minutes after injection. These effects
were not observed in the group receiving [TetM0] = 6 mM (46 mg kg™1). Accordingly, the
concentration of TetMO for the planned /n vivo efficacy study was set at 6 mM. All animal
experiments were approved by the University of Maryland Animal Care and Use Committee
(R-JAN-17-25 and RAUG-18-42) and conformed to the guidelines set forth by the National
Research Council committee for the Update of the Guide for the Care and Use of Laboratory
Animals.

hERG lon Channel Inhibition.

The hERG ion channel is a voltage-gated potassium channel in cardiac cells that is
essential for cardiac repolarization. When the hERG ion channel is inhibited, the electrical
depolarization and repolarization of the heart ventricles is extended, leading to potentially
fatal cardiac malfunction. Accordingly, new chemical entities are typically screened for
hERG ion channel inhibition early in the drug development process.[36] The ability of
TetMO to inhibit the hERG ion channel (six concentrations from 0.008 pM to 25 uM) was
evaluated v7a the patch-clamp technique (QPatch HTX). The patch clamp hERG assay was
conducted using mammalian cells (HEK 293) expressing the hERG ion channel. Figure 7
shows the results of the hERG assay for TetMO and for E-4031 as positive control. As can
be readily seen, the positive control (E-4031) exhibits a sharp increase in inhibition of ion
channel activity as the concentration increases past 0.01 uM. In contrast, no concentration
dependent change in ion channel activity is observed for the cells treated with TetMO0. The
calculated 1Cgq value for E-4031 is 0.0267 uM whereas the I1Csq value for TetMO is greater
than 25 pM. 1C50 values below 0.1 uM are defined as highly potent inhibitors of the hERG
channel, values between 0.1 and 1 UM as potent, values between 1-10 uM as moderately
potent, and finally, IC50 values above 10 uM are typically categorized as having little to
no inhibition of the channel.[371 Accordingly, TetMO is not an inhibitor of the hERG ion
channel which encourages the further development of the /n7 vivo sequestering abilities of
TetMO.

Ames Fluctuation Assay.

To assess the potential genotoxicity of TetMO, the Ames fluctuation test and the associated
bacterial cytotoxicity assays were performed. The Ames fluctuation test is a reverse
mutation assay that utilizes four different S. typhimurium strains (TA98, TA100, TA1535,
TA1537) which possess unique mutations within the histidine operon.[38] Compounds that
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induce reverse mutations allow these strains to grow in the absence of histidine which is
measured spectroscopically. The S. typhimurium strain TA1535 contains a T to C missense
mutation in the hisG gene (his G46) leading to a leucine to proline amino acid substitution.
With the reversal of this mutation, TA1535 can detect compounds that cause base pair
mutations. The TA1537 strain detects compounds that induce a +1 frameshift mutation on
the his C gene (his C3076). This allows frameshift mutagens to be detected. The TA98
strain detects +1 frameshift mutation on the his D gene (his D3052) and also contains the
pkM101 plasmid, which increases the sensitivity of the strain to mutagenic compounds.
Finally, TA100 contains the same mutation as TA1535 plus the pkM101 plasmid. The
Ames fluctuation test also employs rat liver enzyme fractions (S9) to assess the potential
mutagenicity of metabolites produced by the action of the liver enzymes on the test
compound.

Initially, bacterial cytotoxicity assays were performed to determine whether TetMO

was cytotoxic toward the histidine revertant tester strains (TA98R, TA100R, TA1535R,
TA1537R) which would cause false negatives in the Ames fluctuation test. For this purpose,
the four tester strains were cultured overnight at 37 °C in media containing Davis Mingoli
salts, D-glucose, D-biotin, and low level histidine at pH 7.0 yielding ODggg from 0.60 to
1.10. The cultures were then incubated with eight different concentrations of TetMO (0.6,
1.2,25,5, 10, 25, 50, 100 uM; n = 3) for 96 hours followed by measurement of ODgsg.
Compounds that exhibit ODgsq values less than 60% of control (not treated with compound)
are deemed cytotoxic and do not proceed to the Ames fluctuation test. The known cytotoxic
compound mitomycin C (ICgy < 100 nM toward the tester strains) is used as a positive
control. TetMO did not exhibit bacterial cytotoxicity toward any of the four tester strains at
concentrations up to 100 uM (Supporting Information).

Given the absence of bacterial cytotoxicity for TetMO, the Ames fluctuation test was
subsequently performed. For this purpose, the four tester strains of bacteria were cultured
overnight in media containing Davis Mingoli salts, D-glucose, D-biotin, and low level
histidine at pH 7.0 yielding ODgsq from 0.60 to 1.10. The cultures were then incubated

in the absence of TetMO or in the presence of TetMO (5, 10, 50, 100 pM; n = 48) both
with and without Arochlor-induced rat liver S9 fraction (0.2 mg mL™1) for 96 hours.
Bromocresol purple is included as a colorimetric pH indicator that responds to the pH
drop resulting from bacterial growth upon reverse mutation. After 96 hours, the ODg43q
and ODs7¢ values are measured and the number of positive wells with OD430/ODs57¢ 2

1 is determined as surrogate for reverse mutation. The significance of the number of
positive wells in the treatment groups (TetMO present) versus the control group (TetMO
absent) is calculated using the one-tailed Fisher’s exact test and classified as follows: p

< 0.001 (very strong positive, +++); 0.001 < p < 0.01 (strong positive, ++); 0.01 <p

< 0.05 (weak positive, +); p > 0.05 (negative, —). Control compounds known to induce
reverse mutation [2-aminoanthracene (2-AA), 9-aminoacridine (9-AA), Quercetin (Quer.),
Streptozotocin (Strept.)] were tested as positive controls. Table 2 presents the results of the
Ames fluctuation test. As can be readily seen, compared to background, none of the TetMO
treatments result in a statistically significant increase in the number of positive wells. This
indicates that TetMO does not significantly increase the rate of reverse mutation and is not
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genotoxic. Conversely, the genotoxic control compounds Streptozotocin, 2-AA, Quercetin,
and 9-AA all display the expected increase in genotoxicity in one or more bacterial strains.

Treatment with TetMO controls the hyperlocomotion of mice treated with
Methamphetamine.

Given the high affinity of the TetMOsmethamphetamine complex (K, = 2.49 x 106 M~1)
and its encouraging toxicology profile, we investigated whether TetMO could be used

to sequester methamphetamine /n vivo and thereby control its biological effects. For

this purpose, we took advantage of the hyperlocomotive effects seen in mice treated

with methamphetamine (0.5 mg/kg)[3®! which can be monitored using an open-field test.
[40] A total of 15 Swiss Webster mice were surgically implanted with jugular catheters

with head mounted ports as described previously (Supporting Information).[28] Following
surgery, mice were placed in the behavioral arena (day 1) to establish baseline locomotion
levels before treatment began (Figure 8). Six additional daily sessions (days 2—7) were
conducted using a semi-counterbalanced design where each mouse received one of six
experimental treatments (D5W only, TetMO0 only, methamphetamine only, a premixed
solution of TetMO and methamphetamine, TetMO followed 30 s later by methamphetamine
(prevention), and methamphetamine followed 30 s later by TetMO (treatment)) each day.
For each experiment, total locomotion counts (i.e., the total number of beam breaks) were
obtained for each mouse across the entirety of each training session. For each experiment,
locomotion counts were then analyzed across treatments using one-way repeated measures
ANOVA with Tukey-corrected pairwise post-hoc t-tests in Graphpad Prism and the results
are presented in Figure 8. Mixed effects analysis revealed a significant main effect of
treatment (F(6,84) = 44.43, p=0.0001) with Tukey-corrected post-hoc comparison showing
a significant increase in locomotion counts for treatment with methamphetamine against

all other treatments (p’s < 0.05). Importantly, there is no statistically significant difference
between the locomotion counts seen for the baseline, D5W only, TetMO only treatments
which establishes that TetMO treatment does not affect locomotion. The locomotion counts
for these three treatments are statistically significantly different (p < 0.0001) than that of
the methamphetamine only treatment. Mice treated with a premixed solution of TetMO and
methamphetamine (11.6:1) displayed locomotion counts there are statistically significantly
smaller than methamphetamine treatment (p < 0.0001) and in fact are comparable to
baseline locomotion counts. Precomplexation of methamphetamine by TetMO in the syringe
effectively prevents the biological action of methamphetamine in the mice. The results of
treatment with TetMO 30 seconds before treatment with methamphetamine allows us to
address whether the molecular recognition of methamphetamine by TetMO also occurs in
the biological setting. Figure 8 shows that the locomotion count for the 30s prevention
group is much lower (p < 0.0001) than methamphetamine alone and is comparable to
baseline locomotion levels which establishes that hyperlocomotion can be prevented by
prior administration of TetMO. Finally, when mice were given methamphetamine 30 seconds
before TetMO, we find that the locomotion levels are statistically significantly lower than
that of methamphetamine alone (p < 0.001). Post-facto treatment with TetMO is effective
at controlling hyperlocomotion. However, it should be noted that the locomotion counts for
the 30s treatment condition is statistically significantly higher than the other groups (p from
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0.0002 to 0.0153) which suggests incomplete sequestration of methamphetamine by TetMO
under these conditions.

Although the results presented in Figure 8 suggest that TetMO sequesters methamphetamine
and induces behavioral change, it is possible that the 30s interval between methamphetamine
administration and TetMO administration in the reversal condition is too short to be
ethologically relevant. To address this issue, we conducted a follow up experiment on

days 8 and 9 of testing, where mice (n = 15) were administered either methamphetamine
followed by administration of D5W 5 minutes later or methamphetamine followed by
TetMO (6 mM in D5W) 5 minutes later in a counterbalanced manner before being placed

in the open field. Figure 9 plots locomotion counts as a function of each treatment. We
observed a statistically significant decrease in locomotion when TetMO0 was administered

5 minutes after methamphetamine compared to when D5W was administered 5 minutes
after methamphetamine (paired t-test, t(14) = 8.282, p = 0.0001). Although not directly
comparable from an experimental design perspective, importantly locomotion levels in the
5-minute reversal using TetMO closely approximate those observed in control conditions

on Day 1-7, while locomation counts in the D5W condition appear to approximate those
observed with the methamphetamine only treatment. Collectively these findings firmly
establish that TetMO is capable of sequestering methamphetamine /77 vivo and reversing
methamphetamine-induced hyperlocomotion, with little to no effect on the locomotor
behavior of the animal itself.

Conclusion

In summary, we have synthesized two new sulfated acyclic CB[n]-type receptors (TriMO
and Me,TetMO0) which do not undergo self-association in agueous solution which enables
their binding toward guest molecules. We used complexation induced changes in 1H

NMR chemical shift to glean information on the geometry and dynamics of the hostedrug
complexes. We find that hydrophobic moieties of the drug is bound within the cavity

of the acyclic CB[n]-type receptor whereas the cationic N-atom resides at the ureidyl

C=0 portal. Binding thermodynamics for the complexes between hosts TetMO0, TriMO,
and Me,TetMO with drugs of abuse 1 — 13 were measured by direct ITC titrations. The
conserved (substituted) phenylammonium ion unit of methamphetamine, fentanyl, MDMA
and mephedrone constitutes a privileged binding site for TetMO0 with K, values exceeding
108 M~1. TetMO displays low in vitro cytotoxicity below 100 uM toward HEK 293 and
HepG2 cells according to standard MTS metabolic and AK release cell death assays and no
deleterious effects in maximum tolerated dose studies in mice up to 6 mM. TetMO does not
inhibit the hERG ion channel and is not mutagenic according to the Ames fluctuation test.
Finally, /in vivo efficacy studies showed that methamphetamine induced hyperlocomotion
can be effectively controlled by post-facto treatment with TetMO up to 5 minutes later.
Taken as a whole, the work establishes that sulfated acyclic CB[n]-type receptors have great
potential as broad spectrum /n vivo sequestering agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of CB[n], acyclic CB[n]-type receptors M1 and TetMO, and Sugammadex.
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Chemical structures of drugs of abuse (1 — 13) used in this study.
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Figure 3.
1H NMR spectra recorded (400 MHz, RT, D,0) for: a) TetMO0 (1 mM), b) an equimolar
mixture of TetMO and methamphetamine (1 mM), ¢) a mixture of TetMO (1 mM)
and methamphetamine (2 mM), d) TriMO (1 mM), e) an equimolar mixture of TriMO
and methamphetamine (1 mM), f) a mixture of TriMO0 (1 mM) and methamphetamine
(2 mM), g) methamphetamine (0.5 mM), h) a mixture of Me,TetMO (0.5 mM) and
methamphetamine (1.0 mM), i) a mixture of Me,TetMO (0.5 mM) and methamphetamine
(0.5 mM), and j) Me,TetMO (0.5 mM).
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Figure 4.
(a) Plot of DP vs time from the titration of TetMO (100 pM) in the cell with MDMA (1.0

mM) in the syringe in 20 mM NaH,PO, buffer (pH = 7.4); (b) plot of AH as a function of
molar ratio of TetM0 to MDMA. The solid line represents the best non-linear fit of the data
to a 1:1 binding model with K, = (2.54 + 0.21) x 105 M~ and AH = (-17.8 + 0.13) kcal
mol 1.
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Figure 5.

In vitro cytotoxicity experiments performed for TetMO. a) HepG2 cell viability assay after
incubating the cells with TetMO for 24 h. b) HEK 293 cell viability assay performed after
incubation with TetMO for 24 h. ¢) HepG2 cell death after incubation with TetMO. d)
HEK 293 cell death after incubation with TetMO0. The AK assays in panels ¢ and d were
performed using the supernatant from cells seeded for MTS assay. All panels of the figure
show the average and SEM values from two replicate experiments. Statistical analysis is
one-way ANOVA with Dunnett’s multiple comparisons test. UT = untreated; *P = 0.01 —
0.05; **P = 0.001 - 0.01; ***P = 0.001 —0.0001; ****P<0.0001.
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Figure 6.
MTD study performed for TetMO. Female Swiss Webster mice (n7=5 per group) were

dosed via tail vein injection (0.150 mL) on days 0 and 2 (denoted by *) with different
concentrations of TetMO or 5% aqueous dextrose (D5W). The normalized average weight
change per study group is indicated. Error bars represent SEM.
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Figure 7.
TetMO does not inhibit the hERG ion channel. The hERG assay was conducted using HEK

293 stably transfected with hERG cDNA in an automated QPatch HTX patch clamp study.
Plot of mean hERG ion channel inhibition (%, n = 3-4) versus log concentration for E-4031
(*) and TetMO ().
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Figure 8.

In vivo reversal of methamphetamine-induced hyperlocomotion by TetMO. a) Testing
schedule. b) Average locomotion counts for male Swiss Webster mice (n = 15; avg weight
(9) £ SD: 33.27 + 1.44) are plotted as a function of treatment. All mice underwent an

initial habituation to determine baseline locomotion levels before treatment. Following this
baseline measure, treatment order was counterbalanced across days, and mice only received
one treatment per day. Over six consecutive days of testing mice each received a single
treatment of 5% aqueous dextrose (D5W; 0.2 mL infused), TetMO only (TetMO; 6mM in
D5W; 0.178 mL infused), methamphetamine only (4.24 mM methamphetamine in D5W; 0.5
mg/kg; 0.022 mL infused), a premixed solution of TetMO and methamphetamine (Premix;
~11.6:1 TetMO:methamphetamine; 0.2 mL infused), TetMO followed by methamphetamine
administered 30 s later (30s Blocking; 0.178 mL of 6 mM TetMO in D5W, 0.022 mL of
4.24 mM methamphetamine in D5W infused), and methamphetamine followed by TetMO0
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administered 30 s later (30 s Reversal; 0.022 mL of 4.24 mM methamphetamine in D5W,
0.178 mL of 6 mM TetMO in D5W infused). Bars represent average locomotion counts.
Error bars represent the standard error of the mean (SEM). Dots represent counts for each
mouse (n = 15). Presented p-values are only for significant (p < 0.05) Tukey-corrected
post-hoc comparisons.
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Figure 9.
In vivo reversal of methamphetamine-induced hyperlocomotion by TetMO following 5-

minute inter-injection interval. Average locomotion counts for male Swiss Webster mice (n
= 15; avg weight (g) + SD: 33.27 £ 1.44) are plotted as a function of treatment. Mice receive
methamphetamine (4.24 mM methamphetamine in D5W; 0.5 mg/kg; 0.022 mL infused)
followed by either D5W (0.178 mL infused) or TetMO (6 mM in D5W; 0.178 mL infused)
administered 5 minutes later before being placed into the behavioral box. Bars represent
average locomotion counts. Error bars represent the standard error of the mean (SEM). Dots
represent counts for each mouse (n = 15). Data analyzed using a paired t-test.
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Scheme 1.
Synthesis of new sulfated acyclic CB[n]-type receptors TriMO0 and Me,TetMO used in this

study. Conditions: a) TFA, hydroquinone (4 equiv.), RT, 80%; b) pyridine, py*SOs, 90 °C; ¢)
TFA, MeoHQ (4 equiv.), RT, 43%.
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Results from the Ames fluctuation test conducted for TetMO.

Table 2.

TA98 TA100 TA1535 TA1537
TetMO (uM) | -S9 | +s9 | -so | +s9 | -s9 | +s9 | -so | +s9
0 0/48 1/48 0/48 4/48 0/48 0/48 1/48 0/48
5 0/48 0/48 0/48 4/48 0/48 0/48 0/48 0/48
10 0/48 0/48 0/48 0/48 0/48 0/48 0/48 1/48
50 0/48 0/48 0/48 5/48 0/48 0/48 0/48 1/48
100 0/48 2/48 2/48 1/48 0/48 0/48 0/48 0/48
Strept. 0/48 0/48 5/48 7148 16/48 | 24/48 1/48 1/48
- - + - +++ +++ - -
2-AA 0/48 | 13/48 | 0/48 | 11/48 | 0/48 9/48 0/48 6/48
- +++ - + - ++ - +
Quer. 5/48 | 10/48 | 0/48 5/48 1/48 0/48 1/48 5/48
+ +++ - - - - - +
9-AA 0/48 0/48 0/48 2/48 0/48 0/48 24/48 | 24/48
- - - - - - +++ +++
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