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Abstract

We show that changing the number and position of nitrogen atoms in the heteroatomic core of a
pyrazolopyrimidine acetamide is sufficient to induce complex binding to wild type human
TSPO. Only compounds with this complex binding profile lacked intrinsic effect on
glioblastoma proliferation but positively modulated the anti—proliferative effects of a synthetic
TSPO ligand. To the best of our knowledge this is the first demonstration of allosteric—like

interaction at the wild type human TSPO.
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Introduction

The 18 kDa translocator protein (TSPO) is a highly—conserved five transmembrane protein most
commonly found in the outer mitochondrial membrane.! It is suggested to be a part of the
mitochondrial permeability transition pore (MPTP) in a complex with the voltage—dependant

anion carrier (VDAC) and the adenine nucleotide transporter (ANT).> ?

TSPO is expressed at
highest levels in steroidogenic cells.' Baseline TSPO expression levels in the brain are low, but
TSPO are upregulated in reactive glia in areas damaged by neurodegenerative diseases, and also
in cancers such as glioma.*® Conversely, TSPO expression is downregulated in lymphocytes and
leukocytes in a number of anxiety disorders.® As such, TSPO has become a target for
development of drug treatments and diagnostic imaging agents for use in cancer,

. . . 46,89
neurodegenerative diseases and anxiety. ™

Development of these drugs, however, has been hindered by the emerging complexity of ligand
interactions at the TSPO. Several classes of ligands interact with the TSPO at distinct binding
sites. The endogenous ligand cholesterol binds to an area of the cytosolic C—terminus defined as
the cholesterol recognition amino acid consensus (CRAAC) domain.'"” Other endogenous
ligands such as protoporphyrin IX along with many synthetic ligands, bind to loop 1 of the N—
terminal. Site—directed mutagenesis, however, suggests residues in this loop important for
binding of the prototypic benzodiazepine Ro 5-4864 are not critical for binding of the first—

generation synthetic isoquinoline carboxamide ligand PK 11195."



Another well-documented influence on binding complexity to the human TSPO is the rs6971
polymorphism. This polymorphism located in exon 4 of the TSPO gene results in the
substitution of alanine with threonine at amino acid residue 147."> Homozygous expression of
Alal47 TSPO in human brain tissue and leukocytes results in high affinity binding, while
homozygous expression of Thr147 TSPO results in low affinity binding and heterozygous

expression results in complex two—site mixed affinity binding.'> '

This modulation of binding
has functional outcomes with Alal47 homozygous leukocytes producing more pregnenalone
than homozygous Thr147 and heterozygous leukocytes.'> A phase II clinical trial of the TSPO
ligand XBD173 in generalized anxiety disorder failed, partly due to the presence of this

polymorphism in subjects (ClinicalTrials.gov NCT00108836).

Given the already documented complex nature of binding to the TSPO, and that multiple drug
binding sites exist on the TSPO, it may be possible that allosteric—like interactions occur at the
TSPO. In fact in rat brain cortical synaptosomes, a multi-phasic Scatchard analysis of
radioligand binding results suggested complex, possibly allosteric, interactions between the
synthetic steroid stanozolol and PK 11195,"> however, interpretation of binding nature from
Scatchard plots can be ambiguous, and this study did not characterize whether stanozolol altered
the potency of PK 11195. Furthermore it was not documented whether the TSPO in this study
had the Alal47Thr polymorphism, and hence whether the results could have been explained
solely by the presence of the polymorphism. As such, the extent to which complex allosteric—

like interactions occur at the human Alal47 (wild type) TSPO is currently unclear.

Pyrazolo [1,5—a] pyrimidine acetamides are a promising class of TSPO ligands with recent in

vitro and human imaging studies suggesting derivatives of this class have a high affinity, good



bioavailability and are well—tolerated.> '® However, the number of nitrogen atoms in the central
heteroatomic core of TSPO ligands can impact TSPO binding affinity.'” In the present study, we
aimed to examine how complexity in binding to human Alal47 (wild type) TSPO is affected by
changing the number and position of nitrogen atoms in the central heteroatomic core of a
pyrazolopyrimidine acetamide (4). We show that changing the number and position of nitrogen
atoms is sufficient to induce complex binding to Alal47 human TSPO. For the first time, we
show that only compounds with this complex binding profile have no effect on glioblastoma
proliferation by themselves but positively modulate the anti—proliferative effects of PK 11195 in

an allosteric—like manner.
Results:

Chemistry

A set of TSPO ligands were designed by changing the number and position of the nitrogen atoms
in the hetero—bicyclic core of 4, resulting in various heterocylic derivatives such as the indole 1,
benzimidazole 2, imidazopyridine 3 and purine 5 derivatives (Table 1). The synthesis of these
novel derivatives began with the indole 1 as outlined in Scheme 1. Briefly, 3,5—dimethyl phenyl
hydrazine 7 was synthesized from commercially available 3,5—dimethyl aniline 6. Diazotization
of aniline 6 using NaNO; in HCl, followed by the reaction with SnCl, in HCI, gave the hydrazine
hydrochloride as colorless solid. Phenyl hydrazine hydrochlride was then treated with 3 M KOH
to afford the free phenyl hydrazine which then underwent the Fischer indole synthesis. Phenyl
hydrazine 7, 4-methoxy acetophenone 8 and catalytic acetic acid were refluxed in absolute
ethanol to afford the phenylhydrazone as a golden-coloured solid. Crude hydrazone and

polyphosphoric acid mixture was heated at 120°C to afford the indole 9 in moderate yield. N—



alkylation of indole 9 was achieved using 2—chloro—N,N—diethylacetamide and NaH in DMF to

afford the desired indole acetamide 1.

The bezimidazole derivative 2 was synthesized as outlined in Scheme 2. Commercially available
2,4—dimethyl aniline 10 was nitrated using a documented procedure.'® The nitro group of 11 was
reduced using Zn powder and hydrazine hydrate in n—butanol at reflux to afford the diamine 12
in good yield. 2—(4—(benzyloxy)phenyl)—4,6—dimethyl-1H-benzo[d]imidazole 14 was
synthesized in one step from 3,5-dimethylbenzene—1,2—diamine 12 and 4-
benzyloxybenzaldehyde 13, in the presence of ammonium acetate under microwave conditions.
N-alkylation of benzimidazole 14 proceeded in good yield in the presence of sodium hydride and
chloro—N,N—diethylacetamide to give 15. The benzyl group of 15 was deprotected under
hydrogenolysis using 10 % Pd/C in methanol to afford the phenol 16. The phenol 16 was

alkylated using sodium hydride and methyl iodide to give the corresponding desired aryl ether 2.

The imidazopyridine derivative 3 was synthesized as outlined in Scheme 3. Commercially
available 2—amino—4, 6—dimethylpyridine 17 was regioselectively brominated at the doubly
activated 5—position and upon treatment with 0.5 equivalents of 1,3— dibromohydantoin at —50
°C to afforded 18. Installation of the bromine at the 5—position was essential for directing the
subsequent nitration at 3—position. Under standard nitration conditions the nitro pyridine
derivative 19 was obtained in good yield. The nitro compound 19 was then successfully
converted into the corresponding diamine 20 in 90% yield using a combination of zinc and
hydrazine monohydrate. The product was sufficiently pure and was used in the next step without

further purification. Diamine 20 was cyclized under microwave irradiation and in the presence of
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ammonium acetate and 4—-methoxy benzaldehyde to give imidazopyridine 21. N-alkylation of 21
was achieved using sodium hydride and chloro—N, N—diethylacetamide resulting in 22. Finally,
the debromination of 22 was carried out using n—BuLi in THF at =50 °C to afford desired

imidazopyridine derivative 3 in good yield.

The pyrazolopyrimidine derivative 4 was synthesized following a published procedure'® and was
considered to be of >95 % purity according to 'H and C NMR spectroscopy and elemental

analysis.

The purine derivative 5 was synthesized in three steps as depicted in Scheme 4. The synthesis of
the purine derivative began with N-—alkylation of commercially available 2,6— dichloro—9H—
purine 23. N—alkylation was performed using sodium hydride and chloro—N,N—diethylacetamide
which resulted in an inseparable mixture of two products believed to be regioisomers of 24.
Thus, the subsequent cross—coupling reaction was performed using the mixture. The crude
regioisomeric mixture was utilized in a palladium—catalyzed methylation in the presence of
trimethylaluminium. tetrakis(triphenyphosphine)palladium(0). 2— (2,6-Dimethyl-9H—purin—9—
yl) —N,N—diethylacetamide 25 was isolated in pure form at this stage and in moderate yield (45%
over 2 steps). Direct C-2 arylation was employed using 4—iodo anisole, Pd(OAc),, Cul and

Cs,COs to obtain the desired purine derivative § in moderate yield.



Sequencing for rs6971

Sequencing was carried out on HEK 293T and T98G cells to establish the nature of their genetic
sequence at the 439" nucleotide in the human TSPO gene. Both cell lines expressed a guanine at
this position in the gene, indicating they both have alanine as their 147" TSPO amino acid and

hence do not have the rs6971 polymorphism.
Binding interactions

The TSPO binding nature of compounds 1-5 was determined by competition radioligand binding
against [’HJPK 11195 in HEK 293T and T98G cell membranes. Results are displayed in Table 1
and Figure 1. In general, compounds with 3 nitrogen atoms in the heterocyclic core (3, 4)
interacted with the TSPO in a one—site manner with a hill slope of 1 at the same site as ["H]PK
11195, while compounds with less than 3 nitrogen atoms displayed complex hill slopes.
Compound 1 had a hill slope more negative than —1 at HEK 293T and T98G membranes
(p<0.05), while 2 had a hill slope more positive than —1 at T98G membranes (p<0.05). A
binding model could not be fitted for compound 5 as it did not bind to the TSPO, even up to 10

uM.

In HEK 293T cells, all assessed compounds displayed TSPO binding affinity in the low nM
range apart from the non-binding purine derivative (5). All compounds except the
pyrazolopyrimidine acetamide (4) showed a lowering of affinity to TSPO in T98G cells,
particularly the indole (1). Excluding compound 5, affinity order in T98G cells followed the

number of nitrogen atoms present in the heterocyclic core, with compounds containing 3



nitrogen atoms showing the highest affinity (4 followed by 3), and the compound with one

nitrogen atom in the heterocyclic core showing lowest affinity (1).

Effects on T98G proliferation and viability

A number of TSPO ligands, including PK 11195, have shown anti—proliferative effects on
glioma cell lines.® We examined whether our novel compounds affected proliferation of the
human glioma cell line T98G, and whether they enhanced the anti—proliferative effect of PK
11195. Compounds 1-5 did not affect the basal proliferation of T98G cells (1-100 uM).
Although it did not have an anti—proliferative effect by itself, 1 significantly increased the anti—
proliferative effect of an ~EC,o concentration of PK 11195 at 10 uM and higher (p<0.05; Figure
2). The ECs for this potentiating effect was 14.73 = 1.1 uM. Similarly, although 2 did not have
an anti—proliferative effect by itself, it significantly increased the anti—proliferative effect of an
~ECy concentration of PK 11195 at 62.5 uM (p<0.05; Figure 2). Up to 100 uM, compounds 3,
4 and 5 did not significantly modulate the anti—proliferative effect of an ~EC;( concentration of

PK 11195 (Supplementary Table 1).

Cell viability was not significantly affected by compounds 1-5 in the absence, or presence, of an

~ECjg concentration of PK 11195.

Discussion and Conclusions

In this study, we aimed to explore the impact on complexity of TSPO interaction by altering the

heterocyclic core of a high affinity pyrazolopyrimidine acetamide (4). Initially we examined the
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impact of nitrogen atom position on TSPO interaction by comparing the affinity and efficacy of
the lead pyrazolopyrimidine 4 and the imidazopyridine—derivative 3. Template hopping of 4
leading to the imidazalopyridine—derivative 3 decreased TSPO affinity, however both
compounds showed normal one-site binding, and these compounds did not modulate PK 11195

anti—proliferative effects.

We then explored the impact of changing the number of nitrogen atoms in the heterocyclic core
on TSPO interaction. Increasing the number of nitrogen atoms to make the purine derivative 1
removed the ability of the compound to bind to TSPO, suggesting the number of nitrogen atoms
in the heterocyclic core is critical for affinity. This in agreement with a previous study whereby
N, N—dialkyl-4—phenylquinazoline—2—carboxamides demonstrated improved TSPO affinity over

N,N—dialkyl (2—phenylindol-3—yl)glyoxylamides.'’

Given this sensitivity to TSPO affinity found by increasing the number of nitrogen atoms in the
heterocyclic core, we examined the impact of decreasing the number of nitrogen atoms on TSPO
interaction by screening an indole— and a benzimidazole—derivative. The indole—derivative 1
showed a hill slope more negative than —1 in competition with the synthetic TSPO ligand [’H]PK
11195. In classical receptor pharmacology, a hill slope of —1 indicates binding interactions that
obey the law of mass action, while a hill slope more negative than —1 suggests positive co—
operativity, where the binding of the novel compound at one site enhances the affinity of the
radiolabelled compound at another site.”” One way that this may manifest functionally is in
positive allosteric modulation, where a ligand may have no intrinsic efficacy but may enhance
the functional effect of a second ligand.”’ Through assays indexing anti—proliferative potential

of these novel compounds we showed that the indole—derivative did not affect proliferation by
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itself, but rather it enhanced PK 11195’s anti—proliferative affects. Given that this complexity of
interaction occurred in the verified absence of the rs6791 polymorphism, which is the most well—
documented cause of affinity and potency change at the TSPO, it is possible that this complex

interaction is allosteric—like behavior.

It is unclear, however, the extent to which the observed behavior of the indole—derivative can be
termed ‘classical’ allosterism. Allosterism is most widely characterized in receptors, ion
channels and enzymes and the TSPO does not fit within these classes, so it is unknown as to the
extent it obeys normal pharmacological interactions seen in these more widely studied protein
categories. Further, a classic allosteric modulator enhances the potency of an orthosteric ligand,
that is, a ligand that binds to the same site as an endogenous ligand. PK 11195 is not an
endogenous ligand and may bind at different sites to the endogenous TSPO ligands cholesterol
and protoporphyrin IX.** ** Whether the indole—derivate binds to the orthosteric TSPO sites to
facilitate the effects of PK 11195'" is an important question to resolve. Furthermore, whether the
indole—derivative also facilitates the effects of the endogenous TSPO ligands, hence showing

more classical allosteric behavior, remains to be examined.

The benzimidazole—derivative 2 also enhanced PK 11195 anti—proliferative affects without
inducing anti—proliferative effects on its own. The benzimidazole also had a hill slope that
deviated from —1 in competition radioligand binding studies with [3H]PK 11195, but
unexpectedly the hill slope was more shallow than —1. In classical receptor pharmacology, this
would predict negative modulation of PK 11195,%° the opposite to the functional effects observed
in this study. As discussed above, this may suggest that the TSPO does not operate within

classical definitions of co—operativity and allosteric receptor pharmacology. There are, however,
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two alternative explanations A hill slope more shallow than —1 in competition radioligand
binding may also suggest that the binding occurs at heterogeneous receptors that may bind the
ligand with different affinities.”® TSPO is known to exist in several forms — as a monomer,

dimer and polymer.** *

Recent structural resolution of a bacterial analogue of TSPO led to
predictions that potential dimerization of the TSPO from monomeric form could bring separated
binding sites into closer proximity, creating the potential for co—operative interactions,”
suggesting the monomeric, dimeric and polymeric forms of TSPO could be thought of as
heterogenous receptors. In support of this prediction, human chorionic gonadotropin can
increase binding of PK 11195 to TSPO in mouse MA-10 Leydig testicular tumor cells in a
manner than temporally correlates with its ability to induce rapid polymerization of TSPO.***’ It
is important, then, to examine the effect of the benzimidazole 2 on the equilibrium between

monomeric, dimeric and polymeric forms of the TSPO in T98G cells to determine if the positive

modulation could be due to disruption of this equilibrium.

A second explanation for the shallow hill slope induced by the benzimidazole 2 could relate to
the existence of TSPO in a complex with VDAC and ANT. A shallow hill slope can be seen
when insufficient accessory proteins are available to associate with a protein that usually exists
in a complex®. TSPO is predominantly found in the mitochondria’ where there is ample VDAC
and ANT, but can translocate to the nucleus in some cancers.”® It may be that in cancer cells,
nuclear and cytoplasmic TSPO don’t have enough VDAC and ANT for adequate complex
formation. This may explain why a shallow hill slope was only induced by the benzimidazole 2

on binding to TSPO from glioma cells and not from the mitochondria of HEK cells.
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Considering neither compound with three nitrogens in the heterocyclic core showed allosteric—
like behavior, and the indolic derivative 1 had more pronounced positive modulation than the
benzimidazole 2, these results suggest a lower number of nitrogen atoms in the heteroatomic
core is likely the key to inducing allosteric-like effects of pyrazolopyrimidine acetamide—
derivatives. We plan to further explore this by examining the allosteric potential of isoindole and

indazole derivatives.

In conclusion, we have identified an indole 1 and benzimidazole derivative 2 of
pyrazolopyrimidine acetamide 4 which show complex binding, lack of intrinsic activity and
positive modulation of the anti—proliferative effects of PK 11195. To the best of our knowledge,
this is the first demonstration of allosteric—like behavior at the wild-type human TSPO.
Although the mechanisms behind this potentiation are as yet undefined, identification of such
compounds may open the way for development of novel allosteric-like anxiolytics,

neuroprotective agents and anti—cancer drugs that target the TSPO.
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Experimental section:

Chemistry:
All compounds synthesized as per the Results and SI sections were analysed by 'H and °C NMR
and high-resolution electrospray ionization mass spectroscopy. Full experimental procedures

and results of analyses can be found in the Supplementary Information.
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TSPO translocator protein

VDAC voltage—dependant anion carrier
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Tables:

Table 1. Nature of binding interaction and TSPO affinities for compounds 1 — 5. ny indicates

hill slope value.

Best—fit binding model Ki (nM)
Cpd Structure T98G HEK T98G HEK
0~
N
O¥ variable slope
1 N\\ variable slope (ny: —1.74 £
< (nyg: —2.11 £ 0.05) 0.38) 806.00 £ 96.77 | 28.13+8.18
N
N
O¥
N
< N\ variable slope 224.46 +
2 (ng: —0.52 £ 0.21) one-site 398.18 +£99.99 | 131.5
)\)INH )9
O¥
(M
3 one-site one-site 144.33 + 66.79 | 29.11 +21.39
M\
4 < one-site one-site 6.68 + 1.45 8.20+2.17
NZ N /
PNy )
N N
O¥
i
5 < N/A N/A > 10 uM > 10 uM
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Figures, schemes/structures and charts:

Scheme 1. Synthetic route to Indole derivative 1*

(1
"Reagents and conditions: (a) 1. Aq NaNO,, conc HCI, —10 °C, 30 min. 2. SnCl,, conc HCI, -5

°C to RT, 30 min. 3. 3M KOH, DCM, 30 min, 40% over three steps; (b) 1. Cat. AcOH, EtOH,

reflux, 2 h 2. PPA, 120 °C, 30 min (¢) NaH, CICH,CONEt,, DMF, 0 °C to RT, overnight, 47%.

20



Scheme 2. Synthetic route to Benzimidazole derivative 2*

NH, NH, /@AO
11 12 BnO

10

13

N
N > OBn — > \>—©—0H
H N N
14
0 0

<N\\ 15 <N\\ 16

L O
N
O¥
N\\ 2
“Reagents and conditions: (a) i) Ac,O, Conc. HNO;, 0 °C, 10 min ii) conc. HCI, ethanol, reflux,
overnight, 78% (b) NH,NH, H,0, Zn powder, n—butanol, reflux, 6 h, 91%; (e¢) NH4OAc, abs.

EtOH, MW, 75 °C, 2.5 h, 81%; (f) NaH, CICH,CONEt,, DMF, 0 °C to RT, overnight, 70%:; (g)

H,, 10 % Pd/C, MeOH, RT, 12 h, 91%; (h) Mel, NaH, DMF, 0 °C to RT, overnight 89%.
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Scheme 3. Synthetic route to Imidazopyridine derivative 3*

A a Bra X b B NO2 . B NH,
| Z | _ | _ - | N _d>
N™ "NH; N~ "NH, N~ "NH “ NH,
17 18 19 20
Br N e Br = N f = N
O O L0
X \ \N N \ N N \

"Reagents and conditions: (a) 1,3—dibromo—5,5-dimethylimidazolidine-2,4—dione, CH,Cl,, —
50 °C, 30 min, 76%; (b) Conc. HNOs;, 6N H,SO4, — 10 °C to RT, 30 min, 91%; (c)
NH,NH,H,0, Zn powder, n—BuOH, reflux, overnight, 90%; (d) 4-methoxy benzaldehyde,
NH4O0Ac, abs. EtOH, 75 °C, MW, 2.5 h, 80%; (e) NaH, CICH,CONEt,, DMF, 0 °C to RT,

overnight, 75%; (f) n—BuLi, THF, —50 °C, 1 h, 89%.
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Scheme 4. Synthetic route to purine derivative 5°

Cl Cl
0 = 0 e X < O
Cl)\\N N C|)\\N N> )\\N N> )\\N N
23 OQX 24 oﬁ) 25 Oﬁ) 5
(1 (M (N
‘Reagents and conditions: (a) K,CO;, CICH,CO,Et, DMF, 152 °C, MW, 15 min; (b) Me;Al,
Pd(PPhs)s, THF, reflux, overnight, 45% over two steps; (c¢) 4-lodoanisole, Pd(OAc),, Cul,

Cs,COs3, DMF, 120 °C, 13 h, 58%.
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Figure 2
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Figure legends

Figure 1. The effect of changing the number of nitrogens in the heteratomic core of
pyrazolopyrimidine acetamide—derived compounds on competition with [*’H] PK 11195 at the
human TSPO in HEK-293T cells (left) and T98G cells (right).

Figure 2. Dose-response curve of the anti-proliferative effect of PK 11195 on T98G cells (A).
Positive modulation of the anti—proliferative effect of an ~EC;( concentration of PK 11195 by 1
(B) and 2 (C) in T98G cells. Values represent mean + S.D of a representative experiment,
repeated in triplicate.
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