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Glycosylated Neurotensin Analogues Exhibit Sub-
picomolar Anticonvulsant Potency in a Pharmacoresistant

Model of Epilepsy

Hee-Kyoung Lee,” Liuyin Zhang,”® Misty D. Smith,”’ H. Steve White,”™ and Grzegorz Bulaj*®

Neurotensin (NT) is an endogenous neuropeptide involved in a
variety of central and peripheral neuromodulatory effects. Herein
we show the effects of site-specific glycosylation on the in vitro
and in vivo pharmacological properties of this neuropeptide. NT
analogues containing O-linked disaccharides (3-melibiose and a-
TF antigen) or f-lactose units linked by a PEG; spacer were de-
signed and chemically synthesized using Fmoc chemistry. For the
latter analogue, Fmoc-Glu-(5-Lac-PEG;-amide) was prepared. Our

Introduction

Neurotensin (NT) is a tridecapeptide (ZLYENKPRRPYIL, in which
Z=pyroglutamate) involved in a variety of central and periph-
eral neuromodulatory effects." NT and its analogues exhibit
potent antinociceptive activity®® and may also play a major
role in the pathophysiology of several brain diseases.” As re-
cently reviewed by Boules et al.,’®! metabolically stable NT ana-
logues that penetrate the blood-brain barrier (BBB) could be
used as effective therapeutics for the treatment of pain, schizo-
phrenia, or other neurological and psychiatric diseases. Various
approaches have been undertaken to improve the bioavailabil-
ity and pharmacological properties of NT, including trunca-
tions,” cyclization,"*'? backbone modification,*' substitu-
tion of individual amino acids with unnatural residues,"®'” and
mimetics."® The efforts of several research groups, including
those of Richelson!"®2" and Dix,!""22¥ resulted in a number of
BBB-permeable NT analogues. These analogues exhibit potent
antinociceptive activity following systemic administration. Fur-
thermore, they have been tested as potential antipsychotic
drugs.'"21

Glycosylation of neuroactive peptides is a promising strategy
in the development of new therapies for neurological and psy-
chiatric disorders.”™ For example, glycosylation has proven
useful for enhancing the bioavailability of opioid peptides. In
this regard, improved analgesia has been reported for glycosy-
lated deltorphin,”® a cyclized Met-enkephalin analogue,”” and
linear Leu-enkephalin analogues.” A glycosylated NT analogue
found in the venoms of cone snails, contulakin-G, was recently
shown to posses potent analgesic activity.?” When delivered
intrathecally, contulakin-G produced pronounced antinocicep-
tive effects in rat models of inflammatory pain.®” Two addi-
tional examples of naturally occurring glycosylation of neuro-
peptides are vespulakinin (a bradykinin analogue) from
wasps®*? and somatostatin from catfish.*¥ Interestingly, the
glycosylated derivatives of both neuropeptides exhibit equipo-
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results indicate that the addition of the disaccharides does not
negatively affect the sub-nanomolar affinity or the low-nanomo-
lar agonist potency for the neurotensin receptor subtype 1
(NTS1). Interestingly, three glycosylated analogues exhibited sub-
picomolar potency in the 6 Hz limbic seizure mouse model of
pharmacoresistant epilepsy following intracerebroventricular ad-
ministration. Our results suggest for the first time that chemically
modified NT analogues may lead to novel antiepileptic therapies.

tent or better bioactivity relative to carbohydrate-free ana-
logues. In the present study, we investigated the effects of
site-specific glycosylation on the pharmacological properties of
NT. Our results suggest that the glycosylated analogues exhibit
low-nanomolar affinities and agonist activities for neurotensin
receptor subtype 1 (NTS1), and suppress seizures with sub-pi-
comolar potency in the pharmacoresistant model of epilepsy
following intracerebroventricular (icv) injections.

Results
Design of glycosylated neurotensin analogues

To investigate how glycosylation affects the pharmacological
properties of NT, we designed several analogues containing O-
linked sugar moieties (a-p-Gal-(1—6)--p-Glc (B-melibiose) and
-p-Gal-(1—3)-a-p-GalNAc (a-Thomsen-Freidenreich antigen,
o-TF)) attached to position 7 of NT (Table 1). Mel-S is the -me-
libiose-Ser conjugate, TF-T is the a-TF-Thr conjugate, and Lac-
PEG;-E is the Lac-PEG;-Glu conjugate. The structures of glyco-
amino acids introduced onto NT analogues are shown in
Figure 1. Position 7 was selected specifically because the natu-
rally occurring glycosylated NT analogue, contulakin-G, has a f3-
p-Gal-(1—3)-a-p-GalNAc-(1—)(a-TF) attached to Thr10 (bold-
face) in the following sequence: ZSEEGGSNATKKPYIL.2 There-
fore, Thr10 in contulakin-G is equivalent to Pro7 in NT with re-
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Table 1. Summary of MS and HPLC analysis of the NT analogues studied herein.

that all NT analogues containing
‘natural’ glycoamino acids were

Analogue Sequence  Massg[Da]l  Massgpg[Dal  tg [min]®  Purity [%]® very potent in the receptor bind-
Neurotensin ZLYENKPRRPYIL-OH 1671.91 1672.90 16.6 99.6 ing assay, we also explored how
NT-Mel ZLYENK(Mel-S)RRPYIL-OH 1985.99 1986.94 16.7 98.0 ‘unnatural’ glycosylation would
NT-TF ZLYENK(TF-T)RRPYIL-OH 2041.04 2042.28 16.3 99.9 affect the pharmaco'ogical prop-
NT(8-13) H-RRPYIL-OH 816.50 817.53 135 98.5 . .

erties of NT. To this end, we de-
NT(8-13)-Mel H-(Mel-S)RRPYIL-OH 1227.63 1228.71 14.8 98.0 -
NT(8-13)}-PEGs-Lac  H-(Lac-PEG,-E)RRPYIL-OH 1400.74 140177 153 99.9 signed an analogue of NT(8-13)

30 min.

[a] HPLC was carried out with a linear gradient (5—65%) of buffer B (90% CH,CN and 0.1% TFA in H,0) for

containing an ’‘extended’ glyco-
amino acid: a [-lactose unit
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Figure 1. The structures of glycoamino acids introduced to NT and the C-ter-
minal hexapeptide, NT(8-13).

spect to the active fragment -RRPYIL (shaded sequence), as
shown below:

!

ZLYENKPRRPYIL
ZSEEGGSNATKKPYTIT

Neurotensin (bovine)
Contulakin-G

One of the sugar moieties, a-b-Gal-(1—6)-p-p-Glc (B-meli-
biose), was chosen based on extensive studies of glycosylated
enkephalin analogues.?” The enkephalin-based glycopeptides
were shown to increase bioavailability to the central nervous
system (CNS). When administered intravenously (iv), the glyco-
sylated enkephalin containing melibiose was 20-fold more
potent as an analgesic than the nonglycosylated parent pep-
tide. The other sugar moiety, 3-p-Gal-(1—3)-a-p-GalNAc (a-TF),
was chosen based on the structure of contulakin-G.B” The full-
length NT analogues, NT-Mel and NT-TF, had identical amino
acid sequences except for the different glycoamino acid resi-
due (Table 1).

The C-terminal hexapeptide, NT(8-13), retained the biologi-
cal activity of NT, including the affinity and agonist potency for
NT receptors.*3¥ Therefore, we introduced the glycoamino
acid Mel-S to the N terminus of NT(8-13). Once we discovered
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linked by a PEG; spacer
(Figure 1). This particular glycoa-
mino acid was chosen based on

a-Thomsen-Freidenreich antigen-Thr (TF-T) the commercial availability of the synthetic intermediate. The

structures of all NT analogues studied herein are summarized
in Table 1.

Synthesis of glycosylated neurotensin analogues

Fmoc-Ser(B-Mel-Ac,)-OH and Fmoc-Thr(a-TF-Ace)-OH were ob-
tained from a commercial source for the preparation of NT-
Mel, NT(8-13)-Mel, and NT-TF. For the preparation of NT(8-13)-
PEG;-Lac, Fmoc-Glu-(B-Lac-PEG;-amide) 4 was synthesized as
shown in Scheme 1. First, Fmoc-Glu(OBn)-OH 1 was activated

0 0 F Fo 0

HO OBn
1 NHFmoc F

OAco Ac OAc
(@] - @]
OAc OAc 2
OEENACO/SC/ L PP
o}
AcO AcO O\/\O/\/OV\NWOBn
OAc OAc H

NHFmoc
3
c
OAcOAC OAc o o
O o (0]
ACO&EN/ A;)%/O\/\O/\/OV\NWOH
OAc Ohc NHFmoc

Scheme 1. Synthesis of Fmoc-Glu-(3-Lac-PEG;-amide) 4, the intermediate
compound for the preparation of NT(8-13)-PEG;-Lac. a) PFP, DCC, CH,Cl,,
room temperature, 72 %; b) DIPEA, CH,Cl,, 57 %; c) H,, Pd/C (10%), EtOAc,
70%.

with pentafluorophenol (PFP) in the presence of 1,3-dicyclo-
hexylcarbodiimide (DCC) to generate Fmoc-Glu(OBn)-OPFP, 2.
The acylation reaction between 2 and (-Lac-PEG;-amine in di-
chloromethane and N,N-diisopropylethylamine (DIPEA) gener-
ated Fmoc-Glu(OBn)-(B-Lac-PEG;-amide), 3. Debenzylation of 3
with 10% palladium on carbon in ethyl acetate under hydro-
gen (1 atm) produced the final product, Fmoc-Glu-(3-Lac-PEG,-
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amide) 4. Degradation of the Fmoc group was found to be
minimal under the hydrogenation conditions, and the minor
impurity was removed easily in a single chromatographic pu-
rification step. The overall yield (70%) of hydrogenation was
sufficient to get the final product, 4.

For all NT analogues, excess Fmoc-protected and peracety-
lated glycoamino acids (~25-50 umol) were incorporated man-
ually. The peptides were synthesized by using preloaded
Fmoc-Wang resin, and PyBop™ was used as a coupling reagent
in the presence of DIPEA. The Fmoc group was removed in the
final synthesis step. After peptide synthesis, NT analogs were
cleaved from the resin by incubation with reagent K (trifluoro-
acetic acid/water/ethanedithiol/phenol/thioanisole) for 2h,
precipitated with methyl tert-butyl ether (MTBE) at —20°C for
30 min, and purified by reversed-phase (RP) HPLC. After the
purification of peracetylated NT analogues was complete, de-
acetylation reactions were performed in a solution of sodium
methoxide (50 mm in methanol) for 2 h. The progress of de-
acetylation was monitored by RP-HPLC. The change in HPLC
retention time for the representative NT analogue, NT-TF, is
shown in Figure 2. The chemical identity of the final products
was confirmed by MALDI-TOF mass spectrometry (Table 1).

A)

G. Bulgj et al.

function of the concentration of NT analogues (Figure 3A).
Competition binding curves were analyzed using the sigmoidal
dose-response (variable slope) classical equation for nonlinear
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Figure 3. A) Receptor binding curve for NT analogues and B) the agonist ac-
tivity from functional assays. The binding affinity of NT (----- O----- ) and NT-
TF (——e——) for NTS1 remains the same: 0.5 nm. The ECs, values deter-
mined by intracellular Ca>* mobilization assays for NT and NT-TF are 1.1 and
0.9 nwm, respectively.

regression analysis, yielding K; values reported in Table 2. Nei-
ther glycosylation nor truncation affected the binding affinity
for NTS1. All analogues studied retained high affinity for the re-

Table 2. Receptor binding (K) and agonist activity (ECs,) toward NTST,
and anticonvulsant activity (EDs,) of NT and NT analogues.

Analogue K; [nm] ECso [nM]@ EDs, [nmol] (icv)™®
Neurotensin 0.5+0.2 1.1 0.0010
NT-Mel 1.0+£0.3 ND 0.0004
T T T T T T T T 1
14 15 16 17 18 19 20 21 29 NT-TF 0.5+0.1 0.9 0.0004
) NT(8-13) 0.2+0.1 ND 0.0011
te/ min —— NT(8-13)-Mel 04+0.1 ND 0.0004
NT(8-13)-PEG;-Lac 0.3+0.1 ND <0.0010

Figure 2. HPLC profile of NT-TF A) before deacetylation and B) after deacety-
lation. The retention time (t;) changed from 19.5 to 16.3 min during the de-
acetylation reaction. The analogues were purified by RP-HPLC using a semi-
preparative C,5 column in a linear gradient (5—65 %) of buffer B (90%
CH;CN, 0.1% TFA in H,0). The molecular weights of the analogues were con-
firmed by MALDI-TOF mass spectrometry.

Receptor binding and agonist activities

The binding affinity of NT analogues for the human recombi-
nant NTS1 receptor was tested with europium-labeled NT (Eu-
NT) using membrane preparations derived from HEK-293T cells.
The displacement of Eu-NT fluorescence was detected as a
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[a] ND =not determined. [b] In a 6 Hz mouse model of epilepsy.

ceptor, similar to that measured for unmodified NT. Even the
truncated NT analogue containing the unnatural glycoamino
acid (NT(8-13)-PEG;-Lac) displayed a sub-nanomolar K; value,
further underscoring the critical role of the C-terminal hexa-
peptide motif in receptor recognition.

The ability of a selected NT analogue to stimulate intracellu-
lar Ca*" mobilization was tested in HEK-293T cells expressing
human NTS1 (Figure 3B). The NT-TF analogue retained full po-
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tency as an NTS1 agonist, indicating that the presence of gly-
coamino acids does not affect the binding mechanism of the
peptide to the receptors (Table 2). The activation of intracellu-
lar Ca®* mobilization was concentration dependent, with ECs,
values of 1.1 and 0.9 nm for NT and NT-TF, respectively. The
EC,, values for stimulation of intracellular Ca’" release con-
firmed the similar binding affinities of NT and NT-TF.

Anticonvulsant activity

To investigate the invivo activity of the NT analogues, we
tested their ability to suppress seizures in an animal model of
epilepsy. This assay was chosen based on a preliminary report
that the glycosylated NT analogue contulakin-G possesses
potent anticonvulsant activity in the Frings mouse model of
epilepsy (USPTO; patent 6,696,408). All analogues were evalu-
ated in the mouse 6 Hz partial psychomotor seizure model fol-
lowing icv injections (Figure 4). Animals were considered pro-
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Figure 4. Dose-response curves of NT (o) and a representative glycosylated
NT analogue, NT-TF (@), in the 6 Hz (32 mA) anticonvulsant assay in mice fol-
lowing icv administration. The log values of dose were plotted against the
percentage of mice protected from seizures. The EDs, values for NT and NT-
TF were 1.0 pmol and 0.4 pmol, respectively.

tected if they did not display a motor seizure characterized by
vibrissae twitching, jaw chomping, or forelimb clonus. The
median effective dose (EDs,) calculated from dose-response
curves are reported in Table 2. The EDs, values for all the ana-
logues were found to be in the picomolar range. Notably,
three analogues, NT-Mel, NT-TF, and NT(8-13)-Mel, exhibited
sub-picomolar potency. The glycosylated NT analogues were
not found to be anticonvulsant following systemic administra-
tion (intraperitoneally, ip) at doses as high as 10 mgkg™, sug-
gesting that the glycosylation does not improve CNS bioavaila-
bility for these peptides.

Discussion

Herein we describe how 'nature-inspired’ glycosylation of NT
analogues affects their pharmacological properties. We present
a novel design strategy, solid-phase chemical synthesis of sev-
eral glycopeptide analogues, including synthesis of an unnatu-
ral glycoamino acid, as well as an invitro pharmacological
characterization of the resulting analogues (receptor binding
and agonist activities), and in vivo pharmacology in a mouse
model of pharmacoresistant epilepsy. Our design strategy of
the glycosylated analogues is unique, as it is based on the
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study of peptide-based marine natural products and available
SAR data on NT analogues. Despite numerous studies on the
engineering of glycosylated neuropeptides,”*” to the best of
our knowledge, this is the first comprehensive study of apply-
ing natural-product-inspired posttranslational modifications to
bioactive fragments of neuropeptides.

NT analogues containing O-linked sugar moieties (a-b-Gal-
(1—6)-p-p-Glc and f-pb-Gal-(1—3)-a-p-GalNAc) or [-lactose
units linked to the peptide by a PEG; spacer had comparable
receptor binding properties, suggesting that the relatively
bulky modification does not interfere with peptide-receptor
interactions. Even the presence of an unnatural glycoamino
acid, B-lactose linked through a short PEG spacer, does not
change receptor binding affinity. Furthermore, glycosylation
does not affect the agonist activity of the analogues. Our find-
ings are also different from those reported for contulakin-G
and its deglycosylated analogue, [Thr 10]contulakin-G,*® as the
disaccharide-free analogue has >40-fold higher affinity, as well
as > 30-fold higher agonist potency, for human NTS1. The ap-
parent differences of how glycosylation affects the receptor af-
finities and agonist potencies of NT (this work) and contulakin-
GB% suggest that these two peptides may have different bind-
ing mechanisms at NT receptors; perhaps the shorter length of
NT can better accommodate the sugar moiety in complex with
the target receptor. These results are encouraging for further
explorations of neo-glycopeptide NT analogues as a strategy to
improve bioavailability.

Structure-activity studies of NT showed that its C-terminal
hexapeptide NT(8-13) is equipotent to, or even more potent
than, native NT in binding to NT receptor (membrane prepara-
tions from human frontal cortex) in radioligand binding assays,
while maintaining the same biological and pharmacological
properties.”) Our results obtained from the fluorescence-based
binding assays are consistent with previous studies, with K;
values of 0.5+0.2 and 0.24+0.1 nm for NT and NT(8-13), re-
spectively. Both NT and NT(8-13) display equipotent anticon-
vulsant EDs, values (i.e., 0.0010 nmol, icv). As the glycosylated
C-terminal hexapeptide also maintains the same activity as NT
in vitro and in vivo, this finding supports the critical role of the
RRPYIL motif. The apparent correlation between receptor affini-
ty, agonist potency, and anticonvulsant activity suggests that
the suppression of seizures might be explained by targeting
NT receptors.

Perhaps the most important finding from our study is that
NT and the glycosylated analogues exhibit picomolar, or even
sub-picomolar, anticonvulsant potencies in the 6 Hz model of
epilepsy. Although previous studies reported correlations be-
tween NT and seizures,*®*? there is only one reported example
of the anticonvulsant activity of an NT analogue (contulakin-G)
determined in the Frings mouse model of epilepsy (USPTO;
patent 6,696,408). Although the hypothermic activity of NT
may partially account for some of its anticonvulsant activity,
this neuropeptide was recently shown to potentiate GABAergic
activity in the rat hippocampus CA1 region.”” Because NT is
known to exert hypothermia, the anticonvulsant activity ob-
served in the present study may contribute to the anticonvul-
sant action of the modified NT analogues described herein;
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however, we did not observe a direct correlation between
changes in body temperature and the percentage of animals
protected in the seizure test. The mechanism of NT-mediated
anticonvulsant activity remains unknown, and requires further
pharmacological studies.

The immediate impact of the discovery that NT and its gly-
cosylated analogues exhibit high potencies in suppressing seiz-
ures is a new research direction for exploring BBB-permeable
NT analogues as potential first-in-class antiepileptic drugs. The
unexpected anticonvulsant role of NT in the brain will trigger
more mechanistic studies to be carried out by neuropharma-
cologists. Furthermore, many research groups in both the aca-
demic and industrial spheres have been working for two de-
cades on NT analogues with improved bioavailability."" As a
result, a number of CNS-active lead compounds derived from
NT analogue libraries have been identified.®'® We hope that
this work will encourage these research groups to test their
BBB-permeable NT agonists in various models of epilepsy (for
example, by using the NIH-sponsored Anticonvulsant Screen-
ing Program).

Experimental Section

General: Chemicals were obtained from Aldrich Chemical and
were used without prior purification. (-Lac-PEG;-amine, Fmoc-
Ser(B-Mel-Ac;)-OH, and Fmoc-Thr(a-TF-Acg)-OH were purchased
from Sussex Research Laboratories Inc. Fmoc-protected amino
acids and preloaded Fmoc-Leu-Wang resins were obtained from
Chem-Impex International Inc. Reactions were performed under N,
atmosphere, unless otherwise indicated. Chromatography refers to
flash chromatography on silica gel (Whatman 230-400 mesh ASTM
silica gel). Analytical thin-layer chromatography (TLC) was per-
formed using Whatman glass plates coated with silica gel
(0.25 mm thickness) containing PF,s, indicator. NMR spectra were
recorded at 400 MHz ('H), 100 MHz (°C), and 376 MHz (°F) at
25°C. Proton and carbon chemical shifts are given in ppm relative
to tetramethylsilane (TMS) as the internal standard; external stand-
ards were used for '°F (CFCl;, 6=0.00 ppm). MALDI-TOF MS data
were collected at the University of Utah Core Facility. Optical rota-
tions were measured on a polarimeter (PerkinElmer, model 343)
using a quartz cell with a path length of 10 cm.

Fmoc-Glu(OBn)-OPFP, 2: DCC (0.246 g, 1.19 mmol) was added to a
solution of Fmoc-Glu(OBn)-OH (0.459 g, 1 mmol) and PFP (0.190 g,
1.03 mmol) in CH,Cl, (5 mL) at 0°C and then stirred at room tem-
perature for 16 h, filtered, washed with NaHCO; solution, and puri-
fied by chromatography (hexane/EtOAc 3:1) to afford 2 (0.45 g,
72%) as white solid: R=0.25 (CH,Cl,/CH;OH, 7:1); mp: 144.0-
146.0°C; [a]®=—13.0 (c=3.8 in CHCl;); "H NMR (400 MHz, CDCl,):
0=7.66 (d, J=7.2 Hz, 2H), 7.49 (m, 2H), 7.18-7.30 (m, 9H), 5.51 (d,
J=8.4Hz, 1H), 5.06 (s, 2H), 4.70 (m, TH), 435 (m, 2H), 4.12 (t, J=
6.8 Hz, 2H), 2.46 (m, 2H), 2.34(m, TH), 2.10 ppm (m, TH); *C NMR
(100 MHz, CDCly): 6=172.60, 168.62, 156.126, 143.95, 143.77,
141.56, 135.75, 128.86, 128.67, 128.57, 128.02, 127.34, 125.26,
120.26, 67.54, 67.08, 53.55, 47.32, 30.31, 27.27 ppm; '°F NMR
(376 MHz, CDCl;): 6=—152.55 (d, J=15.6 Hz, 2F), —157.33 (t, J=
244, 228 Hz, 1F), —162.06 ppm (t, J=24.4, 22.8 Hz, 2F); HRMS
(MALDI) m/z [M+Na]* calcd for Cy3H,,FsNOgNa: 648.1416, found:
648.1422.

Fmoc-Glu(OBn)-(f3-Lac-PEG;-amide), 3: DIPEA (89.5 L,
0.514 mmol) was added to a stirred solution of 2 (0.236 g,
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0.514 mmol) and p-Lac-PEG;-amine (0.329 g, 0.428 mmol) in CH,Cl,
(10 mL). After stirring for 16 h, the reaction mixture was concen-
trated and purified by chromatography (hexane/EtOAc 1:1) to
afford 3 (0.296 g, 57%) as a white amorphous solid: R,=0.41
(EtOAC); [a]X¥=—4.6 (c=0.5 in CHCly); '"HNMR (400 MHz, CDCl,):
0=7.70 (d, J=7.2Hz, 2H), 7.53 (d, /=6.8 Hz, 2H), 7.24-7.34 (m,
9H), 6.67 (m, 1H), 5.64 (d, J/=7.2 Hz, 1H), 5.24 (d, 2H), 5.13-5.00
(m, 4H), 485 (m, 2H), 4.46-4.12 (m, 6H), 4.01 (m, 4H), 3.85 (m,
1H), 3.72 (m, 2H), 3.60 (m, 1H), 3.52-3.30 (m, 10H), 2.49-2.35 (m,
2H), 1.82-2.07 ppm (m, 23H); "CNMR (100 MHz, CDCl,): 6=
173.24, 171.34, 170.66, 170.55, 170.40, 170.30, 170.06, 169.35,
158.91, 143.95, 141.49, 138.97, 135.39, 128.82, 128.55, 12847,
127.99, 126.73, 125.34, 120.26, 101.34, 100.89, 76.51, 72.92, 71.83,
71.19, 70.82, 70.72, 70.54, 70.36, 69.75, 69.47, 69.29, 67.27, 66.74,
64.60, 62.27, 60.96, 54.26, 47.33, 39.61, 30.85, 30.52, 29.93, 28.73,
21.08, 21.02, 20.97, 20.85, 20.75, 19.34 ppm; HRMS (MALDI) m/z
[M+Na]™" calcd for CsoH,,N,0,5Na: 1231.4316, found: 1231.4284.

Fmoc-Glu-(B-Lac-PEG;-amide), 4: A solution of 3 (0.270¢,
0.24 mmol) and 10% Pd/C (54 mg) in EtOAc (10 mL) was stirred
under H, (1 atm) for 48 h. The mixture was then filtered through
Celite, and the solvent was evaporated under reduced pressure.
Chromatography (EtOAc/MeOH 3:1) gave 4 (0.202g, 70%) as a
clear oil: R;=0.52 (EtOAc/MeOH 3:1); [a]®=—3.6 (c=1.0 in CHCl,);
'H NMR (400 MHz, CDCl,): 6=7.68 (d, J=7.2 Hz, 2H), 7.50 (m, 2H),
7.29-7.33 (t, J=6.8 Hz, 2H), 7.22 (d, J=4.4 Hz, 2H), 6.99 (br, TH),
5.99 (br, 1H), 5.24 (s, 1H), 5.11 (t, J=9.2Hz, 1H), 5.01 (t, J=84,
9.6 Hz, 1H), 4.80-4.89 (m, 2H), 4.45-4.37 (m, 3H), 428 (m, 3H),
4.2 (m, 1H), 4.05-3.94 (m, 3H), 3.81 (m, 1H), 3.76-3.73 (m, 2H),
3.64-3.34 (m, 12H), 2.37 (m, 2H), 1.89-2.07 ppm (m, 23H); *C NMR
(100 MHz, CDCl;): 6=170.79, 170.64, 170.39, 170.32, 170.20, 170.12,
169.39, 144.04, 143.95, 141.44, 127.98, 127.35, 125.37, 120.22,
101.26, 100.84, 76.43, 72.89, 71.83, 71.18, 70.77, 70.69, 70.31, 69.67,
69.40, 69.32, 67.35, 66.82, 64.58, 62.22, 60.98, 54.26, 47.25, 39.56,
30.83, 29.89, 21.23, 21.07, 21.00, 20.94, 20.83, 20.73, 19.34 ppm;
HRMS (MALDI) m/z [M+Na]™: calcd for Cs,HgN,0,sNa: 1141.3847,
found: 1141.3832.

Peptide synthesis, purification, and characterization: Peptides
were synthesized on a Symphony automatic peptide synthesizer
(Protein Technologies Inc.) using Fmoc SPPS methods on a
25 pmol scale. Preloaded Fmoc-Leu-Wang resin was used, with Py-
Bop™ as a coupling reagent and piperidine (20%) as a deprotec-
tion reagent. Unnatural amino acids were coupled manually, and
the Fmoc group was removed during the final step. After synthesis,
peptides were cleaved from the resin by incubating in reagent K
(TFA/H,0O/ethanedithiol/phenol/thioanisole, 90:5:2.5:7.5:5 v/v) for
2 h, then precipitated with MTBE (6 mL) at —20°C for 30 min and
purified by RP-HPLC. After the purification of peracetylated NT ana-
logues was complete, they were hydrolyzed in NaOMe (50 mm in
MeOH) for 2 h to remove the acetyl group, and purified by RP-
HPLC using a C,;3 semipreparative column (Vydac, 4.6 mm X
250 mm) under a linear gradient (5—65 %) of buffer B (90% CH,CN
and 0.1% TFA in H,0). The flow rate was 5 mLmin~', and elution
was monitored by UV detection at 220 nm. Prepared peptides
were quantified by measuring UV absorbance at 274.6 nm (e=
1420.2 M 'cm™'). The molar masses of peptides were determined
by MALDI-TOF mass spectrometry.

Receptor binding assay: Competitive binding assays were per-
formed on membrane preparations using Eu-NT (both from Perkin-
Elmer), and the samples were tested in quadruplicate. Membrane
preparations, Eu-NT, and ligands were diluted in binding buffer
(50 mm Tris-HCI pH 7.5, 5 mm MgCl,, 25 um EDTA, 0.2% BSA). Sam-
ples were incubated at room temperature for 90 min in a total
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volume of 200 uL. Following incubation, samples were washed
four times with wash buffer (50 mm Tris-HCI pH 7.5, 5 mm MgCl,).
Enhancement solution (200 pL) was added, and the plates were in-
cubated at room temperature for 30 min. The plates were read on
a Wallace VICTOR? instrument using the standard Eu-TRF measure-
ment (A, =340 nm, 400 ps decay, and emission collection (,=
615 nm) for 400 ps). Competition curves were analyzed with
GraphPad Prism using the sigmoidal dose-response (variable
slope) classical equation for nonlinear regression analysis.

Agonist activity: HEK-293T cells transiently co-transfected with
NTS1 were plated in 96-well plates, and grown to confluence. After
incubation with Fluo-3/Am, cells were washed with HBS (10 mm
HEPES pH 7.4, 150 mm NaCl) and equilibrated for 20 min. The fluo-
rescence emission due to intracellular Ca?" mobilization elicited by
agonists of the expressed receptor was determined with a fluores-
cence imaging plate reader (FLIPR™, Molecular Devices Corpora-
tion). The results were analyzed using SOFTmax Pro and GraphPad
Prism software. This assay was performed by Millipore Inc.

Anticonvulsant assay: Analogues were tested in the 6 Hz partial
psychomotor seizure model following icv administration (total
volume, 5 uL) to CF-1 male adult mice (Charles River). Mice were
dosed with the analogues (icv), and 30 min later, animals were
challenged with corneal stimulation (6 Hz, 32 mA, 3s). Animals
were considered protected if they did not display a motor seizure
characterized by vibrissae twitching, jaw chomping, or forelimb
clonus. The fitted curves were analyzed with GraphPad Prism using
the dose-response classical equation for nonlinear regression anal-
ysis. EDg, values were determined based on 50% protection. All
animal protocols were approved by the Institutional Animal Care
and Use Committee at the University of Utah.
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