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Galanin is an endogenous neuropeptide that modulates seizures in the brain. Because this neuropeptide
does not penetrate the blood—brain barrier, we designed truncated galanin analogues in which nonessential
amino acid residues were replaced by cationic and/or lipoamino acid residues. The analogues prevented
seizures in the 6 Hz mouse model of epilepsy following intraperitoneal administration. The most active
analogue, Gal-B2 (NAX 5055), contained the -Lys-Lys-Lys(palmitoyl)-Lys-NH, motif and exhibited high
affinity for galanin receptors (K; = 3.5 nM and 51.5 nM for GalR1 and GalR2, respectively), logD = 1.24,
minimal helical conformation and improved metabolic stability. Structure—activity-relationship analysis
suggested that cationization combined with position-specific lipidization was critical for improving the
systemic activity of the analogues. Because the anticonvulsant activity of galanin is mediated by the receptors
located in hippocampus and other limbic brain structures, our data suggest that these analogues penetrate
into the brain. Gal-B2 may lead to development of first-in-class antiepileptic drugs.

Introduction

Anticonvulsant neuropeptides are potent modulators of neu-
ronal excitability."> This class of peptides include galanin,’
neuropeptide Y (NPY“),*> somatostatin,® or dynorphin A;’ when
endogenously expressed or delivered directly into the central
nervous system (CNS), these peptides not only can suppress
seizures in animal models of epilepsy but they also mediate
antinociceptive effects. Furthermore, there is a growing body
of evidence that some anticonvulsant neuropeptides may have
disease-modifying properties, such as slowing, halting, or
perhaps even preventing development of epileptic seizures.®™'°
Therefore, the anticonvulsant neuropeptides provide an op-
portunity to develop disease-modifying therapeutics for
epilepsy.®® 112 If these peptides could be specifically targeted
into the CNS, they may become first-in-class cures for many
neurological diseases.

Galanin is an example of such a promising anticonvulsant
peptide that exhibits disease-modification properties.®'*'* The
acute administration of galanin receptor agonists or virus-
mediated overexpression of galanin in the hippocampus has been
found to inhibit limbic status epilepticus, pentylenetetrazol, and
picrotoxin seizures in rats and mice.'>'>~'® Furthermore, the
seizure threshold of galanin overexpressing transgenic animals
is increased in status epilepticus and kindling models.'***' In
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vitro, galanin inhibits glutamate release from the hippocampus.?*>

Galanin elicits multiple effects in the brain via three galanin
receptors belonging to the G protein-coupled receptors (GPCRs). >
Galanin receptor subtype 1 (GalR1) is present in many brain
areas but displays the highest expression in the hippocampus.®
The galanin receptor subtype 2 (GalR2) is expressed in the
hypothalamus, the hippocampus, the amygdala, piriform cortex,
basal forebrain (medial septum/diagonal band), the cerebellum,
and the brainstem. Galanin receptor subtype 3 (GalR3) is most
abundant in the hypothalamus but is absent from the hippoc-
ampus. Results from studies with the GalR1 knockout mice and
rats treated with GalR2 peptide nucleic acid antisense suggests
that galanin exerts its anticonvulsant effect through an action
at both GalR1 and GalR2.>’*® Furthermore, GalR2 is thought
to play an important role in the neuroprotective effects of galanin
in hippocampal neurons.'”*"**** Results from a study conducted
in a model of rapid kindling suggest that hippocampal GalR1
and GalR2 exert antiepileptogenic effects although via different
signaling pathways.® Therefore, on the basis of the current
literature, systemically active galanin receptor agonists that
penetrate into the hippocampus might offer promising novel
therapeutics that not only control epileptic seizures, but could
also modify the progression of epilepsy.

Previous attempts to generate systemically active galanin
agonists provided two compounds, galnon and galmic (Figure
1A, Table 1).'*'*! Galnon became a useful pharmacological
tool to study the effects of galanin receptors in the CNS.?!3%33
However, subsequent studies revealed that, at a concentration
of 10 uM, both galnon and galmic interacted with a variety of
nongalanin receptors including 5-HT-1A, 1B receptors, D2
dopamine receptors, ghrelin and melanocortin receptors, NPY
receptors (galnon only), or u-opioid receptors (galmic only),
suggesting that some of the pharmacological properties of galnon
or galmic might be mediated by nongalanin receptors.** Thus,
despite these previous efforts, there is a continuous need for
systemically active and selective galanin receptor ligands.
Improved penetration of peptides into the CNS was successfully
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Figure 1. Developing systemically active galanin receptor ligands. (A) structures of two galanin agonists, galmic and galnon, discovered through
combinatorial approaches. (B) A rational design of systemically active galanin analogues described in this work.

Table 1. Selected Galanin-Based Ligands and Their Affinities to the
Galanin Receptors®

affinity®, Kq [nM]

ligand hGalR1 hGalR2 hGalR3

agonists

hGAL(1-29) 0.4 2.3 69.0

pGAL(1—16) 32 5.0 315.0

GAL(2—11) 879 1.8 n.d.
agonists that cross

blood—brain barrier

galnon 12000 24000 n.d.

galmic 34000 >100000 n.d.
antagonists

M35 0.1 2 15

M15 (galantide) 0.3 1 40

“ Kq values are taken from the ref 25.

achieved by introducing such chemical modifications as
polyamines (cationization), lipids, or glycosyl groups.>> %7 In
this research, we investigated how selected chemical modifica-
tions may improve CNS bioavailability of galanin. Here, we
report that the combination of C-terminal cationization/lipidiza-
tion to the Gal(1—13) core provided metabolically stable and
high-affinity galanin analogues that exert potent anticonvulsant
activity following systemic administration.

Results

Design Strategy. Galanin is a 29—30 amino acid long peptide
(Figure 1B),*® where the first N-terminal 14 residues are highly
conserved within different animal species.®® The N-terminal core

fragment comprises critical residues: Glyl1, Trp2, Asn5, Tyr9,
and Gly12, and it was previously shown to maintain high affinity
toward galanin receptors.*®*' Indeed, the truncated Gal(1—16)-
NH, analogue is a low nanomolar agonist for both GalR1 and
GalR2, slightly preferring GalR1. Alanine-walk analogues of
Gal(1—16) indicated that individual replacements of amino acid
residues within the (1—12) fragment affected binding properties
to both galanin receptors, with GalR2 being more sensitive.***?
All analogues of Gal(1—13) with the e-amino group of Lys14
conjugated to different groups varying in size retained high
affinity, suggesting that the C-terminal portion of the truncated
analogues may be amenable to the introduction of bulky
modifications.** Additional SAR information utilized in our
design was that the N-methylation of Gly1 did not affect receptor
binding properties, whereas it improved metabolic stability of
the analogue containing the N-terminal sarcosine residue.*’

To develop systemically active galanin analogues, we first
applied two common strategies: lipidization and cationization
(Figure 1B). The introduction of a lipoamino acid residue at
the C-terminus of the [Gly1Sar]Gal(1—16)-NH, could serve two
functions: (1) to improve penetration of the analogue across
the membranes by increasing lipophilicity and (2) to increase
the metabolic stability, as was observed in other peptides.*®~*°
The Lys-palmitoyl (Lys-P) residue was introduced at the
C-terminus of the [Gly1Sar]Gal(1—16)-NH, analogue (analogue
Gal-LAA). We also tested how the presence of positively
charged residues at the C-terminus of [Gly1Sar]Gal(1—16)-NH,
may improve anticonvulsant activity. Because the N-terminal
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Table 2. Sequences, Mass Spectrometry Data, HPLC Retention Times and logD Values for the Galanin analogues®
analogue structure mass spec data (calc/exp) HPLC retention time” logD*

Gal(1—-16) GWTLNSAGYLLGPHAV-NH, 1653.86/1654.67 19.32 £+ 0.37 0.69 £ 0.02
Gal-LAA (Sar)WTLNSAGYLLGPHA (Lys-P) 1936.30/1936.32 28.31 £ 0.04 1.45 + 0.02
Gal-(K)4 (Sar)WTLNSAGYLLGPKKKK 1873.09/1873.14 15.13 £ 042 0.34 £ 0.02
Gal-B1 (Sar)WTLNSAGYLLGPKKK(Lys-P) 2112.60/2112.33 25.99 £0.16 1.25 + 0.02
Gal-B2 (Sar)WTLNSAGYLLGPKK(Lys-P)K 2112.60/2112.33 25.84 £0.10 1.24 + 0.02
Gal-B3 (Sar)WTLNSAGYLLGPK(Lys-P)KK 2112.60/2112.26 25.96 £ 0.29 1.25 + 0.03
Gal-B4 (Sar)WTLNSAGYLLGP(Lys-P)KKK 2112.60/2112.29 25.88 £0.14 1.24 + 0.02
Gal-B5 WTLNSAGYLLGPKK(Lys-P)K 2040.46/2040.13 25.62 £0.10 1.22 + 0.02
Gal-B6 GWTLNSAGYLLGPKK(Lys-P)K 2098.60/2098.18 22.53 £3.20 0.96 £ 0.24
Gal-B7 (Ahx)WTLNSAGYLLGPKK(Lys-P)K 2154.70/2154.44 25.80 £0.12 1.24 + 0.02
Gal-B8 (Sar)yWTLNSAGYLLGPRR(Lys-P)R 2195.51/2195.43 26.36 £+ 0.09 1.28 + 0.02
Gal-B9 (Sar)yWTLNSAGYLLGPpKpK(Lys-P)pK 2112.60/2112.33 2544 +£0.12 1.21 + 0.02
Gal-B10 (Sar)WTLNSAGYLLKKKK(Lys-P)K 2213.61/2213.29 24.00 £ 0.13 1.08 + 0.02
Gal-B11 (Sar)WTLNSAGYLLGKK(Lys-P)K 2015.50/2015.30 25.67 £0.14 1.23 + 0.02
Gal-B12 (Sar)WTLNSAGYLLKK(Lys-P)K 1957.42/1957.18 25.82 £ 0.10 1.24 + 0.02

@ Lys-P is Lysine-palmitoyl, Sar is sarcosine, Ahx is 6-aminohexanoic acid. ® Linear gradient of H,O/acetonitrile. ¢ Calculated values based on HPLC
retention times, as shown in Supplementing Information Table S1 and Figure S2.

galanin fragment is relatively hydrophobic and it lacks positively
charged residues (known to improve penetration of peptides
across biological membranes), several Lys residues were added
to the C-terminus of the analogue (Gal-(K)4). The overall design
strategy is summarized in Figure 1B. These two analogues were
chemically synthesized and screened by the Anticonvulsant
Screening Program at the NIH. Our initial screening results
indicated that these two analogues failed to effectively protect
mice from limbic seizures induced by 6 Hz corneal stimulation,
although the observed activity of the analogue Gal-(K)4
provided a hint that cationization might in fact be an effective
strategy to improve systemic bioavailability. However, because
of apparent motor impairment toxicity of Gal-(K)4, we discon-
tinued exploring increasing or replacing the positively charged
residues at the C-terminus.

Next, we tested whether combining cationization and lip-
idization could be more effective in improving systemic activity
of the analogues, as compared to each of the modifications alone.
Therefore, a series of four analogues (Gal-B1, Gal-B2, Gal-
B3, and Gal-B4) was designed, chemically synthesized, and
screened; these analogues contained a Lys-palmitoy] residue in
combinations with three Lys residues. Once we discovered that
the combined presence of lipoamino acid at the position 16 and
cationization was important for improving systemic activity of
Gal-B2, subsequent subsets of SAR analogues were designed
to address several questions: (1) Does the number and type of
positively charged residues play a role in systemic bioavail-
ability? (2) Does a further truncation of galanin analogues affect
systemic bioavailability? (3) And is the N-terminal methylation
important? Structures of the galanin analogues described in this
work are summarized in Table 2

Synthesis and Physicochemical Characterization of the
Galanin Analogues. Galanin analogues were synthesized on a
solid support using automated peptide synthesizer and the Fmoc
chemistry. After removal of the peptides from the resin, the
analogues were purified using reversed-phase HPLC separations
on a diphenyl preparative column. The peptides were quantified
by measuring UV absorbance at 280 nm, aliquoted, and dried
in a speed vac. Mass spectrometry analysis confirmed the
chemical identity of all analogues. HPLC retention times are
summarized in Table 2. The purity of all analogues is sum-
marized in Supporting Information Figure S1 and Table S1, and
the HPLC trace of the lead analogue, Gal-B2, showing 98.8%
purity, is provided in Supporting Information Figure S2.

To characterize the lipophilicity of the analogues, we
determined their water/octanol partitioning coefficients (logD)
using previously established methods.’®>" First, the shake-flask

method was employed for the selected analogues to determine
logD between n-octanol and aqueous phase (Supporting Infor-
mation Table S1). The capacity factor (k') for the analogues
were calculated by the formula k' = (t, — t,)/t,, where f, was
the retention time of the test peptide and ¢, is the solvent front.
From the linear correlation (Supporting Information Figure S3),
the capacity factors and subsequent logD’s were determined for
all the analogues.

As summarized in Table 2, unmodified Gal(1—16) analogue
was found to have logD = 0.69. Presence of the N-terminal
methyl and the C-terminal Lys-palmitoyl residue significantly
increased logD to 1.45 (analogue Gal-LAA). Conversely,
cationization by four C-terminal lysine residues, analogue Gal-
(K)4, increased hydrophilicity, with accompanied shift in the
logD to 0.34. For analogues containing Sarl, Lys-palmitoyl,
and three Lys residues, logD was around 1.2. Conversion of
the N-terminal glycine to sarcosine seen in analogue Gal-B2,
reduced the positive charge, effectively increasing lipophilicity
to a logD from 0.96 to 1.24 (comparing analogues Gal-B6 and
Gal-B2). The shortening of the peptide did not affect logD but
replacing Gly12-Prol3 with two Lys residues decreased logD
from 1.25 to 1.08. Taken together, most galanin analogues in
this series had a CNS-favorable logD greater or equal to 1.0.

Because of the amphipathic character of the galanin ana-
logues, we selected a representative analogue, Gal-B2, contain-
ing Lys-palmitoyl and three Lys residues to determine the critical
micelle concentration (CMC). We employed a fluorescence-
based method in 96-well microtiter plates. The surfactants,
sodium dodecyl sulfate (SDS), and polyoxyethylene (20)
sorbitan monolaurate, were used as controls. On the basis of
changes in the fluorescence of fluorescein as a function of
peptide concentration (Figure 2A), the CMC of Gal-B2 was
calculated as 3.65 ¢M. This value is higher as compared to the
reported CMC for human galanin 0.4 4M.>?> CMC value for
polyoxyethylene (20) sorbitan monolaurate was 0.02 mM,
whereas for SDS it was 0.43 mM (Supporting Information
Figure S4), comparable to those previously reported.’”

Structural Characterization of the Galanin Analogues.
Normally unstructured galanin acquires o-helical conformation
in complex with its receptor, as well as in 50% TFE.>* ¢ As
illustrated in Figure 2B, a presence of Lys-palmitoyl residue at
the C-terminus would result in possible additional interactions
with other hydrophobic residues that could favor helical
conformation. To better understand structural consequences of
introducing the lipoamino acid and cationization into the galanin
analogues, their conformational properties were studied using
circular dichroism (CD). The CD spectra were acquired in
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Figure 2. Characterization of the Gal-B2 analogue. (A) Determination
of the critical micelle concentration using the fluorescence-based
method. (B) Wheel representation of the Gal-B2 helical structure. (C)
CD spectra of the Gal-B2 analogue in PBS (circles) and 50% TFE/
PBS (squares).

aqueous 150 mM NaF phosphate buffer, pH 7.4 in the absence
or presence of 50% (v/v) 2,2,2-trifluoroethanol (TFE). Figure
2C shows representative CD spectra and Table 3 summarizes
amount of calculated a-helical structure in the galanin analogues.
Conformation of Gal(1—16) in buffer was similar to published
results for human galanin.”’ In the absence of TFE, Gal(1—16)
gave a spectrum typical of random coil, with @, showing ~1%
helical structure. In 50% TFE, helical structure was stabilized
and Gal(1—16) was calculated to have 22% helical structure,
which coincides with literature results. For Gal(1—16), this
equates to one helical turn (in TFE), however small distortions
of the carbonyl chromophore from regular helical geometries
in short peptides impair proper CD measurements and these
values are considered to be the lower limit.

Some galanin analogues containing lipoamino acid showed
increased tendency to form helical structure in aqueous solution
(Table 3). The increase was generally dependent on the position
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Table 3. Summary of the CD Spectrometry and the in Vitro Serum

Stability Analyses

analogue % o-helix % a-helix half-life in
(in water) (in 50% TFE) 25% rat serum

Gal(1—16) 1 22 28 min
Gal-LAA 0 13 >10h
Gal-(K)4 0 14 4.6h
Gal-B1 31 16 >10h
Gal-B2 7 23 9.4h
Gal-B3 2 18 86h
Gal-B4 20 >10h
Gal-B5 6 17 >10h
Gal-B6 4 16 >10h
Gal-B7 4 19 >10h
Gal-B8 3 16 4.8h
Gal-B9 0 1 >10h
Gal-B10 10 42 87h
Gal-B11 10 36 56h
Gal-B12 20 40 >10h

of the Lys-palmitoyl residue. For example, the analogue Gal-
B1 with the very terminal Lys-palmitoyl residue contained over
30% o-helicity, suggesting that the palmitoyl moiety may
interact with specific side chains to stabilize the conformation
(Figure 2B). Interestingly, this effect was diminished in the
presence of 50% TFE. The Gly12-Pro13 fragment significantly
affected the conformation of the analogues: their replacement
or removal dramatically stabilized the helical conformation.
Upon addition of TFE, the a-helical structure was further
induced in most of the analogues. Interestingly, Gal-B1, that
contained 31% a-helical conformation, was destabilized. The
percentage of helical structure of analogue Gal-B2 was cor-
related to the position of Lys-palmitoyl residue. An a-helical
wheel projection, shown in Figure 2B, shows that the lipoamino
acid may stabilize the conformation through possible interactions
with Tyr9, which is centered about a hydrophobic core (Ser6-
Ala7-Gly8-Tyr9-LeulO-Leull) where the helix resides.

Metabolic Stability of Galanin Analogues. To assess effects
of the chemical modifications on the metabolic stability of the
galanin analogues, their resistance to proteolytic degradation
was determined in 25% rat serum incubated at 37 °C. Quanti-
fication of the analogues was determined by HPLC assay
(Supporting Information Figure S5), and the recovery of the
analogues at the initial time (# = 0 min) was higher than 80%.
Representative time-courses for disappearance of the galanin
analogues are illustrated in Figure 3 and calculated half-life are
summarized in Table 3. Unmodified galanin analogue Gal(1—16)
was very unstable with #;, = 7.8 min. All analogues exhibited
significantly improved metabolic stability, with nearly half of
them having #;, > 10 h.

Receptor Binding Studies. Affinities of the galanin ana-
logues against human hGalR1 and hGalR2 were determined
using time-resolved fluorescence based competitive binding
assay. The assay was essentially performed in the same manner,
as previously described.’® Representative binding curves for
Gal(1—16) and Gal-B2 analogues are shown in Figure 4; K;
values are summarized in Table 4. Consistent with the literature
data, Gal(1—16) exhibited low nanomolar affinities toward both
subtypes, with about 20-fold preference toward GalR1 subtype.
The presence of lipoamino acid decreased the affinity of the
analogues for both GalR1 and GalR2, but the effects were
dependent on the sequence position of Lys-palmitoyl. The
C-terminal cationization did not affect binding constants. The
central truncations of Gal-B2 resulted in a decrease in the
receptor affinities. The most potent, yet “nonselective” analogue
was Gal-B7, displaying K; values of 21.5 and 51 nM toward
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Figure 3. In vitro serum stability assay. Determination of the in vitro
metabolic stability of the unmodified Gal(1—16) (closed circles) and
the Gal-B2 analogue (open squares). Time-course of the disappearance
of the intact peptides in the presence of 25% rat serum incubated at
37 °C is shown. The analogues were quantified by HPLC as shown in
Supporting Information Figure S5. Half-lives for the Gal(1—16) and
Gal-B2 analogues were calculated as 7.8 min and 9.4 h, respectively.

GalR1 and GalR2, respectively. In summary, most analogues
exhibited nanomolar affinity toward the galanin receptors, and
the presence of the C-terminal —Lys-Lys-Lys(palmitoyl)-Lys-
NH, motif did not significantly affect binding affinities toward
the galanin receptors.

Anticonvulsant Screening. Because all designed analogues
maintained high affinities toward galanin receptors, their anti-
convulsant activities were determined in the animal screening
assay using the 6 Hz (32 mA) seizure model. The 6 Hz seizure
test is a robust screening assay employed by the NIH-sponsored
Anticonvulsant Screening Program to evaluate antiepileptic drug
candidates. This acute seizure test is a model of pharmacore-
sistant epilepsy that displays a unique pharmacological profile.
Moreover, seizures evoked by 6 Hz stimulation, unlike acute
seizures evoked by maximal electroshock and/or pentylenetet-
razol are blocked by levetiracetam. Prior to the anticonvulsant
screening following systemic administration, we demonstrated
that the Gal(1—16) fragment was very potent in suppressing
seizures in this model of pharmacoresistant epilepsy following
intracerebroventricular (icv) injection. EDsy was determined as
1.7 nmole (95% CI = 0.8 — 4.7). For the screening, each galanin
analogue was administered intraperitoneally (ip) to 5 groups of
mice at an identical dose of 4 mg/kg. At 15, 30, 60, 120, and
240 min after the drug administration, mice were challenged
with a 6 Hz corneal stimulation. Mice not displaying charac-
teristic limbic seizures were considered protected. Table 4
summarizes the results from this in vivo screening assay, and
Figure 5 illustrates the area under the curve (AUC) for the time
course of the anticonvulsant activities of the analogues.

As shown in Table 4, neither Gal(1—16) nor the lipoamino
acid containing analogue, Gal-LAA, produced any anticonvul-
sant activity following ip administration. In contrast, Gal-(K)4
exhibited some degree of protection against seizures with a time
to peak effect (TPE) of 30 min. Strikingly, one out of four
analogues containing combined lipoamino acid and Lys residues
was very active in this test, providing 100% protection against
seizures from 30 min to 2 h following drug administration. As
mentioned earlier, Gal-B2 was selected as a lead compound to
further advance the SAR analysis. The analogues with the
modifications at the N-terminus (Gal-B5, Gal-B6, and Gal-B7)
all displayed pronounced antiepileptic activity. The presence
of additional Lys residues or replacing Lys with Arg or D-Lys
did not significantly modify the anticonvulsant activity, although
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the D-Lys containing analogue was, as predicted, longer-lasting
when compared to Gal-B2. Removal of Prol3 significantly
decreased anticonvulsant activity, an effect consistent with
changing the relative position of Lys-palmitoyl, as observed in
the analogue Gal-B3. The GalR2-preferring analogue, Gal-BS5,
was less active as compared to GalR1-preferring Gal-B2 (both
analogues are identical except Gal-B5 lacks N-terminal sar-
cosine). The most active analogue, Gal-B2, yielded an EDs, of
0.8 mg/kg (95% CI = 0.43 — 1.56) determined at the time-to-
peak effect (TPE) of 1 h. Even at the highest efficacious doses
tested, no behavioral toxicity was observed. The rotarod test
was employed to evaluate the effect of higher doses of Gal-B2
on motor function. In this study, the median toxic dose, or TDs,
was determined to be 21 mg/kg (Figure 6). Gal-B2 exhibits the
protective index (PI = TDs¢/EDsg) above 25.

Discussion

This work describes our ongoing research efforts on develop-
ing systemically active galanin analogues. To the best of our
knowledge, this is the first report that describes applying
chemical modifications to galanin to improve its CNS activity.
Previous attempts to produce systemically active galanin
analogues, such as galnon or galmic, included combinatorial
libraries based on peptidomimetic scaffolds.'®'**!** Chemical
modifications, such as glycosylation, lipidization, or cationiza-
tion, have been extensively studied for opioid peptides, neuro-
tensin or somatostatin, but were never a subject of a rational
design using galanin.®® On the basis of available SAR data, we
designed a series of truncated galanin analogues in which the
N-terminal Gly1l was replaced by sarcosine, and the C-terminal
residues were replaced by a combination of lipoamino acid and
Lys residues. These modifications did not significantly affect
binding affinity toward galanin receptors but dramatically
improved systemic bioavailability, as determined by high
anticonvulsant potency following systemic administration. There
are two major outcomes of this research: (1) combining chemical
modifications improves bioavailability of peptides, and (2) the
Gal-B2 analogue provides a new pharmacological tool to study
the role of galanin receptors in the nervous system.

Chemical modifications such as lipidization or cationization
are commonly used to improve bioavailability of peptides.*”-¢!:5>
Lipoamino acids have been introduced to a number of neu-
ropeptide analogues including somatostatin,*>®* conotoxins,*’
or opioid peptides.®* A reversible lipidization strategy was
successfully applied to improve bioavailability of opioid pep-
tides® or octreotide.*® Furthermore, increased lipophilicity of
peptides has been well-established factor to improve their BBB
penetration.*® However, lipidization of the [Gly1Sar]Gal(1—16)-
NH; analogue did not improve its systemic bioactivity despite
significantly increasing its logD value and the in vitro metabolic
stability. Although introduction of the lysine-palmitoyl moiety
noticeably decreased the affinities toward both GalR1 and
GalR2, a lack of the antiepileptic activity of Gal-LAA could
not be easily accounted for by a 1—2 order of magnitude
decrease in the receptor affinities (analogues Gal-B10 and Gal-
B12 had comparable affinities to that of Gal-LAA, but both
analogues were significantly more active than Gal-LAA fol-
lowing systemic administration, as shown in Table 4). Thus,
the presence of a lipoamino acid alone did not improve systemic
bioavailability. Similarly, cationization is well-known to improve
both penetration across biological membranes®’®® and penetra-
tion into the CNS via adsorptive-mediated endocytosis.®®"°
Indeed, introduction of four Lys residues (analogue Gal-(K)4)
resulted in an increase of the anticonvulsant activity following
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Figure 4. Galanin receptor binding studies. A representative graph from competitive receptor binding studies for GalR1 (left) and GalR2 (right).
Binding assay was performed with GalR1 and GalR2 membrane preparations for Gal-B2 (closed circle) and Gal(1—16) (open square). Each data
point represents the average of four assay points. Europium-labeled galanin was used as a ligand for the assay. K; values for the analogues are

summarized in Table 4.

Table 4. In Vitro and in Vivo Pharmacological Properties of the Galanin Analogues

in vitro assay (receptor binding)

in vivo assay (anticonvulsant activity)

6 Hz, 32 mA, 4 mg/kg

analogue GalR1 Kj [nM] GalR2 K; [nM] 15' 30" 60’ 120" 240" AUC “
Gal(1—16) 0.5+0.2 13.0+54 0/4 0/4 0/4 0/4 0/4 0
Gal-LAA 85.0 £58.0 160.0 £ 9.9 0/4 0/4 0/4 0/4 0/4 0
Gal-(K)4 0.4 £0.1 24.0+99 0/4 3/4 1/3 0/3 0/4 3186
Gal-B1 1.9+£0.6 22.04+9.2 1/4 1/4 2/4 0/4 0/4 3000
Gal-B2 35+1.0 51.5+344 3/4 4/4 4/4 4/4 0/4 16313
Gal-B3 60+ 14 28.0 +4.9 1/4 3/4 0/4 0/4 0/4 1875
Gal-B4 255+64 108.0 £ 15.6 0/4 1/4 1/4 0/4 1/4 3188
Gal-B5 387.0 + 123.0 48.0+11.3 2/4 1/4 2/4 2/4 0/4 8250
Gal-B6 53+3.0 22.5+35 1/4 3/4 3/4 0/4 0/4 5250
Gal-B7 21.5+12.0 51.0+11.3 4/4 3/4 3/4 1/4 1/4 9563
Gal-B8 33403 65.5+0.7 2/4 3/4 4/4 3/4 0/4 13313
Gal-B9 0.9+0.2 150+ 8.5 2/4 3/4 4/4 2/4 3/4 15563
Gal-B10 41.5+ 120 214.5 +£24.7 2/4 2/4 3/4 3/3 2/3 17871
Gal-Bl1 2554+49 75.0 + 10.6 1/4 2/4 2/4 0/4 0/4 3563
Gal-B12 306.5 + 12.0 1,323.5 £ 27.6 1/4 4/4 4/4 1/4 0/4 9188

“area under the curve values summarize the anticonvulsant time—response curves. The percent of animals protected at each time-point was plotted
against time, and the AUC values were calculated as described in the Methods Section.
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Figure 5. Anticonvulsant screening of the galanin analogues. Bar graphs represent area under the curve values for each of the analogue calculated

from a time—response study for a single bolus dose of 4 mg/kg (ip).

systemic administration. However, the relatively modest anti-
epileptic activity with a slow onset and a short duration of action
was accompanied by an apparent toxic effect thereby precluding
further attempts to optimize this scaffold. To our surprise, the
combination of lipoamino acid and lipidization appeared superior
in producing very active antiepileptic compounds that voided
behavioral neurotoxicity at the efficacious doses.

By combining lipidization and cationization, we have syn-
thesized a number of galanin analogues that are highly active
anticonvulsants following systemic administration. Importantly,
the combined chemical modifications did not affect affinity
toward galanin receptors. In contrast, the modifications increased
lipophilicity, metabolic stability, and in some instances, an
amount of o-helical structure in aqueous solution and in 50%
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Figure 6. Separation of the potency and toxicity of the Gal-B2
analogue in the 6 Hz model (32 mA) of pharmacoresistant epilepsy in
mice. Bolus injections of Gal-B2 were administered intraperitoneally,
and the dose—response data were generated for the 1 h time point (time-
to-peak effect). On the basis of these results, EDsy and TDs, were
calculated as 0.8 and 21 mg/kg, respectively, yielding the protective
index (PI) of 26.

TFE. It is well-known logD and metabolic stability are two
important factors that should be considered when developing
systemically active peptide analogues that target the CNS. The
optimal range of logD for CNS drugs is between 1.5 and 2.7,”"
thus the Gal-B2 analogues display a favorable logD value. The
increased lipophilic character of the analogues was not reflected
in lower water solubility, in fact, the Gal-B2 analogue could
be easily dissolved in aqueous solutions (water, phosphate
buffered saline (PBS)) at concentrations as high as 10—20 mg/
mL. The amphipathic properties of the combined cationization/
lipidization were also reflected by their ability to form micelles
at a CMC value of 3.65 uM. The presence of the lipoamino
acid/cationization moieties not only increased lipophilic and
amphipathic properties of the galanin analogues studied here,
but they also improved their metabolic stability, as determined
by extended half-life in the in vitro serum stability test. Our
structure—stability relationship data suggest that each of the
modifications (cationization and lipidization) played a significant
role to the increased resistance to a proteolytic degradation; this
effect might be in part accounted for by increased binding to
serum albumin. For example, acetylation of insulin with fatty
acids is known to increased their binding properties to serum
albumin,’*”® and similarly cationic peptides can also bind to
albumin.”*”> 1t is, therefore, conceivable that the increased
protein binding may extend half-lives of the galanin analogues
in serum solutions, allowing a better penetration into the brain.

The mechanism of penetration of the analogues into the brain
remains unclear and can be only speculated at this time.
Furthermore, a major limitation of this work is the lack of
sensitive bioanalytical methods to reliably determine the brain
levels of the Gal-B2 (although this is a work in progress).
Apparently, the efficacious levels of the analogues reach the
limbic brain structures and the galanin receptors responsible for
suppressing seizures.®’® Our current hypothesis is that a passive
diffusion (lipidization) and an adsorptive-mediated endocytosis
(cationization) may both contribute to the improved penetration
across the BBB.?” Given the number of the transport mecha-
nisms that exist at the BBB,®' we cannot rule out additional
mechanisms. Recently, Nelson and co-workers showed that the
“—(Lys-myristoyl)-Lys-Lys-Lys-NH,” motif was able to trans-
port a fluorescently labeled peptide into living cells,”” suggesting
that such cationization/lipidization modifications are capable of
transporting a cargo similarly to the cell-penetrating peptides.’®

Bulaj et al.

A cell-permeable analogue of galanin, namely transportan, has
been described;”® however, it is not known whether this galanin
analogue exhibits the anticonvulsant activity following systemic
administration. Transportan was, however, effective in delivering
peptide-nucleic acids to the nervous system.® A role of helical
conformation in improving systemic bioavailability of galanin
analogues is less apparent, although many antimicrobial peptides
that penetrate membranes have helical conformations.®' Dif-
ferences between the amount of the helical structure and the
anticonvulsant activity of two analogues: Gal-B2 (very active,
7% helix in buffer) and Gal-B1 (poor anticonvulsant, 31% helix
in buffer) suggest that there is no such relationship (these two
analogues exhibit comparable logD values, metabolic stabilities,
and receptor binding properties). Our current studies are focused
on quantifying the brain penetration by the Gal-B2 analogue,
as well as the mechanism of transport of the analogues across
the cell-based biological membranes.

Perhaps the most important discovery described in this work
is the finding that the Gal-B2 analogue exhibits potent antiepi-
leptic activity following systemic administration. This compound
has nanomolar affinity toward both GalR1 and GalR2 receptors.
In this respect, it displays a selectivity profile comparable to
that of Gal(1—16). The Gal-B2 analogue is a useful pharma-
cological tool to study a role of galanin receptors in the nervous
system, including the CNS. Moreover, because galanin also
produces analgesic effects,* 34 the systemically active galanin
analogues are likely to provide new pain therapeutics as well.
Indeed, the Gal-B2 analogue appeared very active in several
animal pain models (E. Adkins Scholl, et al., manuscript in
preparation).

Methods

Chemical Synthesis. All analogues were synthesized in an
automated peptide synthesizer using Rink Amide resin (25 or 50
umole scales) and standard Fmoc-based coupling protocols. Fmoc-
Lys(Palmitoyl)-OH was obtained from Chem-Impex International
Inc. The peptide analogues were removed from the resin by a 3 h
treatment with the reagent K (90/5/2.5/7.5/5 by volume; trifluoro-
acetic acid/water/ethanedithiol/phenol/thioanisole) and then pre-
cipitated out in cold methyl-fert-butyl ether. Crude peptides were
purified by reversed-phase HPLC using preparative HPLC column
(Vydac diphenyl, 219TP1011522) and eluted with a linear gradient
of acetonitrile (0.1% TFA). The flow rate was 10 mL/min, and the
elution was monitored by UV detection at 220 nm. The purities of
peptides were determined by analytical reversed-phase HPLC
separations (Vydac diphenyl column): buffer A (0.1% TFA in
water) and buffer B (0.1% TFA, v/v, in 90% aqueous acetonitrile)
were used to produce a linear gradient from 20 to 100% of buffer
B over 40 min. The flow rate was 1 mL/min, and the elution was
monitored by measuring absorbance at 220 nm. Purified analogues
were quantified by measuring UV absorbance at 279.8 nm (molar
absorbance coefficient ¢ = 7000). The molecular masses of peptides
were determined by MALDI-TOF MS at the University of Utah
Core Facility.

Partitioning Coefficient, logD. Shake-Flask Method. Water
saturated n-octanol was made by shaking equal volumes of
n-octanol and water for 24 h at room temperature. Lyophilized
peptides (0.4 mg) were reconstituted in 1 mL of PBS, pH 7.4, for
20 min; peptides with low aqueous solubility were reconstituted in
1 mL water saturated octanol. To the peptide solutions, 1 mL of
water saturated octanol was added (1 mL PBS to peptides in organic
phase), and the biphasic solution was placed on a rotary mixer for
24 h at room temperature. The samples were allowed to settle for
30 min, and the organic phase was removed (950 uL) without
disturbing the meniscus. The aqueous layer was sonicated in a bath
sonicator for 5—10 s. Peptide concentration in a 50 uL aliquot of
the aqueous phase was quantified by HPLC. By mass balance, the
concentration of peptide in the organic phase was determined to
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be total peptide concentration minus the aqueous peptide concentra-
tion. For each analogue, four independent sample preparations and
logD measurements were carried out. LogD was calculated:

[octanol . yiq.] )

logD = log([aqueouS

peptide]

HPLC Capacity Factor (k') Method. For the logD determina-
tion, the HPLC buffers were buffer A (1 L H,O + 1 mL TFA) and
buffer B (900 mL acetonitrile + 100 mL H,O + 1 mL TFA). A
5.0 ug standard (run in triplicate) was injected onto a Vydac
diphenyl column using a linear gradient starting at 80/20 buffer
A:buffer B and ending at 10/90 buffer A:Buffer B in 15 min before
immediate return to initial conditions. The retention times are the
average of 3 runs. The capacity factors (k') of the peptides were
calculated using the formula below; 1, is the solvent front, # is the
retention time of the peptide. The logD’s obtained from the shake-
flask method were plotted against their peptides respective k' values
giving a linear plot. LogD’s for all other peptides were calculated
of this standard curve.

k,_tl'_to
!

(o}

Determination of Critical Micelle Concentration. CMC was
determined by measuring changes in fluorescence of fluorescein
as a function of peptide concentration. The Gal-B2, sodium dodecyl
sulfate or polyoxyethylene (20) sorbitan monolaurate were dissolved
in PBS and serial dilutions were prepared in the Costar 96-well
clear plate. Next, 60 uL of 50 nM fluorescein in PBS solution was
added to every well containing 200 uL of the test compound. The
plate was subjected to a gentle shaking for 24 h, followed by
recording the fluorescence at 485/535 nm using VICTOR? spec-
trofluorometer. The data were analyzed using GraphPad Prism and
the sigmoidal dose—response (variable slope) equation.

Conformational Studies. o-Helical conformation of each ana-
logue was studied using circular dichroism. Lyophilized peptides
(0.1 mg) were reconstituted in 1.0 mL of NaF/phosphate buffer
(50 mg KH,POy4, 54 mg Na,HPOy, 1.55 g NaF, 250 mL H,O, pH
7.4 with Na,HPO,) or in 0.5 mL NaF/phosphate buffer and 0.5
mL 2,2 .2-trifluoroethanol. After 1 h of reconstitution, 250 uL of
peptide solution were loaded into a 0.1 cm quartz cuvette and placed
into an Aviv 62DS CD spectropolarimeter, at room temperature.
Scans were collected from 250 to 200 nm every 1.0 nm with 1 s
dwell time. Data were averaged from 5 scans and processed by eq
1, where M, is molecular weight, c is concentration (mg/mL), d is
path length (cm), and n is the number of peptide bonds. Percent
helical content are calculated using eqs 2 and 3.

_ 0x100x M, .
T cxdxn M
[0,,.]= —39500[1 - (zﬂ)] 2)
n
)
%o helix = % x 100% 3)

Metabolic Stability Assay. Peptide stability was assessed in a
rat serum assay. One mL of 25% rat serum was incubated at 37 °C
for 10 min prior to addition of the analogues. Reactions were
prepared by adding each analogue, dissolved in nanopure H,O, to
a solution containing 25% rat blood serum and 0.1 M Tris-HCl,
pH 7.5 to a final peptide concentration of 20 uM. At appropriate
time intervals (ranging up to 8 h), 200 uL aliquots were withdrawn
and added to 100 uL “quenching solution” (15% trichloroacetic
acid in 40% isopropanol). Isopropanol (40%, aqueous solution) was
added to quenching mixture (this step improved recovery of the
Gal-B2 and other analogues). Upon precipitation with the quenching
mixture, the samples were incubated at —20 °C for 15 min and
centrifuged at 12000 rpm. The supernatant was analyzed using
HPLC separation with an YMC ODS-A 5 um 120 A column
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(Waters, cat. no.: AA12S052503WT). In cases where analogue
peaks overlapped with peaks observed in the “serum-only” control
samples, the gradient was optimized by changing the composition
of the mobile phases, column temperature, or HPLC column (for
example Cg rather than diphenyl column). Recovery of the
analogues was assessed by spiking “serum-only” control samples
after the trichloroacetic acid precipitation with known amounts of
the analogue. Metabolic stability was assessed by monitoring the
disappearance of the analogues over a period of 8 h. This was
accomplished by comparison the area under the curve for the peak
corresponding to the intact analogue at each time point. Half-life,
t10, for each analogue was calculated using the average of three
independent experiments for each time point. Results were plotted
on a log-scale plot using the Kaleidagraph software. Linear curve-
fit analysis was used to fit the time-course of the degradation of
the analogues according to the following formula: ¢, (h) = In(50)
— b)/(m), where “m” represents the slope of the line and “b” is the
y-intercept.

Receptor Binding Assay. The fluorescence-based assay with
europium-labeled galanin was employed to determine binding
affinities for GalR1 and GalR2 receptors. Competitive binding assay
was performed on AcroWell filter plates using receptor membrane
preparations and Eu-galanin (Perkin-Elmer), and the samples were
tested in quadruplicate. Both GalR1 (expressed in HEK-293 EBNA)
and GalR2 (expressed in CHO-K1) membrane preparations were
purchased from Perkin-Elmer. Binding assay was carried out with
6 ug of membrane protein (1.4 pmol/mg protein) and 2 nM of Eu-
galanin in a volume of 100 uL of the binding buffer (50 mM Tris-
HCl pH 7.5, 5 mM MgCly, 25 uM EDTA, and 0.2% BSA). Samples
were incubated at room temperature for 90 min, followed by
washing four times with wash buffer (50 mM Tris-HCI pH 7.5
and 5 mM MgCl,) using a vacuum manifold. Enhancement solution
(200 uL) was added, and the plates were incubated at room
temperature for 30 min. The plates were read on a VICTOR?
spectrofluorometer using a standard time-resolved fluorescence
measurement for europium-based compounds (excitation at 340 nm,
delay for 400 us, and emission at 615 nm). Competition binding
curves were analyzed using GraphPad Prism software. The sig-
moidal dose—response (variable slope) equation for nonlinear
regression analysis was used to calculate the ECsy, and K; values
were calculated using the formula: K; = ECs¢/(1 + [Eu-Gal]/Ky),
where K4 (4.3 nM) was provided by Perkin-Elmer.

Anticonvulsant Activity. Each galanin analogue was adminis-
tered intraperitoneally to five groups of CF-1 mice (n = 4 mice) at
a dose of 4 mg/kg. At various times (i.e., 15, 30, 60, 120, and 240
min) after ip administration, mice were challenged with a 6 Hz
corneal stimulation (32 mA for 3 s delivered via corneal electrodes).
Mice not displaying a characteristic limbic seizure (jaw chomping,
vibrissae twitching, forelimb clonus, Straub tail) were considered
protected. The percent of animals protected at each time-point was
plotted against time, and the AUC values were calculated with
GraphPad Prism software suite using the trapezium rule and the
formula below:

z (%protected

> ) x Atime
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