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ABSTRACT: The neuropeptide galanin is a 29- or 30-residue peptide whose physiological functions are
mediated by G-protein-coupled receptors. Galanin’s agonist activity has been shown to be associated
with the N-terminal sequence, galanir(16). Conformational investigations previously carried out on
full-length galanin have, furthermore, indicated the presence of a helical conformation in the neuropeptide’s
N-terminal domain. Several cyclic lactam analogues of galarifi@)-NH, were prepared in an attempt

to stabilize an N-terminal helix in the peptide. Here we describe and compare the solution conformational
properties of these analogues in the presence of SDS micelles as determined by NMR, CD, and fluorescence
spectroscopy. Differences in CD spectral profiles were observed among the compounds that were studied.
Both c[D* K8 Gal(1-16)-NH; and c[D}K®Gal(1—-12)-NH, adopted stable helical conformations in the
micelle solution. On the basis of the analyses of their respeativehemical shifts and NOE patterns,

this helix was localized to the first 10 residues. The distance between the aromatic ring3 and iy P

in c[D* K8 Gal(1—16)-NH, was determined to be 10283 A from fluorescence resonance energy transfer
measurements. This interchromophore spacing was found to be more consistent with a helical structure
than an extended one. Removal of the ‘GBsidue in compounds c[{X®Gal(1-16)-NH,; and c[},K8]-
Gal(1—-12)-NH; resulted in a loss of helical conformation and a concomitant reduction in binding potency

at the GalR1 receptor but not at the GalR2 receptor. The nuclear Overhauser enhancements obtained for
the Gly* deficient analogues did, however, reveal the presence of nascent helical structures within the
N-terminal sequence. Decreasing the ring structure size i, Kfli5al(1-16)-NH, by replacing Ly$

with an ornithine residue or by changing the position of the single lysine residue from eight to seven was
accompanied by a complete loss of helical structure and dramatically reduced receptor affinity. It is
concluded from the data obtained for the series of cyclic galarih§)-NH, analogues that both the ring
structure size and the presence of an N-terminal glycine residue are important for stablilizing an N-terminal
helix in these compounds. However, although an N-terminal helix constitutes a predominant portion of
the conformational ensemble for compounds‘ckB]|Gal(1—16)-NH, and ¢c[D},K&Gal(1—12)-NH,, these
peptides nevertheless are able to adopt other conformations in solution. Consequently, the correlation
between the ability of the cyclic galanin analogues to adopt an N-terminal helix and bind to the GalR1
receptor may be considered as a working hypothesis.

Galanin is a 29- or 30-amino acid linear neuropeptide that The actions of galanin are mediated through its interaction
is found throughout the central and peripheral nervous with distinct G-protein-coupled receptor subtypes, three of
systems as well as the gastrointestinal tract of severalwhich have been cloned and termed GalR%alR2, and
mammalian specied{-4). It is a potent inhibitor of insulin GalR3 (L1-15). Results from hydropathy analyses have
release §, 6) and a stimulator of growth hormone release suggested that all three receptors belong to the seven-
(7) and has been shown to inhibit acetylcholine release in transmembrane G-protein-coupled receptor superfamily.
the hippocampus8]. The neuropeptide is also known to Expression of the GalR1 receptor is known to be restricted
stimulate feeding behavior in rats when injected into the
hypothalamusg) and is believed to have a tonic role inthe 1 appreviations: NMR, nuclear magnetic resonance; CD, circular
control of pain threshold1Q). Identification of the amino  dichroism; NOESY, nuclear Overhauser enhancement spectroscopy;
acid sequences for galanin isolated from several species hag OCSY, total correlation spectroscopy; TSP, 3,3,3-trimethylsilylpro-

P : S - . pionate; SDS, sodium dodecyl sulfate; FRET, fluorescence resonance
indicated an absolute conservation within the first 15 reSIduesenergy transfer; NOE, nuclear Overhauser enhancement; Orn, ornithine;

(2, 4). HPLC, high-performance liquid chromatography; EDTA, ethylenedi-
aminetetraacetic acid; BSA, bovine serum albumin; TB, level of total
binding; NS, level of nonspecific binding; SB, level of specific binding;
*To whom correspondence and reprint requests should be ad- FBS, fetal bovine serum; GDP, guanosine diphosphate; CON, mean

dressed: AstraZeneca R&D Monale 7171 Freérick-Banting, Saint- level of control binding; STM, mean level of stimulated binding; hgal,
Laurent, Qubec, Canada H4S 1Z79. Telephone: (514) 832-3200. Fax: human galanin; hGalR1, human GalR1 receptor; rGalR2, rat GalR2
(514) 832-3232. E-mail: katharine.carpenter@astrazeneca.com. receptor; dpm, disintegrations per minute.
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In an effort to examine the relevance of helicity in galanin

Table 1: Structures of Galanin Analogues e - o
for receptor binding and possibly receptor selectivity, con-

i "de' ! > 10 o formational studies have been carried out on the cyclic
1. galanin(1-16)-NH, GWTLNSAGYLLGPHAV-NH, galanin analogues presented in Table 1 using CD spectros-
2oDR leall-1) N, GWTDNSAKIVLLGPHAV-NH, copy, NMR spectroscopy, and fluorescence resonance energy
3. ¢[D*K*]gal(2-16)-NH, WTDNSAKIYLLGPHAV -NH; transfer (FRET) techniques. Negatively charged SDS mi-
4.¢[D"K’lgal(1-12-NH,  GWT[DNSAK]Y LLG-NH; celles were included in the peptide aqueous samples due to
5. o[D* K'Jgal(2-12)-NH, WTIDNSAK]YLLG-NH; their known ability to promote secondary structures in galanin
6.c[D*K’Jgal(I-16)-NH,  GWTDNSKJGYLLGPHAV -NH; analogues and to provide a membrane mimetic environment
7.¢[D*,0m’Jgal(1-16-NH,  GW T[DNSAOm]YLLGPHAV -NH; (26). Results from the spectroscopic analyses presented in

this paper indicate that a two-turn helical structure extending
to the N-terminus of galanin may be important for galanin

to the brain and spinal cordl?, 15), whereas GalR3 has receptor binding,

been detected in the peripheral tissues oh#).(The GalR2
receptor is more widely distributed within the central and
peripheral nervous system$3{ 16).

Studies involving.-Ala-substituted analogues of galanin Materials.Peptide synthesis was performed on an Avanced
have identified Trj Asr®, and TyP as well as the N-terminal  ChemTech MOS 496 multiple-peptide synthesizer using
amino group as being critical determinants for GalR1 Fmoc-Rink-Amide-MBHA resin (Novabiochem, substitution
receptor bindingX7, 18). N-Terminal fragments of galanin  of 0.6 mmol/g of resin) as the starting material. Standard
are, furthermore, capable of eliciting a full agonist response coupling protocols were employed for these syntheses. For
at the hippocampal and hypothalamic galanin receptiofs ( the cyclic analogues, N-terminally Fmoc-protected cycliza-
19). Among the C-terminally truncated galanin analogues tion precursors were first cleaved from their resin. Cyclization
that have been studied, Gal{13)-NH; is the shortest peptide  of these peptides to their final products then proceeded in
that is able to bind with nanomolar binding affinity to the solution using PyBOP as the coupling reagent. In general,
hypothalamic galanin receptot?). It has also been dem- the cyclic products were obtained in high yield. The peptides
onstrated that removal of the N-terminal glycine in galanin were established to be at least 98% pure by reversed phase
results in an analogue which is considerably more selective HPLC in two different solvent systems. A correct molecular

MATERIALS AND METHODS

for the GalR2 receptorlQ). weight was obtained for each peptide via electrospray mass
Conformational investigations of galanin have been carried SPectrometry. Amino acid compositions of the peptides were
out under a variety of solution condition80-24). Experi- confirmed by amino acid analysis.

mental and computational techniques employed for these lodinated human galanin'@i]hGal) was either obtained
studies have included CD spectroscopy, NMR spectroscopy,from Amersham (catalog no. NEX333) or prepared in house.
IR spectroscopy, and molecular dynamics simulations. In The in-house preparation method involved chloramine T
purely aqueous solution, galanin was found to exhibit a iodination of the human galanin peptide previously obtained
primarily disordered conformatior2(). Evidence for the from Bachem (H-8230). The monoiodinated product was
presence of a nascent helix encompassing residugs @/as, purified to homogeneity (2200 Ci/mmol) by reverse-phase
however, obtained from an NMR spectroscopic analysis of HPLC. The source of radioiodine was N (catalog no.
the full-length peptide in wateR(). When dissolved in 2,2,2-  NEZ-033H from Dupont/NEN, Boston, MA). The other
trifluoroethanol, galanin adopted a conformation consisting radioligand that was used, guanosineCB(3-[**S]thio)-
of two helices interrupted by a bend at Fr¢22). Helical triphosphate GTH[%S], 1000 Ci/mmol, cataolg no. NEG-
structures in galanin and its N-terminal fragments Gal(1 030H), was from Dupont/NEN. Sodium dodeaisks sulfate
16) and Gal(+12) were also found to be stabilized in the (SDS4,s) and deuterium oxide were purchased from CDN
presence of negatively charged lipid vesicl23)(In a recent Isotopes (Montreal, PQ). Nondeuterated SDS was obtained
article, the NMR-derived conformation of porcine galanin from Bio-Rad.
in an SDS micelle solution was describedl); The reported Cell Culture and Membrane Preparation for Receptor
conformation contained well-defing@l and y turns in the Binding and GTR[3S] Binding AssaysThe rGalR2 mem-
regions Gly—AsrP, Ala’~Leu, and Asg*~Gly?’ butwas  pranes were prepared from human HEK-293S cells express-
otherwise disordered. ing the cloned rat GalR2 receptor and Geneticin resistance.
Peptides chosen for conformational analysis in this study The hGalR1 membranes were from human Bowes melanoma
include analogues of Gal{116)-NH, and Gal(2-16)-NH, cells originally obtained from ATCC (Rockville, MD). Both
incorporating ai(i+4) or (,i+3) side chain to side chain types of cells were grown in suspension at’87in 5% CQ
cyclization via lactam bridge formation (peptid2s7; Table in a 20 L bioreactor with a helicoidal ribbon impeller
1). Inclusion of a lactam bridge in the peptides was done in containing calcium-free DMEM (Bio Whittaker, Inc., Walk-
an attempt to promote stabilization of a helical structure in ersville, MD), 5% iron-enriched bovine calf serum (Intergen,
the N-terminal region of the galanin analogues. The rational Purchase, NY), and 0.1% Pluronic F-68 (Gibco BRL,
for carrying out structure activity studies on helical galanin Burlington, ON). Cells were harvested from culture, pelleted,
analogues is based on a recently published model describingand resuspended in ice-cold lysis buffer [50 mM Tris (pH
the binding of galanin to its GalR1 recept®@5. In this 7.0) and 2.5 mM EDTA]. Phenylmethanesulfonyl fluoride
model, critical residues in the neuropeptide interacted was added just prior to use to a concentration of 0.1 mM
optimally with proposed binding site residues in the receptor (from a 0.1 M stock in ethanol). After lysis on ice for 15
when galanin contained an N-terminal helical conformation. min, the cells were gently homogenized for 30 s with a
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polytron. The suspension was spun at I@8@aximum) for GTPy[%S]to G-proteins coupled to GalR1 receptors. Human
10 min at 4°C. The supernatant was saved on ice, and the galanin (hGal, 1uM) elicited about 2-fold stimulation of
pellets were resuspended gently and spun as described befor&TPy[%°S] binding to membranes of Bowes cells. The
The supernatants from both spins were combined and spurmaximal effect Enay) 0f hGal was used to define a reference
at 4600@ (maximum) for 30 min. The pellets were carefully point of 100%. The assay was adapted from published
resuspended in cold Tris buffer [50 mM Tris-HCI (pH 7.0)] procedures 47, 28). Membranes were thawed at 3T,
and spun again. The final pellets were resuspended gentlycooled on ice, passed three times through a 25-gauge needle,
in membrane buffer [50 mM Tris and 0.32 M sucrose (pH and diluted to a concentration of 1874:§/mL in GTP assay
7.0)]. Aliquots (1 mL) in polypropylene tubes were frozen buffer [50 mM Hepes, 20 mM NaOH, 5 mM Mg£I1100
in dry ice/ethanol and stored &t70 °C until they were used. = mM NaCl, 1 mM EDTA, 0.1% BSA, and 1BM guanosine
The protein concentration was determined using BSA as adiphosphate (GDP) (pH 7.4)]. The components were added
standard in a modified Lowry assay with sodium dodecyl in the following order to 96-well microtiter plates: 150
sulfate. of test substance, 80 of membrane preparation (18 of
Receptor Binding Assay$he ability of test compounds  protein), and then, after preincubation for 15 min,10of
to compete with trace radioligands for binding to each GTPy[*S] (~170000 dpm). Eight wells per plate contained
receptor type was assessed. In these experiments, a test50uL of buffer to define control binding. Human galanin
compound together with radioactive galanin was allowed to (1 «M) was included in eight other wells to define the
reach binding equilibrium with membranes from cells maximal level of stimulated binding. The plates were
expressing one of the galanin receptors. The affinities of testvortexed, incubated for 4550 min at 25°C, and then filtered
compounds for the receptor subtypes were then determinedover GF/B filters (or Packard GF/B Unifilter plates) pre-
from their resultant competitive displacement curves. The soaked fo 1 h inwater. Unifilters were washed with 3 1
experimental protocol consisted of the following steps. mL of ice-cold wash buffer [50 mM Tris, 5 mM Mggl
Membranes were thawed at ST, cooled to 4°C, passed and 50 mM NacCl (pH 7)]. The Unifilter plates were dried
three times through a 25-gauge needle, and diluted into 50in an oven at 55C for 2 h, and then counted in tHéC
mM Tris, 3 mM MgCh, 2.5 mg/mL BSA, and 3.7%M window in a TopCount instrument (Packard) after adding
B-endorphin (pH 7.4). Aliquots (80L) of membranes were 50 uL of MS-20 scintillation fluid/well. The disintegrations
added to 96-well plates containing about 55 000 dpm (0.037 per minute values of the control wells were averaged to
nM) of the radioligand (7QuL) and test compounds (150 define the mean level of control binding (CON). Those
uL) at various concentrations in a total volume of 300 containing 1uM hGal were averaged to define the mean
The final concentration ofi-endorphin was thus LM. level of stimulated binding (STM). The disintegrations per
Compounds were tested either in a range spanning five minute values of GTH**S] binding obtained in the presence
dilutions, 10-fold apart, or in a range spanning 10 dilutions, of test compound (DPM) were converted to percent stimu-
2.5-fold apart. The levels of total (TB) and nonspecific (NS) lated binding with the equation 100 (DPM — CON)/(STM
binding were determined in the absence and presence of 106- CON). Values of EGy andEmax for ligands in stimulating
nM hGal, respectively. The contents of the plates were mixed [y-**S]GTP binding were obtained from sigmoidal fits of a
and the plates incubated at 26 for 90 min, after which nonlinear curve-fitting program (Prism version 1.0, 2.0, or
time the contents were rapidly vacuum-filtered through 2.01 from GraphPad Software). Outlying points, which
Packard GB/B Unifilter plates which had been presoaked deviated from the corresponding duplicate determination by
for at leas 2 h in 0.1% polyethyleneimine. The filters were more than 10%, were not used in the calculations.
subjected to three rapid washes (1 mL each) of wash buffer Measurement of the kel of Intracellular Calcium Using
[50 mM Tris (pH 7.0) and 3 mM MgG]. The Unifilter plates the FLIPR SystemHEK-293S cells (clone 44) expressing
were dried in an oven at 5% for 2 h. The plates were then the rat galanin subtype 2 receptor were obtained by stable
counted in the 29100 keV window in a TopCount transfection. Cells were grown as monolayers in Falcon flasks
instrument (Packard) following addition of 3@ of MS-20 using Dulbecco’s modified Eagle’s medium (DMEM) con-
scintillation fluid per well. For each 96-well plate, eight wells  taining high glucose and-glutamine (2 mM), 10% fetal
were used to define mean TB and eight to define mean NS.bovine serum (FBS), penicillin (100 units/mL), streptomycin
The level of control specific binding (SB) was calculated as (100ug/mL), fungizone (0.2xg/mL), and G-418 (Geneticin,
TB minus NS. The SB in the presence of test compound 600xg/mL). Drugs were prepared in Hank’s BSS (without
was determined as the mean of duplicate TB minus meanphenol red), 20 mM HEPES, and 0.1% BSA (pH 7.4) (200
NS measurements. The SB at each concentration of tesiuL per well, 3 times the final concentration) in 96-well clear
compound was then expressed as a percentage of controb-bottom plates (Sarstedt, catalog no. 82.1583). This proce-
SB. Outlying points that differed by 20% from the duplicate  dure was carried out on the day of the experiment or the
determination were not used.d{salues for ligands displac-  previous day. The plates were kept at@ overnight and
ing specifically bound radioligand were obtained from removel 2 h prior to experimentation. Cells (202 million)
sigmoidal fits of their respective curves using a nonlinear were resuspended to a single cell solution, counted, centri-
curve-fitting program (Prism version 2.01 from GraphPad fuged, and resuspended in 10 mL of loading medium
Software, San Diego, CA). containing 4uM Fluo-3, AM (Molecular Probes, catalog no.
GTPy[%°S] Binding AssayFor the GTP binding assay, F-1241), and 0.02% pluronic acid (Molecular Probes, catalog
GTPy[%*S] was combined with test compounds and mem- no. P-6867). The cells were incubated in a sterile flask for
branes from human Bowes melanoma cells which expressl h in an incubator at 37C in 5% CQ. Following the
GalR1 receptors. The experiments were designed to measuréncubation step, cells were washed four times in 30 mL of
the abilities of compounds to stimulate the binding of Hank’s BSS, 20 mM Hepes, and 0.1% BSA (pH 7.4) and
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resuspended in wash buffer. The cells were plated in clear,subtraction and smoothing and then converted to units of
flat-bottom, polyp-lysine-coated black 96-well plates (VWR, molar ellipticity per residue (deg chadmol™).
catalog no. 356640) at a density of 100 000 per well per NMR Spectroscopyll NMR spectra were acquired on a
100 uL and spun at 209 for 3 min at room temperature.  Bruker DMX-600 spectrometer at 3C. *H chemical shifts
The assay was conducted on the FLIPR system (argon lasewere assigned using standard procedures. Two-dimensional
at 488 nm; exposure time set to 0.4 s) to assess theTOCSY and NOESY experiments were carried out in the
mobilization of intracellular calcium in response to b0 phase sensitive mode using the Staf€BPI method. Ac-
applications of different drugs. The data were analyzed in quisition of a two-dimensional data set involved sampling
sigmoidal fits using GraphPad Prism to obtain the maximum 512 t; increments with 2K data points over a 6000 Hz
level of activation (%&max Of rat galanin) and E& values. spectral width. Phase-shifted sine-squared window functions
Sample PreparationNMR samples of peptide@—7 were applied along both dimensions, and zero filling to 2048
shown in Table 1 were prepared by dissolving-1104 mg points was performed in the; dimension prior to Fourier
of peptide and 31 mg of SD8s in 500 uL of 50 mM transformation. Mixing times employed for the TOCSY
sodium phosphate buffer (90%®&/10% DO, pH 6.2). The ~ €xperiments were 30 and 65 ms, and NOESY spectra were
final peptide and SD$ks concentrations were 1.5 and 200 acquired using mixing times of 50, 100, and 200 ms. Gradient
mM, respectively. Since aggregation was first apparent upon Water suppression was achieved by using the WATERGATE
the preparation of a 1.5 mM sample of 4R&Gal(2—16)- technique. Chemical shifts were referenced indirectly to
NH,, it was necessary to lower the peptide sample concen-3.3,3-trimethylsilylpropionate. o
tration to 0.75 mM in this case. The pH measured for each Eluqrescence Measuremenk8uorescence excitation and
sample was 6.2, and samples were used without further pHeMission spectra were recorded on a Spex-Fluorolog 2
adjustment. spectrofluorimeter. The fluorescence emission was collected

Each sample examined by CD spectroscopy consisted Offrom 300 tp 700 nm in 1 nm increments. Emission spectra
1-1.5 mg of peptide and 29 mg of SDS dissolved in 500 were obtained for each sample at both 275 and 295 nm
ul o.f 50 mM sodium phosphate buffer (pH 6.2). The final excitation wavelengths. _Correctlons were made for the
entide concentration was 1.5 mM. and the s.arﬁple oH WasWavelength-dependent bias of the optical 'and detection
g 2p Diluted samples of the (;yclic ;;eptides shown in Table systems, and measurements were takenguau:l cmpath
l.vv.ere prepared by pipetting 100, 100, andi25aliquots length quartz cuvette cell. The quantum yieldLeTrp in a
2 T ' ) 200 mM SDS solution was first determined to be 0.07 by
of each 1.5 mM parent solution into three separate vials. To

the three vials for each compound were then added respectaking L-Trp in water (0.14) as a reference. The quantum
Vi 4 K8 _ _ i
tively, 100, 300, and 47%L volumes of an SDS stock yield of c[D*K®Gal(1—-16)-NH, was then calculated using

. ; . L-Trp in the micelle solution as a reference.
solution [200 mM SDS in 50 mM sodium phosphate buffer L :
(pH 6.2)]. This resulted in the formation of solutions with Approximating the Distance between the Tyr and Trp

peptide concentrations of 0.75, 0.38, and 0.075 mM. Aromatic Rings Using FRET Efficiencieghe efficiency of

I295

energy transferE) from the donor (Tyr) to the acceptor (Trp)
For the fluorescence resonance energy transfer (FRET)in c[D* K8 Gal(1-16)-NH, may be recovered from the

experiments carried out with cffK®|Gal(1-16)-NH,, a  acceptor fluorescence enhancement accordingap (

sample consisting of 1.4 mM peptide in an SDS stock

solution containing 200 mM SDS in 50 mM sodium E= ITrp275_ £ /f 1)

phosphate buffer (pH 6.2) was prepared. This sample was Trp2757 T Tyr275

then diluted with the same SDS stock solution until the ] ) ) o

measured sample absorption at 275 nm was 0.114. A secondVherelzes is the measured quantum yield with excitation at

sample of-Trp in the same SDS stock solution was prepared 295 NM. frpa7s and fryrazs are the fractional absorptions of

with an absorption reading of 0.175 at 275 nm. For reference 1"P @nd Tyr, respectively, and

purposes, a third sample ofTrp in water was made. The Strpars

absorption reading for this sample at 275 nm was 0.12. fTrp275= I275( ) (2

Absorption spectra were recorded on a scanning-\igible S5

absorption spectrometer ugira 1 cmpath length quartz  |p eq 2,1,75is the measured quantum yield for ¢[Rg]Gal-

cuvette cell. The concentration of Tyr or Trp within each (1—-16)-NH, with excitation at 275 nm an8ys is the area

sample was calculated using the following absorption coef- ynder the emission curve obtained for the same peptide with

ficients: € = 1340 and 5550 cm M at 280 nm for Tyrand  excitation at 275 nmSrp7s is the area under the curve

Trp, respectively. acquired for the peptide with excitation at 295 nm and
CD SpectroscopyCD spectra were recorded on a Jasco normalized at 380 nm to the emission curve resulting from

J710 spectropolarimeter at 26. Ten scans were collected excitation at 275 nm.

for each sample over a wavelength range of-1830 nm, Once the transfer efficiencygf is known, the interchro-

using a 0.2 nm resolution, a 1.0 nm bandwidth, a 100 nm/ mophore distanceR) between Trpand Ty#f is calculated

min scan speed, and a 0.25 s response time. A 0.01 cm patlaccording to

length cell was used for experiments involving sample 1 76

concentrations greater than 1.0 mM, whereas a 0.05 cm path R= RO[(E) - 1] 3)

length cell was employed for CD studies carried out on the

0.75 and 0.38 mM samples. CD analyses of the 0.075 mM whereR, is the Faster critical distance.

peptide samples required a CD cell with a 0.1 cm path length. The Faster critical distanceR, is calculated using the

The collected spectra were improved through background general equation2Q)
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R06 = (8.79x 10 )@’ 4 pJap (4) Table 2: Alanine Scan of Galanin{16)

. - . . bindi tivati
wherey is the refractive indexJap is the overlap integral nding activation
(Jap = 4.8 x 1016 M~Lcm %), andlp, is the quantum yield _ ICs0 (NM) ECso (M)
of the donor (tyrosine) in the absence of acceptor. A value peptide hGalR1 rGalR2  hGalRl rGalR2
for Ip is obtained using the equatidsm = Ipa/(1 — E), where Gal(1-16)-NH, 0.46 4.45 51

[Alal]Gal(1-16) 1.54 11.0 558
— 2 —
loa = (1 = Srrpord Sy79 (Lo7dfryrzr9) ) %ﬁ:g%gg:g_igg >1OO(1)8 . >1002%02 2470
Structure CalculationsCross-peak intensities in the 100 {ﬁ:g%ggﬁjg; é%g 5 483'99 7888 335
ms NOESY spectrum acquired for cjB&Gal(1-16)-NH, [AlafGal(1-16) 1.02 14.4 423
were classified as weak, medium, or strong corresponding [Ala®Gal(1-16) 4.24 4.8 5940
to interproton upper bound distance constraints of 5.0, 3.5, [Alai]Gal(l—lﬁ) 39.9 4860 3620
and 2.5 A, respectively. Lower distance bounds were set to %ﬁ:gﬁ}g:ﬁjgg 22;31 li’;g 7790 799
1.8 Ain all cases. [Ala*?]Gal(1-16) 3.38 538 4370
A random starting structure for cfiX®Gal(1—16)-NH, [Ala’®Gal(1-16) 0.40 5.13 109
was generated according to the protocol of Nilges e@dl. ( [Ala*]Gal(1-16) 0.41 3.61 104
31). This structure was then subjected to random simulated [Ala*1Gal(1~16) 0.55 494 210

annealing (SA) and SA structure refinement using the
program X-PLOR 9.80 (MSI version) under the influence Table 3: Receptor Affinities and Agonist Potencies of Galanin
of the geometric force field, parallhdg.pr. NOE distance Analogues

restraints andtH chemical shift constraints were incorpo- binding activation
rated with a square-well potential during the structure ICso (NM) ECso (NM)
refinement protocol. A total of 1_00 structures were generated, peptide hGaRL 1GalR?  hGalRL rGalR2
and these were compared using pairwise and average rmsdG =16/ N, o172 139 45 880
al(l— - . . . .
values for the €, C, and N atoms. D K7Gal(1-16)-NH, 215 347 1510
c[D* K8|Gal(1—16)-NH; 0.601 1.75 1690 9.97
RESULTS c[DS.K9Gal(1-16)-NH, 1470  >10000
. I . . c[D6,K1|Gal(1-16)-NH, 1610 1460
_ AnalogL_Jes of G_al_anlnellﬁ)_ with Slngle Alanlne_Substltu- c[D*.Orf|Gal(1-16)-NH, ~ 91.6 300 >10000 857
tions.Residues within the active galanin{16) peptide were  ¢[DK&Gal(2~16)-NH, 130 4.65 18.8
systematically substituted with alanine and the resultant c[D*K®8Gal(1-12)-NH, 2.06 7.16 3120 14.3
peptides tested for their biological activities. The synthesized c[D*K°|Gal(2-12)-NH, 521 29.2 nt 257
c[D* K7Gal(1-16)-NH, 68.7 517 >10000 nt

galanin analogues together with their biological data are
shown in Table 2. The most pronounced decrease in the level
of galanin receptor binding occurred when Tvas substi- CD Spectroscopyl he secondary conformational features
tuted with alanine. A significant loss of receptor binding was adopted by c[BK®Gal(1-16)-NH,, c[D*K?®Gal(2—16)-
also observed when TYwas substituted for alanine in the NH,, c[D*K®Gal(1-12)-NH,, and c[[},K8Gal(2—12)-NH,
case of GalR2 and to a lesser extent in the case of GalR1.upon interaction with SDS micelles were investigated by CD
Optimal Cyclization Site in Galanin(116)-NH,. Several spectroscopy. To ensure that aggregation was not occurring
cyclic lactam analogues of galaninf16)-NH, were syn- at a peptide concentration of 1.5 mM, CD spectra were
thesized and tested for their binding affinities for the GalR1 acquired for these cyclic galanin analogues using sample
and GalR2 receptors. The goal of this exercise was to testconcentrations of 1.5, 0.75, 0.38, and 0.075 mM. The
whether galanin(#16)-NH, could be conformationally  appearance of the CD spectra acquired for*dfB|Gal(1—
constrained and still retain its biological activity. A summary 16)-NH,, c[D% K8 Gal(1—12)-NH,, and c[[},K®]Gal(2—12)-
of receptor binding affinities and agonist potencies measuredNH: remained constant over the entire concentration range,
for the cyclic peptides is presented in Table 3. According to whereas peptide self-association was evident for,¢{£)-
the data presented in Table 3, ¢é[RF|Gal(1-16)-NH, and Gal(2—16)-NH, at concentrations above 0.75 mM. CD
c[D*K8]Gal(1—12)-NH, are the only cyclic analogues which  studies were therefore carried out on this peptide at 0.75 mM.
bind with high affinity to both the GalR1 and GalR2 The shape of the CD curve obtained for ¢JKF]Gal(1—
receptors. Compounds c{B®Gal(2—16)-NH, and c[C},K8]- 16)-NH; is characteristic of a peptide with partialhelical
Gal(2—12)-NH, bound with reasonable affinity to the GalR2 secondary structure (Figure 1). Double minima are observed
receptor but with poor affinity to the GalR1 receptor, whereas at 208 and 222 nm, and a positive band is present in the
the remaining analogues in Table 3 did not bind well to either spectrum at 190 nm. A similar CD spectral profile is also
receptor. None of the cyclic analogues tested were able toobserved for c[B®K®8Gal(1-12)-NH,. However, the negative
induce GalR1 receptor activation with a potency equivalent ellipticity at 222 nm is more pronounced in this case. In
to that of galanin(+16)-NH,. However, GalR2 receptor comparison to that of c[HK®Gal(1-16)-NH,, the CD
agonist activity comparable to that of galanir(6)-NH, spectra acquired for both cfX®Gal(2—16)-NH, and
was observed for cyclic analogues é[RF]Gal(1—16)-NH,, c[D* K8 Gal(2—12)-NH, exhibit a much reduced negative
c[D4K?8Gal(1-12)-NH,, c[D*K?&Gal(2—16)-NH,, and ellipticity at 222 nm, a decrease in intensity for the positive
c[D* K8 Gal(2—12)-NH, in Table 3. All compounds in Table  band at 190 nm, and a shift in the absorption maximum from
3 exhibited the same maximal effect as galanin in the assays208 to 205 nm (Figure 1). These spectral changes indicate
used and are therefore full agonists. that a significant reduction in the level afhelical secondary
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Ficure 2: Circular dichroism spectra of cyclic galanin{16)-NH,
analogues in an aqueous SDS micelle solution at@2

structure is accompanied by removal of the N-terminal
glycine residue in compounds c{B®Gal(1-16)-NH, and
c[D* K8 Gal(1—12)-NH,.

Modification of the residue side chain at position 8 and
relocation of the lactam bridge in cf{X®]Gal(1-16)-NH,
resulted in two cyclic galanin analogues, ¢[Orrf]Gal(1—
16)-NH, and c[[},K"]Gal(1—16)-NH,, respectively, with a

NH,, (O) c[D*K&Gal(2—16)-NH,, and @) c[D* K Gal(1—16)-
2.

NH,, c[D*K®8Gal(1—-12)-NH,, and c[[},K&Gal(2—12)-NH,
were unambiguously identified from cross-peaks in the
TOCSY and NOESY spectra acquired for each peptide.
The aH chemical shift in a peptide or protein provides a
sensitive measure of its level of local secondary structure.
In particular, a density of four or moreH chemical shifts
(6oH"9) displaced more than 0.1 ppm upfield from random
coil values §aHRC) indicates a region af helical structure
(33). In the case of c[HK?®Gal(1-16)-NH, and c[D},K8]-
Gal(1—-12)-NH,, the values of the calculated chemical shift
differences, daH%s — 6aHRC | were consistently more
negative thar-0.1 ppm for residues Tfp-Lel® (Figure 3).
This result suggests that a two-turn helix occupies the
N-terminus of both Gl{+containing analogues. The nearly
identical aH chemical shift values obtained for these two
peptides also suggest that their backbone conformations are
similar. A loss of helical secondary structure resulting from
removal of the N-terminal glycine is supported by the general
decrease imH resonance displacements from random coil
values in the region of Tfp-Tyr® observed for c[B K8 Gal-
(2—16)-NH, and for c[D},K&Gal(2—12)-NH, (Figure 3).
Also evident in Figure 3 is a close correlation between the
oH chemical shifts measured for compounds GK3]Gal-
(2—16)-NH, and c[D},K8Gal(2—12)-NH, which may be
attributed to similarities in their backbone conformations.
NOESY spectra were acquired for compounds*dfB]-

reduced ring structure size. Interestingly, there was no Gal(1-16)-NH,, c[D%K®&Gal(1—-12)-NH,, c[D* K8Gal(2—
evidence of secondary structure observed for either com-16)-NH,, and c[l},K&Gal(2—12)-NH, using three different

pound (Figure 2).
The percentage oft helicity within the conformational

mixing times. Appreciable differences in the number of
NOEs and their associated intensities were not observed

ensemble for each galanin analogue was calculated from theamong the spectra acquired for each compound. Spin

associated negative ellipticities at 222 ni82)( In the
membrane mimetic environment, JRB®Gal(1—12)-NH, is
28% helical whereas c[[X&Gal(1—16)-NH, is only 18%
helical. The amount of helicity calculated for the N-
terminally truncated peptides was 6 and 4% for¢k3]|Gal-
(2—16)-NH,; and c[[},K&Gal(2—12)-NH,, respectively. Gala-
nin analogues c[fHK"Gal(1-16)-NH, and c[},Orrf]Gal(1—

diffusion was therefore not a factor contributing to the NOE
signal intensities. A summary of the NOEs for the four cyclic
analogues is shown in Figure 4. According to the NOE data
shown in Figure 4, c[AK®&Gal(1-16)-NH, and c[D},K8]-
Gal(1—-12)-NH, are the only analogues containing a signifi-
cant amount ofx helical secondary structure. Noteworthy
is the extended stretch of medium-rangjg(i,i+3) NOEs

16)-NH, evidently do not possess any conformational order observed in the region of T#p Tyr® for both peptides. This
in the micelle solution (Figure 2) and were therefore excluded type of NOE pattern is used to identify a sequence of residues

from this analysis.
NMR Spectroscopyroton chemical shift assignments for
compounds c[BK&Gal(1-16)-NH,, c[D*K?&Gal(2—16)-

adoptingo helical structure34). A series ofdyn(i,i+1) NOEs
with intensities weaker than those of theikn(i,i+1)
counterparts was observed for both ¢KF]Gal(1—16)-NH,
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Ficure 4: Summary of the observed NOE contacts used to
determine secondary conformational features in*g{f]Gal(1—
16)-NH, analogues. An NOE connectivity is indicted by a bar
joining the two residues that are involved. The intensity of an NOE
is proportional to the height of its representative bar.

and c[D},K8Gal(1—-12)-NH,. These data are also consistent
with the presence of an N-terminal helical conformation. The
appearance of a weakn(i,i+2) NOE between Asband
Sef and adgn(i,i+3) NOE connecting residues Aspnd
Ala’ in the NOESY spectrum obtained for ({B&Gal(1—
16)-NH, provides further support for the presence of a helix
in this compound.

Other than a series of weak to medium-rawnigg(i,i+1)
NOEs observed in the region of AsrlLeu'® in the case of
c[D* K8 Gal(2—16)-NH, or AsrP—Tyr? in the case of c[(K?]-
Gal(2—12)-NH; (Figure 4), there were no NOEs found which
support the presence of a helical conformation in either
analogue. However, NOEs between residues Atal TyP

Biochemistry, Vol. 38, No. 46, 19995301
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Ficure 5: Fluorescence emission spectra of (1) tKF|Gal(1—
16)-NH; in the presence of SDS micelles, ()Trp in aqueous
buffer, and (Ill)L-Trp in an SDS micelle solution. The excitation
wavelength {ex = 275 nm) was selected for excitation of the Trp
indole ring.

NH; in water @ = 10.5 A) (36). This distance is also in
good agreement with 19 A interchromophore spacing
observed in a helical galanin{Il5)-NH, structure generated
from Monte Carlo simulations of the linear peptic&). The

+3 A error associated with the measured FRET distance is
in accordance with uncertainties in the rigidity of the cyclic
peptide and hence the value @POwhich could possibly
take on values between 0.15 and 229)(

A molecular model representing the fully extended con-
formation of c[l},K&Gal(1—16)-NH, was manually con-
structed. The distance measured between théang Tyf
aromatic rings in this model was 28 A. The 1683 A
distance separating the two aromatic rings derived from the
FRET analysis of c[®)K&Gal(1—-16)-NH, is therefore more
consistent with a folded helical conformation in the N-
terminus of the molecule.

Structure Refinement for cfiK®Gal(1—16)-NH. A total

(Figure 4) were obtained for both peptides, Suggesting thatOf 49 interresidue NOE Cro_ss-peaks were found in the 100
their conformational ensembles are populated by nascentms NOESY spectrum acquired for clB®|Gal(1—16)-NH,.

helical structures3b).
Fluorescence StudieShe emission maximum wavelength
observed for ¢[B K& Gal(1-16)-NH, following excitation

Of these, 36 corresponded to sequential NOEs while the
remaining 13 NOEs were medium-range. The NOEs were
assigned as weak, medium, or strong on the basis of their

at 275 nm was 334 nm, a value which is considerably blue measured cross-peak volumes. When the calculations were

shifted from that observed for-Trp in purely aqueous
solution (352 nm) and-Trp in 200 mM SDS (350 nm;
Figure 5). The most probable cause of this blue shift is
insertion of the Trpindole ring into the hydrophobic interior
of the micelle.

performed, only the medium-range and sequedtijgli,i+1)
NOE-derived distance constraints were employed. dHe
chemical shifts in the proposed helical region of £KF]-
Gal(1-16)-NH; (i.e., Giy*—Leu% were also used as con-
straints during the computational analysis of this compound.

Calculation of the average interchromophore distance Within the set of 100 structures generated for GK3]-

between the Trpand TyP aromatic rings in c[B K& Gal-
(1—16)-NH, was carried out using eqs-b. Measured values
for the quantum yields were 0.0394 and 0.0399 Iff275
andl,gs, respectively, and fractional absorptions were 0.81

Gal(1-16)-NH,, 62 were accepted on the basis of their
ability to satisfy the entire set of NOE constraints and the
majority of theaH chemical shift restraints. A well-defined
helix starting at Aspand finishing at Letf became apparent

and 0.19 for Trp and Tyr, respectively. The energy transfer following a pairwise rmsd analysis of the 62 structures (rmsd
efficiency () was determined to be 0.9 from these data. The = 0.94). This conformational property is easily visualized

Forster critical distanceR,) was calculated to be 15 A using
values of 1.3%/3, and 0.18 for the refractive index, tii&’(]
parameter, andp, respectively. This value foR, resulted
in a Tyr—Trp interaromatic ring spacing of 108 3 A.

in Figure 6 which displays a superposition of 12 of the
calculated conformations for cfX®Gal(1-16)-NH,. A
reverse turn centered on Pfavas also observed in many
of the conformations. The appearance of this latter structural

The experimentally determined interchromophore separa-motif may be attributed to the inclusion of an NOE constraint

tion of 10.84+ 3 A obtained here for c[HK&Gal(1—16)-
NH; is close to that previously reported for galanif(b)-

connecting theyH of Leu! and theaH of Val'® in the
calculations. The presence of a turn in the C-terminus of
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since the percentage of helical structure contained in a
peptide is normally underestimated by CD spectroscopy
when the length of the helix does not exceed two tuB®.
The similar values in percent helicity calculated for the two
peptides implies that residues L*&uVal'® in c[D* K8Gal-
(1—16)-NH, do not contribute to the helix stability.

Removal of the N-terminal glycine in peptides ¢[R®]-
Gal(1—16)-NH, and c[[*,K®8Gal(1—12)-NH, resulted in
compounds with a much lower propensity to adopt a helical
conformation (Figures 1, 3, and 4). It is well-known that
glycine is an excellent helix-stabilizing residue when incor-
porated at the N-terminal position of the helB8f. Omission
of the helix N-cap residue, Glyin ¢[D* K8 Gal(1—16)-NH,
and c[D},K8Gal(1—12)-NH, would, therefore, explain the
loss in the level of helical conformation observed for

Ficure 6: Superposition of 12 of the final MD refined structures  analogues c[()K8Gal(2—16)-NH, and c[} K& Gal(2—12)-
of c[D* K8]Gal(1—-16)-NH; in the proposed helical region of Gly NH,.

Leut®

The observed stretch afy4(i,i+3) NOEs between TR
the cyclic galanin analogue is not unexpected since prolinesand TyP provided further evidence for the presence of helical
are known to occupy thier-1 position inj-hairpin turns 87). conformations in compounds cffX®|Gal(1-16)-NH; and
However, an attempt at aligning the backbone atoms within ¢[D*K®|Gal(1-12)-NH, (Figure 4). However, in contrast to
the C-terminal segment of GR~Val'¢ did not resultinany this finding, many of the expectedin(i,i+3) NOEs in the
appreciable convergence. Hence, the peptide retains som@roposed helical region, GlyLeu', of these two peptides

flexibility in its C-terminal region. were not observed. Progressive fraying toward the ends of
the two-turn helix would explain the absence of these NOEs
DISCUSSION as well as the low helicity estimate determined from the CD

measurements (32%3%). Consistent with this observation
is the lack of a well-defined conformation within residues
Gly*=Thr® among the calculated conformations for ¢Kf]-
Gal(1-16)-NH, (Figure 6). It is, therefore, reasonable to
assume that the N-terminal sequence of‘dfB|Gal(1—16)-
NH, also adopts nonhelical conformations that are in
equilibrium with the helix. However, there was no other
N-terminal conformational feature present at a sufficiently

decreased level of binding to either receptor. Successfulhlgh concentration to allow its detection by either NMR or

binding of analogues c[EK&Gal(1-16)-NH, and c[D},K8]- cb spectroscopy. ) _
Gal(1-12)-NH, to the GalR1 receptor is thus more likely ~ NOEs connecting residues Aland Ty# (Figure 4) were
due to a conformational effect as opposed to an amino acidobserved for the two Ghydeficient analogues. Such NOEs
substitution. The most notable reductions in the level of ar¢ commonly seen in spectra associated with peptide
galanin receptor binding occurred when either2op Tyr® fragments adopting nascent helical stru_ctur6§).(The
was replaced with alanine. The importance of these residues?resence of a weak shoulder at 222 nm in the CD spectra
for binding is not a novel finding and has already been acquired for both analogues (Figure 1) also supports the
discussed and reported elsewhere for the GalR1 recejitor ( Presence of nascent helical structures. Upfield chemical sh|.ft
18). The binding data presented in Table 2 confirm the displacements of greater than 0.1 ppm from random coil
importance of these residues for GalR2 binding. values occurred for several reS|dues in both pepydes w|th|n
Results from the CD experiments carried out with‘K3]- the sequence of A$p Tyr® (Figure 3). On the basis of this
Gal(1-16)-NH, and c[D,K&Gal(1-12)-NH; indicate that evidence, it can be_postulate_d that an ensemble of turn-like
these two peptides adopt helical conformations in an SDS Structures present in the region of Asfyr® of ¢[D*K®-
micelle solution (Figure 1). The amount of helicity present Gal(2-16)-NH, and ¢[},K®]Gal(2-12)-NH, may represent
within the conformational ensemble was, furthermore, de- the early stage of helix folding. The N-terminal glycine in
termined to be 18 and 28% for cfXf|Gal(1—16)-NH, and 9[;)4,K8]Gal(1—1§)-NF|2 thus proyldes the a_lddltlo'nal stabl—
c[D* K& Gal(1—12)-NH,, respectively (Figure 1). According lizing force_ required to trap the first 10 residues in a helical
to results obtained from theH chemical shift analyses conformation.
(Figure 3), helical conformations are assumed by residues Both c[D*,K&Gal(1-16)-NH, and its truncated analogue
Gly'—Leu'? in both peptides. This translates to 56% of the c[D*K®&Gal(1—12)-NH, adopted virtually identical helical
residues within c[BK®&Gal(1-16)-NH, and 83% of the secondary structures within the first 10 residues (Figures 1,
residues within c[B® K8 Gal(1-12)-NH,. The percentage of 3, and 4) and exhibited similar binding affinities for the
the conformational ensemble characterized by an N-terminalGalR1 receptor (Table 3). Hence, conformations in the
helix is, therefore, closer to 32% in the case of tKFGal- C-terminus (residues 1216) apparently do not contribute
(1—16)-NH, and 33% in the case of c[iX&Gal(1-12)- to GalR1 binding. The helix was furthermore the only
NH,. These figures likely represent lower bounds, however, detectable conformation in the N-terminus of both GKJ]-

Replacement of amino acids at positions 4 and 8 within
the linear peptide galanin{il6)-NH, was a necessary first
step in the synthesis of c[[(K®Gal(1-16)-NH, and its
analogues. The importance of the two naturally occurring
residues at positions 4 and 8 (Leu and Gly, respectively)
within galanin(1-16) therefore needed to be evaluated. As
seen in Table 2, alanine replacement at either position 4 or
8 within the linear peptide did not result in a significantly
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Gal(1-16)-NH, and c[[},K8Gal(1-12)-NH, and must its receptor while assuming a helical conformation. Clearly,
therefore be considered as a more stable conformation forthen a helical conformation in the N-terminus of galanin
these cyclic analogues. According to the binding data and provides a good geometric arrangement of its critical residues

conformational profiles determined for the galanin(6)- for subsequent interaction with the proposed receptor binding
NH cyclic lactam analogues, neither peptide with a reduced site. On the basis of this interaction model and the results
ring structure size [c[AOrrf]Gal(1-16)-NH, or [D* K"]|Gal- obtained here, it can be postulated that thel@gidue of

(1—16)-NH;] was able to adopt a helical conformation or galanin contributes to ligand binding to the GalR1 receptor
bind to the GalR1 receptor. Since ¢[Drrf]Gal(1—16)-NH, by stabilizing ana. helix in the Gly—Leu' region of the
is structurally very similar to c[()K®Gal(1—16)-NH, yet neuropeptide. By contrast, removal of the Gigsidue in
is conformationally undefined, it can be reasoned that the both c[D K& Gal(1-16)-NH, and c[D},K&Gal(1-12)-NH,
N-terminal helix in c[},K8Gal(1—16)-NH, is an important analogues as well as the full-length neuropeptide did not
determinant for GalR1 receptor binding. The observed result in a loss of binding to the GalR2 receptor. It is,
correlation between helix formation and GalR1 receptor therefore, possible that selectivity for the GalR1 receptor
binding therefore allows one to hypothesize an important depends on galanin being able to adopt a helical conforma-
role for the N-terminal helix in GalR1 receptor binding. tion, while GalR2 receptor binding does not require this
In a recently published article byt®nan et al. 24), results conformational precursor.
describing the conformational properties of the full-length ~ Within the GalR1 receptetligand interaction model
neuropeptide in an SDS micelle solution were presented. Thepresented by Kask et al29), all four receptor residues
molecular model of porcine galanin resulting from these suggested to be important for ligand binding reside on the
studies indicated the presence of well-defirfedr y turns top of the transmembrane domains or near the membrane
in three regions, including residues-%, 7—10, and 24 surface. This implies that galanin initially binds to its receptor
27. In contrast to this finding, the experimentally derived near the surface of the membrane. A recent NMR investiga-
model for c[D},K8Gal(1-16)-NH, shown here contains a tion of galanin in a micelle solution incorporating a
well-converged helix spanning residues ¥). Secondary  paramagnetic probe established ZTag a membrane anchor-
interactions involving residues in the C-terminus beyond ing point in the molecule24). Results from fluorescence
Val*¢in the full-length peptide may be responsible for these experiments carried out with cf{X®Gal(1—-16)-NH; in the
observed differences in secondary structure. However, resultsstudy presented here are in agreement with this finding since
from 'H NMR studies previously carried out on human the emission maximum wavelength observed forgfB]-
galanin suggested that residues13 may adopt a helix Gal(1—16)-NH, was blue shifted from that obtained fofTrp
in aqueous solution2(). Therefore, species-related incon- in the same micelle environment (Figure 5). This would be
sistencies among residues in the C-terminal sequence ofexpected to occur if the ring portion of Trp is inserted into
galanin may result in porcine galanin exhibiting conforma- the lipid interior of the micelle. Removal of this membrane-
tional behavior in solution different from that of human anchoring residue through amino acid substitution may

galanin and its analogues. partially explain why galanin analogues lacking the 2Trp
From data collected during the FRET experiments, the residue are inactive.
distance between the Prand TyP aromatic rings in c[BK?]- All four peptides containing an AdpLys® lactam bridge

Gal(1—16)-NH, was calculated to be 108 3 A. This result (peptides2—5; Table 1) exhibited GalR2 receptor binding
is comparable to the 10.5 A interchromophore spacing found affinities (ICso values) and agonist potencies (f&®@alues)
for galanin(+15)-NH, in water 36) and considerably = comparable to those of galanin{16)-NH,. The conforma-
shorter than the 28 A interaromatic ring distance expected tional restriction imposed by the lactam bridge is, therefore,
for the fully extended cyclic galanin analogue. Monte Carlo well tolerated at the GalR2 receptor (Table 3). Removal of
simulations previously carried out with galanir{15)-NH, the N-terminal Gly residue, furthermore, did not decrease
in a hydrophobic environment resulted in low-energy N- GalR2 receptor affinity. From these data, it is difficult to
terminal helical conformations in which the distance separat- draw any conclusions regarding conformational features that
ing the Tr@ and TyP aromatic rings was consistently close are important for GalR2 receptor binding. However, com-
to 9 A (36). The FRET results obtained for cf[K8Gal- pounds c[B,0rrf]Gal(1-16)-NH, and ¢[[},K"]|Gal(1—16)-
(1—16)-NH; in the study presented here are therefore much NH;, which contain smaller ring structures and consequently
more characteristic of a helical conformation than an low propensities to adopt a helix (Figure 2), exhibited low-
extended one. affinity binding to the GalR2 receptor. This would suggest
A model describing the interaction between galanin and that an N-terminal helix may also be important for the
its GalR1 receptor was recently developed using information interaction of compounds cf[K®Gal(2—16)-NH, and
gained from site-directed mutagenesis studies combined withc[D4 K& Gal(2—12)-NH, with the GalR2 receptor. In this
results obtained from previous conformational investigations case, a helical conformation in the Glgeficient ligands
of galanin analogue26). There were four residues in the would be stabilized through a receptor interaction.
receptor identified as potential interaction sites for the critical ~ In conclusion, results from structuractivity and spec-
pharmacophores in galanin. Two histidines gfiand Higt?) troscopic investigations of cyclic galanin analogues presented
near the top of transmembrane domain VI were proposed tohere emphasize the importance of both the ring structure size
interact with Trg of galanin, while GIy of the neuropeptide  and an N-terminal glycine residue for stabilizing a helical
was suggested to interact with PHeof the receptor. The  conformation in peptides cfiX®Gal(1—16)-NH, and c[},K8-
Tyr® residue of galanin was also found to make contact with Gal(1—-12)-NH,. It may be argued that this conformational
Phe®2in transmembrane domain VIl of the GalR1 receptor. feature contributes to GalR1 receptor binding since a good
When this study was carried out, galanin was docked onto correlation between the extent of high-affinity binding to the
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GalR1 receptor and the ability of peptid2s7 (Table 1) to 16.
assume an N-terminal helix was found. However, although
the GalR1 receptor affinities exhibited by compounds
c[D* K8 Gal(1-16)-NH, and c[D},K&Gal(1—12)-NH, were
comparable to that determined for galanin@®6)-NH,, their
agonist potencies were lower (Table 3). The helical confor-
mation in these cyclic galanin analogues should, therefore,
be considered important for GalR1 receptor binding but not 19
necessarily for GalR1 receptor activation. It is possible that
cyclic galanin analogues cf{X8Gal(1—-16)-NH, and c[},K8-
Gal(1—12)-NH; initially bind near the surface of the GalR1
receptor in a helical conformation but are subsequently
unable to undergo the necessary conformational rearrange-
ment that is appropriate for eliciting high agonist potency.
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