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ABSTRACT: The structure of [Al&l, Pré@]-NPY, a neuropeptide Y mutant with selectivity for the NPY
Ys-receptor (Cabrele, C., Wieland, H. A., Stidsen, C., Beck-Sickinger, A. G., (2B@Zhemistry XX
XXXX-XXXX (companion paper)), has been characterized in the presence of the membrane mimetic
dodecylphosphocholine (DPC) micelles using high-resolution NMR techniques. The overall topology closely
resembles the fold of the previously describegdr¥ceptor-selective agonist [Afa Aib37-NPY (Cabrele,

C., Langer, M., Bader, R., Wieland, H. A., Doods, H. N., Zerbe, O., and Beck-Sickinger, A. G. (2000)
J. Biol. Chem 27536043-36048). Similar to wild-type neuropeptide Y (NPY) and [AlaAib%3-NPY,

the N-terminal residues T¥Asp!® are disordered in solution. Starting from residue ¥ean o helix
extends toward the C-terminus. The decreased density of medium-range NOEs for the C-terminal residues
resulting in larger RMSD values for the backbone atoms ofAl@yr6 indicates that thex helix has
become interrupted through the [AlaPrc*? mutation. This finding is further supported BiN-relaxation

data through which we can demonstrate that the well-defaodugblix is restricted to residues +81,

with the C-terminal tetrapeptide displaying increased flexibility as compared to NPY. Surprisingly, increased
generalized order parameter as well as decre@kgd scalar coupling constants reveal that the central
helix is stabilized in comparison to wild-type NPY. Micelle-integrating spin labels were used to probe
the mode of association of the helix with the membrane mimetic. Theedeptor-selective mutant and
NPY share a similar orientation, which is parallel to the lipid surface. However, signal reductions due to
efficient electron, nuclear spin relaxation were much less pronounced for the surface-averted residues in
[Ala®l, Prdd-NPY when compared to wild-type DPC-bound NPY. Only the signals of residue® Asn
and Led®were significantly more reduced in the mutant. The postulation of a different membrane binding
mode of [Al&1, Pr®)-NPY is further supported by the faster H/D exchange at the C-terminal amide
protons. We conclude that arginine residues 33 and 35, which are believed to be directly involved in
forming contacts to acidic receptor residues at the membrawager interface, are no longer fixed in a
well-defined conformation close to the membrane surface infARrG?-NPY.

Neuropeptide Y (NPY) is a 36-residue C-terminally like family of G-protein coupled receptors and located in
amidated polypeptide hormon®)( At least four Y-receptor  the central or peripheral nervous systes), @re activated
subtypes (Y, Y2, Y4, and ¥s), all belonging to the rhodopsin- by NPY (4). In the brain, NPY is the most abundant
neuropeptide and has been implicated in several regulatory

T This work was supported by ETHZioh Grants Nos. 0 20 439-97  functions ). Injection of NPY directly into the paraven-
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induced food intake8—11). However, we recently presented During our investigations on NPY bound to DPC micelles,
the first selective agonists at the-¥eceptor, which indeed  we noticed that the C-terminal conformation was slightly
turned out to stimulate food intake in ratk).(A series of rearranged (as compared to the solution structure) so that
NPY mutants and chimeras of NPY and pancreatic polypep- Tyr3¢ is placed close to the membranwater interface.
tide (PP), another hormone of high sequence homology to Moreover, thea helix became significantly stabilized as
NPY which is targeting similar receptors, were designed and evident from generalized order parameters larger than 0.8
proven to be ¥-receptor-selective as long as they contained for residues Al&#—Arg®3. The membrane-anchoring residues
the [Ala®l, Xxx3? motif (Cabrele et al., companion paper). were identified by experiments utilizing micelle-integrating
Mutants in which Thi#? was replaced by Aib, Pro, or Hyp  spin-labels such as 5- or 12-doxylstearate. In 5-doxylstearate,
bound selectively to the sfreceptor with lowered but still  a paramagnetic label is placed in vicinity of the polar head-
good affinity (in the suhtM range with the [AI&!, Aib3? groups 25); hence, all resonances closer than about2®
mutant displaying 10-fold better binding than the corre- A to the spin-label are significantly broadened through
sponding Ala, Pro mutant), whereas the introduction of efficient spin—electron relaxation26). Thereby, we discov-
p-proline lead to a drastic loss of affinity. ered that NPY is anchored to the membrane through
In an attempt to understand the spatial properties requiredinteraction of the phospholipids with the long and hydrophobic/
for Ys-receptor selectivity, we previously determined the aromatic side-chains of residues of the C-terminal helix.
solution structure of [Al&, Aib37-NPY (1). The solution Here, we examine the structure and dynamics of JAla
structure of wild-type NPY itself has been described in the Prg2-NPY bound to DPC micelles b{H NMR and analysis
literature both by Darbon et al1®) and by Monks et al.  of 15N-relaxation data. We have chosen that particular peptide
(13). Both publications agree that only the C-terminal part because it contains solely proteinogenic amino acids and
of NPY forms a stablex helix, whereas the N-terminus iSs hence can be produced recombinantly required *ft
much more disordered. However, Darbon et al. propose alabeling. The results are compared with the solution structure
polyproline 11 helix for the N-terminal part that bends back of [Ala3., Aib32-NPY and wild-type NPY. We find that ¥
onto the C-terminal helix. This structural feature was receptor-selectivity is most probably related to the destabi-
described in the crystal structure of avian polypeptide (aPP)Jization of the a-helical conformation at the C-terminal
by Blundell et al. £4) for the first time and hence became tetrapeptide, as shown for [Afa Aib33-NPY in aqueous
known as the PP fold. In contrast, Monks postulates that the solution as well as for [AR, Préd-NPY bound to DPC
N-terminus is fully flexible. We recently have supported the micelles. The C-terminus of [AF, Prc#3-NPY adopts a
latter view based upon arguments fr@f-relaxation data  large and flexible loop that is differently anchored to the
(15). Comparison of the conformation of [Afa Aib39-NPY membrane by residues 30 and 36. In contrast, in native NPY,
to that of wild-type NPY revealed a significant change in a regularo-helical turn is found, which is anchored by
the C-terminal part of the peptide, which is known to be a residues 32 and 36. The implications of these findings for a
key interaction site at all known Y-receptorsg( 17). On possible alternative binding mode at the-Péceptor are
the basis of NOE-derived distance restraints, it was found discussed.
that the mutant adopts aghelical turn between residues
28 and 31, followed by a flexible C-terminus. This is in EXPERIMENTAL PROCEDURES
contrast to the solution structure of NPY by Monks in which )
a regular. helix extends to the C-terminal end. On the other  Materials.*®NH,Cl was purchased from Martek (Colum-
hand, recent studies of the dynamics of NPY in aqueous Pid, MD), deuterated DP@ss (99%-d), and methanoth
solution clearly demonstrated increased flexibility ofN were ordered from Cambridge Isotope Laboratories (An-
bond vectors in the C-terminal tetrapeptide as compared todover, MA). 5-Doxylstearic acid was bought from Aldrich

those within the central part of the helix (between residues (Buchs, Switzerland). Isotopically nonenriched DPC was
16-32) (15). obtained from Avanti Polar Lipids (Alabaster, AL). Oligo-

When a pathway that requires a membrane-association stefyUcleotide primers were synthesized by Microsynth GmbH
prior to receptor binding is assumed8-20), it was (Balgach, Switzerland).
suggested that the determination of the structure of the Peptide Synthesitsotopically nonenriched peptide [Afa
hormones in the presence of a membrane mimetic givesPro®-pNPY was prepared by solid-phase peptide synthesis
biologically relevant insight into the peptide conformation using 9-fluorenylmethoxycarbonyl (Fmoc) protection group
which is encountered by the receptor during the initial Strategy on a robot system (Syro, MultiSynTech, Bochum),
contact. We used micelles formed by the zwitterionic as described (Cabrele et al., companion paper). To obtain
dodecylphosphocholine (DPC) to model the membrane. DPCthe peptide amide, 4-(2'-dimethoxyphenyl-Fmoc-amino-
is the detergent that presents the predominant constituent ofnethyl)phenoxy resin was used as polymeric support (Nova-
animal cell membraneQ). It has been designed especially biochem, Lafelingen, Switzerland). The purity and the
for solution NMR purposes2@) and is assumed to give Molecular weight were checked by reversed-phase high-
structural results that are in agreement with those obtainedperformance liquid chromatography (HPLC) (column C-18,
using bilayers, at least in the case of surface-associated3 x 125 mm, 5 mm, flow 0.6 mL/min, gradient 20%
polypeptides 23). As described by Opella et aR4), using acetonitrile to 70% acetonitrile in water/trifluoroacetic acid
a high excess of detergent well above the critical micelle (100:0.1) within 30 min) and electron spray ionization-mass
concentration prevents the formation of different states of spectrometry (ESI-MS) (SSQ710, Finnigan, San Jose, CA),
aggregates. This yields rather well-resolved spectra, whose'espectively.
signal dispersion is even increased due to the polar and Cloning, Expression, and Purification of Uniformt§N-
charged headgroups. Enriched [Al&!, Pro*?-pNPY. Starting from the plasmid
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pUBK19/NPY-G (L5) that contains the pNPY-Gly DNA  (>99%) [Ala®, Pro*?-pNPY was used at a concentration of
fused to the nucleotide sequence of N-terminally decahisti- 1.0 mM in the presence of 300 mM DRfzs in 10% DO/
dine-tagged yeast ubiquitin (Ub27), the double mutations  90% HO at 37°C. The pH was adjusted to 6.0, and data
I31A/T32P were introduced by site-directed mutagenesis were recorded on both a Bruker Avance 500 and a Bruker
using the QuikChange Mutagenesis Kit (Stratagene, La Jolla,Avance 600 instruments operating at nitrogen frequencies
CA). The two complementary primers required in this of 50.68 and 60.81 MHz, respectively. Proton chemical shifts
method £8) were chosen as follows: (forward)-8GCT- were referenced relative to the water lingH,0) = 4.63
GCGTCACTACATCAACCTGGCTCCGCGTCAGC- ppm at 310 K), and nitrogen shifts were referenced indirectly
GTTACGGGTGATAGTCG-3and (reverse)'sSCGACTAT- to liquid NHs (30). The spectra were processed using the
CACCCGTAACGCTGACGCGGAGCCAGGT-  Bruker XWINNMR-2.1 software and transferred into the
TGATGTAGTGACGCAGCG-3 For the selection of DNA ~ XEASY (31) program. Peak volumes were integrated within
bearing the mutation, methylated and hemimethylated DNA the program SPSCAN that uses line shape-deconvolution of
was digested witlbpnl (New England Biolabs, BioConcept, signals for proper integration of partially overlapping peaks.
Allschwil, Switzerland) and subsequently transformed into  For the identification of the amino acid spin systems, a
Escherichia coliXL2-Blue strain (Stratagene, Amsterdam, clean TOCSY 82) experiment with a mixing time of 12 ms
The Netherlands). The sequence of the resultant plasmidutilizing continuous-wave presaturation of the water reso-
pPUBK194 AP}-NPY-G was confirmed using dideoxy se- nance was recorded. NOESY experimer88, 34), incor-
guencing. porating a filter scheme for zero-quantum suppressgap (
Expression of uniformly°N-labeled Hy-Ub-[Ala3}, Pr6- with a mixing time of 75 ms, were used for both the
NPY-G was performed in thE. coli BL21 (DE3) strain on sequence-specific sequential resonance assignment and the
M9 minimal medium with'*>NH,CI as the sole nitrogen  determination of upper proton, proton distance limits required
source, as described previouslyp), Isolation under denatur-  for the structure calculation. Water suppression was obtained
ing conditions (6 M guanidine hydrochloride, 50 mM Tris using the WATERGATE sequenc8&€). ScalariJyn, cou-
(pH 8.0), 100 mM NacCl, and 1 mMs-mercaptoethanol),  pling constants were derived from inverse Fourier transfor-
purification (using N&™ affinity chromatography including  mation of in-phase NOESY peaks involvind' idrotons 87).
on-column refolding by continuously decreasing the guani- The assignment of nitrogen frequencies and relaxation
dine concentration of the refolding buffer from 6 to 0 M), experiments were derived frorPlN,*H]-HSQC @38) experi-
and cleavage of the fusion protein by use of ubiquitin ments utilizing the sensitivity enhancement elem&gt 40)
hydrolase was done according to the protocol by Kohno et and water-flip back methodology{). The assignment of
al. (27). The separation of [AR, Pro-NPY-G from the proton, nitrogen correlation maps was significantly
Hi-Ub was achieved on a Ri-NTA-agarose column  supported by information from a 150 ms NOE-relayed
(Qiagen, Basel, Switzerland) followed by desalting of the [**N,'H]-HSQC experiment.

eluate using Sep-Pak Plugg&artridges (10% acetonitrile Relaxation measurements were performed as described
to 50% acetonitrile in 0.1% trifluoroacetic acid in steps of (15). In essence, proton-detected versions of €Rurcel-
10%/10 mL each). The C-terminal-amidation of [Al&%, Meiboom-Gill (Ry), inversion-recovery R;), and steady-

Pro®3-NPY-G using peptidylglycinex-amidating enzyme  state ®N{'H} heteronuclear Overhauser effect sequences
(EC 1.14.17.3; Unigene Laboratories, Fairfield, NJ) was were used. Water suppression in all of these experiments
performed as described previoushp). Completeness of the  was achieved through the application of pulsed-field gradi-
reaction was checked by ESI-MS upon reversed-phase C ents in coherence-selection schemes. Roand R, experi-
chromatography purification. ments recycle delays of 2.2 s and for tH&{'H}-NOE

CD SpectroscopyCD spectra were recorded on a JASCO delays of 3.2 s were applied. F& (R,) experiments, 16
J-720 spectropolarimeter over the range of 2860 nm at (32) scans were accumulated for each increment and 64 scans
37°C using a water-jacketed 5-mm sample cell. The peptide for each increment in th€N{*H}-NOE. TheR; series used
concentration was 50M in the presence of 10 mM DPC in  the following relaxation delays: 0.03,0.12, 0.21, 0.76, 1.23,
water at pH 6.0. The response time was €2 & at ascan 1.99, and 3.00 s. ThR, series was run with the following
speed of 20 nm/min. The sensitivity range was at 10 mdeg, delay settings: 0.004, 0.012, 0.02, 0.04, 0.1, 0.2, 0.4, and
the step resolution at 0.2 nm, and the bandwidth at 2 nm. 0.6 s. Buildup of the NOE was achieved through a pulse
The background spectrum due to the detergent was subtractettain of 120 degree proton pulses separated by 5 ms over a
from the spectra of the peptide-containing solutions. High- period of 3 s.
frequency noise was reduced by application of a low-path  Spin-Label Experimenf’he orientation of [Al&}, Pro*?-
Fourier transform filter. Each measurement was performed NPY with respect to the membrane surface was determined
4 times. The ellipticity is expressed as mean residue molarby measuring the effect of the micelle-integrating 5-doxyl-
ellipticity [®]r in deg cn? dmol. The helix content was  stearic acid on relaxation of the backbotdN and 15NHN
estimated according to the method of Chen et 28).( signals through distance-dependent electron, or nuclear-spin

NMR SpectroscopyThe NMR spectra used for the relaxation as observed in &I,*H]- HSQC spectrum. The
assignment of proton chemical shifts and derivation of methodology has been described for wild-type pNPY in
distance and dihedral angle restraints were measured usindader et al. 15). The intensities of the cross-peaks before
samples containing 2.5 mM [Alj Pro-pNPY, 300 mM and after addition of the spin-label were determined and
dodecylphosphocholindss in either 10% DO/90% HO or compared.
99% D,O at pH 6.0 (uncorrected pH meter reading), and 37  Hydrogen ExchangeFor the measurement of proton/
°C on a Bruker Avance 600 MHz spectrometer. For deuterium exchange of the amide protons, a protonidkéd
measurements 6fN-relaxation data, uniforml§#N-enriched [Ala%l, Pro?-NPY sample was dissolved in;D, and 2D
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[**N,'H]-HSQC spectra were recorded at different time inter-
vals. Thereby, the disappearance of¥idH was monitored A
10, 40, and 70 min, respectively, upon addition of the solvent.

Structure Calculation.The structure calculation was
performed by restrained molecular dynamics in torsion angle
space using a simulated annealing protocol as implemented
in the program DYANA 42), similar to the procedure
described previously for pNPY1b). From a total of 622
unambiguously assigned NOE cross-peaks and*R2fq
coupling constants (of which only those 16 were included
that were indicative of nonrotationally averaged torsion
angles; i.e.,<6 Hz), 207 meaningful upper distance limits,

AT
A
N’

A8 (CeaH) [ppm]

as well as 14%, v, x*, andy? torsion angle restraints, were 0,1

derived. In no case it was possible to obtain stereospecific 41D

assignments. The final DYANA calculation was performed _ 24 35
with 100 randomized starting structures, and the 30 DYANA & 0ol ° 10

conformers with the lowest target function were further z; ! 15 0

refined using the AMBERA43) force-field as implemented g 02T 2% 30

in the program OPAL 44). The quality of the final 17 o4l

energy-minimized conformers with NMR energies less than T

3 kcal/mol was checked in the range of residues29 using e E

the program PROCHECK-NMR4g). The figures were T 35

prepared with the program MOLMOL46). The NMR

ensemble of 17 energy-minimized conformers has been
deposited in the Research Collaboratory for Structural %, | 10 1 2 25
Bioinformatics PDB code 1ICY.

Relaxation Data AnalysiRelaxation rate constants,
R,, and NOE enhancements including their associated esidue number
urjlcc:jertalntles were detﬁrmlned as previously descrlbgdbforFIGURE 1: (A) Secondary structure of wild-type NPY on DPC
wild-type pNPY (L5). The parameters were interpreted by micelles according to Bader et al). (B) Secondary structure of
application of the modelfree-approach7{-49) using the [Ala3, Prég-NPY on DPC micelles (this work). (C) Secondary
Modelfree (version 4.01) software packadsd,(51). We chemical shift differences for the, 8, (D) for the HY, and (E) for

followed the previously described protocols for estimation the'*N resonance between [Afa Pra’-NPY and NPY bound to

e . . . . DPC micelles. The secondary chemical shift deviations of t{i¢,C
of the initial overall rotational correlation time, selection of the MY protons, and®N of NPY, respectively, were subtracted from

model-free parameters for adequate description of the yhe corresponding values of [&faPré3-NPY. Sequence-corrected
experimental relaxation data, and optimization of the mo- values were used for the calculation of ##d secondary chemical

tional parameterslf). The statistical approach suggested shift deviations T6).

by Mandel et al. $1) was applied, and the following models i ) ]
were used in the fitting procedure: (8 (2) S ¢ (3) &, despite the el_evated pH, only the a'mltlﬂ_e protons of the first
Rex: (4) S 7e, Rext (5) §% S, 7. Experimental errors foR; three N-terminal r_e3|dues were 5|gn|f|_cantly affected_ by
and R, at both applied fields were approximately 3% as €xchange broadening. Moreover, iiéelix became stabi-
determined from duplicated measurements. For large negativdized, and the signal dispersion was increased due to the
values of thel®N{!H}-NOE saturatiortransfer mediated ~ Presence of polar and charged headgroups. For many peptide
effects due to more elevated watemide proton exchange ~Normones such as opioids and neurokini@, 52), par-

at pH= 6 lead to largely erroneous values of the hetero- athyroid hormone §3), and cholecystokinin 18, 54), a
nuclear NOE: hence, the data for residues 4, 6, and 7 werePathway for receptor binding that includes membrane as-
excluded from the analysis. Otherwise, the error was SOciation as an initial step has been proposed. We therefore
calculated from estimates of the baseplane noise in thefelt encouraged to conduct our studies in a membrane-
spectra and set to approximately 10% or at minimum 0.1 Mimicking environment.

N [ppm]

A8

for NOE values betweer1 and+1. The chemical shifts of the proton resonances were assigned
according to standard methodolodys). The assignments
RESULTS for the N-terminal residues T¥+Arg!® were supported by

the fact that they were nearly perfectly identical to the values
We have defined the experimental conditions for the found for NPY on DPC micellesls). The residue-specific
determination of the structure and dynamics of fAl&@rc*?- nitrogen frequencies could subsequently be determined using
NPY highly similarly to those described for wild-type pNPY  [15\ 1H]-HSQC and NOE-relayediN,H]-HSQC correlation
(19), thereby allowing a direct comparison of the data. In- maps. Again, the resonances of residuest-Fprg!® were

doing so, diagnostic structural properties of [AjaPro*?- very similar in both peptides (Figure 1 CDE).
NPY that might be typical for selectivity at thesYeceptor Secondary Chemical ShiftsVishart et al. $6) found a
can possibly be identified. strong relationship between chemical shifts and the protein

In the presence of 300 mM DPC at pH 6.0, wild-type conformation, and the chemical shift index (CSI) introduced
pNPY is monomeric and bound to the micelles. However, by them has been recognized as a simple and rapid method



Structure and Dynamics of [Al4 Prd?-NPY Biochemistry, Vol. 41, No. 25, 2008035

10 20 30
YPSKPDNPGEDAPAEDLARYYSALRHYINLAPRQRY #
dnn(idt+1) el EE SR e SEES— ——

dCLN(ijJrl) — — - -— - E—
dpn(iit])
dyn(it2)

don(.i+2) -
do(E.i+3) e ———
depl0,i+3) ——— e
donGitd)

FiGUrRe 2: Summary of the meaningful distances as derived from the interresidual NOEs between the ba¢kbdheahd H of [Alasl,
Pro*2-NPY on DPC micelles.

to assign secondary structure elements solely based on theontribute this effect to a stabilization of tleehelix in that
analysis of the chemical shifts. For proteins imudnelical segment of the polypeptide chain. This stabilizing effect is
conformation, it was discovered that tHé NMR chemical also evident from the scalatJun, couplings and the
shift of the GH proton of all 20 naturally occurring amino  generalized order paramete®s (vide infra). The decrease
acids experience a mean upfield shift of 0.39 ppm with of the absolute value for residues Egand Al&* most likely
respect to the values encountered in disordered (random coilyeflects an indirect effects?) due to the loss of hydrogen
conformations. This relationship, which was originally based bonds of the corresponding carbonyl oxygens to amide
on empirical (statistical) data, could later on be theoretically protons from residues further down the sequenah. (
validated by ab initio quantum-mechanical calculations of Pronounced downfield secondary chemical shift differences
HN and*>N chemical shifts%7). For'®N nuclei, major factors  are found at Ar§/GIn®* for both HY and >N resonances,
determining the chemical shift ayé side-chain conforma-  which is attributed to increased flexibility at the C-terminus
tions, direct (and to a lesser amount indirect) effects due to of the mutant. It may also be due to an increased distance to
hydrogen bonding, as well as the electrostatic field of the the charged headgroups of the phospholipids. Again, this
protein. According to the CSI protocol of Wishart et &8), finding is further supported by coupling constants and
[Ala3l, Pr62-NPY is uniquely folded into ao-helical relaxation data (see the following discussion).
conformation between residues A%pAlas! (Figure 1 B) Interresidual NOEs and Coupling ConstanExcept for
(for a complete listing of the proton chemical shifts and their unresolved cross-peaks between the residue pairs 19/20, 21/
deviations from the corresponding random coil values (the 22, and 24/25 all of the possiblgNH;; 1N, sequential NOEs
so-called secondary chemical shifts) see the Supportingwere observed in the segment-13l1, which is indicative
Information), a finding which is clearly confirmed by NOE for a well-structured peptide in helical conformatidsby.
and supported by°N-relaxation data® > 0.5) (see the In full agreement with this suggestion, many*tH;..sN and
following discussion). Hi%/Hi+# NOE connectivities are present throughout this
The following is based upon a comparison of secondary region (Figure 2). Interestingly, both types of{3) NOE
chemical shifts of @H and from H' and'®N resonances as  cross-peaks are missing between residues 26 and 29, replaced
derived from the ¥-receptor-selective mutant [Afa Pr6*3- by an Hs*/Hyg" NOE. On the contrary, anitH;.N NOE
NPY and from wild-type NPY. (1) We recognize that is found between residues 29 and 31. This is compatible with
consecutive downfield differences in the secondary chemicalthe view that the two subsequeaxihelical turns as found in
shifts of the GH proton larger than 0.1 ppm are observed wild-type NPY are modified to form a wider turn between
only in the segment AsA—Arg®3, indicating a local pertur-  residues 25 and 29 and a more narrow one between 28 and
bation/destabilization of the secondary structure with respect31 in the mutant, possibly due to different side-chain/
to thea helix which is normally found in wild-type NPY at  membrane interactions (see the following discussion). Any
this segment (Figure 1 C). (2) We noticed downfield medium-range NOEs are completely lacking at the C-ter-
secondary chemical shifts for the amide protons of fAla  minal pentapeptide, suggesting this segment to be in a more
Pro*?-NPY on the hydrophobic side following a periodic extended rather than helical conformation.
pattern. A similar pattern was discovered for pNPY bound  Figure 3 shows the CD spectra of NPY and the mutant
to DPC micelles 15 and was interpreted to indicate each of them on DPC micelles at pH 6.0 and°&Z Both
interactions of the phospholipid headgroups with the amide curves indicate a maximum at 192 nm and a minimum at
protons or weaker intramolecular hydrogen bonding of the 209 nm. A second local minimum at 220 nm indicating the
lipid-exposed backbone amide protoi®,(59). Moreover, presence ofi-helical conformation, is clearly less intense
it has been reported in the literature that secondary chemicalin the mutant compared to wild-type NPY. Again, this
shifts of amide protons in-helical conformations are often  demonstrates the reduction of helicity upon substitution of
found to be periodic in amphiphilic helices6q). (3) lle3'—Thr®2 by Ala-Pro and supports the results obtained for
Interestingly, when directly comparing the resonance posi- another ¥-receptor-selective mutant, [Afa Aib39-NPY,
tions of [Ala®%, Pra®d-NPY with wild-type NPY, increasing  studied in aqueous solutior)(
upfield secondary chemical shift differences are found for A major difference between NPY and [AfaPro*3-NPY
both the K and the correspondin®N resonances in the  concerns the values adopted by the vicitdh, coupling
region of TyP'—Asr?® (Figure 1, parts D and E). We constants of residues @8, all of which are in the range
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(_l(_slf;lizn the pregence of 1% ml[\/l DPC mi?elles. ) FiGURE 5. Backbone atoms (C N, and C) of 17 minimized
structures for [Al&L, Prd-NPY on DPC micelles, superimposed
10 over the backbone atoms of residuesZFAsr?®,
8 ) structures, nearly all residues between'&and Led® were
_ involved in either {i+4) or (,i+3) hydrogen bonds. Hence,
L 6 I the results from the tertiary structure calculation supported
2 the suggestions based upon NOE pattern and chemical shift
4 analysis. These findings are in accordance with the results
) from NMR relaxation measurements that showed a highly
flexible N-terminus, a stable helical segment consisting of
o MM LAl I residues Lell to Lel®, and a decrease in stability at the
6 10 15 20 25 30 35 C-terminus. The nearly complete lack of NOEs in the C-ter-

residue number

) o , minal pentapetide results in a highly disordered C-terminus.
Ficure 4: Comparison of the vicinatJyn, coupling constants

. . However, as shown by spin-label experiments (see the
1 - - ! .
g::\g)eggu[ﬁftbpéﬁzé’\rﬁge(ﬂ?k bars) and wild-type NPY (white following discussion), the Tyf amide comes into proximity

of the membrane and can therefore be considered as being
of 3—5 Hz and correspond ig-angles similar to those found ~ festrained to 2D diffusion on the micelle surface, rather than

in stablea. helices 61, 62). Most of them are significantly ~ 'andomly diffusing in 3D space.
higher in wild-type NPY, some even around 6 H5). This Topological Orientation. The membrane-integrating
gives evidence for a rigidified backbone conformation of 5-doxylstearic acid was added at a concentration of ap-
residues 1628 in the Ys-receptor-selective mutant. Values proximately 1 spin-label/micelle. The doxyl group that
>6 Hz for the N-terminal residues as well as for the contains an unpaired electron becomes located in the vicinity
C-terminal tetrapeptide are similar in NPY and the mutant, of the headgroups at the micelle surfa@®)(and thereby
and they indicate rotationally averagedangles usually  leads to significantly enhanced relaxation rates of nuclei close
encountered in more flexible segments (Figure 4). to the spin-label. The resulting reduction in signal intensity
Three-Dimensional Structur&ome 30 low-energy three-  was estimated from the relative peak volumes il [H]-
dimensional structures were generated using a total of 67HSQC spectra recorded before and after addition of the spin-
intraresidual, 67 sequential, and 73 medium-rarigg & label. Furthermore, the results from these experiments were
2, 3, 4) meaningful upper-limit distance restraints and 145 compared to the results obtained for wild-type NPN5)(
dihedral angle restraints. The structures were calculated with(Figure 6).
molecular dynamics in torsion angle space using a simulated A nearly identical pattern of relative intensities for both
annealing protocol as implemented in the program DYANA peptides is found at the N-terminus up to residue 15. The
(42), followed by an energy minimization with the AMBER  3—4 residue periodicity for the amount of reduction in signal
(43) force field. The 17 lowest NMR-energy term structures intensity, which was also noticed in the case of NPY bound
out of this set were further surveyed. They contained no to DPC micelles and which is typical for helices associated
distance violations larger than 0.15 A. Statistical information parallel to the micelle surface, is observed in the segment
on the structure calculation is provided in the Supporting 17—29. Local minima in signal intensity upon addition of
Information. The residue-specific atomic root-mean-square 5-doxylstearate agree perfectly for residues 17, 21, 24/25,
deviation (RMSD) for the backbone heavy atoms decreasedand 29. However, the signal intensity offlend Asi#® are
from 26.7 at Tyt to 1.3 at Asp® and was<1.0 in the region  very similarly affected in wild-type NPY, whereas in [Ala
between Letf and Led® At the C-terminus, it increased to  Pro®3-NPY the remaining signal intensity of Agis 3 times
12.7 at Ty#. All of the structures werex-helical in the larger than for Asf? after addition of the spin-label. On the
segment between A&pand Led® (Figure 5). contrary, the signal of Lefis reduced to about the same
Best convergence of the resulting structures was observedextent as for As# in wild-type NPY. These findings suggest
for the region between T$* and Asi® with a RMSD of that membrane anchoring is no longer mediated b$#/lle
0.26 @0.10) A for the backbone heavy atoms and 1.35 Asr?® as observed in NPY but rather shifts to A%heu?®
(£0.37) A for all heavy atoms, respectively. In most of the in the mutant.
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Ficure 6: Comparison of the residual relative signal intensity in
[*°N,*H]-HSQC spectra between [Alg Prd-NPY (—a—) and
wild-type NPY (- {3- -) bound to DPC micelles upon addition of
5 mM of the spin-labeled 5-doxylstearic acid.

Conclusions drawn from the chemical shift differences and
from NOE data support the view that the most dramatic
perturbation of the conformation is localized around residues
29/30. Apparently, many signals of nuclei in the helical 05
segment comprising residues-178 are reduced to a lesser
extent in the mutant as compared to NPY. We therefore argue -1 e
that the mean distance of these residues to the spin-label is 5 10 15 20 25 30 35
larger due to a weaker membrane association. Alternatively, Ficure 7: Comparison of théN-relaxation rate constani, R,,
the orientation of [AI&L, Pra*)-NPY may be better defined  and?*N{'H}-NOEs between [AR, Pr¢J-NPY (—a—) and wild-
on the membrane such that certain protons are fixed in atyP& NPY (- &- -) bound to DPC micelles, determined at 500 MHz,
position opposite to the membrane surface further away from versus the residue number.

the spin-label for most of the time. The latter argument  Backbone DynamicsTo further characterize the [Alh
implies that wild-type NPY slightly wobbles about its helical PI’O’SZJ-NPY/DPC system, we have probed the dynamics of
axis when bound to the membrane. The weak reductions atthe molecule using*>N-relaxation. The latter supplies
the C-terminus, especially for Gt might be attributed to  information on the magnitude of motions &f/**N bond

the already proposed increased flexibility in that segment. vectors in a coordinate system that is synchronized to overall
However, it has to be emphasized that the *Tyamide  tumbling. The present analysis is based®M R, and R
belongs to the residues that are affected by the spin-label inre|axation rates recorded at both 500 and 600 MHz as well
both NPY and the ¥-receptor-selective peptide to the largest as15N{!H}-NOE data at 500 MHz @ a 1 mM uniformly
extent. Thus, although the mutant is speculated to be moreisN-|abeled [Al&?, Pr63-NPY sample.

flexible between Argf—Tyr®, the C-terminus cannot be At 500 MHz, the averag®, values for Ly4—Alal4 and
considered to diffuse randomly in the aqueous environment Aspt6—Tyr36 were 1.62+ 0.11 and 1.99+ 0.12 Hz,
but rather seems to be anchored onto the micelle surfaceyespectivelyR; is 2.12+ 0.31 Hz at Ly$—Ala?, is 4.44

Amide Proton H/D Exchangd®y measuring the proton/  Hz at Alat4, and increases to 10.0 up to residue Arif is
deuterium exchange time-course for pNPY, we previously 9.984 1.34 Hz at Ty#°—lle3! and drops to 5.2% 0.60 Hz
found that nearly all peaks in a 2BPIN,'H]-HSQC spectrum  at the C-terminal tetrapeptide. At L4sAlal4, the hetero-
had vanished only 10 min after addition of,@ to a nuclear NOE, which very sensitively reflects changes in
lyophilized sample, except for the signals of residues’t,eu rigidity, is negative (in the range 0f8.38 and 0), adopts
Arg?s, Tyr?, 1le?8, and Il€L. Moreover, the signal of k8 values from 0.36 to 0.67 between A$@and TyrO, and is
was still strong after more than 70 min at 32, indicating >0.6 for almost all residues between #yrlle?® (0.67 +
that the most persistent contacts between NPY and the0.07). Toward the C-terminus, the value of the NOE steadily
membrane surface are mediated by residues in the C-terminatiecreases from a value of 0.59 at Asto 0.10 at Ty#5.
half of the helix @5). In [Ala3!, Pr6*3-NPY, only the four Because of problems in the peak volume integrations of
peaks of residues 21 (Tyr), 24, 25, and 28 are still visible residue 15, the corresponding relaxation rate constants could
after 10 min. Moreover, in the mutant the most efficient not be determined. The local fluctuations of tReand R,
shielding from solvent access is now observed for residue data measured at 600 MHz are qualitatively very similar to
Lew?, which only disappears after 40 min of measurement. the 500 MHz parameters (data not shown). As compared to
Obviously, the main association points with the membrane wild-type NPY on DPC micelles, th;(500) are on average
are shifted toward the N-terminal half of the helix in the 22% @8%) higher than those of the mutant, but the local
mutant, whereas the lack of anchoring residues in positionsfluctuations of the data are again very similar (Figure 7).
31 and 32 lead to a lower affinity of [A¥, Prc®?-NPY to TheRx(500) rates are similar for both peptides withiri
DPC micelles. Hz at nearly all residues between Eydle?®. However, in

NOE
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1 —5 selective mutant, in which the backbone is almost perfectly
rigid (8 = 0.96 &+ 0.03), as compared to a mean order
o aet Mg parameter o = 0.82+ 0.04 between Alg and Arg® for
: \P o wild-type NPY (15). On the contrary, corresponding
0.6 : ] values are between 0.11 and 0.38 lower for3Afayr3® in
“« [: . the mutant than in wild-type NPY. Thus, the dipeptide fAla
» g N Pro®? increases the flexibility mostly at the location of its
0.4 Y introduction, thereby confirming NOE and chemical shift
\‘\ data as well as coupling constants. On the other hand, the
0,2 loss of rigidity of the mutant at the C-terminus is counterbal-
A, .ﬁﬂf anced by increased stability of the central part of the helix.
0 ‘ Again, we speculate, that this fact might be due to a better
5 10 15 20 25 30 35 anchoring and a more well-defined orientation of [&Ja
residue number Pro*?-NPY on the membrane.

FIGURE 8: Comparison of the generalized order paramefrs

between [AI&L, Prég-NPY (—a—) and wild-type NPY (-E- -) DISCUSSION

bound to DPC micelles, as determined fré?N-relaxation mea- .

surements. Interest in Y- and Ys-receptor subtypes has recently been

steered by the fact that they are supposed to mediate the

the C-terminal segment comprising A&aTyr, they are orexigenic action of NPY7) and therefore present interesting
systematically lower in the mutant by-3.75 Hz, indicating ~ targets for the design of anti-obesity drugs. The newly
increased flexibility for that part of the backbone. In developed class of s¢¥receptor-selective mutants, 64, and
accordance with thi; rates, systematically lowered NOEs Cabrele et al., companion paper), some of which could be
(between—0.12 and—0.32) are found at the C-terminal Shown to act as agonists, provide important tools to study
hexapeptide Leli—Tyr3s, the pharmacological role of this receptor subtype. Accord-

Similarly to our analysis for wild-type NPY bound to DPC  ingly, [Ala®, Aib®-NPY has served to demonstrate the
micelles (5), we calculated the correlation time for overall importance of the ¥-receptor in the stimulation of food
tumbling, the generalized order parameters, and effectiveintake ).
correlation times for internal motions on one or two different ~ Of course, structure-based drug design would tremen-

0,8 1

timescales according to the Model-Free approadh-49). dously benefit from the knowledge of the peptide conforma-
The first estimate of the overall (isotropic) rotational cor- tion in its receptor-bound form. However, the difficulties in
relation time was obtained from the average valu®RgR, expression, purification, and reconstitution of functional

nuclei for residues in the segment-229, for which the G-protein coupled receptors (GPCRs) have so far prevented
heteronuclear NOEyo) was larger than 0.66Q). These are  direct structure determinations of liggh@GPCR complexes,
(Ro/Ry)s00 = 5.49 £0.48) and R./Ri)s00 = 8.04 0.90), either by NMR or X-ray crystallography. Recently, the
corresponding to correlation times of 8.17 + 0.43 and conformation of the pituitary adenylate cyclase activating
8.48+ 0.56, respectively. Fixing. = 8.2 ns, as estimated polypeptide mutant PACAP(121)-NH,, bound to its GPCR,
from the 500 MHz data, we selected the internal motional has been solved using 2D transferred nuclear Overhauser
parameters’, §%, S?, te, andRey, respectively, according to  effect spectroscopyeg). In their investigation, Inooka et al.
the statistical approach initially described by Mandel et al. discovered that the C-terminal region comprising residues
(52). Fitting to one of the proposed models was well possible 8—21 forms amx helix. This structure is very similar to that
for almost all residues, except AdpAlal? Asp'é, and Asi#®, of micelle-bound PACAP (RMSDx 1 A). However, g-coil

for which the sum-squared error residuals exceeded the 95%element for residues-37 of the N-terminus exists only in
confidence interval of thg?-distribution slightly. However,  the receptor-bound state, thereby producing a hydrophobic
replacement of the selected models by any of the more patch which is essential for receptor binding.

complex ones did not significantly improve the fits. Finally, We believe that the observations on PACAP and our
the motions of residues L§sAsn’ as well as Let/—Leu* results presented in this work can be nicely explained within
were described by the simple model-free formalism (SMF), the framework of the message-address concept which was
whereas the extended model-free formalism (EMF) was introduced by Schwyzer in his Membrane Compartments
applied for fitting the relaxation data of the helix-capping Theory @0, 66). Accordingly, the amphipathic helical portion
residues GI§—-Asp'® and Il€'=Tyr*>. A small chemical  of PACAP and similarly of other peptide hormones serves
exchange contribution of 1.8 Hz had to be introduced at s the address to target the molecule to the membrane surface.
Lewt®. A complete listing of the parameter from the fit is They do so by providing necessary contacts to the membrane
given in the Supporting Information. through hydrophobic residues that intercalate into the lipid
After the final optimization, the overall rotational correla- interior. These interactions stabilize the helix only in vicinity
tion time was at 8.2240.09) ns, as compared to the value of a membrane such that otherwise unstructured peptides
of 8.96 &0.10) ns as determined for wild-type NPY bound adopt a unique fold. The hormone then diffuses two-

to DPC micelles. dimensionally laterally along the membrane surface in search
The values of the derived generalized order parameter areof its receptor. Finally, receptor recognition and binding
similar for the N-terminal residues up to AfgFigure 8). might go hand-in-hand with a conformational change (in-

However, systematically higher values$fare encountered  duced fit) at selected portions of the molecule (the so-called
in the segment of residues Py Asr?® of the Ys-receptor- message) allowing for specific interactions between the
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ligand and the receptor. Such a two-step ligand transportationplayed largest levels of signal reduction at residues 17, 21,
model @5) is supposed to be entropically favorable, because 24, 29/30, and 36. Hence, the anchor at residues 28/29 in
only a few dihedral angles in the flexible part of the molecule wild-type NPY is shifted to residues 29/30 in the mutant.
become conformationally restricted upon receptor binding. Moreover, the absolute differences between minima and
Because of the mechanism that involves membrane associamaxima were more pronounced than in wild-type NPY. We
tion as a first step, moderate-to-high affinity of the hormone propose that the orientation of [Rfa Prod-NPY with
to the membrane is required. High-affinity binders display respect to the membrane surface may be very well-defined,
high on-rates and low off-rates for membrane binding. It has whereas wild-type NPY slightly wobbles about its helical
recently been emphasized that the two events are controlledaxis. Moreover, a proton/deuterium exchange experiment
by different mechanisms (see Selzer et@l) @nd references  shows a faster overall exchange kinetics in the mutant. The
therein). High on-rates require far-reaching forces and are most efficient shielding from the solvent is observed for the
therefore promoted through favorable electrostatic forces. amide proton of Le#f in the mutant. We therefore propose
Low off-rates are most efficiently achieved through multiple that the principal site-mediating membrane association is
hydrophobic contacts. In view of this concept, NPY as well shifted from 1l&8 in wild-type NPY to Led¥Tyr? in the
as the mutant are optimized in both respects; the C-terminalmutant, possibly due to the substitution of membrane-
helix comprises hydrophobic membrargurface exposed anchoring residues R&-Thr%2 In combination with the
residues as well as positively charged Arg residues. In closesignificantly lower overall correlation time of [A¥ Pro*-
analogy to PACAP, the secondary structure of NPY can be NPY, we suggest a weaker membrane affinity constant for
characterized by a C-terminalhelix (residues Asf§—Tyr3®) this type of NPY mutant. (4) Finally, we notice the lack of
and a completely flexible N-terminu4g, 15, 68). Recently, HuN (i,i+3) NOEs between residues 26 and 29. Together
we determined the structure, orientation and backbonewith the fact that the membrane anchor is shifted by one
dynamics of NPY on DPC micelle4%). We found that the  position toward the C-terminus in this part, we propose a
presence of the phospholipid membrane stabilizes.thelix m-helical turn for the mutant at the end of the helix rather
and induces a conformational change at the C-terminalthan ana helix. (5) As mentioned previously, the increased
tetrapeptide as compared to the unligated solution structurerigidity in the central helix of the mutant is compensated by
of NPY. In our view, Th#? and Ty#5—NH, anchor NPY on a much more flexible C-terminal pentapeptide. The positions
the membrane such that Afgand Arg® are placed in the  of the mutations present starting points after which the
agueous phase but still are positioned close to the membraneegular secondary structure is interrupted. This is evident
surface. In doing so, they are able to make contacts to thefrom lowered order parameters, the lack of medium-range
receptor as a part of the message (see the following NOEs, and from secondary chemical shifts which are more
discussion). Similarly, the central part of the amphiphilic close to the random coil values for [&fa Pro?-NPY.
helix (residues 1631) serves as the address targeting and However, Ty?*—NH, is apparently again in close vicinity
orientating NPY on the membrane surface, whereas theto the membrane, a fact that is obvious from the signal
N-terminus is most probably another part of the message atreductions for protons of this moiety observed in the spin-
some receptor subtypes. label experiment; hence, the C-terminus folds back onto the
In the presented class of NPY mutants (Cabrele et al., membrane surface. This interpretation is further supported
companion paper), selectivity in binding to the-¥eceptor by decreasing secondary chemical shift differences ®f H
with retained affinity is achieved through introduction of the and GH protons between the mutant and NPY.
dipeptide [Al&, Xxx37, with Xxx being either Aib, Pro, or In the following, we would like to comment briefly on
Hyp just next to the C-terminal message sequence. Totwo points of interest. First, the more pronounced differences
understand the selective recognition of these mutants by onlybetween minima and maxima of signal reductions in the spin-
one receptor subtype on a structural level, we focus our label experiment add further evidence for a more stable helix
analysis in the following on differences between [Ala  in the segment comprising residues ZyAsr® in the
Pro*-NPY and wild-type NPY with respect to their structure  mutant. Any residual flexibility will allow (membrane-
and dynamics in the presence of the membrane-mimicking averted) protons of the hydrophilic side of the helix to
dodecylphosphocholine micelles. approach the spin-label more closely for some time. Because
Summarizing our results, we find the following. (1) None the effect of the spin-label depends on the 6th power of the
of the measured data are indicative of significant differences distance, this will have a remarkable effect on the observed
with respect to structure or dynamics for the N-terminal signal reductions and will level off the differences to some
residues 20 between NPY and the mutant. (2) Chemical extent. Second, a contradiction seems to exist between the
shift data andJun, coupling constants as well as generalized steady decrease of the generalized order paranféter
order parameters determined fré?N-relaxation parameters  toward the C-terminus and the statement that the C-terminal
clearly demonstrate a rather rigid backbone between residuesyr3®—NH, group serves as a membrane anchor. However,
Tyr?l—Asr??in the mutant, while NPY exhibits some residual we like to emphasize that the spin-label only probes the
flexibility. This observation might be due to the fact that distance to the membrane surface. In accordance with both
more extended helices that are stably anchored to micelledata, we propose that the C-terminal tetrapeptide segment
surfaces need to become more flexible in order to accom-diffuses freely in two dimensions along the membrane
modate for the surface bend and the fact that there is little surface around its anchor point at residue 29/30. In doing
long-range order of the lipid molecules. (3) We have so, the order parameter will decrease in the observed fashion
identified a slightly altered membrane-anchoring mode in but the membrane anchor will keep the last residue still close
the mutant. The anchoring residues were recognized by theirto the surface. In that context, it is of interest to notice that
proximity to the membrane-integrating spin-label and dis- the order parameter decreases more slowly at the C-cap of
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membrane, some residues on the hydrophilic side are
prepositioned so that receptor recognition is facilitated. These
are for instance Ar§ or Arg®® that may not be substituted

by alanine without dramatic or complete loss of activity at
the Y-receptors{2—74). In the Ys-receptor-selective mu-
tants, these residues are exposed to the aqueous environment
in a wider loop anchored by residues 29/30 and 36 on the
membrane. In NPY, AR§ and Arg® are placed in the
aqueous compartment as well but in a regaldrelical turn

Ficure 9: Model for the topological orientation of the C-terminal  gchored to the membrane by residues 32 and 36. As a

loop of [Ala31, Pr-NPY on the dodecylphosphocholine micelle - . - .
surface. The corresponding spatial arrangements of residues of wilg-coNSequence, the_ ba_s'c residues are more flexible in the
type NPY are shown in gray for comparison. mutant, and their distance from the membranater

interface is larger on average. One possible scenario during

the helix than at the N-cap, which can be explained by the the initial contact with the receptor is that these charged
additional terminal anchor. Finally, a change in the orienta- residues form an electrostatic attraction with acidic residues
tion (as is expected by introduction ofPro instead of  from the receptor loops (e.g., a salt-bridge) that may very
Pro at position 32) abolishes any binding affinity for the favorably contribute to the free energy of binding and hence
Ys-receptor. In an attempt to visualize these statements, weincrease the affinity to the receptor. Selzer et &7)(
propose a model for the conformation at the C-terminus, succeeded in the design of faster associating protein com-
as shown in Figure 9. To summarize, the pentapeptide plexes by incorporating charged residues in the vicinity of
Ala3—Arg3s can be considered as a flexible loop being the binding interface, based on the fact that the rate of
anchored to the membrane through residues#Hseu® as association can be increased by favorable electrostatic
well as through Tyi—NH,. interactions. Similarly, we speculate that the presented class

In conclusion, we draw the following scenario of the of NPY mutants is selectively attracted by the-réceptor
events that finally lead to receptor recognition of NPY and subtype because in that particular case spatial charge
subtype selective mutants. In a first step, the hydrophobic complementarity between the positively charged Arg residues
side of the amphiphilic helix of NPY binds to the membrane. from the ligands and negatively charged receptor residues
Considering the fact that in the presence of DPC micelles may exist. Such a favorable electrostatic attraction due to
only a single set of resonances is observed inthgH an Arg—Asp interaction was observed by Giragossian and
correlation map and that all NOE data can be fitted to a single Mierke (75) in their structure of CCK-8 bound to the DPC-
structure without problems, we conclude that it is the anchored third extracellular loop of the CCK receptor. Once
membrane-bound form that predominates and makes theNPY or the mutants have been guided into close vicinity of
initial receptor contact. Moreover, removal of the hormone residues from the loop, other contacts in the recegigand
from the membrane is energetically unfavorable. First complex which triggers the intracellular signal may be
experimental evidence for neuropeptide Y-membrane inter- formed via induced fit. To investigate whether the C-terminal
actions was obvious from NPY-induced leakage of carboxy- loop itself is sufficient for selectivity, we have synthesized
fluorescein entrapped in liposomes, liposome binding mea- NPY(1-32), Ala, Pro3*3¢ NPY(33-36)-NH,. However,
surements by centrifugal filtration, and differential scanning binding affinity at the ¥-receptor dropped by at least 1 order
calorimetry using dimyristoylphosphatidylcholine (DMPC) of magnitude, clearly demonstrating that other factors such
micelles. On one hand, these studies clearly demonstratedas relative orientation of loop and helix residues, overall
that NPY and linear analogues of NPY interact with length of the binding domain, and so forth are of importance
membranes. On the other hand, the cyclic analogt@ys’, (Cabrele et al., companion paper). Moreover, we like to
8-aminooctanoic acid?*, Cys’]-NPY in which the N- and emphasize that our view is primarily important for théial
the C-terminal regions are constrained, still bound to pig contact and that further data on the receptirand complex
spleen receptors in the submicromolar range while lipid are required. In addition, from the work by McLea®9(
binding was very ineffective 69, 70). At least in this 70, vide supra), it becomes obvious that not all ligands at
analogue, lipid binding does not contribute to the receptor the Y-receptors display the same mode of binding and, hence,
binding energy. Minakata et al.7{) had designed five that the membrane-bound conformation may only be of
amphiphilic NPY models with multiple substitutions on the importance for a subset of ligands. Nevertheless, Inooka et
hydrophobic side of the helix between residues-33. From al. (65) found that the membrane-bound conformation of the
their data, they had demonstrated that the surfactant properpeptide PACAP is very similar to the conformation in the
ties of NPY result from its potential to form amphiphilic complex. A question arises whether structural features that
secondary structures and not from specific amino acid might be important for receptor recognition in the membrane-
sequences in this region. In one of the peptides, they changedound state can already be detected in the unligated peptides
three hydrophobic residues by leucines and three tyrosines(see companion paper). When comparing the solution
by phenylalanines. Although this changed the conformation structure of the ¥-receptor-selective mutant [Afa Aib%7-
and self-association in solution, this peptide showed, nev- NPY with the conformation of membrane-bound [Aa
ertheless, 20% of the potency of NPY in inhibiting the Pro*?-NPY, it becomes obvious that in both cases the
electrically stimulated contractions of the rat vas deferens. helix, which in NPY more or less extends up to the last
Hence, the main role of the hydrophobic residues might be residue, is interrupted through the introduced mutation.
anchoring on the membrane rather than specific interactionsHence, we suspect that gross-structural features of the
with the receptor. We suggest that, upon binding to the membrane-bound form are already preformed in solution
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such as the length and the position of taéelix. The 3¢
helix observed between residues 28 and 31 in the solution
structure of [Al&L, Aib%-NPY indicates that the helix is
destabilized toward the C-terminus. Moreover, the structural
bundle is ill-defined from residue 31 onward in solution.
Upon binding to the membrane, free diffusion of the
C-terminal pentapeptide is restricted through the additional
membrane-anchoring Tyr amide, thereby introducing a long
and rather flexible loop. In that respect, although the
conformation in solution and in the membrane-bound form
contains differences that are important for binding such as
the orientation of the C-terminus, other important features
apparently already emerge in solution. Hence, screening of
ligands by CD spectroscopy in solution may still be
considered to be very useful to preselect peptides that will
later on be structurally characterized in their membrane-
bound state by NMR. Thereby, together with the accumulated
knowledge stemming from previous structaiactivity re-
lationship within the NPY family multiligand/multireceptor
system 17), the full potential of rapid solid-phase peptide
synthesis may be combined with detailed structural charac-
terization to develop more potent and more selective ligands.
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