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SUMMARY: Human neuropeptide Y (NPY) analog ANA-NPY or [L17, Q19,
A20, A23, L28, L31INPY(13-36)-amide binds weakly to postjunctional
receptors to raise blood pressure but binds tightly to prejunctional receptors to
inhibit neurotransmitter release. ANA-NPY forms a well-conserved anti-
parallel helical structure overlapping E23-Y36 with strong amphipathic
character. The C-terminal portions of the monomers are better defined than the
N-terminal ends. The N-terminal helices extend only from D16-E23/L.24. The
prejunctional receptor-specific binding site is confined within the C-terminal
helices while the residues responsible for partial binding to the postjunctional
receptors are located in the more disordered N-terminal segments. o 139
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Neuropeptide Y (NPY) raises blood pressure by binding to post-
junctional or Y| receptors (1-4) and inhibits cardiac vagal action (5) by binding
to prejunctional or Y; receptors which inhibits the release of the
neurotransmitters acetylcholine (3, 6) and noradrenaline (7).

The structure of human NPY recently was determined using NMR
spectroscopy (8, 9). Two contiguous C-terminal helices extending from
residues 15-26 and 28-35 were revealed. The structure of the C-terminal region
was found to be of particular interest when NPY peptides were produced which
predominantly displayed prejunctional activity and only partial pressor or
postjunctional activity (10). The NPY analog N-acetyl[L28, L31INPY(24-36)-
amide (11) inhibited cardiac vagal activity without manifesting residual pressor
activity and is thus selectively capable of acting on the Y, receptor subtypes
expressed on the human neuroblastoma cell line SK-N-MC. The structure
determination revealed that the selective prejunctional peptide agonist adopted
a single amphipathic helical conformation extending from 24-34 very similar to
the structure of the same region in the full-length peptide (12).

The N-terminal extended peptide ANA-NPY binds strongly to Y3
receptors on SMS-KAN cells with an ICsg of 7.3 + 0.7 nM, very similar to that
of the smaller selective prejunctional agonist (11), whereas both analogs show
little binding to Y) receptors. However, ANA-NPY still retains significant
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pressor effects in vivo indicating that part of the N-terminal structure is
involved in binding to Y| receptors. The structure of the ANA-NPY dimer is
determined and compared with the packing of the intact molecule containing

both receptor binding sites.

MATERIALS AND METHODS

ANA-NPY was synthesized and purified with the results confirmed
using mass spectroscopy as described (11).

Proton NMR Spectroscopy. ANA-NPY was dissolved in 80% H,0O/
20% F3EtOH-dy at 4 mM, pH 3.7 and 293 K. Spectra were recorded at 400
MHz using a Bruker AMX-400 spectrometer without sample spinning.
TOCSY (mixing time 120 ms with 2.5 ms trim pulses) (13, 14) experiments
were used to assign spin systems (64 transients, 512 increments collected in 4 K
data points). The residual water resonance was suppressed (12). NOESY (15)
experiments were recorded with mixing times ranging from 150-300 ms (192
transients, 512 increments collected in 4 K points in F2). A 200 ms mix was
used to derive proton-proton distance constraints. Data were zero-filled to 4 x 1
K and apodized using Gaussian multiplication in F2 (line broadening of -18 Hz
and GB of 0.18) and shifted sine-bell in F1 (2) prior to Fourier transformation.
Third-order polynomial functions were employed to correct baselines.
Chemical shift was referenced to trimethylsilylpropanesulfonic acid.

Distance Geometry Calculations. Strong NOEs were assigned an upper
distance constraint of 0.3 nm, medium NOEs 0.35 nm, medium weak NOEs
0.4 nm and weak NOEs 0.45 nm. Pseudoatom corrections were applied where
stereospecific identification was not obtained. Torsion angles (¢) were
constrained within the range -90° to -30° for all values of the coupling constant
3Jacnnn less than 5 Hz. These were measured using high-resolution 1D spectra
or COSY(8 K spectra). 2000 distance geometry structures were calculated from
random starting structures using DIANA (16) on a Silicon Graphics R4000
workstation. The 15 structures with the lowest penalty values were refined in
X-PLOR 3 using a dynamic simulated annealing method (17). The initial stage
of the simulation involved 2000 cycles of energy minimization. Standard
parameters were used to constrain covalent geometry (12). Refined structures
had no angle violations nor any distance violations exceeding 5 pm. Molecular
graphics were processed using INSIGHT II operating on a Silicon Graphics
Indigo 2 workstation.

RESULTS

Assigning monomeric ANA-NPY was a straitforward task given the
existing assignment of [L28, L31]NPY(24-36)-amide {12) together with the
contributions from the N-terminal extension 13-23.  However, the existence of
a dimeric ANA-NPY structure forming under similar conditions was apparent,
with a doubling of the number of cross peaks originating from the segment 24-
36. Each set of connectivities exhibited closely similar intensity showing that
the peptide formed essentially all dimer under the conditions. TOCSY, COSY
and NOESYspectra were required to identify all the separate spin systems and
to establish all the connectivities. The unique Pro13, Aspl16, His26 and Thr32
spin systems could be assigned sequence-specifically from the TOCSY
spectrum. NOESY correlations between sequential residues were used to
specifically assign the remaining spin systems. The helical nature of the
neuropeptides made some aspects of the otherwise complicated assignment
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easier. An example of the sequential connectivities in the backbone amide
region is shown in Fig. 1. A strong pattern of NHi/NHi,1 connectivities is
observed in both monomers with the connectivities of monomer a labeled
above the diagonal while those specifically from monomer b are shown below.
The complete list of chemical shifts in the dimer labeled as monomers a and b
is shown in Table 1.

Figure 2 summarizes only the regular sequential and short-range inter-
residue backbone NOE information with the relative intensity of the NOE
represented by the line thickness. The presence of strong NHi/NH;+; and
medium HP; /NH;j,, Hoi /NH;,3 and Haj /HBj,3 combined with weak or
absent Hoy/NH;,| connectivities indicate the presence of a helical structure in
the region (18). Many other sequential and medium-range NOEs were
measured between side chain protons up to 4 residues apart. The bottom row of
NOEs refer to inter-monomer connectivities. These reveal that the monomers
pack in an anti-parallel fashion with Tyr36 on monomer a close to Leu24 on

monomer b and vice versa.
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Figure 1 . Expansion of a NOESY spectrum (T = 200 ms) of ANA-NPY in
20% TFE-dyfwater at 293 K. The sequential pathway from monomer a is
shown above the diagonal while those additional connectivities from monomer
b are below the diagonal.

266

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS



Vol. 215, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE I: "H NMR Chemical Shifts (ppm) of human ANA-NPY dimer in 20%
F3EtOH-d;. Monomers are labeled a and b where assignments differ

residue NH aH BH others
Prol3 - 4.39 249,211 yCH; 2.10, 2.08; 8CH> 3.48, 3.38
Alald 8.78 4.31 1.43

Glul5 866 428 202198 CH»238,2.36

Aspl6 825 462 281,279

Leul7 8.17 422 175173  +CH 1.59: 8CH3 0.97, 0.90

Alal8 815 414 149

GInl9 805 404  2.12,2.08  yCH;2.42,2.35 8NH;7.47, 6.78

Tyr20 822 423  3.14,3.13  C2,6H7.08:C3.5H6.79

Ala2l 844 404 151

Ala22 790 409  1.53

Glu23a 833 428 200,198  yCH2 2.33,2.31

Glu23b 8.18  4.10 228,214  yCHy 2.57,243

Leu2da 831 423 164,162 CH 1.66; 5CH3 0.98,0.92

Leu24b 847 417  1.60.1.56  yCH 1.68;5CH3 0.89,0.88

Arg25a 845 404  1.82,1.78  yCHp 1.66, 1.62; 6CHp 3.19,
317, NH7.22

Arg25b 829 393 198,193  4CHp 1.59. 1.57; §CH> 3.22,
3.20; NH 7.25

His26a 8.13 449 324,321  2H8.54;4H 7.09

His26b 8.00 441 3.50,3.32 2H 8.58; 4H 7.01

Tyr27a 8.04 433  3.14,3.08  C2,6H 7.09; C3,5H 6.80

Tyr27b 836 420  3.19,3.17  C2,6H 7.07; C3,5H 6.78

Leu28a 843 406 178,174  CH 1.51;5CH3 0.90,0.87

Leu28b 879 394 189,186  +CH 1.51:5CH3 0.88,0.85

Asn29a 8.19 448 292,282  §NH2 7.54.6.89

Asn20b 824 440  299.280  sNH2 7.57,6.89

Leu30a 7.86  4.10  1.79.1.59  yCH 1.80;5CH3 0.86,0.84

Leu30b 7.80  4.02  1.83.1.78  +CH 1.56;5CH3 0.82,0.78

Leula 813  4.11 170,167  yCH 1.55,5CH3 0.86,0.84

Leudlb 825 401 154,147  (CH 1.66;5CH3 0.89,0.74

Thr32a 793 435 413 yCH3 1.28

Thr32b 798 440 407 yCH3 1.30

Arg33a 7.86 4.19 194, 188 yCH2 (.88, 1.70; 8CH3 3.19,
3.17, NH 7.21

Arg33b 7.77 418 196,193  (CHy 1.77, 1.72; sCH2 3.19,
3.18; NH 7.22

Gln34a 810 415 209,205 yCH2 241, 2.33; sNH2 7.38,
6.75

GIn34b 8.11 418  210.205  «Hy 2.39, 2.37; sNH2 7.34,
6.73

Arg3Sa 798 415 168,165 yCHy 142, 1.38; 8CH2 3.06,
3.04; NH7.11

Arg3sb 8.04 417  1.70,1.66  4CHp 1.45. 1.37. §CH2 3.06,
3.04; NH7.11

Tyr36a 7.95 4.58 3.15,2.88 C2,6H 7.18; C3,5H 6.83
Tyr36b 7.92 4.58 3.19.2.89 C2,6H 7.18; C3,5H 6.83

360 distance constraints and 14 angle constraints in each monomer
(Leul7-Ala22, Leu24-Asn29 and Leu31-Thr32) were used in the distance
geometry algorithm DIANA. Starting structures were created by connecting
two identical monomers with a chain of 13 sterically transparent Gly residues.
Calculations yielded 15 structures satisfying all distance (<5 pm) and angle
constraints. These were refined using a dynamic simulated annealing protocol
in XPLOR 3 with a simulation time of 75 ps (12). The family of refined
structures was compared and the root mean square deviation of backbone atoms
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Figure 2. Summary of interresidue NOE data observed for ANA-NPY. The
relative size of the connecting bars represent the NOE intensity.

measured throughout the molecule. A Lennard-Jones potential of -25114
kJ.mol-! demonstrated good non-bonded contacts. A degree of variability in the
¢ and y angles in the segments Prol3-Leul7 and Gln34-Tyr36 reflected some
conformational averaging at both ends but particularly at the N-termini.
Ramachandran plots of the dihedral angles indicated that the backbone angles
were in allowed ranges. Consequently, calculation of the rms deviation in
backbone atoms in each of the monomer segments was confined to Aspl6-
Tyr36. Monomer a yielded an rmsd of 75%3 pm while monomer b yielded an
rmsd of 108+6 pm, with the C-terminus being the source of the extra averaging.
A view of the 15 refined superimposed backbone structures is shown in Fig. 3.
A total of 5 complete turns of helix is apparent with monomer a appearing the
more constrained of the two presumably because of the extra constraint

imposed on the C-terminus by the interaction with the other monomer. This

Figure 3. View of the backbone atoms of 15 refined structures of the ANA-
NPY dimer superimposed over both segments Asp16-Tyr36. The monomers are
arranged in an anti-parallel orientation overlapped at an interface in the segment
Leu24-Tyr36, the segment containing the Y2 receptor binding site.

268



Vol. 215, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

close interaction is best seen in Fig. 4 where several of the side chains involved

in stabilizing the dimer are shown.

DISCUSSION

A largely helical conformation is evident for the global fold of the
convergent set of dimeric structures. As is often the case in protein helices,
there is a well-defined hydrophobic face on the ANA-NPY helix, which is
amphipathic in character. The refined structure of the monomers is similar to
the same region in the full-length native NPY (8, 9, 18). However, one
difference between the dimer structure involves the packing angle. ANA-NPY
is found to dimerize in a much more regular anti-paralle] orientation than was
inferred from some of the NMR data from NPY in which the packing was more
orthogonal (9). Because the spin systems of each ANA-NPY monomer in the
overlap region are distinct, the dimer interactions could be measured directly
and not simply modelled. Both ANA-NPY and the shorter stabilized N-
acetyl[L28, L31]NPY(24-36)-amide (12) bind as well as NPY(1-36) to Y,
receptors (11) but exhibit considerable conformational averaging in water.
Their structures must be the same as the identical segments within NPY(1-36).
Thus both shorter active peptides need to rely upon appropriate solvent
environments to enable them to adopt their preferred solution structures. It is
therefore necessary to provide an artificial hydrophobic environment which
mimicks the environment in the vicinity of the peptide-receptor interface. To
this end either micellar solutions or some aqueous organic solvents are used.
These have been shown to stabilize structures in a similar way (19, 20). TFE
stabilizes helical regions (21) as well as B-turns and B-sheet structures, yhe
latter provided the segment is sufficiently long and not normally stabilized by
other missing structures (21, 22). While most early studies on the effect of TFE

PL3

Figure 4. View of the backbone atoms of a single structure with the side chains
of residues located at the interface.
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on peptide structure used peptides from helical regions of proteins, it was not
surprising that TFE was assumed to induce helix even in non-helical peptides.
However, even high concentrations of TFE appear unable to induce helix in
segments which are unordered in the native protein (21) and low concentrations
of TFE have stabilized helix, turn and unordered structures in PTH and PTHrP
(23, 24). Thus, TFE was again employed in this study to investigate both the
structure of and packing in the ANA-NPY dimer.

ANA-NPY retains only a small amount of pressor-potentiating activity
activity, being far less potent than NPY(13-36) (i1). The amino acid
substitutions in the N-terminal segment 13-23 do not alter the global fold of the
peptide but do increase structural stability. It may be the increased stability or
specific amino acid substitutions which reduce Y receptor binding capacity.
Both ANA-NPY and a structurally disturbed fragment des-Ser22-NPY(13-36)
bind equally poorly to Yy receptors (10). Thus, it may be the specific amino
acid substitutions at positions 17, 19, 20 and 23 in the segment 13-23 which
causes partial loss of affinity. Both these peptides have equal potency in
binding Y3 receptors (10) indicating that the conformations of the C-terminal
portion of the amphipathic helix from 24-36 are identical. Prejunctional
receptor binding is confined to this C-terminal amphipathic o-helix while
postjunctional receptor binding must at least partially involve the Pro-rich
disordered segment 1-12 as well as interactions with some residues in the
helical segment 13-23. The report (9) that cross-linked NPY dimers remain
active presumably indicates that the Y receptor binding site remains available
at either end of the cross-linked species without necessarily assuming that the

receptors normally bind dimers.
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