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ABSTRACT. PYY3-36 is a biopharmaceutical antiobesity agent under development as well as an endogenous
satiety hormone, which is generated by dipeptidyl peptidase-IV digestion of polypetide YY (PYY), and
in contrast to the parent hormone, PYY is highly selective for thee¥sus the Yreceptor. NMR analysis
revealed a highly ordered, back-folded structure for human PYY in aqueous solution similar to the classical
PP-fold structure of pancreatic polypeptide. The NMR analysis of PYY3-36 also showed a folded structure
resembling a PP-fold, which however was characterized by far fewer long distance NOEs than the PP-
fold observed in the full-length peptide. This suggests that either a conformational change has occurred
in the N-terminal segment of PYY3-36 or that this segments is characterized by larger dynamics. The
study supports the notion that the PP-fold is crucial for establishing simultaneous interactions with two
subsites in the receptor for binding of, respectively, the N- and C-terminal ends of PYY . lleeéptor

only requires recognition of the C-terminal segment of the molecule as displayed by, thaleXtive
PYY3-36.

Polypeptide YY (PYY} is a gastrointestinal hormone, is disrupted, conceivably because the strongly amphipathic
which is a member of the so-called PP-fold family of o-helix instead partitions at the surface of the micelles and
regulatory peptides, which includes also the widespread the N-terminal segment consequently appears in an unfolded
neuropeptide, neuropeptide Y (NPY), and the hormone structure 6). In one study, the solution structure of NPY is
pancreatic polypeptide (PP))( These peptides all have 36 in a similar PP-fold as that of PP and PYY)(whereas
amino acid residues and are amidated at the C-terminal endonly the helical segment is observed in several other studies,
The PP-fold is characterized by a poly proline-like, N- which, however, all appear to have been performed under
terminal segment (Pro2-Pro5-Pro8), which is folded back on conditions where dimer formation occurret«10). Impor-

a long amphipathic-helix, which is followed by a relatively ~ tantly, enzymatic stability studies have demonstrated that the
disordered C-terminal hexapeptide, which is important for well-ordered PP-fold is highly important for protection
receptor recognition. Originally, this structure was identified against endoproteolytic digestion, at least for RP (
for avian PP by X-ray analysis reaching a resolution of 0.98  The primary sequences of the PP-fold peptides differ
A (2, 3). Subsequent NMR analysis demonstrated that bovine considerably11). However, the conserved residues are either
PP @) and porcine PYY §, 6) adopt similar structures in  important for the PP-foldPro2, Pro5, Pro8, Gly9, Tyr20,
dilute aqueous solution. In lipid micelles, the PP-fold of PYY and Tyr27-or they are located in the C-terminal segment,
which has been shown to be important for binding to the
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of PYY3-36 was eliminated in ¥receptor knock-out mice, Table 1. Affinity and Potency of hPYY and hPYY3-36 to the
indicating that it is mediated through the Yeceptor 15). Receptors

Initially a number of groups had difficulties in reproducing
the effects on food intake in rodents}. However, it became
clear that the effect of PYY3-36 especially in rats was
particularly susceptible to interference by stress mediated by hPYY 06 023 34 85 16 022 39 1.2
the sympathetic nervous systerti7( 18). Importantly, the hPYY3-36 74 0.36 ~1000 8 =1000 020 343 22
suppressive effect of PYY3-36 on appetite and on food intake  *Affinity: COS-7 cells transfected with human,YYs, Y4, and ¥,

; ; espectively. Competition assays performed with 125I1-PYY for the Y
has been demonstrated in man as well as in obese huma'ﬁeceptor, 125I-NPY for the Yand Y, receptors, and 125I-PP for the

subjects by two independent grou§,(20). Thus, currently, v, receptor. Potency: doseesponse experiments in COS-7 cells
several pharmaceutical companies are in the process Oftransfected with humanY Y, Y4, and Ys as well as promiscuous G
developing PYY3-36 as an antiobesity agent for either protein, Gqi5 that ensures that the ¥ceptor couples through a Gq
subcutaneous or nasal delivery. pathway leading to an increase in inositol phosphate turnover.

Keire et al. 6) first determined the solution structure of
porcine PYY to have the expected PP-fold. The experiments Table 2: Nonredundant NOEs Used for Structure Calculations in
also showed that PYY was in the monomer form at the XPLOR-NIH

Affinity (nM) Potency (nM)
hY: hY, hYs hYs hYy hY, hYs hys

concentrations used for the NMR experiments. Four years PYY PYY3-36
later, Lerch et al.g) also determlne.d the structure of porcine intraresidue NOEs 20 3
PYY. In the first structure, the helix was discontinued from sequential NOEs 67 76
residues 2325, but in the second structure, this interruption medium-range NOEs 80 107
was not presen§( 6). In both structures the N-terminal end long-range NOES 25 7

folds back onto the-helix. So far, no structures of PYY3- total 192 213

36 have been published, but the secondary structure of

PYY3-36 has been compared to PYZ1 and shown to 36 peptides used for structural analysis was determined in
have lessx-helical content than full-length PYY. Molecular  transiently transfected COS-7 cells expressing the human Y
dynamics simulations of PYY3-36 suggest that the N- receptors (Table 1). This confirmetid) that the two peptides
terminal does not fold back onto thehelix (21). In the ~ had similar affinity on the ¥ receptor, 0.23 and 0.36 nM,
present study, we have determined the NMR structure of respectively, whereas hPYY3-36 showed more than 100-fold

full-length human PYY and the structure of PYY3-36. decreased affinity toward the;Yeceptor as compared to
full-length hPYY, with 74 versus 0.6 nM, respectively. This
MATERIALS AND METHODS difference was even more pronounced when signal trans-
PYY and PYY3-36 were synthesized by standard solid- duction was studied, as the potency of hPYY was 16 nM in
phase synthesis. contrast to>1000 nM for hPYY3-36 on the Yreceptor,

Experimental ProcedurePYY and PYY3-36 were dis-  Whereas the two peptides were equipotent on thee¥eptor,
solved in water and 10% f® to a concentration of 0.22 and 0.20 nM (Table 1).
approximately 1 mM, and the pH was adjusted to 4.6 by Assignment and Structure CalculatioRQF—COSY,
adding NaOH and HCI. TOCSY, and NOESY spectra were used for the assignment

NMR StudiesNMR experiments were performed on a of the 'H of the backbone and side chains. NMR signals
Varian INOVA 750 MHz spectrometer at 2&. Chemical from Tyrl and Tyr36 of hPYY could not be observed, which
shift assignments for PYY were performed by the standard can be due to the flexibility in these regions. For hPYY3-
method 22) using DQF-COSY @3) and TOCSY 24) 36, NMR signals from all residues were assigned.

spectra. For NOE assignment, NOESY spec®®) (vith a For both peptides, most of the cross-peaks in the NOESY
mixing time of 150 ms were recorded. The spectra were all spectra were assigned by normal analysis. However, the
processed using NMRPip2®) program CYANA CANDID was also used to assign the

Structure CalculationSequential and side-chain assign- NOEs and subsequently to calculate the two structures.
ments were performed using Pronto3R7), NOEs were Calculations were continued in XPLOR-NIH using a set of
assigned automatically using the CANDID algorithm in nonredundant NOEs as shown in Table 2. This implies that
CYANA (28, 29). The assigned NOEs were used as distance most of the intraresidue NOEs were not included in the
restraints in the XPLOR-NIH structure calculatiorf30). structure calculations.

Finally, a water refinement was performed using CIS$)( The distribution of the NOEs for hPYY and hPYY3-36

Restraints. The upper restraint limits determined in can be seen in Figure 1. The difference in the pattern of
CYANA were converted to XPLOR-NIH format, and a lower NOEs between the two peptides is the absence in hPYY3-
limit of 1.8 A was used in the XPLOR-NIH structure 36 of several long range NOEs between the N- and
calculations. C-terminal part of the sequence seen in hPYY. Whereas 23

Hydrogen bonds were restrained using an®ldistance long-range NOEs were seen between hydrogen atoms of the
of 2.85 A and upper and lower bound of 3.00 and 2.60 A, helix residues Leul7, Tyr20, Leu24, and Tyr27 and atoms
respectively, and using an-@4N distance of 1.90 A with in Pro2, lle3, Lys4, Pro5, and Ala7 in the N-terminal of
an upper and lower bound of 2.05 and 1.65 A, respectively. hPYY, only seven long-range NOEs were seen in hPYY3-

36 between the same residues. Figure 2 shows the presence
RESULTS and absence of NOEs between the phenol HD and HE

Confirmation of Receptor Affinity and Potency for the PYY hydrogen atoms of Tyr20 and Tyr27 and the hydrogen atoms

PeptidesThe affinity and potency of the hPYY and hPYY3- of the N-terminal residues Pro2, lle3, and Lys4 in hPYY
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- - A secondary chemical shift analysis comparing the chemi-
A Eﬂw i cal shift difference between the experimentally determined
| FRRR) mochum range 2-4) H® chemical shifts and random coil shifts for the individual
I (o range (>4 amino acid residues in peptide chains was performed using
the random coil shifts determined by Schwarzinger e3), (
Figure 4. The NOE and chemical shift data are in support
of the helix structure present in the C-terminal part of the
two peptides. The relatively small differences between the
secondary chemical shift in the sequence between residue
15 and 34 of hPYY and hPYY3-36 compared to the
differences in the N-terminal part also suggest that the peptide
backbone structures in this part of the sequence in the two
forms are very similar. The secondaH chemical shift
reported for porcine PYYd) is, residue by residue, qualita-
tively very similar to those observed here for human PYY,
u . . s . ; A suggesting also the similarity between the two structures. In
B B = ) the best 20 structures from the CANDID protocol, no NOEs

aof-| [__] sequental (1 1 were violated more than 0.5 A, in either of the two peptides.
:l medium range (2-4)
35t | [N tong range (>4 ( m . This initial structure calculation suggested, in agreement

Number of NOEs

with the sequential NOE analysis and the chemical shift
analysis, that an-helix is present starting at residue 15 and
ending at residue 34. However, the characteristic hydrogen
bonds in ano-helix were not being calculated consistently
for the C-terminal hydrogen bonds of the proposed-3%
helix element. An analysis of the hydrogen bonds found in
the two samples of the 20 initially calculated structures
showed that in hPYY hydrogen bonds were formed for
residues 1530 in more than 18 of the 20 structures and
similarly for hPYY3-36 from residue 17 to 31. Hydrogen
. bond restraints were subsequently applied for these bonds
- Residue number o in the structure calculations of hPYY and hPYY3-36. A
glfGltlngE]S-: fo(ﬁ%F?\'(s\'}gE’ggon of NOEs for hPYY; (B) distribution  second round of structure calculation including the hydrogen
' bond restraints was performed calculating 200 structures and
and hPYY3-36, respectively. A table of the long-range NOES selecting the 20 structures with the lowest energy. In these
in hPYY and hPYY3-36 is provided in the Supporting 20 structures, no distance restraint was violated by more than
Information. The reduced number of long-range NOEs may 0-5_A- The structures were further refined using CI8$)(
suggest that removal of the two N-terminal residues abolish & Simulated annealing protocol with a layer of water added.
and weakens a number of hydrophobic interactions involving The refined structures were validated in the program
the side chains mentioned above, which results in a confor- PROCHECK-NMR 83). Ramachandran plot analysis for the
mational change. However, since obvious line broadening two peptides can be seen in the Supporting Information.
was seen for many signals in the hPYY3-36 NMR spectra, The Structure of Human PYY and PYY3-B6Eigure 5,
the absence of the two residues may also result in moreyhe 2 structures with the lowest energy computed by CNS
peptide chain dynamics. The presence of dynamics may also; e shown for the two peptides. The hPYY structures have
explain the reduced number of long-range NOEs. Hence, it been aligned by the backbone atoms residues &nd 15-
is difficult to distinguish whether the reduced number of 32, and the alignment yields an rmsd of 0.78 A. PYY has
long-range NOEs is due to increased dynamics and line_ . : '
broadening or to a conformational change or to both the classical PP-fold. The hPYY3-36 structures have been
. ) . ligned by the backbone atoms residuestand 15-34,
In Figure 3, the observed backbone-related sequential anGan the alignment yields an rmsd of 0.92 A. The two

medium-range NOEs of hPYY and hPYY3-36 are shown. o . .
In the stretch of residues from 15 to 34 in both peptides, structures are, apart from the missing two residues in hPYY3-

there is a clear pattern of NOEs, suggesting that this part of 36: essentially identical and propose that the PP-fold is
the peptide chain forms a regularhelix, as supported by present in both PYY and PYY3-36. However, the smaller

the observation of 15 and I(i,i+3) NOEs in hPYY and ~ number of long-range NOEs in the hPYY3-36 spectra clearly
hPYY3-36, respectively, and similarly 9 and 6 NOEs of the results in a less well-defined structure in the N-terminal
dan(i,i+4) type. Thed,(i,i+3) NOE type is also expected residues as compared to full-length hPYY. In the final
in a-helical stretches, but because of overlap in the region ensemble of both structures, the C-terminal helix was found
of the NMR spectra of both hPYY and hPYY3-36, where to start at residue 15 and end at residue 32. This is in good
these NOEs occur, not all of them can be resolved. Still, agreement with the direct experimental observation of NOEs
however, 6 and 7 of this type of NOEs were observed in and chemical shift data, which suggestedamelix between
PYY and hPYY3-36, respectively. residues 15 and 34 in both peptides.

Number of NOEs
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Ficure 2: Long-range NOEs in hPYY NOESY spectrum compared to hPYY3-36 NOESY spectrum. Both spectra are recorded on peptide
samples at pH 4.6 and 2&. The red cross-peaks are from the hPYY NOESY spectrum, and the blue cross-peaks are from the hPYY3-36

NOESY spectrum. Residue numbers to the left refer to residues from hPYY, and residue numbers to the right refer to residues from
hPYY-36.

YPIKPEAPGEDASPEELNRYYASLREYLNLVTRORY with th_e allbsenc_e. of the two N-terminal residues of hPYY.
A The missing affinity of PYY3-36 to Ysuggests, therefore,
Z”ﬁ:}; - - e Fhat the PP-fold, which brings the .N— and the C—termina_ll ends
,,:N(,-j,-m e — in close contact to each other, is the scaffold required to
dani42) - bring the ligand residues in the N- and C-terminal of the
dontii42) — L L peptide together to be recognized jointly by ther¥ceptor.
‘::N(:i i___:___; Stability of the PP-Fold in Solutionlt is somewhat
d::((::w T surprising that PYY and the other relatively small 36 amino
acid residue peptides of this family are able to maintain a
B @ stable, well-defined 3D structure in dilute aqueous solution
IKPEAPGEDASPEELNRYYASLREYLNLVTRORY without, for example, any intramolecular-stabilizing disulfide
) - - - i bridges. The PP-fold can be considered to constitute a
dgntiasl) - _— - miniature of a “real protein”. Thus, it has a hydrophobic core,
i) comprising the highly conserved poly-proline sequence Pro2,
:“"E::  —— Pro5, and Pro8, which are interdigitating with the conserved
d:':t;“;, I — hydrophobic residues Leul?, Tyr20, Leu24, and Tyr27 in
el —_— the hydrophobic patch along the amphipattitelix. The
FIGURE 3: (A) Schematic presentation of NOEs for hPYY; (B) poly-_prpline helical structure of the N-terminal sggment and
schematic presentation of NOEs for hPYY3-36. its similarity to collagen structures has previously been
DISCUSSION characterized through CD analysis of NPY in soluti@d)(

This poly-proline segment and tloehelix are connected by
The present study provides the first 3D NMR structure of ap-turn region, which is induced by a highly conserved Gly9,
human PYY and the first 3D structure of human PYY3-36 and which includes a Pro residue situated either at position

demonstrating that both molecules have a PP-fold in aqueousl3 or 14. The amphipathic, long-helix of the PP-fold
solution. The results suggest that the difference in receptorpeptides is stabilized by a conserved, strong dipole moment
binding of hPYY and hPYY3-36 may be entirely associated oriented antiparallel to the dipole moment of thehelix
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Ficure 4: (A) hPYY and (B)hPYY3-36H® chemical shift

differences from random coil chemical shift. Random coil chemical
shift with the experimentally determined chemical shift subtracted.
(C) Secondary chemical shift difference between hPYY and
hPYY3-36.

resulting from the alignment of the peptide dipoles parallel
to the helix B5). The helix-stabilizing, antiparallel dipole

moment of the PP-fold is a result of the occurrence of a
number of acidic residues at the N-terminal end of the helix,
that is, around the turn region, plus a number of basic

Nygaard et al.

/v T
Gin34

Ficure 5: Structure of hPYY and hPYY3-36. Top left, hPYY
backbone atoms aligned from residueGand 15-32 with a rmsd

of 0.789 A. Top right, hydrophobic residues in the hydrophobic
core of hPYY (proline red, tyrosine green, leucines yellow). Bottom
left, hPYY3-36 backbone atoms aligned from residuessand 15-

32 rmsd 0.923 A. Bottom right, backbone atoms of hPYY and
hPYY3-36 aligned from residue 34, the bold line represents
hPYY, and the thin line represents hPYY3-36.

NMR data, though, suggest that the removal of this intro-
duces both dynamics and conformational changes in the
structure.

It has been demonstrated that whereas full-length PP is
digested very slowly by, for example, protease Asp-N
directed against Asp10 in the loop regiethis rate is highly
increased either by deleting the far C-terminal—3B6
segment of the molecule or by introducing a Pro residue in
the middle of thex-helix, that is, far away from the actual
cleavage site1). These studies clearly indicate that the
majority of the peptide molecules in solution are found in a
conformation, which protects against attack by the protease,
that is, conceivably the PP-fold. The deletion of the C-
terminal 2736 segment removes Tyr27, which is part of
the hydrophobic “zipper” in the core of the PP-fold, which
most likely results in a destabilization or partly unfolding
of the PP-fold in the resulting N-termina-26 peptide. In

residues located at the C-terminal end. Interestingly, the PYY3-36, another part of the hydrophobic “zipper” is

nature and the precise location of the individual acidic

missing, that is, Pro2, which from the N-terminal poly-Pro

residues in the loop region are not conserved. However, thesegment is the main interaction partner for Tyr27. The NMR

occurrence of an overall cluster of acidic residues in this

loop region is nevertheless conserved from, for example,

Lamprey to man conceivably to create the helix-stabilizing
dipole moment 5). The PP-fold of the solution structure

analysis of the present study suggests that although the PP-
fold apparently still is present in PYY3-36 in solution it is
not as well-defined, conceivably as a result of increased
dynamics and destabilization of the molecule. This is

of hPYY3-36 observed in the present study indicates that interesting, because such a destabilization of the PP-fold of

the stability of the PP-fold is strong enough to resist the
elimination of the Pro2Tyr27 interaction (Figure 5). The

PYY3-36 could make the molecule more instable in general
and, for example, more susceptible to proteolytic degradation.
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hPYY

n\Y, receptor

hPYY3-36

Sub-site for
C-terminus

Sub-site for N-
terminus

Ficure 6: Schematic illustration of proposed binding sites for theavid Y, receptors. Top, structures of hPYY; bottom, structure of
hPYY3-36.

This could be important because PYY currently is under In the case of the Yreceptor, the PP-fold is not required as
development as an antiobesity biopharmaceutical agent. this receptor only interacts with the C-terminal end of the
PP-Fold in Solutionversus in MicellesRecently, struc-  peptide, Figure 6.
tures of porcine PYY bound to micelles have been solved Implications for Receptor Recognitioli.has previously
(6). In these structures, the N-terminal part of the full-length been suggested that the main function of the PP-fold is to
PYY molecule is disordered and only the C-terminal helix present the conjoined C- and N-terminal segments of the PP-
structure is maintained. Conceivably, in the presence of thefold peptides to the receptor, as depicted for PYY and the
micelles, the hydrophobic patch along the amphipathic Y;receptorin Figure 61 21). In 1994, a complete alanine-
o-helix and their hydrophobic counterparts in the N-terminal scan was performed on the NPY peptide by Beck-Sickinger,
part favor an interaction with the lipid. It is of interest to revealing that the C-terminal hexapeptide is especially
note that removal of the two N-terminal residues from PYY important for binding to both the iyand the % receptors
reduced the number of long-range NOEs dramatically, (38). The N-terminal part of the molecule proved to be very
presumably due to reduction of hydrophobic interactions and important for Y;-receptor binding but not for Yreceptor
increased dynamics as a consequence of this. This emphabinding 38). In a study by Fuhlendorff39), fragments of
sizes that the observation of the PP-fold by NMR spectros- the NPY molecule missing variable lengths of pieces of the
copy very much depends on the observation of a set of long-N-terminal part were synthesized. The C-terminal hexapep-
range NOEs, and that any perturbation of the system, whichtide did not show any affinity for the Yreceptor; neither
destabilizes it and increases the dynamics of the peptide, maydid longer fragments of NPY, for example, NPY23-36 and
obscure the observation of these NOEs and the detection oNPY19-39. The C-terminal hexapeptide does not have any
a more dynamic PP-fold appreciable affinity for the ¥ receptor either. However,
Lerch and co-workers suggested that PYY and NPY are longer fragments of the C-terminal part of NPY bind with
recognized by the Y receptors from the membrane-bound high affinity to the Y> receptor in contrast to the;Yeceptor
state and that the PP-fold, which is not observed in the (39, 40). This implies that the scaffold of the C-terminal
micelle-associated structures, therefore, is not important for helix, which this work has shown to exist in both hPYY
the receptor recognitio). We would argue that the solution ~ and hPYY3-36, is important for the formation of the binding
structures, as determined for example in the present studyconformation for both the Yand the ¥, receptors. It also
are highly relevant for the receptor recognition, but that the suggests that the N-terminal part of the molecule is important
amphipathic nature of the peptides will lead to an accumula- for binding to the Y receptor, but not for binding to the,Y
tion of the peptides at the surface of the cells in accordancereceptor, Figure 6. Therefore, the solution structures of hPYY
with the classical theory of Kaiser and Kezd36( 37). In and hPYY3-36 as determined in the present work provide a
this fashion, the peptides concentrate near the receptor, whictelear structural explanation for the specificities of the two
makes the peptidereceptor interaction more likely to occur. molecules to the Yand Y, receptors, respectively, Figure
We will, however, also argue that to bind at least to the Y 6. The model proposed by Beck-Sicking88Yin which the
receptor, it is nevertheless necessary for the peptides to adopdegree of helicity of the two peptides should explain the
the PP-fold structure observed in solution in order to presentdifferent activities does not agree with the data presented
the conjoined N- and C-terminal ends to this receptor (Figure here, because the NMR data strongly suggest that the helicity
6). Itis likely that PP-fold peptides such as PYY accumulate of the two forms are similar.
at the cell membrane, but that they will regain the PP-fold  In summary, three-dimensional structures determined by
structure observed in solution before binding to the receptor. NMR spectroscopy of hPYY and hPYY3-36 in aqueous
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solution have suggested a structural explanation for the
difference in the activity of the two molecules toward the
Y1 and Y, receptors. The removal by dipeptidyl peptidase
IV of the first two N-terminal residues, of which Pro2
probably is structurally most important, switches the peptide
hormone from binding to both the;Yand the % receptors

to only binding to the ¥ receptor due to the missing two
residues. Interestingly, especially the N-terminal part of the
PP-fold of PYY3-36 appears to be less well-defined and
conceivably more dynamic than in full-length PYY
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