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ABSTRACT: Peptide YY (PYY) belongs to a family of peptides including neuropeptide Y (NPY) and
pancreatic peptide (PP) that regulate numerous functions through both central and peripheral receptors.
The solution structure of these peptides is hypothesized to be critically important in receptor selectivity
and activation, based on prior demonstration of a stable tertiary conformation of PP called the “PP-fold”.
Circular dichroism (CD) spectra show a pH-dependent structural transition in the pH range 3-4. Thus
we describe the tertiary structure of porcine PYY in water at pH 5.5, 25°C, and 150 mM NaCl, as
determined from 2D1H NMR data recorded at 500 MHz. A constraint set consisting of 396 interproton
distances from NOE data was used as input for distance geometry, simulated annealing, and restrained
energy minimization calculations in X-PLOR. The RMSDs of the 20 X-PLOR-generated structures were
0.71( 0.14 and 1.16( 0.17 Å, respectively, for backbone and heavy atom overlays of residues 1-34.
The resulting structure consists of two C-terminal helical segments from residues 17 to 22 and 25 to 33
separated by a kink at residues 23, 24, and 25, a turn centered around residues 12-14, and the N-terminus
folded near residues 30 and 31. The well-defined portions of the PYY structure reported here bear a
marked similarity to the structure of PP. Our findings strongly support the importance of the stable folded
structure of this family of peptides for binding and activation of Y receptor subtypes.

Peptide YY (PYY),1 neuropeptide Y (NPY), and pancre-
atic polypeptide (PP) constitute a family of C-terminally
amidated peptides involved in the regulation of gastrointes-
tinal function, blood pressure, and feeding behavior (1). The
ability of these peptides to selectively bind and activate Y
receptor subtypes has been postulated to depend strongly on
a stable solution structure, the so-called “PP-fold” (2).
Support for this hypothesis was found when the solution
structure of bovine PP was reported to be similar to the
crystal structure of aPP (3). The primary sequences of PYY
and NPY share 19/36 and 20/36 residues with aPP (Figure
1), and this approximate 50% sequence homology has been
taken as evidence that all of these peptides share a similar
stable solution structure.

These peptides express their bioactivity via a family of
G-protein-coupled Y receptors (1, 4). On the basis of
functional and ligand binding studies, it is now widely
accepted that PYY, NPY, and PP bind to and activate at
least six Y receptor subtypes (5-7). Four of these Y receptor
subtypes, Y1, Y2, Y4, and Y5, have been recently cloned (8-
13). Two other putative subtypes, including NPY- (Y3-) and
PYY-preferring receptor subtypes, have been characterized
pharmacologically (6, 14, 15).

Of these subtypes, NPY and PYY bind to Y1, Y2, and Y5

receptors with high (sub-nanomolar) affinities, while PP
binds poorly (1). [Pro34]PYY (or [Pro34]NPY) bind to Y1

receptors with high affinity but bind poorly to Y2 receptors
(16, 17). Conversely, PYY(3-36) [or NPY(3-36)], endog-
enous molecular forms of PYY (or NPY) (18, 19), bind with
high affinity to Y2 receptors but poorly at Y1 receptors (16).

Our previous work has shown that the differences in the
Y1 and Y2 receptor binding affinities of PYY, [Pro34]PYY,
and PYY(3-36) are correlated with secondary and tertiary
structure changes (17). We proposed that these tertiary
structure changes (in addition to the primary structure
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FIGURE 1: Primary sequences of porcine PYY, porcine NPY, and
avian PP with the amino acid changes from PYY in NPY and aPP
in boldface and underlined. The # symbol denotes the C-terminal
amide group.
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differences of the three peptides) influence the receptor
subtype selectivity of PYY. Similarly, Beck-Sickinger et al.
proposed that NPY interacts with the Y1 and Y2 receptor
via different conformations and different residues (20).

To better examine the role of structure in PYY bioactivity,
we have solved the 3D aqueous solution structure of PYY.
PYY has several advantages over PP and NPY for structure-
function studies at Y1 and Y2 receptors. PP binds poorly to
Y1 and Y2 receptors. Numerous structural studies have been
performed on PP and NPY; those studies performed on
peptides in aqueous solution are summarized in Table 1.
These studies show that NPY has a propensity to form dimers
at the millimolar concentrations necessary for structure
determination. In addition, two studies disagree as to the
monomer-dimer nature of NPY at millimolar concentrations,
reporting different 3D structures under identical solution
conditions (21, 22). We have previously reported that PYY
is mainly monomeric in 1 mM aqueous solution at pH 5
(17), whereas under similar conditions NPY is dimeric (Table
1). Under physiological conditions (i.e., nanomolar peptide,
pH 7.4, and 0.15 M NaCl), NPY and PYY will express their
activity as monomers. Thus the 3D structure determined in
this work most likely represents the monomeric solution form
of PYY that binds to Y receptors. The current work tested
and confirmed the hypothesis that PYY exists in a stable,
folded structure similar to that of PP.

MATERIALS AND METHODS

Experimental Procedure. Porcine PYY was purchased
from Peninsula Laboratories (Belmont, CA) and used as
delivered. On the basis of the data supplied by Peninsula,
the peptide was>95% pure as evaluated by analytical
reverse-phase HPLC. The pH of the H2O solutions was
adjusted between 5 and 6 by the addition of HCl and NaOH;
measurements were performed using an Orion Model 601
pH meter fitted with a combination electrode for 5 mm NMR
tubes (Ingold Electrodes, Wilmington, MA). Standard aque-
ous buffers were used for electrode calibration at pH 4 and
7.

CD Spectropolarimetry. The circular dichroism experi-
ments were performed on a Jasco J-600 spectropolarimeter

(Easton, MD). A 0.1 mm cell was used with micromolar
concentrations of peptide. The ellipticity for each sample was
measured over a wavelength range of 180-300 nm, with
10 scans averaged and a sweep rate of 20 nm/min.

NMR Studies. NMR experiments were performed on a
Varian Unity Plus 500 MHz instrument(Varian Instruments,
Palo Alto, CA) with probe air temperature regulated at 25
°C. Solutions for NMR analysis of PYY were made at
approximately 1 mM peptide concentration in 750µL of 90%
H2O/10% D2O. Chemical shift assignments for PYY in
solution were obtained by the standard method (23) using
total correlation spectroscopy [TOCSY (24)], nuclear Over-
hauser effect spectroscopy [NOESY (25)], and double-
quantum-filtered correlation spectroscopy [DQF-COSY (26)]
pulse sequences. All chemical shifts were reference to
external 2,2-dimethyl-2-silapentane-5-sulfonic acid in D2O.

Phase-sensitive NOESY data were used for conformational
analysis of the PYY solutions, with 4K points collected in
t2 (32 transients per increment), 100 or 200 ms mixing times,
and 512 complex points int1 (27). The transmitter channel
was used for excitation and observation of the 6000 Hz
proton frequency range as well as presaturation of the H2O
signal. Data were processed with zero filling to 8K points
in F2, 2K points inF1, and 90° shifted sine bell apodization
functions in bothF1 andF2.

Structure Calculations. Structures for PYY were deter-
mined using X-PLOR software, Version 3.1 (28). For PYY,
100 and 200 ms NOESY experiments provided the 396
distance restraints needed for X-PLOR 3D structure calcula-
tions. Strong, medium, and weak distance restraints were
input as 1.8-4.0, 1.8-5.0, and 1.8-6.0 Å distance ranges,
respectively, and standard pseudoatom corrections were used
where appropriate (29). The constraint set for PYY contained
135 (i, i+1), 20 (i, i+2), 29 (i, i+3), 19 (i, i+4), and 37
(gi, i+5) NOEs between protons on various residues. The
greater than or equal toi, i+5 NOEs can only be present in
a stable folded conformation of PYY.

In addition, nine hydrogen bond constraints were included
on the basis of the presence of three or more sequentiali,
i+3, or i, i+4 NOEs (Figure 5). Because of the pH and tem-
perature dependence of the PYY chemical shifts, additional

Table 1: Selected Structural Studies on PP Family Peptides in Aqueous Solution

peptidea
monomer-dimer

Kd (M)b solution conditions methods results ref

aPP crystal X-ray 3D structure (dimer) 34
bPP pH 4.6, 28°C, 7 mM peptide NMR 3D solution structure (monomer) 3
pNPY 2× 10-6 pH 7.4,∼22°C, 0.16 M KCl CD forms dimers 39
pNPY pH 3.1, 37°C, 4 mM peptide,

50 mM acetate
NMR and CD dimer (pH-dependent structure) 31

pNPY 1.6× 10-6 pH 2-8, 20°C, 50 mM acetate or Tris fluorescence (Tyr) dimer 40
pH 3.2, 37°C, 4 mM peptide,

50 mM acetate
NMR 3D solution structure (dimer)

pNPY 1.9× 10-6 pH 7.5, 25°C, 150 mM NaCl CD dimer 41
hNPY pH 3.2, 37°C, 4 mM peptide NMR 3D solution structure (aPP-like monomer)21
hNPY 1.4× 10-4 pH 3.1, 18°C, 0.1 M NaCl AUc NPY is 66% dimer at 4 mM 22

pH 3.2, 37°C, 4 mM peptide NMR 3D solution structure (dimer)
hNPY ∼2 × 10-6 pH 7.2, 25°C, 10 mM Tris CD and NMR pH- and temperature-dependent structure42
pPYY 2.1× 10-2 pH 5, 21°C, 0.15 M KCl AU PYY is 92% monomer at 1 mM 17
pPYY pH 5.5, 25°C, 1.0 mM peptide,

0.15 M NaCl
NMR 3D solution structure (aPP-like monomer) this work

0.3 mM peptide CD pH-dependent structure this work
a Key: a ) avian, b) bovine, p) porcine, and h) human.b Monomer-dimer dissociation constant (Kd ) [M][M]/[MM]). c Analytical

ultracentrifugation sedimentation equilibrium analysis.
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evidence for the presence of hydrogen-bonded residues by
amide exchange rate measurements was not available (see
Results and Discussion). The hydrogen bond constraints were
included for residues 17-21 and 26-30. For each hydrogen
bond determined from the NOE connectivities, two distances
were input into the structure calculations: 1.8-2.5 Å from
the backbone carbonyl oxygen atom of the N-terminal residue
to the amide hydrogen of thei to i+4 residue and 1.8-3.5
Å from the carbonyl on the N-terminal residue to the amide
nitrogen of thei to i+4 residue.

These constraints were used for the calculation of PYY
structures satisfying the distance boundaries. One hundred
embedded distance geometry structures were obtained using
the “dgse” protocol. The simulated annealing protocol “dgsa”
was employed to regularize the structures, with a force
constant of 50 kcal on the NOE-derived distance restraints
and the nine hydrogen-bonding constraints (28, 30). The
parameter file “parallhdg.pro” was employed in this proce-
dure. Once structures were regularized in this fashion, they
were subjected to an additional 10 ps of simulated annealing
by the “refine” protocol. The energy of each regularized and
refined structure was then minimized for 200 cycles. Out of
the resulting 200 structures, 20 were chosen that had the
lowest NOE energies (Figure 7). X-PLOR-generated struc-
tures were visualized with the program Insight (Version 98;
Biosym Technologies, San Diego, CA).

RESULTS

pH Dependence of PYY Structure. CD spectra indicate that
the solution structure of PYY is pH dependent. For CD
studies, spectra were collected at room temperature for
various pHs (3.3, 4.0, 5.5, 6.0, 7.1, and 8.4) of 0.3 mM PYY
in aqueous solution; selected spectra are shown in Figure 2.
The greatest helical character and the lowest observed
ellipticity at 222 nm occurs at pH 4 and decreases at lower
and higher pHs. All of the PYY spectra showed helical
character with a positive band at [+]195 nm and negative
bands at [-]208, and [-]222 nm. The intensity of these
bands is pH dependent. For example, the molecular ellipticity
of PYY at 222 nm at pH 3.3 (-13.3× 103 deg cm2 dmol-1)
was ca. 56-40% lower than the values observed from pH 4
to pH 8.4 (-30.1× 103 to -22.4× 103 deg cm2 dmol-1).

NMR Data. The NMR chemical shift assignments and
NOE data were collected at a pH of 5.5 to as closely as
possible mimic the physiological charge state of PYY without

losing significant amide proton signal intensity due to amide
exchange. The 2D NOESY or TOCSY spectra showed no
evidence of multiple conformations of the peptide. The
presence of CRH(i-1) to Pro# CδH NOE connectivities and
the absence of CRH(i-1) to Pro# CRH NOE connectivities
indicate that proline residues P2, P5, and P8 are in the trans
conformation. No data were available for residue P14 because
proton signals for the P14 CδH protons were not found in
either the NOESY or TOCSY spectra.

The 1D NMR spectra amide and aromatic proton signals
of PYY were sensitive to temperature, pH, and concentration.
For example, 500 MHz 1D NMR spectra collected at pH
3.4 and 5.7 showed significant differences in the pattern of
aromatic and amide proton signals (data not shown). The
changes observed in these signals can be attributed to changes
in the monomer-dimer equilibrium constant and/or structure
changes in the monomer (i.e., increasing or decreasing helix
stability).

The standard NMR methods that supply evidence for
hydrogen bonding and the presence of secondary structure
could not be used because of the pH and temperature
dependence of the PYY chemical shifts. At the pH and
temperature that the NMR structure data were collected (pH
5.5 and 25°C), the amide proton exchange rates were too
rapid to measure by 1D methods. In addition, at lower
temperatures or pHs where the amide exchange rates are
decreased, the chemical shift assignments were sufficiently
altered such that unambiguous identification of slowly
exchanging amides was not possible. Furthermore, measure-
ment of NH to CRH scalar coupling in either 1D or 2D data
was not possible due to overlap of amide resonances and
broad line widths.

NMR Chemical Shift Assignments. 1H chemical shift
assignments for PYY in pH 5.5 aqueous solution were
determined at 500 MHz and 25°C by NMR methods
(Supporting Information, Table 2). Chemical shifts for the
CRH proton signals of PYY in solution are plotted versus
the random-coil solution-state chemical shifts of Wuthrich
(23) in Figure 3. A series of chemical shifts that differ by
more than(0.2 ppm for the CRH protons indicate a stable
folded structure. These chemical shift differences indicate a
nonrandom coil solution conformation for PYY, which is
consistent with the CD data.

2D NOESY Spectra. The chemical shift assignments found
in this work were used in conjunction with 2D NOESY data
to obtain distance information for protons in PYY. Peaks at
the intersection of two proton chemical shift assignments
(cross-peaks) indicate protons that are within 5 Å of each
other. A region of a NOESY spectrum of PYY showing the
sequential NH-NH backbone connectivities is presented in
Figure 4, with the various cross-peaks labeled by residue
number. A stable folded structure is indicated by the presence
of NH-NH cross-peaks between residues throughout the
peptide. Some sequential connectivities are not visible due
to (1) the presence of proline residues or (2) amide chemical
shift differences that are too small.

The observed sequential NH-NH connectivities and the
location of thei, i+2, i, i+3, i, i+4, andi, i+5 connectivities
from the 100 and 200 ms NOESY spectra of PYY are
summarized in Figure 5. Most of the medium-range con-
nectivities are from side-chain proton to side-chain proton
interactions because of the extensive overlap in the NH to

FIGURE 2: Plot of the CD molecular ellipticity from 185 to 260
nm of 0.3 mM PYY at pH 3.3 (squares), 4.0 (diamonds), 5.5
(triangles), and 7.1 (circles) in H2O.
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CRH fingerprint region of the NOESY spectra. The NOE
data in Figure 5 suggest helical character from residues L17
to L24 with a break followed by another helical segment
from H26 to T32 (series of three or morei, i+3 andi, i+4
NOE connectivities are indicative of a helical structure).
These results are in general agreement with the chemical
shift analysis of the C-terminal portion of PYY.

Also observed in the 100 and 200 ms NOESY spectra are
37 NOE connectivities between protons on residues separated
by five or more amino acids in the primary sequence. A
selected region of the 100 ms NOESY spectrum is presented
in Figure 6; it contains a number of cross-peaks between
aromatic side chains and theâ, γ, andδ protons of other
residues. Cross-peak examples include theε proton of Y20
(NOEs to P5â andγ, P8γ andδ, and A7â protons), theε

andδ protons of Y27 (NOEs to V31γ and T32γ protons),
and Y1δ (NOE to the L30δ protons). These and the other
long-range NOEs clearly define the juxtaposition of the N-
and C-terminal regions of PYY.

Tertiary Structure Determination. X-PLOR structure cal-
culations were based on a set of 396 NOEs. This set consisted
of 203 NOEs between protons of residues separated by four
or fewer residues in the primary sequence of PYY, 37 NOEs
between protons on residues five or more positions apart,
and 155 intraresidue NOEs. These NOEs were derived from
100 and 200 ms NOESY spectra and classified into strong
(1.8-4.0 Å), medium (1.8-5.0 Å), and weak (1.8-6.0 Å)
distance categories on the basis of comparison of their cross-
peak volumes with Tyr CδH to CεH cross-peak volumes. The
upper limits of distances involving NOEs between more than
one proton were modified with pseudoatoms where appropri-
ate (29).

In addition to the NOE distance restraints, nine backbone
CO-HN hydrogen bond distance restraints were included
in the input distance list to the X-PLOR program. These
distance restraints were based on the presence of three or
more sequentiali, i+3 and/ori, i+4 NOEs (Figure 5). The
nine hydrogen bond distance restraints were from the
carbonyl oxygen of residues 17-21 and 26-30 to the amide
proton of the amino acid four residues toward the C-terminus.
For these bonds a 1.8-2.5 Å distance restraint was used
between the N-terminal residue carbonyl oxygen and thei
to i+4 residue amide proton and a 1.8-3.5 Å distance
restraint from the carbonyl oxygen to the amide nitrogen.

The constraint set above provided the input list to the
X-PLOR program. Two hundred initial structures were gener-
ated by the distance geometry protocol, regularized by simu-
lated annealing, and further refined by molecular dynamics
(see Materials and Methods). An overlay was produced of
the 20 best structures that had the lowest NOE energies.
Figure 7 depicts a stereoview of the backbone (NH, CRH,
CO) overlay and a stereoview of the mean conformation of
these 20 structures. The 20 calculated structures have RMSDs
of 0.71( 0.14 and 1.16( 0.17 Å for backbone and heavy
atom overlays, respectively, of residues 1-34. A plot show-

FIGURE 3: Plot of the differences in the chemical shift values of the CRH protons of PYY in 90% H2O/10% D2O and pH 5.5 minus the
random coil chemical shifts (23).

FIGURE 4: NH to NH proton (7.0-8.8 ppm) correlation region of
a 200 ms 2D NOESY spectrum acquired on a solution of 1 mM
PYY at pH 5.5 and 25°C with 150 mM NaCl in 90% H2O/10%
D2O. Selected cross-peaks are labeled to indicate through-space
magnetization transfer between amide protons on different residues.
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ing the average side-chain and backbone RMS deviation of
the individual residues of PYY from the mean structure is
shown in Figure 8. The mean energies of the 20 lowest NOE
energy structures from the X-PLOR calculations (in kilocal-
ories) are as follows: total energy 81( 5, bonds 5.1( 0.5,
angles 40.9( 2.4, impropers 7.3( 0.8, van der Waals 11
( 2, and NOEs 17( 2.

In the process of calculating the final set of structures (Fig-
ure 7), it became evident that multiple conformers existed
for the turn region of PYY (residues 9-25). A set of NOE-
based distance restraints was consistently violated in this por-
tion of the peptide when distance upper bounds of 2.5, 3.5,
and 5 Å were used for strong, medium, and weak NOEs. To
obtain the lowest energy set of structures (described above),
the upper distance boundaries were increased (to 4, 5, and 6
Å) and those NOEs that violated the larger upper distance
boundaries were removed (27 of the observed NOEs were
removed in this process) to obtain the final set of distance
constraints.

DISCUSSION

We used CD and NMR methods to examine the solution
structure of synthetic PYY. The goal of our studies was to
determine whether the marked differences in the primary se-
quence of PYY from aPP and NPY still allowed a stable
PP-fold in aqueous solution. Our results indicate that there
is a remarkable degree of identity in tertiary structure between
PYY and PP.

Initial structural studies were done using CD; the data indi-
cate that marked changes in PYY helical content occur in
the pH range of 3.3-4.0 with less dramatic changes between
pH values of 4.0 and 8.4. Residues in PYY that are titrated
in this pH range include E6, E10, D11, E15, E16, and H26.
The titration of the side-chain carboxylic acid groups of the
aspartate and glutamate (pKa ca. 4.0) residues likely accounts
for the major changes in helicity between pH 3 and pH 4.
By contrast, the deprotonation of the side-chain ring nitrogen
of the histidine at position 26 (pKa ca. 6.5) probably makes
a minimal contribution to this shift because of its higher pKa.
Deprotonation of the acidic residues may influence the stab-
ility of the C-terminal helix directly or by structural changes
caused by dimer formation at low pH. Of note, Saudek and
Pelton have also reported an observation of pH-dependent
CD spectra for NPY at two pH values (3.1 vs 7.4), although
no differences were observed in the 1D NMR spectra (31).
Our experimental data on PYY narrow the pH range of the
helicity shift to deprotonation of the acidic residues. The pH-
dependent helicity change in NPY observed by Saudek and
Pelton probably results from the same deprotonation step as
PYY, because NPY and PYY have identical distributions
of acidic residues.

The chemical shifts we observed indicate the presence of
a helix in the C-terminal half of the peptide and nonrandom
coil character in the N-terminal half of the peptide. The
C-terminal helix is suggested by the consecutive CRH
downfield shifts of greater than 0.2 ppm from random coil
chemical shifts from P14 to R35 (23, 32). In addition, a
nonhelical and nonrandom coil conformation for the N-
terminal region of the peptide is consistent with the greater
than 0.8 ppm downfield shifts from their random coil values
of the N-terminal residues K4 and A7 CRH protons.

The accuracy of the calculated structure is supported by
the ring current shifts observed for side-chain protons in the
vicinity of the Y1, Y20, H26, and Y27 residues. Ring current
shifts arise from the diamagnetic anisotropy of the aromatic
rings and often are the major contributing factor to the

FIGURE 5: Selected NOE data used in the calculation of the tertiary structure of PYY in H2O at pH 5.5, 25°C, and 150 mM NaCl. A bar
indicates the NOE connectivity between protons on different residues. The filled bars indicate the categorization of the NOE as a strong,
medium, or weak distance restraint. Stars identify connectivities that were not observed because of chemical shift degeneracy. NOEs for
protons betweeni, i+2, i, i+3, i, i+4, andi, i+5 are also shown but without categorization into strong, medium, and weak distances.

FIGURE 6: Aromatic (6.2-7.2 ppm) toâ, γ, andδ (0.4-2.6 ppm)
proton correlation region of a 100 ms 2D NOESY spectrum
acquired on a solution of 1 mM PYY at pH 5.5 and 25°C with
150 mM NaCl in 90% H2O/10% D2O. Selected cross-peaks are
labeled to indicate through-space magnetization transfer between
protons on different residues.
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observed conformation-dependent chemical shifts of side-
chain protons (33). This is particularly noticeable for the P8
γ andδ protons and A7R andâ protons that have 0.4-1
ppm upfield shifts from their random coil values that are
attributed to the proximity of Y20 (Figure 7B and Supporting
Information, Table 3). Similarly, consistent with the structure
of PYY reported here, theγ andδ protons of P5 and theR
andâ protons of K4 are shifted by the presence of H26 and
Y27, and the L30 and V31γ andδ protons are moved upfield
from their random coil values because of the proximity of
Y1.

Our calculated structures reveal a PP-like fold for PYY.
As shown in the structure overlay (Figure 7) and RMSD
plot (Figure 8), a unique juxtaposition of the N-terminal and
the C-terminal residues is defined by the distance restraints.
The side chains of residues P5, A7, Y20, V24, H26, Y27,
L30, and V31 are involved in the hydrophobic interaction
between the N- and C-terminal portions of PYY (Figure 7B),
and all of these residues have side-chain RMSDs of 1 Å or
less (Figure 8, bottom). The backbone and side-chain portions
of residues 1, 2, 8 to 14, 35, and 36 are less precisely defined
by the NOE constraints as evidenced by their greater than 1

FIGURE 7: Stereoviews of (A) the superposition of 20 coordinate sets of the backbone atoms of residues 1-34 and (B) a heavy atom
representation of the mean coordinate set derived from the 20 structures calculated with X-PLOR from 2D NOESY data on 1 mM PYY
at pH 5.5 and 25°C with 150 mM NaCl in 90% H2O/10% D2O. Selected residues are labeled, and the mean structure has a ribbon overlay
of the backbone conformation.
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Å RMSDs (Figure 8). In addition, the side chains of residues
K4, E6, R19, R25, and R33 all show a large range of
conformations relative to the mean structure that is consistent
with these residues being solvent exposed.

The monomeric PYY structure derived from the NOE data
presented above is similar to the previously determined
structure of aPP (34; Brookhaven Protein Data Bank, 1PPT).
The 3D conformation of aPP can be described as a polypro-
line type II helix for residues 1-9, aâ-turn from positions
10 to 14, and an amphipathicR-helix from residues 15 to
31. For aPP, the folded conformation is held together by
hydrophobic interactions between the helical N- and C-
terminal regions of the peptide. Similarly, in PYY the N-
and C-termini are brought close together by hydrophobic
interactions. In addition, in the PYY and aPP structures,
residues R25-R33 are in a helical conformation with the
same residues on the solution-exposed side of the helix (e.g.,
R25, N29, and R33). Furthermore, a similar alignment of
the N-terminal residues with the C-terminal helix is also
observed (e.g., residues 1 and 2 are close to residues 30 and
31, residues 3 and 5 are close to residue 27, and residue 20
is close to residues 7 and 8).

The structures calculated from the NOE data (Figure 7)
have helical character for residues L17 to L23 and H26 to
R33 with a break around residues V24 and R25. In the aPP
crystal structure the helical segment extends uninterrupted
from E15 to V31 (these differences are attributed to the
sequence differences in the two peptides). It is not surprising
that the tertiary structures of PYY and PP can vary in the
turn region because others have shown that NPY analogues

missing this portion of the molecule remain potent agonists
(35, 36).

For the turn region of the PYY structure overlay, the
chemical shift difference data (Figure 3) and the NOE
connectivity data (Figure 5) for residues E15 to L24 suggest
helical character. Furthermore, the lowest energy structures
with no distance violations were calculated after the upper
boundaries of the distance restraints were increased and a
set distance restraints that were regularly violated were
removed. These data are consistent with the occurrence of
chemical exchange between multiple conformations (e.g.,
helix and random coil) in this region of the peptide. In this
model, the concentration of the helical form is sufficient for
the chemical shifts and some of the NOE data to reflect the
presence of a helix. Concomitantly, the alternate structures
contribute to the observed NOEs in such a way to preclude
a unique definition of the structure of these turn residues in
the calculations where NOEs from both forms or an average
of NOE values are present. For example, the observed NOE
from interresidue NH to CRH magnetization transfer in a
helical conformation is weak while in a extended chain
conformation the NH to CRH NOE is strong; the concentrated
weighted average of these two conformations may yield a
NOE value that is too strong for a helical conformation.

To identify the major conformer in the flexible turn region
of PYY, the upper bounds of the distance restraints were
made larger and those constraints that consistently violated
the new larger boundaries were removed. Because the
remaining distance restraints found in the turn region
represent the majority of the observed NOEs and had no
distance violations, we propose that the final structure overlay
(Figure 7) represents the conformer that is present in the
highest concentration. By contrast, the structures of residues
3-8 and 25-33 were similar, had no NOE-based distance
violations, had low energies, and had small RMSDs in all
of the calculations, indicating an unique stable structure for
the N- and C-terminal juxtaposition of PYY.

CONCLUSIONS

Despite their limited (ca. 50%) primary sequence homol-
ogy, it has been assumed by numerous investigators that PYY
and NPY have the same structure as aPP (36-38). Unfor-
tunately, no high-resolution solution structure of monomeric
PYY or NPY has been available. For NPY, this is because
the peptide has a propensity to form multimers at concentra-
tions necessary to perform structural studies. For PYY, no
tertiary structure studies in aqueous solution had been
performed.

In previous work, we found that PYY is mainly mono-
meric in solution at millimolar concentrations (17). The
monomer-dimer dissociation constants compiled in Table
1 establish that at physiological concentrations (nanomolar)
PYY and NPY will be almost entirely monomers. Thus, in
this work we were able to solve the solution-state tertiary
structure of PYY in a form that is probably the conformation
that binds to Y receptors. We establish that the assumption
of a PP-fold-like structure for PYY is valid. Furthermore,
the PYY structure presented here may be useful in the design
of agonists and antagonists for the Y1, Y2, Y5, and the PYY-
preferring receptor subtypes.

FIGURE 8: Plots of the root-mean-square deviation (RMSD) per
residue for the backbone (top) and heavy atom (bottom) overlay
of the 10 X-PLOR-calculated structures shown in Figure 7. The
error bars denote the range of deviations from the mean structure
for each residue of the 20 structure ensemble.
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SUPPORTING INFORMATION AVAILABLE

One table of chemical shift assignments and one table of
long-range NOE interactions for PYY. This material is
available free of charge via the Internet at http://pubs.acs.org.
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