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ABSTRACT: Investigation of the charge distribution for all known members of the PP-fold family of peptides
reveals a common pattern characterized by a cluster of negative charges in the 8-turn region and a cluster
of positive charges in the receptor-binding region of the peptide. Detailed analysis of the electrostatic
properties of five representative members of the PP-fold family of peptides (human neuropeptide Y, human
peptide YY, human pancreatic polypeptide, avian PP, and lamprey peptide methionine tyrosine) shows that
this characteristic charge clustering gives rise to a common dipole moment of 325-450 D directed from
the 8-turn region toward the receptor-binding region. This overall dipole moment is antiparrallel to the
dipole moment of the a-helix caused by alignment of the peptide dipoles parallel to the helix. Calculations
of the stabilization energy for this antiparallel dipole moment arrangement were performed in two ways:
(1) by the use of a Poisson—Boltzmann approach which allows for an estimate of the screening effect, and
(2) by the use of a uniform dielectric model (Coulomb’s law). It is found that the a-helix is stabilized by
approximately 5-10 kcal /mol due to electrostatic forces alone when the screening effect is considered. This
energy is of the same order of magnitude as the enthalpy change for the unfolding of avian PP (~30
kcal/mol), strongly indicating that the charge—dipole interactions are of significant importance for the

stability of the three-dimentional structure of the PP-fold peptides.

Neuropeptide Y (NPY),! a neurotransmitter in the central
and pehripheral nervous system, peptide YY (PYY), a
hormone from the lower intestine, and pancreatic polypeptide
(PP), a pancreatic hormone, are all members of the so-called
PP-fold family of regulatory peptides. They contain 36 amino
acids and differ from most other small- and medium-size
peptides in holding a distinct tertiary structure, the PP-fold,
which isstable, even in dilute aqueous solution, as characterized
by circular dichroism (Clover et al., 1984; Krstenansky &
Buck, 1987) and NMR (Lietal., 1992). One member of the
family, avian PP, has been characterized in great detail by
X-ray crystallography (Clover et al., 1984; Blundell et al.,
1981; Clover et al., 1983). This polypeptide has a compact
globular structure with a hydrophobic core comprising two
antiparallel helices, an N-terminal polyproline-like helix
(residues 2-8) and an amphipathic a-helix (residues 14-32),
connected by a S-turn (Figure 1). The C-terminal residues
(35, 36) are relatively mobile, even in the crystal (Clover et
al., 1983). All members of the PP-fold family of peptides are
C-terminally amidated, which has been shown to be of crucial
importance for the biological effect of the peptides (Wahlestedt
et al., 1986; Chance et al., 1981).

Extensive studies done by various groups support the
assumption that the crystal structure of avian PP can be used
as a model for the solution structure of avian PP itself, as well
as for other PP-fold members (Clover et al., 1984; Krstenansky
& Buck, 1987; Li et al., 1992; Wood et al., 1977; Schwartz
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FIGURE 1: Schematicdrawing of avian pancreatic polypeptide (avian
PP) revealing the amino acid sequence of the peptide. The a-helix
and the polyproline-like helix are emphasized.

etal., 1989; Fuhlendorff et al., 1990). It has been shown that
the C-terminal hexapeptide and the N-terminal residue are
directly involved in receptor binding (Liet al., 1992; Schwartz
et al., 1989; Forest et al., 1990; Abens et al., 1989). The rest
of the structure, the PP-fold as such, plays a significant role
mainly in stabilizing the spatial relationship between the N-
and C-terminal residues of the peptide (Li et al., 1992;
Fuhlendorffetal., 1990; McLean et al., 1990). Thestructure
of human NPY has previously been investigated by confor-
mational search (Allen et al., 1987) and molecular dynamics
(MacKerell, 1988). In these studies the overall tertiary
structure is maintained, in agreement with the experimental
results (Clover et al., 1984; Krstenansky & Buck, 1987; Li
et al., 1992).

The primary structure of more than 25 different PP-fold
peptides from various species is known today. The overall
sequence identity among all members of the PP-fold family
varies between 25 and 30%, whereas the sequence identity
between the three members within a given species varies
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between 45 and 70% (Schwartz et al., 1989; Krstenansky et
al., 1989). Theidentical residues are mainly the core residues,
which are believed to be important for the intramolecular,
hydrophobic stabilization of the PP-fold, and the C-terminal
hexapeptide, commonly accepted to be directly involved in
receptor binding. The charged residues in the peptides are
not significantly conserved; however, a closer analysis of the
actual charge distribution reveals a common pattern for the
whole family. This has motivated us to investigate in more
detail the electrostatic characteristics of the family of peptides,
including the influence of the electrostatics on molecular
stability and biological activity. We have chosen to perform
electrostatic energy calculations on five representative mem-
bers of the family: avian PP, for which the crystal structure
isknown; human NPY; human PP; human PYY;and a peptide
from the sea lamprey, peptide methionine tyrosine (PMY),2
an extant representative of the earliest group of jawless
vertebrates (Conlon et al., 1991).

EXPERIMENTAL PROCEDURES

Molecular Modeling. Coordinates for avian pancreatic
polypeptide (avian PP) at 1.4-A resolution were taken from
the Brookhaven Protein Data Bank and used as the starting
structure for molecular modeling of human NPY, human
PYY, human PP, and lamprey PMY using the Discover and
InsightII programs (Biosym Technologies Inc., San Diego).
The valence force field was used during the Discover
calculations (Hagler, 1985) excluding cross-term energies and
Morse potentials. The nonbonded and valence force constants
are described elsewhere (Dauper-Osguthorpe et al., 1988;
Hagler & Lifson, 1974; Hagler et al., 1979). The steepest
descent minimization algorithm and the conjugated gradient
algorithm were applied, alternating with 1000 steps of each
minimizer and always ending with conjugate gradient min-
imization until a maximum derivative less than 0.05 kcal/
(mol-A) was achieved. The cutoff for generating the neighbor
list used in calculating nonbonded interactions was set to 12
A (Hagler et al., 1979).

The following procedure for obtaining and relaxing the
structure of human NPY is representative for all four PP-fold
peptides: Initially, residues in avian PP were sequentially
mutated to those in human NPY while the positions of the
backbone atoms were maintained. The side chains of each
new residue were positioned to preserve the side chain torsion
angles for the original residue. When proline was exchanged
for another residue, the side chain torsion angles were not
preserved; in this case a minimum-energy conformation of
the side chain was incorporated in the structure. To prepare
the structure for relaxation, both polar and nonpolar hydrogen
atoms were added, and the structure was soaked in a water
box with the dimensions 40 X 35 X 35 A3, Periodic boundary
conditions were applied. This structure was considered the
starting structure of human NPY.

In order to prevent large distortions due to bad initial
contacts between atoms, the protein-water structure was
gradually annealed (Dauper-Osguthorpe et al., 1988). First,
the water molecules were energy minimized with respect to
the protein structure while the coordinates of the protein
structure were fixed. Then, in order to adjust the positions
of the hydrogens added to the protein structure, all heavy
atoms in the protein were gently constrained to their original
positions, allowing only the protein hydrogens and the water
molecules to move. The side chains were then energy

2PMY is named this way since it is still unknown to which of the three
types of mammalian peptides it corresponds (Conlon et al., 1991).
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minimized while the backbone atoms were constrained to
relieve unfavorable interactions between mutated residues with
bad initial orientations. Finally, the energy was minimized
with respect to all Cartesian coordinates of the system. The
avian PP crystal structure was soaked and relaxed analogously.
The structural changes caused by the relaxation are sum-
marized in Table I. In the relaxation process we chose not
to apply conformational search or dynamics in order to
overcome rotational barriers, since previous studies of PP-
fold peptides have shown nosignificant changes for the overall
structure (Allenetal., 1987; MacKerell, 1988). Furthermore,
a small change in the conformation of a side chain has only
minimal consequences for the electrostatic calculations. The
resulting structure was used as input for the electrostatic
potential map calculations using the DelPhi program (Biosym
Technologies Inc., San Diego) as well as for dipole moment
calculations and total electrostatic energy calculations using
both DelPhi and Discover (see below).

Electrostatic Calculations. Electrostatic potential maps
for the PP-fold peptides were calculated using DelPhi. DelPhi
uses a finite-difference algorithm to solve the linearized
Poisson—Boltzmann equation, which enables one to include
the screening effect of a solvent including electrolytes (Klapper
et al., 1986). A dielectric constant of 2 was used for the
protein interior, which was defined by a Connolly surface
using a probe of 1.8 A. The solvent was represented by a
continuum with a dielectric constant of 80 and an electrolyte
concentration of 0.145 mol/L including ions with an average
radius of 2.0 A, which corresponds to physiological conditions
witha pH of 7.4. A high resolution of the potential maps used
for calculating the total electrostatic energy was obtained by
using a grid containing 125 X 103 X 91 grid points. For the
potential maps displayed in Figure 3, 2 maximum of 65 grid
points was applied. Boundary conditions were accounted for
by using a Coulombic approach. The reported results are
based on a “full-charge” model where the nitrogen of each
lysine and the N-terminal amino group are assigned a charge
of +1 and the guanidinium nitrogens are assigned charges of
+0.5 each, while each carboxylate oxygen is assigned a charge
of -0.5. All histidines are assumed to be neutral. The same
calculations were performed using the default charge set from
the Discover residue library (Dauper-Osguthorpe et al., 1988).
The overall electrostatic potential maps obtained by using the
twodifferent charge sets show no significant differences. Only
the former maps will be discussed here.

Toobtain an estimate for the screening effect of the peptide
system, an additional high-resolution calculation of the
electrostatic potential map was performed in which no
electrolytes were included and a dielectric constant of 2 was
applied for both the peptide and the solvent. This calculation
was based on the full-charge approximation; otherwise the
same parameters for the protein as described above were used.

The dipole-moment calculations and the total electrostatic
energy calculations were performed using Discover with a
dielectric constant of 2 and no cutoff. The dipole-moment
calculations were based on the default Discover charge set,
while for the electrostatic-energy calculations a full-charge
approximation was used. The default partial charges were
used for all backbone atoms plus all side-chain atoms which
were part of a neutral residue. For the charged residues the
point charges of the side-chain atoms were set to 0, and a
full-charge model like the one used by DelPhi was applied.

RESULTS AND DISCUSSION

Analignment of the primary structures for the five members
of the PP-fold family is shown in Figure 2a. The charged
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a) Sequence Identity

Avian/Turkey PP GPSQPTYPGDDAPVEDLIRFYDNLQQYLNVVTRHRY

Human PP APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY
Human PYY YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY
Human NPY YPSKPDNPGEDAPAEDMARYYSALREYINLITRQRY

1l 1]

Lamprey PMY MPPKPDNPSPDASPEELSKYMLAVRNYINLITRQRY

1-4-Ahx-25-36 YPSK RHYINLITRQRY

! ! | ! ! |

10 20 30
b) Charge Identity
PP-helix  B-turn a-helix
— 7N < >
Avian/Turkey PP + e PN
Goose PP W e P + I+ 4
Alligator PP + + - B I T I 4.4
Human PP . - - R X I LERE
Canine PP PR -- - g P
Feline PP - - - - +
Qvine PP 4= - - b PR
Bovine PP == - - b A
Porcine PP - -- - b PO
Guinea pig PP - -- b PR
Rat PP doemn - -+ — b Fanai
Bullfrog PP - - O PN
Anglerfish PP T PO o4
Garfish PP e P PR PN
Coho salmon PP T o b b4
Sculpin PP e P o
Human PYY R I R S LRI 4
Porcine PYY +- O e O S
Rat PYY PRI -- O O P
Human NPY T 44
Rat NPY O I e PO .4l
Rabbit NPY O P PN
Guinea pig NPY N b PO
Porcine NPY LR R R L L I R o AR
Lamprey PMY D R i R R A I PN
1-4-Ahx-25-28 PR PO R
.

FIGURE 2: Sequence alignments for members of the PP-fold family.
(a) Sequences in one-letter code for the six peptides included in this
study. (b) Charge clustering (illustrated by boxes) for members of
the PP-fold family. Asp and Glu are negative; Arg, Lys, and the
N-terminal amino group are positive; and all other residues are
considered neutral. All peptides are C-terminally amidated in their
biologically active form. The sequences are taken from Schwartz et
al. (1989) and Conlon et al. (1991).

residues do not appear to be conserved in comparison with the
core residues. Only three out of ten residues are identical
(Aspl5, Arg33, and Arg35) among all five PP-fold peptides
included in the present study. Of these, Arg33 and Arg35are
believed to be directly involved in receptor binding, at least
inNPY (Beck-Sickingeretal.,1990a). However, a significant
conservation of charges is found for all known members of the
PP-fold family when only the charge status of a residue in a
given positionis considered (Figure 2b). A cluster of negatively
charged residues is present in the sequence corresponding to
the B-turn region and the N-terminal end of the a-helix
(residues 11, 12, 15, and 16), and a positive-charge resides in
the C-terminal end of the a-helix (residues 33 and 35). In
the following we address the question of whether this strong
conservation of charge clusters is important for the stability
of the PP-fold tertiary structure and thereby for the biological
activity of this family of peptides.

Molecular Modeling. Three-dimensional models of human
NPY, PYY, and PP and of lamprey PMY were constructed
based on their sequence homology with avian PP. The
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Table I: RMS Deviation between the Starting and the Minimized
Structures and Dipole Moments for the Minimized Structures of
Avian PP, Human PP, Human PYY, Human NPY, and Lamprey
PMY

RMS deviation
heavy backbone

dipole moment

coordinates?  total dipole

atoms (A) atoms (A) (X,Y,Z)  moment? (D)
avian PP 0.8 0.8 (377,97, 182) 430
human PP 0.9 0.8 (260, 168, 102) 326
human NPY 0.9 0.7 (352,192, 118) 418
human PYY 0.9 0.7 (377, 209, 123) 449
lamprey PMY 0.9 0.8 (338, 158, 34) 374

@ Dipole moments were calculated in a coordinate system with the
origin at the center of mass of the molecules: u = ¥,q;#, where / denotes
the individual atoms in the molecule. The dipole moment of the a-helix
alone was calculated to be 41 D with coordinates of (—40, -11, -1).

structural changes caused by minimization are evaluated as
root mean square (RMS) deviations between all heavy atoms
and main-chain atoms for the starting structure and the
minimized structure, respectively. The RMS differences are
reported in Table I. No major changes are observed in the
overall structure for any of the minimized structures. The
structural changes introduced by minimizing the avian PP
crystal structure are comparable to the changes of the other
modeled members of the PP-fold family. This indicates that
the residue substitutions from avian PP to the other four
members of the PP-fold family do not introduce any severe
steric interactions. The RMS differences are larger for all
the heavy atoms relative to the backbone atoms only, reflecting
the rigidity of the overall PP-fold and the larger flexibility of
the side chains of the structures.

Electrostatics. Theelectrostatic potential mapas calculated
by DelPhi for the five structures including solvent screening
are shown as isoenergetic contours of £1 kT in Figure 3. For
simplicity, the protein structures are represented as ribbons
and only the charged residues are explicitly displayed. The
overall appearance of the potential is similar for all members
of the family. A strong dipole moment associated with the
structures is observed as a large positive potential in the
receptor-binding region of the molecule and a negative
potential in the N-terminal end of the a-helix. The potentials
are “squeezed” at the middle of the structure where mostly
uncharged residues are located (Figure 3). The potentials
also differ qualitatively between the peptides in this region
because of the different charge distribution especially in
positions 4,22, 23,25,and 26. However, the positive potential
in the receptor-binding region is very similar among all the
peptides due to the conserved arginines (Arg33 and Arg35)
and the N-terminal amino group.

The results of the dipole-moment calculations are given in
Table I and in Figure 4a as vectors reflecting the relative size
and direction of the dipole moment for the different members
of the PP-fold family. These quantitative data support the
presence of a strongly conserved dipole moment for the PP-
fold peptides in agreement with the electrostatic potential
maps and the sequence alignment (Figures 2 and 3). The
dipole moments of human NPY and human PYY are almost
identical in both direction and size, whereas the other three
peptides have dipole moments which differ from the two
previously mentioned in both direction and size (Table I and
Figure 4a).

The negatively charged part of the PP-fold in NPY can be
exchanged by an artificial spacer without major loss of
biological effect on the Y» receptor (Beck-Sickinger et al.,
1990a,b; Schwartz et al., 1990). Thus, the NPY analogue
NPY(1-4-Ahx-25-36)peptide, in which most of the PP-fold



Dipole Moments of PP-fold Peptides

motif (residues 5-24) has been replaced by a single amino-
hexanoic acid spacer (Ahx), is equally as potent as NPY (Beck-
Sickinger et al., 1990a,b). Asshownin Figure 3, this analogue
has a similar electrostatic potential in the receptor-binding
region of the molecule. Since this analogue, which is a
monopole, is fully biologically active in certain systems, the
dipole moment does not seem to be important for receptor
binding per se. It is more likely that the dipole moment is
important for the structural stability of the PP-fold and thereby
indirectly for the biological activity of the intact PP-fold
molecule. This notion, which is discussed in more detail below,
is supported by studies on avian PP itself performed by Tonan
et al. (1990), who have shown that elimination of the charge
clusters in each end of the PP-fold motif caused the PP-fold
to be unstable in solution.

An a-helix comprises an overall dipole arising from the
alignment of peptide dipoles parallel to the a-helix axis (Wada,
1976). The presence of negatively charged residues in the
N-terminal end of the a-helix and positively charged residues
in the C-terminal end stabilizes the helix by charge—dipole
interactions (Serrano & Fersht, 1989; Fairman et al., 1989;
Richardson & Richardson, 1988; Shoemaker et al., 1987).
For the PP-fold family the a-helix dipole moment is calculated
tobe41 D (cf. TableI). One totwo negatively charged residues
are present in the N-terminal end of the helix (residues 15 and
16),in agreement with the helix stabilization described above.
Apart from this, two negatively charged and two positively
charged residues are present outside the a-helix in each end
(residues 10 and 11, and 33 and 35, respectively). These
residues result in the strong overall dipole for the entire
structure, described above, which is approximately antiparallel
to, and significantly larger than, the dipole moment of the
a-helix (Figure 4b). Qualitatively, it is clear that this
antiparallel arrangement of the two dipoles is energetically
favorable.

Inorder to calculate this stabilization energy quantitatively,
we have performed a formal separation of the partial charges
assigned to each atom in the molecule: Point charges which
are part of a residue side chain carrying a net charge are
assigned Q; (full-charge approximation; see Experimental
Procedures), and the rest of the partial charges in the molecule,
including the backbone point charges from the charged
residues, are assigned g;. The index i denotes the individual
atoms in the molecule.

This formal division results in three terms for the total
Coulomb energy. We denote these three contributions as

Etotal = Eq,,q, + EQpQ/ + quvQI (1)

where E,, 4 is the net interaction energy between all point
charges g;, Eg, g, is the similar interaction energy between all
point charges Q;, and Ey, ¢, is the interaction energy between
the two charge distributions involving g; and Q;, respectively.
Since the first term involves interactions between locally
neutral parts of the molecule, it has only a short range, and
we therefore do not believe that it plays a crucial role for the
stabilization of the tertiary structure. The second term
accounts for the interactions between the net charges of the
charged residues: the repulsion of the charges within the charge
clusters situated in each end of the molecule as well as the
attraction between these clusters. Thisenergy is notassociated
with the stabilization energy of the a-helix dipole moment in
the electrostatic field, since the a-helix is overall neutral. Both
the first and the second term are expected to be positive when
we consider that the nearest, and thereby strongest, interactions
are between charges of the same sign. However, the steric
energy, mostly the binding energy, compensates for this; i.e.,
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the chemical bonds hold the charges together. The last term
arises from the interaction between the field created by the
charged residues and the rest of the molecule, and hence it
is this term which reflects the stabilization energy of the a-helix
in the field created by the charged residues.

This electrostatic stabilization energy term, Eg,0» can be
calculated directly by the use of DelPhi. From the electrostatic
potential calculations based on the net charges, @, the total
energy of interaction between these potentials and the partial
charges, g;, can be calculated by

Eqij = Z¢Iqi

where ¢; is the potential arising from @; at the site of the
charges ¢;. The stabilization energies are reported in Table
IT with and without screening effects. The screening ratio,
which is the ratio between the stabilization energies determined
with and without screening, is also shown.

The total electrostatic stabilization energy as calculated by
DelPhi depends on the particular grid mapping used. This is
due to the interpolation of the potential value in a given
coordinate of a charge g; from the values of the surrounding
grid points. Toevaluate the magnitude of this grid dependence,
we have performed an alternative calculation of the electro-
static stabilization energy, Ego(unscreened), using the
standard Eq, calculation performed with Discover. This is
done by performing the following calculations: (1) a normal
calculation of Eiua1(Qs,g;) and (2) a calculation of Etgtal in
which all partial charges within the charged residues are
reversed, Eioni(@—(—0:),q;). The second calculation gives

Etotal(Qi_’(—Qi)!qj) = qu,q} + EQ',QJ - qu’QJ (2)

since Eg, 4 and Eg,g, are unchanged and the sign of Eg, g, is
reversed. By solving eqs 1 and 2 we get

_ E\1al(@14)) — Eroal(Q>(-0)),4))
‘po] = 2 (3)

The results of the Coulombic calculations are also reported
inTable II. The energies calculated without screening by the
use of DelPhi and of Coulomb’s law are almost identical,
indicating that the grid dependence of the results of the DelPhi
calculations is of minor importance. The electrostatic inter-
action between the a-helix and the intramolecular electrostatic
field is favorable, having values from —40 to —60 kcal/mol for
the five members of the PP-fold family when screening is
excluded. These numbers agree well with a simple model in
which the helix dipole is placed midway between two point
charges of +3eseparated by ~30 A.? Thestabilization energy
of a dipole of 40 D in this model is about —40 kcal/mol. It
must be noted that these stabilization energies are upper
estimates, since the screening effect of the solvent has not
been included.

When screening is included, the electrostatic stabilization
energies are lowered by a factor of 5-14. The resulting energies
agree well with the electrostatic stabilization energies cal-
culated by others for a-helix—a-helix and a-helix-8-sheet
interactions (Hol et al., 1981; Sheridan et al., 1982). It is
remarkable how the screening ratio varies from one peptide
structure to the other. Since the side chains of all charged
residues in all structures are fully exposed to solvent, the
different screening ratios cannot be due to differences in
solvation state for the charged residues in the different

3 The magnitude of the field midway between two point charges is
calculated by |E| = 20/ [4we.er(R/2)?], where R is the distance between
the point charges. The energy of the dipole in this field is given by U
= ~Fwy.
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FIGURE 3: Electrostatic potential maps as calculated by DelPhi for avian PP (top left), human PP (top right), human NPY (middle left),
NPY (1-4-Ahx-25-36)peptide (middle right), human PYY (bottom left), and lamprey PMY (bottom right). The potentials are contoured
at 21 kT; the negative potentials are red and the positive cyan. The molecules are represented by ribbons, and only the charged residues are
shown explicitly. The positive residues (Arg and Lys) are colored blue and the negative residues (Asp and Glu) magenta.

structures. Rather, they are a result of the different positions
of the charged residues from one structure to the other. A
mean screening ratio of 8 is in good agreement with calculations
made by Rogers and Sternberg (1984).

Since it is plausible to assume that the electrostatic
stabilization energy of the PP-fold structures is lost upon
unfolding, these values should be compared to the thermo-
dynamic enthalpy change upon unfolding of the structure.
This enthalpy change is estimated to be 30 kcal /mol for avian
PP (Kanazawa & Hamaguchi, 1986). The calculated sta-
bilization energy due to charge—dipole interactions in avian
PP is smaller (=7 kcal/mol), but it is definitely of the same
order of magnitude as the enthalpy change for unfolding. Our
results therefore strongly indicate that the charge—dipole
interactions are of significant importance for the stability of
the three-dimentional structure of the PP-fold peptides.
Consequently, we propose that an explanation of the surprising
stability of the tertiary structure must involve electrostatic
considerations along with the well-accepted hydrophobic
stabilization.

Fairman et al. (1990) have recently pointed out that a salt
bridge in the C-peptide from ribonuclease A (residues 1-13)
plays a more significant role than charge—dipole interactions
(Shoemaker et al., 1987) in the stabilization of the a-helix of
this peptide. Similar effects could provide a stabilization of

v P PYY
a) human PP NPY

avian PP

PMY

FIGURE 4: (a) Dipole moments for the five members of the PP-fold
family displayed relative toeach other. (b) Antiparallel arrangement
of the overall dipole moment of avian PP (large arrow) and the dipole
arising from alignment of the peptide dipoles in the a-helix (small
arrow). In both cases, the dipole moments are shown in relation to
the three-dimensional structure of the peptide, represented by a ribbon.

the a-helix in the PP-fold peptides which would then add to
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Table II: Total Electrostatic Stabilization Energies of the PP-fold
Tertiary Structure

E g0, (kcal/mol)

Coulomb P-B P-B
approach, approach,® approach,?

screening ratio
Eq"Qj(unscreened)

unscreened unscreened screened  £q,o(screencd)
avian PP -56 -56 =7 8
human PP -55 -56 -4 14
human NPY -47 -47 -5 9
human PYY -58 -60 -10 6
lamprey PMY —40 —41 -9 5

¢ Poisson—Boltzmann approach.

the pure charge—dipole interactions evaluated in this paper.

In order to further investigate our theoretical prediction
concerning the electrostatic stabilization of the tertiary
structure in the PP-fold family, we are currently studying
three synthetic analogues of human NPY: [Argl’]NPY,
[Arg!!]NPY, and [Lys'C,Lys!'INPY. Inthese analogues we
have introduced substitutions in the turn region of the PP-
fold which are not directly involved in receptor binding.
According to our calculations, these analogues have a dipole
moment with major differences in both direction and size.
These analogues are expected to be less stable in aqueous
solution and thus to have a reduced biological activity
(Bjgrnholm et al., in preparation).

CONCLUSIONS

A characteristic charge patternis conserved for all members
of the PP-fold family of peptides, indicating that the elec-
trostatic properties are of major importance for the stability
of the structure and the biological activity of these peptides.
Investigations of this special charge pattern using electrostatic
potential calculations show that the receptor-binding region
of the peptides is characterised by a highly conserved positive
potential, whereas a negative potential is present in the 5-turn
region of the molecules. This charge distribution gives rise
to a strong overall dipole moment for the PP-fold structure
(325-450D). Thedipole moment is antiparallel to the dipole
arising from summation of the aligned peptide dipoles in the
a-helix. Calculations of the stabilization energy of this
antiparallel arrangement of the two dipoles indicate that
charge—dipole interactions in this system play an important
role for the stabilization of the PP-fold tertiary structure. An
explanation of the surprising stability of the tertiary structure
for this family of peptides, in spite of their relatively small
size, must therefore involve electrostatic considerations along
with stabilization due to the well-known hydrophobic inter-
actions.
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