Polymer Bulletin 30, 647—654 (1993) Polymer Bulletin

© Springer-Verlag 1993

Conformational analysis of periodic polypeptides
I. Helical conformations of poly(Gly-Pro)
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SUMMARY

As one of the steps for investigating the conformational properties of the periodic
poly(dipeptide)s composed of the Pro residue, theoretical conformational analysis was carried
out for poly(Gly-Pro) using ECEPP and the conformational minimization procedure.
Calculated results s howed that right-handed 3 °-helix is the most stable helical conformation
of poly(Gly-Pro). Obtained conformational preference of poly(Gly-Pro) indicates that
poly(dipeptide)s composed of Pro residue can be expected as one of the useful periodic
polypeptides for designing the functional polypeptides.

INTRODUCTION

From the viewpoint of molecular design of functional polymers, periodic polypeptides
which have the repetitive amino acid sequence are very interesting molecules in the following
points. The first points is that many interesting helical conformations, which construct the
specific spatial arrangement of functional groups for inducing the useful molecular functions,
will be designed by selecting the suitable repetitive amino-acid sequence. It is well known
that ¢ -helix and extended conformation are favorable for the polypeptides composed of the
alanine-type residues(i.e., all amino acid residues except for the Pro and Gly residues in 20
naturally occurring residues) and the Gly residue. However, other type helices are also
known as energetically favorable ones for the polypeptides having specific amino-acid
sequence, i.e., B °helix[1,2] for poly(Ala-D-Ala) which is a model polypeptide of gramicidin
A with the repetitive L- and D-amino-acid sequences, and the triple-stranded helix[3] for
poly(Gly-Pro-Pro) which is a model polypeptide of collagen with the repetitive tripeptide
sequence containing the Pro residue, and 7 -helix[4] , 5 -helix[S] and S -spiral[6] for elastin
model polypeptides such as poly(Val-Pro-Gly-Gly) and poly(Val-Pro-Gly-Val-Gly), and a
hairpin conformation[7] for model polypeptide of bactenecin(Bac 7). Above multiformity in
helical conformations of the polypeptide with the repetitive specific amino-acid sequence
support the possibility of constructing the various useful helical structures by designing the
amino-acid sequences. Moreover, periodic proteins composed of the specific repetitive
amino-acid sequence have been frequently found, ex., bactenecin(Bac 5)[8], RNA
polymerase II[9], circumsporozoite protein[10], ice nucleation protein[11], proline-rich
precursor protein of the sheath from microfilariae[12], octopus rhodopsin[13], and salivary
basic proline-rich protein[14].  These results suggest that helical structures constructed by
the repetitive specific amino-acid sequence play important roles in the biological phenomenon
in nature, that is, periodic polypeptides are very important molecules for design the functional
molecules with biomimetic properties.
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The second point is that it is possible for polypeptides to form the specific helical
conformations in the non-crystal states such as solution or lipid bilayer membranes, in
addition to the crystal state. For general synthetic polymers, it is difficult to form the helical
conformations in the non-crystal states. They usually take random-coil conformations in
such states. Above different properties between polypeptides and synthetic polymers were
caused by the following difference in the characters of backbone of them. Polypeptides have
the peptide bond on the backbone, then they form helical conformations supporting by the
favorable intramolecular hydrogen-bonds. However, general synthetic polymers usually do
not have such functional groups interacting strongly in backbone. This character of
polypeptides suggests that poly peptides are more appropriate molecules than general synthetic
polymers in the meaning that the phase statc of polypeptides is not restricted to the solid state
for constructing the functional structures and for exhibiting the molecular functions.

The third point is the conformational responsibility of polypeptides for the external
conditions, i.e., their conformations are transformed by the change of temperature[15],
pH[16], and dielectric constant of solvent[17], and by irradiation of ultraviolet or visible
rays[18]. For the case of homopolypeptides and copolypeptides with non-periodicity,
conformational states are restricted to the several ones such as right- or left-handed ¢ -helices
and, extended and random-coiled conformations. However, for the case of periodic
polypeptides, conformational states can be unristrically selected by designing the suitable
amino-acid sequence as already mentioned above. It means that periodic polypeptides have
desirable molecular properties such as the multiple and sensitive respons ibility for the change
of external conditions.

The amino-acid sequences composed of the repetitive Xaa-Pro sequence were found
in several native proteins and peptides, ex., bactenecin[8], myosin L1 and L4 of chicken,
outer membrane protein A precursor of Escherichia coli , early 32K, 26K and 13K proteins
of adenovirus 2 and 5, gene tonB protein of E colif19], B-casein[20], and 3-
casomorphin[21] and it is already known that some of them have biological functions such
as antimicrobial or opioid activity, suggesting that polypeptides having the repetitive Xaa-Pro
sequence are expected as a new material exhibiting interesting molecular functions. So it is
very important to known what kinds of helical conformations are energetically favorable for
the polypeptides composed of the repetitive Xaa-Pro sequence. As Gly residue has the most
favorable conformational flexibility in (¢, ¢)-space[22,23] among 20 naturally occurring
amino-acid residues, it is reasonable to select the Gly-Pro sequence for investigate the
conformational characters in the (@ Xaa, ¢ Xas, P Pro, Y Pro)-space of the periodic
polypeptides, poly(Xaa-Pro). In this work, as one of the step for searching interesting helical
structures for molecular design of functional polypeptides, theoretical conformational analysis
based on the molecular mechanics was tried for the periodic polypeptides with the repetitive
Gly-Pro sequences, i.e., poly(Gly-Pro).

THEORETICAL

All conformational energy calculations were carried out with the energy functions of
ECEPP([24]. During minimizations, all (¢, ¢) of Gly and ¢ of Pro were allowed to vary.
All other backbone dihedral angles were fixed to 180° except for @po=-75° .
Optimization of the helical structure was tried by two methods, i.c., the three-steps method
and the grid method, as already tried in the previous optimization of poly(Ala-D-Ala)[2] and
poly(Ala-Gly)[25]. The three-steps method was carried out by the following three steps of
minimizations. The first step was the minimization for the dipeptide, Ac-Gly-Pro-NHMe.
All combinations of the single residue minima[23] of Gly and Pro residues(i.e., 9 and 4,
respectively } were used as starting conformations. The second step was the minimization for
the tetrapeptides having two repetitive sequences of Gly-Pro, i.e., Ac-(Gly-Pro)2-NHMe.
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All minima in the first step were used as starting conformations of the second step. The third
step was the minimization for the tetraeicosapeptide having twelve repetitive sequences of
Gly-Pro, i.e., Ac-(Gly-Pro)12-NHMe(abbreviated as poly(Gly-Pro) ). All minima found in
the second step were also used as starting conformations of the third step. During the 2nd
and 3rd minimization step, the condition of helical conformation was used in a similar manner
as the previous optimization works[2,4,25]. The grid method was tried as shown in the
previous works[2,25]. Conformational energy of poly(Gly-Pro) was calculated by changing
¢oly and ¢aly at 15°  intervals and fixing ¢pro to the energy minima of Ac-Pro-
NHMe(i.e., ¢po =-48" ,79° , 159° ). Then all local minima found in (¢ Gly, ¢ Gly, ¢
Pro) Space were used as starting conformations of minimization of poly(Gly-Pro) in this
method.

Abend (occurring at i+1 and i+2 th residues) is defined as a conformation in which R
<7A(R s the distance between 7th C* and i#3 th C* atoms.) and also classified into cleven
types given in Table I of ref 26. A polar hydrogen atom and an oxygen or nitrogen atom with
an interatomic distance of less than 2.3 A are regarded to be hydrogen-bonded.
Conformational space is divided into 16 regions with the conformational letter codes shown
in Figure 1 of ref 23. The conformational energy per whole molecule, A Eis defined by A
E=E-Eo, where o is the value of Eat the global minimum on the potential energy surface of
the particular molecules, and A Epes is defined by A Fres= A E/ m , where m is number of
residues of the molecule. B *-helix is defined as a helix which has a spiral structure with X
residue per turn. y -Helix is defined as helical conformation which cannot be categorized to
the ¢ -helix and B*-helix. This definition of 7 -helix is extended from the previous one
which was used for naming a new helical conformation found as the lowest-energy
conformation of poly(Val-Pro-Gly-Gly) composed with six repetitive amino-acid sequences,
Val-Pro-Gly-Gly[4]. Two helical parameters, n and 4 , are the number of residues per turn
and rise per residue, respectively. All molecular diagrams are drown by the molecular
graphic program PEPCON[27,28].

RESULTS

Local Minima in (galy, ¢ Gly) Maps of Poly(Gly-Pro) for the Specified Backbone
Conformation of Pro Residue

Three (¢, ¢) maps of Gly residue of poly(Gly-Pro) with the specified value of(¢
Pro, P Pro)=(-75° ,79° ), (-75° ,159° ), and (-75° ,-48° ) under the condition of helical
conformation are shown in Figures la, 1b, and lc, respectively. Contour lines of Gly
residue are represented by the energy difference from the lowest-energy in each (¢, ¢)
map, and energy difference is also designated as the value per residue. Stable conformational
regions in (¢ Gly, ¢ Gly) maps are restricted to more narrow regions than those of (¢ aly, ¢
Gly) maps of Ac-Gly-Pro-NHMe whose (¢ pro, ¢ Pro) are specified to the corresponding
values of poly(Gly-Pro). For the case of (¢ pro, ¢p Pro)=(-75° ,79° ), the region around ( ¢
Gly, ¢ Giy) =(126° ,-120° ) is destabilized by the interactions within the two repetitive units,
and the region around (¢ aly, ¢aly) =(180° ,180° ) is destabilized by the interactions
within the three repetitive units. The energetically unfavorable regions are extended, and the
potential valleys around the local minima are steepened with an increase in number of the
repetitive units. However, the energetically favorable regions in ( ¢ Gly, ¢ Gly) space of Ac-
(Gly-Pro)s-NHMe almost correspond to those of Ac-{Gly-Pro)12-NHMe. It means that the
global character of (¢ Gly, ¢ Gly) space is decided by the medium-range interactions. Similar
characters in (¢ Gly, ¢ Gly) space are also shown for the specified values of (¢ Pro, ¢ Pro)=(-
757 ,159° ) and (-75° ,-48° ). For the former case, the regions from (¢ Gly, ¢ Gly) =(60
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Figure 1.
- 60
Energy contour (¢, ¢ )maps of the Gly
residue of poly(Gly-Pro) for the specified
(@, ¢) of the Pro residue;
(a) (-75° ,79° ), (b) (-75° ,159° ),
(©) (-75° ,-48 ).
The contour lines are labeled as energy in
kcal/mol per residue above the minimum
energy point of each energy map. The
dashed lines indicate the 0.5 kcal/mole
energy contour lines.
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,-120° ) to (100° ,-210° ) are destabilized by the interactions within four repetitive units,

and the latter case, the regions around (¢ Gy, ¢ Giy) =(-60° ,-60° ) are destabilized by the
interactions within two repetitive units.

°

Stable Helical Conformations of Poly(Gly-Pro)

A total of 20 energy minima of poly(Gly-Pro) was found in A Eres< 3 kcal mole”,
and 10 of them are shown in Table I. The lowest-energy conformation is a right-handed 8
*helix(EC  conformation) with (¢ Gly, ¢ Gly, ¢ Pro, ¢ Pro)=(-166° ,-175° ,-75° ,77
°® )Figure 2). This helix has the hydrogen bond, (Glyi)NH---OC(Glyi) and (Glyi)CO---
HN(Glyi+1) and takes non-bend structure at both of Gly-Pro and Pro-Gly portions. The
backbone dihedral-angles of this helix almost corresponds to those of the lowest-energy
minima of Ac-Gly-Pro-NHMe, (178> ,-175° ,-75° ,80° ), indicating that the short-range
interaction is essentially important for stabilizing the helical structure of poly(Gly-Pro).
However, as shown in the (¢ Gly, ¢» Gly) maps of poly(Gly-Pro) for the specified ( ¢ Pro, ¢
Pro)=(-75° ,79° ) (Figure 1a), the region around (¢ aciy, ¢ Gly)=(180° ,180° ), which is
the region containing global minimum of Ac-Gly-Pro-NHMe, is significantly destabilized by
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Table 1. Calculated Minimum Energy Conformations? of Poly(Gly-Pro)

i AEred +.C

C(ir;ft(:;n égggal (keal mole™) P{f;}; d P Gly daly ¢ Pro

~ EC 0.00 858r) 0.69 -166 -175 77
E*C 0.45 g>%w)  0.89 134 -173 71
F*C 0.83 g>21y 105 109 -162 76
E*C 0.86 35 1(wL) 0.82 156 172 68
FA 1.49 g>8%w 092 -109 -157 =25
FA 1.65 g%3w 095 -84 -168 -37
D*A 1.69 B34W) 1.34 174 72 -52
D*C 1.90 g43wr) 170 164 -73 78
A*C 2.56 7 2.31 68 81 79
AF 2.63 g% 140 -55 -71 176

2All 10 minimum-energy conformnations with A Eres< 2.63 kcal mol” 1
DEy=-168.90 kcal mol™ L, A Eres=(E-Eo)/24.
®Helix sense is abbreviated as R or L for right- or left-handded, respectively.

dRise per residue.

the medium-range interactions. That is, the value of ¢aly of poly(Gly-Pro) is slightly
shifted 16° from the local minima of Ac-Gly-Pro-NHMe by the favorable medium-range
interactions in poly(Gly-Pro), indicating the medium-range interaction is also important for
specifying the precise helical structure of poly(Gly-Pro). The 2nd, 3rd and 4th low-energy
conformations are left-handed 8%, B*%and B°'-helices with A Eres=0.45, 0.83, and 0.86
kecal mole”, respectively. These three energy minima situate in a common ravine located in
the E* and F* regions of Figure 1a, and one of them can be transformed to other two local
minima passing through thel low energy pass whose energy height is less than 1 kcal mole’
per residue. These three helices have a common conformational preference that they takes
compact structure, i.c., bend or quasi-bend structure at Gly-Pro and Pro-Gly portions, and
also have the hydrogen bond (Glyi)CO---HN(Glyi+1). It means that they seem to behave as a
single helical conformationt in solution under thermal equibrium. The energy barriers
between the right-handed B°*-helix with the lowest-cnergy and the above 2nd, 3rd and 4th
low-energy left-handed helices is almost 5 kcal mole™ height per residue. It also means that
the lowest-energy right-handed 3 “*-helix is isolated from the above three left-handed helices
in the conformational space. All local minimum conformations besides above four low-
energy ones are energetically unstable as shown Table I, i.c., the 5th low-emergy
conformations has A Eres=1.49 kcal mole”. The lowest-energy B*-helix and 7 -helix are
found as the 8th and 9th low-energy omes with A Ers=1.90 and 2.56 kcal mole”,
respectively. No conformations corresponding to the ¢ -helix were found as a local energy
minim. ~ These results ihdicate that the PB°type and B’-type helices are favorable
conformations for poly(Gly-Pro).even though they present the distribution in the values of
helical parameters n and k.
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Figure 2. A right-handed g 5-8-helix(EC conformation) of
Poly(Gly-Pro) with the Jowest-energy.

DISCUSSIONS

The conformational preference of poly(Gly -Pro) are significantly different from those
of poly(Ala-D-Ala) and poly(Ala-Gly) obtained by the optimization with the energy function
of ECEPP(2,25]. A right- or left-handed ¢ -helix is a energetically favorable conformation
for poly(Ala-D-Ala)and poly(Ala-Gly), i.e., a right-handed @ -helix is the lowest-energy
conformation for poly(Ala-Gly), and the left- and right-handed ¢ -helices are also found as
the 5th and 6th low-energy conformations with A Fres=0.23 and 0.24 kcal mole”,
respectively. However, no ¢ -helical conformations are found as the local minimum-energy
ones for poly(Gly-Pro). For the case of Ac-Gly-Pro-NHMe, the local minima with ( ¢ Giy,
¢ Gly, @ Pro, P Pro)=(-62° ,-69° ,-75° -22° ), which has the closest dihedral angles to
those of the «a -helical region in the ( ¢ Gly, ¢ Gly, @ Pro, ¢ Pro) Space, is found at A Fres=1.43
kecal mole®. However, by considering the short-ran ge interactions within the tetrapeptide Ac-
(Gly-Pro)2-NHMe, this local minimum is shifted to the other local minimum with (¢ aly, ¢
Gly, ¢ Pro, P Pro)=(-51° ,-74° ,-75° ,4° ) which is the outside of the ¢ -helical region in
the (@ Gly, ¢) Gly, @ Pro, ¢ Pro) Space and A Eres increases to 3.94 kcal mole®. These results
indicate
that ¢ -helix in poly(Gly-Pro) is destabilized by the short-range interactions within
tetrapeptide. This conformation is further destabilized by the medium-range interactions
within the {etraeicosapeptide Ac-(Gly-Pro)12-NHMe to the local minima with A Fres=5.94
kcal mole™.
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Mattice and Manderkern[29] measured the CD spectra of poly(Gly-Pro) at various
temperatures in water, ethylene glycol-water(2:1,v/v), and trifluoroethanol. Poly(Gly-Pro)
exhibits a negative band of 201 nm at -48°C in ethylene glycol-water(2:1,v/v), and raising the
solution temperature from -48 to S0°C reduced the magnitude of the 200-201 band and also
caused the red-shift of the negative CD band from 201 to 204nm. The thermal transition of
the CD spectra of poly(Gly-Pro) resemble those of certain all-8 globular proteins such as
soybean trypsin inhibitor and elastase which exhibit the different CD spectra from the typical
all- 8 proteins[30]. That is, these two proteins have a negative CD band around 200 nm, and
it drastically decreases in magnitude with increasing temperature around the melting
temperature[ 30]. By the comparison with the CD spectra presented by Mattice et al[29] and
Wu et al[30], it is suggested that poly(Gly-Pro) takes certain ordered conformations which
are different from the well known conformations such as ¢ -helix, and extended and random-
coiled conformations, at low temperature in ethylene glycol-water(2:1,v/v). The CD spectra
of poly(Gly-Pro) in trifluoroethanol don't indicate so significant temperature dependency,
and they are similar to those at high temperature in cthylene glycol-water(2:1,v/v), suggesting
that poly(Gly-Pro) takes disordered conformations in trifluoroethanol. These results indicate
that poly(Gly-Pro)takes particular ordered conformations depending on the external
conditions such as solvents and temperature. However, it is difficult to specify the type of
ordered conformation in the relations of the calculated helical conformations presented in
Table I, and also to show whether the poly(Gly-Pro) takes a single conformation or in
conformational equilibrium of several low-energy conformations. Further experimental
information are desired for make clear the relations between the repetitive amino-acid
sequences and stable conformations.

Optimized results indicate that B° and B°-helices are stable for poly(Gly-Pro).
These helical characters are significantly different from those of periodic polypeptides
composed of repetitive dipeptide sequence without the Pro residue. It means that the Pro
residue has a very important role for designing the functional helical structure which would
be useful as the basic backbone con formation in designing functional polypeptides.
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