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An X-ray crystallographic analysis was carried out for Boc-(Aib-A%Phe),-Aib-OMe 1 and Boc-L-Pro-(Aib-AZPhe),-
Aib-OMe 2 (Aib = u-aminoisobutyric acid; A“Phe = a,B-dehydrophenylalanine; Boc = fert-butoxycarbonyl; OMe =
methoxy) to provide detailed conformational data for oligopeptides possessing an -(Aib-A%Phe),- segment. Both peptides
adopted a typical 3,,-helical conformation characterized by <¢> = 52.8°, <y>=29.3°, and <w> = —173.8° for the
average values of the four residues of the -(Aib-A%Phe),- segment in peptide 1, and <¢> = 54°, <y> = 27°, and

<w> = —175° for those in peptide 2. The preference for a 3,,-helix in the -(Aib-A%Phe),- segment is ascribed to the
presence of Aib and AZPhe residues being strong inducers for the formation of a 3,,-helix. In peptide 2, the N-
terminal L-Pro residue adopted a semiextended conformation, leading to a left-handed screw sense for the following
achiral segment. This result was also supported by conformational energy calculation, in which the L-Pro residue
leading to a left-handed 3;,-helical segment prefers a semiextended conformation rather than a right-handed

helical conformation.

Introduction

To clarify what factors govern the helical screw sense of
biopolymers is a significant and common theme in a wide
range of chemical fields including biological macromolecules,
synthetic polymers, and supramolecules. Recently, we have
attempted to reveal which screw sense is preferred for an achiral
helical host peptide possessing an -(Aib-A%Phe),- segment
(n =2-4; Aib = o-aminoisobutyric acid; A*Phe = a,B-dehydro-
phenylalanine) '™ when a chiral amino acid residue as a guest is
introduced into the host peptide through the covalent bond.}
As a result, the L-residue introduced into the N-terminal
position induces a left-handed screw sense for the following
achiral segment preferentially,! although most L-amino acid
residues are well recognized to prefer a right-handed screw
sense in helical segments of peptides or proteins. Such a left-
handed screw sense induced by an N-terminal L-residue
was observed, irrespective of the types of L-residues,” types of
solvents,"* and of chain lengths of achiral host segments.?
Also, an L-Leu residue second from N-terminal leads to both
left- and right-handed screw senses for the following achiral
segment, in which the preference for a screw sense depends on
the type of solvent.* More recently, the excess of one-handed
screw sense is induced for N-deprotected nonapeptide H-(Aib-
A?Phe),-Aib-OMe (OMe = methoxy) through the noncovalent

T Electronic supplementary information (ESI) available: stereoviews of
the crystal structures of peptides 1 and 2. See http://www.rsc.org/
suppdata/p2/b1/b100774m/

i The host-guest notation is used for covalent introduction in our
system. Similar usage can be seen for the system in which a residue
(guest) is introduced into a given position of a longer peptide (host)
through a covalent bond.

892 J. Chem. Soc., Perkin Trans. 2, 2001, 892-897

domino effect based on interacting the N-terminal amino group
with a chiral carboxylic acid.’

In our systems, sequential -(Aib-A*Phe),- segments have been
commonly used for an achiral helical host segment, since Aib®’
and AZPhe® " residues are achiral ones and strong inducers
for the formation of a 3,,-helix."! Herein the A*Phe residue is
also useful as an excellent probe for CD measurement in UV
regions, due to its intense absorption band around 280 nm.'*"
Actually, NMR and CD spectroscopy revealed that achiral
peptides possessing -(Aib-A%Phe),- segments (n =2-4) adopt
a 3;y-helical conformation in solution, adopting both screw
senses to the same extent.'™ Conformational energy calcula-
tions also supported a helix-forming tendency in oligopeptides
possessing an -(Aib-A*Phe),- segment.* On the other hand,
the detailed conformation of the -(Aib-A*Phe),- segment in
solution, i.e., torsion angles of the main chain, is still unknown.
The reason is mainly based on the lack of C*H protons, for
which the NMR data can provide valuable information to more
precisely specify a helical conformation.

The present paper provides the solid-sate conformations
of oligopeptides possessing an -(Aib-A*Phe),- segment. For
our purpose, X-ray crystallographic analysis was carried out
for pentapeptide Boc-(Aib-A%Phe),-Aib-OMe 1 (Boc = fert-
butoxycarbonyl) and hexapeptide Boc-L-Pro-(Aib-AZPhe),-
Aib-OMe 2.

We also focus on the conformation of the N-terminal L-Pro
residue in peptide 2. Peptide 2 in solution was already shown to
form a left-handed 3,,-helix preferentially, whereas most L-
residues are well recognized to induce a right-handed screw
sense. Thus, the detailed conformational data of peptide 2 can
enable us to understand how the N-terminal L-Pro residue
induces a left-handed screw sense in the following achiral
segment.
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Table 1 Crystallographic details for peptides 1 and 2
Parameter 1 2
Empirical formula C;sH4;NO4C,H;,OH C4Hs,NgO,
Molecular weight 723.86 774.91

Crystal dimensions/mm?
Crystal system/space group

0.30 x 0.20 x 0.20
Monoclinic/ P2,

0.40 x 0.60 x 0.70
Orthorhombic/P2,2,2,

al 10.812(2) 19.099(3)
blA 19.228(4) 19.789(2)
clA 19.324(3) 11.980(2)
al® 90 90

pr 101.98(1) 90

yl° 90 90

VIA3 3929(1) 4527.8(9)
z 4 4
Density calculated/g cm™* 1.223 1.137
Radiation used CuKa (1 =1.54178 A) CuKa (1 =1.54178 A)
F(000) 1552.00 1656.00
Temperature/K 223 296

Scan type w — 20 w — 20
20 manl® 119.2 120.2
Observed reflections [/ > 2a(1)] 3124 2114
Variables 652 552

Refinement method
Final agreement factors

Full-matrix least squares on F*
R =0.073 (observed data)
R, =0.232 (all data)

Full-matrix least squares on F
R=0.118 (observed data)
R, =0.329 (all data)

o o
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Experimental

Sample preparation

The synthesis and characterization followed ref. 1 for peptide 1,
and ref. 2 for peptide 2. Single crystals were obtained at ambient
temperature by slowly evaporating a solution of peptide 1 in
absolute ethanol and of peptide 2 in acetonitrile at ambient
temperature.

X-Ray structure determination

A colorless, prismatic single crystal (0.30 x 0.20 X 0.20 mm?®
for 1 and 0.40 x 0.60 x 0.70 mm® for 2) was used for col-
lecting three-dimensional X-ray data on a RIGAKU AFC7R
diffractometer. The structure was solved by direct methods,"
and expanded using Fourier techniques.'® All the nonhydrogen
atoms were refined anisotropically. Hydrogen atoms of peptide
1 were refined isotropically. The positions of hydrogen atoms of
peptide 2 were not refined, but isotropic B values were refined.
The final cycle of full-matrix least squares refinement!” on F?
was based on 3124 observed reflections [/ > 2a(])] for peptide 1,
and 2114 reflections [/ > 20(1)] for peptide 2. The refinement
was converged with R=0.073 (for observed data) and
R, =0.232 (for all data) for peptide 1, and R=0.118 (for
observed data) and R, =0.329 (for all data) for peptide 2.
The crystallographic details are summarized in Table 1. The
molecular graphics were illustrated using molecular modeling
software.'®

Tables of final positional parameters, equivalent thermal
factors, bond lengths, bond angles, and van der Waals contacts
for peptides 1 and 2 have been deposited in the Cambridge
Crystallographic Data Bank as a supplementary publication. §

Conformational energy calculation

In order to estimate the energetically favored conformations
of the N-terminal L-Pro residue in peptide 2, an empirical
conformational energy calculation was carried out using the
structural and energy parameters based on the ECEPP
system.’” The ECEPP parameters of the A“Phe residue were
determined in our previous study.' The program PEPCON !
for obtaining a conformational energy calculation and graphics
of a given peptide was modified to be applicable to B-
aryldehyroalanine-containing peptides.'***?* On the basis of
the present result and many crystallographic data® for A“Phe-
containing peptides, all amide groups were fixed to the trans
conformation (e = 180°), and each AZPhe side chain was fixed
to the Z-configuration (x'=0°). Conformational energy was
calculated for Ac-L-Pro-(Aib-A%Phe),-Aib-OMe (Ac = acetyl)
with varying y5p,, values (—180° to +180°). Here the Boc group
was replaced by an Ac group to simplify the calculation. In the
ECEPP system, the up puckering of the Pro ring (¢p, =
—67.6°)" was chosen on the basis of the present data of
peptide 2. The achiral segment -(Aib-A“Phe),-Aib-OMe was set
to a standard left- or right-handed 3,,-helix: i.e., (¢, w) = (60°,
30°) or (—60°, —30°),%52¢ respectively.

Results and discussion
Conformation of peptide 1

Bond lengths and bond angles of peptide 1 were in general
agreement with previous reports for Aib”** and A“Phe® residues.
A perspective view of peptide 1 is shown in Fig. 1, and the
torsion angles are summarized in Table 2. The backbone of
Aib(1)-A*Phe(4) residues took a 3y-helical conformation
characterized by <@>=52.8°, <y>=29.3°, and <w>=
—173.8° for the average values of the four residues. Here three
successive intramolecular (i + 3—i hydrogen bonds were
observed for the pairs of CO(Boc)-NH[Aib(3)], CO[Aib(1)]-
NH[A?Phe(4)], and CO[AZPhe(2)]-NH[Aib(5)]. Obviously, the
-(Aib-A%Phe),- segment induces a 3,,-helical conformation
predominantly. The other NH groups participated in inter-
molecular hydrogen bonding: ie., Aib(l) NH was hydrogen-

§ CCDC reference numbers 157037 and 157038. See http:/
www.rsc.org/suppdata/p2/b1/b100774m/ for crystallographic files in
.cif or other electronic format.
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Table 2 Selected torsion angles (°)*

Peptide 1

Residue ?i Vi ; 7 1 6

Boc(0) 172.4(4)

Aib(1) 54.9(6) 36.3(5) —174.0(3)

A%Phe(2) 47.8(5) 20.7(6) —175.3(4) 5.0(8), 24.5(8)
178.1(4) —157.3(5)

Aib(3) 53.1(6) 27.6(6) —175.2(4)

A%Phe(4) 55.3(6) 32.4(6) —170.5(4) 4.409), —26.0(9),
—173.9(5) 152.8(6)

Aib(5) —52.4(7) —=52.2(7) —164.8(6)

Peptide 2

Residue ?i Vi ; 7 1w 6

Boc(0) 178(1)

Pro(1) —44(1) 131(1) 174(1)

Aib(2) 57(1) 28(1) —176(1)

A%Phe(3) 50(1) 22(1) —-177(1) 6(2), 22(2),

175(1) —161(1)

Aib(4) 50(1) 34(1) 176(1)

A%Phe(5) 58(1) 24(1) —163(1) 6(2), —15(2),
—=170(1) 169(1)

Aib(6) —=53(1) —48(2) 173(1)

“ Torsion angles for ith residue are defined as follows: ¢, for C;, _,'-N~C*~C/; y, for N-C*~C/-N, | (N~C*-C/-0O,, , for C-terminal residue); ;
for C*~C/-N,, —C,, * (C/~C/-0O,, -C, . " for C-terminal residue); y,! for N~C*~CP-C}; ' for C/-C*~CF-C}; x> for C*~CP-C;—C?°"; y** for

C*Cp-C-CP2.

c2m?

Fig. 1 Conformation of peptide 1 obtained from X-ray crystal-
lographic analysis. The three intramolecular hydrogen bonds of
(i + 3)—> i type are indicated by the arrows.

bonded with CO[A?Phe(4)] of another neighboring chain, and
A*Phe(2)NH with an oxygen atom of a cocrystallized ethanol
molecule. The intra- and intermolecular hydrogen-bond
parameters are summarized in Table 3. The C-terminal Aib(5)
residue also adopted a helical conformation, but its screw sense
was opposite to that of the preceding segment. This tendency
has often been found in Aib-rich 3,,-helical peptides.”** Also
in proteins, Schellman noted that many right-handed helical
segments end with a residue in left-handed conformation.*!

In general, the urethane group tends to favor a planar con-
formation (0, = 180° and w, = 180°).3* Also in the present case,
the Boc group adopted a trans,trans conformation charac-
terized by 0,(C0-O0-C0'-N1) =172.4(4)° and w,=173.1(4)°.
This conformation is required for the presence of the OO0’
oxygen atom (in the Boc group) participating in the first
(i + 3)—> i hydrogen bond of the 3,,-helix. The methyl carbon
atoms of the Boc group were staggered with respect to the O0—
C0’ bond [0, (C0O~C0-O0-C0’) = 61.0(6)°, 0y*(CO*~C0O-O0—

894 J. Chem. Soc., Perkin Trans. 2, 2001, 892-897

C0')=—64.7(7)°, and 0,}(C0*~C0-O0-C0’) =179.2(7)°]. All
four peptide bonds took trans conformations essentially. The
side-chain torsion angles about the C*=C"? double bond, ' and
xY, are 5.0(8)° and 178.1(4)° for A*Phe(2), and 4.4(9)° and
—173.9(5)° for A“Phe(4), meaning the stereochemistry about
the C*=C* double bond is essentially planar. On the other hand,
the side-chain about the C*~C bond was nonplanar, charac-
terized by y*! =24.5(8)° and y** = —157.3(5)° for the A*Phe(2)
residue, and x*'=-26.009° and y*>*=152.8(6)° for the
A?Phe(4) residue. This nonplanarity was found in several
3,o-helical peptides containing A“Phe residues.****

The solution conformation of peptide 1 was investigated by
'"H NMR spectroscopy.' The variation of NH chemical shifts
for peptide 1 in CDCIl; with (CD;),SO indicated that three
NHs of Aib(3)-Aib(5) residues participate in intramolecular
hydrogen bonding. In addition, marked NOEs were observed
for NNH-N;, , ,H proton pairs over the peptide chain, suggesting
the presence of a helical conformation. These NMR data reflect
the conformation obtained in the present study, thus indicating
that the 3,,-helical conformation in the solid state is retained in
solution.

Conformation of peptide 2

The conformation of peptide 2 is shown in Fig. 2, and the
torsion angles are listed in Table 2. The main-chain con-
formation took a 3;,-helical conformation characterized
by <¢>=>54°, <y>=27°, and <w>=—175° for the average
values of the Aib(2)-A%Phe(5) residues. The hydrogen-bond
parameters are shown in Table 3. The four intramolecular
(i + 3)—> i hydrogen-bonds were observed for CO(Boc)—
NH[A?Phe(3)], CO[Pro(1)]-NH[Aib(4)], CO[Aib(2)]-NH[A?*-
Phe(5)], and CO[A%Phe(3)]-NH[Aib(6)] pairs. The remaining
NH of the Aib(2) residue participated in an intermolecular
hydrogen bonding with the carbonyl group of the Aib(6)
residue in another neighboring chain. The intramolecular
hydrogen-bonding patterns were consistent with the solvent
dependence on NH resonances,” suggesting that the 3,,-helical
conformation in the solid state is retained in solution. There-
fore, peptide 2 as well as peptide 1 adopts a typical 3,,-helical
conformation. The conformational similarity in peptides 1 and



Table 3 Intra- and intermolecular hydrogen-bond parameters for peptides 1 and 2

Peptide Donor D-H Acceptor A Distance/A D -+ A Distance/A H- -+ A Angle () D-H---A Symmetry*
1 N3-H oo’ 2.860(5) 1.85(5) 162(4) X, 0,2
N4- o’ 2.983(3) 2.07(5) 173(4) X, ),z
N5-H o2’ 2.875(5) 1.95(4) 165(3) X, 0,2
1-H 04’ 3.081(5) 2.23(6) 154(4) x—1/2,
-y + 172,
z+ 12
N2-H (O 3.039(6) 2.07(7) 163(5) X, 0,2
2 N3-H oo’ 2.82(1) 2.06 130 X, 0,2
N4-H or’ 2.99(1) 2.01 167 X, ),z
N5-H o2’ 3.00(1) 2.01 172 X, 0,2
N6-H 03’ 2.98(1) 2.03 160 X, ),z
N2-H 06’ 3.13(1) 2.65 110 -x,y+1/2,
—z+3/2

“ The symmetry operations are applied to the acceptors. ® The hydrogen positions were based on AM1 semiempirical molecular orbital calculation?”

in MOPAC97.%#

Fig. 2 Conformation of peptide 2 obtained from X-ray crystal-
lographic analysis. The four intramolecular hydrogen bonds of
(i + 3)—> i type are indicated by the arrows.

2 was also observed in the following parts. The C-terminal
Aib(6) residue took a helical conformation, of which the screw
sense was opposite to that of the preceding segment. The Boc
group adopted a trans,trans conformation, characterized by
0y=172.4(4)° and w,= —164(1)°, essentially. Four peptide
bonds for the Pro(1)-Aib(4) residues (w;—w,) took trans con-
formations, although that for A“Phe(5) residue (ws) deviated
somewhat from 180°. The pyrrolidine ring of the L-Pro residue
has symmetry close to C,~C" exo (CP endo)®® with @, = 87° and
¢, = —0.39 for the ring puckering parameters.*

The N-terminal L-Pro residue as a chiral guest led to a left-
handed screw sense for the following achiral segment -(Aib-
A?Phe),-. Herein the Pro residue was not incorporated into
a left-handed helical conformation, but took a semiextended
conformation characterized by ¢; = —44(1)° and y, = 131(1)".
More exactly, the N-terminal segment -Pro(1)-Aib(2)- adopted
a type II B-bend, which is responsible for the left-handed
helix of the following achiral residues. This fact agrees well with
our previous conclusion driven from conformational studies
of Boc-X-(Aib-A*Phe),-Aib-OMe (X =L-amino acids) in
solution.

Also, elegant examples for clarifying the positional effect
of a chiral residue on helical screw sense have been reported
using an achiral homooligomer of -(Aib),-.3""*° Peptide pBrBz-
L-Pro-p-Ala-(Aib),-OtBu (pBrBz = p-bromobenzoyl; O¢Bu =
t-butoxy) in the solid state took a type II B-bend for the -L-Pro-

10

(=)

~eo
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Energy /kcal mol”
N

N
T

o0 o
-180 -120 -60 0 60
wPro / °

Fig. 3 Dependence of conformational energy on the wp,, angle of
peptide 2 [Ac-L-Pro-(Aib-A%Phe),-Aib-OMe] in a standard left-handed
3,o-helix (solid line) and right-handed one (broken line) of the -(Aib-
A*Phe),-Aib-OMe segment: ie., (p, w)=(60° 30°) or (—60°, —30°),
respectively. The up puckering of the Pro ring (pp,, = —67.6°)'° was
chosen on the basis of the present data.

.
120 180

D-Ala- segment, which is followed by a left-handed 3,,-helix
spanning the helix.*” Conversely, pBrBz-p-Pro-p-Ala-(Aib),-
OrBu adopted a distorted type II' B-bend for the -D-Pro-p-
Ala- segment, which induces a right-handed 3,,-helix in the
following -D-Ala-(Aib);-segment.’” Interestingly, peptide 2
resembles the former case very well in the mechanism for
inducing a left-handed screw sense of achiral host segment by
an N-terminal L-residue.

To obtain further information about the preferred confor-
mation of L-Pro, Fig. 3 shows how the conformational energy of
peptide 2 depends on the conformation of the L-Pro residue
(Wero). Here the following achiral segment -(Aib-A*Phe),-Aib-
OMe was set to a left- or right-handed standard 3,,-helix. For
each screw sense, there are mainly two stable regions, ie.,
W, = —60° to —30° (type A), and 100° to 140° (type B). Type A
corresponds to a right-handed 3,,-a-helical conformation, and
type B to a semiextended conformation. Thus, the N-terminal
Pro residue tends to adopt both helical and semiextended
conformations energetically. More exactly, the helical con-
formation of the Pro residue is more favored for the right-
handed helix in the following segment, and the semiextended
conformation for the left-handed helix. Furthermore, the latter
case gave the lowest energy, being in good agreement with
the experimental result that peptide 2 forming a left-handed
helix adopts a semiextended conformation for the Pro
residue [p; = —44(1)° and w, = 131(1)°]. Therefore, also in the
theoretical aspect, the N-terminal L-Pro residue was found to
favor a semiextended conformation, leading to a left-handed
helix of the following achiral segment.
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Fig. 4 Molecular packing of peptide 1. View normal to bc¢ planes. The
dotted lines represent intermolecular hydrogen bonds between
neighboring peptide pairs as shown in Table 3.

///// ,/,

e
!

—

Fig. 5 Molecular packing of peptide 2. View normal to ab planes. The
dotted lines represent intermolecular hydrogen bonds between
neighboring peptide pairs as shown in Table 3.

Molecular packing

The crystal structures of peptides 1 and 2 are shown in Figs. 4
and 5, respectively, and their hydrogen-bond parameters are
listed in Table 3. (A sterecoview of the packing of the crystal
structures is available as supplementary data.f) The helical
chains of peptide 1 are linked by intermolecular hydrogen
bonds of N1-H [Aib(1)] with O4’ [A*Phe(4)] between sym-
metries (x, y, z) and (x — 1/2, —y + 1/2, z + 1/2). This leads to
long columns of helical molecules running along the ¢ axis in a
head-to-tail fashion. The continuous helical columns are
packed together along the b axis in an antiparallel fashion. A

896 J. Chem. Soc., Perkin Trans. 2, 2001, 892-897

similar packing of molecules is seen in peptide 2. There are
intermolecular hydrogen bonds of N1-H [Aib(2)] with O6’
[Aib(6)] between symmetries (x, y, z) and (—x, y + 1/2, —z +
3/2). This head-to-tail hydrogen bonding leads to a continuous
helical column running along the a axis. The helical columns
are packed together along the b axis in an antiparallel fashion.
Such head-to-tail hydrogen bonding found in peptides 1 and
2 has been commonly observed in helical conformations con-
taining Aib or AZPhe residues,!-30-33:39-43

Conclusions

We here revealed the solid-state conformations of oligopeptides
possessing an -(Aib-A%Phe),- segment to provide detailed con-
formational data for the segment. X-Ray crystallographic
analysis was carried out for Boc-(Aib-A“Phe),-Aib-OMe (1)
and Boc-L-Pro-(Aib-A%Phe),-Aib-OMe (2). Both peptides
adopt a typical 34-helical conformation characterized by
<p>=152.8° <y>=29.3°, and <y>=—173.8° for peptide 1
and <@>=54°, <y>=27° and <w>=—175° for peptide 2
in the average values of the four residues of -(Aib-AZPhe),-
segment. The preference for a 3,,-helix in the -(Aib-A%Phe),-
segment is consistent with the presence of Aib and A“Phe
residues being strong inducers for the formation of a 3,,-helix.
Therefore, the -(Aib-A*Phe),- segment is useful to rationally
design achiral helical host peptides.

Second, the conformation of the N-terminal L-Pro residue
in peptide 2 was presented here, which gives us the clear answer
as to how the N-terminal L-residue induces a left-handed
screw sense in the following achiral segment. As a result, a semi-
extended conformation for the L-Pro residue (or type II B-bend
for the -L-Pro-Aib- segment) led to a left-handed screw sense.
This fact was fully supported by the conformational energy
calculation in which the L-Pro residue leading to a left-handed
3,0-helical segment prefers a semiextended conformation rather
than a right-handed helical conformation. These experimental
and theoretical results were also consistent with our previous
conclusion driven from conformational studies in solution.
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