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INTRODUCTION

a
-Helices on protein surfaces often function as

recognition motifs for protein–protein, protein–

DNA, and protein–RNA interactions. Conse-

quently, these helical recognition motifs represent

attractive targets for potential therapeutics in a

broad spectrum of diseases.1 Typically, however, short pepti-

des corresponding to such helical motifs do not fold stably in

isolation and are usually flexible and conformationally disor-

dered in solution. Such flexible peptides present side chains

in a plethora of relative orientations increasing undesirable

interactions at multiple recognition sites. This inherent flexi-

bility also limits binding affinity when these peptides bind to

their targeted receptors in a unique conformation due to a

more significant loss of entropy. It is estimated (see Mam-

ABSTRACT:

Helices represent one of the most common recognition

motifs in proteins. The design of nonpeptidic scaffolds,

such as the 3,20,200-tris-substituted terphenyl, that can

imitate the side-chain orientation along one face of an a-

helix potentially provides an effective means to modulate

helix-recognition functions. Here, based on theoretical

arguments, we described novel a-helix mimetics which

are more effective than the terphenyl at constraining the

aryl–aryl torsion angles to those associated with

structures suitable for mimicking the a-helical twist for

side-chain orientation and for superimposing the side

chains of residues i, i þ 3 or i þ 4, i þ 7 when compared

with the a–b side-chain vectors of the regular a-helix

with an improved root mean square deviation (RMSD)
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mon et al.2 for a thorough discussion of torsional entropy)

that elimination of a single rotational degree of freedom of a

peptide by preorganization to stabilize the receptor-bound

conformation enhances affinity by approximately 1.2–1.6

kcal/mol assuming complete loss of rotational degrees of

freedom.3,4 Thus, preorganization of even a 10-residue heli-

cal segment with multiple (18–20) rotational degrees of free-

dom in the peptide backbone, for example, into its receptor-

bound conformation should enhance the binding affinity by

orders of magnitude.

Accordingly, numerous strategies have been developed to

stabilize helical conformations of a peptide.5 Marshall and

Bosshard6 predicted in 1972 that a,a-dialkyl amino, such as

aminoisobutyric acid (Aib) acids, would severely restrict the

F and C torsion angles of that residue to those associated

with right- or left-handed helices (both a- and 310-helices).

Subsequent experimental validation of that prediction is

abundant.7 Alternatively, the helical structure can be stabi-

lized through the incorporation of covalent or noncovalent

linkages between side chains of two residues separated in

sequence, but spatially close in a helix, such as residues i and

i þ 4 of an a-helix. Examples of chemical linkages shown to

enhance helical propensity include salt bridges, hydrophobic

interactions, aromatic–charge or aromatic–sulfur interac-

tions, disulfide bonds, lactam bridges, hydrocarbon staplings,

diaminoalkanes, acetylenes, and metal ligation between natu-

ral and unnatural amino acids (for a recent review, see Che

et al.5 and references therein). Helical peptides are stabilized

by extensive, but weak intrachain H-bonds; design of cova-

lent mimics of intrachain H-bonds reinforces the helical

structure.8,9 Though the main body of a peptide helix is

stabilized by intrachain H-bonds, free NH groups at the N-

terminus and CO groups at the C-terminus of the helix

cannot participate in such internal H-bonding. Thus, preor-

ganized helix-nucleating templates10,11 have been developed

in which the orientation of the first 4 NH groups or the last

4 CO groups is fixed in a rigid structure to template helix

formation and prevent fraying of either end.

Alternatively, unnatural oligomers with a strong tendency

to adopt helical conformation have also been described to

target helix-recognition surfaces. Many of these are structural

variants of polypeptides that are essentially stable to most

proteases. One such family of oligomers is the poly-N-substi-

tuted glycines or ‘‘peptoids’’12 on which the amino-acid side

chains are appended to amide nitrogens rather than to the a-
carbons. Despite the achirality of the N-substituted glycines

backbone and its loss of amide H-bond donors, peptoids

containing a-chiral, sterically bulky side chains are able to

adopt stable, chiral helices with cis-amide bonds. The perio-

dicity of the peptoid helix is three residues per turn, with a

pitch of 6 Å.13 The other family is the b-peptides,14,15 which
differ from a-peptides by one additional backbone carbon

atom between the amino and carboxyl groups. b-peptides
composed of b3-L-amino acids are able to form left-handed

14-helices characterized by a periodicity of three residues per

turn with a pitch of 4.7 Å and H-bonds between the back-

bone amide proton of residue i and the carbonyl oxygen of

residue i þ 2. The ability to form stable helices makes pep-

toids and b-peptides good candidates for mimicry of bioac-

tive peptides that rely on helical structure for molecular rec-

ognition.16–18 Alternative helical structures of regular and

hybrid peptides consisting of homologous amino acids, such

as b-, c-, and d-amino acids, have been explored and shown

to inhibit helix recognition.19–22

Since the critical surface for a-helix recognition often

involve the side chains of residues i, i þ 3 and/or i þ 4, and

i þ 7, along one face of the a-helix, one can design appropri-

ate scaffolds with limited conformations to orient attached

functional groups that closely resemble the surface of a-heli-
ces. There are 3.6 residues per turn of an a-helix, with a rise

of 1.5 Å per residue. The characteristic axial rise between

these four key residues is 4.5 or 6.0 Å, respectively (see Figure

1). Looking down the helical axis, residues are projected at

�608 and 408 for i ? i þ 3 and i ? i þ 4 interactions,

respectively. Hamilton and coworkers23–27 described a ter-

phenyl scaffold that can reasonably imitate side-chain orien-

tations seen in a-helices in which the 3,20,200-substituents on
the phenyl rings present functionalities in a spatial relation-

ship that mimics the i, i þ 3 or i þ 4, and i þ 7 residues on

an a-helix. Comparing the ideal a-helical structure and the

terphenyl scaffold, when the terphenyl is in a staggered con-

formation with x1 ¼ �608 and x2 ¼ 408, the three substitu-
ents project from the terphenyl core with similar angular

relationships and 5–30% shorter distances in the characteris-

tic rise corresponding to i? i þ 3 and i ? i þ 4 interactions

in a native helix, respectively; similarly, when the terphenyl

scaffold adopts another staggered conformation with x1 ¼
408 and x2 ¼ �608, the three substituents correspond better

to the i, i þ 4, and i þ 7 positions. Proofs of concept for helix

mimetics in protein–protein recognition came from success-

fully disrupting the interaction between calmodulin and an

a-helical domain of smooth muscle light-chain kinase23; in-

hibiting the assembly of HIV gp41, thereby, reducing levels

of viral entry into host cells24; preventing the interaction

between the proapoptotic protein Bak and the antiapoptotic

protein Bcl-xL
25,26; and blocking the complex formation of

the tumor-suppressor p53 with the oncoprotein HDM2.27

Compared to other templates containing a chiral axis, the

terphenyl is a typical drug-like scaffold. In a retrospective

analysis28 of privileged structures of pharmacologically active
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compounds, biaryls were found to be present in 7.4% of ref-

erence drug molecules. The terphenyl and its derivatives rep-

resent, therefore, an attractive means to modulate helix-rec-

ognition function and to enlarge the scope of peptidomi-

metic scaffolds. However, the terphenyl scaffold is not rigid;

for example, it adopts both right- and left-handed twists.

Our previous studies indicated that there were 16 energeti-

cally almost equal conformers, only two of which could

mimic either of the desired helical side-chain orientations.

Thus, the terphenyl scaffold is not optimally preorganized in

terms of a-helical mimicry due to its conformational hetero-

geneity. Here, we computationally engineered and evaluated

various organic scaffolds to determine how well they can ori-

ent side chains in positions corresponding to side chains of

a-helices. One aspect of scaffold selection was the amount of

correct preorganization introduced by the scaffold versus al-

ternative conformations. In addition, we examined the

impact of the scaffold itself on the distribution of side-chain

rotamers. Further, we described metal-complexes of helix

mimics as a logical extension for the mimicry of different he-

lix–helix packing motifs.

COMPUTATIONAL METHODS
The geometries and the potential energy surfaces of considered

compounds were optimized and explored with the Gaussian 03

program using density functional calculations at the B3LYP/6-

31G* level of theory. The conformation of the terphenyl and its

derivatives can be described with two torsion angles, x1 and x2, of

the two bonds connecting the adjacent aromatic rings. The x-angle
energy profile usually led to a double minimum potential between

08 and 1808. Here, the syndiagonal one (08 < x < 908) is denoted

as ‘‘syn’’ and the antidiagonal form (908 < x < 1808) is referred as

‘‘anti.’’ One aspect of the design was trying to stabilize the syn

form relative to the anti one [DE a ¼ E syn � Eanti]; and the other

aspect was to lower the rotational barriers at x ¼ 08 [DE 0 ¼ E 0 �
E syn] and x ¼ 908 [DE 90 ¼ DE 90 � E syn] to allow facile intercon-

version among conformations necessary for an induced fit upon

binding to a receptor. The impact of aqueous solution on confor-

mational preferences was considered by single-point energy calcu-

lation with the polarizable continuum model. Generally, the impact

of water was relatively minor; the results were summarized in Sup-

plementary Tables S1 and S2.

Several force fields (MM2*, MM3*, AMBER*, OPLSAA, and

MMFF) were also examined with these compounds. Generally, the

DFT results favor MM2* as having the more compatible parameters

for this series. This has led us to use MM2* for a qualitative com-

parison of the conformational preference of the terphenyl scaffold

with those of other scaffolds and the distributions of side-chain

rotamers on these templates. These exploratory studies were done

with mixed Monte Carlo/stochastic dynamics (MC/SD) simulations.

The simulations were carried out at 300 K using the MM2* force

field with the GB/SA salvation model for water as implemented in

MacroModel 9.1. A time step of 0.5 fs was used for the SD part of

the simulation. The MC simulation used random torsional rotation

between 6908 and 61808 for x1 and x2, and between 6608 and

61808 for v1. Other spaces were effectively sampled through the SD

part of the simulation. The total simulation time was 5 ns for each

compound under investigation, and samples were taken at 1 ps

intervals, yielding 5000 conformations for analysis.

RESULTS AND DISCUSSION

Conformational Restriction

The twist angles of terphenyls, x1 and x2, are balanced by

two competing factors of approximately the same order of

FIGURE 1 (Left) The idealized a-helix geometry with 4.5 or 6.0 Å rise between residues i, i þ 3,

i þ 4, and i þ 7 and the tris-substituted terphenyl as a prototype of a-helix mimetic. (Right) The

potential energy surface of the tris-substituted terphenyl (R ¼ Me) determined at the B3LYP/6-

31G* level of theory. The trimethyl substituents (colored in red) are superimposed with the Ca��Cb

bonds (colored in blue) of an ideal a-helix. The RMSD for Ca��Cb bonds for the two preferred

staggered conformations of the terphenyl were 0.826 and 0.810 Å, respectively.
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magnitude, namely the electron delocalization between the p
orbitals of the adjacent aryl rings and the steric repulsion

between ortho-H-atoms and other substituents. Electron

delocalization prefers a coplanar arrangement, while steric

interactions force the molecule to be nonplanar; and the bal-

ance of these two results in staggered, or twisted, structures.

DFT calculations on substituted terphenyl 1 showed that

there were 16 energetically almost equal conformers, and

among them only two could mimic the desired a-helical
twist. One staggered structure with x1 ¼ �55.78 and x2 ¼
55.68 is able to project substituents with a close correspon-

dence of the side-chain positions of residues (i, i þ 3, i þ 7)

of an ideal a-helix with root mean square displacement

(RMSD) on Ca��Cb bonds of 0.826 Å. The other staggered

conformer with a set of mirrored twist angles of x1 ¼ 55.78
and x2 ¼ �55.68 can mimic the side chains of residues (i,

i þ 4, i þ 7) with a similar RMSD of 0.810 Å. In addition,

the relative low energy barrier of rotation of the aryl–aryl

single bonds, DE0 ¼ 7.21 and DE90 ¼ 0.55 kcal/mol, should

enable facile interconversion among the 16 possible twisted

conformers at room temperature.

In order to stabilize the syn form and to augment the helix-

mimicry propensity, several approaches to chemically engi-

neer terphenyls were examined, including the use of steric

repulsion, covalent linkages, and H-bonds, as illustrated in

Figure 2. In the following, the corresponding biaryl analogs

were used to discuss and compare the impact of different

restriction factors on the rotation around the aryl–aryl single

bond. The DFTresults are summarized in Figures 2 and 3 and

Tables I and II, and the impact of water on conformational

preferences is included in the supplementary information.

(1) Replacing the phenyl ring with a pyridyl group leads

to a less twisted structure due to a weaker repulsion between

the nitrogen lone pair and the H-atom compared to the

FIGURE 2 (a) Terphenyl (1) and conformationally constrained

helix mimetics (2–5) with one rotation angle restricted by different

mechanisms: steric repulsions (2–3), covalent linkages (4) and H-

bonds (5), and (b) the relative energy (kcal/mol) as a function of x-
angle for the corresponding biaryl analogs (10–50) determined at the

B3LYP/6-31G* level of theory.

FIGURE 3 The relative energy (kcal/mol) as a function of x-
angle for substituted biphenyl (10) and its conformationally con-

strained analogs (2a0–2c0, 3a0–3c0, and 4a0–4b0) determined at the

B3LYP/6-31G* level of theory.
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interaction between two H-atoms. The syn conformer of 20

was favored both in vacuo and in water. DFT-optimized

structure of 20 was shown to have a global minimum at x ¼
43.78 of the syn form and a local minimum at x ¼ 140.38 of
the anti form, which is 0.74 kcal/mol higher in energy. The

two substituents project from 20 with closer angular relation-

ship corresponding to the i ? i þ 4 interaction in an ideal a-
helix than those of substituted biphenyls. The calculations

also suggested that the rotational barrier at 08 was 2.71 kcal/

mol, significantly lower than those of substituted biphenyls,

while the barrier at 908 was 2.15 kcal/mol, higher than those

of biphenyls. Both of the rotational barriers were slightly

reduced in water. These indicated that thermal energy would

enable more facile interconversion among the 16 possible

twisted conformers of pyridine-derived helix mimetics than

those of terphenyls at room temperature.

Similarly, substitution of the ortho-H-atom on the oppo-

site side of the aryl ring by a larger atom (such as halogens)

or group (such as methyl), could further stabilize the syn

conformer and modulate the twist angles and rotational bar-

riers (Figure 3a: 2a0–2c0). For 2a0 (X ¼ Me), a single mini-

mum potential was determined, with the ‘‘anti’’ minimum

having disappeared. So, the syn form was dominant in 2a0

with a twist angle of 61.58. The rotational barrier at 08 was
8.63 in vacuo and 8.35 kcal/mol in water, which should still

allow relatively easy interconversion among all syn confor-

mations. Fluorine has a similar van der Waals radius (1.35 Å)

compared to that of hydrogen (1.20 Å), but a much stronger

electronegativity. For 2b0 (X ¼ F). The calculations indicated

that the syn conformer was 0.09 and 0.65 kcal/mol less stable

than the anti structure in vacuo and in water, respectively. On

the other hand, chlorine has a larger van der Waals radius

(1.75 Å) similar to a methyl group. Thus, for 2c0 (X ¼ Cl),

the syn structure was favored by 0.58 kcal/mol in vacuo and

0.18 kcal/mol in water, respectively.

(2) Replacing both phenyl groups with pyridyls, as in ana-

log 3, resulted in an almost coplanar structure due to reduced

steric repulsion along both sides of the scaffold. For the sub-

stituted bipyridine, 30, DFT calculations revealed a global

minimum in the syn conformation with a twist angle of

17.48 and a local minimum at 124.08 of the anti form, which

were 5.25 and 1.95 kcal/mol higher in energy in vacuo and in

water, respectively. Therefore, the syn conformation of 30 was
clearly dominant. Further, the rotational barrier at 08, 0.03
kcal/mol in vacuo and 0.19 kcal/mol in water, can essentially

be neglected.

Introducing another steric factor, through the substitu-

tion of the ortho-H-atom on the opposite side of the pyridyl

with a larger atom or group, can effectively adjust the twist

conformations and the syn–anti energy differences (Fig-

ure 3b: 3a0–3c0). For 3a0 (X ¼ Me), similar to 2a0, due to

the strong repulsion between two methyl groups, led to a

single minimum potential, with the ‘‘anti’’ minimum van-

ished from the potential-energy surface. The syn conformer

has a twist angle of 46.98, and significantly lower rotational

barrier at 08 of 2.71 and 3.38 kcal/mol in vacuo and in

water, respectively. For 3b0 (X ¼ F), the syn conformation

was preferred in vacuo by 1.32 kcal/mol; however, in water

the syn structure was 0.34 kcal/mol less stable than the anti

one. Such a modification might be less suitable for helix

mimicry. For 3c0 (X ¼ Cl), it also had a single minimum

potential, showing a syn structure with a twist angle of

56.28. Thus, 3c0 has a similar energy profile and shows simi-

lar conformational behavior to 3a0.
(3) Alternatively, the syn structure can be stabilized

through the incorporation of covalent linkages between adja-

cent aryl rings. One example is the C��C single bond, as in

analog 4, which effectively locks the scaffold in the syn con-

formation and may also afford enhanced biostability. For the

model compound 40 (n ¼ 1), DFT calculations revealed only

one minimum at x ¼ 32.18 of the syn form and a rotational

barrier at 08 of 4.68 and 4.39 kcal/mol in vacuo and in water,

respectively. The anti structures could be largely ignored due

to the large transition barrier at 908.

Table I Torsional Angles, Syn–Anti Energy Differences, and

Rotational Barriers Through x = 08 and 908 for Substituted
Biphenyl and its Conformationally Constrained Analogs (10–50)
Determined at the B3LYP/6-31G* Level of Theory

x (syn) DE a DE 0 DE 90

10 57.18 0.01 7.21 0.55

20 43.78 �0.74 2.71 2.15

30 17.48 �5.25 0.03 4.91

40 32.18 –a 4.68 17.68

50 2.18 �5.42 0.00 5.94

aA single-minimum potential energy surface.

Table II Torsional Angles, Syn–Anti Energy Differences, and

Rotational Barriers for Conformationally Constrained Analogs

Determined at the B3LYP/6-31G* Level

x (syn) DEa DE0 DE90

2a0 X ¼Me 61.58 – 8.63 0.61

2b0 X ¼ F 45.48 0.09 3.55 1.74

2c0 X ¼ Cl 59.58 �0.58 8.51 0.61

3a0 X ¼Me 46.98 – 2.71 2.46

3b0 X ¼ F 46.08 �1.32 2.42 1.88

3c0 X ¼ Cl 56.28 – 4.60 0.99

4a0 n ¼ 0 0.38 – 0.00 33.50

4b0 n ¼ 2 54.38 – 16.72 6.18
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Varying the length of the carbon–carbon constraints pro-

vided another means of adjusting the twist angles and the

rotation barriers (Figure 3c: 4a0 and 4b0). In general, the rota-

tional energy profiles as functions of x-angles for all three

constrained templates (40, 4a0, and 4b0) were similar in shape.

For the smaller C��C bond constrained analog 4a0 (n ¼ 0),

the profile shifted to the left and led to a preferred coplanar

conformation (x ¼ 0.38). While for the larger constrained

analog 4b0 (n ¼ 2), the profile shifted to the right and

resulted in a twisted structure with x ¼ 54.38; however, it
also led to an insuperable barrier at 08 at room temperature,

which suggests that the incorporation of more than three

C��C single bond constraint is less useful for helix mimicry.

(4) The incorporation of noncovalent linkages, such as H-

bonds, should also maintain the similarity between the

arrangement of the key residues of an a-helix and the sub-

stituents on the new template 5, while increasing the rigidity

of the scaffold. This strategy was previously demonstrated by

Hamilton and coworkers29 using terephthalamide as the scaf-

fold. The flanking phenyl ring in the terphenyl was replaced

by a functionalized carboxamide group, which still retained

the planar geometry of the phenyl ring, due to the restricted

rotation of the amide bond. The new conformational con-

straint in the molecule was imposed by an intramolecular H-

bond between the amide NH group and the alkoxy oxygen

atom, to influence the position of the functional group. Our

DFT calculations on the model compound 50 showed that

the newly introduced carboxamide group led to a coplanar

syn structure at x ¼ 2.18 and a twist anti conformer at x ¼
131.28, which was 5.42 and 2.81 kcal/mol higher in energy in

vacuo and in water, respectively. Both rotational barriers at 08
and 908 were relatively small, of 0 and 3.75 kcal/mol in water,

suggesting that both syn and anti conformations would be

present with the coplanar syn conformation being favored.

This was consistent with NMR studies29 that indicated that

72% of a terephthalamide derivative adopted the syn confor-

mation in chloroform.

The Terpyridyl Scaffold

The design of a next generation of a-helix mimetics should

provide a relatively rigid preorganized framework from

which side chains are projected in such a way to resemble

those key residues closely. Other criteria for mimetic design

include a modular synthesis and moderate aqueous solubil-

ity. Based on the above arguments, a terpyridyl scaffold1,30

had been designed as an improved a-helix mimetics. The ter-

pyridyl scaffold assumes a preferred conformation in which

all three substituents are projected to the same face of the

molecule and augments the propensity in a-helix mimicry

through unbalanced steric interactions. The canonical

ensembles of the substituted terphenyl and terpyridyl were

obtained from mixed MC/SD simulations done with the

MM2* force field and the GB/SA water model, as illustrates

in Figure 4. It was estimated, for the terphenyl scaffold, that

only about 7.1%, slightly more than one sixteenth (6.25%),

of the whole ensemble exhibits the characteristic orientations

of amino acid side chains i, i þ3 and i þ 7, (�908 < x1 <

08, 08 < x2 < 908) or side chains i, i þ 4, and i þ 7 (08 <
x1 < 908, �908 < x2 < 08) of an a-helix. These suggested

that the terphenyl scaffold was limited in terms of a-helical
mimicry due to its conformational heterogeneity. Thus, a

helical peptidomimetic with biological activity based on the

terphenyl derivative would still be ambiguous with regard to

determination of the receptor-bound conformation in the

absence of crystal structure or NMR data of the complex. On

the other hand, the terpyridyl scaffold is much more rigid

and limits side-chain orientations to a greater extent than

does the terphenyl. The percentage of the time that the (i, i

þ 3, i þ 7) or (i, i þ 4, i þ 7) orientation of side chains would

be populated has risen to 17.2% of the time, more than twice

that of the terphenyl. Further, the newly introduced pyridyls

also increase aqueous solubility. Our tentative conclusion is

that the terpyridyl scaffold should be superior as a a-helix
mimetics as reflected in enhanced binding affinity due to

lower loss of entropy on binding through preorganization.

(i, i + 3, i þ 7) and (i, i þ 4, i þ 7) Selective

a-Helix Mimetics

The characteristic axial rise between substituents of terphen-

yls is 4.3 Å which is 5% shorter than that of the i ? i þ 3 ge-

ometry in a native a-helix and 30% shorter than that of the

i ? i þ 4 interaction. Such arrangement cannot effectively

differentiate between the specific recognition through side

chains of residues (i, i þ 3, i þ 7) with that of residues (i, i þ
4, i þ 7), due to the freely rotatable aryl–aryl single bonds.

Here, we discuss three modifications (Figure 5 and Table III)

in order to improve the current design to selectively resemble

the spatial relationship of side chains of residues (i, i þ 3, i þ
7) or that of residues (i, i þ 4, i þ 7), or even all four side

chains along one face of an a-helix.
(1) To shift one substituent one single bond away from

others along the axis will increase one of the characteristic

axial rise to 6.5 Å, very close to the i ? i þ 4 geometry in a

native a-helix. Further, to move the substituent another sin-

gle bond from the axis will keep all three substituents point-

ing toward the same direction as observed in a-helical struc-
tures. To overcome the steric repulsion between the substitu-

ent and the anchor aryl ring, which forces the substituent to
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tilt away from the desired twist angle, a new aryl ring is

required, such as the use of naphthalene. Depending upon

the position of the naphthalene and the site of the substitu-

ent, newly designed templates can selectively resemble the

spatial relationship of side chains of residues (i, i þ 3, i þ 7),

such as 7 and 8, or residues (i, i þ 4, i þ 7), such as 11 and

12, of an a-helix, respectively. DFT-optimized structures sug-

gested that RMSDs on the Ca��Cb bonds were between 0.492

and 0.653 Å, an improvement compared to those of terphen-

yls, which were about 0.810–0.826 Å. In addition, the naph-

thalene can be replaced with an isosteric group, such as benz-

amide, will also allows to selectively orient the substituents in

space to closely mimic side chains of residues (i, i þ 3, i þ
7), such as 9 and 10, or residues (i, i þ 4, i þ 7), such as 13

FIGURE 5 a-Helix mimetics designed to selectively resemble the orientation of side chains (i,

i þ 3, i þ 7) or side chains (i, i þ 4, i þ 7): (left) to shift one substituent along the axis increases

one characteristic axial rise to 6.5 Å, close to the i ? i þ 4 geometry; (middle) the incorporation of

appropriate polycyclic rings, such as thieno[3,2-b]pyrrole, has a similar effect; (right) the extension

of a methyl (to become an ethyl) can expand the scaffold to resemble the orientation of both side

chains of residues i and i þ 1 in a single aryl unit. Adapted from Che et al., J Comput Aided Mol

Des 2006, 20, 109–130.

FIGURE 4 The canonical ensemble of the 3,20,20 0-tris-substituted-terphenyl scaffold (1, left) and

the 6,60,200-tris-substituted-2,40:20:30 0-terpyridyl scaffold (6, right) obtained from mixed MC/SD

simulations done with the MM2* force field and the GB/SA water model.
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and 14. DFT studies indicated that RMSDs on the Ca��Cb

bonds were between 0.444 and 0.602 Å, better than naphtha-

lene-based helix mimetics. Further, benzamide derivatives

are more soluble and can be prepared by simple amide for-

mation. In addition, the amide group, connecting adjacent

aryl rings, can be switched to the opposite direction to

enlarge current design for better structures with improved

physicochemical properties.

(2) Similarly, the incorporation of appropriate bicyclic

aryl rings, such as the substituted thieno-[3,2-b]-pyrrole or

furo-[3,2-b]-pyrrole as exemplified in Figure 6, will also

increase one characteristic axial rise to 5.9 Å, suggesting that

one can reposition substituents to more closely resemblance

of the i ? i þ 4 geometry of an ideal a-helix. Placing the

bicyclic aryl ring in the middle or at one end of the template

can allow the mimetics to present attached functional groups

to selectively imitate the orientation of side chains of residues

(i, i þ 3, i þ 7), such as 15, or residues (i, i þ 4, i þ 7), such

as 16, of a native a-helix. RMSDs on the Ca��Cb bonds were

0.612 and 0.589 Å for DFT-optimized structures, 15 and 16,

Table III Selected Geometrical Parameters of DFT-Optimized (B3LYP/6-31G*) Structures and RMSD Overlay of a-Helix and

Designed a-Helix Mimetics

a-helix: (i, i þ 3, i þ 7) a-helix: (i, i þ 4, i þ 7)

x1 (8) x2 (8) d2 (Å) RMSD (Å) x1 (8) x2 (8) d1 (Å) RMSD (Å)

A 7 �55.4 37.2 6.5 0.540 11 53.8 �55.3 6.5 0.653

8 �61.1 54.6 6.5 0.639 12 38.0 �57.3 6.5 0.492

9 �55.9 26.8 6.1 0.444 13 41.8 �55.5 6.1 0.602

10 �55.4 43.5 6.1 0.555 14 26.7 �55.0 6.1 0.591

B 15 �44.0 40.5 5.9 0.612 16 39.2 �54.5 5.9 0.589

C 17 �64.5 18.3 5.4 0.644 19 20.3 �55.0 5.4 0.569

18 �72.3 55.8 5.5 0.697 20 40.4 �55.9 5.5 0.442

FIGURE 6 Histogram of side-chain rotamers, v1 (filled bars), observed for Leu, Ile and Val resi-

dues in the a-helical conformation from high resolution crystal structures, and comparison with

those distribution in the terphenyl derivatives, v10(red lines), as the terphenyl axis is aligned with

the helix axis. (Note: if the terphenyl axis is superimposed upon the a-helix axis, v10 and v1 have the
following relationship, v1 � v1 þ 58). The rotamer distribution of terphenyl derivatives was esti-

mated using the mixed MC/SD simulations done with the MM2* force field and the GB/SA water

model (R ¼ Me). In a-helices, the gþ rotamer of angle v1 is almost forbidden because any side

chain would overlap atoms of the previous turn of the helix; while, in terphenyls, the side-chain ori-

entation is also restricted due to steric repulsion with ortho-carbons on the same aryl ring. Adapted

from Che et al., J Comput Aided Mol Des 2006, 20, 109–130.
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aligned with those of an a-helix. Therefore, such modifica-

tion showed a 25% improvement in the optimization of

RMSDs compared to terphenyls.

(3) On the basis of the semiempirical calculations,

Jacoby31 proposed that 2,6,30,50-substituted biphenyls as a-
helix mimetics superimposing the side chains of residues i, i

þ 1, i þ 3, and i þ 4, with an RMSD on Ca��Cb bonds of

0.47 Å. Thus, this opens the possibility to selectively mimic

side chains of residues (i, i þ 3, i þ 7) or residues (i, i þ 4,

i þ 7), or even all critical residues along one face of an a-helix
with terphenyl derivatives. For example, one subset of such

modifications, 17 and 19, can superimpose the side chains of

residues (i, i þ 3, i þ 7) and residues (i, i þ 4, i þ 7) with

RMSDs of 0.644 and 0.569 Å, respectively. In addition, Hor-

well et al.32 also demonstrated that 1,6-disubstituted indanes

present functionality in a similar spatial arrangement to the

i and i þ 1 residues of an a-helix. Therefore, the incorporation
of substituted indanes33 at different positions in the template

provides a nice way to rigidify the scaffold, while at the same

time present critical recognition functionality in a suitable

spatial orientation as in a native a-helix for binding to a recep-

tor. For example, the introduction of substituted indanes into

17 and 19 leads to more rigid analogs 18 or 20, which show

similar RMSDs of 0.697 and 0.442 Å, respectively.

We believe that the combination of these chemical modifi-

cations within the original terphenyls can lead to better helix

mimetics showing closer mimicry of the spatial arrangement

of side chains of a native a-helix, more rigid template struc-

tures, and better physicochemical properties. These make a

general approach possible to helix-mimetic scaffolds that can

be targeted for multiple therapeutic applications by simple

changing the nature of the side-chain substituents.

Side-Chain Rotamers

An equally important consideration for the design of pepti-

domimetics is the side-chain orientation beyond the Ca��Cb

bonds. Generally, rotations about the bonds of amino acid

side chains (v1, v2, and etc) are close to one of the three con-

formations (t, gþ, and g�) in which the attached atoms on

the bond are staggered, with the conformation that gives the

largest separation of the bulkiest groups being favored. In a-
helices, the side chains project outward into solution,

although they are tilted toward the amino end of the helix

and need not interfere with the helical backbone. There are,

however, varying restrictions on conformation of the side

chains. In particular, the gþ rotamer of angle v1 between the

Ca and Cb is almost forbidden because any side chain would

overlap atoms of the previous turn of the helix. Side chains

with branched Cb atoms (Val, Ile, and Thr) are most re-

stricted in their conformations. This rationalizes the charac-

terization of Val, Ile, and Thr as ‘‘helix breakers.’’34 The distri-

bution of side-chain rotamers of angle v1 in a database of a-
helical structures has been examined.35 Three classes of dis-

tribution were found that differ in the relative population

between t and g� rotamers (see Figure 6). For side chains

without branched Cb atoms, such as Leu, both of the t and

g� rotamers are somewhat equally populated. For the side

chains of Ile and Thr, each has a center of asymmetry at Cb,

which leads to a prominent peak centered at the g� rotamer.

To the contrary, the side chain of Val, without an asymmetry

center at Cb, shows a dominant preference for the t rotamer.

Similarly, v10 is defined as the torsion angle around the cor-

responding Ca��Cb bond on terphenyls. If the terphenyl axis

is superimposed upon the a-helix axis, angles v10 and v1 are

close in values (v10 � v1 þ 58). The distribution of angle v10

was obtained from canonical ensembles of substituted ter-

phenyls determined with mixed MC/SD simulations using

the MM2* force field and the GB/SA water model. Three rep-

resentative distributions for substituted terphenyls are shown

in Figure 6 in comparison with those of a-helical structures.
The study revealed that the terphenyl template also restricted

side-chain orientations due to the steric repulsion with

ortho-carbons on the same aryl ring. This leads to an unfav-

orable structure when the corresponding Cc atom sitting on

the same plane of the anchoring aryl ring. Inspection of the

pattern of angle v10 indicated that the distributions of side-

chain rotamers were similar in shape compared to those of

a-helices, except that the profiles of angle v10 consistently

showed an approximately 608-shift (to a smaller value). This

may in part explain why those analogs with the highest affin-

ity for helix-recognition sites differ in side-chain substituents

between the native helices and the helical mimetics. Determi-

nation of the 3D structures of helix mimetics bound with

receptors and comparison with a-helical recognition motifs

has not been yet reported.

CONCLUSIONS
Peptides are applied therapeutically to only a limited extent

because of undesirable absorption, distribution, metabolism

and excretion (ADME) properties, undesired side effects due

to undesirable interactions of conformationally flexible pep-

tides with nontargeted receptors. This led to the concept of

peptidomimetics, nonpeptidic compounds that imitate the

structure of a peptide in its receptor-bound conformation.

For modulating protein–protein interactions, general ap-

proaches for mimicking protein surfaces with small mole-

cules represent a significant advance. In this study, we

described novel a-helix mimetics which are more effective

296 Che, Brooks, and Marshall

Biopolymers DOI 10.1002/bip



than current scaffolds at constraining the aryl–aryl torsion

angles to those associated with a-helical twists and can selec-

tively superimpose the side chains of residues i, i þ 3 or i þ
4, i þ 7 with an improved RMSD of approximately 0.5 Å. In

addition, our studies uncovered the limitation of using these

polyaromatic scaffolds to imitate side-chain orientations of

an a-helix beyond Cb atoms. The distributions of side-chain

rotamers around the Ca��Cb bonds of the terphenyl deriva-

tives are similar in shape, but with an approximately 608-
shift, compared to those of a-helices. Knowing that molecu-

lar recognition of most, if not all, protein–protein interac-

tions involve helix recognition, the scaffolds examined

should be useful in the design of novel helix mimetics as

structural elements in nanotechnology and protein engineer-

ing, as pharmacological probes, and as potential therapeutic

agents.

YC acknowledges a research fellowship from the National Heart,

Lung and Blood Institute.
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