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CONSPECTUS

ature has used the all-o-polypeptide back-

bone of proteins to create a remarkable
diversity of folded structures. Sequential patterns
of 20 distinct amino acids, which differ only in their
side chains, determine the shape and form of pro-
teins. Our understanding of these specific second-
ary structures is over half a century old and is
based primarily on the fundamental elements: the
Pauling o-helix and S-sheet.

Researchers can also generate structural diver-
sity through the synthesis of polypeptide chains
containing homologated (w) amino acid residues,
which contain a variable number of backbone
atoms. However, incorporating amino acids with
more atoms within the backbone introduces additional torsional freedom into the structure, which can complicate the structural
analysis. Fortunately, gabapentin (Gpn), a readily available bulk drug, is an achiral 3,5-disubstituted » amino acid residue that
contains a cydohexyl ring at the C; carbon atom, which dramatically limits the range of torsion angles that can be obtained about
the flanking C—C bonds. Limiting conformational flexibility also has the desirable effect of increasing peptide crystallinity, which
permits unambiguous structural characterization by X-ray diffraction methods. This Account describes studies carried out in our
laboratory that establish Gpn as a valuable residue in the design of specifically folded hybrid peptide structures.

The insertion of additional atoms into polypeptide backbones fadilitates the formation of intramolecular hydrogen bonds whose direc-
tionality is opposite to that observed in canonical a-peptide helices. If hybrid structures mimic proteins and biologically active peptides,
the proteolytic stability conferred by unusual backbones can be a major advantage in the area of medidnal chemistry. We have dem-
onstrated a variety of internally hydrogen-bonded structures in the solid state for Gpn-containing peptides, induding the characterization
of the G; and G hydrogen bonds, which can lead to ribbons in homo-oligomeric sequences. In hybrid ovy sequences, distinct C;, hydrogen-
bonded tumn structures support formation of peptide helices and hairpins in longer sequences. Some peptides that indude the Gpn res-
idue have hydrogen-bond directionality that matches o-peptide helices, while others have the opposite directionality.

We expect that expansion of the polypeptide backbone will lead to new classes of foldamer structures, which are thus far
unknown to the world of a-polypeptides. The diversity of internally hydrogen-bonded structures observed in hybrid sequences
containing Gpn shows promise for the rational design of novel peptide structures incorporating hybrid backbones.

PHOTOGRAPHS COURTESY OF PROF. P. BALARAM, INDIAN INSTITUTE OF SCIENCE.

Introduction dues in the area of peptide design.'~® The intro-
The diversity of intramolecularly hydrogen- duction of additional atoms into peptide chains
bonded structures in synthetic polypeptides has increases the number of degrees of torsional free-
greatly expanded following the introduction of ~ dom at each residue. While the conformational
backbone homologated 5 and y amino acid resi-  properties of a amino acids in peptides and pro-
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(a) Definition of backbone torsion angles for o, 8, and y amino acid residues, (b) geminally disubtituted o, 8, and y residues, and

(9) o, B and y residues in which side chain—backbone cyclization restricts the backbone torsional freedom.

teins are conveniently described by the two Ramachandran
angles ¢ and v, the analysis of j residues includes three vari-
ables, ¢, 6 (C°—C%), and v, and for y amino acid residues, four
variables, ¢, 0, (C"—C%), 6, ((F—C%), and v, are required (Fig-
ure 1).'° The generation of folded peptide backbones in
sequences containing higher homologues of the a amino
acids requires the population of gauche (g*/g~, 6 ~ £60°)
conformations about the additional C—C bonds. Current inter-
est in the area of peptides with hybrid backbones stems from
the observation of novel hydrogen-bonded structures in g pep-
tide homo-oligomers and in hybrid sequences containing a, 3,
and y amino acids.®~® The stability of peptides containing j3
and y residues to the action of proteases* provides an addi-
tional impetus for systematic studies of hybrid peptide con-
formations, which may lead to the rational design of analogs
of medicinally important peptide sequences.®''~'3 Design
strategies are greatly aided by the availability of conforma-
tionally constrained residues in which the range of accessi-
ble backbone structures is limited. Conformational space
available to amino acid residues may be restricted by side
chain—backbone cyclization or by backbone alkylation (Fig-
ure 1). In the case of o amino acid residues, the two pre-em-
inent examples are the proteinogenic amino acid proline, in
which the dihedral angle ¢ (N—C% is limited by pyrrolidine
ring formation, and the nonprotein amino acid o-aminoisobu-
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tyric acid (Aib), in which gem dialkyl substitution at C* results
in limiting the range of both ¢ and v angles.'* '8 In the case
of 5 residues, 2-aminocyclopentane carboxylic acid (2-ACPC)
in which 6 is restricted approximately to 85° has proved
remarkably useful in the construction of novel helical
structures.># In this Account, we present an overview of the
use of the achiral g,g-disubstituted y amino acid residue
T-aminomethylcyclohexaneacetic acid (gabapentin, Gpn) in
the design of peptides with diverse intramolecularly hydrogen-
bonded structures, including peptide ribbons and helices.
Gabapentin (Neurontin) is a widely used antiepileptic drug,
which is also currently prescribed for the treatment of neuro-
pathic pain.'® The large scale production of the bulk drug
makes the amino acid residue readily available for peptide
synthetic purposes. Its achiral nature is an added advantage,
permitting the handedness of hybrid secondary structures to
be determined by the configuration of the o amino acids used.
Gabapentin was originally produced in a search for analogs of
the neurotransmitter y-aminobutyric acid (yAbu, GABA). Iron-
ically, gabapentin did not turn out to be a ligand recognized
by the GABA receptor but nevertheless has proved clinically
and commercially important.'® In the area of peptide design,
gabapentin may be used as a stereochemically constrained
analog of the parent unsubstituted y amino acid residue,
yAbu. A noteworthy feature of the Gpn residue is the pres-
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FIGURE 2. (a) Conformers of Gpn, which differ in the orientation of substituents on the cyclohexane ring (aminomethyl group axial, ay;
carboxymethyl group axial, aco), and (b) the distribution in crystal structures of ay and aco conformers in various internally hydrogen-bonded
and non-hydrogen-bonded Gpn residues. Hydrogen bond types are indicated on the top of each bar. Positional disorder, indicating the
coexistence of both ay and aco conformers, is observed in four examples.
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FIGURE 3. Hydrogen-bonded turns that are defined by the backbone torsional angles of a single residue in a-, 5-, and y-peptides.

ence of a 1,1-disubstituted cyclohexane ring, which can exist
in two distinct conformations, in which the aminomethyl and
carboxymethyl substituents interconvert between axial and
equatorial orientations. A large number of crystallographic
studies on the amino acid Gpn and several derivatives car-
ried out in this laboratory suggest that the cyclohexane ring
conformations do not substantially influence the nature of
hydrogen-bonded conformations, which depend solely on the
torsional variables at the Gpn residue. Figure 2 provides crys-
tallographically determined examples of the Gpn residue in
which the orientations of the substituents at position 1 are
interchanged and summarizes the distribution in available Gpn
peptide crystal structures. Figure 3 compares the hydrogen-

bonded structures that may be generated by involving inter-
actions within a single residue and between backbone amide
groups of the flanking residues. For an o residue, two distinct
structures have been characterized. These are the C; hydro-
gen-bonded conformation, also referred to as the y-turn,°
and a Cs conformation, which is observed in the fully
extended peptides, most notably in the crystal structures of
a,a-diethylglycine (Deg) and a,a-dipropylglycine (Dpg).%' The
Cy structures have been observed in proteins and cyclic pep-
tides, but relatively few examples exist in linear peptides.>*
The directionality of hydrogen bonding in the case of the C;
structure involves an acceptor CO group at the N-terminal end
and a donor NH group at the C-terminal end (CO; <— NH;2). In
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FIGURE 4. (a) Gy ribbon formed by Boc-Gpn-Gpn-Gpn-Gpn-NHMe?*
and (b) C; hydrogen-bonded turn in Boc-Acec-Gpn-OMe?” (top,
carboxymethyl group axial) and in Boc-Gpn-Aib-Gpn-Aib-OMe?”
(residue 3, bottom, aminomethyl group axial).

contrast, the intraresidue Cs hydrogen bond has the opposite
directionality. In 5 residues, the insertion of an additional car-
bon atom into the backbone results in an expansion to the
corresponding Cg and the Cg hydrogen bonds.?*2* There are
relatively few crystallographically characterized examples of
these hydrogen bonding patterns in 5 amino acid derivatives.
Further expansion to the y amino acid residue yields the anal-
ogous hydrogen-bonding patterns, resulting in Co and C; struc-
tures. Homo-oligomeric Gpn peptides preferentially adopt Cq
ribbon structures in crystals as established from studies on
Boc-(Gpn),-NHMe (n = 2, 4).2° The C; conformation has been
observed for Gpn residues at the C-terminus of short peptides
and also for internal Gpn residues in larger sequences (Fig-
ure 4).2°27 When placed adjacent to an o amino acid resi-
due, the ay or yo segments containing Gpn can, in principle,
form two residue turns with Cy, intramolecular hydrogen
bonds.?® These conformational features would be backbone
expanded analogs of the widely studied two residue aa, Cyo
turns (referred to as S-turns, in the extensive literature of pep-
tides and proteins).?°

In the case of aa segments, the type I/1Il g-turn is a struc-
ture in which both residues have approximately the same val-
ues for the backbone torsion angles ¢, v (—60°, —30°),
permitting repetition of the turn to yield the polypeptide
3,0-helix.'”3% In contrast, the type Il -turn in oo segments
has residues at (i + 1) and (i + 2) in two distinct conforma-
tions (¢1) = —60°, Y1) = 120°, @iz = 80°, 1412 = 0°), pre-

Gabapentin Vasudev et al.

A ¥ residues, excluding Gpn ®) Gpn residue
(30 examples) 70 - (59 examples)
5 4
60 —
ERP
= 50 -
z Z
c 3 3
E 5
g 301
2 . £
=
Zz 20
14
H 10
g9 gt tg tt ' 9g ot
- Abu
1 *** trisubstituted
T y**-disubstituted
[ trans-3-ACPC

FIGURE 5. Distribution of 6 values in crystal structures of (a) all y-
residues, excluding Gpn, and (b) Gpn. The average values for 6,
(deg) and 6, (deg) in panel a are 6 (gg), 10 examples, 6; = 66.0 &
5.8, max = 76.5, min = 58.0; 6, = 60.8 &+ 5.9, max = 69.1, min =
50.5; 6 (gt), 7 examples, 6; = 74.6 + 22.9, max = 107, min = 50.2;
0, =170.8 £ 8.1, max = 177.9, min = 159.4; 0 (tg), 7 examples, 6,
=162.2 £ 12.8, max =175, min = 142; 6, = 77.1 &£ 12.0, max =
93.7, min = 62.3; 0 (tf), 5 examples, 6; = 174.4 + 2.5, max =
176.9, min = 171; 6, = 168.7 &+ 18.9, max = 178.6; min = 135.
The values for 6; (deg) and 6 (deg) averaged over 58 examples for
the gg conformation in panel b are 6; = 66.0 + 5.8, max = 76.5,
min = 58.0; 6, = 60.8 &+ 5.9, max = 69.1, min = 50.5; and the
values for the gt conformation are 6; = 67, 6, = —167. (In the case
of centrosymmetric space groups, Gpn residues of only one hand
are considered.) (Two examples were not considered in the
statistics, because they are close to the eclipsed conformation).

cluding helix formation, with isolated turns facilitating reversal
of polypeptide chain direction.'* The “mirror image” turns type
I” and type II” in which the signs of the torsion angles are
inverted, serve as the turning segment in registered $-hair-
pin structures in proteins and designed peptides.'*3" In hybrid
oy sequences, these features of oo segments can be largely
retained with the additional atoms incorporated within the
hydrogen-bonded loop. In addition, novel hydrogen bond pat-
terns in which the directionality is reversed can be generated.

Ongoing studies in this laboratory focus on delineation of
the conformational properties of synthetic peptides contain-
ing the Gpn residue. Conformational analysis has been facil-
itated by the tendency of Gpn-containing peptides to
crystallize, permitting X-ray diffraction analysis. Figure 5 com-
pares the distribution of conformation about the C’—C# and
C#—C* bonds (9, and 6,) for y amino acid residues in pep-
tide crystal structures with the available results for Gpn resi-
dues. In the case of the unsubstituted y amino acid residue
yAbu, o,f,y-trisubstituted, and a,y-disubstituted y residues,
both gauche (g) and trans (f) conformations about the C—C
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bonds are observed. In the case of Gpn residues, the distribu-
tion is overwhelmingly in favor of gg conformations. Thus the
Gpn residue offers an opportunity for design of hybrid pep-
tide foldamers in which the propensity for the gg conforma-
tion can be used to direct structure formation. Interestingly,
of the crystallographically characterized y amino acid resi-
dues, there are as many as 59 examples for Gpn and only 30
for other y amino acid residues. For the constrained y amino
acid residue trans-3-ACPC (Figure 1), six crystallographically
characterized examples are available, out of which five adopt
tg/gt, while one exhibits an almost eclipsed conformation (6
~ 120°).

The use of the Gpn residue in expanding the backbone in
conventional polypeptide helices is exemplified by three struc-
tures illustrated in Figure 6. Boc-Aib-Gpn-Aib-Gpn-OMe?® has
two consecutive Cy, hydrogen-bonded oy turns, which may be
formally viewed as backbone expanded analogs of C;o turns
in a polypeptide 310-helix. The structure of the octapeptide
Boc-Gpn-Aib-Gpn-Aib-Gpn-Aib-Gpn-Aib-OMe>? reveals a reg-
ular avy Cq3 helix over the segment Aib(2) to Aib(6). The N- and
C-terminal Gpn residues adopt the Cy hydrogen-bonded con-
formation. Gpn residues can be accommodated as guests in
host a. amino acid sequences generating mixed helical struc-
tures in which Cyo hydrogen bonds are formed in the aa seg-
ments and C,, hydrogen bonds in the oay/ya segments as
seen in the structure of ayaarya sequence Boc-Leu-Gpn-Aib-
Leu-Gpn-Aib-OMe.?? These structures permit determination of
the torsional parameters necessary for the generation of the
regular oy Cy2 helix (Figure 6d).

The structure determination of the tetrapeptide Boc-Leu-
Gpn-Leu-Aib-OMe, provides an example of an alternative heli-
cal conformation that is accessible in the oy sequences (Figure
7a).>* In this structure, the Leu(1)—Gpn(2) segment forms a C;,
hydrogen-bonded turn, which has backbone torsional param-
eters distinctly different from those observed in the helical ay
sequences. Furthermore, the Gpn(2)—Leu(3) segment forms a
Cy0 hydrogen-bonded turn, in which the directionality of the
hydrogen bond is reversed. Interestingly, this mixed C;2/Cqq
structure can be propagated to yield a novel C;2/Cyo helix in
a repeating oy sequence (Figure 7b). An important difference
between the two types of ay structures is the conformation
adopted by the o residue. In the regular ay C;» helix, the o
residue adopts a helical (ar/0y) conformation, whereas in the
mixed C;,/C;o helix, the a residue lies in the semiextended
polyproline (P) region of conformational space.

(d)

FIGURE 6. Hydrogen-bonded structures in oy hybrid peptides of
Gpn: (a) Boc-Aib-Gpn-Aib-Gpn-OMe;?® (b) Boc-Leu-Gpn-Aib-Leu-Gpn-
Aib-OMe;>? (c) Boc-Gpn-Aib-Gpn-Aib-Gpn-Aib-Gpn-Aib-OMe;>? (d) a
model G, helix generated using the parameters derived from
crystal structures.

Hydrogen-Bonded Turns in Gpn Peptides

The stereochemical constraints imposed by dialkyl substi-
tution at the C# carbon atom in Gpn are compatible with a
wide range of intramolecularly hydrogen-bonded structures
in hybrid sequences. For oy segments, three distinct kinds
of Cy, hydrogen-bonded structures have been experimen-
tally characterized in crystals (Figure 8). The type I oy turn
corresponds to a helical turn and is an expanded analog of
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FIGURE 7. (a) C;2/C;o mixed helical turn with alternating hydrogen
bond polarities, formed at the -Leu-Gpn-Leu- segment of the
tetrapeptide Boc-Leu-Gpn-Leu-Aib-OMe in crystals,®* (b) a model
Ci12/Cy0 helix generated by using the parameters derived from
crystal structure, and (c) the C;2/Cyo helix in panel b, viewed down
the helix axis.

the type I/lll f-turn in aa segments. Of the remaining two
nonhelical ay Cy; turns, the type Il conformation is an ana-
log of the type Il g-turn in aoe segments. The type | and type
Il aey Cy5 turns are related by an approximately 180° flip of
the central peptide unit, a feature that has also been estab-
lished in the a.o. Cyo turns.3® The third C;, hydrogen-bonded
oy turn is a unique structure in which a trans conforma-
tion is observed about the C*—C# bond (0, ~ —167°). This
12 atom hydrogen bond has been observed for the
Aib—Gpn segment, which forms the central turn in the
octapeptide hairpin Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-
OMe (Figure 9).32 This is indeed the only example in oli-
gopeptides where Gpn has been observed in the gt
conformation with the aminomethyl group adopting an
axial orientation. An interesting observation is the fragility
of this conformation in solution. The peptide yields nuclear
Overhauser effects (NOEs) characteristic of a helical confor-
mation in chloroform and a fS-hairpin conformation in
CD30H. Such solvent-dependent helix—hairpin interconver-
sions have previously been observed in synthetic peptide
hairpins, in which the central turn segment can adopt mul-
tiple conformations.?® While helical structures with the
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FIGURE 8. ay C;> hydrogen-bonded turns and their superposition
with the type I and type Il s-turns formed in oo segments: (a) type |
(helical) Cy, turn (left) and its (magenta) superposition with a type I
pturn (g1 = —55° e = —39°% ¢ = —83°, Y2 = 4.5° gray)
formed in aa segments (right); (b) type Il ay Cq» turn (left) and its
(magenta) superposition with a type Il g-turn (¢ = —59.6°, i1 =
126.8°% ¢is2 = 92.9° i = —25.8°% gray) formed in aa segments
(right). The atoms used for the superposition are shown as balls.

larger number of intramolecular hydrogen bonds are
favored in poorly solvating media like chloroform (CDCl3),
p-hairpins with fewer internal hydrogen bonds are favored
in solvents that can interact with exposed hydrogen bond
donors and acceptors on the peptide backbone. In proteins,
p-hairpins in which the antiparallel strands are connected
by two and three residue loops (turns) are widespread.®'
Two residue (o) segments are generally stabilized by Cqg
hydrogen bonds, while Cy3 hydrogen bonds occur in three
residue (aaa) segments.?” Connecting loops in B-hairpins
can be readily constructed using hybrid peptide segments.
The ay segment in the peptide hairpin shown in Figure 9c
is an example of a Cy, loop, while a central Cy3 (ad) turn
has been established in crystals for the PPro-6Ava (dAva,
o-aminovaleric acid) segment in the octapeptide Boc-Leu-
Val-Val-°Pro-0Ava-Leu-Val-Val-OMe .38

Crystal structure determinations of short Gpn peptides
reveal larger hydrogen-bonded ring sizes. A Cy3 intramolecu-
lar hydrogen bond is observed in crystals of Boc-fLeu-Gpn-
Val-OMe and Boc-pPhe-Gpn-Phe-OMe (Figure 10).%” These two
C,3 hydrogen-bonded gy turns correspond to two distinct con-
formational classes. The structural feature observed for the
plLeu—Gpn segment can be repeated to generate a continu-
ous Cy3 hydrogen-bonded helix, corresponding to a hybrid
analog of the canonical o-helix, in which the three-residue
oo repeat has been replaced by a two-residue hybrid Sy seg-
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(b)

(c)

FIGURE 9. (a) The g-hairpin structure determined in the crystals of Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-OMe,3? (b) ribbon representation of
the B-hairpin, and (c) the central a;y C;> hydrogen-bonded turn, with backbone torsion angles marked.

b)

(d)

61
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¥
41
-139 119
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FIGURE 10. C;; hydrogen-bonded structures characterized in 8y hybrid segments of peptides containing Gpn: (a) Boc-Leu-Gpn-Val-OMe,?” helical
G5 turn, (b) Boc-fPhe-Gpn-Phe-OMe,?” nonhelical C;3 turn, (c) Boc-BLeu-Gpn-Val-OMe (3y) C3 turn, and (d) Boc-3Phe-Gpn-Phe-OMe (8y) C;3 turn.
Backbone torsion angles (deg) are marked. (e) Sy C;3 helix built using the parameters of the C;; hydrogen bond shown in panel c.

ment (Figure 100). It should be noted that the number of back-
bone atoms in aao and gy segments are identical. The
unsubstituted fy segment fAla—yAbu also adopts the Cy;
helical conformation when embedded into a host a-peptide
helix.3? An alternative “nonhelical” By C;3 hydrogen-bonded
turn is observed in crystals of the fya tripeptide Boc-gPhe-
Gpn-Phe-OMe.?” This hybrid unit containing three different o
amino acid residues adopts an interesting two hydrogen-

bonded structure containing the C;5 5y turn followed by a Cy
ya turn with reversed hydrogen bond directionality. This type
of Cyo hydrogen bonding in a ya segment has also been char-
acterized in aya sequences (Figure 7).34

A very large Cy7 hydrogen-bonded turn has been observed
for a yay segment in the peptide Boc-Aib-Gpn-Aib-Gpn-NHMe
(Figure 11).%° This structural feature places C%, and C%.4 at
a distance of 5.2 A, which is very close to that observed at the
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(d)

(e)

FIGURE 11. Hydrogen-bonded structures observed in crystals for the yoy segment: (a) yoy C;7 hydrogen-bonded turn in Boc-Aib-Gpn-Aib-
Gpn-NHMe, polymorph A;*° (b) C; helical conformation and (c) Co/C;> conformation of the yoy segments from the helix, Boc-Gpn-Aib-Gpn-
Aib-Gpn-Aib-Gpn-Aib-OMe;? (d) the Co/C; hydrogen-bonded conformation in Boc-Gpn-Aib-Gpn-Aib-OMe?” and (e) in the polymorph B/C of
Boc-Aib-Gpn-Aib-Gpn-NHMe.*° Backbone torsion angles (deg) are marked.

turn segment in an antiparallel S-hairpin. Thus, the 17 atom
hydrogen-bonded turn could, in principle, mimic the larger
connecting loops observed for 5-hairpins in protein structures.
For example, a four residue a.ocorae connecting loop would con-
tain 16 atoms in the hydrogen-bonded loop. Interestingly, sev-
eral conformational states that contain two intramolecular
hydrogen bonds have been characterized in crystals for the
segment -Gpn-Aib-Gpn-. The steric constraints present at both
the oo and v amino acid residues precludes the formation of
extended strand conformations, which are held together by
p-sheet hydrogen-bonding patterns, commonly observed in
short a peptide sequences that contain the corresponding aaa
segment. As illustrated in Figure 11, as many as five distinct
conformational states have been captured in crystals for the
yay segment. Two dramatically different states are the folded
C42/Cq7 hydrogen-bonded structure,*® which permits complete
reversal of the polypeptide chain direction (Figure 11a), and

the Cq,/Cy> hydrogen-bonded structure (C;, helix, Figure
11b).3? The potential for the transition between a hairpin loop
facilitating a 180° chain reversal and a continuous helical
structure effectively requires a major change only in the
Gpn(3) torsion angle ¢. The Co/Cq> conformation (Figure 11¢)
is very closely related to the C;, helix, with small changes in
the torsion angles resulting in a change in the hydrogen-bond-
ing pattern.®> Conformational transitions that require move-
ment of a residue only within a limited region of con-
formational space are likely to be Kinetically more accessible
than large-scale movements, which may require traversing of
appreciable activation barriers. The Co/C; structures shown in
Figure 11d,e are partially unraveled structures,*© in which the
flanking Gpn residues form intramolecular hydrogen bonds,
determined only by local residue conformations with the cen-
tral o residue serving only as a linker. These well-character-
ized conformational states illustrate the multiplicity of
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FIGURE 12. The ¢— scatter plots for crystallographically characterized y-residues, for various 6; and 6> combinations. Intramolecular

hydrogen bonds involving the y-residues are indicated.

internally hydrogen-bonded structures that may be generated
in hybrid sequences containing o. and y amino acid residues.

Figure 12 summarizes the available conformational distri-
bution observed in crystal structures for a range of y residues.
Two dimensional ¢—1 scatter plots for fixed combinations of
the dihedral angles 6, and 6, permit inspection of clustering

in specific regions of conformational space. Thus far, the larg-
est body of experimental data is for Gpn residues, with the
gauche—gauche conformation being the most represented.
From Figure 12a, it is evident that all helical/ribbon structures
that incorporate conventional hydrogen bond direction
(CO;--*NHin, n =1, 2, 3 etc) cluster into the lower left quad-
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rant of ¢—1 space for the g*g* combination for y residues.
The cluster obtained in the bottom right quadrant represents
the y residue conformations in internally hydrogen-bonded
hybrid segments, which can be accommodated in loops,
resulting in polypeptide chain reversals as well as in helices
with mixed hydrogen bond directionalities like the C;,/Cyq
helix in (ay), sequences.?* The C; ribbon in which the y res-
idue occupies the top right quadrant requires a distinct back-
bone conformation. It should be noted that for an oy segment,
two distinct C2 hydrogen-bonded conformations have been
characterized in crystal structures of Gpn peptides. Repetition
of the more abundantly observed type | conformation (o res-
idue, ¢ = —63°, v = —32° y residue, ¢ = —132°, 0, = 54°,
6> = 60°, v = —112°) leads to the Cy, ay helix, which is an
expanded analog of the a polypeptide 3o-helix.>* The type
Il oy turn (o residue, ¢ = —72°, v = 121°; v residue, ¢ = 87°,
0, = 38°, 0, = 45°, y = —129°) can also be repeated to yield
the C;2/Cyo helix with mixed hydrogen bond directionalities.*
There is no analog of the C;2/Cyq structure in the all o pep-
tide sequences because the Cg conformation at the aa seg-
ment is strained and energetically unfavorable.*' However, in
all B-peptides containing alternate 53 and 82 residues, solu-
tion NMR studies support the formation of a mixed 12/10-
helix analogous to the ay structure described above.***> The
experimentally determined backbone torsion angles for the ay
Gy helix, the oy C42/Cyo mixed helix and the gy C;3 helix are
in good agreement with theoretical estimates from calcula-
tions.** Figure 12 also shows the distribution of y residue ¢,
y values for the less frequently observed combinations of 6,
and 6, namely, gt, tg, and tt. For the simple two residue yy
segment, there are undoubtedly several possibilities for inter-
nal hydrogen bond formation. The work of Seebach and co-
workers using multiply substituted y amino acid residues
provides two interesting examples. In a y tetrapeptide crystal
structure, an incipient Cy4 helix has been characterized with
two successive Cy4 hydrogen bonds,*> a conformation that
constitutes an expansion of the analogous 3;¢-helix in a
polypeptides. The crystal structure of a y dipeptide provides
an example of a Cy4 hydrogen bond in which the turn resi-
dues adopt gt and tg conformations.*®

Conformational Diversity in Gpn Peptides

Despite the steric constraints imposed by the geminal dialkyl
substituents at C?, Gpn residues can sample significantly
diverse regions of conformational space. The behavior of Gpn
may be contrasted with that of the oc amino acid residue Aib,
which carries gem dialkyl substituents at C*. In the case of Aib,
the oy and oy regions of ¢—1 space are overwhelmingly pop-
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C;
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(d)

Cy; (type )
StmnmE
FIGURE 13. (a, b) Two distinct molecular conformations observed
for Boc-Aib-Gpn-Aib-Gpn-NHMe in three polymorphic crystals.*®
Only the backbone atoms are shown, for clarity. The conformation
in panel a is stabilized by a Cy and a C; hydrogen bond, formed at
Gpn(2) and Gpn(4) residues, respectively. In the conformation in
panel b, the Gpn(2) residue is involved in a type I ay C;> (helical)
hydrogen bond and a three-residue, yay C;7 hydrogen bond, while
the Gpn(4) residue is involved only in the C;; hydrogen bond. The
backbone conformation of the Gpn(4) residue is close to that of the
type Il ay i1 turn. (¢, d) The NH,—NH,,; (dnn) distances across the y
residues with different backbone conformations: (c) dyy in C; (left)
and Gy (right) hydrogen-bonded conformations; (d) dyy in oy hybrid
Ci> turns, type [ (helical, left) and type II (in C;2/Cyo mixed helix,
right).

Cyz (typel)

Y AloE

ulated. The polyproline (Py) and fully extended conformations
are seen very infrequently in very short peptides.*” The pres-
ence of variable torsion angles in Gpn residues significantly
enhances the possibility of obtaining alternative conforma-
tions that facilitate intramolecular hydrogen bond formation in
both homo-oligomeric and hybrid peptide sequences. Confor-
mational diversity manifests itself in the solid state when poly-
morphic crystals are obtained, in which peptides reveal
entirely different backbone conformations. This feature is illus-
trated by the peptide Boc-Aib-Gpn-Aib-Gpn-NHMe, which crys-
tallizes in three distinct polymorphic forms.*® Two distinct
conformational states have been characterized as shown in
Figure 13. The two Gpn residues in these two distinct struc-
tures provide examples of C, Co, Cy2 (o), and Cy7 (yavy) inter-
nally hydrogen-bonded conformations. In the solution state,
exchange between multiple conformations can influence the
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observed NMR parameters, which are used to establish local
residue conformations. In the case of Gpn residues, the tran-
sition from one region of ¢—1 space to another for a fixed gg
combination of 6, and 6, can involve appreciable activation
barriers. As a consequence, the intermediate and slow
exchange regimes are quite frequently observed in solution
NMR spectra for peptides containing Gpn residues, resulting in
the observation of selective line broadening particularly for
backbone amide protons and the detection of minor reso-
nances. When conformational exchange is rapid compared
with the NMR time scale, dynamic averaging effects can also
influence observed nuclear Overhauser effects (NOEs).3> As
shown in Figure 13, the sequential NH;—NH;;(d\n) distance
across the Gpn residue can vary significantly, depending on
the values of the backbone torsion angles. Solution NMR stud-
ies for both homo-oligomeric and hybrid sequences contain-
ing v residues must be interpreted with caution since con-
formational heterogeneity may play a role. We restricted our
studies so far to nonaqueous solvents, where the driving
forces for folding are predominantly inter-residue hydrogen
bond formation and nonbonded interactions, determining the
local conformations of individual residues. Extension of these
studies to water-soluble peptides must necessarily take into
account the role of hydrophobic effects in influencing back-
bone folding.

Gabapentin (Gpn) is a readily available and versatile y
amino acid, which can be used in the design of well-folded
hybrid peptides. The absence of chirality and the constraints
imposed on the torsion angles 6 and 6, by symmetrical sub-
stitution at the C# atom largely restrict the Gpn residue to
adopting gauche—gauche conformations about the two addi-
tional C—C bonds that have been introduced into the polypep-
tide backbone. A variety of internally hydrogen-bonded
structures have been demonstrated in the solid state for Gpn-
containing peptides. These include the characterization of the
C; and Co hydrogen bonds, which can lead to ribbons in
homo-oligomeric sequences. In hybrid ay sequences, distinct
Cy2 hydrogen-bonded turn structures have been established
that support formation of peptide helices and hairpins in
longer sequences. The use of the Gpn residue in (oy),
sequences has permitted the experimental characterization of
the vy Cy3 helix in which hydrogen bond directionality is the
same as that in a peptide helices and also the C;,/Cyq helix in
which the directionality of the 12-atom and 10-atom hydro-
gen bonds are opposite. The diversity of internally hydrogen-
bonded structures observed in hybrid sequences containing

Gpn augurs well for the use of this residue in the rational
design of novel peptide structures incorporating hybrid
backbones.
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