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Introduction

Good characterizations of the geometrical parameters in
molecular systems are indispensable for the design of new
molecules for therapeutic purposes and material science,
for molecular modeling, for supramolecular assemblies,
and for computational chemistry.® The helix is a ubiqui-
tous form that occurs as a major shape of the backbone
in proteins, in many peptides, and in many fibrous
polymers. The geometric features of helices have been
characterized by various physical methods, particularly by
X-ray diffraction of single crystals. Over the years, param-
eters of interest have been compiled using results from
those protein crystals that yielded diffraction data of the
best quality, that is, a resolution of ~2.0 A.23 Due to a
lack of atomic resolution, protein structures are generally
refined with “restrained” or “annealed” least squares that
include model building for unresolved portions and poorly
defined solvent molecules.#> Many peptide molecules
having up to 20 residues have been found to produce very
good crystals that scatter X-rays to resolutions of 0.9 A or
better, even those with several independent molecules in
the asymmetrtic unit of the unit cell (that is, molecules
not related by crystallographic symmetry). The peptide
crystals generally have limited hydration. The molecules
are quite rigid with low thermal motion and minimal
disorder and can be refined by least-squares procedures,
without any restraints, to crystallographic R values of
5—10%. The special class of helical peptides is particularly
suited for the major focus of this Account. Fortuitously,
the a-aminoisobutyric acid residue (Aib) that has two
methyl groups on the C* atom (also called dimethylglycine
and methylalanine), found in peptides occurring in mi-
crobial sources such as fungi and spores, is a very strong
helix inducer.6=10 Aib-containing peptides, such as the
antibiotics alamethicin and zervamicin obtained from soil
samples, and up to several hundred synthetic peptides
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prepared in the laboratory, for example, the laboratory of
Professor P. Balaram at the Indian Institute of Science,
have provided crystals for rather precise structure analy-
ses. The topics that have been addressed are multiple
conformations, the folding of the helix, helix transitions
from one type to another, distortions in the helix by
insertion of known helix breakers, unfolding by solvent
insertion, hydrogen bonding and its absence where ex-
pected, mimetic hydrogen bonding, aggregation to form
ion channels, and an ion transport mechanism.

Multiple Conformations

In 1963 the crystal structure of cyclic hexagylcyl,'* syn-
thesized by Ballard et al.,1? was determined, in which the
cyclic hexapeptide assumed four distinctly different con-
formations in each unit cell, with an occurrence of 4:2:
1:1 for a, b, ¢, and d, Figure 1. Two hydrogen bonds,
spanning chain reversals, were present in the most
prevalent conformer a, providing the first experimentally
determined values for the torsional angles and hydrogen
bond lengths in S-turns. Soon afterward, a different type
of hydrogen bond at a chain reversal was found in the
structure of ferrichrome A.1® In 1968, Venkatachalam
published stereochemical criteria for conformations for
systems of three linked peptide units in which he found
the two possibilities for chain reversal that have 4 — 1
hydrogen bonding.**

Multiple conformations have since been encountered
in many peptide crystals, attesting to the flexibility of
peptides and to the similarity of the potential energy
values for the conformers. The conformers may occur
side-by-side in the same crystal or in separate crystals with
entirely different symmetry elements. An example of
multiple conformations for cyclic peptides is valinomy-
cin,1516 for linear peptides there are the many forms of
enkephalin (see Figure 2a),17'8 and for helical peptides
an example is Boc-Aib-Val-Aib-Aib-Val-Val-Val-Aib-Val-
Aib-OMe that alternates between folding into an o-helix
in one molecule and having extended backbone/3:o-
helical/a-helical segments in succession in a neighboring
molecule.’® In all cases, the multiple conformers fall
within the allowable regions computed for ¢ and v
torsional angles (¢ = Ci-;—N;—C—Cj and » = N;—
C{—Ci{—Ni;1) in Ramachandran conformational maps.2°

The Robust Helix

As already indicated in the Introduction, the Aib residue
is an efficient helix former. Among the very many peptides
studied, up to 20 residues, which contain either many Aib
residues in the sequence or only one Aib residue, all form
310-helices, mixed 3;0/a-helices, or a-helices, with only two
exceptions.?1:22 Helices containing Aib residues are ideal
to a considerable extent, with intrahelical hydrogen bonds
usually having N:--O distances of 2.8—3.1 A.

An example of a nearly ideal a-helix formed by a 15-
residue apolar peptide with the sequence Boc-Val-Ala-
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FIGURE 1. Four conformers of cyclic hexaglycyl crystallized side-
by-side in the same unit cell.*

Leu-Aib-Val-Ala-Leu-(Val-Ala-Leu-Aib),-OMe?3 is shown
in Figure 3a, and a nearly ideal 3;o-helix is formed by the
9-residue peptide Boc-b-Phe-(Aib),-Gly-L-Leu-(Aib),-OMe?*
despite the presence of a p-residue at the N-terminus,
Figure 3b. The structures of many 3;0-helices have been
published for the homopeptides X-(Aib),-Y.2526 Generally,
the longer sequences with few Aib residues favor o-helix
formation, whereas 3io-helix formation is favored by
shorter sequences and a larger number of Aib residues,®
although there appear to be many minor factors that may
also affect the type of helix formed.’® The transition
between 3;0- and a-helix types is often readily achieved,
facilitated by changing the length of the peptide by a single
residue, changing the end group, or changing the crystal-
lizing medium. Other C*>-disubstituted glycine residues,
such as Dpg (dipropylglycine) or Dbg (dibutylglycine), can
readily replace Aib in heteropeptides and retain the helical
backbone?” as shown in Figure 3c for Ac-Val-Ala-Leu-Dpg-
Val-Ala-Leu-OMe.

The robust helices described above were formed by
sequences of a-amino acids with L-chirality, and contain-
ing at least one Aib or other C*«-disubstituted glycines.
Effects on helix-forming propensity, helix distortions, helix
reversals, helix bending, and helix fraying have been
investigated structurally by insertions of possible helix
breakers into the backbone, alterations of chirality, re-
moval of hydrogen-bonding potential, and solvation of the
backbone. Some of those results are presented here.

Insertions. The incorporation of amino acids with
contradictory conformational characteristics, such as the
introduction of a central helix-destabilizing Gly-Gly seg-
ment between two helix-promoting Aib residues in the
Boc-Leu-Aib-Val-Gly-Gly-Leu-Aib-Val-OMe sequence,?8
has not disturbed the formation of a 3;o-type helix, Figure
4a. Helix retention has also been shown for the naturally
occurring tricogen A IV and a synthetic antibiotic ana-
logue,293° each containing a central Gly-Gly segment
between Aib segments.

Helix reversal at the penultimate Aib residue is a feature
present in the peptide shown in Figure 4a. Often, 6 — 1
type hydrogen bonds are associated with helix reversals
near the C-terminals of peptides and proteins, caused by
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achiral residues in the penultimate position.31-34 In this
particular example, the potential 6 — 1 hydrogen bond
has an insertion of the OH group of a methanol molecule.
Although the helix reversal and the accompanying solva-
tion are not directly associated with the Gly-Gly insert,
they are also present in the glycine-rich example shown
in Figure 4b, where the sequence is Boc-Gly-Dpg-Gly-Gly-
Dpg-Gly-NHMe.35 All the residues are achiral. The hexapep-
tide adopts a novel, hydrated multiple turn structure,
consisting of an initial 5-turn, followed by one turn of a
310-helix, then a helix reversal at Dpg(5), and a hydrated
6 — 1 hydrogen bond. Clearly, the conformation is no
longer a simple helix.

The peptide Boc-(Val),-Aib-Pro-(Val);-OMe was syn-
thesized to investigate the effect of introducing a strong
p-turn-promoting guest segment into an oligopeptide
sequence with a tendency to form extended structures.
Nevertheless, in a crystal grown from a methanol solution,
the peptide assumed the form of a somewhat distorted
right-handed 3;o-helix, Figure 5.3 The introduction of a
single Aib residue was sufficient to override the otherwise
unfavorable sequence for helix formation. In the absence
of any Aib residue in a similar sequence, Boc-Leu-Val-
Val-p-Pro-Gly-Leu-Val-Val-OMe, an almost ideal 5-hairpin
molecular structure assembling into an extended j-sheet
instead of a helix has been obtained.3”

The introduction of (—CH,—),, groups into a backbone
in a central position was accomplished by the use of the
p-Ala-y-Abu segment (5-Ala = f$-alanine and y-Abu =
y-aminobutyric acid) that occupies the same length as a
Gly-Gly-Gly segment. This kind of insertion replaces one
scissile peptide bond by a proteolytically stable C—C bond.
Further, it has been shown in crystals that the helical motif
of the backbone has been retained, albeit with some minor
bulges. The conformation of Boc-Leu-Aib-Val-S-Ala-y-
Abu-Leu-Aib-Val-Ala-Leu-Aib-OMe3® is shown in Figure
6 with several modified types of 4 — 1 and 5 — 1 hydrogen
bonds. The fS-Ala-y-Abu segment was readily accom-
modated into the helical structure by adopting gauche
conformations about specific C—C bonds.

In an effort to form U-shaped two-helix bundles, an
e-aminocaproic acid (Acp) linker was inserted between
two seven-residue helical segments (helix—linker—helix).
Two assemblies were synthesized in which the chiralities
in the two helical segments were L,L in the first case and
L,D in the second case. The two helices in both the L,L and
L,D analogues are displaced laterally by the linker, but in
neither case has the linker folded the molecule into the
desired U-conformation.®® The L,p analogue, shown in
Figure 7, has a right-handed upper helix with —¢, —y
torsional angles and a left-handed lower helix with +¢,
+1 torsional angles. The linker also assumes a helical
form.

Mixed L- and p-Residues. The achiral Aib residue, with
one or several present in helical heteropeptides where the
remaining residues have the L-hand, assumes the torsional
angles of the L-hand. Presumably, the Aib residues would
assume the p-hand in helical peptides if the remaining
residues have the p-hand. A single pb-residue substituted
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FIGURE 2. (a) Four conformers of Leu-enkephalin in the extended form coexisting in the same cell. (b) Assembly of the four conformers into

a [3-sheet.

Vval
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FIGURE 3. (a) A nearly ideal a-helix in a 15-residue peptide containing three Aib residues.® (b) A nearly ideal 3y-helix in the nonapeptide
Boc-D-Phe-(Aib)s-Gly-L-Leu-(Aib),-OMe.?* (c) a-Helix formed by Ac-Val-Ala-Leu-Dpg-Val-Ala-Leu-OMe, where Dpg is the helix promoter.%0

(Dpg is darkened.)

for an L-residue in helices of heteropeptides has been
observed to assume values for the torsional angles as if it
were an L-residue, that is, —¢ and —1. One example has
already been shown in Figure 3b, where the chiral
substitution is at the beginning of the sequence.?* Another
example is Boc-Leu-Dpg-Val-p-Ala-Gly-Leu-Dpg-Val-OMe,*°
where the p-Ala-Gly segment is centrally located. The 3;o-
type helix is right-handed, characteristic for an ordinary
helix with all L-residues, with the p-Ala* having torsional

angle values, ¢ = —57° and y = —25°, comparable to those
of residues with an L-hand.

A class of peptides with helix-forming propensities,
composed of a block of L-residues followed by a block of
D-residues, or vice versa, has been investigated for con-
formational characteristics. The L-helix—linker—b-helix has
been described above and shown in Figure 7. For the same
sequence without the linker, Boc-L-(Val-Ala-Leu-Aib-Val-
Ala-Leu)-p-(Val-Ala-Leu-Aib-Val-Ala-Leu)-OMe, as well as
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Boc-Leu-Aib-Val-Gly-Gly-Leu-Aib-Val-OMe

31 O-HEUX

HELIX REVERSAL
a

achiral Boc-Gly-Dpg-Gly-Gly-Dpg-Gly-NHMe.®

(24 Boc
val s

FIGURE 5. Distorted helix with an Aib3-Pro* segment.3

the enantiomeric b,L sequence, the opposing chiral blocks
were fused directly to each other.** The ambidextrous
cylinders formed by the LD and bL enantiomers are mirror
images of each other, as expected for enantiomers. The
DL enantiomer is shown in Figure 8. At the level of the
helix reversal between p-Leu’” and L-Val®, which corre-
sponds to the change of chirality, the crystal structure
shows that the p-Val®> CO and L-Leu® NH are positioned
to permit formation of a solvated 6 — 1 hydrogen bond
where the OH of a cocrystallized MeOH bridges the
hydrogen bonds. This feature has already been seen in
Figure 4, where the helix reversal occurred at the penul-
timate position of an achiral Aib residue.
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SOLVATED
6—»1 H-BOND

Boc—Gly-Dpg—Gly—-Gly-Dpg—Gly-NHMe

v, HYDRATED
6-;1 H-BOND

HELIX REVERSAL
b

FIGURE 4. (a) Helix reversal at a penultimate Aib residue with a solvated 6 — 1 hydrogen bond.? (b) Hydrated, multiple turn structure of the

FIGURE 6. Retention of a helical form despite additional —CH,—
moieties (C4b, C5b, and C5g) in the backbone provided by the 3-Ala*-
y-Abu® insertion.®®

Lack of Hydrogen-Bonding Potential. The substitution
of a lactic acid residue (Lac) for an amino acid residue in
a peptide sequence results in replacing an NH group with
an —O— linkage. Without a H atom in this location, the
new depsipeptide is deprived of one hydrogen bond. The
crystal structures of several helical peptides showed that
the peptides maintained their helical form despite the
replacement of Ala with Lac and the consequent loss of a
hydrogen bond. The conformation of one such depsipep-
tide, Boc-Val-Ala-Leu-Aib-Val-Lac-Leu-Aib-Val-Ala-Leu-
OMe,*0 is shown in Figure 9. The helix has been only
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RIGHT-handed helix

LINKER

forms a spiral

7-RESIDUE HELIX

all D-
LEFT-handed helix

Boc-L-[Val-Ala—-Leu—Aib-Val-Ala-Leu]-Acp
—D-[Val~Ala—Leu-Aib-Val-Ala—Leu]-OMe
FIGURE 7. L-Helix—linker—p-helix.®®

mildly distorted from ideal geometry despite the loss of a
hydrogen bond at O6L in the middle of the helix.

lon Channels

The properties and function of a substance often are
dependent upon the assembly of several molecules in a
specific manner. For example, several long helical mol-
ecules may be arranged in the crystal so that a channel is
formed with polar groups lining the inner wall and
hydrophobic groups covering the exterior wall, a condition
that may closely approximate the requirements for K+ or
Na™ ion transport through membranes. Generally, channel
studies are mostly descriptive, given the enormous diver-
sity and complexity in channel type.*? With rare excep-
tion,*3 three-dimensional structures are generally lacking.
Channels formed by antibiotic peptides are simpler than
those in which proteins are involved and more amenable
to providing structural information on an atomic scale,
especially with data resolution of 1.0—0.9 A.

A family of antibiotic peptides, derived from the fungus
Emericellopsis salmosynnemata, form voltage-gated chan-
nels in phospholipid bilayer membranes.*446 The se-
quence for one of the peptides, zervamicin, is Ac-Leu-lle-
GIn-lva-lle>-Thr-Aib-Leu-Aib-Hyp°-GIn-Aib-Hyp-Aib-Prots-
Phol, where residues with polar side chains are underlined
and where four Aib residues plus one Iva residue ensure
a helical backbone in the molecule. The helical backbone
has an axis that is severely curved, a curvature that is
caused by the presence of prolyl rings in the backbone.
As expected,*” all the polar side chains are aligned on one
side of the curved helix, the convex side. The glutamine

=
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> ~ D-RESIDUES
9 S
g
/
/
SOLVENT Hg
\
BRIDGING \ DS

HELIX REVERSAL
HYDROGEN BOND

L-RESIDUES

Boc—-D(Val-Ala-Leu—-Aib—Val-Ala-Leu)
—L(Val-Ala-Leu—-Aib-Val-Ala-Leu)-OMe

FIGURE 8. p-Helix joined covalently to an L-helix containing a
solvated 6 — 1 hydrogen bond at the level of the joint.4*

FIGURE 9. Substitution of Lac® for Ala® and loss of hydrogen bond
potential at the depsipeptide position O6L does not disturb the robust
helix.4°

11 (italicized) should have been an exception, since it does
not follow the pattern of polar residues occurring at every
third or fourth position in the sequence; however, its side
chain is long enough to wrap around the helix, away from
the hydrophobic side, and project its polar end to com-
plete the polar face.*®4° Three zervamicin molecules
assemble to form an hourglass-shaped channel, Figure 10,
with a polar interior and nonpolar exterior. The channel
is filled with water molecules. The constriction in the

VOL. 32, NO. 8, 1999 / ACCOUNTS OF CHEMICAL RESEARCH 697



Aspects of Peptide Folding and Aggregation Karle

was" -\‘\
/ WTA wW3A
o N 8

M ‘ AN
| w4 '.~";o1e' Y

016

FIGURE 10. Water-filled polar channel formed by Leu-zervamicin
in the crystal.84° The constriction in the hourglass-shaped channel
is closed by hydrogen bonds involving the NH, at the end of the
side chain of GIn!! (darkened). A third Leu-zervamicin molecule that
completes the walls of the channel is omitted for clarity.
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FIGURE 11. Details of the closed channel (solid lines) and open
channel (striated lines) that involve a single rotation about the C#—
C” bond of GIn'! in zervamicin.*

middle of the channel is closed by a hydrogen bond
between N¢11, from the tip of the side chain in glutamine
11 (darkened), and O6 in such a way that ions or water
molecules are blocked from passage through the channel.
However, in the same crystal, about 20% of the molecules
have been found with an open channel, created by
rotation of the side chain of glutamine 11 about the CA—
C” bond by 96°. Details in the region of the constricted
channel and the gating function of the glutamine side
chain that closes and opens the channel are shown in
Figure 11. Two hydrogen bonds to N<11 that exist in the

698 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 32, NO. 8, 1999

FIGURE 12. Schematic of double-gating in the channel that allows
passage of one ion per each opening and closing.

closed position are broken and one is re-formed in the
open position with a neighboring molecule.

Since the dimensions and shape of the channel were
established in the crystal structure determination, it was
possible to calculate a suitable path for the passage of a
potassium ion represented by a sphere with 5.6 A diam-
eter. Starting at position A, in Figure 12, the sphere has
sufficient space to travel upward to position B, at which
point it has to change direction horizontally. At position
B there is insufficient space for the sphere to move further
with the gate in the open position; however, at this point,
it is possible for the gate to swing from open to closed, or
vice versa. After the gate is closed, the sphere is free to
travel upward until it reaches the wide part of the channel.
For every ion, the gate must open with an applied
potential, allowing the ion to pass into a holding cavity
while the gate closes, and finally the ion continues its
passage through the channel. This very probable double-
gating mechanism is consistent with the concept of
double-gating already proposed by investigators in entirely
different experiments in which ion conductance through
cell membranes is measured.

lon channels are active in a membrane environment.
Fortuitously, antiamoebin, Ac-Phe-Aib-Aib-Aib-Iva>-Gly-
Leu-Aib-Aib-Hyp'°-GIn-lva-Hyp-Aib-Pro>-Phol, an iono-
phore similar to zervamicin, cocrystallized with octanol.
Despite differences in sequence and local polarity, both
molecules fold in an almost identical fashion®° and the
antiamoebin molecules associate to form hourglass-
shaped channels in the same manner and shape as the
zervamicin, Figure 13. Additionally, the cocrystallized
octanol molecules surround the hydrophobic faces on
either side of the channel assembly and appear to mimic
membrane material. The space-filling diagram in Figure
14 shows a layer of 1-octanol molecules covering the
hydrophobic surface of antiamoebin. The arrangement in
a crystal having both peptide and octanol molecules may
be close to the physical condition in which an ionophore
is embedded in a membrane, thus providing information
on contacts between membrane components and iono-
phores.

Concluding Remarks

Many of the conformations adopted by helical peptides
containing Aib residues have been described as well as
ion channels formed by assembly of helical peptides. The
stability of the helix (a, 310, or mixed) has been empha-
sized, particularly if one or more Aib or other dialkyl Coo-
substituted residues are present in the sequence, despite



Aspects of Peptide Folding and Aggregation Karle

ANTIAMOEBIN

FIGURE 13. Hourglass-shaped channel formed by antiamoebin
surrounded by cocrystallized 1-octanol* that may mimic membrane
material.

a variety of insertions, substitutions, and chirality changes
in the backbone that cause local distortions. On the other
hand, the flexibility of peptides has been made evident
by the multiple isoenergetic conformers that may coexist
in the same crystal or in polymorphic crystals. In this
Account only structures in the solid state have been
discussed. Studies of conformations of the same peptides
in solution by spectroscopic procedures have confirmed
or strongly suggested the retention of helical backbones
or multiple turns in CHCI; solution, but not necessarily
in DMSO solution.?8:3536,3841

Other fascinating and remarkable helical folding pat-
terns have been established for designed -, y-, and
o-peptides,>1~54 and for hybrid molecules made with
peptides attached to scaffolds.5® Structures of double-
stranded, antiparallel peptide S-helices have been pub-
lished for peptides having p,L,b,L alternating chirality in
the sequence.>¢6-58 Tubules formed from small cyclic
peptides with alternating L,b-residues®:¢° or alternating
o,-residues that self-assemble by complementary hydro-
gen bonds are receiving much deserved attention at the
present time, although some had been conceived and
observed at an earlier time.61.62 New concepts for forming

- |’
-
i

-

) <. <
W
-

FIGURE 14. A layer of 1-octanol molecules (yellow) in contact with
the hydrophobic (concave) side of two antiamoebin molecules
(underneath). The view is perpendicular (from the side) to that shown
in Figure 13.5

tubules by aromatic interactions®® and hybrid peptides®*
are being developed. Continuing challenges to discover
the myriad of new conformations and new properties of
still-to-be-designed peptides and hybrid peptides auger
an exciting future.
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of Aib-containing peptides and for valuable discussions. The
collaboration with Dr. Darshan Ranganathan of the Indian
Institute of Chemical Technology on hybrid peptides is gratefully
acknowledged. | thank the Office of Naval Research and the
National Institutes of Health (Grant GM-30902) for financial
support.
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