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Introduction

Helices are ubiquitous in proteins and often the first
secondary structure to emerge when a protein folds.
Recent protein folding reviews focus on the importance
of local interactions such as those often found in helical
regions.'—2 Nevertheless, the mechanism by which a helix
folds remains unclear. The complexity arises, in part,
because there are two common helix types in polypep-
tides: a-helix, characterized by i, i+4 CO—HN hydrogen
bonds, and 3y-helix, characterized by i, i+3 hydrogen
bonds. a-Helix is the most common secondary structure
motif in proteins, but 3;o-helices are also quite common.
Although 3;0-helix was first described by Huggins in the
early 1940s,* and a-helix was described by Pauling and
Corey in the early 1950s,° there are still numerous
unanswered questions concerning their exact conforma-
tion in solution, the driving force for folding, their
structural determinants, and our ability to accurately
identify populations of each helix type. The interplay
between the two helix types is emerging as an important
issue since recent experimental and theoretical evidence
suggests that 31o-helix is a possible thermodynamic and/
or kinetic intermediate in helix folding.

While the existence of 310-helix in structural studies is
clear (see below), its identification in polypeptides by
spectroscopic and computational techniques has, at times,
been controversial. However, given the importance of local
interactions in the early stages of protein folding, experi-
mental investigation of these systems is of great interest
and vital importance toward understanding the essentials
of protein folding and design. In the following sections,
we discuss the experimental and computational detection
of 3;0-helix and emerging concepts which are changing
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FIGURE 1. MolMol® representation of HEWL. 3;-Helices are shown
in light gray, a-helices and 3-sheet in dark gray. Secondary structure
was determined using the program DSSP.% PDB code 193.

the most fundamental theory of protein folding: the
helix—coil transition.

X-ray Crystallography
To examine the qualitative differences between a- and 3;0-
helix, we focus first on the helix-rich protein hen egg white
lysozyme (HEWL). The crystal structure of HEWL is
resolved to 1.33 A5 and the protein is one of the best
characterized with regard to both its structure and its
folding. A mixed o/ topology (Figure 1), HEWL has seven
helices and a triple-stranded j-sheet. Four of the helices
adopt the a-conformation (dark gray and corresponding
to residues 5—14, 25—36, 89—99, and 109—114), while the
remaining three are independent 3;p-helices (light gray
and corresponding to 80—84, 104—107, and 120—123). The
collection of these helices highlights some of the contrasts
between a- and 33,-helix. a-Helices, at 3.6 residues/turn,
tend to be longer with multiple turns, while the more
tightly pitched 3,-helices, at approximately 3.2 residues/
turn, are shorter and usually not much longer than two
turns. In addition, while the count of 3;p- and o-helix is
comparable, as in HEWL, the total number of residues
participating in 3jp-helix is substantially less than the
number participating in o-helix. Although this balance is
typical for helix-rich proteins such as HEWL, several recent
structures have identified rather long 3;0-helices. Most
notably, the structure of the leucine-rich variant shows a
motif of eight alternating a- and 30-helices, with several
of the 3;p-helices approaching nine residues in length.”
In the past decade or so, there have been several
surveys which have taken advantage of the ever increasing
number of high-resolution crystal structures to character-
ize protein and peptide helices. The seminal study of
Barlow and Thornton® was one of the first to point out
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that protein helices are not as uniform as once thought.
They demonstrated that a-helices show a range of con-
formations including kinks and curves, with only 17%
identified as linear. They also demonstrated that proteins
contain a significant population of 3;9-helices. Of the 362
helices examined by Barlow and Thornton, 71 were 3,
with a mean length of 3.3 residues. As expected, protein
o-helices tend have a significantly longer mean length of
12.2 residues. If only short helical segments (<6 residues)
are considered, approximately 87 a-helices were identi-
fied, which is comparable to the count of 3;0-helices. The
mean values for the backbone torsions (¢, ¥) were
reported as —62°, —41° for a-helix and —71°, —18° for 3y,
though numerous studies over the years report a range
of ¢, vy values.® 11

The results of Barlow and Thornton are supported by
the work of Karle and co-workers.'>~* Over the years, they
have carefully investigated the geometry of peptides
containing a-aminoisobutyric acid (Aib), a helix support-
ing C, disubstituted amino acid. In shorter peptides with
one or more Aib residues, 3; is favored. Karle and
Balaram?®® examined the structural trends as a function
of polypeptide length and Aib content, and their work
suggests that helical peptides of six residues, but lacking
Aib, are equally likely to adopt a 3;o- or a-helical confor-
mation.'® Furthermore, elongation of a delicately balanced
310-helix by just one amino acid can drive a facile
transition to a-helix.1®

Karpen et al.'” compared the amino acid distributions
in the two helix types and found that certain residues,
particularly Asp, appear to favor the formation of 3i0-
helices by serving as N-caps which satisfy a further
N-terminal amide hydrogen bond.'® They also noted a
different distribution of hydrophobic residues between the
two helix types, with hydrophobic residues at the N’ (N-
terminal of the N-cap) and the C-cap positions substan-
tially stabilizing short 3;0-helices through packing inter-
actions. This study suggests that the local structure
determinants of a- and 319-helices are somewhat different.

Some of the first evidence for 35,-helix as a folding
intermediate in the formation of an a-helix was suggested
by Sundaralingam and Sekharudu.® In their study of
hydrated o-helices in protein crystal structures, they
observed a progressive i+4 — i+3 — no hydrogen bond
transition. Since these results were reported, numerous
theoretical and experimental systems have been probed
in an attempt to fully explore the nature of the helical
ensemble in peptides. Several of these studies are ad-
dressed below.

Molecular Dynamics Calculations of Helical
Peptides and Helix—Coil Theory

Current investigations of isolated helical secondary struc-
ture were initiated with the experimental discovery by
Brown and Klee?® that the C-peptide of ribonuclease A
adopts helical secondary structure in aqueous solution.
These studies received a further boost with the design by
Marqusee and Baldwin of a short 16-residue peptide
which adopts substantial helix, as measured by CD? and
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NMR.?2 These initial investigations were the precursors to
a multitude of experimental and theoretical peptide
studies.

Advances in computing power and techniques now
enable MD calculations to more closely approximate the
time scales necessary for helix folding. Computational
studies of helix folding focus on short homopolymer
systems?®~25 and also on sequences analogous to experi-
mental systems.?673° Here we highlight a few of the
noteworthy examples.

Tirado-Rives and Jorgensen® were among the first to
observe the formation of i+3 hydrogen bonding interme-
diates in folding simulations of the S-peptide of ribonu-
clease A. Since then, a number of studies have confirmed
this result.?*=2631 For example, Sung observed multiple i+3
— i+4 transitions during long MD trajectories.?” These
studies show that, in general, 3;0-turns are common
during folding and often persist at the termini of a-helical
domains.

The work of Brooks and co-workers®>=37 has provided
fundamental new insights into helix folding. By mapping
free energy surfaces in model tripeptides, they observed
stable i+3 and i+4 hydrogen bonds, thereby indicating
that 3;0-like turns are a common part of helix initiation.
Using the energies from these calculations to parametrize
a new form of Zimm—Bragg theory, which allows for 3;o-
helix, they demonstrated that 3;o-helix is a significantly
populated folding intermediate.®® A fundamental compo-
nent of this model is the recognition that nucleation (i.e.,
formation of the first hydrogen bond) is more favorable
for 310- compared to a-helix, since a turn of 3;0-helix
requires the constraint of fewer backbone torsion angles.
Interestingly, the incorporation of i+3 hydrogen bonds
does not significantly change the shape or cooperative
nature of the helix—coil transition, and this may explain
why 3;0-helix can be missed in some experimental studies.
Similar results were reported by Rohl and Doig,%® who
extended Lifson—Roig helix—coil theory to include even
i+5 hydrogen bonding. While they find that the z-helical
(i, i+5) state is not favored under any conditions, 3;0-helix
is favored for shorter peptides, where the more favorable
310 nucleation again tips the balance.

Another assumption built into most helix—coil models
is that hydrogen bond propagation is equivalent at both
the N- and C-termini of a helical domain. The Brooks
group tested this assumption on Ala-rich peptides and
showed that 3;0-helix propagation is more facile at the
C-terminus.

Samuelson and Martyna?®3° have demonstrated some
of the variablity of MD studies depending on solvent and
peptide charge. The ensemble of a- and 3io-helix con-
formers can be affected not only by the inclusion of water
in the simulation, which favors populations of 3;o-helical
hydrogen bonds, but also by the presence or absence of
positively charged Lys side chains.?® When a single Lys is
included in a 16- or 8-residue Ala peptide, the peptide is
weakly helical in water, but in a vacuum the peptides form
compact states in order to “solvate” the positive charge.
In water, the Lys residues are solvated by the H,O
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molecules. These results suggest caution in widely inter-
preting MD results based on simulations without adequate
solvent waters and based solely on homopolymer systems
which are not accessible to experimental techniques.

While the previous studies simulate peptides mainly
in aqueous environments, a recent study by Chipot and
Pohorille®! explored helix folding at a water/hexane in-
terface. Their simulation of the folding and translocation
of poly-L-leucine across the water/hexane interface yields
several interesting observations. While the neat solvents
appeared to stabilize discrete conformations, at the water/
hexane interface the peptide sampled multiple helical
conformations. Throughout a 50-ns simulation, many 3;o-
to-o. and o-to-319 transitions were observed. Taken to-
gether, these theoretical studies suggest that helices exist
in mixed 355 and o conformations. Recent experiments
lend strong support to these conclusions.

CD, NMR, and ESR of Helical Peptides

The study of helical peptides offers two unique contribu-
tions to the field of protein folding. First, because helix
formation during protein folding is often rapid and within
the deadtime of time-resolved techniques, partially folded
peptides corresponding to native helical sequences pro-
vide insight into local folding initiation sites.3*~44 Second,
partially folded helical peptides serve as templates for
exploring helix stabilizing interactions.*>~47 For example,
the 3K peptide developed by Marqusee and Baldwin forms
a stable monomeric helix in aqueous solution.?

Ac—AAAAKAAAAKAAAAKA—NH, 3K

This peptide and similar Ala-rich sequences have been the
subject of numerous spectroscopic studies. While this pep-
tide was originally studied by CD, ESR provided the first
residue-specific structural information. Using pairs of ni-
troxide spin-labeled Cys residues at selected positions in
a series of 3K peptides, a mix of a- and 3;5-helix was detec-
ted.*® These results prompted further investigation of the
helix structure by NMR. (Please note that the original
report on the ESR work showed a spectrum influenced
by a peptide contaminant. A correction was subsequently
published,*® and correct spectra were reported in ref 15.
The conclusions of the original report remain intact.)

NMR, a powerful tool for elucidating the conformations
of helical peptides, offers several probes of local struc-
ture: 3Jynq coupling constants provide the ¢ backbone
torsion angle of specific residues; NOEs quantify distances
between protons within <5 A of each other;*® and
hydrogen exchange data for backbone amide protons
identifies the presence of hydrogen bonds and/or exclu-
sion from solvent.>° Following the identification of mixed
o—/310-helical structure in the 3K peptide by ESR, NMR
studies were undertaken on the 3K peptide and the related
MW sequence, shown below.?25!

Ac—AMAAKAWAAKAAAARA—NH, MW

The 3Jyne coupling constants for the 3K and MW
peptides are shown in Figure 2 and are consistent with
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FIGURE 2. 3Jyhe coupling constants measured for the 3K (@) and

MW (O) peptides at 2 °C, pH 5, in 50 mM phosphate buffer.
Sequential couplings less than 6 Hz indicate well-structured helix.

significant helical structure.?? In general, four or more
residues having 3Jyne < 6 Hz are considered indicative of
helix in that region,!* and for the 3K peptide only the last
two residues have 3Jyne > 6 Hz. The profile of 3Jn, for
the MW peptide is very similar to that of the 3K peptide,
though the %),y are slightly greater, indicating a slightly
less helical peptide, consistent with CD.5! These data
suggest that the N-termini of the peptides are more stable
than the C-termini, a conclusion supported by other
experimental and theoretical studies.?8:3252-54

The presence of persistent structure at the N-terminus
and evidence for the 330-helix conformation is also indi-
cated by 1D hydrogen—deuterium exchange data for the
3K peptide.®* Specifically, in a-helix and random coil
conformations, amides 2 and 3 should not be involved in
hydrogen bonds and therefore will exchange rapidly with
solvent. However, if 350-helical conformers are present,
there will be selective protection of amide 3. Indeed, such
selective protection was observed for the 3K peptide.
Similar results for a prenucleated model helix were
reported by Zhou et al.?®

The MW peptide, with specifically placed Met and Trp
residues, was designed to increase NMR signal disper-
sion.! Indeed, 2D NMR spectra obtained at 750 MHz
yielded diagnostic oN and o NOEs for several regions
along the helix. NOE intensities are inversely proportional
to the sixth power of the distance between the proton
pairs, and it is well recognized that various types of
secondary structure give rise to unique NOE patterns.*
In a- and 3y0-helices, the distance between the C,H; and
NH:s protons is equivalent. However, the distance
between the C,H(; and CsH .3 protons is not, with the
distance being substantially greater in the 3;0-helix. There-
fore, the ratio of the af, i+3/aNg;, i+3 NOEs can be related
to the relative populations of a- and 3;0-helix. Applying
this analysis to resolved pairs of af, i+3/aNg; i+3 NOEs
from the MW peptide, a profile of the lower bound
population of 3;,-helix can be calculated,’ as shown in
Figure 3. From these data, it is apparent that, despite the
uniformity of the coupling constants, there is significant
variation in the population of 3ip-helix. The greatest
proportion of 3;y is located at the C-terminus (66%),
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FIGURE 3. (a) Summary of aN(i,i+3) (open) and o5(i,i+3) (filled)
NOEs in the MW peptide with mixing times of 100 (O, @), 200 (C,
M), and 400 ms (&, #). Continuous lines connect the i to i+3
positions and are situated on the 100-ms data. For each mixing time,
oN(i,i+3) and a(i,i+3) were normalized so that the average aN-
(#,i+3) = 1. Percentages indicate lower bound estimates of 3;p-helix.

though a roughly similar amount is found at the N-
terminus (54%). However, even in the center of the
peptide, there is a significant population (27%) of 3;0-helix.

Beyond the assessment of a and 3;0 conformers,
examination of Figure 3 reveals an additional and perhaps
surprising result. The relative aN i+s) intensities remain
constant across the sequence, indicating that the peptide
is sampling only helical conformations. This is supported
by nearly uniform sequential NN NOEs and 3Jyn, coupling
constants.®* Excursions into extended random coil con-
formations should significantly reduce the oNg;, i+3 NOE
intensities at the helix termini, and this is clearly not
observed. These NMR results contradict the CD results,
which suggest a substantial amount of unfolded conform-
ers for both the 3K and MW peptides. In other words, the
peptide appears to exist only as a superposition of o.- and
310-helix, with little contribution from random coil.

Similar results for a 3K type peptide were reported by
Long and Tycko.® They performed a novel solid-state
NMR investigation of the MB(i+4)EK peptide with site-
specific 3C labeling at Ala9 and Alal4.

Ac—AEAAAKEAAAKEAAAKA—NH, MB(i+4)EK

Figure 4 shows the quantitative analysis of the 2D magic
angle spinning (MAS) NMR data in 1:1 frozen glycerol/
H,O at —140 °C (Figure 4a) and with the addition of 5.1
M urea (Figure 4b) for Ala9. The contours represent the
probability that the NMR data arise from a-helix, 3;0-helix,
and, at the origin, random coil (i.e., f(c) = 1 — f(co) — f(310)).
In Figure 4a, it is apparent that Ala9 samples a-helical
conformational space almost exclusively. However, upon
addition of the denaturant urea, the peptide conformation
shifts to largely 3i0-helix, with little contribution from
random coil. The same results are obtained for Alal4.
These results support the solution NMR findings for the
MW peptide and, taken together, suggest that helical
peptides which appear to be unfolded by CD criteria may
actually be well structured but as a superposition of 34,-
and a-helix.
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FIGURE 4. Quantitative analyses of 2D MAS NMR exchange data
showing the unfolding path of the a-helical MB(i+4)EK peptide.
Contours represent the probability of o-helix and 3;0-helix denoted
by fla) and f{3p), respectively. The random coil content is given by
fic) =1 - fla) — f(31). (a) Probability for Alag in frozen glycerol/H,0
at —140 °C. (b) Same as (a) but with 51 M urea. Panel b
demonstrates that a partially destabilized helical peptides exists as
a superposition of o and 3o, with little contribution from random
coil. (Adapted from Long and Tycko® with permission from the
authors.)

o
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FIGURE 5. Structure of the C,-disubstituted amino acid Aib and
its spin label analogue, TOAC.

Further ESR studies make use of TOAC, a nitroxide spin
label analogue of the C,-disubstituted amino acid Aib
(Figure 5). TOAC is rigidly attached to the peptide
backbone and is therefore motionally restricted and able
to report directly on the backbone environment.>” How-
ever, like Aib,'® TOAC favors helical ¢, v space and thus
will influence the distribution of peptide conformers in
the ensemble. ESR spectra of peptides in solution with
selective placement of double TOAC labels show biradical
interactions which reveal a hierarchy of distances consis-
tent with 3;0-helix in hexamer peptides and o-helix in 16-
residue peptides.>®% These results are completely consis-
tent with earlier crystallographic studies.*?

Recent studies have focused on a quantitative evalu-
ation of the inter-nitroxide dipolar interaction in water-
soluble, double-TOAC-labeled peptides.®® Combined CD
and ESR spectra of 3K and 4K sequences suggest that both
are highly structured and adopt the a-helical conforma-
tion; there is no evidence for 3i0-helix, and this is a
consequence of the helix-stabilizing TOAC residues. The
ESR line shapes are fitted with a simulation algorithm
which extracts distance and relative orientation informa-
tion. The expected distances for a typical a-helix are
d(i,i+3) ~ d(i,i+4). However, these peptides showed
d(i,i+3) > d(i,i+4) and inter-nitroxide distances of 8.6 and
6.6 A for 3KT(4,7) and 3KT(4,8), respectively. Assuming
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uniform backbone torsion angles throughout the peptides,
these distances are consistent with a model having torsion
angles of ¢ = —70° and y = —45°. In turn, these torsion
angles suggest that the 3KT sequence adopts a helical
conformation with 3.8—3.9 residues/turn, which is sub-
stantially more open than the canonical o-helix of 3.6
residues/turn. Computer modeling suggests that this more
open geometry leaves the hydrogen bonding network
intact but with an acute C'—0---N angle of 140°, which
results in a splaying of the backbone amide carbonyls
away from the helix axis and into solution. This type of
local structure appears to be unique for soluble helical
peptides, and this open geometry may be favored because
it simultaneously accommodates the hydrogen bonding
network while allowing for solvation of the amide carbo-
nyls. Thus, even the expected a-helical geometry of 3.6
residues/turn, as commonly found in protein a-helices,
may not be the preferred conformation for solvated Ala-
rich helical peptides.

Conclusions

It appears that polypeptide helices do, indeed, have a split
personality. They can be either a or 35, depending on
length, sequence, local packing, or even just random
chance—and partially folded peptides can dynamically
switch between the two conformers. Barlow and Thorn-
ton’s® survey was the first to suggest the wide range of
helix geometries, and it has since become apparent that
there are significant equilibrium populations of 3;5-helix
in both proteins and peptides. A consistent and emerging
perspective, supported by MD, ESR, and NMR, suggests
that 3j0-helix is also an intermediate on the folding
pathway to well-structured o-helix,'>5%% and thus short
stretches of 335-helix are an expected structural compo-
nent.?728.3536.38 Gjven that the two helix types were initially
identified over 40 years ago, and that helix is a major
component of folded proteins, it is rather surprising that
the interplay between a and 3, is just now becoming
clear. In addition, experiments are suggesting new inter-
pretations of CD data and previously unsuspected open
structures for solvated helical peptides. And while split
personalities are not always desirable, they certainly
add new and unexpected twists to polypeptide struc-
tures.
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