CHAPTER 1
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1.1 Introduction

Proteins are built of regular local folds of the polypeptide chain called secondary
structure. a-Helices are present in nearly all globular proteins, with x~30% of
residues found in a-helices.! It is such ubiquity and its structural simplicity that
makes the o-helix an ideal candidate for detailed quantitative studies of the
complex energetic factors involved in protein folding and stability. Here, we
discuss structural features of the helix and their contributions to helix stability
from studies in peptides. Some earlier reviews in this field are references 2—10.

1.2 Structure of the a-Helix

A helix combines a linear translation with an orthogonal circular rotation. In
the o-helix the linear translation is a rise of 5.4 A per turn of the helix and a
circular rotation is 3.6 residues per turn. Side chains spaced i,i + 3, i,i + 4, and
i,i + 7 are therefore close in space and interactions between them can affect
helix stability. Spacings of i,i + 2, i,i + 5, and i,i + 6 place the side chain pairs
on opposite faces of the helix avoiding any interaction. The helix is primarily
stabilized by i,i + 4 hydrogen bonds between backbone amide groups.
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The conformation of a polypeptide can be described by the backbone
dihedral angles ¢ and . Most ¢,y combinations are sterically excluded,
leaving only the broad f§ region and narrower « region. The residues at the N-
terminus of the o-helix are called N’-N-cap-N1-N2-N3-N4 ezc., where the
N-cap is the residue with non-helical ¢, |y angles immediately preceding the N-
terminus of an o-helix and N1 is the first residue with helical ¢, | angles."!
The C-terminal residues are similarly called C4-C3-C2-C1-C-cap-C’ etc. The
NI, N2, N3, Cl1, C2, and C3 residues are unique because their amide groups
participate in 7,i+ 4 backbone—backbone hydrogen bonds using either only
their CO (at the N-terminus) or NH (at the C-terminus) groups. The need for
these groups to form hydrogen bonds has powerful effects on helix structure
and stability.'?

1.2.1 Capping Motifs

The amide NH groups at the helix N-terminus are satisfied predominantly by
side-chain H-bond acceptors. In contrast, carbonyl CO groups at the C-
terminus are satisfied primarily by backbone NH groups from the sequence
following the helix.'? The presence of such interactions would therefore sta-
bilize helices. These interactions can be identified as specific patterns found at
or near the ends of helices and are generally termed capping motifs.!"!¥17

A common pattern of capping at the helix N-terminus is the capping box.
Here, the side chain of the N-cap forms a hydrogen bond with the backbone of
N3 and, reciprocally, the side chain of N3 forms a hydrogen bond with the
backbone of the N-cap.'® The definition of the capping box was expanded
by Seale et al.' to include an associated hydrophobic interaction between
residues N’ and N4 and is also known as a “hydrophobic staple”.?’ A variant
of the capping box motif is termed the “big”” box with an observed hydrophobic
interaction between non-polar side-chain groups in residues N4 and N” (not
N’).'? The Pro-box motif involves three hydrophobic residues and a Pro residue
at the N-cap.”!

The two primary capping motifs found at helix C-termini are the Schellman
and the o motifs.?>>* The Schellman motif is defined by a doubly hydrogen-
bonded pattern between backbone partners, consisting of hydrogen bonds
between the amide NH at C” and the carbonyl CO at C3 and between the amide
NH at C’ and the carbonyl CO at C2, respectively. The associated hydrophobic
interaction is between C3 and C”. In a Schellman motif, polar residues are
highly favoured at the C1 position and the C’ residue is typically glycine. If C”
is polar, the alternative oy motif is observed, defined by a hydrogen bond be-
tween the amide NH at C’ and the carbonyl CO at C3. As in the Schellman
motif, the C’ residue is typically glycine, which adopts a positive value of ¢.
However, the hydrophobic interaction in an o; is heterogeneous, occurring
between C3 and any of several residues external to the helix (C¥, C*, or C*).%

A notable difference between the N- and C-terminal motifs is that at the N-
terminus, helix geometry favors side-chain-to-backbone hydrogen bonding and
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selects for compatible polar residues.”>® Accordingly, the N-terminus pro-
motes selectivity in all polar positions, especially N-cap and N3 in the capping
box. In contrast, at the C-terminus, side-chain-to-backbone hydrogen bonding
is disfavored. Backbone hydrogen bonds are satisfied instead by post-helical
backbone groups. The C-terminus need only select for C’ residues that can
adopt positive values of the backbone dihedral angle ¢, most notably Gly.**

1.2.2 Metal Binding

One way to stabilize helix conformations, especially in short peptides, is to
introduce an artificial nucleation site composed of a few residues fixed in a helical
conformation. For example, the calcium-binding loop from EF-hand proteins
saturated with a lanthanide ion promotes a rigid short helical conformation at its
C-terminus region.>” This system has been used to measure enthalpic terms
contributing to helical preferences of the amino acids.*® *° In the presence of Cd
ions, a synthetic peptide containing Cys-His ligands i,i + 4 apart at the C-
terminal region increased helicity (that is the average probability of finding di-
hedral angle pairs in values typical of a-helix) from 54% to 90%. The helicity of
a similar peptide containing His-His ligands increased by up to 90% as a result
of Cu and Zn binding.*' The addition of a cis-Ru(I1I) ion to a 6-mer peptide, Ac-
AHAAAHA-NH,, changed the peptide conformation from random coil to 37%
helix.>* An 11-residue peptide was converted from random coil to 80% helix
content by the addition of Cd ions, although the ligands used were not natural
amino acids but aminodiacetic acids.>* As(III) stabilizes helices when bound to
Cys side chains spaced ii+4 by —0.7 to —1.0kcalmol '>** 19-Membered
metallocyclic rings induce helix formation by covalently linking helical turns.®

1.2.3 The 310-Helix

3,0-Helices are stabilized by i,i + 3 hydrogen bonds, instead of the 7,i + 4 found
in a-helices, making the cylinder of the 3jg-helix narrower than « and their
hydrogen bonds non-linear. 3-4% of residues in crystal structures are in 3;¢-
helices.'*® Most 3;o-helices are short, only 3 or 4 residues long, compared to a
mean of 10 residues in a-helices,' and are commonly found as N- or C-terminal
extensions to an a-helix:'"** strong amino acid preferences have been observed
for different locations within the interior’® and N- and C-caps® of 3;¢-helices in
crystal structures. The 3;(-helix is being recognized as of increasing importance
in isolated peptides and even as a possible intermediate in o-helix formation.>**°

1.2.4 The n-Helix

In contrast to the widely occurring «- and 3;-helices, the n-helix is extremely
rare. The =-helix is unfavorable for three reasons: its dihedral angles are
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energetically unfavorable relative to the a-helix,*!*** its three-dimensional

structure has a 1 A hole down the center that is too narrow for access by a
water molecule resulting in the loss of van der Waals interactions, and a
higher number of residues (four) must be correctly oriented before the first
i,i + 5 hydrogen bond is formed, making helix initiation more entropically
unfavorable than for a- or 3;o-helices.** n-Helices are known in both peptide
and proteins, however.** *®

1.3 Design of Peptide Helices

The earliest work on peptide helices was on long homopolymers of Glu or Lys
which show coil-to-helix transitions on changing the pH from charged to
neutral.*’ The neutral polypeptides are metastable and prone to aggregation,
ultimately to f-sheet amyloid.”® In 1971 Brown and Klee®' reported that the
C-peptide of ribonuclease A, which contains the first 13 residues of the protein
and which forms a helix in the protein, had high helical content at 0 °C. Work
on the C-peptide showed that the replacement of interior helical residues with
Ala was stabilizing, indicating that a major reason why this helix was folded in
isolation was the presence of three successive alanines from positions 4-6. This
led to the successful design of isolated, monomeric helical peptides in aqueous
solution, first containing several salt bridges and a high alanine content, based
on (EAAAK),’>>® and then a simple sequence with a high alanine content
solubilized by several lysines.”® These “AK peptides” are based on the se-
quence (AAKAA),, where n is typically 2-5. The Lys side chains are spaced
i,i + 5 so they are on opposite faces of the helix, giving no charge repulsion.
Hundreds of AK peptides have been studied, giving most of the available
results on helix stability in peptides. The alanines in the (EAAAK),-type
peptides may be removed entirely; E4JK4 peptides, with sequences based on
(EEEEKKKK), or EAK patterns, are also helical, stabilized by large numbers
of salt bridges.>>>’

1.3.1 Host—Guest Studies

Extensive work from the Scheraga group has obtained helix—coil parameters
using a host—guest method. Long random co-polymers were synthesized
of a water soluble, non-ionic guest (poly[N°-(3-hydroxypropyl)-L-glutamine]
(PHPG) or poly[N°-(4-hydroxybutyl)-L-glutamine] (PHBG)), together
with a low (10-50%) content of the guest residue. Using the s and ¢ Zimm-—
Bragg helix—coil parameters (see below) for the host homopolymer, it
was possible to calculate those for the guest using helix—coil theory as a
function of temperature. The results obtained from the host—guest work
are in disagreement with most of the results from short peptides of fixed
sequence.
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1.3.2 Helix Lengths

Helix formation in peptides is cooperative, with a nucleation penalty. Helix
stability therefore tends to increase with length, in homopolymers at least. As
the length of a homopolymer increases, the mean fraction helix will level off
below 100%, as long helices tend to break in two. In heteropolymers, observed
lengths are highly sequence dependent. As helices are at best marginally stable
in monomeric peptides in aqueous solution, they are readily terminated by the
introduction of a strong capping residue or a residue with a low intrinsic helical
preference.

The length distribution of helices in proteins is very different from homo- and
heteropolymers.! Most protein helices are short, with 5 to 14 residues most
abundant. There is a general trend for a decrease in frequency as the length
increases beyond 13 residues. Helix lengths longer than 25 are rare. There is
also a preference to have close to an integral number of turns so that their
N- and C-caps are on the same side of the helix.>®

1.3.3 The Helix Dipole

The secondary amide group in a protein backbone is polarized with the oxygen
negatively charged and hydrogen positively charged. In a helix, the amides are
all oriented in the same direction with the positive hydrogens pointing to the N-
terminus and negative oxygens pointing to the C-terminus. This can be re-
garded as giving a partial positive charge at the helix N-terminus and a partial
negative charge at the helix C-terminus.>®®' In general, therefore, negatively
charged groups are stabilizing at the N-terminus and positively charged at the
C-terminus. An alternative interpretation of these results is that favored side
chains are those that can make hydrogen bonds to the free amide NH groups at
N1, N2, and N3 or free CO groups at C1, C2, and C3.%> Charged groups can
form stronger hydrogen bonds than neutral groups, thus providing an alter-
native rationalization of the pH titration results. These hypotheses are not
mutually exclusive, as a charged side chain can also function as a hydrogen
bond acceptor or donor. Measurements of the amino acid preferences for the
N-cap, N1, N2, and N3 positions in the helix allow a comparison to be made of
the relative importance of helix dipole and hydrogen bonding interactions,®* ¢
suggesting that both charge and hydrogen-bonding interactions are important.

1.3.4 Acetylation and Amidation

A simple, yet effective, way to increase the helicity of a peptide is to acetylate its
N-terminus.'>%” Acetylation removes the positive charge that is present at the
helix terminus at low or neutral pH; this charge would interact unfavorably
with the positive helix dipole and free N-terminal NH groups. The extra CO
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group from the acetyl group can form an additional hydrogen bond to the NH
group, putting the acetyl at the N-cap position. This has a strong stabilizing
effect by approximately 1.0 kcalmol ' compared to alanine.®*%%

Amidation of the peptide C-terminus is structurally analogous to N-terminal
acetylation: the helix is extended by one hydrogen bond and an unfavorable
charge—charge repulsion with the helix dipole is removed. The energetic benefit
of amidation is rather smaller, however, with the amide group being no better
than Ala and in the middle if the C-cap residues are ranked in order of sta-
bilization effect.®® As most helical peptides studied to date are both acetylated
and amidated, and acetylation is more stabilizing than amidation, the distri-
bution of helicity along the peptide is generally skewed so that residues near the
N-terminus are more helical than those near the C-terminus.

1.3.5 Solubility

Peptide aggregation can be assayed rigorously by sedimentation equilibrium,
which determines the oligomeric state of a molecule in solution. This is difficult,
however, with the short peptides often used as their molecular weights are at
the lower limit for this technique. A simpler method is to check a spectroscopic
signal that depends on peptide structure, most obviously circular dichroism
(CD), as a function of concentration. If the signal depends linearly on peptide
concentration across a large range, including that used to study the peptide
structure, it is safe to assume that the peptide is monomeric. An oligomer that
does not change state, such as a coiled-coil, across the concentration range
cannot be excluded, however. Light scattering can detect aggregation. A
monomeric peptide should have a flat baseline in a UV spectrum outside the
range of any chromophores in the peptide. Stock solutions of a peptide with a
single tyrosine isolated from the helix region by Gly should have Ajgg/
A275<0.02 and A250<A275<0.2.70

Consideration of solubility is essential when designing helical peptides.
Solubility can be achieved most easily by including polar side chains spaced
i,i + 5 in the sequence where they cannot interact. Lys, Arg and Gln are used
most often for this purpose. Gln may be preferred if unwanted interactions with
charged Lys or Arg may be a problem, but some AQ peptides lack sufficient
solubility and AQ peptides are less helical.

The spacing of side chains in the helix is best visualized with a helical wheel,
to ensure that the designed helix does not have a non-polar face that may lead
to dimerization. The following webpage provides a useful resource for this:
http://cit.itc.virginia.edu/~ cmg/Demo/wheel/wheel App.html

1.3.6 Concentration Determination

An accurate measurement of helix content depends on an accurate spectro-
scopic measurement and, equally importantly, peptide concentration. This is
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usually achieved by including a Tyr side chain at one end of the peptide.
The extinction coefficient of Tyr at 275nm is 1450 M 'cm '.7" If Trp is pre-
sent, measurements at 281 nm can be used where the extinction coefficient of
Trp is 5690M 'ecm ™' and Tyr 1250 M 'cm '’ Though the inclusion of
aromatic residues is required for concentration determination, this can
have the unwanted side effect of perturbing a CD spectrum, leading to an
inaccurate determination of helix content. A simple solution to this problem is
to separate the terminal Tyr from the rest of the sequence by one or more
Gly residues.”> If the aromatic residues must be included within the
helical region, the CD spectrum should be corrected to remove this
perturbation.”

1.3.7 Helix Templates

A major penalty to helix formation is the loss of entropy arising from the re-
quirement to fix three consecutive residues to form the first hydrogen bond of
the helix. Following this nucleation, propagation is much more favored as only
a single residue need be restricted to form each additional hydrogen bond. A
way to avoid this barrier is to synthesize a template molecule that facilitates
helix initiation, by fixing hydrogen bond acceptors or donors in the correct
orientation for a peptide to bond in a helical geometry. The ideal template
nucleates a helix with an identical geometry to a real helix. Kemp’s group
applied this strategy and synthesized a proline-like template that nucleated
helices when a peptide chain was covalently attached to a carboxyl group.”> "
Bartlett er al. reported on a hexahydroindol-4-one template®® that induces
helicity in an appended hexameric peptide. Several other templates were less
successful and could only induce helicity in organic solvents.®' ® Their syn-
theses are often lengthy and difficult, partly due to the challenging requirement
of orienting several dipoles to act as hydrogen bond acceptors or donors.

1.4 Helix—Coil Theory

Peptides that form helices in solution do not show a simple two-state equi-
librium between a fully formed helix and a fully unfolded structure. Instead
they form a complex mixture of all helix, all coil, or, most frequently, a dis-
tribution of helices of different lengths with increased probability at the center
of the peptide (helix fraying). In order to interpret experiments on helical
peptides and make theoretical predictions on helices it is therefore essential to
use a helix—coil theory that deals with this distribution of helices. Recent re-
views of helix—coil theory are references 84-86.

The simplest way to analyse the helix—coil equilibrium, still occasionally seen,
is the two-state model where the equilibrium is assumed to be between a 100%
helix conformation and 100% coil. This is incorrect and its use gives serious
errors.
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1.4.1 Zimm-Bragg Model

The two major types of helix—coil model are i) those which count hydrogen
bonds, principally Zimm-Bragg (ZB),*” and ii) those that consider residue
conformations, principally Lifson-Roig (LR).® In the ZB theory the units
being considered are peptide groups and they are classified on the basis of
whether their NH groups participate in hydrogen bonds within the helix. The
ZB coding is shown in Figure 1.1. A unit is given a code of 1 (e.g. peptide unit 5
in Figure 1.1) if its NH group forms a hydrogen bond and 0 otherwise. The first
hydrogen-bonded unit proceeding from the N-terminus has a statistical weight
of gs, successive hydrogen-bonded units have weights of s and non-hydrogen
bonded units have weights of 1. The s-value is a propagation parameter and o is
an initiation parameter. The difficulty of nucleating a helix is captured in the
ZB model by having ¢ smaller than s. The statistical weight of a homo-
polymeric helix of N hydrogen bonds is as”¥'. The cost of initiation, o, is thus
paid only once for each helix, while extending the helix simply multiplies its
weight by one additional s-value for each extra hydrogen bond.

1.4.2 Lifson—-Roig Model

In the LR model each residue is assigned a conformation of helix (h) or coil
(c), depending on whether it has helical ¢, \y angles. Every conformation of a
peptide of N residues can be written as a string of N ¢’s or h’s, giving 2V
conformations in total. Residues are assigned statistical weights depending on
their conformations and the conformations of surrounding residues. A residue
in an h conformation with an h on either side has a weight of w. This can be
thought of as an equilibrium constant between the helix interior and the coil.
Coil residues are used as a reference and have a weight of 1. In order to form
an i,i + 4 hydrogen bond in a helix, three successive residues need to be fixed
in a helical conformation. M consecutive helical residues will therefore have
M=2 hydrogen bonds. The two residues at the helix termini (i.e. those in the
centre of chh or hhc conformations) are assigned weights of v (Figure 1.1).
The ratio of w to v gives approximately the effect of hydrogen bonding (1.7 :
0.036 for Ala® or —RT In (1.7/0.036) =—2.1 kcalmol '). A helical homo-
polymer segment of M residues has a weight of v*w* 2 and a population in

i-i+4 hydrogen bond
1 ‘ 1 1 1 os 1 1 Zimm-Bragg Statistical Weights
0 0 0 0 1 0 0 Zimm-Bragg Code
CONH|,JCONH|,JCONH|,JCONH|/JCONH| |CONHL|CONH|
Ca Ca Ca Ca Ca. Ca Ca Ca

1 2 3 4 5 6 7 8 Lifson-Roig numbering

c c h h h c c c Lifson-Roig Code

1 1 v w v 1 1 Lifson-Roig Statistical Weights

Figure 1.1 Zimm-Bragg and Lifson—Roig codes and weights for the a-helix.
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the equilibrium of vw™ 2 divided by the sum of the weights of every con-
formation (i.e. the partition function). In this way the population of every
conformation is calculated and all properties of the helix—coil equilibrium
evaluated. The LR model is easier to handle conceptually for heteropolymers
since the parameters are assigned to individual residues. The substitution of
one amino acid at a certain position thus changes the w- and v-values at that
position. In the ZB model the initiation parameter ¢ is associated with several
residues and s with a peptide group, rather than a residue. It is therefore easier
to use the LR model when making substitutions. Indeed, most recent work
has been based on this model. A further difference is that the ZB model as-
signs weights of zero to all conformations that contain a chc or chhe sequence.
This excludes a very large number of conformations that contain a residue
with helical ¢, | angles but with no hydrogen bond. In LR theory, these
are all considered. The ZB and LR weights are related by the following
formulae:®® s=w/(1 + v); e =v*/(1 + v)*.

The complete helix—coil equilibrium is handled by determining the statistical
weight for every possible conformation that contains a helix plus a reference
weight of 1 for the coil conformation. Each conformation considered in the
helix—coil equilibrium is given a statistical weight. This indicates the stability
of that conformation, with the higher the weight, the more probable the
conformation. Weights are defined relative to the all-coil conformation,
which is given a weight of 1. The statistical weight of a conformation can thus
be regarded as an equilibrium constant relative to the coil; a weight >1 in-
dicates the conformation is more stable than coil, <1 means less stable and = 1
means equally stable. The population of each conformation is given by the
statistical weight of that conformation divided by the sum of the statistical
weights for every conformation (the partition function). Thus the greater the
statistical weight, the more stable the conformation. The key to using helix—
coil theory is the partition function. All the properties of a system at equi-
librium are contained within the partition function, which makes it very
valuable. Partition functions are extremely powerful concepts in statistical
thermodynamics since they allow calculation of all properties of an equi-
librium ensemble. Any property of the equilibrium can be extracted from the
partition function by applying the appropriate mathematical function. In this
case the properties could be the mean number of hydrogen bonds, the mean
helix length, the probability that each residue is within a helix, efc. In par-
ticular, the mean number of residues with a weight x is given by %ll‘rf Circular
dichroism is commonly used to give the mean helix content of a helical
peptide, namely the fraction of residues that have a weight of w. LR-based
models can thus be related to experimental data by equating the measured
mean helix content to g{‘r‘f /N, where N is the number of residues in the
peptide. Statistical weights can be regarded as equilibrium constants for the
equilibrium between coil and the structure (as the reference coil weight is
defined as 1). They can therefore be converted to free energies as -RT
In (weight). The Lifson—Roig formalism has also been adapted to describe
310- and 7-helices.**3%-%0
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1.4.2.1 The Unfolded State and Polyproline II Helix

The treatment of peptide conformations is based on Flory’s isolated-pair hypo-
thesis.”’ This states that while ¢ and \ for a residue are strongly inter-
dependent, giving preferred areas in a Ramachandran plot, ¢, \ pair is
independent of the ¢, | angles of its neighbors. Pappu et a/. found that non-
helical poly(Ala) chains mostly populated extended or fully helical conform-
ations as many partly helical conformations are sterically disallowed. Such
effects are not included in helix—coil theories. Helix—coil theories assign the
same weight (1) to every coil residue; steric exclusion means that these should
vary and be lower than | in many cases.

The polyproline II helix may well be an important conformation for unfolded
proteins. Many recent papers have addressed this issue. Examples are refer-
ences.””> ** In particular, denatured alanine rich peptides may form a poly-
proline II helix.”>'°! It may therefore be valid to consider residues in helical
peptides to be in three possible states (helix, coil, or polyproline II), rather than
two (helix or coil). No current helix—coil model takes this into account. A scale
of amino acid preferences for the polyproline II helix has been published.'*

1.4.2.2 Single Sequence Approximation

Since helix nucleation is difficult, conformations with multiple helical segments
are expected to be rare in short peptides. In the one-, or single-, helical sequence
approximation, peptide conformations containing more than one helical segment
are assumed not to be populated and are excluded from the partition function
(i.e. assigned statistical weights of zero). As peptide length increases, the ap-
proximation is no longer valid since multiple helical segments can be long enough
to overcome the initiation penalty. The single sequence approximation will also
break down when a sequence with a high preference for a helix terminus is within
the middle of the chain. Conformations with two or more helices may also often
include helix—helix tertiary interactions that are ignored in all helix—coil models.

1.4.2.3 N- and C-caps

N-Capping has been added to LR theory be assigning a weight of n to the
central residue in a cch triplet, as the N-cap is the non-helical residue prece-
ding the start of a helical segment. Similarly, the C-cap is the first residue
in a non-helical conformation (c) at the C-terminus of a helix. C-Cap weights
(c-values) are assigned to central residues in hce triplets.®¢%:103

1.4.2.4 Capping Boxes

The N-terminal capping '® includes a side-chain-backbone hydrogen bond
from N3 to the N-cap (i, — 3). This is included in the LR model by assigning a
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weight of w*r to the chhh conformation, where r is the weight for the Ser
backbone to Glu side-chain bond.®

1.4.2.5 Side-chain Interactions

As helices have 3.6 residues per turn, side chains spaced i,i+ 3 or i,i+ 4 are
close in space. Side-chain interactions are thus possible when four or five
consecutive residues are in a helix. They are included in the LR-based model by
giving a weight of w*g to hhhh quartets and w*p to hhhhh quintets. The side-
chain interaction is between the first and last side chains in these groups; the w
weight is maintained to preserve the equivalence between the number of
residues with a w weighting and the number of backbone helix hydrogen
bonds.'*

1.4.2.6 NI, N2, and N3 Preferences

The helix N-terminus shows significantly different residue frequencies for the N-
cap, N1, N2, N3, and helix interior positions.!"?¢19310¢ A complete theory for
the helix should therefore include distinct preferences for the N1, N2, and N3
positions. In the original LR model, the N1 and C1 residues are both assigned the
same weight, v. Shalongo and Stellwagen'”” separated these as vy and vc.
Andersen and Tong'® did the same and derived complete scales for these para-
meters from fitting experimental data, though some values were tentative. The
helix initiation penalty is vy*vc and so vy- and v-values are all small (x0.04).

We added weights for the N1, N2, and N3 (n1, n2, and n3) positions as
follows:'*® The nl-value is assigned to a helical residue immediately following a
coil residue. The penalty for helix initiation is now nl.v, instead of v*, as v
remains the C1 weight. An N2 helical residue is assigned a weight of n2.w,
instead of w. The weight w is maintained in order to keep the useful definition
of the number of residues with a w weighting being equal to the number of
residues with an 7,i+ 4 main chain—main chain hydrogen bond. The n2-value is
an adjustment to the weight of an N2 residue that takes into account the
structures that can be adopted by side chains uniquely at this position. Simi-
larly, an N3 residue is now assigned the weight n3.w, instead of w.

1.4.2.7 Helix Dipole

Helix dipole effects were added to the LR model by Scholtz et al.,'®
though they used the one sequence approximation so that only one or no di-
poles in total are present. In LR models helix dipole effects are subsumed within
other energies. For example, N-cap, N1, N2, and N3 energies will include a
contribution from the helix dipole interaction so the energy of interaction of
charged groups at this position with the dipole should not be counted in
addition.
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1.43 AGADIR

AGADIR is an LR-based helix—coil model developed by Serrano, Muifioz,
and co-workers. The original model''” included parameters for helix pro-
pensities excluding backbone hydrogen bonds (attributed to conformational
entropy), backbone hydrogen bond enthalpy, side-chain interactions and a
term for coil weights at the end of helical sequences (i.e. caps). The single
sequence approximation was used. The original partition function assumed
that many helical conformations did not exist, as all conformations in which
the residue of interest is not part of a helix were excluded.'**'"" These were
corrected in a later version, AGADIRms, which considers all possible con-
formations."'! If AGADIR and LR models are both applied to the same
data, to determine a side-chain interaction energy, for example, the results
are similar, showing that the models are now not significantly different.''!-!!?
The treatment of the helix—coil equilibrium differs in a number of respects
from the ZB and LR models and these have been discussed in detail by
Muifioz and Serrano.''" The minimal helix length in AGADIR is four residues
in an h conformation, rather than three. The effect of this assumption is to
exclude all helices which contain a single hydrogen bond; only helices with
two or more hydrogen bonds are allowed. In practice, this probably makes
little difference as chhhc conformations are usually unfavorable and hence
have low populations. Early versions of AGADIR considered that residues
following an acetyl at the N-terminus or preceding an amide at the C-
terminus were always in a ¢ conformation; this was changed to allow these to
be helical.'"

The latest version of AGADIR, AGADIRIs-2,'"® includes terms for
electrostatics,''® the helix dipole,''*!"* pH dependence,''* temperature,''*
jonic strength,''® N1, N2, and N3 preferences,''> and capping motifs such as
the capping box, hydrophobic staple, Schellman motif, and Pro-
capping motif.!'® The free energy of a helical segment, AGpgical-scgments 1S
giVCH by AC}helical-segrm:nt :AGInt + AC}Hbond + A(}SD + A(}dipole + A(}nonH +
AGegiecirosts Which are terms for the energy required to fix a residue in
helical angles (with separate terms for N1, N2, N3, and N4), backbone
hydrogen bonding, side-chain interactions excluding those between charged
groups, capping and helix dipole interactions, respectively. Electrostatic
interactions are calculated with Coulomb’s equation. Helix dipole interactions
were all electrostatic interactions between the helix dipole or free N- and C-
termini and groups in the helix. Interactions of the helix dipole with charged
groups located outside the helical segment were also included. pH dependence
calculations considered a different parameter set for charged and uncharged
side chains and their pK, values. The single sequence approximation (see
above) is used again, unlike in AGADIRms. AGADIR is at present the only
model that can give a prediction of helix content for any peptide sequence, thus
making it very useful. It can also predict NMR chemical shifts and coupling
constants.
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1.4.4 Lomize—Mosberg Model

Lomize and Mosberg developed a model for calculating the stability of helices in
solution.''® Interestingly, they extended it to consider helices in micelles or a
uniform non-polar droplet to model a protein core environment. Helix stability
in water is calculated as the sum of main chain interactions, which is the free
energy change for transferring Ala from coil to helix, the difference in energy
when replacing an Ala with another residue, hydrogen bonding and electrostatic
interactions between polar side chains and hydrophobic side-chain interactions.
An entropic nucleation penalty of two residues per helix is included. Different
energies are included for N-cap, N1-N3, CI-C3, C-cap, hydrophobic staples,
Schellman motifs, and polar side-chain interactions. Hydrophobic interactions
were calculated from decreases in non-polar surface area when they are brought
in contact. Helix stability in micelles or non-polar droplets is found by calculating
the stability in water then adding a transfer energy to the non-polar environment.

1.5 Forces Affecting a-Helix Stability
1.5.1 Helix Interior

Different approaches have been used in order to determine the helical pro-
pensity or preference of individual amino acids. Scheraga and co-workers used
a host—guest strategy (see above) to derive values for the helical preference of
various amino acid residues. The host—guest system uses long random co-
polymers of a water soluble, non-ionic guest (poly[N’-(3-hydroxypropyl)-L-
glutamine] (PHPG) or poly[N’-(4-hydroxybutyl)-L-glutamine] (PHBG)),
together with a low (10-50%) content of the guest residue. The Zimm—Bragg
model s and o values of the host homopolymer are used to compute those for
the guest.!'” This work has been criticized as the host side chains can interact
with each other.''™ The introduction of a guest residue thus removes host-host
interactions and replaces them with PHBG—guest or PHPG—guest side-chain
interactions that may obscure the intrinsic helix propensities.

Rohl er al.*’ used many alanine-based peptides with the general sequences
Ac-(AAKAA),,Y-NH, (or with Q instead of K) to measure interior helix
propensities. Substitutions in the helix interior and subsequent measures of
helicity using CD spectroscopy in both water and 40% (v/v) trifluoroethanol
(TFE) allowed the calculation of both the Lifson—Roig w parameter and the
stabilization energy for all 20 amino acids. Kallenbach and co-workers used
synthetic peptides of the form succinyl-YSEEEEKAKKAXAEEAEKKKK-
NH,, where substitutions at X allowed determination of helix stabilizing
energies for common amino acids.’® Stellwagen and co-workers made substi-
tutions in position 9 of Ac-Y(EAAAK);A-NH,.”

In 1998 Pace and Scholtz'"® gathered information from many different sources
and derived a scale for the propensity of each amino acid in the helix interior.
This is summarized in Table 1.1. The values are in A(AG) relative to alanine
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Table 1.1 Summary of other experi-
mental helix propensities
(relative to alanine).

Helix propensity
A(AG) (kealmol )
Amino acid (taken from reference 119)
Ala 0.00
Arg”® 0.21
Leu 0.21
Met 0.24
Lys* 0.26
Gln 0.39
Glu 0.40
Ile 0.41
Trp 0.49
Ser 0.50
Tyr 0.53
Phe 0.54
Val 0.61
His 0.61
Asn 0.65
Thr 0.66
Cys 0.68
Asp 0.69
Gly 1.00
Pro 3.16

because it is generally (though not universally) agreed that this amino acid has
the highest helical propensity. (The s values from the Zimm—Bragg model, as
derived by the Scheraga group,''” do not agree with other scales, alanine having
the highest helix propensity and all other residues having lower values (a positive
A(AG) value relative to Ala)). Proline and glycine have the lowest helical pro-
pensity. The most controversial of these differences over the years has been that
of alanine. Host—guest analysis showing alanine to be effectively helix-neutral
has been supported by data from some other groups, notably the templated
helices of Kemp and co-workers.”” The use of template-nucleated helices has
been criticized by Rohl ez al.,'** who argued that the low apparent helix pro-
pensity of alanine is a consequence of properties of the template—helix junction.
Kemp and co-workers'?' used templates to investigate the helix-forming ten-
dency of polyalanine. Below six residues Ala had a low helix propensity, but
when the limit of six was exceeded an increase was found. This suggested that
there is a length-dependent term in the helicity of polyalanine. Alternatively, any
destabilizing effect of the template is less significant in longer helices.

1.5.2 Caps

Some capping preferences were measured in proteins using barnase'® and T4
lysozyme,'* giving slightly varying results. The Kallenbach group'?* substituted
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several amino acids at the N-cap position in peptide models in the presence of a
capping box. They found that Ser and Arg are the most stabilizing residues,
whilst Gly and Ala are less stabilizing. The results are in agreement with the
results of Forood et al.,'® who found that the trend in a-helix inducing ability at
the N-cap is Asp > Asn > Ser > Glu > Gln > Ala. A more comprehensive
work to determine the preferences for all 20 amino acids at the N-cap position
used peptides with a sequence of NH,-XAKAAAAKAAAAKAAGY-
CONH,.'>%3% N-capping free energies ranged from Asn (best) to Gln (worst)
(Table 1.2).

We have used a similar approach using peptide models to probe the pref-
erences at N1%, N2,% and N3°® using peptides with sequences of CH;CO-
XAAAAQAAAAQAAGY-CONH,, CH;CO-AXAAAAKAAAAKAAGY-
CONH,;, and CH3;CO-AAXAAAAKAAAAKAGY-CONH,, respectively. The
results have given N1, N2, and N3 preferences for most amino acids for these
positions (Table 1.2) and these agree well with preferences seen in protein
structures, with the exception of Pro at N1. Petukhov ef al. similarly obtained
N1, N2, and N3 preferences for non-polar and uncharged polar residues by
applying AGADIR to experimental helical peptide data, and found similar
results.''>1%* The complete sequences of peptides used can be seen in the table
footnote. At N1, N2, and N3, Asp and Glu as well as Ala are preferred, pre-
sumably because negative side chains interact favorably with the helix dipole or
NH groups, while Ala has the strongest interior helix preference.

Although it is also unique in terms of the presence of unsatisfied backbone
hydrogen bonds, the C-terminal region is less explored experimentally. The
C-terminus of the a-helix tends to fray more than the N-terminus, making
C-terminal measurements less accurate. Zhou et al.'** found that Asn is the
most favored residue at the C-cap followed by Gln > Ser ~Ala > Gly ~ Thr.
Forood et al.'® tested a limited number of amino acids at the C-terminus (C1)
finding a rank order of Arg > Lys > Ala. Doig and Baldwin®® determined the
C-capping preferences for all 20 amino acids in a-helical peptides. The thermo-
dynamic propensities of some amino acids at C’, C-cap, C1, C2, and C3 are also
included in Table 1.2.'*>%¢

1.5.3 Phosphorylation

Phosphoserine is destabilizing compared to serine at interior helix posi-
tions.'?”!*® We investigated the effect of placing phosphoserine at the N-cap,
N1, N2, N3, and interior position in alanine-based «-helical peptides, studying
both the —1 and —2 phosphoserine charge states.'? Phosphoserine stabilizes at
the N-terminal positions by as much as 2.3 kcalmol ', while it destabilizes in
the helix interior by 1.2kcalmol !, relative to serine. The rank order of free
energies relative to serine at each position is N2 > N3 > N1 > N-cap > in-
terior. Moreover, —2 phosphoserine is the most preferred residue known at each
of these N-terminal positions. Experimental pK, values for the —1 to -2
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phosphoserine transition are in the order N2 < N-Cap<NI1<N3<interior.
Phosphoserine can form highly stabilizing salt bridges to Arg '*® or Lys.'*°

1.5.4 Non-covalent Side-chain Interactions

Many studies have been performed on the stabilizing effects of interactions
between amino acid side chains in a-helices. These studies have identified a
number of types of interaction that stabilize the helix, including salt
bridges, 371091317135 hydrogen  bonds,'® 3137 hydrophobic  inter-
actions,'**13 7140 pasic—aromatic interactions,”*'*! and polar/non-polar inter-
actions.'*? The stabilizing energies of many pairs in these categories have been
measured, though some have only been analysed qualitatively. As described
earlier, residue side chains spaced i,i + 3 and 7,i + 4 are on the same face of the
o-helix, though it is the i,i+4 spacing that receives most attention in the lit-
erature, as this is stronger. A summary of stabilizing energies for side-chain
interactions is given in Table 1.3. We give only those that have been measured
in helical peptides with the side-chain interaction energies determined by ap-
plying helix—coil theory. Almost all are attractive, with the sole exception of the
Lys—Lys repulsion.

1.5.4.1 Cooperativity

After individual side-chain interactions, the next most complex step is to study
triplets, with residues A, B, and C, where B forms bonds to both residues A and
C. The free energy of the triplet is often not the sum of the AB and BC bond
energies. The first evaluation of the strength of an engineered complex salt-
bridge in a peptide was reported by Mayne ez al.'* after studying a stabilizing
multiple salt-bridge involving Glu3, Asp4, and Arg7 in an 11-mer a-helix. A
triplet of charged Arg-Glu-Arg residues spaced i,i +4, i +8 orii+3,i+6
also stabilizes a-helical peptides by —1.5kcalmol ' and —1.0 kcalmol ', re-
spectively, which is more than the additive contribution of two single salt-
bridges.'** A similar stabilizing effect in an Arg-Phe-Met triplet in i,i + 4, i + 8
spacing was observed.'*® Here, the triplet energy was 0.75kcalmol ' greater
than the sum of the Arg-Phe and Phe-Met energies. This was attributed to both
interactions favoring the same conformation of the shared central Phe. Other
non-salt-bridge triplets in isolated helical peptides have also been reported, for
example Glu-Phe-Arg'*® and Glu-Phe-Glu,'*” although they do not show sig-
nificant effects on peptide stability. In a Glu-Lys-Glu triplet, the second po-
tential salt-bridge provide no additional stabilization over a single interaction,
as the central Lys is only able to form one bond at a time. These simple ex-
amples show that side-chain interactions can be highly non-additive when
residues have the potential to form more than one bond simultaneously, and
show the difficulty of predicting helix stability for typical protein sequences
with multiple interactions.
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Table 1.3 Summary of side-chain interaction energies from literature.
Interaction AAG (keal mol™) Reference
Ile — Lys (i,i+4) -0.22 142
Val — Lys (i,i+4) -0.25 142
Ile — Arg (i,i+4) -0.22 142
Phe — Met (i,i +4) 0.8 104
Met — Phe (i,i+4) -0.5 104
Gln — Asn (i,i+4) 0.5 137
Asn — Gln (i,i+4) -0.1 137
Phe — Lys (i,i +4) -0.14 74
Lys — Phe (i,i+4) -0.10 74
Phe — Arg (i,i+4) —-0.18 74
Phe — Orn (i,i+4) -0.4 141
Arg — Phe (i,i+4) -0.1 74
Tyr — Lys (i,i+4) -0.22 74
Glu — Phe (i,i+4) 0.5 147
Asp — Lys (i,i+3) -0.12 167
Asp — Lys (i,i+4) -0.24 167
Asp — His (i,i +3) >-0.63 173
Asp — His (i,i+4) >-0.63 173
Asp — Arg (i,i+3) —0.8 174
Glu — His (i,i +3) -0.23 167
Glu — His (i,i+4) -0.10 167
Glu - Lys (i,i +3) -0.38 109
Glu — Lys (i,i+4) —-0.44 109
Phe — His (i,i +4) -1.27 135
Phe — Met (i,i+4) 0.7 140
His — Asp (i,i +3) -0.53 135
His — Asp (i,i+4) -2.38 175
His — Glu (i,i+3) -0.45 167
His — Glu (i,i+4) —0.54 167
Lys — Asp (i,i+3) -0.4 167
Lys — Asp (i,i+4) -0.58 167
Lys — Glu (i,i +3) -0.38 167
Lys — Glu (i,i+4) —-0.46 167
Lys — Lys (i,i+4) +0.17 133
Leu — Tyr (i,i +3) —0.44 107
Leu — Tyr (i,i+4) —0.65 107
Met — Phe (i,i+4) -0.37 140
Gln — Asp (i,i+4) -0.97 136
Gln - Glu (i,i+4) -0.31 109
Trp — Arg (i,i+4) -0.4 147
Trp — His (i,i+4) 0.8 112
Tyr — Leu (i,i+3) -0.02 107
Tyr — Leu (i,i+4) -0.44 107
Tyr — Val (i,i+3) -0.13 107
Tyr — Val (i,i+4) -0.31 107
Arg (i,i+4) Glu (i,i+4) Arg -1.5 176
Arg (i,i+3) Glu (i,i+3) Arg -1.0 176
Arg (i,i+3) Glu (i,i +4) Arg -0.3 176
Arg (i,i+4) Glu (i,i+3) Arg 0.1 176
Phosphoserine — Arg (i,i+4) -0.45 128
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1.5.5 Covalent Side-chain Interactions

Lactam (amide) bonds formed between NH;" and CO, side chains can sta-
bilize a helix, acting in a similar way to disulfide bridges in a protein by con-
straining the side chains to be close, reducing the entropy of non-helical
states.'*® Lactam bridges between Lys-Asp, Lys-Glu and Glu-Orn spaced
i,i + 4 have been introduced into analogues of human growth hormone re-
leasing factor'*® and proved to be stabilizing. The same Lys-Asp i,i + 4 lactam
was stabilizing in other helical peptide systems,'*® '>* while Lys-Glu i,i + 4
lactam bridges were less effective.'>! Two overlapping Lys-Asp lactams were
even more effective.'>* The effect of the ring size formed by the lactam was
investigated by replacing Lys with ornithine or (S)-diaminopropionic acid. A
ring size of 21 or 22 atoms was most stabilizing (a Lys-Asp i,i + 4 lactam is 20
atoms).149 Lactams between side chains spaced i,i + 7133 1566r i + 3,156’157
spanning two or one turns of the helix, have also been reported. Disulfide
bonds spaced i,i + 7 have been introduced into alanine-based peptides, using
(D)- and (L)-2-amino-6-mercaptohexanoic acid derivatives.'>®

Helix formation can be reversibly photoregulated. Two cysteine residues are
cross-linked by an azobenzene derivative which can be photoisomerized from
trans to cis, causing a large increase or decrease in the helix content of the
peptide, depending on its spacing.'> %!

1.5.6 Capping Motifs

Although the N-terminal capping box sequence stabilizes helices by inhibiting
N-terminal fraying, it does not necessarily promote elongation unless accom-
panied by favorable hydrophobic interactions as in a “‘hydrophobic staple”
motif.'%'% The nature of the capping box stabilizing effect thus not only arises
from reciprocal hydrogen bonds between compatible residues, but also from
local interactions between side chains, helix macrodipole-charged residue
interactions, and solvation.'®® Despite statistical analyses revealing that
Schellman motifs are observed more frequently than expected at the helix C-
terminus, this motif populates only transiently in aqueous solution, but it is
formed in 30% TFE.'®® This might be due to the C-terminus being very frayed
and so the increase of helical content contributed from this motif is small. The
;. motif seems to be more stable than the alternative Schellman motif.!%?

1.5.7 Ionic Strength

Electrostatic interactions between charged side chains and the helix macro-
dipole can stabilize the helix.®"’>1%® The interactions are alleviated by the
screening effects of water, ions, and nearby protein atoms. The energetics of the
interaction between fully charged ion pairs can be diminished by added salt and
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completely screened at 2.5 M NaCl.'**!¢7 Interactions of charged residues with
the helix macrodipole are less affected by salt than those between charged side
chains.'®7-168

1.5.8 Temperature

Thermal unfolding experiments show that the helix unfolds with increasing
temperature.'® 7! There is no sign of cold denaturation, as seen with proteins.
Enthalpy and entropy changes for the helix—coil transition are difficult to de-
termine as the helix—coil transition is very broad, precluding accurate de-
termination of high- and low-temperature baselines by calorimetry.'®®
Nevertheless, isothermal titration calorimetric studies of a series of peptides
that form helices when binding a nucleating La*" find AH for helix formation
to be —1.0 kcalmol ',*"*? in good agreement with the earlier work. This system
has been used to measure the enthalpic preferences of all the amino acids.*
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