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Abstract

Kinks are functionally important structural features found in the α-helices of many

proteins, particularly membrane proteins. Structurally, they are points at which a

helix abruptly changes direction. Previous kink definition and identification methods

often disagree with one another.

Here I describe three novel methods to characterise kinks, which improve on existing

approaches. First, Kink Finder, a computational method that consistently locates

kinks and estimates the error in the kink angle. Second the B statistic, a statistically

robust method for identifying kinks. Third, Alpha Helices Assessed by Humans, a

crowdsourcing approach that provided a gold-standard data set on which to train

and compare existing kink identification methods.

In this thesis, I show that kinks are a feature of long α-helices in both soluble and

membrane proteins, rather than just transmembrane α-helices. Characteristics of

kinks in the two types of proteins are similar, with Proline being the dominant

feature in both types of protein. In soluble proteins, kinked helices also have a clear

structural preference in that they typically point into the solvent.

I also explored the conservation of kinks in homologous proteins. I found examples

of conserved and non-conserved kinks in both the helix pairs and the helix families.

Helix pairs with non-conserved kinks generally have less similar sequences than helix

pairs with conserved kinks. I identified helix families that show highly conserved

kinks, and families that contain non-conserved kinks, suggesting that some kinks

may be flexible points in protein structures.
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CHAPTER1

Introduction

1.1 Overview

Proteins are biological macromolecules that, along with RNA and DNA, are integral to the

majority of the processes in an organism (Alberts et al., 2008). The function of a protein

depends on its three dimensional structure. Knowing the structure of proteins can help us to

understand how they work, what goes wrong with them, and how to interfere with the processes

they take part in. Proteins which reside in the membranes of cells (integral membrane proteins)

are involved in many processes in the cell. The specific environment of the membrane, which

is crucial to membrane protein structure, is difficult to experimentally replicate. Consequently,
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our structural and functional understanding of membrane proteins is limited.

This thesis describes my studies of protein helix kinks. Kinks are important functional and

structural features that occur particularly in integral membrane proteins. They are important

in the function of many important proteins, such as G protein coupled receptors (GPCRs) and

ion channels.

The initial vision of my research project was to identify kinks in known protein structures,

and characterise them with a view to using this knowledge to predict where and how kinks

would appear in protein structures. However, it soon became apparent that the identification

of kinks is not a trivial task. Although there were numerous papers that described kinks, the

definition of ‘kink’ changed from study to study, and there is little agreement as to the causes and

characteristics of kinks. Thus, I developed my own computational methods to identify kinks

(Chapter 2). In Chapter 3, I describe how they, along with three other published methods,

compare to my crowd-sourcing approach, Alpha Helices Assessed by Humans. In Chapter

4, I investigate the characteristics of kinks in a non-redundant set of protein structures, and

show that the characteristics and frequency of kinks in soluble protein helices are similar to

those of kinks in integral membrane proteins. In Chapter 5, I show that some helix kinks are

conserved among related proteins, while others are not. The patterns of conservation are similar

in membrane and soluble proteins.

In this Chapter, I describe the basics of protein structure, and how it can be determined by

experiment, before I explain the methods for the identification of helices and kinks. The final

section discusses the reasons for my specific interest in kinks.

1.2 Helix kinks

Helix kinks are a poorly understood feature of protein structure. They are a local distortion

in helices, and are an important functional feature of many membrane proteins. Kinks are

regions in α-helices where the helix direction changes abruptly, however the specific definition

2



Figure 1.1: Three example kinks. (a) Kink in cytochrome b559. Reproduced from Biochimica
et Biophysica Acta (BBA) Biomembranes, 1818, Weber, Tome, Otzen & Schneider, A Ser
residue influences the structure and stability of a Pro-kinked transmembrane helix dimer, 2103-
7, Copyright (2012) with permission from Elsevier. (b) The kink in the sixth transmembrane
helix of a GPCR (PDB code 2rh1). Residues around the kink are highlighted in red. (c)
Kink in the amyloid precursor protein. Reproduced from Barrett et al. (2012). Reprinted with
permission from AAAS.
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varies from study to study. There are many terms used to describe this type of helix distortion

with kink (Bansal et al., 2000; Devillé et al., 2008; Kneissl et al., 2011; Kumar & Bansal,

2012; Meruelo et al., 2011; Seifert et al., 2014; Werner & Church, 2013; Wilman et al., 2014b)

being the most popular, but bend (Langelaan et al., 2010), hinge (Sansom & Weinstein, 2000),

alteration (Hischenhuber et al., 2012, 2013), and cusp (de Almeida & Holoshitz, 2011) have also

been used. Such helix kinks are a common feature of α-helical membrane proteins (Hall et al.,

2009; Kneissl et al., 2011; Langelaan et al., 2010; Meruelo et al., 2011; Nugent & Jones, 2011;

Rigoutsos et al., 2003; Werner & Church, 2013; Wilman et al., 2014b) as well as long helices in

soluble proteins (Devillé et al., 2008; Rey et al., 2010; Wilman et al., 2014b). They have been

implicated in the function of G protein-coupled receptors (Bettinelli et al., 2011; Schwartz et al.,

2006; van der Kant & Vriend, 2014; Yohannan et al., 2004b), in the conformational change of

ion channels (Fowler & Sansom, 2013; Suchyna et al., 1993; Tieleman et al., 2001), in heme

binding in Cytochrome b559 (Weber et al., 2012), and in the function of many other proteins

(Barrett et al., 2012; Ni et al., 2011; Sansom & Weinstein, 2000). For examples, see Figure 1.1.

Accurate determination of kinks is important to the modelling of membrane proteins (Deflorian

& Jacobson, 2011; Werner & Church, 2013), computational docking studies of compounds to

membrane proteins (Kufareva et al., 2011), and general understanding of protein structure.

1.3 Proteins

1.3.1 Protein structure

Proteins are formed from a polymer chain of amino acids. There are 20 main naturally occurring

amino acids (Figure 1.2). This polymer chain can fold up into a three dimensional structure.

In natural systems, most proteins fold to a single 3D shape. Protein structure is often broken

into four scales - primary (the order of the amino acids), secondary (the local structure of the

amino acid chain), tertiary (the structure of a single chain), and quaternary (the structure of

chains relative to one another) (Klotz et al., 1970; Linderstrø m Lang, 1952).

4



Figure 1.2: The side chains of the 20 naturally occurring amino acids. Top left: special
cases, P and G. Middle left: Hydrophobic. Bottom left: aromatic and hydrophobic. Top right:
polar, uncharged. Bottom left: electrically charged. Proline and glycine are shown with their
backbone residues. The side chain is the R group in Figure 1.3.
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1.3.1.1 Primary structure

Protein primary structure describes the order of amino acids (peptides) in the protein polymer

(polypeptide). Figure 1.3 shows a two dimensional representation of an amino acid. It is made

up of the sidechain, R, which varies from amino acid to amino acid (Figure 1.2), and the main

chain (including the heavy atoms N, Cα,C’,and O), which is common to all amino acids. Figure

1.3 also shows how the peptide can form bonds to other peptides, and in doing so, polymerise.

There are 20 different naturally occurring amino acids, each with its own characteristics

(Figure 1.2). The side chains differ in size, charge, and acidity. The amino acids are often

grouped based on the characteristics of their side chains. The Cα atom is chiral for all natural

amino acids except glycine, i.e. there are two non-superimposable ways (enantiomers) to arrange

the four groups covalently bonded to it (Figure 1.3a). All natural amino acids are the L-

enantiomer except glycine. Figure 1.3b shows how two amino acids can bond to form a dipeptide.

Further amino acids can be added to form a polypeptide (e.g. Figure 1.3c). Proteins are

polypeptides, made up of chains of tens, hundreds, or thousands of amino acids.

1.3.1.2 Ramachandran angles

The three dimensional structure of proteins can be characterised by the dihedral angles along

the backbone. Dihedral angles describe the relative positions of four consecutive atoms in the

backbone. These are the φ (describing the relative positions of the C’, N, Cα, and C’ atoms),

ψ (describing the relative positions of the N, Cα, C’ and N atoms), and ω (describing the

relative positions of the Cα, C’, N, and Cα atoms) angles. These angles are shown in Figure

1.4 as Newman projections, where the atoms are arranged so that the viewer is looking down

the central bond, with the groups bonded to the closer atom extending from the centre of the

diagram, and the groups bonded to the further atom extending from the edge of the circle

(Newman, 1955). The dihedral angles are in the range (−180◦,180◦). Due to amide bonding, ω

is restricted to angles close to either 0◦ or 180◦. The two smaller groups (O and H) are normally

not adjacent to one another, hence ω is much more frequently close to 180◦ than it is to 0◦.

6



Figure 1.3: The structure of amino acids, using stick representation. Covalent bonds are
shown as sticks, with atoms at the vertices. Vertices without labels are carbon atoms, and
hydrogen atoms attached to carbon are generally not shown. Each carbon has four bonds,
and where fewer than this are shown, hydrogen atoms make up the remainder. (a) The two
enantiomers of amino acids. The four bonds around the Cα are arranged tetrahedrally, so
there are two possible, non-superimposable, arrangements. When viewed with the hydrogen
pointing away from the viewer, if the CO2H, R, and NH2 groups are arranged anticlockwise, it
is given the L- designation, otherwise the D- designation. (b) How two amino acids can react
to form a dipeptide, where the nitrogen in one amino acid reacts with the carboxyl group of
the other, to form the peptide bond. Solid triangles indicate the bond is pointing out from
the page, whereas dashed triangles indicate groups pointing into the page. (c) A polypeptide,
made of 8 amino acids condensed together. The backbone is formed of the repeating N, Cα,
C’, atoms, running horizontally across the page. The C’-N peptide bond is typically planar.
Consequentially, groups of successive Cα, C’, N, and Cα atoms lie in the same plane.



Figure 1.4: Definitions of protein dihedral angles. (a) The dihedral angles for an amino acid
within a protein chain. (b), (c), and (d) Newman projections of the three angles. Each projection
looks down a bond, the first atom in the bond is shown in the centre of the diagram. The long
lines show bonds from this atom to other atoms, whilst the lines that start at the edge of the
circle indicate the bonds from the atom at the far end of the central bond. Hence, in (b), the
Nitrogen is bonded to the H and C’, while the Cα (not shown) is bonded to the H, R and C’
atoms.



Figure 1.5: Ramachandran plots. (a) For all amino acids except proline and glycine, (b) for
glycine, and (c) for proline. φ and ψ are defined in Figure 1.4. Data taken from PDB structures
culled to 30% sequence identity, excluding α-helices and β-sheets.
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The dihedral angles φ and ψ can take on a much larger range of angles. Like with the ω

angle, it is more favourable for large groups to be opposite one another. As a result, residues

are more often found with φ and ψ angles within certain ranges. Figure 1.5a shows the φ and

ψ angle ranges for protein residues. Residues typically favour conformations with negative φ

angles, due to their L- chirality.

The preferred φ and ψ angles differ for the different amino acids, due to the different sizes

and characteristics of their R groups (Figure 1.5a). The preferences are generally quite similar,

but glycine (Figure 1.5b) and proline (Figure 1.5c) are the most different. Glycine’s plot is much

more symmetric than the general plot. This is because its R group is H, making it a non-chiral

molecule, and making negative and positive φ conformations equally favoured. Proline has a

cyclic structure, with both the Cα and N atoms from the amino acid backbone contained within

the ring (Figure 1.2). This severely limits its available φ angles, as shown in Figure 1.5c.

There are two densely populated areas in the Ramachandran plots. These are characteristic

of the local three-dimensional structures that protein chains form, called protein secondary

structure.

1.3.1.3 Secondary structure

In globular proteins, there are two frequently observed local structures, α-helices and β-sheets.

These make up around 35% and 20% of protein structure respectively (although these values

vary depending on the set of proteins and method used to identify secondary structure within

them) (Martin et al., 2005). They are stabilised by characteristic hydrogen bonding patterns

between the amide groups on the backbone of the protein, from the carbonyl oxygen to the

hydrogen bonded to the nitrogen atom. Hydrogen bonds are ‘an attractive interaction between a

hydrogen atom from a molecule or a molecular fragment X-H in which X is more electronegative

than H, and an atom or a group of atoms in the same or a different molecule, in which there

is evidence of bond formation’ (Arunan et al., 2011). They are polar, electrostatic, interactions

that also show some covalent nature.
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1.3.1.4 Helices

The right handed α-helix is a regular repeating 3D structure in proteins (Figure 1.6). Residues

within α-helices have (φ,ψ) angles in the region of (−63◦,−40◦). This arrangement facilitates

hydrogen bonds between the ith (CO) and i+ 4th (NH) amide groups (i+ 4→ i)1, and for the

amino acid side chains to point out of the helix. It is characterised by the parameters shown in

Figure 1.6, which are the number of residues per turn, the rise (the distance between successive

Cα atoms along the helix axis), their Ramachandran angles, the hydrogen bonds between the

backbone atoms, and the radius.

As well as the α-helix, there are two other helix structures that are observed in proteins.

These correspond to helices with hydrogen bonds between the ith (CO) and i+3th amide groups

(310-helix) and bonds between the ith and i+5th amide groups (π-helix). Examples of the three

helices are shown in Figure 1.7. Both of these helix types are much less regular than α-helices,

and their (φ,ψ) angles vary depending on their position in the helix (Enkhbayar et al., 2006;

Fodje & Al-Karadaghi, 2002).

There are known ‘ideal’ parameters for each of these helices (Pauling et al., 1951), but helices

in protein structures deviate from these, lying within allowed regions. The ideal parameters,

and average observed parameters are shown in Table 1.1

π-helices are particularly unstable, as there is space in the centre of the helix, that is not

large enough to admit small molecules, e.g. water. In addition, the i+5→ i hydrogen bond has

a greater entropic cost than either the i+4→ i or i+3→ i bond. For this same reason, the 310

helix is often suggested as a folding intermediate on the path towards an α-helix (Enkhbayar

et al., 2006). Although helices are characterised by hydrogen bonds over three, four, or five

residues, this does not preclude other hydrogen bonds being present. Indeed, 24% of hydrogen

bonds in proteins are bifurcated, i.e. they involve three heavy atoms (either two donors and

one acceptor, or two acceptors and one donor) (Preissner et al., 1991).

1In this notation, the arrow points from the residue with the hydrogen-bond donor (NH) to the residue with
the hydrogen-bond acceptor (CO)

11



Figure 1.6: Helix geometry. Diagrams showing the atomic structure of an alpha helix. A
helix turn is one full rotation of the helix, while the rise per residue is the distance along the
helix axis between two adjacent Cαs. The pitch is the rise over a whole helix turn.



Figure 1.7: The three types of common protein helices: 310 (left), α (centre), and π
(right). Taken from proteins: 2R9R, chain H, residues 297 to 305, 3BMX4 426-433, and 3BMXA
298-309 respectively. The hydrogen bonds characteristic to each helix are shown by dashed yel-
low lines. Figures produced using PyMOL (Schrödinger LLC, 2014) using stick representations,
with cbag colouring (Oxygen red, Nitrogen blue, Carbon green). Sidechains and hydrogen atoms
not shown.
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Table 1.1: Helix parameters.. The top half shows the observed average parameters in pro-
tein structures. The bottom half shows the parameters for ideal helices. Data taken from:
aEnkhbayar et al. (2006), bBarlow & Thornton (1988), cPauling et al. (1951), dFodje & Al-
Karadaghi (2002).

Observed averages
Helix Hydrogen Residues Backbone
type bonds Rise (Å) per turn φ(◦) ψ(◦) radius (Å) Occurrence
310 i← i+ 3 2.0a 3.2a -74.0a -4.0a 2.0b 4%a

α i← i+ 4 1.5b 3.54b -62b -41b 2.3b 32−42%b

π i← i+ 5 1.2d 4.4d -76d -41d 2.8d 0.3%d

Ideal
Helix Hydrogen Residues Backbone Typical
type bonds Rise (Å) per turn φ(◦) ψ(◦) radius (Å) lengths
310 i← i+ 3 2.0c 3.0c -74c -4c 1.8c 5-15 a

α i← i+ 4 1.5c 3.65c -48c -57c 2.3c 5-40
π i← i+ 5 1.14d 4.4d -57d -70d 2.76d 7-13d

1.3.1.5 β-sheets

β-sheets are made up of extended sections of the protein chain, called β-strands. These residues

have (φ,ψ) angles in the region of (−135◦,135◦). Where two adjacent β-strands hydrogen bond

to one another, they form a β-sheet. The strands can run parallel (Figure 1.8a) or anti-parallel

(Figure 1.8a). 18− 25% of protein structures are made up of β-strands (Martin et al., 2005).

The amino acid side chains alternate pointing up and down along the β-strand. A single pair

of hydrogen bonds between two residues is called a β-bridge (Figure 1.9).

1.3.1.6 Tertiary structure

The three dimensional structure of a protein chain is known as its tertiary structure (for an

example, see Figure 1.10a). Most proteins have a well defined three dimensional structure,

although 20% of eukaryotic proteins and 4% of archaebacterial and prokaryotic proteins contain

disordered regions of more than 80 residues (Dunker et al., 2000; Liu et al., 2002; Schlessinger

et al., 2011). The tertiary structure is crucial for the function of proteins. It is responsible for

creating active sites that allow the proteins to interact with small biological molecules (Kessel

14



Figure 1.8: β-sheet example structures. (a) Parallel β-sheet, from Thioredoxin protein
(PDB code 2TRX, chain A). (b) Anti-parallel β-sheet, from zinc α2-glycoprotein (3ES6, chain
A). The numbers in the figure are the PDB residue numbers of the first and last residue in each
strand. The hydrogen bonds that stabilise the structure are shown as yellow dashed lines.



Figure 1.9: Schematic diagrams of antiparallel (top) and parallel (bottom) β-sheets.
Hydrogen bonds that make up a β-bridge are outlined in green
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& Ben-Tal, 2011). Many functions involve conformational change, where signals are sent across

the protein with large scale movements.

Figure 1.10: Tertiary and quaternary protein structure (a) The tertiary structure of
protein with PDB code 3eml. The surface is shown in grey, with cartoon secondary structure in
green. (b) Quaternary structure of photosystem II (PDB code 1s5l). The surface of each chain
is shown, with each chain coloured differently.

Proteins can be grouped into a hierarchy by their similarity, into classes, folds, superfamilies,

families, and domains, e.g. the SCOP database (Murzin et al., 1995). The class of a protein

is defined by the types of secondary structure it contains. A fold is defined by the topology

of its secondary structure elements. A superfamily contains proteins that are thought to have

a similar function and structure, indicating a probable common evolutionary origin. Family

and domain level classification are based on increasing levels of sequence similarity. The CATH

(Sillitoe et al., 2013) database provides a similar protein classification.

Generally proteins with more than 30% of their amino acids in common have the same

structure (and so are in the same family), but proteins can be grouped based on their structure

even when they share no common sequence elements.

Many proteins are complexes made up of a number of protein chains in contact with one

another. The relative positions of the different chains is called the quaternary structure.
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1.3.1.7 Quaternary structure

Protein quaternary structure describes how multiple protein chains combine together to form

a single complex (Klotz et al., 1970). Many protein functions rely on the interaction of many

protein chains, such as transport proteins (Veenhoff et al., 2002), and the light-harvesting system

in plants (Rochaix, 2014). Photosystem II, one of the two complexes in the light-harvesting

system, is made up of more than twenty protein chains that fit together to form one large

membrane bound complex, as shown in Figure 1.10b (Hankamer et al., 1997).

1.3.2 Proteins in membranes

Many of the proteins in the body reside in the cell membrane. The membrane environment is

very different to the aqueous environment within the cell.

1.3.2.1 Biological membranes

Cells are surrounded by a membrane made up of lipids, a physical barrier between the inside

(cytoplasm) and outside (exoplasm) of the cell. It provides a non-polar barrier that is all but

impermeable to the important, water soluble, molecules in the cell, such as ions, small molecules,

RNA, and proteins (Kessel & Ben-Tal, 2011). Similarly cell organelles, such as the mitochondria,

the endoplastic reticulum, the chloroplasts, and the nucleus are enclosed by membranes.

These biological membranes consist of a lipid bilayer (Figure 1.11a). Amphipathic glycero-

phospolipids, with polar heads and non polar tails, are the most common type of molecule found

in membranes (Figure 1.11b). Many other molecules, such as sphingolipids, sterols, and ethers,

can also make up membranes (Kessel & Ben-Tal, 2011). Although glycero-phospholipids make

up the majority of membranes, the concentrations of these differ between different membranes.

This includes between different organisms (e.g. the most numerous phospholipid in eukaryotes

is phosphatidyl-choline (Morein et al., 1996), while in bacteria phosphatidyl-ethanolamine and

phosphatidyl-glycerol are most numerous), and different tissues within the same organism. Sim-

ilarly, the inner membranes in eukaryotes (such as the mitochondrial and endoplasmic reticulum
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membranes) have a different composition than the plasma (cell) membrane (Keenan & Morre,

1970; Yeagle, 2004).

The composition of a single membrane is not uniform. The two leaves of the membrane

may have different compositions - in particular, the cytoplastic1 leaf contains many negatively

charged molecules (Bergelson & Barsukov, 1977; Op den Kamp, 1979), and so is negatively

charged with respect to the exoplastic2 leaf. The membrane bound flippase and floppase proteins

maintain this asymmetry by transferring lipids from one leaf to the other, in an energy dependent

process (Daleke, 2003; Holthuis & Levine, 2005).

Recent work has shown evidence for short range order in the membrane. ‘Lipid rafts’ are

areas dense with proteins, which are responsible for many cell functions (Lingwood & Simons,

2010). The membrane within these lipid rafts is thicker than the surrounding membrane. This

can occur because the lipid tails have two possible phases of matter - liquid ordered and liquid

disordered. Specific proteins have preferences to be in one or other of these phases, leading to

the partitioning of these proteins in the membrane (Schroeder et al., 1998; Wang et al., 2001).

Further, proteins can deform the shape of the membrane, proteins are known to both alter the

thickness (Mitra et al., 2004) and promote membrane curving (Siegel et al., 2006).

Despite the variation in the membrane constituents, all of the membranes share the common

characteristic of a hydrophobic core sandwiched between two hydrophilic layers. The exact

properties, including the width and chemical make up, differ between organisms, cells, and even

regions within the same membrane. The average width of a membrane is ∼ 50− 60Å, with a

∼ 30Å core (tail layer) and two ∼ 10−15Å polar lipid-water interfaces (head layer) (Kessel &

Ben-Tal, 2011).

1.3.2.2 Membrane proteins

The proteins that reside in the membrane are different to the soluble proteins in the rest of the

cell. Membrane proteins are very important for biological processes in the body. It is estimated
1The membrane leaf on the inside, in contact with the cell cytoplasm
2The leaf on the outside of the cell, in contact with the extracellular matrix
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Figure 1.11: The cell membrane. (a) Representation of a cell membrane. Integral membrane
proteins span the membrane, while membrane surface, or peripheral, proteins are in contact with
the membrane. (b) The chemical structure of a phosphatidylcholine, an example phospolipid.
Different phospholipids have different alcohol and alkyl groups, but the general structure of a
polar head and nonpolar tail is the same.
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that 30% of the human genome codes for membrane proteins (Almén et al., 2009). Membrane

proteins make up 50% of drug targets (Drews, 2000), with Rhodopsin-like GPCRs alone making

up 27% of small molecule drug targets Overington et al. (2006).

Proteins that are in contact with the membrane can be split into two types:

• Integral membrane proteins, that span the membrane, and sit inside it.

• Peripheral or surface proteins, which are attached loosely to one or other side of the

membrane

Peripheral membrane proteins have many similarities to other soluble proteins, however integral

membrane proteins are quite different, as they are exposed to the hydrophobic core of the

membrane. There are two dominant structure types of integral membrane proteins, α-helical

and β-barrels (Figure 1.12). α-helical proteins have between one and 14 helices that cross the

membrane (transmembrane helices), with one, two, and seven transmembrane helix proteins

being the most common (Almén et al., 2009). β-barrels proteins are less common, and occur

primarily in the outer membrane of Gram-negative bacteria.

It is energetically unfavourable to have polar carbonyl and amide groups with unsatisfied

hydrogen bonds in contact with the hydrophobic core of the membrane. α-helices allow the

backbone carbonyl groups to satisfy all hydrogen bonds, minimising these unfavourable inter-

actions, as do β-sheets. Thus, the secondary structure elements (α-helices or β-strands) tend to

span the entire membrane, creating long elements, whereas in soluble proteins a more globular

structure with shorter secondary structure elements is generally observed.

One difference between membrane and soluble proteins is in the core (inside) of the proteins.

Studies indicate that the core of membrane proteins is similar to that of soluble proteins (Gim-

pelev et al., 2004; Hildebrand et al., 2004; Rees et al., 1989), but earlier studies suggest that

membrane helices are more tightly packed than soluble helices (Eilers et al., 2000). Interfaces

between helices in membrane proteins are also different from those in soluble proteins. They

contain more small residues, as opposed to soluble proteins (Eilers et al., 2002). For example,
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Figure 1.12: Examples of α-helical bundle and β-barrel membrane proteins.
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the GxxxG motif (where G is glycine, serine, alanine, or threonine) is common in membrane

helices, but not frequently observed in soluble protein helices (Eilers et al., 2002).

There has been much debate about the strengths of hydrogen bonds in membrane proteins.

Most agree that the strength of classical hydrogen bonds is less in membrane proteins than in

soluble proteins (Faham et al., 2004; Joh et al., 2008). NMR studies have shown that carbonyl

groups in membrane helices are aligned differently to those in soluble helices, with potential

effects on hydrogen bonding, both intra- and inter- helical (Page et al., 2008). A number of

studies have concentrated on the Cα–H - - - O bond, with contrasting views of their importance

in stabilising membrane protein structure (Bowie, 2011; Yohannan et al., 2004a). There is

no definitive evidence demonstrating the difference (or similarity) of the hydrogen-bonding

patterns in the core of membrane and soluble proteins. Experimental studies are difficult and

consequently limited in scope. This makes is difficult to discern which effects are due to the

different secondary structure makeup of membrane and soluble proteins, and which are due to

intrinsic differences between the two types of protein. During synthesis, α-helical membrane

proteins are extruded into a membrane one helix at a time, before the helices assemble to

create the final structure. It is plausible that the hydrogen bonds that provide helical stability

throughout this process are different to those found in soluble proteins, but there is no definitive

evidence to support this hypothesis.

Residue conservation patterns in membrane proteins are different from those in soluble

proteins, with hydrophobic residues being less well conserved in the parts of membrane pro-

teins that are exposed to the centre of the membrane than they are in soluble proteins, whilst

hydrophilic residues are generally much better conserved in membrane proteins than soluble

proteins (Mokrab et al., 2010). There are fewer hydrophilic residues in membrane proteins, but

these are often either structurally or functionally important - e.g. in the lining of the pore in

ion channels. Hence in membrane proteins a higher proportion of the hydrophilic residues are

important than in soluble proteins. Since residues that are functionally or structurally impor-

tant are typically more conserved than those that are less important, hydrophilic residues are
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generally better conserved in membrane proteins than soluble proteins. Glycine and proline

are highly conserved in the middle of the membrane (Mokrab et al., 2010), as are coil residues1

(Kauko et al., 2008).

The helices within membrane proteins are significantly different from those in soluble pro-

teins. Membrane helices are typically far longer, which is a result of the membrane environment.

1.3.3 Protein structure determination

The three-dimensional structure of proteins defines how it interacts with molecules, natural or

otherwise, in the body. There is no direct way in which to observe the structure of proteins.

X-ray diffraction is the most popular method used to elucidate protein structures. Elucidated

protein structures can be found in the Protein Data Bank (PDB) (Berman et al., 2007), in

which, as of August 2014, there are 102,550 structures.

1.3.3.1 X-ray crystallography

X-ray crystallography uses the principle of X-ray diffraction. In a regular solid with a repeating

three-dimensional pattern, there are many sets of regularly spaced planes of atoms, which scatter

X-rays. Proteins can be crystallised such that they form a regular repeating array, where each

protein is in exactly the same orientation.

For data collection, the protein is placed in a goniometer, and irradiated with an X-ray

beam. A detector is used to collect the diffracted X-rays, which yields a pattern of dots. The

X-rays are diffracted by the electrons within the protein, so the pattern of dots is related to

the protein structure. Specifically, the diffraction pattern is a Fourier transform of the electron

density.

However, when the Fourier transform is inverted, not all of the information about the elec-

tron density is recovered. Because the detector can only detect the amplitude (which provides

information on the size of the atom which has diffracted the X-rays), and not the phase (which
1Coil residues are those that do not adopt a secondary structure type, i.e. they are not in an α-helix or

β-sheet.
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provides the information about the position of the atom that diffracted the X-rays), the diffrac-

tion pattern provides insufficient data to allow the protein structure to be determined. A

common solution to this is molecular replacement, where an initial estimate of some or all of

the structure is used in conjunction with the diffraction data to estimate the phases. These

phase estimates are used to refine the initial structure estimate, and the process is repeated

until the agreement is satisfactory.

The agreement with the diffraction data is often measured by the R factor, and the free

R factor. The R factor is a measure of how the measured diffraction pattern differs from the

ideal pattern based on the proposed structure. Values in the range of 0.15−0.25 are considered

satisfactory (Kessel & Ben-Tal, 2011). The R factor is liable to overfitting, as it is used in the

refinement as well as a measure of quality (Brändén & Alwyn Jones, 1990). The free R value

uses a cross-validation method to provide a less biased measure of quality, where the quality is

measured using experimental data that was not used in the refinement steps (Brünger, 1997).

The value of R free is typically slightly larger than that of the R factor, with values in the range

of 0.20− 0.30 considered satisfactory. Structures are also refined by considering features such

as the bond lengths, the dihedral angles, and the packing of the protein. These are compared

to both empirical values, and the values found in already known protein structures (Laskowski

et al., 1993; Read et al., 2011).

The smallest separation of atom planes that can be identified in a structure is known as the

resolution. This typically varies in the range of 5Å, where secondary structure elements can be

discerned, to 0.8Å, where the hydrogen atoms can be resolved. Amino acid side chains can be

resolved at resolutions of 2.5Å or better (Kessel & Ben-Tal, 2011).

Limitations A crystal is not the native environment of the cell. X-ray structures are of static

proteins, and where parts of the protein are not static, the structure cannot be resolved. Further,

the proteins are densely packed, which can influence the structure of the protein. That said,

the average solvent content of a protein crystal is 48% (Lee & Kim, 2009), in comparison to a
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cell, which has a water content of around 72%1 (Savitz et al., 1964).

The structure is normally calculated iteratively, and rarely has exact agreement with the

experimental data. The resolution of the eventual structure is generally insufficient to identify

the position of hydrogen atoms. A major stumbling block is the crystallisation of proteins. The

conditions necessary for crystallisation are often strict, and change from protein to protein. This

is particularly the case for membrane proteins, as their natural environment is lipids, which do

not readily crystallise. There are a number of approaches to crystallising integral membrane

proteins which are being developed, and the number of available structures is increasing expo-

nentially (Bill et al., 2011; White & Wimley, 1999). These approaches include co-crystalisation

with antibodies (Hunte & Michel, 2002), use of detergents, and crystallisation in protein lattices

(Sinclair & Noble, 2004). Membrane protein structures are typically of lower resolution than

soluble protein structures, with resolution in the region of 2.8—4.0Å.

1.3.3.2 Nuclear magnetic resonance

Nuclear magnetic resonance, or NMR, is a method that uses the nuclear spin of an atom to

infer information about its surroundings. Nuclear spin arises from the motion of charges in the

nuclei. Only nuclei with odd numbers of protons and/or neutrons (such as 1H, 13C, 15N), have

spin. When nuclei with non-zero spin are exposed to a magnetic field, their possible spin states

have different energies. If the nuclei are irradiated with photons that have the same energy

as the difference between these states, they can absorb the energy to change spin states. This

absorption, or the subsequent emission resulting from the relaxation can be measured.

The magnitude of the energy difference depends on the local magnetic field, which is affected

by the local electron density, and by nearby nuclei with spin. The rate of relaxation after

irradiation is affected by the states of nearby nuclei. These two factors are used to determine

constraints within the protein structure, by a variety of techniques. These constraints are then

used to deduce the protein structure.

1This value is for a red blood cell
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NMR structures are reported in the form of an ensemble of models, which provides dynamic

information about the protein (Baker & Baldus, 2014). Protein NMR can be done in both the

solution and solid states. The solid state is of particular interest to membrane protein structure

determination (Middleton, 2007).

Limitations As the structure is built from a series of short range constraints, and because

NMR spectra become increasingly complex as the number of atoms within a system increases,

this method is limited to small proteins (typically smaller than 35 kDa) (Maslennikov & Choe,

2013). While NMR can be done in the solution state, allowing dynamic information about the

protein to be found, the protein is at a much higher concentration than in the cell. Like for

X-ray crystallography, that means that the protein is not necessarily in its native conformation

when its structure is being determined.

All protein structure determination methods are time consuming, and whilst the techniques

are improving rapidly, they are not able to keep pace with the increase in protein sequences

that are being identified.

1.3.4 Sequence structure gap

Although there are currently over 100,000 publicly available protein structures in the Protein

Data Bank (PDB) (Berman et al., 2007), there are many more known protein sequences. The

UniProt database contains over 80 million sequences1 (The UniProt Consortium, 2013). Despite

the number of known structures increasing exponentially, the gap between known structures and

sequences is increasing rapidly, with nearly 11 million new UniProt sequences during June and

July of 2014, compared to 10,000 new structures deposited in the PDB in all of 2013.

The scarcity of protein structures is most apparent for membrane proteins. As discussed

above, determining the structure of membrane proteins is difficult. Although membrane proteins

make up c. 26−30% of the human proteome (Almén et al., 2009; Fagerberg et al., 2010), of the

1as of July 2014
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103,015 structures in the PDB (Berman et al., 2007), only 1,521 are of membrane proteins, and

just 93 are of human membrane proteins1 (White & Wimley, 1999).

The relationship between protein sequence and protein structure can be harnessed to pre-

dict computationally the structure of proteins without experimentally determined structures.

Proteins with similar sequences typically have similar structures. Where a structure exists with

a similar amino acid sequence (a homologue) to that of a protein of interest, the structure of the

protein of interest can be modelled using the homologous protein structure as a starting point.

MODELLER (Sali & Blundell, 1993) is just one example of a homology modelling program,

but there are many more. Homology modelling methods work well when the homologue used

as a starting point has ≥ 60% sequence identity with the modelled protein (typically giving a

model correct to within an RMSD of ≤ 2Å). It is less reliable when the sequence identity of the

homologue and modelled protein is ≤ 60%, and models are very unreliable when the sequence

identity is ≤ 25%. Due to the limited number of membrane protein structures, and their rel-

ative importance, the modelling of membrane proteins is particularly important. MEDELLER

(Kelm et al., 2010) is a membrane specific tool, which outperforms MODELLER on membrane

protein structure prediction.

Where no homologous protein structures exist, alternative fragment based approaches can

be used, e.g. Rosetta (Simons et al., 1997). Rather than needing a whole homologous protein,

these methods find short fragments (three to nine amino acids) that have homologous sequences.

The protein structure can be predicted by building up many combinations of fragments (decoys).

1.4 Helices

Kinks, the focus of this thesis, are a feature of protein helices. This section discusses helices in

more detail.

1as of 08/09/2014
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1.4.1 Helix geometry

α-helices make up c. 32− 42% of protein structures, and make up a far higher proportion of

integral membrane proteins. However, it is only very recently that structure prediction methods

have considered possible helix deformations in structure prediction (Chen et al., 2014).

Helices rarely conform exactly to the ideal structure suggested by Pauling et al. (1951),

indeed they differ quite considerably, with (φ,ψ) being in the range of (−63,−40) compared to

(−57,−45) for the predicted structures (Table 1.1). Most protein helices curve gently away from

the solvent (Blundell et al., 1983).

Even allowing for a range of structures within the definition of α-helix, there are further dis-

tortions to helices, which are often identified as important functional sites. There are a number

of common distortions to α-helices. First, short sections of π- and 310- helix are incorporated

into helices. These are known as π- and 310- turns, and tend to occur at the end of helices

(particularly π-turns at the C-termini of helices) (Dasgupta & Chakrabarti, 2008). They also

occur in the middle of helices, and there is some suggestion that they are stabilised by hydrogen

bonds to side-chains and water molecules (Cartailler & Luecke, 2004)

The hydrogen bond patterns within helices are often disrupted, with 10% of backbone hy-

drogen bonds missing relative to an ideal helix. The backbone atoms are often involved in three

centre (bifurcated) hydrogen bonds.

1.4.2 Helix and secondary structure assignment

Although structures submitted to the PDB include secondary structure annotation, it is useful

to have a fast, unbiased, computational method that annotates secondary structure. Annotation

involves identifying the start and end point of helical structures (and other types of secondary

structure) in proteins. Levitt & Greer (1977) provided the first automatic method for secondary

structure annotation. In this thesis we primarily use DSSP (Joosten et al., 2011; Kabsch &

Sander, 1983).
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Figure 1.13: Hydrogen bond energy calculation in DSSP. Each of the four atoms is
modelled with a partial point charge. The hydrogen bond energy is calculated as the sum of
the the electrostatic interaction between the four atoms (Equation 1.1).

1.4.2.1 DSSP

Figure 1.14: Example DSSP helix annotation. Sections where with two or more i← i+ 4
main chain hydrogen bonds are identified as ‘minimal’ helices. Where these overlap by two or
three residues, they are combined into a single helix, to give the final annotation. The first and
last residues in the minimal helices are not given the helical annotation.

DSSP (Define Secondary Structure of Proteins) identifies protein secondary structure based

on hydrogen bonding patterns. It uses a simple electrostatic model of bonding (Figure 1.13) to

evaluate if a hydrogen bond exists. The energy, E, in kcal/mole, of the hydrogen bond is shown

in Equation 1.1:

E = q1q2

( 1
rON

+ 1
rCH

− 1
rOH

− 1
rCN

)
f (1.1)

Where q1 and q2 are the two partial charges over the CO and NH bonds (Figure 1.13), which

are 0.42e and 0.20e (where e is the unit electron charge). rNO is the distance between the N
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and O atoms, in Å. f is a factor with units Åkcal
e2mol . In the original work, it has a value of 332, but

in subsequent implementations it has been varied to give the best agreement with training sets.

A hydrogen bond is considered present when E <−0.5 kcal/mole (compared to approximately

-3 kcal/mol for a strong hydrogen bond) (Kabsch & Sander, 1983). This means that frequently

a single atom can be involved in multiple (‘bifurcated’) hydrogen bonds.

Elementary patterns - bridges, turns and bends - of backbone hydrogen bonds within a

protein structure are then identified. The patterns for beta bridges are shown in Figure 1.9,

while n−turns are identified at single instances of i← i+n1 (n = 3,4,5) hydrogen bonds, as

shown in Figure 1.7.

Adjacent β-bridges are combined to form β-sheets. Adjacent turns are combined into helices

of the relevant type. Where these overlap, by two or three residues, they are combined to form

a single helix (Figure 1.14).

There are a total of eight different possible annotations. G, H, and I for the three helices

(310, α, and π respectively), E for an extended strand, B for an isolated β-bridge, T for an

isolated turn, S for a residue in a region of high curvature, and loop (–) for everything else.

Where there are multiple assignments for the same residue, the preference is for H (α-helix)

over B and E (β-bridge and β-sheet) over G (310 helix) over I (π-helix). This, combined with

the relatively relaxed definition of the hydrogen bonds, has lead to a criticism that DSSP under

annotates π-helices (Zacharias & Knapp, 2014).

DSSP is often found inside analysis software, such as Promotif (Hutchinson & Thornton,

1996), and JOY (Mizuguchi et al., 1998). This, along with its simplicity (thereby allowing reim-

plementation), has resulted in DSSP being the most popular secondary structure assignment

method. However, there are many other available secondary structure assignment methods,

that use more information to annotate the structure.

1The arrow points from the hydrogen bond donor (typically NH) to the hydrogen bond acceptor (typically
CO)
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1.4.2.2 Other secondary structure assignment methods

Figure 1.15: Examples of different secondary structure assignments for protein 5ULL.
SST, STRIDE, DSSP, PDB Author annotation, KAKSI, Palasse, P-Sea, Sticks, Xtlsstr. See
text for citations. The nomenclature has been changed to be consistent across all methods, so
that: H = α-helix, E = β-sheet, T = turn, B = isolated β-bridge, G = 310 helix, I = π-helix, 5
- 5-turn, 4 - 4-turn, S - Bend, P - poly(L-proline) type 31-helix. Some methods use lower case
letters at the start and end of secondary structure elements.

DSSP utilises the regular hydrogen bond pattern of secondary structures to identify them.

There are many other methods that identify secondary structure, which use both improvements

to DSSP’s hydrogen bond method, and a number of other repeating features of secondary

structure:

• STRIDE (Frishman & Argos, 1995)

• Manual annotation, from the depositor of the structure in the PDB.

• DEFINE-S (Richards & Kundrot, 1988)

• KAKSI (Martin et al., 2005)

• SST (Konagurthu et al., 2012)
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• PSSC (Zacharias & Knapp, 2014)

• P-SEA (Labesse et al., 1997)

• P-Curve (Sklenar et al., 1989)

• Xtlsstr (King & Johnson, 1999)

• Stick (Taylor, 2001)

There are a number of differences in the annotation provided by each method. Figure 1.15

shows the annotation for a protein provided by a number of different methods. The notation

has been standardised to that of DSSP (H = helix, E = strand, – = none). It is common for

them to disagree on the start and end of a helix by a few residues.

On X-ray crystal structures, when the methods are reduced to three states (H, E, and –),

pairwise agreements between any two methods are in the range of 95%-75% (Cuff & Barton,

1999; Konagurthu et al., 2012; Martin et al., 2005). However, Konagurthu et al. (2012) re-

ported much lower agreement in NMR structures, with an agreement of 69% between DSSP

and STRIDE for NMR structures.

The structure of helices is most distorted towards the ends. This is where the majority of

annotation disagreements occur (Konagurthu et al., 2012). Indeed, some methods use more

relaxed thresholds for helix inclusion at the termini of helices (such as the Cα-Cα distance

criteria in KAKSI (Martin et al., 2005). However, methods also disagree on the annotation of

helix distortions, with some methods identifying long helices including a distortion, and other

methods identifying two separate helices with a distortion between (Martin et al., 2005). KAKSI

is an example of a method that explicitly excludes kinks from helices (Martin et al., 2005).

1.4.3 Characteristics of α-helices

The methods described above provide a way to identify the α-helices within known protein

structures. Using these methods, the general characteristics of α-helices have been identified.
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These characteristics of α-helices distinguish them from other parts of the protein.

1.4.3.1 Amphipathic helices

Soluble protein helices are typically amphipathic, that is, with polar and non-polar faces (Segrest

et al., 1990). This phenomenon arises because helices are typically exposed to the polar solvent

on one side, and to the non-polar core of the protein on the other side. Water molecules disrupt

the hydrogen bonding patterns on the face of the helix exposed to the solvent, which results

in longer hydrogen bonds on this side, and the helix curving away from the solvent (Blundell

et al., 1983).

1.4.3.2 Residue types

Some amino acids are more frequently found in α-helices than others (Pace & Scholtz, 1998).

Typically amino acids with β-branched sidechains are disfavoured, as there is not room for these

side chains to pack around the helix. Leucine, arginine, methionine, and lysine all have high

helix propensities, while threonine, cysteine and aspartic acid have low helix propensities (i.e.

are less favoured in helices). The hydrophobic effect is a major driver for the propensities,

specifically residues that can bury more of their side chains against the helix favour the α-helix

conformation more.

Glycine has a low helix propensity (Muñoz & Serrano, 1994; Pace & Scholtz, 1998), because

of its small size, and the greater entropic cost of restricting its movements by incorporating it

into the helix. Its small size makes it difficult for other parts of the protein to pack up against

it. Proline has no amide hydrogen, precluding it from forming backbone hydrogen bonds, the

major stabilising force for helix formation. In addition, the ring in proline cannot be easily

accommodated within the helix structure. For these reasons, proline and glycine often act as

helix terminators in proteins, and are rarely found in the middle of α-helices

Helices have a tendency to start and end on the face of the helix in contact with the rest

of the protein. Consequently, hydrophobic residues are most favoured at the start and end
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of helices, and so the amino acid propensities vary periodically with the position in the helix

(Engel & DeGrado, 2004).

1.4.3.3 Helix caps

The ends of soluble helices are often well conserved motifs - called ‘caps’, which have common

hydrophobicity and hydrogen bond patterns (Aurora & Rose, 1998). These helix caps are

stabilised by backbone to backbone (c. 2/3 of caps) and backbone to side chain (c. 1/3 of caps)

hydrogen bonds. N-caps frequently have a polar residue as the second residue in the helix, and

C-caps normally have a hydrophobic residue four from the end, and a polar residue two from

the end.

1.4.3.4 Differences between membrane and soluble α-helices

Helices in integral membrane proteins that cross the membrane (transmembrane helices) are

unlike soluble protein helices, as they are exposed to a hydrophobic environment, and are

typically longer. Soluble helices are generally much shorter than transmembrane helices, with

an average of around 15 residues (Baeza-Delgado et al., 2013; Engel & DeGrado, 2004; Pal et al.,

2003), compared to 25 for transmembrane helices (Baeza-Delgado et al., 2013; Ulmschneider &

Sansom, 2001). The propensities of amino acids for transmembrane helices are different, due to

the environment in which they sit (Jha et al., 2011; Ulmschneider & Sansom, 2001).

Charged residues are much less frequently found in membrane helices, while non-polar and

aromatic residues are more frequently found. Glycine is also much more common in trans-

membrane helices (8.7%) than soluble helices (4.3%) (Baeza-Delgado et al., 2013), as is proline.

The amino acid propensities vary with position in the membrane (von Heijne, 2006). Charged

residues are disfavoured in the centre of the membrane, but favoured at the interface, while hy-

drophobic residues are favoured in the centre, but disfavoured on the outside of the membrane

(Baeza-Delgado et al., 2013). Charged residues at the interface between the non-polar core of

the membrane and the polar head groups often have their side chains pointing into the head
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groups, a feature known as ‘snorkelling’ (Chamberlain et al., 2004). The membrane environment

promotes the formation of helices, meaning that sections of protein that would be disordered in

solution form helices inside the membrane (Leman et al., 2013).

There are suggestions that φ and ψ angles have slightly different distributions for membrane

and soluble helices (Hildebrand et al., 2004; Page et al., 2008), and that i← i+ 3 hydrogen

bonds are more prevalent in membrane helices (Bowie, 2011; Cao & Bowie, 2012). This was

suggested by Bowie (2011) as a mechanism to allow transmembrane helices to be more flexible

than soluble helices. In contrast, in soluble and membrane protein helices, the proportion of

hydrogen bond donor and acceptor groups that are unsatisfied is similar (Joh et al., 2008).

Work by Wong et al. (2012) has suggested that some membrane helices act simply as anchors

to the membrane, whilst others play a role in structure and function. These can be classed as

‘simple’ and ‘complex’ membrane helices. Simple helices have generic, lipophilic, sequences

which are similar to other simple helices, regardless of their evolutionary relationship. This

highlights a possible difficulty in identifying homologous protein sequences, as proteins with

many simple helices may be very similar to other proteins, despite not being evolutionarily

related.

Helix structure is affected by the rest of the protein, as well as its own sequence and the

membrane environment. The packing of helix pairs falls into a small number of clusters (Walters

& DeGrado, 2006), and this packing is largely stabilised by small residue side chains in the

interface (with small residues every 4 or 7 residues along each helix). The packing is mostly

down to apolar side chains, but polar interactions do have an effect in some proteins (DeGrado

et al., 2003). Soluble proteins are held together by virtue of the hydrophobic effect - however

this is less the case with membrane proteins, as they are exposed to the hydrophobic core of

the membrane.

One particular common feature of transmembrane helices is kinks (Barlow & Thornton,

1988). These are rare in soluble proteins (Nugent & Jones, 2011). Kinks are important for

function in a variety of important proteins.
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1.5 Kinks in α-helices

Figure 1.16: A kinked helix. Taken from the transmembrane domain of a human A2A
adenosine receptor (pdb code: 3eml, chain A). Showing only backbone atoms; Carbon green,
Nitrogen blue, and Oxygen red.

Kinks are a type of distortion of α-helices, where there is a sharp change in the helix axis (see

Figure 1.16 for an example) (Kneissl et al., 2011). Although there have been many studies into

kinks, and other helix distortions, there is no universally accepted definition of helix distortions

(Bansal et al., 2000; Hall et al., 2009; Kauko et al., 2008; Kneissl et al., 2011; Langelaan et al.,

2010; Meruelo et al., 2011; Rigoutsos et al., 2003; Visiers et al., 2000; Werner & Church, 2013).

They are however, often identified as important in the function of proteins.

1.5.1 Why are kinks important?

Kinks are a structural and functional feature of membrane proteins.

There are many studies that have identified important functional kinks in membrane pro-

teins. Katritch et al. (2009) indicated that a flexible kink in the fifth transmembrane helix

(TM5) of GPCRs is crucial to the activation mechanism of GPCRs. Highly conserved pro-
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line residues cause hinges in the sixth and seventh transmembrane helices (TM6 and TM7) of

rhodopsin-like GPCRs that modulate the width of the proteins, and so activate the receptors

(Bettinelli et al., 2011; Schwartz et al., 2006; Shi et al., 2002). Three proline residues within

transmembrane helices are important to the activation of melatonin receptors (Mazna et al.,

2008). Similarly, kink causing prolines are key to Calcitonin binding and signalling (Conner

et al., 2005), although it is likely that proline is not necessary for the function of these kinks

(Bettinelli et al., 2011). Kinks are not necessarily conserved within the GPCR family - TM1

in CXCR4 and rhodopsin contains a kink, while solved structures of other GPCRs do not

(Langelaan et al., 2013).

Kinks are also important in the function of ion channels, where they perform a function in

gate-opening (Duclohier et al., 1992; Forrest et al., 1999; Fowler & Sansom, 2013; Johansson

& Lindahl, 2006; Kaduk et al., 1997; Mihajlovic & Lazaridis, 2012; Ri et al., 1999; Taylor &

Sanders, 1999; Tieleman et al., 1999, 2001; Woolfson et al., 1991).

Kinks in soluble proteins Studies of α-helix kinks have mostly concentrated on membrane

proteins. However, there is some work on kinks in soluble protein α-helices (Devillé et al., 2008;

Rey et al., 2010), and there are examples of functional kinks in soluble proteins, for example in

MHC proteins (de Almeida & Holoshitz, 2011; Rudolph et al., 2006).

1.5.2 How kinks are identified

As with secondary structure assignment, there are many methods available for the computa-

tional identification of kinks, however there is no standard method, and most authors have

designed their own.

Authors frequently use different terminology, so for clarity I have used consistent terms when

describing the methods (but also included the authors’ terminology in parentheses at the first

mention, if it is different). The methods described below differ in a number of areas, but most

in the way they fit helix axes, the length of helix they fit the axes to. Importantly, most of
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Figure 1.17: Methods of kink identification. (a) Four commonly used methods for the
calculation of local helix axes and/or points on the helix axis. (b) General approach to using
axes or points to identify kinks. (c) Alternative approach of identifying kink position first,
before using fitted axes to calculate the kink angle.
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them identify the position of the kink (the ‘kink residue’) based on the residue with the largest

angle.

1.5.2.1 Barlow & Thornton (1988)

In this study, ideal ‘probe’ helices are fitted to a sliding window of the helix of interest (Figure

1.17). The φ, ψ, and ω angles for each probe helix are based on the average for the helix of

interest. The root mean square deviation (RMSD) of the atoms in the helix to those in the

probe helix (C ′i−1,Ni,C
α
i ,C

′
i,Ni+1) is calculated, and where this is more than 2σ from the mean

for the helix, the helix is kinked. This study identified ten proline induced kinks, 9 of which

had very similar kink angles (26±5◦).

1.5.2.2 Prokink (Visiers et al., 2000)

Prokink is a method developed to evaluate helix kinks (distortions) caused by proline. The axes

of the of the pre-kink (pre-proline) and post-kink (post-proline) helix sections (the proline is

the first residue in the post-kink helix sections) are calculated from the Cα coordinates (Figure

1.17C). The helix axes are calculated by the CHARMM program (Brooks et al., 1983), which

uses the cylinder method of Åqvist (1986) (Karplus, 2014) (Figure 1.17A). These helix sections

can be any length, depending on the length of the helix and position of the proline, but the

authors suggest that they should be at least 7 residues long. The kink is characterised by three

angles:

• Kink (bend) angle: The angle between the pre-kink and post-kink axes

• Wobble angle: An angle describing the position of the proline Cα atom relative to the

pre- and post- kink axes. This is 0◦ when the helix kinks towards the proline, and 180◦

or −180◦ when the helix kinks away from the proline.

• Face shift: An angle describing the tightness of the helix turn before the kink (i.e. the

proline atom). An α-turn has a face shift of 0◦, a tight, 310-turn has a negative face shift,
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and a wide, π-turn has a positive face shift. It is measured in the range (180◦,−180◦).

1.5.2.3 Simulaid (Mezei, 2010)

The analysis program, Simulaid, incorporates a version of Prokink (Figure 1.17C). This uses

axes calculated using the method within Kahn (1989) (Figure 1.17A).

1.5.2.4 TMKink (Meruelo et al., 2011)

TMKink uses the Prokink version contained within Simulaid. However, it evaluates the kink

angle at every single residue, and annotates kinks where the angle is ≥ 24◦, or the average over

consecutive residues is ≥ 13◦ (Figure 1.17B). Kinks are removed if there is a larger kink within

nine residues. The residue with the largest angle is the kink residue.

1.5.2.5 Hall et al. (2009)

This study used the Prokink method in Simulaid. Again, they calculated a kink angle for every

residue. Kinks were identified where kink angles were ≥ 13.4◦, providing they were at least

seven residues away from any larger kink.

1.5.2.6 Helanal (Bansal et al., 2000), and Helanal-Plus (Kumar & Bansal, 2012)

Helanal and Helanal-Plus classify helices as kinked, curved, or straight (linear). Kink angles

are calculated as in Prokink, but with axes calculated using the method described in Sugeta &

Miyazawa (1967) (Figure 1.17A). The Sugeta & Miyazawa (1967) method also calculates the

midpoint of each four residue segment of the helix. These mid-points are fitted to a straight

line, and a circle (Helanal) or sphere (Helanal-Plus). A heuristic algorithm is used to classify

the helix, using a combination of the largest kink angle in the helix, and the quality of the line

and circle/sphere fits. In Helanal, a helix with a kink angle ≥ 20◦ is classified as kinked. In

the updated version, Helanal-Plus, helices with kink angles ≥ 30◦ are classified as kinked, and

those with angles between 20◦ and 30◦ are classified as kinked if their fits to the line and sphere
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are sufficiently poor. These two algorithms are technically quite different, however they give

similar results. In both, the residue with the largest angle is the kink residue.

1.5.2.7 Werner & Church (2013)

This study uses the method of Kahn (1989) to calculate local helix axes (Figure 1.17A). An

angle for each residue is calculated from the axis for the four residues before it, and the axis of

the four residues after it. Kinks are identified where the angle is ≥ 13◦, and the residue with

the largest angle is the kink residue.

1.5.2.8 Manual annotation (Kneissl et al., 2011)

In this study, two researchers annotated helices as kinked, curved, or straight. Their criteria

are described in the paper: ‘as a rule of thumb, a kink can be an abrupt change of the helix

axis’. The kink residue is chosen by the human annotators, and no kink angle is ascribed to the

kink.

1.5.2.9 MC-Helan (Langelaan et al., 2010)

The MC-Helan algorithm identifies straight helix sections within a protein using strict helix

criteria (Figure 1.17C). It identifies five residue long helix seeds, and iteratively grows them by

adding the next residue, providing it adheres to the criteria. The criteria are that the φ and

ψ angles are within the expected ranges (Lovell et al., 2003), and that the backbone atoms are

within 3Å of the fitted helix axis. This helix axis is a cylinder fit, using a Monte-Carlo method,

rather than the approach in Åqvist (1986).

Kinked (bent) or distorted helices are then identified where a helix (as defined by e.g. DSSP)

is made up of more than a single straight helix section. The kink angle is calculated, as for the

other methods, from the axes of the two helix sections.

The kink residue is selected using a voting procedure, based on the inter Cα distances, inter

Cα angles, and φ and ψ angles of the residues close to the boundary between helix sections.
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1.5.2.10 Other methods

Many other authors have used their own methods and there is one example which is pertinent

here, if only to describe fully the possible approaches to this problem. Hischenhuber et al.

(2012) used both polynomial fits and splines to characterise the helices in the MH2c protein.

From these fits, the local curvature of the helix was calculated. The curvature was then used

to identify kinks in these helices.

The authors discuss the available options in the polynomial and spline fits (i.e. the order

of the polynomial, or the smoothing of the spline), and conclude that polynomials with order

of between three and seven give the best helix descriptions. It should be noted, however, that

this approach may not scale over the range of helix lengths that is required for kink analysis.

Indeed, even though the MH2c helices have fairly similar lengths, different orders of polynomial

are recommended by the authors for different helices.

These methods are hard to group. One possible division is between sliding window methods

and whole helix methods. However, some methods use approaches from both. For example,

Helanal calculates the kink angle for a sliding window of seven residues, but also uses a measures

of the straightness and curvedness of the whole helix for classification. Indeed, any method that

produces a vector of values that relate to the straightness of the helix can be used to identify

kinked helices.

The kink identification methods all have one thing in common - they reduce the three

dimensional coordinates of a protein helix to a handful of statistics, and ultimately to a single

classification (i.e. kinked, curved, or straight). There are many other methods that reduce

three dimensional coordinates of a protein to a more simple representation. Using quaternions

(Hanson & Thakur, 2012; Quine, 1999), splines (Geetha & Munson, 1996), and Ramachandran

angles are examples of such approaches, and there are many more (Kandiraju et al., 2005;

Murray et al., 2011; Reyes, 2011). Some of these methods have been used to characterise the

straightness of helices (Kneller & Calligari, 2006; Murray et al., 2011; Quine, 1999), and these

could all be used to identify kinks, although this would require their parameters to be optimised
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for this purpose.

Approaches to representing proteins are important in both protein structure comparison

(and thus structure alignment) and protein visualisation. Comparison and alignment of proteins

using their atomic coordinates is a computationally intensive process, and simplifying the protein

representation can significantly reduce the computational resources required. Comparison and

alignment of proteins using the RMSD (root mean square deviation) between the atoms has

several problems, some of which can be addressed using alternative representations (Betancourt

& Skolnick, 2001; Can & Wang, 2013).

Reduced representations are also useful for displaying proteins. Protein visualisation soft-

ware (e.g. PyMol (Schrödinger LLC, 2014) and VMD (William Humphrey et al., 1996)) provide

simple ribbon or cartoon representations of proteins in three dimensions. In PyMOL and VMD

these use a spline fit to the Cα atom coordinates, with a user variable smoothing parameter. Py-

MOL and VMD also provide simple helix representations - cylinders based on least-squares fits

to the Cα atom coordinates. Bendix, a VMD plugin, uses a variation of the Sugeta & Miyazawa

(1967) method to produce a more accurate helix representation than those in PyMOL and VMD

(Dahl et al., 2012).

1.5.3 The causes of kinks

There is a variety of methods that have been used to characterise kinks and explain their causes.

Analysis of single proteins in mutation experiments (e.g. Weber et al. (2012)) and molecular

dynamics studies (e.g. Bettinelli et al. (2011); Fowler & Sansom (2013)), provide evidence

for the causes of kinks. Evidence also comes from the effects of naturally occurring mutations

(Kuechler et al., 2010), the kinks in a protein family (Bettinelli et al., 2011; Devillé et al., 2009),

and surveys of kinks in many proteins (Hall et al., 2009; Kneissl et al., 2011; Langelaan et al.,

2010; Meruelo et al., 2011).

There have been many suggestions as to the causes of kinks in membrane proteins, with

proline being the most commonly suggested factor.
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1.5.3.1 Role of Proline

The presence of proline in a helix is strongly associated with that helix being kinked (Barlow

& Thornton, 1988; Langelaan et al., 2010; Yohannan et al., 2004b). Proline cannot be fully

incorporated into an α-helix, due to its lack of an amide proton, and the ring formed by its

backbone and sidechain (Cordes et al., 2002; Hall et al., 2009; Yohannan et al., 2004c). This

precludes proline from forming the i+ 4→ i hydrogen bond to a backbone carbonyl, which is

the principle stabilising force of the α-helix structure. Although earlier work suggested that all

kinks were associated with prolines, or so-called vestigial prolines1 (Yohannan et al., 2004b),

more recent work has shown that there are many kinks that are not associated with proline

(Cao & Bowie, 2012; Hall et al., 2009; Kneissl et al., 2011; Langelaan et al., 2010).

1.5.3.2 Other causes of kinks

Many of the studies have investigated the presence of other amino acids at specific points around

the kink residue, but no patterns, other than proline, have been consistently found (Hall et al.,

2009; Kneissl et al., 2011; Langelaan et al., 2010; Marsico et al., 2010a; Meruelo et al., 2011;

Rigoutsos et al., 2003; Weber et al., 2012; Werner & Church, 2013). For example, glycine has

been found to be prevalent around kinks in some studies (Devillé et al., 2008; Hall et al., 2009;

Kneissl et al., 2011), but not in others (Langelaan et al., 2010; Meruelo et al., 2011; Werner &

Church, 2013). It has also been suggested that residues with sidechains that can form hydrogen

bonds to the backbone, such as serine and threonine, are important in kinks (Deupi et al., 2004;

Weber et al., 2012), although these side chains are rarely seen bonding to the backbone in the

known structures of kinks (Deupi et al., 2004; Hall et al., 2009). A number of papers have

suggested more complex sequence motifs that may be important in kinks (for example Del Val

et al. (2012); Hall et al. (2009); Marsico et al. (2010a,b)), but once again none of these motifs

are consistently observed across studies.

The dominance of proline suggests that hydrogen bonds are very important to the forma-
1Where proline is not seen in the kinked helix structure, but is observed in a homologous sequence
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tion of kinks. There is evidence that membrane protein helices have different hydrogen bonds

compared to soluble proteins (Cao & Bowie, 2012). Water molecules have been identified as

stabilising some kinks in crystal structures (Tate et al., 2010). The tertiary structure of pro-

teins is also important to the structure of helix kinks, for example helix-helix packing (DeGrado

et al., 2003; Eilers et al., 2000; Hildebrand et al., 2008)

These studies provide contrasting explanations for the appearance of kinks within structures.

This is largely due to the variety of ways in which kinks are identified and located in different

studies (i.e. manual inspection or one of many computational methods). Identifying the method-

independent features of kinks is one of the key aims of this thesis.

Hydrogen bonds between the amide group of the i+ 4th residue and the carbonyl group of

the ith residue in the backbone of the protein are the primary feature of α-helices. A missing

i+4→ i hydrogen bond is frequently observed close to the kink. Kinks may be stabilized by the

presence of non-canonical hydrogen bonds, such as i+3→ i or i+5→ i backbone connections,

sidechain to backbone (Deupi et al., 2004; Hall et al., 2009), or other types of hydrogen bonds

(Bowie, 2011; Kauko et al., 2008; Rey et al., 2010). These non-canonical hydrogen bonds

have also been implicated in the flexibility of membrane helix kinks, by residues shifting their

backbone hydrogen bond partners (Cao & Bowie, 2012).

1.5.3.3 Causes in soluble proteins

Kinks in soluble proteins have not been studied to the same degree as those in membrane pro-

teins. There are examples of functional kinks in soluble protein helices (de Almeida & Holoshitz,

2011; Rudolph et al., 2006), and I have found two examples of research on general analysis of

helix distortions in soluble proteins. In one analysis of soluble Helix-X-Helix motifs, kinks were

usually found when the linker residue (X) was glycine, serine, aspartic acid, or asparagine, or

when proline was found after the linker residue (Devillé et al., 2008). Additionally, the linker

residue was frequently buried (i.e. not exposed to solvent. A study of proline distortions in

soluble protein helices focused on classifying the distortions based on Ramachandran angles and
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hydrogen bonding patterns (Rey et al., 2010). However, unlike the studies of membrane helices,

it did not consider the residue preferences around these distortions.

1.5.4 Modelling and prediction of kinks

There are specific methods tailored to membrane protein structure predictions (e.g. Kelm et al.

2010). These exploit the important structural role that the specific membrane environment has

on proteins to improve on methods developed for all types of protein structure. Differences in

kinks is one way in which the protein conformation can change. This makes template selection

for homology modelling difficult (Worth et al., 2009), so understanding kinks has a role to play in

homology modelling. For example, in GPCRs, the quality of docking is affected by ‘substantial

variations in kinks and helical structure in the binding pocket region’ (Kufareva et al., 2011).

Understanding kinks is key to building models to guide drug development.

Despite recent experimental structures of GCPRs (Cherezov et al., 2007; Hanson et al., 2012;

Rasmussen et al., 2011; Rosenbaum et al., 2011), these structures are closely related and only

represent a small subset of GPCRs (Rosenbaum et al., 2009). Therefore, theoretical models are

still important for structure based drug discovery (Tang et al., 2012).

There are some existing methods that predict kinks in helices (e.g. Kneissl et al. 2011;

Meruelo et al. 2011; Seifert et al. 2014). These are primarily machine learning methods based

on the helix sequence. Despite reportedly good performance, the authors do not provide any

biochemical explanation of the performance, over and above that of the presence of proline.

The quality of results also depends heavily on the method chosen to identify kinks, and it is

not clear if these methods perform well enough for use in structure prediction. Other methods

have used molecular dynamics to predict the occurrence of kinks (Hall et al., 2009; Mai & Chen,

2014).

There are three recent examples of kinks being used in structure prediction. One study

used kink characterisation to score membrane protein model decoys during modelling (Werner

& Church, 2013). Two studies have attempted to incorporate kinks into structure prediction
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(Chen et al., 2014; Mai & Chen, 2014).

1.6 Identification and characterisation of kinks in membrane and sol-

uble proteins

There are a variety of definitions and means of identification for kinks. I have designed two

computational methods to identify kinks (Chapter 2). These are compared to a set of kinks

identified by humans (obtained through a crowd sourcing approach), and other kink identifica-

tion methods (Chapter 3). Using two computational kink identification methods, I show that

helix kinks are a feature of long helices in all proteins (soluble and membrane), not just in

helices in integral membrane proteins (Chapter 4). Some kinked helices are known to adopt

multiple conformations in homologous proteins, and even in the same proteins. The similarities

of helices in homologous proteins, and the flexibility of kinks within individual proteins will be

explored in Chapter 5.
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Computational kink identification

2.1 Introduction

In this chapter I will describe the two computational methods I developed for the identification of

helix kinks in protein structures: the B statistic, a statistically robust method that discriminates

between kinked and not kinked helices, and Kink Finder, which identifies, locates, and measures

kinks in helices, and is used for the majority of my thesis. Kink Finder employs novel methods

to consistently locate kinks.
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Figure 2.1: A section of a kinked helix, showing the hydrogen bonds (dashed yellow). Note
the hydrogen bonds between the oxygen and nitrogen atoms. These are not all present around
the kink, where the helix changes direction. The helix runs from the N-terminus (bottom) to
C-terminus (top). No side chains or hydrogen atoms are shown. Atoms are coloured as follows:
carbon - green, nitrogen - blue, oxygen - red.
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2.1.1 The significance and role of helix kinks

Kinks are distorted regions of helix, where the helix changes direction abruptly (e.g. Figure

2.1). There are three principal reasons why I am interested in kinks. These are fully described

in Chapter 1, but are summarised here. First, kinks are an important but poorly understood

feature of protein structures. Many factors that modulate the structure and function of kinks

have been suggested (see Section 1.5.3), but there is no clear understanding of the characteristics

and causes of helix kinks.

Second, kinks occur frequently in the transmembrane helices of membrane proteins, which

are very important in cellular processes, and as drug targets. For example, Rhodopsin-like

GPCRs, a subset of membrane proteins, make up > 26% of small molecule drug targets (Over-

ington et al., 2006). There is a comparatively small number of known membrane protein struc-

tures, making the modelling and prediction of membrane proteins important. Differences in

kink conformation can change the structure of proteins, so identifying the correct helix kink

conformation is key to good structural modelling of proteins (Kufareva et al., 2011; Worth et al.,

2009; Yohannan et al., 2004b).

Third, although there have been many studies into kinks and other helix distortions, there

is no universally accepted definition of kinks (Bansal et al., 2000; Hall et al., 2009; Kauko et al.,

2008; Kneissl et al., 2011; Langelaan et al., 2010; Meruelo et al., 2011; Rigoutsos et al., 2003;

Visiers et al., 2000; Werner & Church, 2013). Methods frequently disagree on the identification,

location and size of kinks. The broad definition of ‘kink’, as a sharp change in direction of

the helix is well established. Other synonymous terms have been used (e.g. bend (Langelaan

et al., 2010) and hinge (Sansom & Weinstein, 2000)), but the general concept remains the same.

However, the specific definition varies from study to study, sometimes significantly, so while the

different methods agree on the extreme examples, many helices between the extremes of kinked

and not kinked are classified differently by the different methods.

A better characterisation and knowledge of kinks could provide an improvement to methods

to predict and understand biologically and pharmaceutically important proteins. As kinks are
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a feature of α-helices, the first step towards kink identification in a protein is to identify the

α-helices. The next section briefly describes α-helices (for a fuller description, see Section 1.4.3),

and the methods that I use to identify them.

2.1.2 The challenge of identifying α-helix kinks

An α-helix is a regular repeating structural unit of a protein, where the amide group of each

residue is hydrogen bonded to the carbonyl group of the residue four towards the N-terminus

of the protein chain (Pauling et al., 1951). An example of a kinked helix is shown in Figure

2.1. The top and bottom sections of the figure show the regular pattern of the alpha helix,

with hydrogen bonds (dashed yellow) between the carbonyl oxygen (red) of one residue, and

the amide nitrogen (blue) of the residue 4 above it. When a series of adjacent residues adopt

this hydrogen bond, a regular helical shape results, as at the top and bottom of Figure 2.1.

There are a number of available methods to annotate the residues in protein structures

which are helical, including DSSP (Kabsch & Sander, 1983), STRIDE (Frishman & Argos,

1995), and KAKSI (Martin et al., 2005) (for further details, see Section 1.4.2). These methods

give generally similar annotations, but differ around the ends of helices and in the annotation

of distorted helical regions (Martin et al., 2005). The method for helix annotation used here is

DSSP (Kabsch & Sander, 1983). This works by using distance criteria to identify the residues

that have the hydrogen bonds characteristic of α-helices, as described in Section 1.4.2.1. Where

groups of consecutive residues have sufficient numbers of these backbone hydrogen bonds, DSSP

annotates these residues as helical (Kabsch & Sander, 1983).

DSSP was chosen as my principal secondary structure assignment method for its simplicity.

This allowed me to see clearly how any manipulations that I made to the method affected

its results. Additionally, DSSP was the existing method used by the Deane group. It is an

important part of the tools iMembrane (Kelm et al., 2009), Medeller (Kelm et al., 2010), and

MP-T (Hill & Deane, 2013), which I use in this thesis. All of these rely on the DSSP method as

implemented in JOY (Mizuguchi et al., 1998). It is very difficult argue that any one secondary
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structure assignment method is better than another, as there is no definitive benchmark set

on which to test the methods. There have been many subsequent methods which are arguably

better, particularly in specific circumstances. However, there is no method which is clearly and

consistently better than DSSP. Its simplicity and the decision of the authors to distribute the

method freely has ensured that it remains as one of the most popular methods.

There are two specific problems when using any helix annotation method for creating a

dataset of helices with which to identify kinks. First, some residues in kinked regions tend not

to be annotated as helical, even though they are between two helical segments. Some methods,

e.g. KAKSI (Martin et al., 2005), even go as far as explicitly removing kinks from helices.

Second, the irregular helix structure in the residues at the termini of some helices causes kink

identification methods to identify kinks where they are not present. The methods I employed

to combat these problems are described below.

2.1.2.1 Kinks not included in helices

I searched for kinks in protein helices, so it was important that the helices used include kinks.

In regions of proteins where there are kinks, some of the backbone hydrogen bonds that would

otherwise be present in an α-helix are not present (e.g. in Figure 2.1). Although DSSP does not

require all of the expected hydrogen bonds to be present for a residue to be annotated as helical,

if some are missing a residue can be annotated as non-helical. This results in two shorter helices

separated by one or two non-helical residues, rather than a single long helix. These regions of

the protein need to be incorporated into a single helix when I attempt to identify kinks in

protein structures. Therefore, in the methods presented here, where sections of the protein that

are annotated as helical were separated by only one or two residues, I combined these sections

into a single helix.
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2.1.2.2 Helix termini

Kink identification methods can be very sensitive to residues that are incorrectly annotated as

helical. Often residues at helix termini have a less regular structure than other parts of helices.

Secondary structure annotation methods frequently disagree on the annotation of residues at,

or close to, the ends of helices. My initial analysis identified large numbers of kinks at the starts

and ends of helices. To ensure that this was not an artefact of incorrect helix annotation, I

checked the ends of the helices for their helical nature.

I ensured the helical nature of the termini of the helices using a method based on a routine

that identifies ‘helix seeds’ in MC-Helan (Langelaan et al., 2010). Where the first or last

five residues of helices that I identified were not a helix seed, I iteratively removed residues

from the end of the helix until this condition was met. The requirements for a helix seed are

threefold. First, the first residue must have dihedral angles in the alpha-helical region (Lovell

et al., 2003). Second, the angles (Cαi+xĈαi Cαi+1, x= 2,3,4) must lie within the expected ranges

for an alpha helix (35− 50◦ for x = 2, 60− 80◦ for x = 3, and 45− 65◦ for x = 4). Third, the

Cαi → Cαi+x (x= 2,3,4) distances must be within 0.5 Å of the values for an ideal α-helix.

Once a set of helices has been identified in a protein, there are a number of possible ap-

proaches to identifying kinks. The next section summarises the problems with existing kink

identification methods.

2.1.3 Existing kink identification methods

There are a number of available methods to identify, locate, and measure kinks in helices (e.g.

Kumar & Bansal (2012); Langelaan et al. (2010); Meruelo et al. (2011), see Section 1.5.2). These

classify helices into one of a number of groups. The terms used to describe these groups vary from

study to study. Some algorithms are binary classifiers (e.g. kinked/straight in TMKink (Meruelo

et al., 2011)), some are ternary classifiers (e.g. kinked/curved/linear in Helanal-Plus Kumar &

Bansal (2012)). The terms used are not always the same, but the terms used by each method

broadly correspond to kinked, straight, and, in ternary classifiers, curved. Unfortunately, the
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Helix 3DDLA 1RHZA 3DDLA 3DDLA 1RHZA 1RHZA 1RHZA 3DDLA
90-112 365-394 13-36 47-72 138-162 314-335 102-128 151-173

Kneissl Kinked Kinked Curved Curved Straight Straight Curved Curved
Helanal Curved Kinked Curved Curved Linear Linear Curved Kinked
MCH Kinked Kinked Kinked Kinked Straight Straight Kinked Kinked
KF Kinked Kinked Straight Straight Straight Straight Kinked Kinked

Table 2.1: Classifications of the helices in Figure 2.2 by four methods. A manual
classification by Kneissl et al. (2011), Helanal-Plus (Kumar & Bansal, 2012), MC-Helan (MCH)
(Langelaan et al., 2010), and Kink Finder (KF). The classification terms are defined differently
by each of the methods.

Figure 2.2: Eight example helices. The sections of the helix before and after the largest
kink angle in each helix are fitted to cylinders as calculated by Kink Finder, shown here. The
classification of these helices by four methods is shown in Table 2.1. Helices are labelled with
their 4 character PDB code and chain identifier, and number of first and last residue.

terms used by each study do not exactly correspond, nor do the measurements (e.g. a kinked

helix identified by Helanal-Plus is not necessarily the same as a kinked helix by TMKink, and

a measurement of 25◦ by Helanal-Plus does not necessarily correspond to a 25◦ measurement

by TMKink). The algorithms use different methods to identify kinks, and frequently disagree

on the classification of helices (see Figure 2.2 and Table 2.1). The differences between the

classifications are further explored in Chapter 3.
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There are three primary deficiencies in these algorithms; (1) they all require many parame-

ters to be set in their algorithms to identify kinks, (2) they locate kinks inconsistently relative

to the helix structure (which means that methods rarely agree on the specific location of the

kink in a given helix), and (3) they make no estimation of the uncertainty of the measured

angle. The first two are discussed in further detail below, while the third is a focus of Chapter

5.

2.1.3.1 Decisions and parameters

In each of these kink identification methods, there are a large number of decisions that have

been made, and parameters set to provide the classification of helices and identification of helix

kinks. Examples of these decisions include the method to fit axes to helix sections, the length

of the sections, and the threshold(s) to discriminate between different groups. The decisions

are often interdependent and their complex interaction makes it difficult to infer any biological

meaning from each decision through to the eventual output. Indeed, there is rarely any strong

biological or statistical rationale to help make these decisions. Similarly, the output of the

methods does not provide any good rationale with which to select an appropriate threshold.

Neither is there an available set of kinks on which to train a classifier. Helices do not fall into

two clear subsets (i.e. kinked and not kinked); instead they form a continuum from kinked to

not kinked (Figure 2.2). In all methods, the threshold between classifications is a sharp division

based on a statistic (e.g. angle) with a unimodal distribution. As a result, I am aware of no

method that has a strong statistical or biological justification for its choice of threshold.

2.1.3.2 Location of kinks

Often the conclusions drawn by studies of helix kinks rely on the choice of kink location. For

example, many studies characterise the residues that occur one position after the kink residue

(see Section 1.5.2). Current methods each use a different method to locate the kink residue

and no method does this consistently relative to the helix shape (see Figure 2.3). The kink
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Figure 2.3: Kink position disagreement between existing methods. Three example
helices, showing disagreements between the kink position as annotated by four methods, MC-
Helan (Langelaan et al., 2010), Manual (Kneissl et al., 2011), Helanal (Kumar & Bansal, 2012),
and Kink Finder (described in this chapter). The existing methods are described in Section
1.5.2. Helices are from the PDB structures indicated, with only the backbone atoms shown.
The cylinders pictures were fitted by Kink Finder.
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residue (the location of the kink) is often chosen as the residue with the largest angle, which

is sometimes on one side of the kinked helix, and sometimes on the other. I believe that this

inconsistent location of the kink has led to unclear and contradictory results in these studies of

the characteristics of kinks.

2.1.4 My methods

I created two methods to identify kinks, which resolve some of the problems identified above:

the B statistic, and Kink Finder.

2.1.4.1 B statistic

The B statistic provides a statistically robust method to classify helices into one of two groups.

This method requires no decisions, and the classification threshold is derived from a Gaussian

mixture model fitted to a set of helices. The threshold gives a classification different from

that of previous methods, with a much smaller group of ‘kinked’ helices than other methods.

This method, however, does not provide the location of the kink in the helix. I developed

this method after Prof. K. V. Mardia approached us with the initial concept of applying this

statistic to protein helices.

2.1.4.2 Kink Finder

Kink Finder is the primary method that we use in this thesis to identify, locate, and measure

helix kinks. It is similar to TMKink (Meruelo et al., 2011) and Prokink (Visiers et al., 2000),

using local axes to calculate kink angles in helices. However, unlike these and other methods,

it locates the kink residue consistently relative to the shape of the helix, and it provides an

estimate of the uncertainty in measured kink angles (see Chapter 5).
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2.2 Data set

The data set used in this chapter is the helix data set created by Kneissl et al. (2011). It

contains helices from from 132 α-helical membrane proteins. These membrane proteins were

taken from the MPtopo database, which contains all membrane proteins with experimentally

verified transmembrane regions, and has no sequence identity threshold (Jayasinghe et al.,

2001). The resolution of these structures ranges from 1.60Å to 4.50Å, and 60% of the chains

have resolution of less than 3.00Å.

The helices were filtered to have ≤ 95% sequence identity. Helices that are not in the

membrane were removed. This gave a set of 1014 helices, the annotation of which was manually

curated. The length of these helices ranges from 12 to 43 residues. Of these, 357 are annotated

as kinked, 461 straight, and the remaining 196 curved. This set provides a high quality helix

set on which to evaluate my methods. For the initial B statistic analysis, I remove helices that

have a π-turn from this set. In this case, π-turns were defined as where the SST program,

which identifies hydrogen bonds in the same way as DSSP (Kabsch & Sander, 1983), identified

a i+ 5→ i main chain to main chain hydrogen bond. This subset contains 597 helices.

2.3 B statistic

In this section I describe the B statistic method, which provides a very simple and statistically

robust method to categorise helices as kinked or not kinked.

2.3.1 Method

This method uses a principal component analysis of Cα atom coordinates to classify helices.

In all helices, the principal component will approximate the helix axis. The second and third

components are perpendicular to this axis. In a straight helix, the second and third eigenvalues

are approximately equal. Conversely, a kinked helix has non-equal second and third eigenvalues

(Figure 2.4). This observation forms the basis of the method.
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Figure 2.4: B statistic method for identifying kinked helices, using the principal compo-
nents of the Cα atom coordinates. The principal components are labelled in descending order,
with λ1 the largest. The second (λ2) and third (λ3) eigenvalues of straight helices are very
similar. However, these eigenvalues are very different in kinked (or otherwise distorted) helices.



B statistic

The similarity of the eigenvalues can be evaluated using the following statistic, B:

B = 2
(
n− 17

6

)
log
(
a

g

)
(2.1)

where a and g are the arithmetic and geometric means of the second and third eigenvalues,

and n is the number of atoms used in the principal component analysis. This is a specific form

of this equation:

B =
(
n− 2p+ 11

6

)
(p−k) log

(
a

g

)
(2.2)

with k = 1 and p= 3. This general form is used to test for isotropy of eigenvalues, and eval-

uate if the k+1th,k+2th, . . . ,pth eigenvectors contain the same amount of information (Mardia

et al., 1979).

I implemented the B statistic method in Python 2.7 (www.python.org). The principle com-

ponents of the Cα atom coordinates were calculated using the singular value decomposition

function in the linear algebra module (linalg.svd) of the NumPy package (van der Walt et al.,

2011).

The distribution of log(B) for the 597 transmembrane helices without π turns is used to

determine the threshold between kinked and not kinked helices (Figure 2.5a). The distribution

can be approximated as a mix of two normal distributions, which are fitted with a Gaussian

mixture model. Log(B) = 0 is the threshold for discriminating between the kinked and not

kinked groups.

2.3.2 Results

The distribution of the B statistic for the 597 helices without π-turns in the Kneissl et al. (2011)

data set is bimodal (Figure 2.5a). The fitted Gaussian mixture model corroborates this, and

indicates that the ideal classification threshold is log(B) = 0. The mixture model indicates

that the helices divide into a ‘kinked’ group (18% of helices) and a ‘not kinked’ group (82%

of helices). Most other kink identification methods classify a higher proportion of helices as
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Figure 2.5: (a) Distribution of log(B) for 597 membrane helices which contain no π-turns. A
Gaussian mixture model is fitted to the distribution. (b) Variation of log(B) with helix length
for all 1014 helices.

kinked. In comparison, Kniessl et al. annotate 35% of these helices as kinked, and a further

19% as curved. If the helices with π-turns are included, the separation between the ‘kinked’

and ‘not kinked’ groups is less pronounced, but there is still a dip between the two peaks. The

value of log(B) is generally more positive for longer helices (Figure 2.5b, r2 = 0.21), indicating

longer helices are more often kinked (and kinked to a greater degree) than shorter helices.

Unlike most other methods, this does not provide a location of the kink in the helix. In

addition, this method only works for helices with at least 10 residues. For shorter helices, the

principal component analysis does not accurately identify the helix axis.

2.4 Kink Finder

This section describes Kink Finder, the principal method I developed to identify, locate and

measure kinks in helices. An outline of the method is shown in Figures 2.6 and 2.7. The basis

of this method is the cylinder fits, which are described below, followed by the method used to

consistently locate kinks. A method used to estimate the angle measurement error is described
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in Chapter 5.

2.4.1 Methods

There have been many approaches used to identify kinks in protein helices (see Section 1.5.2). As

discussed in Section 2.1.3.1, these contain many subjective decisions and parameters. The effect

that changing these would have on the identification of kinks is unclear from the algorithms.

Developing Kink Finder provided both a way to understand the intricacies of finding kinks, and

an algorithm that was easy to modify for my research goals.

For many of the approaches described in Section 1.5.2, the classification (as kinked or oth-

erwise) of a section of a helix depends on the helix that it is a part of. For example, kink

classifications in MC-Helan (Langelaan et al., 2010) rely on the helix annotation in the protein

chain and on the helix axes, which are estimated from the coordinates of a variable number of

residues. Helanal (Kumar & Bansal, 2012) relies on fitting points on the helix axis to a line and

a sphere for kink identification. This means it is possible for a 12-residue section of helix to

be identified as kinked, while an identical section is not identified as kinked if the helices that

surrounded the two are different (either due to different secondary structure annotation or a

different helix structure). This is also the case for methods that use spine or polynomial fits to

characterise kinks. I did not want this to be the case in Kink Finder - identical helix sections

should be given the same annotation, regardless of their surrounding. Therefore, I chose to use

a method in Kink Finder that treated helix sections in isolation from their surroundings.

To do this, Kink Finder calculates angles for a residue based on estimated axes for the

section before and the section after that residue in the helix. Therefore, a crucial part of Kink

Finder (as for many other kink identification methods) is the method used to estimate the helix

axis. Kink Finder uses cylinder fits to do this.

There are many approaches that have been used to fits axes to helix sections (see Section

1.5.2). These all work well on ideal, or close to ideal, helix sections, but work less well on

distorted helix sections. Cylinder fits to all backbone atoms of six-residue sections of the helix
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provide the best compromise between accuracy and sensitivity.

Generally, fits to longer sections give more accurate estimation of the helix axis than fits

to shorter sections. Conversely, fits to shorter sections are more sensitive to helix distortions

than fits to longer sections. Six residue helix sections provide a good compromise between

these two considerations, and equates to the shortest section of a helix for which an axis can be

visually estimated. Fitting axes to shorter sections, for example using the approach of Sugeta &

Miyazawa (1967) or Kahn (1989), can give very poor estimates of the axes in distorted regions

- e.g. π-turns. Therefore, angles calculated from estimated axes of short sections, must be

filtered (to remove large angles that arise from distortions other than kinks) before they can

be used to identify kinks. Indeed, the Helanal (Kumar & Bansal, 2012) method contains an

algorithm to do exactly this. Further, to describe kinks accurately good estimates of the helix

axis in kinked regions are necessary. However, fits to four-residue helix sections are not robust

in kinked regions and so, even when these axes can be used to identify kinks, they often give a

poor estimate of the kink angle.

In comparison to the methods of Sugeta & Miyazawa (1967) and Kahn (1989), cylinder

fits provide a robust method to calculate axes. Fitting cylinders can accommodate wide and

tight turns, as well as other helix distortions, while still giving good axis estimates. Although

least-squares fits are the most common method of estimating the axis of a set of points, they

are unsuitable for fitting axes to short helix sections. The quality of least-squares fits varies

periodically with the length of the section fitted to. Least-squares fits to n+ 1
2 -turn-long helix

sections (where n is an integer, and one turn of an α-helix is 3.6 residues) typically give good

axis estimates. However, fits to n-turn-long sections give axis estimates that are systematically

up to 10◦ from the true axis. This occurs even when fitting to sections of an ideal helix. In

comparison, cylinder fits provide good axes regardless of the section lengths. Cylinder fits

cannot provide good estimates for helix sections that are shorter than six residues. Although

cylinder fits to sections longer than six residues give better axis estimations, in regular sections

of helices this improvement is < 2◦ (even for fits to 10 residue or longer sections). This does
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not compensate for the loss of sensitivity resulting from using longer helix sections. Using all

backbone atoms rather than just the Cα atoms improves the accuracy of axis estimations in

difficult cases.

Thus, cylinder fitting to all backbone atoms of six-residue helix sections provides a good

balance between axis estimation accuracy and sensitivity to kinks. The cylinder fit method

provides good axis estimates, and provides axis estimates are visually wrong by more than 5◦

in < 1% of cases. Cylinder fits are robust to distortions in the helix, so they provide good axis

and angle estimates even around kinks, and these estimates are improved by using all backbone

atoms, rather than just the Cα atoms. Finally, the cylinder fits provide quality of fit parameters

that can be used to quantitatively assess the quality of each estimated axis.

2.4.1.1 Cylinder fits

The Åqvist (1986) study provides a method to fit cylinders to a set of points, by minimising

the distance of the points from a cylinder surface, i.e. minimising:

√√√√ 1
n

n∑
i=1

(
di− d̂

)2
(2.3)

where di is the shortest distance from point i to the fitted axis, and d̂ is the mean of these

distances. Unlike standard least-squares regression fits, this has no algebraic solution. This

Åqvist (1986) formulation contains two undesirable features. First, the derivatives are fractions,

with dik as the denominators. Second the objective function (Equation 2.3) and its derivatives

contain square roots. As a result, the derivatives rapidly approach infinity when di is small,

while the objective function would be better behaved if the problem could be reformulated so

that it did not require square roots.

In conjunction with Prof. Mardia, I developed a formulation that avoided these two prob-

lems. Prof. Mardia re-formulated the method after we had had many discussions about the

problem in general and the specific approach in Åqvist (1986). I then implemented the method
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in C. We use the same notation as in Åqvist (1986), so the observed points (xi, with x, y, and z

components xi1, xi2, and xi3), orthogonal distance of the axis from origin (r0, with components

r01, r02, and x03), and the axis direction (a, , with components a1, a2, and a3) are:

xTi = (xi1,xi2,xi3) i= 1, ..,n; rT0 = (r01, r02, r03) ,aT = (a1,a2,a3) , (2.4)

with the conditions that:

|a|= 1, aT r0 = 0. (2.5)

We use the objective function:

∆ =
∑(

d2
i −d2

)2
, d2 = 1

n

∑
d2
i (2.6)

where the orthogonal distance squared of xi to ai is d2
i :

d2
i = xTi

(
I−aaT

)
xi−2xTi r0 + rT0 r0, (2.7)

and I is the 3x3 identity matrix. Let us use the notation:

ξTk = (r01, r02, r03,a1,a2,a3) . (2.8)

The derivatives of the function can be expressed as:

∂∆
∂ξk

= 2
∑

(d2
i −d2)

(
∂d2

i

∂ξk
− 1
n

n∑
i=1

∂d2
i

∂ξk

)
, (2.9)

where
∂d2

i

∂ξk
=−2xik + 2r0,k, k = 1,2,3, (2.10)

and then
∂d2

i

∂ξk
=−2

(
xTi a

)
xi,k−3, k = 4,5,6. (2.11)

66



Kink Finder

Note that in Equation 2.11 the square root of di disappears, and in Equations 2.10 and 2.11

the denominator disappears (compared to Equations 11, 12, and 13 in Åqvist (1986)).

To fit a cylinder, we optimized ∆ (Equation 2.6) under the conditions in Equation 2.5. We

used the gradients (which in our case are given by Equations 2.9-2.11) as part of the optimisation

routine.

Kink Finder uses the above formulation, and a nonlinear conjugate gradient method adapted

from Numerical Recipes in C (Press et al., 1992) for minimizing the function (which I imple-

mented in C), to fit cylinders to all backbone atoms from six residues of the helix. Given a

starting vector of six parameters (the components of a and r0) that describe an estimate of the

helix axis, this method calculates the gradient of the function in the vicinity of this starting

point. Initially, the direction with the steepest descent is chosen. A line minimisation is per-

formed in this direction. From this new point, a new direction is chosen, using the Polak-Ribiere

function, which combines the previous direction and the steepest descent from this new point.

This process of line minimisations and choosing a new direction is repeated until a putative

global minimum is reached. This fit relies on a starting point being chosen which is reasonably

close to the correct answer. Without a good starting estimate, the fit is likely to be stuck in a

local minimum, some distance from the global minimum.

2.4.1.2 Fit starting point

Initially, the starting points are taken from least-squares regression fits to 18, 21, 24, and 36

backbone atoms. These correspond to 1.5 turns of a 310, α-, and π-helix, and 2.5 turns of an

α-helix. Least-squares fits to backbone atoms of a helix only give good helix axis approximation

when they use n+ 1
2 turns of the helix (where n is an integer, and one turn of an αhelix is 3.6

residues). Using, for example, two turns of an α-helix (i.e. 7 residues) gives an axis estimate

c. 10◦ from the true axis. Cylinders are fitted with each of these least-squares fits as starting

points, and the fit with the smallest r is chosen. Although I optimise the function given in

Equation 2.6, I use the original Åqvist (1986) formulation to evaluate the goodness of fit. As
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such, r is defined as:

r =

√√√√ 1
n

n∑
i=1

(
di− d̂

)2
(2.12)

where di and d̂ are as defined in Equation 2.3. This gives the global function minimum for all

but the most difficult fits. Where these provide poor fits, the axes of nearby helix sections are

used as additional starting points. When calculating angles for each residue in the helix Kink

Finder extends the length of the fit (up to 10 residues), where this results in a fit with a lower

r.

The result of the cylinder fitting section of the algorithm is that each residue (other than

the first 5 and last 6) has an axis for the 6-10 residues N-terminal to it, and an axis for the

6-10 residues C-terminal to it (Figure 2.6b). When running Kink Finder on the Kneissl et al.

data set (which results in 50,000 fits), the fit is extended in 35% of cases. In 20% of cases the

fit is extended to seven residues, in 8% to eight residues, in 4% to nine, and in 4% of cases to

ten residues. Extending to more than 10 residues has an effect on very few calculated angles.

Additionally, it can occur only when there is sufficient helix either side of the residue for which

an angle is being calculated.

2.4.1.3 Identifying kinks

A local angle for each residue is calculated from the angle between the axes immediately N-

and C-terminal to it (Figure 2.6b). Kink Finder identifies kinks by ordering the residues in a

helix by their angle (largest first), and taking each residue in turn (Figure 2.6d-g). A kink is

identified where a residue:

1. has an angle greater than 10◦,

2. is at least four residues from any already identified kinks, and

3. has a residue with an angle less than 10◦ between it and any already identified kinks.
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This residue is the ‘initial kink residue’ (or the ‘uncorrected kink residue’). The method used

to locate the ‘kink residue’ (or the ‘corrected kink residue’) in each kink is described in the next

section. Where a kink definition larger than 10◦ is used, the initial set of kinks identified here

are reduced to only those with an angle greater than the desired threshold.

2.4.1.4 Locating the kink

Kink Finder locates the specific site of the kink (the ‘kink residue’), based not only on the

local helix angle but also the local structure of the helix. The kink residue is designated as the

residue with the wobble angle nearest 0◦ of the following four residues: the residue before the

initial kink residue, the initial kink residue, and the two residues after the initial kink residue

(Figure 2.7). Residues with wobble angles close to 0◦ are on the inside of kinks.

The wobble angle for a residue is calculated from the position of its Cα atom relative to the

local helix axes. Two vectors are calculated: first, the C-terminal local axis is projected onto

a plane perpendicular to the N-terminal local axis and containing the Cα atom; second, the

vector between the Cα atom and the point where the N-terminal axis intersects the plane. The

‘wobble angle’ is calculated, which is the angle between these two vectors (Figure 2.8).

2.4.2 Results

For the residue with the largest angle in the kink (i.e. the initial kink residue), the wobble angle

distribution is shown in Figure 2.9a. There is a bias for these wobble angles to be on the inside

- i.e. between 270◦ and 90◦ - with a (circular) mean of 308◦. Applying the position correction in

Kink Finder means that the kink residues have the wobble angle distribution shown in Figure

2.9b. All kink residues have a wobble angle between 306◦ and 57◦, and the (circular) mean is

354◦.

Kink Finder’s method of choosing kink residues on the inside of the kink results in the

positions around a kink being consistently placed relative to the helix shape. Figure 2.10 shows

the positions around the kink residue, with negative numbers towards the N-terminus, and
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Figure 2.6: Kink Finder algorithm. (a) Axes are fitted to the backbone atoms of a sliding
window of six residues. (b) and (c) These axes are used to calculate a local angle for each
residue. (d) The residue with the largest angle is annotated as kinked. (e) Additional kinks are
identified at residues where the angle is ≥ 10◦, the residue is at least four residues from another
kink, and there is at least one residue with a local angle ≤ 10◦ between the residue and all other
kinks in the helix.



Kink Finder

Figure 2.7: Kink Finder’s method to locate the kink residue.

positive numbers towards the C-terminus. Some residues are consistently on the outside of the

kink (e.g. residues −2 and +2), and some are consistently on the inside of the kink (e.g. residues

−4, 0, and +4). This helps to clarify the residue patterns around kinks, and ensures that residue

positions are consistently annotated with respect to the structure of the helix around kinks (for

an example of the effect, see Figure 2.11).

Figure 2.12 shows the change in the amino acid percentage occupancies on correcting the

kink position. The bias described above is hinted at in the uncorrected occupancies, but the

patterns are smeared across several positions. For example, proline is seen at residues +1 to +5

in the uncorrected occupancies. Correcting the position concentrates the percentage occupancies

- for example isoleucine (I) is more frequent at position +4, but less frequent at positions +3

and +5 in the corrected occupancies compared to the uncorrected occupancies. Similarly, the

range of valine (V) occupancies increases from 8−12% in the uncorrected kinks to 9−16% in

the corrected kinks, suggesting that this approach captures more information.

The distribution of maximum angle for each helix in the Kneissl et al. data set is shown

in Figure 2.13a. This does not have the clear bimodality of the distribution of the B statistic.

Instead it is a smooth distribution, with a shoulder around 20◦, and another one around 35◦.
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Figure 2.8: Calculating the wobble angle. (a) Representation of a kinked helix with fit-
ted cylinders. Only Cα atoms are shown, numbered sequentially -5 (N-terminus) to +6 (C-
terminus). The fitted axes are shown by dotted lines, and are in the plane of the page. The
N-terminal cylinder is white, and the C-terminal cylinder is grey. (b) The same representa-
tion, rotated to look down the N-terminal axis. Atom 0 is in the plane of the page, and the
C-terminal axis has been projected onto this plane. The wobble angle for each Cα atom is the
angle between this vector, and the vector perpendicular to the N-terminal axis which passed
through the Cα atom. θw is the wobble angle for atom 0. The wobble angle is used to select
the kink residue, as shown in Figure 2.7.



Discussion

Figure 2.9: Distribution of wobble angles for the uncorrected and corrected kink
residues. (a) In a kink, the uncorrected kink residue is the residue in the helix with the largest
angle. (b) In a kink, the corrected kink residue is the residue close to the uncorrected kink
residue that is most on the inside of the kink. The selection method for the corrected kink
residue is fully described in Figure 2.7.

There is no clear location for a classification threshold between kinked and straight helices.

Like the B statistic, the maximum kink angle is typically larger for longer helices (Figure 2.13b,

r2 = 0.15).

Figure 2.14 shows the effect of changing the kink angle threshold on the percentage occu-

pancies. In a similar manner to the angle distributions, there is a smooth change as the angle

threshold is changed - there is no sharp point where the occupancies change dramatically. As

the angle increases, the occupancies become more noisy, due to the reducing number of kinks.

Interestingly, glycine is most clearly present at position 0 at the lower angles, indicating that it

may be more important in smaller kinks than larger kinks.

2.5 Discussion

In this chapter I described two methods that we developed to identify, locate and measure kinks

in helices. I aimed to deal with two deficiencies in existing kink identification methods. I have
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Figure 2.10: Numbering of residues in kinks. Position 0 is the kink residue, selected as
the residue on the inside of the kink. This shows an ideal kink, where the wobble angle is 0◦.
The wobble angle of residue 0 can vary between −50◦ (between +3 and -4 in (b)) and +50◦
(between -3 and +4 in (b)) (Figure 2.9b). Consequently, the exact location of each position
can vary from kink to kink. For example, while position 0 is always on the inside of the kink
and position -2 is always on the outside, position +1 may be towards the inside of one kink and
towards the outside of another.



Figure 2.11: Four example kinks identified by Kink Finder aligned by: (a) the residue
with the largest angle (the uncorrected kink residue), and (b) the kink residue (on the inside
of the kink). For each figure, the alignment is of the four backbone atoms in a single residue
(either with the largest angle or the kink residue). The alignment was obtained using a custom
algorithm written in Python 2.7, which utilises the linear algebra module of the NumPy package
(van der Walt et al., 2011). This algorithm produces an alignment where the RMSD between
the four backbone atoms in a pair of structures is minimised. The kinks were individually
pairwise aligned to the kink from 2gfp. Only the backbone atoms are shown, and each helix
is shown in a different colour. All atoms in a given helix are the same colour. The helices are
coloured as follows: green is a helix from the protein with PDB identifier 2gfp, chain A, residues
17-36; yellow 2vpz, chain C, residues 120-139; orange 3ehz A 284-303; black 3k07 A 923-942.



Figure 2.12: Amino acid percentage occupancy for corrected and uncorrected kink
positions. Each box shows the percentage of kinks that contain that amino acid at that position
relative to the kink residue. The uncorrected kink position is the residue with the largest angle
in the helix, while the corrected kink position is a residue on the inside of the kink, close to the
uncorrected kink position. The method used to identify the corrected kink position is described
fully in Figure 2.7.

Figure 2.13: Kink Finder maximum angles.(a) Distribution of maximum kink angles in
1014 membrane helices, calculated by Kink Finder. (b) Variation of maximum kink angle with
helix length, for helices analysed by Kink Finder



Figure 2.14: Percentage occupancy of amino acids around kinks. Each square represents
the percentage of residues at that position relative to the kink that are of the type indicated.
The threshold for inclusion as a kink is varied between 10◦ and 40◦. The top four plots show
how these vary for all twenty amino acid types when using 10◦, 15◦, 25◦, and 40◦ cut offs, which
have, respectively, 979, 552, 246, and 86 kinks. The bottom two plots show the variation for
the amino acids phenylalanine (F) and proline (P) at the full range of kink angles.



Chapter 2: Computational kink identification

achieved this by creating a statistically robust helix classifier (B statistic), and by designing a

method to locate kinks consistently (Kink Finder). A module of Kink Finder that can estimate

the error in measured kink angles is described in Chapter 5.

2.5.1 Decisions and parameters

The B statistic method provides a statistically robust method to classify helices, without the

large number of parameters used in other methods. However, it does not locate kinks. I

developed Kink Finder to locate kinks, but the disadvantage is that, like other methods, it has

parameters that have to be subjectively set by the user. These include: the length of each helix

section, the types of backbone atoms used in the cylinder fits, the generation of starting points

for the cylinder fits, the number of residues from which the kink residue is chosen, and the angle

threshold. Throughout my work, the parameters have been selected to provide best agreement

with the expected annotations from visual inspection. Although changing these parameters had

an effect on the results, it did not affect the conclusions that have been drawn from them. There

are many methods, such as parameter sweeps and unsupervised learning, which can be applied

to problems where the optimal parameters are unknown. However, these are not suitable in

this case because there is no definitive benchmark set of kinks or kinked helices on which to

evaluate a such an approach. Chapter 3 describes my crowdsourcing approach that yielded an

objective human annotated training set of helices.

2.5.2 Using a binary classifier

In both the B statistic method and Kink Finder, we have only considered a binary classifier

between kinked and not kinked helices. Although a binary classifier is an over-simplification of

helix kinks, it provides the simplest and clearest classification.
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2.5.2.1 B statistic classification threshold

The B statistic method, unlike all other kink identification methods, uses no pre-set parameters,

providing a statistically robust classification method. The classification threshold is statistically

derived from the data. We are not aware of any other method that does this. The B statistic

discriminates clearly between two subsets of helices, particularly when helices that contain π-

turns are removed. No other kink identification method produces a statistic with a bimodality.

However, the kinked group that this method identifies is made up of fewer than 20% of the

helices. Most other previous methods, including human annotation, have indicated that at

least double this number of helices are kinked. So though perhaps statistically robust, the B

statistic as it stands may not be biologically relevant.

2.5.2.2 Kink Finder classification threshold

The Kink Finder method does satisfy our aim for consistent kink location. However, it still

requires researcher-led decisions to aid in the identification of kinks. The most important of

these decisions are the angle threshold for classification between kinks and non-kinks, and the

decisions that govern the fitting of local helix axes.

Unlike the B statistic, the maximum kink angle in each helix computed by Kink Finder has

no clear boundary between two (or more) subgroups. Similarly, there is no clear step change

in the amino acid patterns around kinks that indicates an obvious threshold. Studies have

suggested that helices with angles as low as 13◦ should be classified as kinked (Hall et al., 2009;

Werner & Church, 2013), but a threshold in the region of 20◦ appears from Figure 2.13a to be

more suitable. This classifies c. 40% of membrane helices as kinked, which is in good agreement

with some other methods (e.g. Kneissl et al. (2011)). However, throughout this thesis I have

varied the threshold to check that it does not affect the results presented.
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2.5.2.3 Length of helix sections in Kink Finder

Kink Finder uses six-residue sections of helices to fit local axes. The length of the helix section is

very important in kink identification methods. Short sections (3-4 residues), such as those used

in Helanal, lead to a more sensitive method, but require a method to distinguish between kinks

and other types of distortions, such as π-turns. Using cylinder fits the minimum length required

for a reasonable approximation of the helix axis is six residues. Although longer sections provide

more confident fits, they give the method less sensitivity. Unlike most methods (see Section

1.5.2), coordinates of all the heavy backbone atoms are used, rather than just those of the Cα

atoms.

2.5.2.4 Cylinder fitting method

In conjunction with Prof. Mardia, I developed a more robust approach to the cylinder fitting

algorithm of Åqvist (1986). This method is still a numerical approach, using a non-linear

conjugate gradient method to optimise the function. Like many other minimisation algorithms,

this relies on the function being minimised to be continuous and well behaved, and a suitable

starting point being provided for the parameter values. Our improved approach resulted in a

5-fold reduction in the number of fits that failed to reach the global minimum, indicating that

this is a better behaved formulation. The starting estimate is still crucial to calculated a good

fit.

Initially, I used starting points from least-squares regression to 21 backbone atoms, which

correspond to 11
2 helix turns. My experimentation with least-squares regression showed that

good axis approximations (within 1− 2◦ of the true axis) are generally found when fitting to

n+ 1
2 turn sections of helices. The true axis is not calculable, it is perhaps best described as

the axis that would be calculated from a least-squares fit to the backbone atoms of an infinitely

long, perfectly straight, and regular α-helix. Fitting to lengths between this number of turns

(e.g. 2 turns, or seven residues) gives poor axis estimates (within 6− 10◦ of the true axis).

Around helix distortions, 21 backbone atoms do not always correspond to 11
2 helix turns, so
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the initial estimate can be poor. Nine-residue (36-atom, 21
2 helix turns) fits also give a good

estimate of the helix axis, which we utilise as an alternative starting point, as well as 24- and

18-atom fits (6- and 41
2 -residue), which correspond to 11

2 turns of a π and 310 helix respectively.

Unlike the majority of other methods, Kink Finder uses all heavy backbone atom (N, Cα, C’,

O) coordinates to fit axes. This provides more information than just the Cα atom coordinates.

However, the four heavy atoms in the backbone of each residue do not all lie the same distance

from the helix axis. This means that the function landscape for a fit to all these atoms is less

smooth than the landscape for just the Cαs, but the multiple starting points provide the global

minimum in almost all cases. For the same reason, the goodness of fit, r, is rarely ≤ 0.3Å.

2.5.2.5 Kink location

The kink residue is chosen to be on the inside (as opposed to the outside) of the kink, as that

was where the initial kink residue was most frequently found (Figure 2.9). As will be described

in Chapter 3, most other methods also identify the kink residue more frequently on the inside

of the kink than on the outside of the kink.

Many studies describe the effects of particular residues on kinks, but in reality, it is only

meaningful to study these patterns if the kink is positioned consistently with respect to the

shape of the helix. Figure 2.11 shows four kinks, aligned by their kink residues, both the initial

kink residues (those residues with the largest angles) and the kink residues on the inside of

the kink. It is clear that selecting the kink residue in this way means that the residues at a

specific position (see Figure 2.10) are consistently in the same position relative to the shape of

the kinked helix. This means that, unlike in other kink identification methods, the positions

relative to the kink residue have meaning for Kink Finder.

As shown in Chapter 4, the outside of kinks (i.e. positions -2, +2 etc.) tends to point into

the solvent (or membrane). Some of the patterns around kinks identified using Kink Finder’s

method of kink residue selection could be due to the effect of being in contact with the solvent or

the rest of the protein. However, the bias already exists in the uncorrected initial kink position,
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and so needs to be accounted for. This feature has, to my knowledge, not been reported by any

other researchers.

2.5.3 Conclusion

In this chapter I have described the novel methods used in this research to identify, locate,

and measure helix kinks in protein structures. The B statistic provides a statistically robust

method to classify helices that have kinks, whilst Kink Finder provides a consistent method to

locate kinks relative the the local helix structure. My method to estimate error in kink angles

is described in Chapter 5. These features are applied to the characterisation of kinks in the

following chapters. In the next chapter, these two methods are compared to annotations from

other methods and from humans.
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CHAPTER3

Comparison of kink finding methods and the

development of kink identification by

crowdsourcing

The majority of the work in this chapter was published as an article in 2014. Much of the text

and the figures in the article are used here. These are reprinted (adapted) with permission from

‘Crowdsourcing yields an new standard for protein helix kinks’ (Wilman, Ebejer, Shi, Deane &

Knapp, 2014a). Copyright 2014 American Chemical Society. I wrote the article and undertook
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the analysis for the paper with input from the co-authors. Bernard Knapp, Jean-Paul Ebejer,

and I worked together on the visual development and testing of the crowdsourcing application,

AHAH (Alpha-Helices Assessed by Humans), while Jean-Paul was responsible for the technical

implementation of the web application. I, and my co-authors, are indebted to all those who

participated in the study.

3.1 Introduction

Current kink definition and identification methods often disagree with one another. In this

chapter, I show how these differences remain between methods even when the variation in data

set, thresholds and choice of kink residue are removed. Using the same data set, with equivalent

thresholds, and a consistent method to identify the kink residue improves helix annotation

agreement between the methods from 50% to 65%, and the number of helices where there is

exact agreement increases from 0 to 33.

To see if a more consistent kink set could be built, we developed a crowdsourcing approach

to the problem. Using an online interface, we collected more than 10,000 classifications of 300

helices into straight, curved, or kinked categories. My analysis of the results found that par-

ticipants were better at discriminating between straight and not-straight helices than between

kinked and curved helices. Surprisingly, more obvious kinks were not necessarily identified as

more localised within the helix. We published a set of 252 helices where more than 50% of

the participants agree on a classification. This set can be used as a reliable gold standard to

develop, train and compare computational methods. An interactive visualisation of the results

was made available online at http://opig.stats.ox.ac.uk/webapps/ahah/php/experiment_

results.php.
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Introduction

3.1.1 Existing kink finding methods

There are a large number of possible computational approaches to identifying kinks (Section

1.5.2, and Chapter 2). Several algorithms that identify kinks in proteins have been published,

in addition to my method, Kink Finder (Bansal et al., 2000; Kneissl et al., 2011; Kumar &

Bansal, 2012; Langelaan et al., 2010; Meruelo et al., 2011; Visiers et al., 2000). The conclusions

of studies of kinks have often been contradictory. There is no consistent method to identify the

kink residue among the methods.

In this chapter I describe a human rather than computational approach to the problem.

Kneissl et al. (2011) took a human approach to the problem. They relied on two researchers to

annotate kinks in a set of 1014 membrane helices. Crowdsourcing provides a better approach

for annotation than a single researcher, as it is not biased by the opinions of a small number

of people. Many crowdsourcing approaches have recently been used to solve computationally

difficult problems in a wide variety of scientific fields (Good & Su, 2013).

3.1.2 Crowdsourcing science

Crowdsourcing is a technique that employs the human intelligence of a large number of partic-

ipants to solve computationally challenging problems (Good & Su, 2013; Parvanta et al., 2013;

Ranard et al., 2014). Galaxy Zoo, Foldit and Phylo are three relevant examples of recent of

crowdsourcing approaches.

The Galaxy Zoo project (Land et al., 2008; Skibba et al., 2012) uses volunteers to classify

images that would otherwise take individual researchers years. This has expanded, in the form

of the Zooniverse project (Zooniverse Team, 2014), to include projects in cosmology, climate,

humanities, nature and biology, with a current combined output of 69 papers1. Many of the

Zooniverse projects use large numbers of volunteer participants to provide classifications of

images that normally deviate from the ideal definitions, and often have characteristics of more

than one ideal definition. This makes it very similar to the kink identification problem.
1As of September 2014
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In the field of bioinformatics, Foldit (Cooper et al., 2010; Khatib et al., 2011) invites volun-

teers to fold protein structures via an interactive game. This sees human intelligence exploring

the conformational space of proteins using the same scoring function as in the Rosetta protein

structure prediction algorithm (Simons et al., 1997). Phylo also uses an online game, but in this

case to solve difficult alignment problems (Kawrykow et al., 2012). In both of these examples,

crowdsourcing harnesses the human ability to make large, helpful, moves that computational

methods are unable to identify.

A common characteristic of these, and other examples, is the simplicity of their interfaces.

The crowdsourcing approach does not rely on every user providing a ‘correct’ or nuanced re-

sponse. Instead, many simple classifications provide as much, if not more, information as a

detailed classification by an expert. For instance, classification certainty can be calculated

from the degree of consensus between respondents. Consequently, the aim is for simple, fast,

interfaces, to allow as many responses as possible.

All crowdsourcing experiments require participants. Approaches to get participants and

annotations include volunteers (Land et al., 2008), gamification (Cooper et al., 2010), payment

(Nguyen et al., 2012), and forced labour (e.g. reCAPTCHA (von Ahn et al., 2008)). Gam-

ification is the use of game-like mechanics, such as competition through scoring, in order to

encourage participation. Our approach, Alpha Helices Assessed by Humans (AHAH), relied on

volunteers, and contained a small level of gamification.

3.2 Materials and methods

3.2.1 Kink identification methods

I compared the results of our crowdsourcing approach against four previous approaches. These

were Kink Finder (Wilman et al., 2014b), MC-Helan (Langelaan et al., 2010), Helanal-Plus

(Kumar & Bansal, 2012), and the Kneissl annotation (Kneissl et al., 2011), which are described

in detail in Sections 1.5.2 and 2.4. These methods use different terminology, i.e. ‘kink’, ‘bend’,
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and ‘distortion’, and ‘straight’, ‘linear’, and ‘good’. In this chapter, I treat bent and distorted

(MC-Helan) as synonymous with kinked. Linear (Helanal-plus) and good (MC-Helan) are syn-

onymous with straight.

These methods have different thresholds for identifying helices as kinked, and the kink

residue (the precise position of the kink in the helix). Kink Finder uses a maximum angle of

20◦ as the threshold to classify a helix as kinked. MC-Helan classifies any helix that does not

satisfy its ‘ideal helix’ definition as kinked, with no angle threshold. Helanal-Plus classifies all

helices with maximum angles ≥ 30◦ as kinked, and some helices with maximum angles ≥ 20◦.

The Kneissl annotation relied on the researchers’ own judgement, both for the classification of

the helices, and the choice of kink residue.

Kink Finder identifies a residue on the inside of the kink as the kink residue. MC-Helan

selects a kink residue using a voting procedure, based on the inter Cα distances, inter Cα

angles, and φ and ψ angles of the residues close to the boundary between helix sections. Helanal

identifies the residue with the largest angle in the helix as the kink residue.

3.2.2 Comparison between methods

The number of helices annotated as kinked by the methods was equalised by changing their

parameters, so that the number of kinked helices identified by each method was 357, the same

as for the Kneissl et al. (2011) annotation. After equalising the number of helices identified as

kinked by each method, helices were kinked if Kink Finder identified a maximum angle ≥ 19.9◦.

For MC-Helan, the helices were kinked if MC-Helan had identified them as bent or distorted,

and their bend angle was ≥ 16.0◦. Helanal-Plus identified kinked helices if it had identified

them as kinked, or their maximum kink angle was ≥ 22.2◦.1

The choice of the kink residue has an effect on the patterns observed around a kink. Each

of the methods use a different approach, but only Kink Finder uses a consistent method that

means that the positions relative to the kink residue have meaning (Section 2.5.2.5). For each
1This yielded 356 kinked helices for Helanal-Plus, as there was a three-way tie in the angle for the 357th

smallest kink.
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of the four methods, the kink position was corrected using the same method as for Kink Finder,

taking the initial kink position as identified by the method, and using axes fitted by Kink Finder

(see Figure 2.7 in Chapter 2).

3.2.3 Amino acid propensities

Amino acid propensities were calculated from the number of residues at a specific position in

kinks compared to the number of each amino acid type in all of the helix set. The equation for

propensity is given in Equation 3.1;

Propensity = Pai = loge

(
Na
i /N

all
i

Na
helices/N

all
helices

)
(3.1)

where Na
i is the number of residues (N) of a particular amino acid type (a), e.g. glycine,

observed at a particular position relative to the kink (i). Nall
i is the total number of residues

observed at a particular position relative to the kink. Nall
helices is the total number of amino acids

(all) observed in the helices within the data set. The background distribution (Na
helices/N

all
helices)

comes from the set of 1014 helices.

3.2.4 Helix data set

For the comparison of four existing annotation methods, I used the set of 1014 helices manually

annotated by Kneissl et al. (2011). For the AHAH crowdsourcing, we randomly selected 300

of these helices, while maintaining the same proportion of kinked, curved, and straight helices

as annotated by Kneissl et al. These helices are taken from the MPtopo database (Jayasinghe

et al., 2001). There is no redundancy threshold on the proteins, but no pair of helices has more

than 95% sequence identity. The resolution of the protein structures varies between 1.60Å and

4.50Å, and 60% have resolution less than 3.00Å.
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Table 3.1: Participant backgrounds. Each value shows the proportion of participants with
the given background. Participants were able to indicate multiple backgrounds. The ‘None’
category includes 77 (24.8%) school pupils.

Background % of participants
Structural Biology 14.8
Chemistry/Biochemistry 22.9
Physics/Maths 18.7
Computer Science/I.T. 24.8
Other Science 20.0
Other non-science 11.0
None 27.4

3.2.5 AHAH technical implementation

The crowdsourcing application, AHAH, was implemented as a web application using PHP (ver-

sion 5.4.4) for middleware and MySQL (version 9.1.13) for the database backend. Results were

analysed using Python (2.7.5) (van Rossum & de Boer, 1991) and R (3.0.2) (R Core Team,

2014). A schematic diagram of the participants interaction with the web application is shown

in Figure 3.1.

3.2.6 Helix data representation

The helices were displayed to participants using the JSmol viewer1, in a Cα only ribbon rep-

resentation (Figure 3.2a and b). Residues were coloured by their type, and participants were

able to rotate them freely and zoom in. The helices rotated slowly by default.

3.2.7 Participants

A total of 310 people with diverse backgrounds (Table 3.1), and education levels (Table 3.2)

registered and took part. Each participant annotated a minimum of 30 randomly selected

helices.

1JSmol: an open source HTML5 viewer for chemical structures in 3D.
http://wiki.jmol.org/index.php/JSmol#JSmol.
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Figure 3.1: AHAH web server schematic.



Figure 3.2: Representation of helices in AHAH. (a) AHAH user interface. Participants
identify the helix as kinked, curved, or straight. (b) Where they identify a helix as kinked,
they select a residue at the kink position. (c)-(h) Idealised helices shown to participants in the
tutorial. (c) and (f) are two representations of a kinked helix, (d) and (g) are two representations
of a curved helix, and (e) and (h) show a straight helix.

Table 3.2: Participant education levels. The ‘Other’ category includes 77 (24.8%) school
pupils.

Education level (Achieved to date) % of participants
Post-doctoral and above 17.7
Undergraduate and above 48.4
Secondary 5.2
Other 26.1
None indicated 2.6
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3.2.8 Training of participants

Participants were trained in three stages. First, written descriptions of the classification def-

initions were given, along with idealised examples of each helix type (Figure 3.2c-h). The

definitions were as follows.

• Kinked - ‘There is a clear location where the direction of the helix changes. Only a small

part of the helix is involved in this.’

• Curved - ‘There is a slow but steady change of the direction of the helix. This can happen

over a large part or even all of the helix.’

• Straight - ‘There is no change in the overall direction of the helix.’

Second, examples of three real helices were illustrated. In addition, we stated that such

real helices might be more ambiguous than the idealised examples shown previously. Finally,

participants had to annotate three idealised helices correctly before they could continue. For

the idealised kinked helix, this includes identifying a residue close to the site of the kink. This

step attempted to ensure that only those participants who understood the concept of kinked,

curved and straight could participate in the project.

3.2.9 Crowdsourcing survey

After successfully completing the tutorial, participants could annotate one helix before being

required to register. Participants were then asked to classify 30 randomly selected helices. After

30 annotations, participants were thanked for participating, and shown a comparison between

their responses and those of other participants. The participants were then given an option

to either stop annotating helices or continue until a maximum of 300 helices. Each helix was

shown only once to the respective participant, and corrections after the initial assessment were

not possible. Participants were not able to skip a helix.

For each helix, participants were shown the helix, displayed in JSmol as described above,

and had to indicate if it was kinked, curved, or straight by clicking the appropriate button
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(see Figure 3.2a). If the participant indicated that the helix was kinked, then he/she had to

select a residue as the kink point, by clicking on it in the JSmol viewer. This residue was

then highlighted, and they could change their choice of kink residue, or confirm it by clicking a

button (see Figure 3.2b).

3.2.10 Response consistency

In order to assess the annotations I considered response consistency. The consistency of a subset

of results was calculated by taking the number of annotations that agreed with the majority

view. Annotations were divided into subcategories based on features such as the time taken,

the backgrounds of the participant, and education level of the participant. The time taken for

each annotation was calculated as the difference between the time at which the annotation was

made, and the time at which the previous annotation was made. There were 138 annotations

that took less than 2 seconds which I removed from the analysis. These were outliers with

respect to time taken, and were disproportionately provided by a small number of participants

(79 from the same five participants).

3.2.11 AHAH kink positions

For the AHAH analysis, the kink residue for a kinked helix was the residue most frequently

identified as the site of the kink by the participants. Where there was a tie, out of the tied

residues the closest residue to the mean position was chosen. If this still failed to separate them,

the residue closer to the N-terminus of the helix was chosen.

3.3 Results

The agreement between the four existing kink identification methods, Kink Finder, Kneissl et al.

(2011), MC-Helan, and Helanal-Plus is relatively low. Figure 3.3 shows a Venn diagram of the

helices that are identified as kinked by the four methods. The methods agree on only half of
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the helices (517 out of 1014). The percentage of kinked helices varies from 24.1% to 67.7%. Of

the 201 helices that are classified as kinked by all four methods, there are none where all four

approaches identify the same kink residue within the helix.

Figure 3.3: Number of helices classed as kinked by four helix classification methods.
All the methods agree in only 517 (201 kinked, 316 not-kinked) of 1014 cases.

Figure 3.4: Number of helices classed as kinked by four helix classification methods,
when their thresholds are changed to each annotate the same number of kinked
helices (357). All the methods agree in 660 (188 kinked, 472 not-kinked) of 1014 cases.
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As the methods each identify a different proportion of helices as kinked, they cannot agree

on every helix. The thresholds for each of the methods were changed such that all methods an-

notated the same number of helices as kinked1 (see Section 3.2.2). This improves the agreement,

the methods now agree in 660 (65%) cases (Figure 3.4), as opposed to 517 (51%). However,

there are now fewer kinked helix agreements and a large increase in the number considered

unkinked by all methods.

In the 188 conserved kinked helices, there are none where all the methods agree on the kink

position. Correcting the kink position, to a nearby residue on the inside of the kink, using the

method in Kink Finder (Figure 2.7), further improves the consistency of the methods. When

the kinks of each method are repositioned, there are 33 kinked helices which have the same kink

position by all four methods.

3.3.1 Features of kinks identified by all methods

The existing kink identification methods have identified contradictory patterns around kinks

(see Section 1.5.3). When I adjusted the thresholds in the methods so that they identify the

same number of kinks, and used the same method to identify the kink residue, the four methods

show much more similar amino acid patterns.

The effect of these adjustments is shown in Figure 3.5. The uncorrected propensities (left)

show some similarities, however, other than proline being favoured in the positions after the

kink, very few residues are over-represented at the same positions in the propensities of all four

methods. However, the corrected propensities are much more consistent. For example, in the

corrected propensities for all four methods, proline is favoured at positions +1 and +2, and

disfavoured at +4. Glycine is favoured at position +1, valine at +3 and +4, phenylalanine at

+2 and +3, serine at -1, and tryptophan at -4.

1357 and 356 in the case of Helanal
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Figure 3.5: Amino acid propensities around kinks as identified by the four algorithms.
Left are propensities of the amino acids around the kinks as identified by each method. Right
are the propensities for the corrected kinks, where the thresholds have been changed to give 357
kinks, and the kink position is corrected (see Section 3.2.2). Red (positive propensity) indicates
that the residue is observed more frequently than in helices on average, and blue (negative
propensity) indicates that the residue is found less frequently at that position than in helices
on average.
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3.3.2 Crowdsourcing

As shown above, the problem of classifying helices is computationally difficult and ambiguous

and there is no objective basis to identify the correct or ideal threshold(s). In order to address

this problem we built AHAH (Alpha Helices Assessed by Humans), a crowdsourcing experiment

to identify helix kinks.

Figure 3.6: Number of annotations for each helix in AHAH. The histogram shows the
number of helices that have been annotated by the corresponding number of participants. For
example, there were nine helices annotated by 30 participants.

3.3.3 AHAH participants and annotations

A total of 310 participants registered to take part in AHAH (Tables 3.1 and 3.2), of which

290 annotated at least thirty helices. In addition, there were a further 928 annotations by

unregistered participants. This yielded a total of 10,665 helix annotations. The average number

of annotations was 35.6 per helix and 34.4 per registered participant. Figure 3.6 shows the

distribution of the number of annotations for each of the helices.
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Figure 3.7: AHAH helix classifications. (a) Ternary diagram showing the AHAH responses
for each helix. Each point represents a helix. The perpendicular distance from each side is the
proportion of responses of each type. So those points on the bottom line represent helices that
were not annotated as straight by any participants, and those points in the top corner represent
helices that were annotated as straight by all participants. (b-d) The frequency of helices with
a given percentage of straight (b), curved (c), and kinked (d) responses.



Results

3.3.4 Helix classification by our participants

Figure 3.7 illustrates the responses of our participants for each helix. It shows that many helices

do not fall obviously into one of the three possible classifications. For only 86 (28.7%) of the

300 helices is the majority view held by more than 80% of the participants who classified it,

for 194 (64.7%) the majority view is held by ≥ 60% of participants, and for 252 (83.7%) the

majority view is held by ≥ 50% of participants.

It is not clear from previous studies if a binary or tertiary classification of helices is most

appropriate (Kneissl et al., 2011; Kumar & Bansal, 2012; Langelaan et al., 2010; Meruelo

et al., 2011). Of the possible binary classifications (straight/not-straight, curved/not-curved

or kinked/not-kinked), straight/not-straight provides the clearest separation. There are 191

(63.7%) helices where more than 80% of participants agree on a straight/not-straight classifi-

cation (Figure 3.7b), compared to 134 (44.7%) for curved/not-curved (Figure 3.7c), and 155

(51.7%) for kinked/not-kinked (Figure 3.7d). This indicates that it is easier for people to identify

if helices are straight or not, but more difficult to differentiate between kinked and curved.

3.3.5 Consistency of AHAH responses

The ambiguity of the results could be caused by poor quality responses from subgroups within

our participants. I tested this hypothesis in two ways. First, I investigated if the consistency of

a response is related to the time taken by the participant to make that classification. Second, I

compared the consistency of participant groups, to ensure no group is significantly worse than

any other.

Divergence from the majority view did not vary with time taken to classify a helix (Figure

3.8). There were a small number of annotations that took under two seconds, which were

less consistent. As described in the methods, these were removed from the analysis. The

annotations from unregistered participants were only slightly less consistent than those of the

registered participants.

I divided the participants into background and education level groups based on their re-
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Figure 3.8: Helix annotations grouped by time taken, expressed as counts (top) and
percentages (bottom). The right-hand-most bars show the first annotation by each participant,
and those annotations by unregistered participants. Dark grey indicates annotations that agree
with the majority view, and the pale grey bars indicate annotations that disagree with the
majority view. The time taken for a participants nth annotation was taken as the difference
between the timestamp of their nth and (n−1)th annotation. No time is calculated for the first
annotation by each participant.



Figure 3.9: The consistency of annotations from selected groups of participants.
Groups by background are on the left, and groups by education level are on the right. Each bar
shows the number (top) or percentage (bottom) of annotations by the participants within the
group that agree with the majority view.
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sponses during registration. Although there is some difference between the consistency of the

groups, no group is sizeably worse than any other. Structural Biologists appear to be the best

group (73.5% agreement with the majority view) and Other Scientists the worst group (69%

agreement) in terms of backgrounds (Figures 3.9). Dividing the data by education level, the

Post-Doctoral and above group has the best agreement with the majority view (71.2% agree-

ment), whereas the School Pupils have the worst agreement (64.6% agreement), except for the

unregistered annotations (62.5% agreement).

The differences between the groups of participants are small. Therefore I excluded only

those annotations that took less than two seconds, but kept all other data.

3.3.6 Comparison of AHAH with other methods

In Figure 3.10 I compare the results of our crowdsourcing approach with other methods from

the literature. Two of these methods (Kink Finder and MC-Helan) only split helices into

straight and kinked groups, while Kneissl and Helanal-Plus divide helices into kinked, curved

and straight groups. None of the individual methods have strong agreement with the AHAH

participants.

The Kink Finder and the Kneissl classifications are more consistent with the crowd-sourced

classifications than the other two methods (Figures 3.10a and 3.10b). Kink Finder correctly

annotated all but one of the helices which ≥ 60% of participants classified as kinked. There are,

however, a number of helices towards the curved corner that Kink Finder classified as straight

(Figure 3.10a). The Kneissl annotation broadly agrees with the crowd-sourced data, although

helices classified by Kneissl as curved are distributed across most of the ternary diagram (Figure

3.10b). There are two helices where more than 90% of participants disagree with the Kneissl

annotation, and 14 where more than 80% disagree.

MC-Helan appears to over classify helices into the kinked category, classifying the majority

of helices as kinked, except those that nearly all participants annotate as straight (Figure 3.10c).

Helanal-Plus classified far fewer helices as kinked than any of the other methods (Figure 3.10d).
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Figure 3.10: Ternary diagrams showing the responses for each helix, coloured by the
annotation of four helix classification methods. (a) Kink Finder, (b) Kneissl manual
annotation, (c) MC-Helan, and (d) Helanal-Plus.
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Table 3.3: Percentage overlap between our gold standard and other kink identifica-
tion methods. Bold numbers indicate where the methods agree with our gold standard. K -
Kinked, C - Curved, S - Straight, U - Unassigned.

% Gold Kink Finder Kneissl MC-Helan Helanal-Plus
Standard K S K C S K S K C S
K 20.7 0.7 21.0 0.3 0.0 21.3 0.0 15.7 3.3 2.3
C 10.3 9.3 10.3 8.7 0.7 19.0 0.7 7.3 12.0 0.3
S 1.0 42.0 2.0 4.0 37.0 16.7 26.3 0.7 14.0 28.3
U 5.7 10.3 6.7 7.0 2.3 15.0 1.0 3.0 7.0 6.0

The helices classified as curved by Helanal-Plus are distributed across the diagram, like the

curved helices of Kneissl. The helices annotated as straight by Helanal-Plus are distributed

across the straight and kinked regions.

All of the methods annotate a number of the helices in the curved corner of the ternary plot

as kinked, particularly helices that are annotated as straight by very few, if any, participants.

3.3.7 Gold standard

A major aim of the AHAH study was to provide a reliable gold standard set to be used in the

development of future computational annotation approaches. Figure 3.11 shows the cutoffs we

used to produce our gold standard set. A helix falls into a class if more than 50% of the manual

annotations agree. Otherwise the helix is not assigned to any class. The gold standard set is

shown in full in Table A1 in Appendix A.

A total of 64 (21.3%) helices are classified as kinked, 59 (19.7%) as curved, and 129 (43.0%)

as straight. The remaining 48 (16.0%) helices were not assigned a classification. Table 3.3 shows

the overlap between this gold standard set and the other kink identification methods.

Previous methods typically overestimate the number of kinked helices, annotating 37.7%

(Kink Finder), 40% (Kneissl), 67.3% (MC-Helan), and 26.7% (Helanal-Plus) of the helix set as

kinked (Table 3.3). For each method, there are between 22 (7.3%) and 57 (19.0%) helices that

are annotated as kinked, but are classified as curved in our gold standard.

The Kink Finder annotation agrees well with the straight and kinked classifications, with
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Figure 3.11: Ternary diagram showing the thresholds used to define the gold stan-
dard. Helices within the grey area were not classified into any group. Blue - kinked, red -
curved, yellow - straight, green - unassigned. An interactive version of this figure is available
online at http://opig.stats.ox.ac.uk/webapps/ahah/php/experiment_results.php.

http://opig.stats.ox.ac.uk/webapps/ahah/php/experiment_results.php
http://opig.stats.ox.ac.uk/webapps/ahah/php/experiment_results.php
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only 5 (1.7%) helices annotated as kinked by one of the gold standard or Kink Finder, and

straight by the other. The helices classified as curved in our gold standard are roughly evenly

split between kinked and straight by Kink Finder. Similarly, for the Kneissl annotation, only

6 (2.0%) helices are classified as straight by either Kneissl or our gold standard, but kinked by

the other (Table 3.3). The difference between straight and the other two classifications is much

clearer than the difference between kinked and curved.

All but 5 of the 88 helices annotated as straight by MC-Helan are in the straight group in

the gold standard. However, the helices that MC-Helan identified as kinked are split roughly

evenly between the kinked, curved, and straight groups in the gold standard (Table 3.3). Many

helices annotated as curved by Helanal-Plus are annotated as straight in the gold standard set

(Table 3.3).

In terms of individual participant annotations, the Kneissl annotation agrees with 61.3%

(6537 out of 10665) of our participants responses, Kink Finder 58.1%, Helanal-Plus 53.1%, and

MC-Helan 48.3%. Of the 48 (16.0%) helices that AHAH is unable to classify, there are only four

cases where the other methods give the same classification, and in over half of the cases (25)

they give all three classifications (kinked, curved, and straight). Of the 64 kinked helices, 39 are

annotated as kinked by all four existing methods. Of the 62 helices in the 300 AHAH helices

that were annotated as kinked by all four existing methods, 39 were annotated as kinked, 17

curved, 1 straight, and the remaining 5 were unclassified in the gold standard data set.

3.3.8 Effect of helix length on classification

In our gold standard set, shorter helices are far more likely to be annotated as straight - of the

63 helices with fewer than 20 residues, 50 (79.3%) are annotated as straight (Figure 3.12). From

20 to 27 residues, the proportion of straight helices falls to nearly zero. Only 4 (6.3%) of the

64 helices longer than 27 residues are classified as straight. This relationship is also seen in the

classifications of the 4 methods - Kink Finder, Kneissl, MC-Helan, and Helanal-Plus (Figure

3.13).
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Figure 3.12: Helix annotations in the gold standard set, grouped by helix length.

The agreement with the majority view is also higher for shorter helices (Figure 3.14). In

particular helices shorter than 20 residues are classified with a very high agreement among

participants. This suggests that straight helices are easier to classify.

3.3.9 Kink positions

It is unclear from previous studies if a single kink residue is appropriate, or if kinks are localised

over several residues, or even several turns of the helix. Among the 64 helices classified as kinked

in the gold standard set, the selected kink residue varies from participant to participant. The

most popular residue is selected by more than half of the participants for only three helices.

The size of the variation of the chosen position differs between the helices. Looking at the

standard deviation of the kink positions identified by the participants gives a rough indication

of the degree of localisation of the kink.

The standard deviation of the kink position selected by the participants varies between 0.6
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Figure 3.13: Classification of 300 helix set grouped by helix length, according to
the four methods, Kink Finder (top left), Kneissl (top right), MC-Helan (bottom left), and
Helanal-Plus (bottom right).



Figure 3.14: Helix annotations grouped by helix length. Dark grey indicates that the
annotation agree with the consensus, the pale dark bars indicate annotations that disagree with
the majority view.
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and 5.9 residues (Figure 3.15a). The distribution of standard deviations is unimodal, with a

median of 1.9, but is skewed towards 0, and has a tail to the right. This indicates that there

is no archetypal kink, and that the degree of localisation is not constant. The ‘average’ kink is

localised over a turn (3.6 residues) or thereabouts, and most are localised over no more than

two turns.

There is no correlation (r2 = 0.08) between the percentage of participants annotating the

helix as kinked and the standard deviation (Figure 3.15b). This indicates that more obvious

kinks are not necessarily localised over a smaller region of the helix.

Figure 3.15: Variation of the standard deviation of kink positions in helices identified
by participants. (a) The distribution of standard deviations. (b) The relationship between
standard deviation and the percentage of participants that classified the helix as kinked.

3.3.10 Amino acids in gold standard kinks

The counts of the residues in the 64 kinks at each of the positions around the kink are shown

in Figure 3.16. Like for previous studies of residue preferences around kinks (Hall et al., 2009;

Kneissl et al., 2011; Langelaan et al., 2010; Meruelo et al., 2011), there is a clear preference for

proline to be in the turn after the kink. Proline is concentrated around positions +2 (twelve

kinks), +3 (eight), and +4 (nine) indicating that users tend to identify the kink position at

110



Discussion

residues two or three before it, i.e. on the inside of the kink. There are seven kinks where

proline is at the kink position, suggesting that the proline may have been the most obvious

feature in some kinks.

Figure 3.16: Residue counts for the 64 kinks in the gold standard data set. Positions
calculated from the modal value, with the closest to the mean as a tiebreaker, then the N-
terminal one if still tied.

3.4 Discussion

Previous studies of kinks have identified conflicting characteristics of kinks, each study used a

different data set, and a different method to identify kinks. In this chapter, I have compared

the results of five distinct methods (three from previous studies, and two of our own design)

on the same data set. By changing the angle thresholds, the existing methods were modified
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so that they identified the same number of kinks. By applying the same position correction

as I developed for Kink Finder (see Figure 2.7), with the initial (uncorrected) kink position

defined as the kink position identified by the existing method, I modified the existing methods

to consistently identify the kink position with respect to the geometry of the helix.

3.4.1 Disagreement among current helix characterisation tools

The specific definition of kinks is subjective, and changes from study to study. The four helix

classifiers, Kink Finder (Wilman et al., 2014b), Kneissl et al. (Kneissl et al., 2011), MC-Helan

(Langelaan et al., 2010), and Helanal-Plus (Kumar & Bansal, 2012) considered in this chapter

provide a range of approaches to kink identification. They agree on the classification of only

half of the helices in our tests.

However, when I altered the methods to identify the same number of kinks, and to consis-

tently identify the kink residue relative to the shape of the helix, the results of each method,

were much more similar to each other than the results reported in the corresponding papers.

This indicates that the different conclusions from previous studies was due to a combination

of the different data sets, the different kink identification algorithms, the choice of parameters

within these algorithms, and the method used to identify the kink residue.

The disagreements between the methods is likely to be caused by a lack of a gold standard,

which makes a performance comparison impossible. In this chapter, we provide a crowdsourcing

based gold standard aimed to be used in the training and comparison of computational methods.

3.4.2 Crowdsourcing can tackle difficult problems

Crowdsourcing has been used by a number of researchers to provide classifications for com-

putationally difficult tasks that require a large amount of time. Researchers found for micro

(Lintott et al., 2010, 2008) and mega (Cooper et al., 2010; Kawrykow et al., 2012; Khatib et al.,

2011) tasks, that a large number of citizens provide responses that are as good as, if not bet-

ter than, expert classifications. Studies rarely need to apply acceptance criteria for the crowd
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data (Luengo-Oroz et al., 2012; Nguyen et al., 2012), and weighting user responses has little

effect on the classifications (Lintott et al., 2010, 2008). In agreement with this, we found that

specialists (i.e. Structural Biologists) are only slightly more consistent at classifying the helices

than untrained individuals. The school pupils were slightly worse than the average participant

(although not statistically significantly so). However most of the poor quality responses (which

we removed from the analysis) came from three of the school pupils.

3.4.3 A discrimination between straight and not-straight helices

The classifications provided by our participants indicate that many helices do not fall into the

clear classes of kinked, curved, and straight. There are a number of helices that are consistently

classified as straight. There are also many helices which are very rarely classified as straight.

However, there is no clear dividing line between a set of ‘kinked’ and a set of ‘curved’ helices.

This could be due to the participants, or our chosen definitions, but given the disagreements

in the published computational methods, it is perhaps more likely to be due to the inherent

nature of the helices.

Helix length has a strong influence on helix classification. In our gold standard set, short

helices (≤ 20 residues) are generally straight, while longer helices (≥ 27 residues) are generally

either kinked or curved. This is a common feature of all of the classification methods discussed

here, and replicates one of the findings of Chapter 4, indicating that this is not an artefact of

the method used to identify kinks.

3.4.4 Little agreement in exact kink position

The difficulty in identifying kinks is also demonstrated by the kink positions annotated by

the participants in AHAH. For some helices, the position is regularly annotated within a few

residues, while in others it is identified over a larger range of residues. It is very rare for a

single residue to be consistently identified as the site of a kink - either by our participants, or

the existing methods. It is, perhaps, surprising that the variation in the kink position does not
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correlate (r2 = 0.08) with the proportion of participants that annotate the helix as kinked, i.e.

a more obviously kinked helix is no indication of a more localised kink. Users tend to annotate

the kink position on the inside, in agreement with the Kink Finder repositioning method.

Modifying the four methods so that the kink residue is consistently chosen with respect to

the local geometry of the helix increases the number of helices in which all methods identify the

same kink residue, and in part eliminates the different findings of the methods. For example,

some studies have identified an enrichment in glycine residues at specific positions relative to

the kink position (Devillé et al., 2008; Hall et al., 2009; Kneissl et al., 2011; Wilman et al.,

2014b), but others have not (Langelaan et al., 2010; Meruelo et al., 2011; Werner & Church,

2013). However, my method results in the four methods all identifying glycine as more frequent

at the kink position, while there are also specific patterns with serine, valine, phenylalanine,

and tryptophan common to all of the methods.

3.4.5 A new gold standard training set

Our participants classified a total of 300 helices. In 252, the agreement was above 50%. We

suggest this subset as a high quality gold standard set for the testing of future computational

approaches. The raw data from our survey was made available online, to allow researchers to

produce their own gold standard, with different criteria, if they so wish.

This set has a lower proportion of kinked helices than previous methods, which suggests

that previous methods have been overly sensitive to helix distortions. It is noticeable that the

proportion of kinked helices in the gold standard set is much lower than the computational

methods. Only 66 (22%) of the 300 helices are annotated as kinked, compared to 37% in the

Kneissl et al. (2011) analysis. This could be changed, with a relaxing of the 50% threshold. Re-

moval of the ‘unclassified’ group, and reclassifying these helices based on the majority decision

would simplify the results, but not result in any more agreement with the computational meth-

ods. It would add ambiguous helices to our gold standard set, which is likely to be detrimental

to its purpose as a training set. More complex divisions of the helices are possible, for example
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by expanding the kinked region to include areas towards the curved corner. This would improve

the agreement with existing classifiers, but there is no justification other than that.

The annotation is dependent on the instructions to the participants, where we described

kinked helices as ‘There is a clear location where the direction of the helix changes. Only a

small part of the helix is involved in this.’ This is very similar to the rule of thumb described in

Kneissl et al. (2011), suggesting that their two researchers provided annotations that were not

consistent with this. Indeed, there are two cases where their annotation disagrees with more

than 90% of our respondents, and 14 cases where they disagree with more than 80% of the

participants. Providing a more relaxed definition of kinks to the participants may have resulted

in more helices being annotated as kinked.

3.4.6 Experiment parameters and number of annotations

For ease of use, the helices were displayed using the amino acid colouring scheme in JSmol,

which meant that each of the twenty amino acids types was coloured differently. It is possible

that this could have biased the participants - particularly if they knew the colouring scheme,

and had prior knowledge of the link between proline and kinks. However, this would not be the

case for the majority of users. Alternatively, it might be that brighter residues were more likely

to be selected by participants, but there is insufficient data for such a bias to be detected.

We attempted to ensure that we had many annotations from a lot of people, rather than

just relying on a few users. Our use of a simple scoring function provided a modest level of

‘gamification’, with participants from the group and the DTC comparing and competing with

their results. The use of gamification, as in Foldit, and in the Zooniverse project, does seem to

encourage participation (Eveleigh et al., 2013).
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3.5 Conclusions

Existing kink identification methods disagree on the identification of kinks, with no objective

standard. The differences can be reduced, but not eradicated, by using similar thresholds,

by using a consistent method to choose the kink residue, and by considering the same data

set. We used a crowdsourcing approach to create a gold standard data set that can be used for

training, testing and evaluation of kink identifiers and predictors. The gold standard annotation

identifies fewer kinks than existing kink identification methods, suggesting that many of the

kinks identified by these methods are subtle, rather than obvious, changes in the helix axis.

The crowd sourcing experiment also revealed that the difference between kinked and curved

helices is less clear than between straight and not-straight helices. Further, the degree to which

kinks are localised in the helix varies from kink to kink, but kinks are generally localised to a

single helix turn.
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CHAPTER4

Helix kinks in soluble and membrane

proteins.

The majority of the work in this chapter was published as an article entitled ’Helix kinks

are equally prevalent in soluble and membrane proteins’ in the journal Proteins: Structure,

Function, and Bioinformatics (Wilman, Shi & Deane, 2014b).1

1The article is available under the terms of the Creative Commons Attribution License (CC BY), Copyright
2014 The Authors. Much of the text and all of the figures from the article are reproduced with adaptions in this
chapter.
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Chapter 4: Helix kinks in soluble and membrane proteins.

4.1 Introduction

Kinks are known to occur in many proteins (Section 1.3.4) (Barlow & Thornton, 1988; Bowie,

2013; Nugent & Jones, 2011), and they are known to be functionally important (Barrett et al.,

2012; Bettinelli et al., 2011; Ni et al., 2011; Sansom & Weinstein, 2000; Schwartz et al., 2006;

Suchyna et al., 1993; Tieleman et al., 2001; Weber et al., 2012; Yohannan et al., 2004b). It

has been claimed that kinks are far less frequent in soluble protein helices than membrane

proteins helices (Cao & Bowie, 2012; Devillé et al., 2008; Langelaan et al., 2010; Mai & Chen,

2014). This separation of membrane and soluble proteins reflects research on membrane protein

generally. It is well understood that the membrane environment has an effect of protein structure

(Stevens & Arkin, 1999; Ulmschneider & Sansom, 2001), and that membrane specific tools for

e.g. modelling (Ebejer et al., 2013) and alignment (Chang et al., 2012; Hill & Deane, 2013;

Hill et al., 2011) outperform similar generic tools. The majority of previous research on kinks

has concentrated on transmembrane helices, but there is little comparable research into soluble

helix kinks, and to my knowledge there is no previous work that makes a direct comparison

between the frequency and features of kinks in helices of membrane and soluble helices.

The relative lack of membrane protein structural data (Section 1.3.4) has hampered previous

research on kinks. As shown in this chapter, using reasonably relaxed redundancy and quality

thresholds, the PDB (Berman et al., 2007) contains c. 1200 helices with more than 12 residues

from membrane proteins. A higher redundancy threshold gives a larger data set, which allows

stronger statistical conclusions to be drawn. However, increasing the redundancy raises the

chances of bias.

There are far more solved structures of soluble proteins, with much higher diversity. In order

to see if I can take advantage of this data, I compared helix kinks in soluble and membrane

proteins. My aim was to identify the similarities and differences of kinks in membrane and

soluble helices.

In this chapter, I investigate kinks in both membrane and soluble protein α-helices. I
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demonstrate that kinks are equally prevalent in the two types of proteins. Specifically I find

that kinks occur in long helices (≥ 20 residues) in all proteins, and kinks occur equally frequently

in long helices regardless of their environment. Kinks in the two types of proteins are similar in

the residue patterns, and frequency of broken hydrogen bonds. Proline is a dominant feature

of kinks in both types of protein, while other residue patterns are similar, allowing for the

expected differences in the amino acid distributions. One notable feature that occurs only

in soluble protein helices is that kinks have a structural preference to point into the solvent,

revealed by patterns in both the hydrophobicity and solvent accessible surface area of residues

around the kink.

4.2 Methods

To compare membrane and soluble protein kinks, I required two analogous sets of protein

helices. These protein helix structures were collected from the PDB (Berman et al., 2007), one

containing soluble protein helices, and the other transmembrane helices.

4.2.1 Soluble data set

To compile a soluble protein data set, the PDB was filtered with PISCES (Wang & Dunbrack,

2003), using the following settings: less than 80% sequence identity, 40 < chain length < 1000

residues, resolution < 5Å, R-factor < 0.4, include non X-ray structures, exclude Cα-only struc-

tures. I use the first conformer in each NMR protein structure. To remove any transmembrane

structures from this set, any protein chains that were in the PDBTM (Kozma et al., 2013;

Tusnády et al., 2004) and/or in the Membrane Proteins of Known Structure Database (White

& Wimley, 1999) were excluded. The JOY program (Mizuguchi et al., 1998) was used to anno-

tate the helix structures (see Section 4.2.8). Initially, regions of contiguous helix were identified,

using the DSSP algorithm (Kabsch & Sander, 1983). Those helical regions separated by only

one or two coil residues were combined. These helices were split if they contained a kink angle,
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Chapter 4: Helix kinks in soluble and membrane proteins.

as defined by Kink Finder (see Chapter 2), greater than 60◦.

Correctly annotating the end of helices is important in kink identification, as errors in

assignment can lead to false positives in kink finding methods (see Chapter 3 for further discus-

sion). The ends of the helices were checked for helical nature. Where the first five and last five

residues of the helix were not a helical seed, as defined in MC-Helan (Langelaan et al., 2010),

residues were iteratively removed from the end of the helix, until this condition was met. The

requirements for a helical seed, as defined by MC-Helan, are threefold. First, the first residue

must have dihedral angles in the alpha-helical region (Lovell et al., 2003). Second, the angles

(Cαi+xCαi Cαi+1) must lie within the expected ranges for an alpha helix (35−50◦ for x= 2, 60−80◦

for x= 3, and 45−65◦ for x= 4). Third, the Cαi → Cαi+x (x= 2,3,4) distances must be within

0.5 Å of the values for an ideal α-helix. Helices with 12 or fewer residues were removed, as this

is the shortest length for which kinks can be identified by Kink Finder.

The final data set contained 9742 protein chains, with a total of 29699 helices. I also compiled

data sets with three other sets of thresholds:

• less than 80% sequence identity, resolution < 5Å, R-factor < 0.9, gave a set with 31633

helices from 10822 chains.

• less than 80% sequence identity, resolution < 3Å, R-factor < 0.9, gave a set with 29064

helices from 9528 chains.

• less than 50% sequence identity, resolution < 5Å, R-factor < 0.9, gave a set with 24245

helices from 7992 chains.

These sets gave very similar results to each other (see Section 4.3).

4.2.2 Membrane data set

PDB codes of membrane proteins were initially identified from the Membrane Proteins of

Known Structure Database (White & Wimley, 1999) and from the PDBTM (Kozma et al.,

2013; Tusnády et al., 2004). Structures derived from electron microscopy experiments, and
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those containing only Cα atom coordinates were removed. These proteins were split into their

constituent chains, and filtered using the same criteria as for the soluble data set (less than 80%

sequence identity, resolution < 5Å, R-factor < 0.4). The membrane position for each residue

was annotated by iMembrane (Kelm et al., 2009), with only chains annotated with ≥ 1 residue

in the tail region of the membrane retained. The tail region of the membrane is the hydropho-

bic core, in contact with the hydrophobic tail groups of the phospholipids that make up the

membrane (Figure 1.11). All remaining non membrane proteins were removed by visual inspec-

tion. Although the resolutions were generally better for the soluble data set, only 20 chains in

this membrane set had resolution ≥ 4Å. Helices were identified in the same manner as for the

soluble data set. Helices that had no residues annotated as being located in the tail region of

the membrane by iMembrane were removed. Helices were trimmed so that no more than five

residues at either end were outside the membrane, by iteratively removing residues from the end

of a helix until this was the case. In this way, the membrane annotation provided by iMembrane

allows us to exclude non-membrane helices, such as the so called H8 helix in GPCRs, from this

dataset. This allows Kink Finder to calculate an angle for each of the residues in the head or

tail region of the membrane. The final data set contained 268 protein chains, with a total of

1208 helices (see Table B4 in Appendix B). I also compiled data sets with three other sets of

thresholds:

• less than 80% sequence identity, resolution < 5Å, R-factor < 0.9, gave a set with 1326

helices from 281 chains.

• less than 80% sequence identity, resolution < 3Å, R-factor < 0.9, gave a set with 861

helices from 196 chains.

• less than 50% sequence identity, resolution < 5Å, R-factor < 0.9, gave a set with 1002

helices from 220 chains.

These sets gave very similar results to each other (see Section 4.3).
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4.2.3 Kink identification

Kinks in helices were identified by the Kink Finder algorithm (Chapter 2). For comparison,

identical analysis was undertaken using kinks identified by the MC-Helan algorithm (Langelaan

et al., 2010). As described in Chapter 3, these two methods identify a different proportion of

helices as kinked, and identify the kink position in a different way. I applied an angle cut off to

MC-Helan that classified a similar proportion of helices as kinked, and modified the algorithm

to select the kink residue by the same method as Kink Finder (as in Figure 2.7). This provided

results that had good agreement with those from the Kink Finder analysis. These results are

shown in Appendix B, in Figures B1, B2, B3, and Table B2.

4.2.4 Length matching

Sets of soluble helices with the same length distribution as the membrane helices were selected

by sampling from the full soluble helix set. For each sample, soluble helices were chosen, without

replacement, to match the length distribution of the membrane helices. This was possible as

currently there are far more structures of soluble helices than membrane helices. For this work,

50 samples were taken from the soluble data set.

4.2.5 Sequence homologue collection

Homologous sequences for each protein chain in the two sets were collected. Sequences were

obtained by using PSI-BLAST (Altschul, 1997) to search the UniProt90 database (The UniProt

Consortium, 2013), with the following settings: 2 iterations, 1e−5 as the E value threshold (to

include a sequence in the model used by PSI-BLAST to create the Position Specific Substitution

Matrix, or ‘inclusion E thresh’), and 1e−3 as the E value threshold (to retain a sequence).

Sequences with a large length difference to the structure were removed (those with length

greater than 3/2 or less than 2/3 of the structure). The remaining sequences were aligned

using MAFFT 7.015b (Katoh & Standley, 2013), with options: –maxiteration 1000 –localpair

–treeout.
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4.2.6 Sequence profiles

Protein sequence profiles were built using the sequence alignments, with each sequence weighted

according to its similarity to every other sequence, with more dissimilar sequences having higher

weights (Shi et al., 2001; Vingron & Argos, 1989; Vingron & Sibbald, 1993). Helices had on

average 52 homologous sequences. The homologous sequences were used only in the calculation

of amino acid propensities and hydrophobicities.

4.2.7 Hydrophobicity

Amino acid hydrophobicities were taken from experimentally-derived interface-octanol data

(White & Wimley, 1999). The sequence profiles derived from sequence homologues were used

to calculate the hydrophobicity of each position near the kink.

4.2.8 Hydrogen bonds and solvent accessible surface area

The JOY program, version 5.10 (Mizuguchi et al., 1998), was used with its default parameters

to annotate both backbone and sidechain hydrogen bonds in the protein structures, and the

solvent accessible surface area of each residue.

4.2.9 Propensities

Amino acid sequence profiles can be used to examine whether residues are favoured at specific

positions around a kink, using their propensity to be at a given position relative to a kink, as

shown in Equation 4.1;

Propensity = Pai = loge

(
Na
i /N

all
i

Na
helices/N

all
helices

)
(4.1)

where Na
i is the number of residues (N) of a particular amino acid type (a), e.g. glycine,

observed at a particular position relative to the kink (i). Nall
i is the total number of residues

observed at a particular position relative to the kink. Nall
helices is the total number of amino acids
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(all) observed in the helices within the data set. Na
helices is the total number of a given amino acid

type in all helices within the data set. The background distribution (Na
helices/N

all
helices) comes

from the set of helices from which the kinks are identified (hence the membrane and soluble sets

each have their own background distribution). The data used to calculate the propensities come

from the sequence profiles, which are compiled using homologous sequences (Section 4.2.6).

4.2.10 Motifs

Sequence motifs were identified by searching 13 residue segments around each kink, and the

proportion of kinks containing one or more instances of the motif was recorded. This value was

compared to a background, calculated by selecting a random 13 residue segment from each of

the straight helices (those with maximum angle ≤ 14◦) in the set, and searching these for the

motif. This random sampling was repeated 50 times, and the result averaged.

The motif notation is based on regular expressions. Each character represents a single amino

acid, the single letter amino acid identifiers are used, x represents any amino acid, and letters

in square brackets (e.g. [ACD]) represent any one of the letters in the square brackets (e.g. A,

C or D). Ar represents any of the amino acids with aromatic side chains (i.e [FYW]). The ‘G0

or G+1’ motif is a special case, which represents all kinks where glycine is at position 0 or +1.

4.3 Results

This results section shows first that the kinkedness of membrane and soluble protein helices is

similar, allowing for the differences in the length distribution of the the helices, and second that

the features of kinks in the two data sets are similar.

4.3.1 Angle distributions

A simple comparison of the largest angle of each helix suggests that the proportion of highly

kinked helices is lower in soluble proteins than in membrane proteins (Figure 4.1a). However, the
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Figure 4.1: Kink angle distributions. (a) The distribution of maximum angles in all mem-
brane (solid red) and all soluble (dashed black) helices. (b) The distribution of maximum angles
in length matched sets of membrane and soluble helices. The soluble values are means of 50
samples which are matched to the same length distribution as the membrane helices. Bars show
1 s.d.

distribution of the lengths of the two types of helices are markedly different, and the maximum

kink angle in the helix is dependent on the length of the helix (see Figure 4.2 and Figure

B3 in Appendix B). In both membrane and soluble proteins, the maximum angle in the helix

increases as the length of the helix increases. There are many more short soluble helices than

short membrane helices. This skews the distribution of angles - in these data sets, the average

soluble helix has c. 14 residues, and a maximum kink angle of c. 10◦, whereas the average

membrane helix has c. 23 residues, and an angle of c. 15◦.

I compared the maximum angle distributions of soluble and membrane helices of the same

length (e.g. all 20 residue long soluble helices compared to all 20 residue long membrane

helices), using a two sample Kolmogorov-Smirnov test (Chakravarti et al., 1967; R Core Team,

2014). For the majority of lengths, the distribution of angles for membrane and soluble helices

are not different (p value ≥ 0.05, p values for each test are shown in Table B3). For shorter

helices (lengths of 19 residues and shorter), the Kolmogorov-Smirnov tests show a difference
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Figure 4.2: Lengths and angles of helices. (a) membrane, (b) soluble helices. Plot of
maximum kink angles (calculated by Kink Finder) for each different length of helix. Each
boxplot shows the distribution of maximum angle in each helix of that length (scale on left
axis). The red line shows the total number of helices of each length (scale on right axis). Note
how in both plots the maximum angle increases as the helices get longer. In (a) the majority
of the helices are between 20 and 30 residues long, however in (b), majority of helices are fewer
than 15 residues long.
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between the soluble and membrane helix angle distributions. The means of these distributions

are similar, however, indicating that the differences measured in the test may be due to the

very large number of short soluble helices compared to the small number of short membrane

helices (see Figure 4.2).

These results indicate that helices of the same length should be compared when considering

helix kinks. Throughout this work, membrane helices are compared to length-matched samples

of the soluble helices.

Figure 4.1b shows the distribution of angles for the membrane set, and 50 length-matched

samples from the soluble set. These two distributions are very similar. There are a similar num-

ber of helices with maximum angles less than 20◦ in the two datasets, and the two distributions

peak at the same angle (10◦). A few more membrane helices than soluble helices have angles

between 20◦ and 30◦, and a few more soluble helices than membrane helices have maximum

angles above 50◦. This is likely due to the membrane environment restricting the degree to

which transmembrane helices can kink. This result is not affected by the thresholds used to

create the datasets, as Figure 4.3 shows.

In order to investigate the properties of kinked helices, it is necessary to annotate helices

as kinked or unkinked. However, the angle distribution is continuous (Figure 4.1), which is

consistent with the lack of clear agreement in the literature on the ideal angle cut-off (see

Chapter 3). In this chapter, I use 20◦, as an angle threshold (see Chapters 2 and 3). This

means that in the length matched sets, 32±1% (1 s.d.) of soluble helices are kinked, and 40%

of membrane helices are kinked. Altering this angle threshold in the range of 15−25◦ has only

a small effect on the results discussed in this Chapter.

4.3.2 Amino acid patterns around kinks

To investigate if the residue patterns around kinks in soluble and membrane helices are similar,

I examined the amino acid propensities in positions close to the kink, using length-matched sets

of membrane and soluble helices. The propensities are calculated using sequence profiles.
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Figure 4.3: Kink angle distributions. (a)-(c) The distribution of maximum angles in all
membrane (solid red) and all soluble (dashed black) helices. (d)-(f) The distribution of max-
imum angles in length matched sets of membrane and soluble helices. The soluble values are
means of 50 samples which are matched to the same length distribution as the membrane helices.
Bars show 1 s.d. (a) and (d) show data from the data set with 80% sequence i.d., resolution
≤ 5Å, R-factor ≤ 0.9. (b) and (e) 80% sequence i.d., resolution ≤ 3Å, R-factor ≤ 0.9. (c) and
(f) 50% sequence i.d., resolution ≤ 5Å, R-factor ≤ 0.9.



Figure 4.4: Kink numbering. (a) Numbering for an example kink, with even numbered
residues (green) labelled. A The broken line shows an approximate helix axis and is in the
plane of the page. (b) A standard helical wheel diagram, showing the helix in (a). Kinks are
numbered from N-terminal to C-terminal, with the kink residue given number 0. This scheme
results in residues -4, -3, 0, +3, and +4 being on the inside of the kink, while residues -5, -2,
+2, and +5 being on the outside. This shows an ideal kink, where the wobble angle is 0◦. The
wobble angle of residue 0 can vary between −50◦ (between +3 and -4 in (b)) and +50◦ (between
-3 and +4 in (b)) (Figure 2.9b). Consequently, the exact location of each position can vary from
kink to kink. For example, while position 0 is always on the inside of the kink and position -2
is always on the outside, position +1 may be towards the inside of one kink and towards the
outside of another. This figure is identical to Figure 2.10, and is included again here due to its
importance in the interpretation of the results in this chapter.
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Kink Finder (Chapter 2) chooses a kink residue on the inside of the kink, as shown in Figure

4.4. The residues around each kink are numbered relative to this kink residue, with the kink

residue as number 0, those residues toward the N-terminus as negative numbers, and those

toward the C-terminus as positive numbers. Thus, position -5 is five residues from the kink

residue, toward the N-terminus. A consequence of this numbering scheme is that some positions

are consistently on the outside of the kink (e.g. -2 and +2), and some positions are consistently

on the inside of the kink (e.g. -4, 0, and +4). This positioning of kink residue means that

these results are not comparable to other methods, e.g. Helanal (Kumar & Bansal, 2012) or

MC-Helan (Langelaan et al., 2010). As in this study, the region around the kink has a definite

shape (Figure 4.4), whereas this is not the case in other methods.

Figure 4.5: Amino acid propensities for membrane (left) and soluble (right) kinks.
Each value is the propensity for a given residue to be at a given position relative to a kink. These
are calculated using sequence profiles. Position 0 is the kink residue, position +1 is one residue
towards the C-terminus from the kink residue, as shown in Figure 4.4. Red indicates positive
propensities, while blue indicates negative propensities. Residues with positive propensities are
found more frequently at that position in kinked helices than in helices in general. See Figure
B1 for the analogous figure based on the MC-Helan analysis.
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Table 4.1: Proline in Helices. Percentage of kinked and non kinked helices containing proline,
as identified by Kink Finder. Each 2x2 table shows the percentage of helices in each of 4 groups
- kinked with proline in the sequence (profile), kinked without proline in the sequence (profile),
straight with proline in the sequence (profile), straight without proline in the sequence (profile).
The bottom half of the table ignores the first 4 (N-terminal) residues of helices when determining
if there is a proline in the sequence (profile), as these do not have the same effect on the helix
structure as those later in the helix.

Membrane Soluble length-matched
Kinked Straight Kinked Straight

Proline in helix 29.6 18.3 17.0 12.2
No proline in helix 9.9 42.3 15.0 55.7
Proline in profile 33.9 27.8 23.2 26.3
No proline in profile 5.5 32.8 8.9 41.6
Proline in helix (5th and sub-
sequent residues)

26.7 4.8 13.5 0.7

No proline in helix (5th and
subsequent residues)

12.7 55.8 18.5 67.3

Proline in profile (5th and
subsequent residues)

31.1 10.3 18.9 5.4

No proline in profile (5th and
subsequent residues)

8.3 50.2 13.2 62.5

4.3.2.1 Proline

Figure 4.5 shows the amino acid propensities around kinks (≥ 20◦) in the membrane and length-

matched soluble helix sets. For both membrane and soluble helix kinks, proline is present most

strongly at position +2 (two residues C terminal to the kink, see Figure 4.4), but also at other

positions: +1,+5, and +6. These are all positions on the outside of the kink. Conversely it is

disfavoured at positions 0 and +4, the inside of the kink. In soluble kinks proline is also slightly

favoured at positions before the kink (e.g. -2, -3, and -6), which are also on the outside of the

kink.

My analysis has revealed that in both types of helices proline typically occurs on the outside

of kinks. This is due to both the physical size of its ring, and its lack of amide proton precluding

the i+ 4→ i backbone hydrogen bond. Both of these factors tend to lengthen the distance

between the ith residue (proline) and the i− 4th residue, which causes the helix to kink away
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from the side of the helix containing proline.

Proline is very important to kinks. Approximately half of the membrane helices contain a

proline, compared to only one third of the length-matched soluble helix sets (Table 4.1). In

terms of its ability to disrupt the i+ 4→ i backbone hydrogen bond, proline must be at least

four residues from the N-terminus of the helix. Sixteen percent of transmembrane helices, and

on average fifteen percent of the length-matched soluble helix sets contain a proline only in the

first four residues. In these helices, we do not expect proline to cause a kink. Classifying these

helices with prolines only in the first four residues as non proline containing, 95% of soluble

helices, and 85% of membrane helices that contain proline are kinked.

These prolines are not necessarily close to the kink position identified above, but this trend

does indicate that presence of proline is likely to be linked to helix kinking. For comparison,

however, not all kinked helices contain proline: 36% of kinked transmembrane helices contain

no proline, and a clear majority (61%) of (length matched) kinked soluble helices do not contain

a proline. Additionally, there is a large proportion of kinked helices in both sets that do not

contain a proline even in the homologous sequence alignment.

4.3.2.2 Other amino acids

For other residues, the patterns in Figure 4.5 are less obvious, but those discussed below are

seen in the results of both the Kink Finder and MC-Helan analyses. In soluble helices, glycine

is overrepresented on the inside of kinks (positions -4, 0, +4 (see Figure 4.4)), and slightly

overrepresented at position 0 in membrane helix kinks. This may be due to the flexibility of

glycine, or the lack of a sidechain allowing the helix to bend towards the glycine.

Serine is overrepresented in positions before the kink (-2 and 0 for membrane kinks, and -3

for soluble kinks), as is asparagine (position -3 for both soluble and membrane). The aromatic

residues (phenylalanine, tyrosine, and tryptophan) show some clear periodic patterns in the sol-

uble propensities, being overrepresented at positions -5, -4, -1, 0, +3 and +4. There are similar

but weaker patterns in the membrane propensities - for example phenylalanine is overrepre-
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Figure 4.6: Example of FxxxF kink motif. Taken from chain A of protein 3eml, residues
75-90. Only the backbone atoms and the two phenylalanine side chains are shown.
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Table 4.2: Frequency of broken backbone hydrogen bonds in kinks and helices. Each
value is the percentage of residues that have no mainchain to mainchain hydrogen bond to their
carbonyl group. The second row excludes kinks and helices that contain proline residues.

Membrane Soluble
Kinks Kinked Straight Kinks Straight Kinked

Helices Helices Helices Helices
Residues missing back-
bone hydrogen bond

15.6% 12.8% 6.7% 13.5% 11.1% 5.7%

Residues missing back-
bone hydrogen bond,
excluding prolines

14.6% 12.3% 6.3% 11.8% 9.7% 5.7%

sented at positions +2, +3, and +4. Although it might be expected that large residues would

be found on the outside of kinks due to their size, the aromatic residues are more frequently

found on the inside of kinks. This suggests that there may be some pi-stacking interactions that

stabilise kinks, an example of which is shown in Figure 4.6.

There is a hydrophobicity pattern in the soluble propensities, where we see small positive

propensities from many hydrophobic residues at -4, 0, +3 and +4 (positions on the inside of

the helix kink), and corresponding negative propensities for charged residues at these positions.

This suggests that kinks in soluble protein helices favour having charged residues on the outside

of the kinks, and hydrophobic residues on the inside of the kink (Figure 4.4).

4.3.3 Hydrogen bonds

Many of these residue patterns are thought to be due to the role of hydrogen bonds in kinks.

While proline cannot form hydrogen bonds from its amide nitrogen, other residues, like serine

and threonine, may stabilize kinked helices which lack backbone hydrogen bonds. I found that

broken backbone hydrogen bonds are equally common in the membrane and length-matched

soluble sets of helices (12.8% and 11.1% of residues in kinked membrane and soluble helices

respectively), and equally more common in the 13 residues around kinks (15.6% and 13.5% of

residues in membrane and soluble kinks, see Table 4.2).

i+4→ i backbone hydrogen bonds are more frequently broken in kinks, and particularly on
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Figure 4.7: Hydrogen bonds in membrane and soluble kinks and helices. (a) and
(b) show the percentage of residues around kinks (for numbering, see Figure 4.4) that have
hydrogen bonds involving the stated atom type. The i to i+4 and i to i-4 rows (starred)
show the percentage of residues without that hydrogen bond. E.g. the bottom row shows the
proportion of residues that have a hydrogen bond involving that residue’s backbone carbonyl
oxygen, and the amide hydrogen atom of the residue 3 positions towards the C-terminus. (c)
and (d) show the percentage of residues that have hydrogen bonds of the type indicated in
straight (pale grey) and kinked (dark grey) helices.
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the outside of kinks (Figure 4.7), than in helices on average. Conversely, i+3→ i and i+5→ i

hydrogen bonds are more frequently seen around kinks than they are seen in the average helix.

This disruption in the canonical α-helical hydrogen bonding pattern suggests that there is a

general disruption of the normal α-helical structure around kinks. In positions around kinks

where i+ 3→ i and i+ 5→ i hydrogen bonds are more frequently present, i+ 4→ i backbone

hydrogen bonds are more frequently broken. This indicates that in kinks, i+3→ i and i+5→ i

hydrogen bonds act to compensate for the loss of the canonical i+ 4→ i backbone hydrogen

bonds.

The frequency of the different types of mainchain-mainchain hydrogen bonds are different for

straight and kinked helices. However, there is no increase in frequency of sidechain to backbone

or sidechain to sidechain hydrogen bonds around kinks, or in kinked helices compared to straight

helices. It is clear that side chains have no systematic effect on the kinking of protein helices,

as they are equally frequent in straight and kinked helices. These results are very similar in the

two types of protein.

4.3.4 Motifs

Previous studies have suggested a number of sequence motifs which may cause kinks. Some of

these have been suggested from observation in structures (e.g. (Deupi et al., 2004; Devillé et al.,

2008; Hall et al., 2009)), while others have been identified from conserved sequence patterns

(e.g. (Marsico et al., 2010a,b)). The occurrence of these motifs in both kinked and straight

helices are shown in Table 4.3. Table 4.3 also contains motifs that I identified as likely to be

important based on the amino acid propensities. For example, the propensities for the aromatic

residues vary periodically with position (Figure 4.5), with a period of between three and four

residues. This suggested that sequence motifs containing aromatic residues separated by two or

three other residues may be enriched in kinks. Similarly, glycine propensities vary periodically,

suggesting that small residue containing motifs may be over represented in kinks. This analysis

uses only the sequences from the helix structures. Relevant motifs should be both frequently
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observed in kinks, and also more frequently observed in kinks than comparable segments of

straight helices. Motifs that are present in more than 10% of kinks, and motifs that are present

more than twice as frequently in kinked helices as compared to straight helices are highlighted

in bold in Table 4.3.

Table 4.3: Table of amino acid motif frequency in kinks and randomly selected parts
of straight helices. Motifs that occur in more than 10% of kinks, or are more than twice as
frequent in kinks than straight helices are highlighted in bold. First section: proline containing
motifs. Second section: motifs highlighted by other authors. Third section: aromatic and polar
motifs. Fourth section: small residue motifs. Ar = aromatic residue (F, Y or W). See Table B2
for MC-Helan data. Notation is described in Section 4.2.10. ’x’ means any residue and square
brackets indicate any one of the residues contained within. For example, xxxP matches any
three residues followed by a proline and xP matches any residue followed by proline.

Membrane Soluble
Motif % % Ratio % % Ratio

Kinks Straight Kinks Straight
Helices Helices

[AVILMFYW]xxxP
(Devillé et al., 2008)

38.8 0.9 41.3 12.8 0.1 181.0

xxxxP 58.7 1.7 34.3 35.6 0.2 154.2
[ST]P (Deupi et al.,
2004; Hall et al., 2009)

5.3 0.0 255.2 3.4 0.2 22.2

[DR]P (Sansom & We-
instein, 2000)

1.5 0.4 4.1 3.4 0.1 43.4

xP 61.1 6.5 9.4 37.9 1.8 21.3
xxxP 58.8 2.3 26.1 36.2 0.3 118.7
[AVILMFYW]xP (Dev-
illé et al., 2008)

47.0 2.9 16.1 24.5 0.5 48.4

GxP 3.8 0.2 16.7 1.4 0.0 55.7
xxP 60.2 3.8 16.0 37.1 0.8 48.0
P[ST] (Deupi et al.,
2004; Weber et al.,
2012)

4.3 0.6 7.1 2.7 0.4 6.1

Px 55.6 9.9 5.6 34.8 4.7 7.4
P 61.4 10.0 6.1 39.0 4.7 8.3
[VALT]LWx[AG]YP
(Marsico et al., 2010a)

0.2 0.0 NA 0.0 0.0 NA

GHPxVY[FI] (Marsico
et al., 2010a)

0.0 0.0 NA 0.0 0.0 NA

Continued on next page
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Continued from previous page
[ST][ST] (Del Val et al.,
2012; Devillé et al.,
2008)

10.6 10.8 1.0 9.1 8.2 1.1

[ST]xx[ST] (Del Val
et al., 2012)

9.8 10.2 1.0 8.4 7.0 1.2

[ST]xxx[ST] (Del Val
et al., 2012)

8.2 9.2 0.9 8.1 6.8 1.2

GxxGxxxG (Hall et al.,
2009)

1.4 1.0 1.3 0.0 0.1 0.0

GxxxGxxG (Hall et al.,
2009)

0.7 1.1 0.6 0.2 0.0 5.2

ArxxxSxxxAr (Hall
et al., 2009)

0.2 0.3 0.5 0.3 0.2 1.8

LSAxF (Hall et al.,
2009)

0.0 0.3 0.0 0.1 0.0 NA

WLF[ST] (Marsico
et al., 2010b)

0.5 0.0 NA 0.0 0.0 NA

ArxxxAr 21.4 12.3 1.7 9.6 6.0 1.6
ArxxxArxxAr 6.3 0.7 9.1 0.8 0.5 1.5
ArxxxArxxxAr 4.3 1.0 4.3 0.8 0.4 2.1
ArxxArxxxAr 3.3 1.2 2.7 1.1 0.4 2.9
[RHDEK]xxx[RHDEK] 7.7 8.9 0.9 49.1 57.6 0.9
[ASG]xxx[ASG] 38.6 47.0 0.8 27.7 32.8 0.8
[STNQ]xxx[STNQ] 18.7 17.0 1.1 25.3 25.3 1.0
G0 or G+1 15.6 17.7 0.9 10.5 6.5 1.6

I restricted the search for motifs to the 13 residues around a kink (positions -6 to +6 in

Figure 4.4). This allows a comparison to a background distribution of motifs in 13 residue

sections of straight helices. The choice of a window means that longer motifs are less likely

to be found than shorter ones (e.g. P is more frequently found that xxxxP). This is true for

both the kinked and straight sections, so both the frequency of a motif and its enrichment

ratio (i.e. comparing the number of times a motif is observed in kinked and straight helices),

are important. Interesting motifs are both frequent (in more than 10% of kinks) and have an

enrichment ratio above 1.
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Except those that involve proline, very few of the motifs are observed in more than 10%

of kinks. Similarly, few motifs are seen more than twice as frequently in kinks compared to

straight helices (Table 4.3). Motifs that contain proline are generally no more enriched in kinks

than the corresponding sequence length containing just proline. For example, the GxP motif

has an enrichment ratio of 16.7 (i.e. it is found 16.7 times more frequently in kinks than straight

helices), and the xxP motif has an enrichment ratio of 16.0. The [ST]P motif is an exception

(found in 5% of membrane kinks), being very rarely in sections of straight membrane helices

(enrichment ratio 255). Unlike the [ST]P motif, motifs containing serine/threonine without

proline (e.g. [ST][ST]) are not seen more frequently in kinks than in straight helices.

It has been suggested in some studies that small residues (particularly glycine) allow flexibil-

ity in helices (Devillé et al., 2008; Hall et al., 2009; Kneissl et al., 2011). The soluble propensities

show glycine as overrepresented at positions 0, +1, +4, and +5, suggesting that there may be

motifs such as GxxxG present in kinks. However, I found no small-residue motifs that occur

more frequently in kinks than in straight helices. The ‘G0 or G+1’ motif, which counts the

number of examples of glycine at the kink residue, or the next residue, has an enrichment of 1.6

in soluble helices, suggesting that it could be a kink indicator, although this is not replicated

in the membrane helices.

As described in the previous section, aromatic residues had a high propensity to be around

helix kinks. We find the [FYW]xxx[FYW] (ArxxxAr in Table 4.3) motif to be slightly enriched

for both membrane and soluble kinks. It occurs in 23% of membrane kinks, compared to only

12% of straight membrane helices. Although this motif is less frequent in soluble kinks (in 10%

of kinks), it is similarly more frequent than in the straight soluble helices (6%). The longer

aromatic motifs are more enriched in membrane protein kinks, but much less frequent than the

[FYW]xxx[FYW] motif. Finally, we note that many of the remaining motifs are found in very

few structures in our set, which prevents us from assessing if they are associated with kinks.
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Figure 4.8: Hydrophobicities, solvent accessible surface areas, and membrane con-
tacts. (a) Helical wheel diagram showing the average hydrophobicity of residues around mem-
brane kinks. K indicates the kink residue (position 0 in Figure 4.4). (b) Wheel diagram for
soluble kinks. K indicates the kink residue. (c) Average percentage of residue in contact with
the membrane in kinks. (d) Average solvent accessible percentage of residues in soluble kinks.
See Figure B2 for the analogous figure based on the MC-Helan analysis.
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4.3.5 Hydrophobicity and solvent accessible surface area

The amino acid propensities around kinks in Figure 4.5 show a periodic pattern. Hydrophobic

residues are more frequently observed in positions on the inside of kinks (-4,0,4), while charged

and polar residues are less frequent at these positions. The mean hydrophobicity of each position

in membrane and soluble kinks are shown in Figure 4.8.

There is a clear pattern in the hydrophobicity of soluble kinks, with more hydrophobic

residues on the inside of kinks, and more hydrophilic residues on the outside of kinks. This

pattern is repeated in the fraction of residues which are solvent accessible, with residues on

the outside of kinks being more solvent accessible than those the inside (Figure 4.8d). This

indicates that soluble kinks point into the aqueous environment, meaning that the residues on

the outside of the kink will be in the solvent (Figure 4.4).

For the membrane proteins, rather than the solvent accessible surface area, I calculated

the percentage of residue sidechains in contact with the membrane. This is the fraction of

accessible side chain (taken from the JOY output) if iMembrane indicates that the side chain is

in contact with the head or tail region of the membrane, and zero if iMembrane indicates that

the side chain is not in contact with the membrane. This does not replicate the pattern seen

in the solvent accessible surface area of soluble kinks. Solvent accessible surface area (SASA)

calculations do not take the membrane environment into account, so it is not a good measure to

use with membrane proteins. Nevertheless, Werner & Church (2013) used SASA as a measure

for membrane proteins. The plot of membrane kinks SASA (not shown) is very similar to the

soluble kinks SASA (Figure 4.8).

This pattern of hydrophobicity and solvent accessible surface area may be related to the effect

of solvent on hydrogen bonds in helices. Backbone hydrogen bonds on the hydrophilic side of

amphipathic helices are generally longer than those on the hydrophobic side (Blundell et al.,

1983) so that helices curve, or kink, away from the solvent side. This is due to the other available

hydrogen bond donors and acceptors on the hydrophilic side of the helix (e.g. sidechains, or

solvent), which can form bonds to the backbone groups, withdrawing electron density from the
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backbone hydrogen bonds, causing them to lengthen. As expected, this hydrophobicity pattern

is not repeated in the membrane kinks, as in this case the helix is surrounded by the rest of the

protein or lipid.

4.4 Discussion

The investigations described in this chapter shows that kinked helices are not particular to

membrane proteins. If soluble helices with the same length distribution as membrane helices

are considered, a similar number of kinks are seen in membrane and soluble helices. Compared

to membrane helix kinks, there are more soluble kinks with larger angles, which may be due

to the membrane environment restricting the degree to which a helix can kink. This overall

similarity of kinks in soluble and membrane helices is independent of the method used to assess

their occurrence. Kink residues in this study are identified such that they are in a geometrically

similar place with respect to the kink. However, since no other method takes the geometry

of the kink into account when selecting the kink residue, the results reported here will not

necessarily agree with those in earlier studies.

Proline is dominant in both membrane and soluble helix kinks, although there are more

prolines incorporated into long membrane helices than long soluble helices. Excluding the first

four residues of the helix makes proline a much better indicator of kinks than considering the

whole helix. The vast majority of proline containing helices are kinked, but there are many

kinked helices that do not contain proline. The residue patterns around kinks are dominated

by proline, both for membrane and soluble kinks. The consistent choice of kink residue relative

to the helix shape (the kink residue is on the inside of the kink), reveals that proline occurs on

the outside of the helix kinks. This consistent positioning reveals a number of other patterns -

glycine is favoured on the inside of the kink, serine is favoured before and on the outside of the

kink, and aromatic residues are favoured on the inside of kinks. These patterns are observed in

both the membrane and soluble helix sets.
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Motifs containing aromatic residues are more frequently observed in kinks than straight

helices, both in soluble and membrane proteins. Particularly, the [FYW]xxx[FYW] motif (an

example of which can be seen in Figure 4.6) is a factor of 1.9 more frequent in membrane kinks

than in straight membrane helices, and is found in 23% of membrane helix kinks. Many other

motifs highlighted in previous research are either seen very infrequently or no more frequently

than in straight helices. Machine learning approaches (for example, inductive logic program-

ming) may be able to identify novel motifs, although the lack of membrane data makes such

approaches prone to false positives. Indeed, many of the results presented here are contrary to

those presented in one such study (Marsico et al., 2010a). The increase in available membrane

protein structural data will make machine learning approaches more applicable in the future.

Allowing for the expected differences in residue frequencies in the two types of helix, the amino

acid patterns around helix kinks are very similar in membrane and soluble proteins.

A strong hydrophobicity pattern is observed in soluble kinks - where solvent accessible and

hydrophilic residues are seen on the outside of kinks, indicating that soluble kinks point into the

solvent. While there is no hydrophobicity pattern in the membrane kinks, there is a tendency

for aromatic residues to be observed on the inside of membrane kinks. A recent study (Werner &

Church, 2013) indicated that kinks were more buried than helices, specifically that, on average,

amino acids in nine residue kink sections had a lower solvent accessible surface area and more

residue contacts than the average residue in a helix. The effect was small but significant.

The nine residues around the kinks (i.e. residues -4 to +4, see Figure 4.4) identified in this

chapter have, on average, much lower solvent accessible surface areas than the average (Figure

4.8), although the thirteen residues, on average, have a higher SASA. The (unpublished) kink

finding method used in that study (Werner & Church, 2013) is likely to have a bias towards

annotating kink residues on the inside of the kink, which would explain the observation reported

in their study. This highlights the importance of consistently selecting the kink residue with

respect to the shape of the helix.
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4.5 Conclusion

The results in this chapter show that soluble helices are equally likely to be kinked as their

membrane counterparts, and that these soluble kinks point into the solvent. This suggests that

kinks are an important structural feature of soluble proteins and may, like their membrane

counterparts, be functionally important. Functional and structural importance of kinks could

be assessed by using online databases of function (e.g. Prosite (Sigrist et al., 2013)), or by

manually inspecting the protein structure, associated literature, and conservation patterns.

Further, we can apply knowledge gained from the much larger set of soluble protein structures

to the modelling of membrane protein kinks. Information about sequence patterns and solvent

accessibility can be built into predictors in many ways. The most simple method is to use this to

score sequences for their similarity to kinks. There are many more complex methods that involve

machine learning (e.g. Kneissl et al. (2011); Meruelo et al. (2011); Werner & Church (2013)),

however these are prone to overfitting on the relatively small amount of membrane protein data.

However, this chapter has shown that soluble kinks are similar to membrane protein kinks, and

therefore membrane kink prediction methods could be validated against the larger soluble data

set. Predicting when helices are kinked could be used in the modelling process at the template

selection stage, and for scoring the quality of generated models. The results in this chapter

suggest that this approach, i.e. using data from all known kinks to predict kinks, is unlikely

to be successful. The current methods do not outperform simple metrics based on the length

of helices and the presence of proline. More specific approaches, that use information from

proteins that are homologous to the protein of interest, are more likely to prove useful for kink

prediction. The next chapter describes my study of kinks in related proteins.
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CHAPTER5

How well are kinks structurally conserved?

This work follows on from work carried out by another student, Eleanor Law. She undertook a

series of preliminary studies during an undergraduate project that I helped to supervise.

5.1 Introduction

This chapter describes my study on the structural conservation of α-helix kinks within protein

families. The structural conservation of kinks is important in the prediction of membrane

protein structures, and as an indication of the function and importance of kinks in protein

structure.
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In terms of membrane protein structure prediction, correctly predicting changes in the core

(here the core is defined as the part of the protein buried in the tail region of the membrane)

between target and template is a known problem (Chen et al., 2014; Kelm et al., 2010; Kufareva

et al., 2011, 2014). Very frequently during homology modelling, the ‘best’ structure prediction of

the target sequence (as measured by RMSD or GDT-TS (Zemla et al., 1999)), uses a protein core

copied from the template. Indeed, this is one of the central principles in our group’s membrane

protein modelling pipeline, Memoir (Ebejer et al., 2013), and specifically MEDELLER (Kelm

et al., 2010), the coordinate generating algorithm contained within Memoir.

Kinks are functional structural motifs in proteins (see Section 1.5.1). They are known

to be flexible in some proteins, including GPCRs (Barrett et al., 2012; Fowler & Sansom,

2013; Katritch et al., 2013). Knowledge of their structure is important to protein structure

prediction. Similarly, understanding how flexible they are, and what makes them flexible is

important in understanding the function and modelling of membrane proteins. Kinks play a

part in biologically crucial functions, in pharmaceutically relevant membrane proteins.

In this chapter, I aim to answer the following questions:

1. Are kinks conserved in protein families?

2. If so, how conserved are they? Are some kinks more conserved than others?

3. What are the features indicative of conserved and/or non-conserved kinks?

Although previous research has focused on membrane proteins, and the primary interest

is in these, soluble proteins provide a much greater structural diversity. The small number of

similar membrane protein structures could result in a bias in any results. Hence, as in the

previous chapter, I use both membrane and soluble protein structure data sets to investigate

these questions.

As described in Chapter 3, kink classification is difficult. However, characterising the dif-

ferences between the kinkedness of two helices is more difficult and has not been attempted

previously.
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In Chapter 4, I used a simple binary classification of helices (kinked/straight), however this

work requires a different approach. A binary classifier would conclude that helix A (just the

kinked side of a threshold) and helix B (just the straight side of a threshold), are differently

kinked. The simplest solution to this problem would be to require the angles of the helices

to differ by a given amount for them to be classified as different. However, there is no good

guidance on what this difference should be.

Although most kink identification methods give an absolute measurement of the angle of

each kink, none provide an estimate of the uncertainty of the angle. The measured kink angle

depends on the way in which axes have been fitted to the helix. If the structure around the

kink is not completely regular, these fits may be poor approximations of the true axis. In this

chapter, I use the quality of these fits to estimate the error in the measured angle, thus allowing

me to identify when two helices are differently kinked.

In this chapter, I show that kink angles are estimated within ±6◦ 95% of the time when

they are based on good cylinder fits, and within ±12◦ 95% of the time when based on the

worst cylinder fits. The helices identified as kinked by more AHAH participants (see Chapter

3) tend to have lower error than those kinked helices that were identified as kinked by fewer

participants.

Two data sets were used to consider the conservation of kinks. From a set of soluble proteins,

226,072 pairs of homologous helices were identified, and from a set of membrane proteins 1864

homologous helices pairs. Among the membrane (soluble) aligned homologous helix pairs, 200

(24,784) helix pairs were found to be differently kinked, using the error method described below.

Dissimilarly kinked aligned helix pairs have less similar sequences - both at the chain and helix

level - than the similarly kinked helix pairs. However, there is no more difference in the helix

sequences than in the chain sequences. Loss of proline correlates with the loss of a kink in 60%

of membrane and 80% of soluble aligned homologous helix pairs. The study was then extended

from pairs to families, where I found that there are families of proteins that contain conserved

kinks, and families that contain non-conserved kinks.
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5.2 Methods

5.2.1 Data sets

The two data sets used for the pairwise helix comparisons are identical to those in Chapter

4. One set is a collection of membrane protein structures, the other soluble protein structures.

Both are culled to less than 80% sequence identity, and all structures have R value ≤ 0.4

and resolution better than 5Å. The initial list of membrane proteins are derived from Steve

White’s database (White & Wimley, 1999) and the PDBTM (Kozma et al., 2013). Helices

were annotated using JOY (Mizuguchi et al., 1998), and trimmed using a method described in

Chapter 2. The structure annotations, such as hydrogen bonds and solvent accessible surface

area, were generated using JOY and iMembrane (Kelm et al., 2009), as described in Section

4.2. Similarly, the sequence profiles were generated in the same way as in Section 4.2.

The comparison to the AHAH results uses the same 300 helices taken from the Kneissl et al.

(2011) data set as in the AHAH study (Chapter 3).

5.2.2 Error in the measured kink angle

The cylinder fitting method provides a goodness of fit parameter - similar to a root mean square

deviation - for each fitted axis. In the next section, I describe the method I developed to relate

this to the error in the measured angle.

5.2.2.1 Relating RMSD to error

The error in the measured kink angle is estimated from the goodness of fit, r, of the two axes

used to determine that angle. The fitting function for the axis (cylinder) fit is shown in Equation

5.1;

r =

√√√√ 1
n

n∑
i=1

(
di− d̂

)2
(5.1)
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where n is the number of points (atoms) that the axis is fitted to, di is the shortest distance

from atom i to the fitted axis, and d̂ is the mean of these distances.

The module of Kink Finder that estimates the error in the angle is a heuristic method, based

on observed errors in ‘ideal’ kinks with good cylinder fits. The angle measured by Kink Finder

can be expressed as:

measured angle = true angle + ε (5.2)

Note that this means that the error, ε has the same shape of distribution as the measured

angle. Each cylinder fit has a value of r (Equation 5.1), which measures the distance of the

atoms from the cylinder surface. The calculation of a kink angle requires two cylinder fits, one

for the set of six residues N-terminal of the kink position, and one for the set of six residues

C-terminal to the kink (see Figure 5.1). I assumed that the goodness of fit parameters of these

two fits (rn and rc, i.e. the r for the N- and C-terminal cylinder fits) have an equal effect on

the error, ε.

For each calculated angle, I approximated the ‘goodness of fit’ with the sum of the r of the

two cylinder fits. Although there is no way to directly measure the ‘true’ angle, I used 18 ideal

kinks to estimate the effect, assuming that the fitted axes for these provided the ‘true’ angle.

These 18 kinked helices (with the lowest rn+rc, of the kinks in the membrane protein set) have

a range of true angles between 0◦ and 50◦. The rn + rc for all of these 18 is below 0.6Å. As I

use all backbone atoms, rather than just the Cα atoms, to fit the cylinders, the rn+ rc cannot

reach 0Å. In the protein the atoms in and directly connected to the amide (peptide) bond are

in the same plane (i.e. the backbone Cα, C, O, and N atoms of one residue, and the Cα atom of

the next residue, see Figure 1.3), so there is no way to fit a cylinder that passes through every

backbone atom. Consequently, even for an ideal helix, the r cannot be less than 0.27Å.

Taking these ‘ideal’ kinks, I simulated the relationship between rn+ rc, the true angle, and

ε. For each measurement in each kink, both cylinders were rotated about their midpoint by
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Figure 5.1: Relating angle error to goodness of fit. (a) Example ‘ideal’ kink, with low rn
and rc. The true angle (θT ) is the angle between the two fitted axes. (b) Cylinders are rotated
(in green) from their fitted positions (dashed lines), and a measured angle (θM ) is calculated.
rn and rc are calculated from the rotated cylinders (green). Carrying out this rotation many
times provides the data for Figure 5.2.

an angle and direction, using a randomly generated rotation matrix. This provides a series

of measured angles based on non-optimised cylinder fits. The rn + rc and measured angle are

recorded for each (see Figure 5.1), and used to characterise the relationship between the two.

Example results for two kinks are shown in Figure 5.2. The other kinks show similar behaviour.

This process is repeated for each of the 18 ideal kinks. For a given range of rn + rc, the

error (and similarly, the measured angle), has a distribution that is close to normal. In order

to estimate error, I assume that it is normally distributed, i.e:

ε∼N
(
0,σ2

ε

)
. (5.3)

where N(a,b) indicates a normal distribution with mean a, and variance b, and σ2
ε is the variance

of this distribution.

The data is binned based on rn + rc, and for each bin I assume that the measured angle
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Figure 5.2: Measured angle against goodness of fit (rn+ rc) for two kinks. (a) At residue 255
in chain A of protein 1PB2. (b) At residue 259 in protein 1Y2LA. The red squares indicate the
angle and rn+ rc for the optimum cylinder fits.

is normally distributed. For each bin in each kink, the error is summarised with the standard

deviation of the angle error (which is the same as the standard deviation of the measured angle

- see Equation 5.2). Figure 5.3 shows how, when excluding kinks under 10◦, the size of the

error is not affected by the true angle - it only depends on the value of rn+rc. A 20◦ kink and

a 50◦ kink, with the same rn + rc values have the same magnitude of uncertainty in the kink

angle. Therefore, I combined the errors for all of the kinks with angles above 10◦ to calculate

the relationship between rn+ rc and angle error. I used a statistical confidence interval, rather

than using the standard deviation, as this does not rely on the assumption of normality.

The error for all 12 kinks over 10◦ was binned into ranges of rn + rc. The modulus of the

error values was taken, and the value at the 95% percentile of each bin was taken. The resulting

relationship is discussed in the results, Section 5.3.1
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Figure 5.3: Standard deviation of error for kinks. The standard deviation of the angle error
(measured angle - true angle) for bins of rn+ rc (y-axis) are shown for 18 ideal kinks, plotted
against their true angle as determined by the optimised cylinder fits. The standard deviation
of the angle error for a given range of rn+ rc is constant for angles above 10◦. Horizontal lines
are fitted to the points where true angle > 10◦ for each range of rn+ rc.
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5.2.3 Identifying homologous aligned helix pairs in the data sets

Separately for each data set (soluble and membrane), I identified homologous aligned helix

pairs (for an overview, see Figure 5.4). In order to identify aligned helix pairs within a set

first I identified all homologous proteins in the set, and then I extracted aligned helices in these

homologues. I performed an all-against-all structural comparison of the protein chains in the

two sets described in Chapter 4, using TMAlign (Zhang & Skolnick, 2005). Pairs of chains are

not considered as homologues if either:

• the number of residues in the longer chain is more than 50% greater than the number in

the shorter chain; or,

• the TM-score of the alignment was less than 0.5.

Both of these requirements are somewhat empirical. The first is a fast way to remove

pairs of chains that are unlikely to be evolutionarily related, and the second is the threshold

of similarity considered to show two structures have the same fold (Zhang & Skolnick, 2005).

As in Chapter 4, helices and kinks were annotated using Kink Finder, but this time output

included a confidence interval for each output angle, as described in the previous section. In

a homologous pair of chains, aligned helix pairs were extracted if their ends were offset by no

more than four residues in the TM-align alignment. For an aligned helix pair, the largest angle

in one of the helices, and the largest angle in a 9 residue window around the corresponding

position in the other helix were compared (Figure 5.5). This was repeated for the other helix in

the pair, meaning that for each helix pair, two comparisons resulted. These were only different

where the maximum angles in each of the helices were not within 4 residues of one another.

5.2.3.1 Helix pair properties

Proline was identified as present in a helix if it occurred in the helix, with the exception of the

first turn (see Chapter 4). A gap was identified in a helix pair where there was a gap in between

the bounds of the helix alignment calculated by TM-Align.
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Figure 5.4: Identifying and classifying homologous helix pairs. Pairs of protein chains
are aligned with TM-Align, providing they have similar lengths - i.e. the longer chain is no
more than 50% longer than the shorter chain. Those pairs with TM-scores greater than 0.5 are
retained, and aligned helix pairs are identified using Kink Finder. These aligned helix pairs are
then classified based on their maximum angles, and the errors associated with those errors, into
one of four categories - KK, KU, UU, Other. θ1 is larger than θ2.
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Figure 5.5: Comparing helices. The largest angle in each helix (the kink) is compared to a 9
residue window of angles in the other helix. Where the kinks are within 4 residues of each other
(right), the two comparisons are the same. If they are not within 4 residues of one another
(left), two different comparisons result.

Helix and chain sequence similarities were calculated using the TM-Align structural align-

ments and environment specific substitution tables, taken from Hill et al. (2011). Environment

annotation was provided by the JOY and iMembrane programs. The use of environment specific

tables leads to asymmetric similarity scores - they differ where the environment annotations of

the two aligned residues differ. The scores for the helix with the larger angle in each pair is

used. Gaps were ignored for scoring purposes.

5.2.4 Comparison with AHAH

The angle errors in the AHAH data set were compared to the user responses. Although for the

same values of rn+ rc, different sized kinks have the same error, kinks with bigger angles tend

to have larger rn + rc values, and thus larger errors. Helices with larger kinks are also more

likely to be annotated as kinked by participants. Therefore, to compare different helices fairly,

the angle errors were linearly scaled to remove this correlation, as below:

εnorm = ε−0.048∗θ (5.4)
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Where ε is the error in the angle (see Equation 5.2), θ is the measured angle of the kink,

and εnorm is the normalised error. εnorm was then linearly scaled such that the minimum value

was 0, and the maximum value was 1. This relationship was calculated using only helices with

angles between 10◦ and 60◦.

5.2.5 Families

In order to identify homologous families of helices rather than just pairs, a network was con-

structed using the helix alignments. In this network, each node represented a helix, and two

nodes (helices) were joined by an unweighted edge where the two helices were a part of an

aligned helix pair. Helix families were extracted using a community detection algorithm, with

resolution parameter 25 (Blondel et al., 2008; Traag et al., 2011). Such algorithms identify

groups of nodes that are more densely connected to each other than they are to the rest of

the network. Within each extracted community, the least connected helices were removed it-

eratively if they were connected to fewer than 90% of the other members of the group. This

approach and these thresholds were trained on the membrane helices to give good agreement

with visual inspection, and the same thresholds were applied to the soluble helices.

Once helix families had been constructed, the protein chains that they were a part of were

aligned using MAMMOTH-mult (Lupyan et al., 2005), a multiple structural alignment tool.

This protein alignment was challenging at times. The two structural alignment tools used here

(TM-Align and MAMMOTH-mult) do not give the same alignment. This is in part because

TM-Align is a pairwise alignment tool, while MAMMOTH is a multiple structural aligner, but

also because any two alignment methods will have differences between an alignment of the same

pair of proteins. Often the alignments differ by a few residues, but occasionally the differences

are much larger.

In some cases MAMMOTH-mult and TM-Align gave very different alignments for a pair of

proteins. MAMMOTH-mult occasionally aligned a helix in one protein chain to a different helix

in the other protein than TM-Align did. Consequently, agreement in the both the MAMMOTH-
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mult and TM-Align alignments was required for two helices to be a helix pair in the family

analysis. The same overlap requirement was used as with the TM-Align alignment, i.e. where

the helix ends were not within four residues of one another, they were not an aligned helix pair,

and the corresponding edge was removed from the network.

Comparison of helices was difficult where their secondary structure had been annotated

differently - i.e. where a position in the alignment had both helical and non-helical annotation.

This results in positions in the alignment where some helices have an angle while others do not,

which is particularly problematic when in one helix a position has an angle sufficient for it to

be kinked, while in another helix in the family, no angle can be calculated. We consequently

harmonised the helix annotation for the whole alignment, and smoothed the angles, by taking

the largest angle in a three residue window around each residue. This has the possibility of

causing problems for Kink Finder where family members had non-helical sections, although

not in the examples shown in this chapter. The error estimation method in Kink Finder could

provide a method to identify and remove these sections.

5.3 Results

5.3.1 Angle error

Simulations of the 18 kinks demonstrated the relationship between the standard deviation of the

error (σε), the true angle, and rn+rc (Figure 5.3). For angles over 10◦, the true angle had little

effect on the size of the error. However, the error did increase as rn+ rc increased. Combining

the error distribution for the 12 ideal kinks with angles larger than 10◦, a statistical confidence

interval (CI) was derived for the error for different values of rn+ rc from the simulated data.

Figure 5.6 shows the variation of the 95% CI with rn+rc. The error distribution is symmet-

ric, and is assumed to be so in the rest of this work. I use a log fit to quantify the relationship
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Figure 5.6: The 95% confidence interval of angle error for a range of values of rn+rc.
For the combined data from all 12 kinks with angles ≥ 12◦, the angle errors are binned by their
rn+rc values. The modulus of the angle errors is taken, and the value at the 95th percentile is
taken for each rn+ rc bin (green points). A log plot is fitted to the values between 0.6 and 1.0
(dashed black line).
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between rn+ rc and the size of the 95% CI interval, which gives:

CI =±(6.349× log(rn+ rc−0.2937) + 13.15) (5.5)

This method provides an estimate of the uncertainty in the kink angles measured by Kink

Finder. It provides a simple way to discriminate between high and low confidence instances of

kinks, and to compare and contrast the angles in two helices, from either homologous helices,

or different structures of the same helix (such as from experiments or simulations, e.g. NMR or

Molecular Dynamics).

Using the derived relationship between goodness of fit and angle confidence, Kink Finder

can calculate the confidence interval for every angle it measures. The confidence intervals for

the largest angle in each of the membrane helices in the Chapter 4 data set are shown in Figure

5.7. There is a weak correlation between the CI and the angle - larger angles have larger

confidence intervals (r2 = 0.3). Although most confidence intervals (errors) in the membrane

set are between five and eight degrees, there is one greater than 12 degrees, and 267 larger than

eight degrees. In the soluble set, there are four helices with error greater than 12 degrees, and

2097 with error larger than eight degrees.

The histograms suggest that the error is generally smaller for the soluble helices than for

the membrane helices, but this is due to the greater proportion of helices with small angles in

the soluble data set (Figures 5.7a and b).

5.3.2 Agreement with AHAH

The AHAH results were compared to the error estimation of Kink Finder. In this comparison I

found that helices that were more difficult to classify were likely to also have less certain angles.

As shown in the previous section, the error is correlated with the angle. Kink Finder is less

able to assign angles to more kinked helices compared to less kinked helices.

Figure 5.8 shows the variation of error with the classifications provided by AHAH users.
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Figure 5.7: The confidence intervals (CIs) for the maximum kink angles in the mem-
brane (a and c) and soluble (b and d) helices. Helices with maximum angle ≤ 10◦ are
not included. (a) and (b) Heat map showing the variation of CI with angle. Coloured using a
log scale. (c) and (d) Histogram of the CIs.



Figure 5.8: Kink angle error correlation with AHAH results. (a)-(c) use errors, and (d)-
(f) use normalised errors. (a) and (d) show the ternary plot of responses, with points coloured
by the error (black points are helices with angles under 10◦). (b) and (e) show the distribution
of errors for the different classifications of the helices. (c) and (f) show the correlation in the
kinked groups between the error and the proportion of users that annotated the helix as kinked.
Helices are grouped by their AHAH classification. K - kinked, C - curved, S - straight, U -
unassigned.
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Figures 5.8(d)-(f) show the normalised errors. The curved and straight helix groups have lower

error than the unassigned groups. The kinked group has much higher mean error than even

the unassigned group (Figure 5.8b). However, the unassigned group has slightly smaller mean

normalised error than the kinked group. Considering the kinked helices alone, Figure 5.8f

shows that helices which a higher proportion of participants annotate as kinked typically have

less error (when normalised for the effect of angle size). However, the correlation coefficient is

small (r2 = 0.085).

5.3.3 Helix pair grouping

Pairs of homologous helices were extracted as described in the Section 5.2.3 and Figure 5.4. The

initial membrane set (a total of 268 chains, containing 1,211 helices with 13 or more residues)

has a total of 1,864 aligned helix pairs. The soluble set (9,742 chains, with 30,184 helices) has

a total of 226,072 aligned helix pairs.

These helix pairs are divided into four groups, based on the sizes and uncertainty of the

kinks in the two helices (Figure 5.4):

1. Kinked-kinked (KK) - both helices have angles ≥ 20◦, and overlapping confidence intervals

2. Kinked-unkinked (KU) - one helix has angle ≥ 20◦, and the other has a smaller angle, and

the confidence intervals do not overlap.

3. Unkinked-unkinked (UU) - both helices have angles ≤ 15◦, and their confidence intervals

overlap.

4. Other (O) - helix pairs falling into none of the above groups.

The number of helix pairs in each of these groups is shown in Table 5.1.

5.3.4 Similarity of helix pairs

Figure 5.9 shows the sequence similarity of helix pairs broken down by the type of the pair.

Sequence similarity is a score of how likely the mutations required to change one sequence to
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Membrane Soluble
KK KU UU Other KK KU UU Other

Totals 596 200 583 509 17229 24784 123997 70315
PP 398 23 12 85 5214 562 131 5541
P- 65 98 30 88 2890 11665 570 6992
-P 91 4 16 25 2702 334 455 6025
- - 42 75 487 349 6423 12223 122841 51757
G 103 48 55 17 2140 7500 12767 9767
N 488 152 528 492 15089 17284 111230 60548

Table 5.1: Number of aligned helix pairs, and presence of proline and gaps in them.
PP: both helices contain proline, P-: the helix with the larger kink angle contains proline, -P:
the helix with the smaller kink angle contains proline, - -: neither helix contains proline. As with
my previous analyses, prolines in the four N-terminal residues of the helices are not counted.
G indicates that there is a gap in the structural alignment of the two helices, while N indicates
that there is no gap. KK, KU, UU, and Other are defined in Section 5.3.3.

another are. Higher scores indicate the mutations are more likely, and hence that the sequences

are more closely related. Similarity correlates well with sequence identity. A similarity of 6

equates roughly to an identity of 0.9, a similarity of 3 to an identity of 0.4, and a negative

similarity indicates a sequence identity of less than 0.2.

The sequence similarity is lower for the KU pairs than for the KK and UU pairs, indicating

that less similar proteins are more likely to have differently kinked helices. Similar behaviour

is seen for the sequence identity of the helices and the chains. Furthermore, the helix and the

chain similarity correlate well. The distributions of sequence similarity for the helices in each

of the KK, KU, and UU sets are very similar to each other (Figure 5.9c and f). There is no

obvious general sequence effect in helices that is distinct from the whole chain that results in

differently kinked helices. This suggests that the cause of changes to kinks is either more global

than the helices sequence (e.g. the packing of the whole protein chain), or a specific residue

effect.
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Figure 5.9: Sequence similarity of helix pairs. (a) and (d) Chain sequence similarity (b)
and (e) Helix sequence similarity (c) and (f) Chain sequence similarity plotted against sequence
similarity. (a)-(c) are the membrane helices, (d)-(f) the soluble protein helix pairs.
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5.3.5 Proline and alignment gaps

Proline is the best sequence indicator of kinks - 85% of proline containing membrane helices are

kinked, and 96% of proline containing soluble helices are kinked (see Chapter 4), if prolines in

the first 4 residues of the helix are not counted. Another feature that has been suggested by

a recent study to indicate the difference in the kinkedness of homologous helices is gaps in the

alignment (Chen et al., 2014). Table 5.1 shows the presence of proline and gaps in the aligned

helix pairs, broken down by pair type.

There are many more examples of KU pairs that are P- than there are KU pairs that are

-P, in both types of protein. Nearly half of the membrane KU pairs had a proline in the kinked

helix, but no proline in the non-kinked helix (98 of 200). However, there are many helix pairs

which have a proline in the helix with the larger angle (P- pairs) that are both kinked (65 KK,

98 KU), indicating the ‘loss’ of a proline only correlates with the loss of a kink in around 5 in

8 cases.

Gaps in the alignment of the helices are relatively infrequent (in only c. 12% and 14% of

membrane and soluble helix pairs respectively). Their behaviour is different in membrane and

soluble helices - whereas in membrane helices, a gap in an alignment of a kinked helix indicates

a change in the kink in c. 1/3 of pairs (48 KU, 103 KK), in soluble helices it indicates a change

in the kink in c. 3/4 of pairs (7500 KU, 2140 KK).

5.3.6 Helix families

This section describes a preliminary investigation of the helix families. Eleanor Law has con-

tinued the study, and we plan to publish this.

Figure 5.10 shows a network representation of the helix pairs within the membrane protein

set. After the helix communities in the network were pruned to give families where ≥ 0.9 of the

possible pairings were present, there were 28 families containing at least 5 helices, 13 with 8 or

more helices, six with 10 or more helices, and the largest family had 15 helices. In the soluble

helix set, after clustering, there were 856 families with at least 5 helices, 448 with 8 or more,
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Figure 5.10: Network of aligned helix pairs in the membrane data set. Each node
represents a helix, and each edge indicates that the two joined nodes (helices) are part of a helix
pair. Helices in a community are coloured the same. Helix families were obtained from each
community by iteratively removing the least connected helix in the community until every helix
was connected to at least 90% of the other helices in the family.
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306 with 10 or more, 189 with 15 or more, and the largest had 115 members.

Figures 5.11 and 5.12 show two example families, which correspond to the TM3 and TM6

helices in GPCRs respectively. TM3 (Figure 5.11) shows a non-conserved kink family, where

the maximum kink angle varies from 9.9◦ to 43.6◦. The sequence alignment shows some highly

conserved residues - cysteine (position 3), serine (17), and aspartic acid, arginine, and trypto-

phan (27,28,29) (Figure 5.11d). The two helices with the largest angles come from the human

A(2A) adenosine receptor and a reengineered version with an identical transmembrane domain

(hence 100% sequence identity between the helices). The latter half of the 3EML helix sequence

is similar to the others, however, it differs from the others in the first half. For example, 3EML

has no aspartic acid (D) at position 10, and no charged residue at position 4 (where most of

the other sequences have a charged or polar residue (K, R, D, E, or N). Interestingly, only one

of the sequences contains a proline (2KS9, residue 10), and although that is close to the kink

site (residues 6-8), the helix is not kinked.

TM6 (Figure 5.12) shows a helix family with a well conserved proline kink. The kink angles

have a range of just 6.4◦ at the kink point (from 34◦ to 40.4◦). The sequence alignment and

logo show a highly conserved proline, at position 19 in the helix. There are also well conserved

phenylalanine and tryptophan residues at positions 13 and 17. These aromatic residues are on

the inside of the kink, which I observed frequently in membrane protein kinks in Chapter 4.

5.4 Discussion

5.4.1 Kink measurement error

This chapter described the first method for the characterisation of the error in α-helix kink

angles. The error in the angle allows us to make comparisons between similar helices, and

properly evaluate similarities or differences in their kinkedness.

The nature of kinks, as distorted parts of helices, makes it difficult to build a good statistical

model to characterise error in the angles, so here we have used a heuristic approach. We have
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Figure 5.11: A family of helices corresponding to the 3rd transmembrane helix in
GPCRs. (a) and (b) Top and side views of helices aligned by the six residues N-terminal to
the kink. (c) Boxplots showing the range of kink angles at each position in the helix. Angles
were smoothed over 3 residue windows. (d) Sequence alignment from Mammoth, ordered by
maximum kink angle in helix. Helix names are coloured to match their representations in (a)
and (b). Helices with black names are not shown in (a) and (b). (e) Sequence logo from sequence
alignment.



Figure 5.12: A family of helices corresponding to the 6th transmembrane helix (TM6) in GPCRs.
(a) and (b) Top and side views of helices aligned by the six residues N-terminal to the kink. (c)
Boxplots showing the range of kink angles at each position in the helix. Angles are smoothed
over a three residue window. (d) Sequence alignment from Mammoth, ordered by maximum kink
angle in helix. Helix names are coloured to match their representations in (a) and (b). Helices
with black names are not shown in (a) and (b). (e) Sequence logo from sequence alignment.
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chosen one way to manipulate fits to measure the relationship between angle error (ε) and

rn+rc. There are other potential methods, such as randomly moving the atoms in the helix by

a small amount, or by substituting different sections of helices into ‘ideal kinks’, and observing

the relationship between (ε) and rn + rc. It is very difficult to calculate the axis of regions of

helix that are distorted, which means that although we can measure an angle, and calculate

r, we cannot calculate the true angle, and so we cannot calculate ε. This method provides an

estimate of the error, and importantly lets us properly evaluate the similarities and differences

between kinks.

For the majority of helices, the maximum angle is estimated within five to eight degrees

95% of the time. The size of the error is correlated with the angle, with larger angles typically

having worse axis fits, and thus larger errors. This degree of error is reasonable. It means that

we can be reasonably confident that two kinks measured with a difference of 15◦ (or in the

best case 10◦), are significantly different. 10◦ is not a particularly large difference - indeed it is

difficult to discern a difference visually between two kinks that differ in angle less than that.

The amount of error does not strongly correlate with the AHAH user responses. After

normalising to take into account the effect of kink size on angle error, there is a weak effect -

a higher proportion of participants annotate a helix as kinked when the error in that helix is

lower. However, even when using the normalised errors, there is not a clear discrepancy between

the errors in the kinked and unassigned helices.

5.4.2 Helix pairs

The sequence similarity of the helix pairs (Figure 5.9) suggests that the difference in kinks in

homologous helices is not a helix-level difference. Although more differently kinked helices have

lower helix sequence similarity, they also have lower chain sequence similarity. This indicates

that the driving force for kink change is either in the whole chain, or in specific interactions

that are not captured by the relatively coarse sequence similarity measure.

Proline is one such specific interaction. It is a reasonable, but by no means perfect, indicator
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of a change in kinkedness of two homologous helices. It is a better indicator in soluble proteins

- in membrane helix pairs that include at least one kinked helix, it is associated with the

loss of a kink in 98 out of 254 cases, while in soluble helix pairs, kink loss occurs in 11665

of 13257 cases. This is similar to the results I saw in previous chapters, where proline acts

as a moderately good indicator of a kink, and more so in soluble proteins than membrane

proteins. The stronger influence that proline has in soluble proteins compared to membrane

proteins is likely due to the membrane environment. The different hydrophobic and hydrophilic

environments around different parts of the helices make it much more energetically costly to

change the helix conformation. Consequently, it is more likely for proline to be incorporated

without obvious deformation in a membrane helix than in a soluble helix. Gaps in the alignments

also correlate with changes in kinks, but they are far less prevalent than proline residues.

5.4.3 Helix families

Our analysis identified 28 families of homologous membrane protein helices, and 856 families

of homologous soluble protein helices. The two examples in Figures 5.11 and 5.12 show a

conserved and a non-conserved kink. The TM6 helices contains a highly conserved FxxxWxP

motif around the highly conserved kink. This correlates well with my findings in Chapter 4,

where proline was an obvious indicator, and aromatic residues were frequently observed on the

inside of the kink.

The TM3 helices show lower sequence similarity, and there is a non-conserved kink, which

is clearly present in two helices. Several more of the helices show a degree of kinking close to

the 20◦ region. The region around the kink (in the first half of the helix) has a higher sequence

diversity than in the TM6 helices. The two kinked helices lack the charged residues that are

common at positions 4 and 10 in the other helices.

These two examples suggest that there are differences between conserved and non-conserved

kink families, but that a wider study is required to identify them. It is not clear if the differences

in the kink conservation is a result of flexibility, where all helices can have all conformations,
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or not.

Our approach to identifying families, by identifying homologous helices, and then detecting

clusters within that network has yielded families corresponding to most of the seven trans-

membrane helices in GPCRs. This gives us confidence that it can identify other helix families,

removing the need for manual curation that may bias the study. It also allows us to analyse

the much larger set of soluble protein helices.

5.5 Conclusion

My error estimation module in Kink Finder allows the error in a kink angle to be estimated

for the first time. Angles above 10◦ generally have an error in the region of ±6◦, although this

increases as the measured angle increases. I used this method to identify homologous aligned

helix pairs within two data sets, one of membrane proteins, and one of soluble proteins.

I grouped these helix pairs into conserved kink (KK), unconserved kink (KU), unkinked

(UU), and others (O). These four groups showed little difference in the sequence similarity,

both at the chain and helix level, suggesting that changes in kinks are caused by specific residue

effects, as opposed to helix or chain level sequence changes.

We then identified 28 membrane and 856 soluble homologous helix families by detecting

communities within the helix pairs. I have shown examples of conserved and non-conserved

families, which suggest that there may be sequence or residue signals that could be identified in

a larger study. Further study is required to identify if and where kink non-conservation arises

from flexibility, and where it arises from a change in the allowed conformations.
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CHAPTER6

Conclusions and future directions

In this thesis I have investigated methods to identify and define helix kinks, developed a method,

Kink Finder, and used it to characterise kinks in soluble and membrane protein helix structures.

6.1 Kink Finder and B statistic

My Kink Finder method includes novel steps that consistently place kinks, and estimate an-

gle error. The consistent positioning, based on the helix shape around the kink, revealed the

hydrophobic/hydrophilic pattern around soluble helix kinks, and showed how kinks typically

point into the solvent. The error estimation allowed the quantitative comparison of homolo-
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gous helices for the first time, as described in Chapter 5. Like other methods, Kink Finder

contains several heuristic parameters and thresholds. However, changing these parameters had

no significant effects on the tests carried out here.

The B statistic method, that I developed in conjunction with Professor Kanti Mardia, pro-

vides a simple, statistically robust method devoid of arbitrary parameters. This, unlike other

methods, produces a bimodal statistic, meaning that we could use the data itself to identify a

threshold between kinked and unkinked helices. However, it is not able to identify the position

of kinks. The method could be extended to include kink positioning, but this would necessitate

the use of heuristic parameters.

6.2 Other kink finding methods

Previous studies of kinks have differed largely on the conclusions they drew about kinks, as well

as the methods that they employ to detect them. In Chapter 3, I showed that the methods these

studies use to identify kinks differ in both the kinked helices that they identify, and where they

identify the kinks in these helices. Using my method to standardize the position of the kinks that

these methods identify, leads to them giving far more consistent results, both in Chapter 3, and

in the analysis of a much larger data set in Chapter 4. Previous methods did not consider the

position of the kink relative to the helix, however they are generally biased towards identifying

kink residues on the inside of the helix. This resulted in weak residue patterns, that became

more obvious after Kink Finder’s consistent kink positioning.

6.3 Crowdsourcing

Our crowdsourcing approach, AHAH, provided an alternative approach to kink finding. The

results show that the classification of helices is often ambiguous, in terms of kinked, curved,

or straight, particularly when differentiating between kinked and curved. The agreement with

existing methods was moderate, with a particular discrepancy about the proportion of helices
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that were identified as kinked. This indicates that many of the kinks identified by existing

methods, including Kink Finder, are more subtle than the ‘clear location where the direction

of the helix changes’ definition that we used in our study. Our study allowed us to generate a

gold standard data set, which can be used for future kink identification methods training and

testing.

All of the above results indicate that kink identification is difficult. Most methods rely on

the assumption that the helix around the kink is relatively helical. As kinks are helix distortions,

this is not necessarily true. The description ‘trivial but difficult’ (Richardson & Richardson,

1989) seems to apply equally well to the identification of kinks as it does to secondary structure

assignment.

6.4 Kink characterisation

Throughout this thesis I have used a single summary statistic for kinks - the angle. This is a

simplification, ignoring the diversity of distortions within kinks, such as tight and wide turns

and missing hydrogen bonds.

However, the number of kinks (c. 400 in the membrane helix set) means that any subdivision

of them is unlikely to provide robust conclusions. Even under my approach of considering all

the kinks together, the only sequence patterns that can be observed are the use of proline and

the hydrophobicity patterns for soluble kinks. Methods such as clustering the kink sequences

revealed no clear patterns other than these. Grouping the amino acids by way of reduced

alphabets (i.e. grouping the amino acids together), did not increase the sequence signals.

Particularly with the membrane kinks, the number of charged amino acids was too small for

meaningful conclusions to be drawn about them, regardless of the amino acid grouping.

It is tempting to think that breaking down kinks into more groups may reveal more patterns,

but given a small enough set, random fluctuations are liable to over-interpretation. The way in

which to sub-divide the kinks is also unclear.
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6.5 Kink characteristics in soluble and membrane proteins

Using Kink Finder to analyse sets of helices from membrane and soluble proteins revealed that,

allowing for differences in helix length, the kink properties of the membrane and soluble protein

helices are far more similar than previously reported. Kinks are a feature of long (i.e. > 20

residues) protein helices, and the apparent difference in kink frequency is due to the enrichment

of long helices in the set of membrane proteins. As with previous studies, proline is a strong kink

indicator in both soluble and membrane helices, particularly when prolines in the first turn of

the helix are ignored. Other sequence patterns are far less obvious, although patterns involving

glycine, serine, and the aromatic amino acids were present in kinks identified by Kink Finder

and kinks identified by MC-Helan. The soluble kinks show a strong hydrophobicity pattern,

which is due to the location of kinks with respect to the solvent - they typically point out into

the solvent.

This means that the residue patterns are connected to the overall shape of the protein i.e.

kinks point out into the solvent, so that residues two before and after the kink residue are

typically exposed to the solvent, and the kink residue is buried. Future studies should take this

into account, possibly by normalising amino acid frequency based on the solvent accessibility.

In membrane proteins this is likely to be even more complex, as residues on the surface of the

protein can be exposed to hydrophilic or hydrophobic environments depending on their position

relative to the membrane.

Residues patterns around kinks could be used to build a sequence based predictor of kinks.

Prediction based on helix length and the presence of proline would likely perform comparatively

well. Langelaan et al. (2010) found that the best predictor just used the four amino acids C-

terminal to the kink position, i.e. where proline is most often found. It is not clear if any other

sequence signal is strong enough to provide good prediction, although sequence based predictors

(Kneissl et al., 2011; Meruelo et al., 2011; Seifert et al., 2014) have been developed. Kneissl

et al. (2011) obtained a balanced accuracy1 of 0.82 for their best predictor using their data set.
1Balanced accuracy is the arithmetic mean of the sensitivity and specificity. Sensitivity is the proportion
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However, predicting helices as kinked if they contained a proline in anywhere except the first

four residues, and using the same data1, yielded a balanced accuracy of 0.772. Similarly, this

prediction method applied to the membrane data set from Chapter 4 had a balanced accuracy

of 0.803. It is very likely that incorporating information about helix length into a proline-based

predictor would result in performance better than that of published methods.

My work has shown that soluble kinks are similar to membrane kinks, suggesting that the

soluble helices (particularly those with ≥ 20 residues), could be used to build and test a predictor

on a much more diverse set of helices. This would provide a better test for a predictor, less

prone to overfitting.

I found that many previously identified sequence patterns associated with kinks appear to be

protein or family specific. Much work has been done on GPCRs, as well as some work on other

kinked helix structures, and researchers have often identified features which they extrapolate

to be true for all kinks. Amino acids, and amino acid motifs can be conserved for a variety

of reasons, particularly when they occur in the interface between hydrophilic and hydrophobic

layers of the membrane.

6.6 Kink conservation

Homologous helix pairs were identified in two helix sets, from soluble proteins, and membrane

proteins. While there were many examples of helices with conserved kinkedness, many pairs of

helices with non-conserved helices were also found. The conserved kink and non-conserved kink

helix pairs differ similarly in their sequence and chain similarity. Although non-conserved kink

pairs are, on average, from helices with lower sequence similarity than conserved kink pairs,

they also come from less similar protein chains. This indicates that changes in kinks are not

of kinked helices that were predicted to be kinked, and specificity is the proportion of straight helices that are
predicted to be straight.

1Kneissl et al. (2011) excluded the helices that they had classified as curved from their performance tests.
2Sensitivity 0.62 and specificity 0.91.
3Sensitivity 0.68, specificity 0.92. See Table 4.1 on page 131.
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caused by changes to the helix as a whole, and suggests that they are either due to changes to

the protein chain as a whole, or to single residue effects that are not captured by the relatively

coarse measure of sequence similarity.

Work on GPCRs has indicated that at least some kinks are flexible (Bettinelli et al., 2011;

Katritch et al., 2013; Sands et al., 2006; Sansom & Weinstein, 2000; van der Kant & Vriend,

2014). However, further work is needed to identify if all kinks are flexible, or if only some

of them are. Like many things in biology, I think it is likely that there is a spectrum of

flexibility, i.e. there are very flexible kinks, very static kinks, and kinks everywhere in between.

There are also likely to be a variety of modes of flexibility. Kink Finder may require further

development to allow it to quantitatively identify kinks in flexible structures from NMR or

molecular dynamics. The challenges faced in the comparison of kinks across families give a

good indication of approaches for this further development of Kink Finder.

Data on the motion of proteins is rapidly increasing, both in terms of NMR structures,

and molecular dynamics simulations. At the time of writing, the amount of available data is

probably at, or approaching, the level required to undertake a bioinformatics investigation of

kink flexibility. Once again, I am interested in studying many examples of kinks, to avoid the

potential pitfall of over analysing the data. Of particular interest is the question of whether all

kinks are flexible, or just some of them.

The approaches developed in Chapter 5 also allow the comparison of kinks within the same

protein structure. There are many examples of protein structures where more than one protein

is present in the asymmetric unit. This provides many structures of the same protein in different

environments. This, along with the methods for kink comparison described in Chapter 5, would

allow the investigation of how much the structure of kinks is affected by crystal packing. This

question is yet unanswered, and the answer would be a important contribution to the field.
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6.7 Kink prediction

Initially, my project envisioned the inclusion of kink prediction into a modelling pipeline (i.e.

Memoir (Ebejer et al., 2013)). There is a recent study that has included kink prediction in

membrane protein modelling (Chen et al., 2014), although the authors used a very simple

approach to identifying where kinks may change between target and template - the loss or gain

of proline at a position in the alignment, or the presence of a gap in the alignment. My results

in Chapter 5 indicate that this will only be moderate accurate in terms of identifying when

kinks will change.

The approach that I explored in Chapter 4, treating kinks as a single type and comparing

across all families, was not fruitful. Proline is a clear and obvious feature of kinks, and although I

identified a couple of weak sequence signals (aromatic motifs on the inside of kinks in particular),

it is clear that many of the sequence signals claimed by other authors are artefacts of their

methods. My work has shown that normalising for the number and the position (inside/outside)

of kinks within helices explains some of the discrepancies between the results of previous studies.

Indeed, most studies have ignored the strong correlation between helix length and kinkedness,

as well as the fact that their kink finding methods generally tend to identify kink residues

on the inside of the helix kink. The relationship is further complicated - helices tend to

start on the inside of the protein, meaning the first residue is more often than not hydrophobic

(Aurora & Rose, 1998). The amphipathic nature of helices in soluble proteins results in periodic

fluctuations of amino acid propensities along the helix (Engel & DeGrado, 2004). Although this

is not the case for helices within the hydrophobic core of the membrane, it would be surprising if

similar effect was not present in parts of membrane helices within hydrophilic head group layer

of the membrane. This results in a very complex situation - say, the fifth residue of a helix is

likely to be buried, likely to be hydrophobic, and also likely to be a kink residue. Whereas, the

sixth residue is likely to be exposed, hydrophilic (unless it is in the tail layer of the membrane),

and not a kink residue.
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One example of this difficulty is described here - do kinked and not-kinked helices have

different solvent accessible surfaces (Kneissl et al., 2011)? No, long and short helices have

different solvent accessible surface areas, and long helices are more often kinked than short

helices. This is trivially the case - most helices are amphipathic, with one buried and one

solvent accessible face. They tend to start and end in contact with the rest of the protein -

i.e. with a buried, hydrophobic residue - and so are n+ 1
2 turns long. Hence normally there

are more buried residues (n+1
2 turns worth) in a helix than exposed ones (n2 turns worth) - and

the fewer turns there are, the more the ratio between them deviates from 1. Ergo, residues in

shorter helices are, on average, more solvent exposed than those in long helices. Since shorter

helices are less often kinked than long helices, then residues in not-kinked (typically short)

helices are more solvent exposed than residues in kinked (typically long) helices.

Consequently, the propensity of an amino acid type to be in a helix depends on how exposed

it is, where it is in the helix, and which layer of the membrane it is in. Much more data is

required to properly allow for these relationships, so using this approach predict kinks within

structures is not currently feasible. However, the finding that kinks occur in all types of protein,

suggests that future prediction methods can (and should) be validated against soluble protein

data, which will avoid some of the problems with previous research in this area. Alternatively,

Chapter 5 provides a more realistic approach to prediction - using information from helices in

similar proteins.

The work in Chapter 5 suggests that the best approach to kink prediction is to identify

the characteristics of conserved and non-conserved kinks. These characteristics, along with the

general characteristics of kinks identified in Chapter 4, could be used to build a sequence based

predictor of kinks. Given an input sequence, this would utilise both general and family-specific

kink information to provide a probability of the helix within the protein being kinked, and the

likely location of the kinks. The kink predictions could then be used at various stages of the

modelling process. Most simply, it could be used at the template selection stage, to select the

template with the kinks that most closely match the predictions. It could also be used to score
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the quality of models produced in the modelling process (as in Werner & Church (2013)). High

confidence kink predictions could be used to build models of the protein core where no suitable

templates are available. Conversely, kink characteristics could be used to develop methods

to identify ways to engineer modifications to kinks in proteins. I think that identifying what

characteristics are common to protein families with non-conserved kinks is most important to

developing such a method. Obviously, adding or removing proline residues is most likely to

effect a change in the kinkedness of a helix, but there are likely to be more subtle changes that

could be made to effect such a change.

An extension of my work would be to explore how kink changes effect the three dimensional

protein structure. This is important to structure prediction, as any method needs to know

the likely changes given a change in the kink - are the helix termini fixed, or is the residues

at the kink site that stay fixed in the structure, while the helix termini move? Similarly, the

flexibility of the kink is important to structure prediction. In the most extreme case, where

a highly flexible kink is predicted, a model building program should output more than one

possible model, based on the likely helix and kink conformations.

6.8 Final words

I have investigated kinks, built three methods to identify them, and used one of these, Kink

Finder, to characterise known structures of kinks, using novel positioning and error methods. I

have shown that residue patterns around kinks are more complex than previously thought, being

affected by the position of the kink relative to the rest of the protein. I have also demonstrated

that soluble protein kinks are far more similar to those in membrane proteins than previously

thought. Kinks feature in long (> 20 residues) helices regardless of the environment of the

proteins.
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Appendix A

This appendix contains a table of the gold standard kink data set created from AHAH, our

crowdsourcing approach to kink identification.

Table A1: AHAH gold standard data set. Helix ID is in the format (e.g.) 3DHW A 53 76, where 3DHW
is the protein PDB code, A is the chain identifier, 53 is the PDB number of the first residue in the helix,
and 76 is the PDB number of the final residue in the helix. The number of people who identified a helix
as (e.g.) kinked, can be calculated by multiplying the proportion of kinked responses by the total number
of responses. For example, 3DHW A 53 76 was annotated as kinked by 0.935×31 = 29 participants, as
curved by 0.065×31 = 2 participants, and as straight by 0.000×31 = 0 participants. A plain text version
of this data set can be downloaded from http://www.stats.ox.ac.uk/research/proteins/resources#AHAH,
along with the raw data collected from the AHAH web application.

Proportion Total Number
Helix ID Classification Kinked Curved Straight of Responses

3DHW A 53 76 KINK 0.935 0.065 0.000 31
3O0R B 235 259 KINK 0.886 0.114 0.000 35
2WJN M 143 165 KINK 0.865 0.081 0.054 37
3GIA A 145 172 KINK 0.864 0.091 0.045 22
3DH4 A 281 313 KINK 0.844 0.125 0.031 32
2V50 A 428 453 KINK 0.828 0.138 0.034 29
1L0V D 12 39 KINK 0.806 0.194 0.000 36
3B9Y A 58 89 KINK 0.800 0.133 0.067 45
1JB0 A 438 467 KINK 0.800 0.200 0.000 35
1OKC A 210 240 KINK 0.781 0.156 0.062 32
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2GFP A 9 36 KINK 0.775 0.150 0.075 40
1V54 L 19 45 KINK 0.763 0.184 0.053 38
3K07 A 433 461 KINK 0.757 0.243 0.000 37
2GFP A 322 345 KINK 0.750 0.139 0.111 36
1JB0 I 12 35 KINK 0.750 0.031 0.219 32
2V50 A 959 985 KINK 0.722 0.278 0.000 36
3K07 A 392 421 KINK 0.718 0.231 0.051 39
1V54 C 74 106 KINK 0.714 0.286 0.000 21
3PBL A 64 92 KINK 0.711 0.263 0.026 38
2KDC A 95 118 KINK 0.692 0.282 0.026 39
3K07 A 970 996 KINK 0.690 0.276 0.034 29
2BS2 C 122 150 KINK 0.689 0.289 0.022 45
1PW4 A 381 410 KINK 0.682 0.227 0.091 44
1U19 A 289 308 KINK 0.677 0.258 0.065 31
1BGY C 77 103 KINK 0.667 0.233 0.100 30
2WSW A 315 338 KINK 0.667 0.303 0.030 33
2VT4 A 324 344 KINK 0.667 0.333 0.000 30
1OKC A 80 97 KINK 0.654 0.346 0.000 26
2HYD A 122 158 KINK 0.645 0.323 0.032 31
2BL2 A 52 79 KINK 0.643 0.321 0.036 28
2GSM A 93 123 KINK 0.639 0.306 0.056 36
2ZJS Y 184 208 KINK 0.633 0.300 0.067 30
2ZW3 A 74 108 KINK 0.630 0.296 0.074 27
2R6G G 160 182 KINK 0.628 0.372 0.000 43
3E86 A 89 110 KINK 0.625 0.175 0.200 40
2GFP A 206 230 KINK 0.625 0.344 0.031 32
2JLN A 162 189 KINK 0.625 0.300 0.075 40
1XQF A 199 218 KINK 0.615 0.308 0.077 39
3GIA A 270 305 KINK 0.614 0.341 0.045 44
1U19 A 152 171 KINK 0.606 0.182 0.212 33
2GSM B 100 126 KINK 0.600 0.325 0.075 40
3K07 A 863 889 KINK 0.590 0.410 0.000 39
3ODU A 275 302 KINK 0.583 0.361 0.056 36
3ODU A 194 225 KINK 0.579 0.316 0.105 38
2J8C M 146 167 KINK 0.568 0.432 0.000 37
2H8A A 65 92 KINK 0.567 0.267 0.167 30
3O0R B 270 296 KINK 0.562 0.094 0.344 32
2R6G F 366 391 KINK 0.556 0.389 0.056 36
1XIO A 72 91 KINK 0.556 0.200 0.244 45
1H68 A 72 90 KINK 0.553 0.184 0.263 38
1AR1 A 86 115 KINK 0.550 0.275 0.175 40
2B2F A 115 136 KINK 0.550 0.300 0.150 40
1EHK A 18 45 KINK 0.548 0.419 0.032 31
2HYD A 13 41 KINK 0.545 0.364 0.091 33
1V54 B 16 46 KINK 0.543 0.257 0.200 35
1XIO A 197 222 KINK 0.536 0.286 0.179 28
1YEW B 58 83 KINK 0.533 0.467 0.000 30
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1BGY C 346 376 KINK 0.531 0.438 0.031 32
3DHW A 91 114 KINK 0.528 0.389 0.083 36
2A65 A 44 70 KINK 0.525 0.450 0.025 40
1ZCD A 292 312 KINK 0.524 0.452 0.024 42
3K07 A 925 954 KINK 0.517 0.345 0.138 29
2F2B A 5 33 KINK 0.514 0.371 0.114 35
3HFX A 470 499 KINK 0.514 0.429 0.057 35
2ZY9 A 353 380 CURVED 0.045 0.909 0.045 22
1EZV D 264 292 CURVED 0.111 0.889 0.000 27
1PW4 A 415 444 CURVED 0.088 0.853 0.059 34
3HFX A 346 374 CURVED 0.088 0.853 0.059 34
2ONK C 4 30 CURVED 0.158 0.816 0.026 38
2A65 A 338 371 CURVED 0.133 0.800 0.067 30
2WSW A 345 375 CURVED 0.159 0.795 0.045 44
2W2E A 42 70 CURVED 0.061 0.788 0.152 33
3HD6 A 244 270 CURVED 0.146 0.780 0.073 41
2RH1 A 104 135 CURVED 0.118 0.765 0.118 34
3ODU A 107 138 CURVED 0.220 0.756 0.024 41
1AR1 A 220 249 CURVED 0.229 0.743 0.029 35
3B45 A 149 168 CURVED 0.143 0.743 0.114 35
2E74 A 80 106 CURVED 0.211 0.737 0.053 38
1XL4 A 110 135 CURVED 0.102 0.735 0.163 49
1PV7 A 347 374 CURVED 0.233 0.733 0.033 30
1BCC E 29 62 CURVED 0.121 0.727 0.152 33
3M71 A 165 189 CURVED 0.265 0.706 0.029 34
1OTS A 253 283 CURVED 0.273 0.697 0.030 33
1L7V A 115 138 CURVED 0.214 0.690 0.095 42
3K3F A 262 285 CURVED 0.265 0.676 0.059 34
3BEH A 72 90 CURVED 0.297 0.676 0.027 37
3K07 A 1011 1038 CURVED 0.304 0.674 0.022 46
2GSM A 27 55 CURVED 0.229 0.657 0.114 35
3B60 A 172 212 CURVED 0.257 0.657 0.086 35
2WJN M 54 76 CURVED 0.156 0.656 0.188 32
1Q90 M 65 93 CURVED 0.125 0.650 0.225 40
3BZ1 C 270 291 CURVED 0.111 0.644 0.244 45
2J8C M 263 286 CURVED 0.257 0.629 0.114 35
1AR1 A 372 392 CURVED 0.216 0.622 0.162 37
1Q90 B 80 106 CURVED 0.345 0.621 0.034 29
2ZT9 H 4 25 CURVED 0.265 0.618 0.118 34
2QTS A 428 451 CURVED 0.353 0.618 0.029 34
2J8C H 13 36 CURVED 0.154 0.615 0.231 39
1Q90 N 72 95 CURVED 0.174 0.609 0.217 23
3K3F A 99 121 CURVED 0.091 0.606 0.303 33
3B4R A 91 112 CURVED 0.368 0.605 0.026 38
1XQF A 226 251 CURVED 0.233 0.605 0.163 43
2BL2 A 129 155 CURVED 0.400 0.600 0.000 35
3DDL A 92 111 CURVED 0.406 0.594 0.000 32
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1KQF C 13 36 CURVED 0.282 0.590 0.128 39
3PBL A 363 385 CURVED 0.290 0.581 0.129 31
1XFH A 80 106 CURVED 0.108 0.568 0.324 37
1RWT A 56 87 CURVED 0.297 0.568 0.135 37
1LNQ A 73 96 CURVED 0.400 0.567 0.033 30
1E12 A 60 80 CURVED 0.282 0.564 0.154 39
1JB0 M 6 28 CURVED 0.317 0.561 0.122 41
1BCC C 78 104 CURVED 0.441 0.559 0.000 34
3BZ1 Z 2 28 CURVED 0.425 0.550 0.025 40
2BS2 C 203 236 CURVED 0.162 0.541 0.297 37
2KDC A 33 47 CURVED 0.268 0.537 0.195 41
1BCC C 347 376 CURVED 0.452 0.524 0.024 42
1JB0 L 44 65 CURVED 0.238 0.524 0.238 21
3BZ1 B 449 475 CURVED 0.379 0.517 0.103 29
2WIT A 395 425 CURVED 0.414 0.517 0.069 29
3KP9 A 101 123 CURVED 0.200 0.514 0.286 35
2E74 F 4 28 CURVED 0.314 0.514 0.171 35
1ZOY D 39 62 CURVED 0.405 0.514 0.081 37
1FFT A 380 400 CURVED 0.349 0.512 0.140 43
3GIA A 323 337 STRAIGHT 0.000 0.000 1.000 29
1BGY K 17 34 STRAIGHT 0.000 0.020 0.980 49
2B2F A 215 240 STRAIGHT 0.000 0.022 0.978 46
1RHZ A 76 89 STRAIGHT 0.028 0.000 0.972 36
2ZXE A 992 1012 STRAIGHT 0.000 0.029 0.971 35
2J8C L 34 55 STRAIGHT 0.030 0.000 0.970 33
1KPL A 216 232 STRAIGHT 0.000 0.030 0.970 33
3KCU A 115 134 STRAIGHT 0.000 0.033 0.967 30
3B45 A 96 112 STRAIGHT 0.000 0.033 0.967 30
1RC2 A 162 177 STRAIGHT 0.033 0.000 0.967 30
3A7K A 147 168 STRAIGHT 0.036 0.000 0.964 28
2Z73 A 150 168 STRAIGHT 0.000 0.036 0.964 28
3GD8 A 232 249 STRAIGHT 0.000 0.045 0.955 44
1RHZ C 31 49 STRAIGHT 0.028 0.028 0.944 36
3EHZ A 200 212 STRAIGHT 0.029 0.029 0.943 35
3HQK A 123 142 STRAIGHT 0.029 0.029 0.943 35
1PV7 A 382 398 STRAIGHT 0.029 0.029 0.943 35
1KQF C 112 131 STRAIGHT 0.000 0.059 0.941 34
3D31 C 194 210 STRAIGHT 0.070 0.000 0.930 43
2F2B A 224 243 STRAIGHT 0.024 0.048 0.929 42
3BZ1 B 239 257 STRAIGHT 0.053 0.026 0.921 38
3M71 A 15 30 STRAIGHT 0.081 0.000 0.919 37
2B2F A 86 104 STRAIGHT 0.059 0.029 0.912 34
3C02 A 224 240 STRAIGHT 0.059 0.029 0.912 34
1Z98 A 200 212 STRAIGHT 0.022 0.067 0.911 45
1WPG A 896 911 STRAIGHT 0.044 0.044 0.911 45
3MP7 A 242 259 STRAIGHT 0.047 0.047 0.907 43
3HD6 A 345 360 STRAIGHT 0.062 0.031 0.906 32
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3KCU A 32 56 STRAIGHT 0.062 0.031 0.906 32
1RHZ A 170 187 STRAIGHT 0.094 0.000 0.906 32
3KCU A 162 183 STRAIGHT 0.051 0.051 0.897 39
2R9R B 162 182 STRAIGHT 0.034 0.069 0.897 29
2VPZ C 21 40 STRAIGHT 0.103 0.000 0.897 29
3DIN C 304 322 STRAIGHT 0.053 0.053 0.895 38
3KP9 A 74 88 STRAIGHT 0.043 0.064 0.894 47
2W2E A 201 215 STRAIGHT 0.071 0.036 0.893 28
2NQ2 A 99 112 STRAIGHT 0.027 0.081 0.892 37
1WPG A 832 852 STRAIGHT 0.083 0.028 0.889 36
1V54 C 157 182 STRAIGHT 0.037 0.074 0.889 27
3BZ1 H 30 49 STRAIGHT 0.000 0.111 0.889 27
2WSW A 230 248 STRAIGHT 0.000 0.111 0.889 36
3BZ1 B 203 217 STRAIGHT 0.023 0.091 0.886 44
1RC2 A 205 226 STRAIGHT 0.029 0.086 0.886 35
1JB0 B 651 671 STRAIGHT 0.088 0.029 0.882 34
2WIT A 490 509 STRAIGHT 0.040 0.080 0.880 25
2A65 A 196 214 STRAIGHT 0.061 0.061 0.879 33
1NEK C 69 95 STRAIGHT 0.091 0.030 0.879 33
2ONK C 232 251 STRAIGHT 0.024 0.098 0.878 41
3HD6 A 8 28 STRAIGHT 0.024 0.098 0.878 41
1Q90 D 128 147 STRAIGHT 0.050 0.075 0.875 40
1VGO A 111 131 STRAIGHT 0.053 0.079 0.868 38
2GSM A 137 155 STRAIGHT 0.067 0.067 0.867 30
1J4N A 143 159 STRAIGHT 0.054 0.081 0.865 37
1VGO A 15 35 STRAIGHT 0.000 0.138 0.862 29
1PV7 A 288 307 STRAIGHT 0.028 0.111 0.861 36
3HFX A 54 70 STRAIGHT 0.083 0.056 0.861 36
1Q16 C 183 197 STRAIGHT 0.095 0.048 0.857 42
2ZXE A 954 969 STRAIGHT 0.071 0.071 0.857 28
1UAZ A 90 107 STRAIGHT 0.098 0.049 0.854 41
1UAZ A 17 36 STRAIGHT 0.025 0.125 0.850 40
3BZ1 B 136 156 STRAIGHT 0.075 0.075 0.849 53
2B2F A 247 261 STRAIGHT 0.000 0.152 0.848 33
1Q90 L 5 26 STRAIGHT 0.043 0.109 0.848 46
3MP7 A 410 426 STRAIGHT 0.115 0.038 0.846 26
1JB0 X 11 30 STRAIGHT 0.026 0.132 0.842 38
1YMG A 39 58 STRAIGHT 0.028 0.139 0.833 36
3DHW A 188 205 STRAIGHT 0.000 0.167 0.833 36
1Q16 C 125 145 STRAIGHT 0.059 0.118 0.824 34
1L0V D 99 115 STRAIGHT 0.036 0.143 0.821 28
2E74 E 3 28 STRAIGHT 0.077 0.103 0.821 39
2J8C M 114 138 STRAIGHT 0.079 0.105 0.816 38
3HQK A 385 404 STRAIGHT 0.053 0.132 0.816 38
1Q90 A 253 278 STRAIGHT 0.097 0.097 0.806 31
3KLY A 161 181 STRAIGHT 0.056 0.139 0.806 36
3O0R B 381 414 STRAIGHT 0.075 0.125 0.800 40
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2R6G F 278 307 STRAIGHT 0.050 0.150 0.800 40
2R6G F 40 57 STRAIGHT 0.103 0.103 0.795 39
1XQF A 349 379 STRAIGHT 0.069 0.138 0.793 29
1YMG A 84 106 STRAIGHT 0.043 0.174 0.783 46
1KPL A 422 438 STRAIGHT 0.094 0.125 0.781 32
1JB0 A 672 688 STRAIGHT 0.167 0.056 0.778 36
3B45 A 228 241 STRAIGHT 0.083 0.139 0.778 36
3PBL A 147 165 STRAIGHT 0.065 0.161 0.774 31
3ORG A 238 255 STRAIGHT 0.100 0.133 0.767 30
3M71 A 226 244 STRAIGHT 0.118 0.118 0.765 34
1OKC A 177 199 STRAIGHT 0.105 0.132 0.763 38
1EYS H 13 33 STRAIGHT 0.103 0.154 0.744 39
3EHZ A 254 280 STRAIGHT 0.086 0.171 0.743 35
3K07 A 895 917 STRAIGHT 0.171 0.086 0.743 35
3JYC A 159 183 STRAIGHT 0.038 0.231 0.731 26
1JB0 B 39 68 STRAIGHT 0.108 0.162 0.730 37
1RC2 A 81 104 STRAIGHT 0.111 0.167 0.722 36
2GFP A 160 175 STRAIGHT 0.100 0.180 0.720 50
2VPZ C 227 245 STRAIGHT 0.125 0.156 0.719 32
1UAZ A 112 132 STRAIGHT 0.143 0.143 0.714 28
2ZXE A 909 932 STRAIGHT 0.097 0.194 0.710 31
3C02 A 10 35 STRAIGHT 0.097 0.194 0.710 31
1RHZ A 402 423 STRAIGHT 0.062 0.229 0.708 48
3DIN C 393 412 STRAIGHT 0.088 0.206 0.706 34
1WPG A 965 988 STRAIGHT 0.265 0.029 0.706 34
1JB0 L 75 99 STRAIGHT 0.108 0.189 0.703 37
1C3W A 38 61 STRAIGHT 0.212 0.091 0.697 33
3MP7 A 434 458 STRAIGHT 0.125 0.188 0.688 32
3MP7 A 148 170 STRAIGHT 0.200 0.120 0.680 25
2VL0 A 261 284 STRAIGHT 0.147 0.176 0.676 34
2VPZ C 148 166 STRAIGHT 0.147 0.176 0.676 34
1H68 A 97 115 STRAIGHT 0.135 0.189 0.676 37
1ZOY C 120 139 STRAIGHT 0.056 0.278 0.667 36
3BZ1 C 155 179 STRAIGHT 0.200 0.143 0.657 35
2V50 A 899 917 STRAIGHT 0.276 0.069 0.655 29
1XQF A 41 61 STRAIGHT 0.034 0.310 0.655 29
2NQ2 A 236 256 STRAIGHT 0.152 0.212 0.636 33
1EYS L 95 118 STRAIGHT 0.098 0.268 0.634 41
3B8C A 242 262 STRAIGHT 0.200 0.178 0.622 45
1ZCD A 150 174 STRAIGHT 0.111 0.278 0.611 36
2ZJS Y 217 236 STRAIGHT 0.171 0.220 0.610 41
1JB0 A 534 558 STRAIGHT 0.280 0.120 0.600 25
1JB0 B 521 546 STRAIGHT 0.103 0.310 0.586 29
2FBW C 36 61 STRAIGHT 0.111 0.306 0.583 36
2VV5 A 64 86 STRAIGHT 0.152 0.273 0.576 33
1JB0 F 67 88 STRAIGHT 0.071 0.357 0.571 28
2FYN A 362 380 STRAIGHT 0.162 0.270 0.568 37
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1RC2 A 37 53 STRAIGHT 0.094 0.344 0.562 32
1WPG A 752 780 STRAIGHT 0.094 0.344 0.562 32
1VGO A 87 104 STRAIGHT 0.324 0.118 0.559 34
1VGO A 43 64 STRAIGHT 0.316 0.132 0.553 38
2GFP A 237 255 STRAIGHT 0.275 0.175 0.550 40
2Z73 A 33 60 STRAIGHT 0.108 0.351 0.541 37
1EYS L 180 206 STRAIGHT 0.103 0.379 0.517 29
1V54 G 14 38 UNASSIGNED 0.500 0.235 0.265 34
2FYN A 91 117 UNASSIGNED 0.500 0.412 0.088 34
1ZOY C 86 111 UNASSIGNED 0.500 0.324 0.176 34
2VT4 A 157 177 UNASSIGNED 0.488 0.140 0.372 43
3HQK A 348 373 UNASSIGNED 0.487 0.385 0.128 39
2WJN M 199 224 UNASSIGNED 0.485 0.333 0.182 33
3BZ1 C 109 133 UNASSIGNED 0.452 0.405 0.143 42
1PW4 A 350 372 UNASSIGNED 0.433 0.267 0.300 30
2BHW A 56 87 UNASSIGNED 0.424 0.485 0.091 33
1XQF A 126 147 UNASSIGNED 0.408 0.490 0.102 49
3K07 A 362 383 UNASSIGNED 0.405 0.216 0.378 37
2R9R B 256 275 UNASSIGNED 0.405 0.500 0.095 42
2GFP A 100 126 UNASSIGNED 0.400 0.433 0.167 30
1V54 A 408 434 UNASSIGNED 0.400 0.343 0.257 35
2GSM A 451 477 UNASSIGNED 0.395 0.372 0.233 43
1FFT A 55 79 UNASSIGNED 0.394 0.485 0.121 33
3BEH A 187 226 UNASSIGNED 0.389 0.250 0.361 36
1VGO A 207 229 UNASSIGNED 0.375 0.219 0.406 32
1EHK A 293 326 UNASSIGNED 0.371 0.429 0.200 35
1BGY E 34 60 UNASSIGNED 0.343 0.371 0.286 35
1FFT A 188 213 UNASSIGNED 0.341 0.366 0.293 41
1JB0 B 579 607 UNASSIGNED 0.323 0.452 0.226 31
1V54 A 372 396 UNASSIGNED 0.308 0.256 0.436 39
2ZJS Y 105 132 UNASSIGNED 0.306 0.444 0.250 36
1BGY C 35 54 UNASSIGNED 0.306 0.250 0.444 36
1RHZ A 256 278 UNASSIGNED 0.300 0.425 0.275 40
1UAZ A 172 197 UNASSIGNED 0.293 0.390 0.317 41
2B2F A 37 56 UNASSIGNED 0.292 0.417 0.292 24
1V54 C 16 36 UNASSIGNED 0.286 0.262 0.452 42
2VL0 A 205 222 UNASSIGNED 0.281 0.375 0.344 32
3GIA A 85 112 UNASSIGNED 0.273 0.394 0.333 33
1C3W A 203 224 UNASSIGNED 0.257 0.286 0.457 35
2ZJS Y 271 288 UNASSIGNED 0.242 0.485 0.273 33
2WIT A 104 119 UNASSIGNED 0.238 0.357 0.405 42
1H68 A 156 179 UNASSIGNED 0.237 0.368 0.395 38
1EZV C 111 134 UNASSIGNED 0.231 0.385 0.385 26
3DDL A 13 36 UNASSIGNED 0.227 0.341 0.432 44
1BCC C 321 341 UNASSIGNED 0.219 0.312 0.469 32
3HD6 A 123 141 UNASSIGNED 0.214 0.500 0.286 42
1NKZ A 13 36 UNASSIGNED 0.211 0.289 0.500 38
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2FYN A 126 149 UNASSIGNED 0.189 0.351 0.459 37
3HD6 A 387 415 UNASSIGNED 0.188 0.479 0.333 48
2FYN C 12 35 UNASSIGNED 0.184 0.474 0.342 38
1C3W A 132 152 UNASSIGNED 0.154 0.359 0.487 39
1ZCD A 358 380 UNASSIGNED 0.152 0.364 0.485 33
1KPL A 78 97 UNASSIGNED 0.143 0.371 0.486 35
3B9Y A 321 338 UNASSIGNED 0.119 0.452 0.429 42
3B45 A 172 192 UNASSIGNED 0.083 0.417 0.500 36
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Supplementary figures and tables for Chapter 4. This includes figures made from the kinks iden-

tified by the modified MC-Helan method, and a table of the PDB chains used in the membrane

data.
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Figure B1: Amino acid propensities for membrane (left) and soluble (right) kinks,
identified by MC-Helan. Each value is the propensity for a given residue to be at a given
position relative to a kink. These are calculated using sequence profiles. Position 0 is the kink
residue, position +1 is one residue towards the C-terminus from the kink residue, as shown
in Figure 4.4. Red indicates positive propensities, while blue indicates negative propensities.
Residues with positive propensities are found more frequently at that position in kinked helices
than in helices in general.



Figure B2: Hydrophobicities, solvent accessible surface areas, and membrane con-
tacts for kinks identified by MC-Helan. (a) Standard helical wheel diagram showing the
average hydrophobicity of residues around membrane kinks. K indicates the kink residue (po-
sition 0 in Figure 4.4). (b) Standard helical wheel diagram for soluble kinks. K indicates the
kink residue. (c) Average percentage of residue in contact with the membrane in kinks. (d)
Average solvent accessible percentage of residues in soluble kinks. Bars show 2 s.d. from 50
length-matched samples.



Figure B3: Proportion of kinked helices, as determined by MC-Helan. The propor-
tion of helices of a given length that are kinked (with an angle over 12◦) is similar
for membrane (solid line) and soluble (dashed line) proteins. In the same way that
the maximum kink angle in each helix (as defined by Kink Finder) increases as the
helix gets longer, the probability of a helix being kinked (as defined by MC-Helan)
increases as the helix gets longer.



Table B2: Table of amino acid motif frequency in kinks and randomly selected parts of
straight helices. Motifs that occur in more than 10% of kinks, or are more than twice as frequent
in kinks than straight helices are highlighted in bold. First section: Proline containing motifs. Second
section: motifs highlighted by other authors. Third section: aromatic and polar motifs. Fourth section:
small residue motifs. Ar = aromatic residue (F, Y or W). This is a version of Table 4.3, but using kinks
identified by MC-Helan.

Membrane Soluble
Motif % % Ratio % % Ratio

Kinks Straight Kinks Straight
Helices Helices

[AVILMFYW]xxxP 27.2 0.6 49.3 9.5 0.0 453.4
xxxxP 41.9 1.0 43.6 27.7 0.1 344.3
[ST]P 3.7 0.0 81.5 2.4 0.2 12.8
[DR]P 0.8 0.2 3.4 2.6 0.2 17.4
xP 44.3 7.0 6.4 29.4 2.0 14.9
xxxP 42.5 1.8 23.9 28.1 0.2 172.1
[AVILMFYW]xP 32.1 3.1 10.4 19.1 0.4 46.5
GxP 2.9 0.0 128.0 0.9 0.0 36.3
xxP 43.8 3.5 12.4 28.7 0.7 38.8
P[ST] 4.1 0.1 60.1 2.5 0.6 4.5
Px 43.3 11.0 3.9 30.0 5.5 5.5
P 45.0 11.3 4.0 30.6 5.5 5.6
[VALT]LWx[AG]YP 0.3 0.0 NA 0.0 0.0 NA
GHPxVY[FI] 0.3 0.0 NA 0.0 0.0 NA
[ST][ST] 12.6 9.8 1.3 9.4 7.3 1.3
[ST]xx[ST] 9.9 10.8 0.9 9.1 7.0 1.3
[ST]xxx[ST] 9.3 7.8 1.2 8.7 6.8 1.3
GxxGxxxG 1.1 1.3 0.8 0.1 0.0 2.1
GxxxGxxG 1.1 0.6 1.8 0.1 0.0 5.2
ArxxxSxxxAr 0.7 0.4 1.9 0.3 0.1 3.2
LSAxF 0.3 0.3 0.9 0.1 0.0 6.0
WLF[ST] 0.3 0.0 NA 0.0 0.0 NA
ArxxxAr 17.1 12.7 1.3 9.0 5.9 1.5
ArxxxArxxAr 2.9 0.2 13.7 1.1 0.4 2.4
ArxxxArxxxAr 3.6 0.4 8.0 1.0 0.4 2.7
ArxxArxxxAr 2.1 1.1 2.0 1.0 0.4 2.6
[RHDEK]xxx[RHDEK] 8.5 9.5 0.9 50.6 58.5 0.9
[ASG]xxx[ASG] 39.7 47.0 0.8 26.3 33.3 0.8
[STNQ]xxx[STNQ] 17.6 18.0 1.0 25.1 24.7 1.0
G0 or G+1 16.0 19.8 0.8 10.9 6.2 1.7
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Table B3: P values for Kolmogorov-Smirnov tests on the distribution of maximum
kink angles in helices of given lengths. P values ≤ 0.05 indicate that the distributions of
angles for soluble and membrane helices (of a given length) are different.

Helix Length (residues) p value
13 3.9×10−07

14 0.0004
15 0.0002
16 0.003
17 0.0006
18 0.317
19 0.303
20 0.174
21 0.866
22 0.018
23 0.212
24 0.757
25 0.917
26 0.329
27 0.323
28 0.084
29 0.033
30 0.246
31 0.315
32 0.113
33 0.594
34 0.335
35 0.758
36 0.667
37 0.429
38 0.016
39 0.900
40 0.800

Table B4: Table of membrane proteins in the data set. Code = PDB Code; C = Chain
identifier; St. = Number of first residue in helix; End = Number of last residue in helix; Res.
= Resolution (Angstroms); R = R-Factor. NAs in the last two columns indicate the protein
structure was solved by a method other that X-ray diffraction.

Code C St. End Res. R Code C St. End Res. R
1A91 A 2 38 NA NA 1A91 A 47 78 NA NA

Continued on next page
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Code C St. End Res. R Code C St. End Res. R
1AIG L 33 56 2.600 0.21 1AIG L 84 111 2.600 0.21
1AIG L 116 139 2.600 0.21 1AIG L 171 198 2.600 0.21
1AIG L 227 249 2.600 0.21 1AR1 B 26 58 2.700 0.21
1AR1 B 76 104 2.700 0.21 1BCC D 199 227 3.160 0.27
1BCC E 30 58 3.160 0.27 1BE3 C 34 51 3.000 0.26
1BE3 C 137 149 3.000 0.26 1BE3 C 172 200 3.000 0.26
1BE3 C 225 242 3.000 0.26 1BE3 C 287 307 3.000 0.26
1BE3 C 319 339 3.000 0.26 1BE3 C 345 376 3.000 0.26
1BE3 C 76 102 3.000 0.26 1BE3 C 110 130 3.000 0.26
1BE3 G 36 70 3.000 0.26 1BE3 J 18 46 3.000 0.26
1C17 M 101 125 NA NA 1C17 M 137 166 NA NA
1C17 M 202 228 NA NA 1C17 M 235 263 NA NA
1C8S A 10 31 2.000 0.17 1C8S A 38 61 2.000 0.17
1C8S A 82 100 2.000 0.17 1C8S A 202 221 2.000 0.17
1C8S A 177 191 2.000 0.17 1C8S A 106 127 2.000 0.17
1C8S A 133 151 2.000 0.17 1DXR H 12 35 2.000 0.19
1DXR L 33 54 2.000 0.19 1DXR L 84 111 2.000 0.19
1DXR L 116 139 2.000 0.19 1DXR L 171 198 2.000 0.19
1DXR L 228 250 2.000 0.19 1DXR M 53 76 2.000 0.19
1DXR M 111 137 2.000 0.19 1DXR M 143 166 2.000 0.19
1DXR M 262 284 2.000 0.19 1DXR M 198 225 2.000 0.19
1DXR M 241 253 2.000 0.19 1E7P C 76 97 3.100 0.28
1E7P C 202 236 3.100 0.28 1E7P C 22 46 3.100 0.28
1E7P C 121 149 3.100 0.28 1E7P C 171 193 3.100 0.28
1EHK B 6 38 2.400 0.22 1EK9 A 23 36 2.100 0.21
1EK9 A 78 93 2.100 0.21 1EK9 A 229 242 2.100 0.21
1EYS H 11 33 2.200 0.23 1EYS L 33 55 2.200 0.23
1EYS L 92 117 2.200 0.23 1EYS L 124 147 2.200 0.23
1EYS L 234 254 2.200 0.23 1EYS L 179 205 2.200 0.23
1EYS M 55 76 2.200 0.23 1EYS M 112 137 2.200 0.23
1EYS M 144 167 2.200 0.23 1EYS M 263 283 2.200 0.23
1EYS M 199 224 2.200 0.23 1EZV C 32 51 2.300 0.22
1EZV C 75 102 2.300 0.22 1EZV C 173 202 2.300 0.22
1EZV C 226 244 2.300 0.22 1EZV C 288 308 2.300 0.22
1EZV C 320 340 2.300 0.22 1EZV C 348 379 2.300 0.22
1EZV C 111 134 2.300 0.22 1EZV C 138 150 2.300 0.22
1EZV E 51 79 2.300 0.22 1EZV G 61 81 2.300 0.22
1F88 B 34 63 2.800 0.19 1F88 B 71 98 2.800 0.19
1F88 B 108 137 2.800 0.19 1F88 B 153 166 2.800 0.19
1F88 B 201 223 2.800 0.19 1F88 B 247 276 2.800 0.19
1F88 B 291 308 2.800 0.19 1FX8 A 7 33 2.200 0.20

Continued on next page
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1FX8 A 41 59 2.200 0.20 1FX8 A 145 167 2.200 0.20
1FX8 A 178 193 2.200 0.20 1FX8 A 204 216 2.200 0.20
1FX8 A 234 253 2.200 0.20 1FX8 A 85 105 2.200 0.20
1H2S B 24 49 1.930 0.23 1H2S B 53 81 1.930 0.23
1IJD A 15 35 3.000 0.24 1IJD B 8 33 3.000 0.24
1J4N A 6 34 2.200 0.27 1J4N A 51 69 2.200 0.27
1J4N A 94 115 2.200 0.27 1J4N A 141 158 2.200 0.27
1J4N A 170 184 2.200 0.27 1J4N A 217 229 2.200 0.27
1JB0 J 13 32 2.500 0.20 1JB0 L 43 64 2.500 0.20
1JB0 L 74 99 2.500 0.20 1JB0 L 114 138 2.500 0.20
1KF6 C 106 128 2.700 0.23 1KF6 C 20 49 2.700 0.23
1KF6 C 67 89 2.700 0.23 1KF6 D 12 41 2.700 0.23
1KF6 D 99 115 2.700 0.23 1KF6 D 61 88 2.700 0.23
1KPL B 33 65 3.000 0.26 1KPL B 78 99 3.000 0.26
1KPL B 128 141 3.000 0.26 1KPL B 152 165 3.000 0.26
1KPL B 215 232 3.000 0.26 1KPL B 330 348 3.000 0.26
1KPL B 444 456 3.000 0.26 1KPL B 171 187 3.000 0.26
1KPL B 253 283 3.000 0.26 1KPL B 288 305 3.000 0.26
1KPL B 357 377 3.000 0.26 1KPL B 421 438 3.000 0.26
1KQF B 248 277 1.600 0.18 1KQF C 12 36 1.600 0.18
1KQF C 50 75 1.600 0.18 1KQF C 111 133 1.600 0.18
1KQF C 145 174 1.600 0.18 1KZU B 5 35 2.500 0.23
1L7V A 3 32 3.200 0.26 1L7V A 56 81 3.200 0.26
1L7V A 93 106 3.200 0.26 1L7V A 228 250 3.200 0.26
1L7V A 276 295 3.200 0.26 1L7V A 305 323 3.200 0.26
1L7V A 114 138 3.200 0.26 1L7V A 142 167 3.200 0.26
1L7V A 190 213 3.200 0.26 1LGH A 19 38 2.400 0.21
1LGH B 10 41 2.400 0.21 1M56 A 26 55 2.300 0.24
1M56 A 92 115 2.300 0.24 1M56 A 136 154 2.300 0.24
1M56 A 186 213 2.300 0.24 1M56 A 227 257 2.300 0.24
1M56 A 273 305 2.300 0.24 1M56 A 313 326 2.300 0.24
1M56 A 342 370 2.300 0.24 1M56 A 450 476 2.300 0.24
1M56 A 491 520 2.300 0.24 1M56 A 381 400 2.300 0.24
1M56 A 414 444 2.300 0.24 1M56 B 49 82 2.300 0.24
1M56 B 98 127 2.300 0.24 1M56 C 17 36 2.300 0.24
1M56 C 42 67 2.300 0.24 1M56 C 73 106 2.300 0.24
1M56 C 197 228 2.300 0.24 1M56 C 238 259 2.300 0.24
1M56 C 134 155 2.300 0.24 1M56 C 161 187 2.300 0.24
1M56 D 19 49 2.300 0.24 1MM4 A 7 19 NA NA
1N7L A 25 50 NA NA 1NEK C 103 128 2.600 0.25
1NEK C 22 51 2.600 0.25 1NEK C 69 96 2.600 0.25
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1NKZ A 15 35 2.000 0.17 1OCC A 12 41 2.800 0.20
1OCC A 52 87 2.800 0.20 1OCC A 95 115 2.800 0.20
1OCC A 142 169 2.800 0.20 1OCC A 184 212 2.800 0.20
1OCC A 229 261 2.800 0.20 1OCC A 270 283 2.800 0.20
1OCC A 299 327 2.800 0.20 1OCC A 407 433 2.800 0.20
1OCC A 448 477 2.800 0.20 1OCC A 336 359 2.800 0.20
1OCC A 372 401 2.800 0.20 1OCC B 15 45 2.800 0.20
1OCC B 61 87 2.800 0.20 1OCC C 73 105 2.800 0.20
1OCC C 193 223 2.800 0.20 1OCC C 234 254 2.800 0.20
1OCC C 16 34 2.800 0.20 1OCC C 40 65 2.800 0.20
1OCC C 129 152 2.800 0.20 1OCC C 156 183 2.800 0.20
1OCC D 77 102 2.800 0.20 1OCC G 13 37 2.800 0.20
1OCC I 12 52 2.800 0.20 1OCC K 13 34 2.800 0.20
1OCC L 18 44 2.800 0.20 1OCC M 12 41 2.800 0.20
1OCR J 26 54 2.350 0.20 1ORQ C 29 50 3.200 0.25
1ORQ C 60 78 3.200 0.25 1ORQ C 147 170 3.200 0.25
1ORQ C 207 236 3.200 0.25 1PV6 A 7 35 3.500 0.29
1PV6 A 43 70 3.500 0.29 1PV6 A 168 185 3.500 0.29
1PV6 A 221 247 3.500 0.29 1PV6 A 254 284 3.500 0.29
1PV6 A 290 306 3.500 0.29 1PV6 A 312 338 3.500 0.29
1PV6 A 142 157 3.500 0.29 1PV6 A 345 374 3.500 0.29
1PV6 A 378 398 3.500 0.29 1PW4 A 20 52 3.300 0.30
1PW4 A 122 146 3.300 0.30 1PW4 A 154 178 3.300 0.30
1PW4 A 191 206 3.300 0.30 1PW4 A 253 276 3.300 0.30
1PW4 A 290 315 3.300 0.30 1PW4 A 321 338 3.300 0.30
1PW4 A 351 372 3.300 0.30 1PW4 A 382 408 3.300 0.30
1PW4 A 415 443 3.300 0.30 1PW4 A 65 78 3.300 0.30
1PW4 A 95 109 3.300 0.30 1Q90 A 249 280 3.100 0.22
1QLE C 17 34 3.000 0.23 1QLE C 54 74 3.000 0.23
1QLE C 80 113 3.000 0.23 1QLE C 206 232 3.000 0.23
1QLE C 247 266 3.000 0.23 1QLE C 141 163 3.000 0.23
1QLE C 169 194 3.000 0.23 1QLE D 17 46 3.000 0.23
1RC2 A 2 24 2.500 0.23 1RC2 A 36 53 2.500 0.23
1RC2 A 81 103 2.500 0.23 1RC2 A 131 151 2.500 0.23
1RC2 A 162 176 2.500 0.23 1RC2 A 200 224 2.500 0.23
1RH5 C 30 47 3.200 0.24 1RHZ A 23 40 3.500 0.25
1RHZ A 76 88 3.500 0.25 1RHZ A 104 127 3.500 0.25
1RHZ A 137 163 3.500 0.25 1RHZ A 170 183 3.500 0.25
1RHZ A 210 228 3.500 0.25 1RHZ A 256 275 3.500 0.25
1RHZ A 313 332 3.500 0.25 1RHZ A 367 394 3.500 0.25
1RHZ A 401 422 3.500 0.25 1RHZ B 3 21 3.500 0.25
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1RHZ B 31 64 3.500 0.25 1S5L x 2015 2043 3.500 0.30
1SQQ K 8 35 3.000 0.23 1UYN X 788 810 2.600 0.23
1VF5 D 23 42 3.000 0.26 1VRY A 2 14 NA NA
1VRY A 34 51 NA NA 1WP1 A 66 82 2.560 0.26
1WP1 A 131 147 2.560 0.26 1WP1 A 278 294 2.560 0.26
1WP1 A 339 355 2.560 0.26 1WRG A 12 41 NA NA
1XIO A 3 26 2.000 0.23 1XIO A 34 56 2.000 0.23
1XIO A 71 91 2.000 0.23 1XIO A 159 185 2.000 0.23
1XIO A 195 223 2.000 0.23 1XIO A 99 121 2.000 0.23
1XIO A 125 153 2.000 0.23 1XL6 A 47 69 2.850 0.27
1XL6 A 108 135 2.850 0.27 1XME A 11 45 2.300 0.22
1XME A 65 97 2.300 0.22 1XME A 105 125 2.300 0.22
1XME A 143 172 2.300 0.22 1XME A 181 212 2.300 0.22
1XME A 221 255 2.300 0.22 1XME A 262 274 2.300 0.22
1XME A 292 326 2.300 0.22 1XME A 347 368 2.300 0.22
1XME A 380 408 2.300 0.22 1XME A 415 444 2.300 0.22
1XME A 463 492 2.300 0.22 1XME A 527 551 2.300 0.22
1XRD A 10 41 NA NA 1YCE a 3 44 2.400 0.20
1YCE a 50 79 2.400 0.20 1YEW A 185 207 2.800 0.27
1YEW A 232 256 2.800 0.27 1YEW B 14 43 2.800 0.27
1YEW B 64 79 2.800 0.27 1YEW B 90 104 2.800 0.27
1YEW B 141 164 2.800 0.27 1YGM A 33 54 NA NA
1YQ3 D 5 29 2.200 0.17 1YQ3 D 33 58 2.200 0.17
1YQ3 D 62 86 2.200 0.17 1YST H 12 34 3.000 0.23
1Z98 A 34 63 2.100 0.18 1Z98 A 74 92 2.100 0.18
1Z98 A 161 181 2.100 0.18 1Z98 A 199 213 2.100 0.18
1Z98 A 116 139 2.100 0.18 1Z98 A 236 262 2.100 0.18
1ZCD A 13 29 3.450 0.30 1ZCD A 59 83 3.450 0.30
1ZCD A 156 174 3.450 0.30 1ZCD A 181 199 3.450 0.30
1ZCD A 223 236 3.450 0.30 1ZCD A 247 271 3.450 0.30
1ZCD A 358 370 3.450 0.30 1ZOY D 98 121 2.400 0.23
1ZOY D 38 62 2.400 0.23 1ZOY D 66 91 2.400 0.23
1ZRT D 221 249 3.500 0.30 1ZZA A 13 34 NA NA
1ZZA A 64 81 NA NA 2AXT a 5036 5053 3.000 0.23
2AXT a 5143 5165 3.000 0.23 2AXT a 5269 5294 3.000 0.23
2AXT a 5111 5136 3.000 0.23 2AXT a 5196 5221 3.000 0.23
2AXT z 5003 5028 3.000 0.23 2AXT z 5037 5061 3.000 0.23
2B2F A 3 27 1.720 0.18 2B2F A 85 104 1.720 0.18
2B2F A 187 208 1.720 0.18 2B2F A 214 241 1.720 0.18
2B2F A 246 260 1.720 0.18 2B2F A 269 292 1.720 0.18
2B2F A 336 366 1.720 0.18 2B2F A 35 53 1.720 0.18

Continued on next page

228



Continued from previous page
Code C St. End Res. R Code C St. End Res. R
2B2F A 114 136 1.720 0.18 2B6P A 10 31 2.400 0.24
2B6P A 39 59 2.400 0.24 2B6P A 83 107 2.400 0.24
2B6P A 127 148 2.400 0.24 2B6P A 160 174 2.400 0.24
2BG9 A 406 432 4.000 1.00 2BG9 A 219 237 4.000 1.00
2BG9 A 247 266 4.000 1.00 2BG9 B 223 239 4.000 1.00
2BG9 B 250 274 4.000 1.00 2BG9 B 288 301 4.000 1.00
2BG9 B 433 465 4.000 1.00 2BG9 C 291 314 4.000 1.00
2BG9 C 453 477 4.000 1.00 2BG9 C 233 250 4.000 1.00
2BG9 C 257 280 4.000 1.00 2BG9 E 285 305 4.000 1.00
2BG9 E 454 471 4.000 1.00 2BG9 E 222 236 4.000 1.00
2BG9 E 253 277 4.000 1.00 2BHW A 55 86 2.500 0.22
2BHW A 124 143 2.500 0.22 2BHW A 170 200 2.500 0.22
2BL2 A 12 45 2.100 0.19 2BL2 A 52 78 2.100 0.19
2BL2 A 86 122 2.100 0.19 2BL2 A 128 155 2.100 0.19
2C3E A 8 37 2.800 0.25 2C3E A 210 238 2.800 0.25
2C3E A 275 290 2.800 0.25 2C3E A 74 98 2.800 0.25
2C3E A 108 126 2.800 0.25 2C3E A 169 200 2.800 0.25
2E74 A 35 55 3.000 0.23 2E74 A 79 105 3.000 0.23
2E74 A 114 135 3.000 0.23 2E74 A 177 209 3.000 0.23
2E74 B 39 57 3.000 0.23 2E74 B 94 116 3.000 0.23
2E74 B 127 145 3.000 0.23 2EVU A 4 33 2.300 0.19
2EVU A 52 72 2.300 0.19 2EVU A 99 122 2.300 0.19
2EVU A 143 164 2.300 0.19 2EVU A 176 188 2.300 0.19
2EVU A 200 212 2.300 0.19 2EVU A 227 243 2.300 0.19
2EZ0 A 33 63 3.540 0.26 2EZ0 A 75 97 3.540 0.26
2EZ0 A 152 165 3.540 0.26 2EZ0 A 215 231 3.540 0.26
2EZ0 A 253 282 3.540 0.26 2EZ0 A 290 305 3.540 0.26
2EZ0 A 330 348 3.540 0.26 2EZ0 A 359 378 3.540 0.26
2EZ0 A 387 399 3.540 0.26 2EZ0 A 421 434 3.540 0.26
2EZ0 A 171 189 3.540 0.26 2FBW C 34 62 2.100 0.19
2FBW C 81 109 2.100 0.19 2FBW C 116 138 2.100 0.19
2FYN A 46 66 3.200 0.22 2FYN A 91 118 3.200 0.22
2FYN A 126 148 3.200 0.22 2FYN A 189 217 3.200 0.22
2FYN A 328 345 3.200 0.22 2FYN A 363 381 3.200 0.22
2FYN A 390 412 3.200 0.22 2FYN A 251 269 3.200 0.22
2FYN B 222 251 3.200 0.22 2FYN C 12 36 3.200 0.22
2GFP A 10 33 3.500 0.28 2GFP A 43 56 3.500 0.28
2GFP A 208 226 3.500 0.28 2GFP A 242 257 3.500 0.28
2GFP A 270 282 3.500 0.28 2GFP A 294 312 3.500 0.28
2GFP A 321 343 3.500 0.28 2GFP A 357 377 3.500 0.28
2GFP A 100 126 3.500 0.28 2GFP A 134 150 3.500 0.28
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2GFP A 160 175 3.500 0.28 2HYD A 278 317 3.000 0.26
2HYD A 12 41 3.000 0.26 2HYD A 52 106 3.000 0.26
2HYD A 111 159 3.000 0.26 2HYD A 164 209 3.000 0.26
2HYD A 218 272 3.000 0.26 2IC8 A 201 217 2.100 0.24
2IC8 A 229 241 2.100 0.24 2IC8 A 251 268 2.100 0.24
2IC8 A 95 112 2.100 0.24 2IC8 A 152 167 2.100 0.24
2IC8 A 171 192 2.100 0.24 2IUB F 278 307 2.900 0.26
2IUB F 328 342 2.900 0.26 2JAF A 28 50 1.700 0.24
2JAF A 58 81 1.700 0.24 2JAF A 106 125 1.700 0.24
2JAF A 131 153 1.700 0.24 2JAF A 158 188 1.700 0.24
2JAF A 193 216 1.700 0.24 2JAF A 227 252 1.700 0.24
2K37 A 5 26 NA NA 2K73 A 42 61 NA NA
2K73 A 69 96 NA NA 2K73 A 142 162 NA NA
2K73 A 12 35 NA NA 2K9P A 39 72 NA NA
2K9P A 80 103 NA NA 2K9Y A 537 553 NA NA
2KNC B 701 739 NA NA 2KS1 B 148 169 NA NA
2KS9 A 29 58 NA NA 2KS9 A 66 95 NA NA
2KS9 A 102 135 NA NA 2KS9 A 144 162 NA NA
2KS9 A 193 220 NA NA 2KS9 A 239 273 NA NA
2KS9 A 285 307 NA NA 2KSD A 28 45 NA NA
2KSE A 15 33 NA NA 2KSE A 160 180 NA NA
2KSY A 5 27 NA NA 2KSY A 34 54 NA NA
2KSY A 123 148 NA NA 2KSY A 155 179 NA NA
2KSY A 70 91 NA NA 2KSY A 95 114 NA NA
2L0J A 25 44 NA NA 2L2T A 51 76 NA NA
2L35 A 9 29 NA NA 2L35 A 39 55 NA NA
2L6X A 27 51 NA NA 2L6X A 60 85 NA NA
2L6X A 91 113 NA NA 2L6X A 122 139 NA NA
2L6X A 180 204 NA NA 2L9U A 641 671 NA NA
2LCK A 16 40 NA NA 2LCK A 214 237 NA NA
2LCK A 267 295 NA NA 2LCK A 83 107 NA NA
2LCK A 116 131 NA NA 2LCK A 172 196 NA NA
2LKG A 15 41 NA NA 2LKG A 52 69 NA NA
2LKG A 79 97 NA NA 2LLY A 8 30 NA NA
2LLY A 37 58 NA NA 2LLY A 71 92 NA NA
2LLY A 110 129 NA NA 2LNL A 38 66 NA NA
2LNL A 75 98 NA NA 2LNL A 112 136 NA NA
2LNL A 150 173 NA NA 2LNL A 207 225 NA NA
2LNL A 239 267 NA NA 2LNL A 279 307 NA NA
2LOM A 30 46 NA NA 2LOM A 65 81 NA NA
2LOR A 65 95 NA NA 2LOR A 19 52 NA NA
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2NQ2 A 7 24 2.400 0.22 2NQ2 A 53 86 2.400 0.22
2NQ2 A 99 112 2.400 0.22 2NQ2 A 235 256 2.400 0.22
2NQ2 A 311 327 2.400 0.22 2NQ2 A 117 139 2.400 0.22
2NQ2 A 147 170 2.400 0.22 2NQ2 A 194 214 2.400 0.22
2NQ2 A 282 303 2.400 0.22 2NR9 A 116 131 2.200 0.24
2NR9 A 166 191 2.200 0.24 2NR9 A 10 26 2.200 0.24
2NR9 A 63 82 2.200 0.24 2NR9 A 86 108 2.200 0.24
2OAR A 69 99 3.500 0.32 2OAR A 13 44 3.500 0.32
2ONK C 2 29 3.100 0.26 2ONK C 35 77 3.100 0.26
2ONK C 169 198 3.100 0.26 2ONK C 130 152 3.100 0.26
2ONK C 226 249 3.100 0.26 2Q6H A 166 183 1.850 0.20
2Q6H A 191 214 1.850 0.20 2Q6H A 241 255 1.850 0.20
2Q6H A 276 290 1.850 0.20 2Q6H A 337 368 1.850 0.20
2Q6H A 449 477 1.850 0.20 2Q6H A 483 509 1.850 0.20
2Q6H A 11 36 1.850 0.20 2Q6H A 44 71 1.850 0.20
2Q6H A 88 123 1.850 0.20 2Q6H A 375 390 1.850 0.20
2Q6H A 399 423 1.850 0.20 2Q7M C 3 35 4.250 0.24
2Q7M C 117 138 4.250 0.24 2Q7M C 50 73 4.250 0.24
2Q7M C 81 100 4.250 0.24 2QDZ A 10 26 3.150 0.29
2QFI A 129 141 3.800 0.32 2QKS A 103 132 2.200 0.23
2QKS A 42 65 2.200 0.23 2QTS E 57 69 1.900 0.21
2QTS E 427 460 1.900 0.21 2R6G F 69 90 2.800 0.24
2R6G F 277 306 2.800 0.24 2R6G F 484 503 2.800 0.24
2R6G F 18 35 2.800 0.24 2R6G F 40 55 2.800 0.24
2R6G F 365 388 2.800 0.24 2R6G F 426 447 2.800 0.24
2R9R H 221 243 2.400 0.21 2R9R H 254 274 2.400 0.21
2R9R H 381 416 2.400 0.21 2R9R H 160 183 2.400 0.21
2R9R H 279 296 2.400 0.21 2R9R H 321 346 2.400 0.21
2RH1 A 103 136 2.400 0.20 2RH1 A 147 169 2.400 0.20
2RH1 A 197 229 2.400 0.20 2RH1 A 267 298 2.400 0.20
2RH1 A 31 59 2.400 0.20 2RH1 A 67 95 2.400 0.20
2RH1 A 305 326 2.400 0.20 2UUI A 5 32 2.000 0.20
2UUI A 105 141 2.000 0.20 2UUI A 44 72 2.000 0.20
2UUI A 76 98 2.000 0.20 2VV5 A 29 58 3.450 0.29
2VV5 A 63 84 3.450 0.29 2VV5 A 111 125 3.450 0.29
2W1P A 41 69 1.400 0.16 2W1P A 82 103 1.400 0.16
2W1P A 127 151 1.400 0.16 2W1P A 168 188 1.400 0.16
2W1P A 200 215 1.400 0.16 2W1P A 247 265 1.400 0.16
2WIE A 5 41 2.130 0.20 2WIE A 46 76 2.130 0.20
2WLL B 121 149 3.650 0.25 2WLL B 60 83 3.650 0.25
2WPD J 7 36 3.430 0.29 2WPD J 47 73 3.430 0.29
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2WSC 4 42 55 3.300 0.36 2WSW A 128 161 2.290 0.21
2WSW A 312 337 2.290 0.21 2WSW A 344 375 2.290 0.21
2WSW A 404 434 2.290 0.21 2WSW A 16 30 2.290 0.21
2WSW A 103 117 2.290 0.21 2WSW A 187 222 2.290 0.21
2WSW A 229 247 2.290 0.21 2WSW A 446 465 2.290 0.21
2WSW A 469 499 2.290 0.21 2WSW A 33 48 2.290 0.21
2WSW A 52 71 2.290 0.21 2WSW A 252 275 2.290 0.21
2WSW A 279 292 2.290 0.21 2X2V A 3 33 2.500 0.19
2X2V A 38 68 2.500 0.19 2X79 A 60 86 3.800 0.28
2X79 A 105 133 3.800 0.28 2X79 A 210 231 3.800 0.28
2X79 A 244 273 3.800 0.28 2X79 A 307 328 3.800 0.28
2X79 A 336 356 3.800 0.28 2X79 A 428 448 3.800 0.28
2X79 A 143 157 3.800 0.28 2X79 A 163 189 3.800 0.28
2XND J 18 34 3.500 0.26 2XND J 51 70 3.500 0.26
2XQ2 A 11 28 2.730 0.25 2XQ2 A 280 313 2.730 0.25
2XQ2 A 453 472 2.730 0.25 2XQ2 A 479 501 2.730 0.25
2XQ2 A 522 544 2.730 0.25 2XQ2 A 549 572 2.730 0.25
2XQ2 A 85 108 2.730 0.25 2XQ2 A 163 177 2.730 0.25
2XQ2 A 187 209 2.730 0.25 2XQ2 A 349 378 2.730 0.25
2XQ2 A 392 413 2.730 0.25 2XQ2 A 423 447 2.730 0.25
2XQ2 A 124 156 2.730 0.25 2YEV A 64 99 2.360 0.17
2YEV A 107 125 2.360 0.17 2YEV A 153 179 2.360 0.17
2YEV A 193 224 2.360 0.17 2YEV A 239 272 2.360 0.17
2YEV A 279 292 2.360 0.17 2YEV A 308 336 2.360 0.17
2YEV A 416 442 2.360 0.17 2YEV A 459 489 2.360 0.17
2YEV A 558 573 2.360 0.17 2YEV A 580 597 2.360 0.17
2YEV A 617 643 2.360 0.17 2YEV A 724 756 2.360 0.17
2YEV A 765 787 2.360 0.17 2YEV A 25 52 2.360 0.17
2YEV A 345 368 2.360 0.17 2YEV A 381 409 2.360 0.17
2YEV A 657 681 2.360 0.17 2YEV A 686 715 2.360 0.17
2YEV B 30 62 2.360 0.17 2YEV B 81 109 2.360 0.17
2YIU B 248 277 2.700 0.24 2YIU C 19 39 2.700 0.24
2YN6 A 261 285 3.310 0.23 2YN6 A 202 220 3.310 0.23
2YN6 A 228 252 3.310 0.23 2YVX A 278 303 3.500 0.29
2YVX A 323 343 3.500 0.29 2YVX A 352 374 3.500 0.29
2YVX A 389 414 3.500 0.29 2YVX A 429 443 3.500 0.29
2ZJS Y 151 177 3.200 0.25 2ZJS Y 183 205 3.200 0.25
2ZJS Y 215 236 3.200 0.25 2ZJS Y 272 288 3.200 0.25
2ZJS Y 309 327 3.200 0.25 2ZJS Y 356 388 3.200 0.25
2ZJS Y 401 417 3.200 0.25 2ZJS Y 14 31 3.200 0.25
2ZJS Y 105 132 3.200 0.25 2ZJS Y 78 92 3.200 0.25
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2ZT9 C 252 283 3.000 0.23 2ZW3 A 23 42 3.500 0.34
2ZW3 A 73 105 3.500 0.34 2ZW3 A 132 156 3.500 0.34
2ZW3 A 185 215 3.500 0.34 2ZXE G 22 38 2.400 0.25
3AM6 A 77 92 3.200 0.29 3AM6 A 101 122 3.200 0.29
3AM6 A 129 150 3.200 0.29 3AM6 A 161 187 3.200 0.29
3AM6 A 196 226 3.200 0.29 3AM6 A 7 30 3.200 0.29
3AM6 A 39 61 3.200 0.29 3AON A 31 69 2.000 0.20
3AON A 127 162 2.000 0.20 3AQP A 4 23 3.300 0.30
3AQP A 326 353 3.300 0.30 3AQP A 364 390 3.300 0.30
3AQP A 395 428 3.300 0.30 3AQP A 449 468 3.300 0.30
3AQP A 621 650 3.300 0.30 3AQP A 265 292 3.300 0.30
3AQP A 296 319 3.300 0.30 3AQP A 565 586 3.300 0.30
3AQP A 594 615 3.300 0.30 3AQP A 658 685 3.300 0.30
3AQP A 692 725 3.300 0.30 3ARC j 10 31 1.900 0.17
3AYF A 20 46 2.500 0.24 3AYF A 248 274 2.500 0.24
3AYF A 300 329 2.500 0.24 3AYF A 349 379 2.500 0.24
3AYF A 386 413 2.500 0.24 3AYF A 435 462 2.500 0.24
3AYF A 469 482 2.500 0.24 3AYF A 496 529 2.500 0.24
3AYF A 535 548 2.500 0.24 3AYF A 572 601 2.500 0.24
3AYF A 609 639 2.500 0.24 3AYF A 647 673 2.500 0.24
3AYF A 683 716 2.500 0.24 3AYF A 735 763 2.500 0.24
3B4R A 19 31 3.300 0.25 3B4R A 40 63 3.300 0.25
3B4R A 96 112 3.300 0.25 3B4R A 125 138 3.300 0.25
3B4R A 163 185 3.300 0.25 3B4R A 192 217 3.300 0.25
3B8C A 242 256 3.600 0.35 3B8C A 630 650 3.600 0.35
3B8E A 123 137 3.500 0.28 3B8E A 276 289 3.500 0.28
3B8E A 310 322 3.500 0.28 3B8E A 755 787 3.500 0.28
3B8E A 851 866 3.500 0.28 3B8E A 913 928 3.500 0.28
3B8E A 945 963 3.500 0.28 3B8E A 987 1003 3.500 0.28
3B9Y A 34 59 1.850 0.16 3B9Y A 66 89 1.850 0.16
3B9Y A 102 120 1.850 0.16 3B9Y A 130 148 1.850 0.16
3B9Y A 198 220 1.850 0.16 3B9Y A 227 253 1.850 0.16
3B9Y A 260 274 1.850 0.16 3B9Y A 283 310 1.850 0.16
3B9Y A 325 338 1.850 0.16 3B9Y A 343 369 1.850 0.16
3B9Y A 170 182 1.850 0.16 3C02 A 9 35 2.050 0.18
3C02 A 43 61 2.050 0.18 3C02 A 134 156 2.050 0.18
3C02 A 166 183 2.050 0.18 3C02 A 87 107 2.050 0.18
3C02 A 221 248 2.050 0.18 3C1G A 97 119 2.300 0.19
3C1G A 125 147 2.300 0.19 3C1G A 168 180 2.300 0.19
3C1G A 199 219 2.300 0.19 3C1G A 225 252 2.300 0.19
3C1G A 258 272 2.300 0.19 3C1G A 348 380 2.300 0.19
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3C1G A 7 32 2.300 0.19 3C1G A 282 300 2.300 0.19
3C1G A 313 330 2.300 0.19 3C1G A 40 58 2.300 0.19
3CHX A 239 259 3.900 0.34 3CHX B 24 49 3.900 0.34
3CHX B 146 166 3.900 0.34 3CHX C 69 85 3.900 0.34
3CHX C 100 122 3.900 0.34 3CHX C 144 163 3.900 0.34
3CWB E 32 58 3.510 0.28 3CWB G 33 68 3.510 0.28
3CX5 D 263 296 1.900 0.24 3CX5 I 18 43 1.900 0.24
3D31 C 242 255 3.000 0.25 3D31 C 14 41 3.000 0.25
3D31 C 140 165 3.000 0.25 3D31 C 193 216 3.000 0.25
3D31 C 56 86 3.000 0.25 3D9S A 8 32 2.000 0.16
3D9S A 84 108 2.000 0.16 3D9S A 128 150 2.000 0.16
3D9S A 161 174 2.000 0.16 3D9S A 204 221 2.000 0.16
3D9S A 42 56 2.000 0.16 3DDL A 91 110 1.900 0.25
3DDL A 119 141 1.900 0.25 3DDL A 151 171 1.900 0.25
3DDL A 183 208 1.900 0.25 3DDL A 222 257 1.900 0.25
3DDL A 10 38 1.900 0.25 3DDL A 46 72 1.900 0.25
3DIN C 82 95 4.500 0.28 3DIN C 111 139 4.500 0.28
3DIN C 159 178 4.500 0.28 3DIN C 186 198 4.500 0.28
3DIN C 214 228 4.500 0.28 3DIN C 274 286 4.500 0.28
3DIN C 304 321 4.500 0.28 3DIN C 350 380 4.500 0.28
3DIN C 392 412 4.500 0.28 3DIN D 32 57 4.500 0.28
3DIN E 15 30 4.500 0.28 3DIN E 55 70 4.500 0.28
3EAM A 201 213 2.900 0.20 3EAM A 221 244 2.900 0.20
3EAM A 254 281 2.900 0.20 3EAM A 286 314 2.900 0.20
3EGW C 3 30 1.900 0.17 3EGW C 50 68 1.900 0.17
3EGW C 182 197 1.900 0.17 3EGW C 154 167 1.900 0.17
3EGW C 124 147 1.900 0.17 3EGW C 83 111 1.900 0.17
3EML A 74 106 2.600 0.20 3EML A 118 138 2.600 0.20
3EML A 174 204 2.600 0.20 3EML A 222 258 2.600 0.20
3EML A 7 33 2.600 0.20 3EML A 43 66 2.600 0.20
3EML A 267 290 2.600 0.20 3EMO A 1019 1035 3.000 0.22
3GI9 C 10 25 2.480 0.25 3GI9 C 122 138 2.480 0.25
3GI9 C 144 166 2.480 0.25 3GI9 C 40 62 2.480 0.25
3GI9 C 85 112 2.480 0.25 3GI9 C 184 211 2.480 0.25
3GI9 C 221 244 2.480 0.25 3GI9 C 271 304 2.480 0.25
3GI9 C 322 336 2.480 0.25 3GI9 C 340 365 2.480 0.25
3GI9 C 373 395 2.480 0.25 3GI9 C 399 422 2.480 0.25
3HD6 A 10 29 2.100 0.17 3HD6 A 59 77 2.100 0.17
3HD6 A 85 109 2.100 0.17 3HD6 A 122 140 2.100 0.17
3HD6 A 148 169 2.100 0.17 3HD6 A 215 231 2.100 0.17
3HD6 A 243 270 2.100 0.17 3HD6 A 280 292 2.100 0.17
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3HD6 A 303 330 2.100 0.17 3HD6 A 345 359 2.100 0.17
3HD6 A 385 416 2.100 0.17 3HD7 F 226 272 3.400 0.24
3HZQ A 15 45 3.820 0.29 3HZQ A 65 87 3.820 0.29
3KBC A 13 29 3.510 0.27 3KBC A 37 71 3.510 0.27
3KBC A 83 106 3.510 0.27 3KBC A 151 169 3.510 0.27
3KBC A 175 218 3.510 0.27 3KBC A 225 251 3.510 0.27
3KBC A 261 275 3.510 0.27 3KBC A 314 329 3.510 0.27
3KBC A 377 414 3.510 0.27 3KLY C 28 54 2.100 0.18
3KLY C 63 83 2.100 0.18 3KLY C 107 134 2.100 0.18
3KLY C 160 181 2.100 0.18 3KLY C 187 202 2.100 0.18
3KLY C 246 277 2.100 0.18 3KLY C 209 224 2.100 0.18
3KP9 A 21 43 3.600 0.26 3KP9 A 72 88 3.600 0.26
3KP9 A 103 123 3.600 0.26 3KP9 A 131 147 3.600 0.26
3KP9 A 157 179 3.600 0.26 3KVN A 314 337 2.500 0.21
3KZI F 19 40 3.600 0.30 3M6E A 10 24 2.650 0.20
3M6E A 99 120 2.650 0.20 3M6E A 261 286 2.650 0.20
3M6E A 295 308 2.650 0.20 3M6E A 209 228 2.650 0.20
3M6E A 46 64 2.650 0.20 3MC9 B 335 351 2.200 0.20
3MP7 A 30 45 2.900 0.28 3MP7 A 116 130 2.900 0.28
3MP7 A 147 168 2.900 0.28 3MP7 A 176 193 2.900 0.28
3MP7 A 241 259 2.900 0.28 3MP7 A 287 307 2.900 0.28
3MP7 A 345 368 2.900 0.28 3MP7 A 410 427 2.900 0.28
3MP7 A 434 455 2.900 0.28 3MP7 B 29 58 2.900 0.28
3NE2 C 5 34 3.000 0.25 3NE2 C 53 73 3.000 0.25
3NE2 C 100 123 3.000 0.25 3NE2 C 146 164 3.000 0.25
3NE2 C 176 189 3.000 0.25 3NE2 C 201 213 3.000 0.25
3NE2 C 222 243 3.000 0.25 3O7Q A 25 48 3.140 0.22
3O7Q A 151 171 3.140 0.22 3O7Q A 196 228 3.140 0.22
3O7Q A 259 287 3.140 0.22 3O7Q A 117 144 3.140 0.22
3O7Q A 62 86 3.140 0.22 3O7Q A 90 112 3.140 0.22
3O7Q A 294 319 3.140 0.22 3O7Q A 324 343 3.140 0.22
3O7Q A 349 373 3.140 0.22 3O7Q A 380 402 3.140 0.22
3O7Q A 415 429 3.140 0.22 3OB6 B 42 66 3.000 0.24
3OB6 B 275 306 3.000 0.24 3OB6 B 324 339 3.000 0.24
3OB6 B 83 111 3.000 0.24 3OB6 B 122 141 3.000 0.24
3OB6 B 225 246 3.000 0.24 3OB6 B 352 374 3.000 0.24
3OB6 B 146 159 3.000 0.24 3OB6 B 383 403 3.000 0.24
3OB6 B 407 426 3.000 0.24 3ORG A 278 292 3.500 0.26
3ORG A 321 350 3.500 0.26 3ORG A 359 371 3.500 0.26
3ORG A 430 451 3.500 0.26 3ORG A 460 473 3.500 0.26
3ORG A 90 129 3.500 0.26 3ORG A 135 158 3.500 0.26
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3ORG A 210 225 3.500 0.26 3ORG A 237 255 3.500 0.26
3P5N A 11 27 3.600 0.27 3P5N A 60 77 3.600 0.27
3P5N A 84 100 3.600 0.27 3P5N A 110 130 3.600 0.27
3P5N A 154 182 3.600 0.27 3PBL A 35 56 2.890 0.24
3PBL A 63 91 2.890 0.24 3PBL A 148 166 2.890 0.24
3PBL A 186 215 2.890 0.24 3PBL A 322 352 2.890 0.24
3PBL A 100 132 2.890 0.24 3PBL A 362 385 2.890 0.24
3PIK A 63 79 2.300 0.20 3PIK A 122 138 2.300 0.20
3PIK A 269 285 2.300 0.20 3PIK A 330 346 2.300 0.20
3PL9 A 90 116 2.800 0.28 3PL9 A 145 163 2.800 0.28
3PL9 A 190 215 2.800 0.28 3PUX G 11 39 2.300 0.23
3PUX G 81 110 2.300 0.23 3PUX G 260 281 2.300 0.23
3PUX G 212 227 2.300 0.23 3Q7K J 33 56 2.800 0.22
3Q7K J 65 83 2.800 0.22 3Q7K J 107 135 2.800 0.22
3Q7K J 161 182 2.800 0.22 3Q7K J 188 203 2.800 0.22
3Q7K J 247 265 2.800 0.22 3Q7K J 210 225 2.800 0.22
3QBG A 62 86 1.800 0.23 3QBG A 122 141 1.800 0.23
3QBG A 146 168 1.800 0.23 3QBG A 241 270 1.800 0.23
3QBG A 32 55 1.800 0.23 3QBG A 174 200 1.800 0.23
3QBG A 208 231 1.800 0.23 3QF4 A 270 311 2.900 0.22
3QF4 A 13 41 2.900 0.22 3QF4 A 51 98 2.900 0.22
3QF4 A 210 263 2.900 0.22 3QF4 A 109 151 2.900 0.22
3QF4 A 158 197 2.900 0.22 3QF4 B 308 333 2.900 0.22
3QF4 B 35 66 2.900 0.22 3QF4 B 75 120 2.900 0.22
3QF4 B 236 285 2.900 0.22 3QF4 B 133 174 2.900 0.22
3QF4 B 177 221 2.900 0.22 3RGB C 51 72 2.800 0.27
3RGB C 89 113 2.800 0.27 3RGB C 127 162 2.800 0.27
3RGB C 171 197 2.800 0.27 3RGB C 257 269 2.800 0.27
3RIF A 214 230 3.340 0.25 3RIF A 242 264 3.340 0.25
3RIF A 275 301 3.340 0.25 3RIF A 308 338 3.340 0.25
3RKO A 17 42 3.000 0.23 3RKO A 64 89 3.000 0.23
3RKO A 97 119 3.000 0.23 3RLB B 7 25 2.000 0.21
3RLB B 78 91 2.000 0.21 3RLB B 107 131 2.000 0.21
3RLB B 143 172 2.000 0.21 3RLB B 53 68 2.000 0.21
3RW0 A 1116 1151 2.950 0.27 3RW0 A 1198 1216 2.950 0.27
3RW0 A 1001 1032 2.950 0.27 3RW0 A 1042 1065 2.950 0.27
3RZE A 33 54 3.100 0.22 3RZE A 63 89 3.100 0.22
3RZE A 98 130 3.100 0.22 3RZE A 143 162 3.100 0.22
3RZE A 188 216 3.100 0.22 3RZE A 450 467 3.100 0.22
3RZE A 408 437 3.100 0.22 3RZE A 1126 1140 3.100 0.22
3SFE C 37 65 2.810 0.27 3SFE C 84 113 2.810 0.27
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3SFE C 120 141 2.810 0.27 3SPG A 156 185 2.610 0.20
3SPG A 79 108 2.610 0.20 3SYA A 169 196 2.980 0.24
3SYA A 91 119 2.980 0.24 3TDO C 60 78 2.200 0.18
3TDO C 83 95 2.200 0.18 3TDO C 101 128 2.200 0.18
3TDO C 180 195 2.200 0.18 3TDO C 202 214 2.200 0.18
3TDO C 224 253 2.200 0.18 3TDO C 2 20 2.200 0.18
3TDO C 24 55 2.200 0.18 3TDO C 136 149 2.200 0.18
3TDO C 153 175 2.200 0.18 3TUF A 105 126 2.260 0.17
3TUF A 139 164 2.260 0.17 3TUI A 3 40 2.900 0.24
3TUI A 94 112 2.900 0.24 3TUI A 186 211 2.900 0.24
3TUI A 51 63 2.900 0.24 3TUI A 68 82 2.900 0.24
3TUI A 144 163 2.900 0.24 3UDC A 17 49 3.350 0.25
3UDC A 60 87 3.350 0.25 3UDC A 92 125 3.350 0.25
3UG9 A 158 174 2.300 0.21 3UG9 A 246 271 2.300 0.21
3UG9 A 281 313 2.300 0.21 3UG9 A 86 107 2.300 0.21
3UG9 A 120 138 2.300 0.21 3UG9 A 186 206 2.300 0.21
3UG9 A 211 241 2.300 0.21 3UON A 93 126 3.000 0.23
3UON A 137 166 3.000 0.23 3UON A 184 213 3.000 0.23
3UON A 384 411 3.000 0.23 3UON A 23 49 3.000 0.23
3UON A 57 85 3.000 0.23 3UON A 419 442 3.000 0.23
3UX4 A 3 21 3.260 0.24 3UX4 A 26 51 3.260 0.24
3UX4 A 142 159 3.260 0.24 3UX4 A 170 187 3.260 0.24
3UX4 A 76 95 3.260 0.24 3UX4 A 101 122 3.260 0.24
3V2Y A 42 72 2.800 0.23 3V2Y A 79 104 2.800 0.23
3V2Y A 114 145 2.800 0.23 3V2Y A 158 174 2.800 0.23
3V2Y A 200 231 2.800 0.23 3V2Y A 252 280 2.800 0.23
3V2Y A 294 311 2.800 0.23 3V6I B 73 102 2.250 0.23
3VOU A 74 98 3.200 0.29 3VOU A 22 44 3.200 0.29
3VR8 C 71 94 2.810 0.23 3VR8 C 116 142 2.810 0.23
3VR8 C 149 179 2.810 0.23 3VR8 D 116 141 2.810 0.23
3VR8 D 56 76 2.810 0.23 3VR8 D 82 106 2.810 0.23
3VW7 A 172 205 2.200 0.22 3VW7 A 216 235 2.200 0.22
3VW7 A 266 296 2.200 0.22 3VW7 A 305 338 2.200 0.22
3VW7 A 347 373 2.200 0.22 3VW7 A 92 131 2.200 0.22
3VW7 A 136 163 2.200 0.22 3ZUX A 251 276 2.200 0.20
3ZUX A 284 308 2.200 0.20 3ZUX A 15 27 2.200 0.20
3ZUX A 36 54 2.200 0.20 3ZUX A 67 91 2.200 0.20
3ZUX A 125 137 2.200 0.20 3ZUX A 155 183 2.200 0.20
3ZUX A 188 214 2.200 0.20 3ZUX A 217 245 2.200 0.20
4A2N B 4 28 3.400 0.24 4A2N B 41 61 3.400 0.24
4A2N B 75 99 3.400 0.24 4A2N B 127 142 3.400 0.24
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Code C St. End Res. R Code C St. End Res. R
4A2N B 150 172 3.400 0.24 4AMJ B 205 236 2.300 0.20
4AMJ B 278 313 2.300 0.20 4AMJ B 33 67 2.300 0.20
4AMJ B 78 104 2.300 0.20 4AMJ B 111 142 2.300 0.20
4AMJ B 322 343 2.300 0.20 4AMJ B 156 178 2.300 0.20
4APS A 15 46 3.300 0.27 4APS A 110 136 3.300 0.27
4APS A 216 241 3.300 0.27 4APS A 248 266 3.300 0.27
4APS A 285 310 3.300 0.27 4APS A 329 342 3.300 0.27
4APS A 355 376 3.300 0.27 4APS A 388 401 3.300 0.27
4APS A 425 439 3.300 0.27 4APS A 452 470 3.300 0.27
4APS A 53 75 3.300 0.27 4APS A 84 103 3.300 0.27
4APS A 145 171 3.300 0.27 4APS A 175 198 3.300 0.27
4AYX A 428 469 2.900 0.23 4AYX A 167 201 2.900 0.23
4AYX A 208 257 2.900 0.23 4AYX A 268 309 2.900 0.23
4AYX A 369 422 2.900 0.23 4AYX A 312 357 2.900 0.23
4B4A A 60 88 3.500 0.25 4B4A A 101 128 3.500 0.25
4B4A A 146 175 3.500 0.25 4B4A A 6 27 3.500 0.25
4B4A A 31 44 3.500 0.25 4B4A A 181 202 3.500 0.25
4B4A A 207 225 3.500 0.25 4DAJ D 138 170 3.400 0.25
4DAJ D 182 210 3.400 0.25 4DAJ D 229 254 3.400 0.25
4DAJ D 494 513 3.400 0.25 4DAJ D 66 94 3.400 0.25
4DAJ D 101 129 3.400 0.25 4DAJ D 522 544 3.400 0.25
4DJH B 219 256 2.900 0.23 4DJH B 271 299 2.900 0.23
4DJH B 57 86 2.900 0.23 4DJH B 93 121 2.900 0.23
4DJH B 129 160 2.900 0.23 4DJH B 309 332 2.900 0.23
4DJH B 173 196 2.900 0.23 4DJI A 41 65 3.190 0.31
4DJI A 103 117 3.190 0.31 4DJI A 127 146 3.190 0.31
4DJI A 154 180 3.190 0.31 4DJI A 235 259 3.190 0.31
4DJI A 364 393 3.190 0.31 4DJI A 410 429 3.190 0.31
4DJI A 289 321 3.190 0.31 4DL0 G 9 58 2.910 0.21
4DVE A 3 23 2.090 0.19 4DVE A 55 70 2.090 0.19
4DVE A 149 179 2.090 0.19 4DVE A 90 109 2.090 0.19
4DVE A 118 143 2.090 0.19 4DXW B 12 27 3.050 0.24
4DXW B 38 64 3.050 0.24 4DXW B 196 224 3.050 0.24
4DXW B 117 154 3.050 0.24 4EA3 B 49 76 3.010 0.25
4EA3 B 85 113 3.010 0.25 4EA3 B 120 153 3.010 0.25
4EA3 B 164 188 3.010 0.25 4EA3 B 214 241 3.010 0.25
4EA3 B 259 287 3.010 0.25 4EA3 B 295 320 3.010 0.25
4EIY A 174 208 1.800 0.18 4EIY A 220 257 1.800 0.18
4EIY A 4 33 1.800 0.18 4EIY A 43 67 1.800 0.18
4EIY A 74 106 1.800 0.18 4EIY A 111 138 1.800 0.18
4EIY A 267 290 1.800 0.18 4EIY A 293 305 1.800 0.18
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Code C St. End Res. R Code C St. End Res. R
4EJ4 A 45 75 3.400 0.26 4EJ4 A 83 110 3.400 0.26
4EJ4 A 207 238 3.400 0.26 4EJ4 A 258 286 3.400 0.26
4EJ4 A 119 150 3.400 0.26 4EJ4 A 162 186 3.400 0.26
4EJ4 A 295 318 3.400 0.26 4EZC B 49 63 2.360 0.20
4EZC B 142 161 2.360 0.20 4EZC B 173 186 2.360 0.20
4EZC B 214 227 2.360 0.20 4EZC B 301 326 2.360 0.20
4EZC B 85 104 2.360 0.20 4EZC B 249 268 2.360 0.20
4F4L C 7 27 3.490 0.27 4F4L C 74 92 3.490 0.27
4FC4 B 80 92 2.400 0.20 4FC4 B 98 125 2.400 0.20
4FC4 B 177 190 2.400 0.20 4FC4 B 219 248 2.400 0.20
4FC4 B 56 73 2.400 0.20 4FC4 B 150 172 2.400 0.20
4FC4 B 3 20 2.400 0.20 4FC4 B 23 49 2.400 0.20
4G1U A 7 26 3.010 0.27 4G1U A 55 79 3.010 0.27
4G1U A 232 253 3.010 0.27 4G1U A 279 298 3.010 0.27
4G1U A 309 325 3.010 0.27 4G1U A 92 104 3.010 0.27
4G1U A 115 139 3.010 0.27 4G1U A 145 168 3.010 0.27
4G1U A 191 218 3.010 0.27 4GBY A 125 152 2.810 0.23
4GBY A 160 186 2.810 0.23 4GBY A 191 217 2.810 0.23
4GBY A 277 306 2.810 0.23 4GBY A 370 384 2.810 0.23
4GBY A 313 334 2.810 0.23 4GBY A 341 363 2.810 0.23
4GBY A 443 461 2.810 0.23 4GBY A 8 29 2.810 0.23
4GBY A 50 80 2.810 0.23 4GBY A 84 103 2.810 0.23
4GBY A 405 423 2.810 0.23 4GRV A 61 87 2.800 0.23
4GRV A 99 126 2.800 0.23 4GRV A 139 171 2.800 0.23
4GRV A 187 207 2.800 0.23 4GRV A 233 265 2.800 0.23
4GRV A 302 331 2.800 0.23 4GRV A 341 373 2.800 0.23
4H33 A 15 37 3.100 0.28 4H33 A 68 92 3.100 0.28
4HKR A 237 270 3.350 0.28 4HKR A 276 323 3.350 0.28
4HKR A 145 178 3.350 0.28 4HKR A 192 215 3.350 0.28
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