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Abstract

Main-chain conformations where one amino acid is described as yR (or aR) and an 

adjacent one is yL (or aL) generally give rise to a structure where the three main-chain 

NH groups (one from each of the two residues and the one that follows) form a 

depression. Due to the electronegativities of the atoms involved, this depression is able 

to accommodate an atom with a whole or partial negative charge. The negatively 

charged atom, when present, is also stabilised through hydrogen bonds with the NH 

groups. We propose the name "nest" for this feature.

The nest is a common motif with 8% of residues in an average protein being involved 

in one. It is also a novel motif even though the situations it occurs in are well known. 

The negatively charged atom, or anion, that often occupies the nest varies and may be a 

main-chain carbonyl group such as in the paperclip (Schellman motif), it may also be a 

phosphate group as in the P-loop superfamily that binds ATP and GTP.

Overlapping (compound) nests and adjacent (tandem) nests are often observed and 

encourage the binding of larger more complex anionic groups. Examples of this include 

the compound nest of the P-loop which has 5 successive NH groups that bind the p 

phosphate group of nucleotide triphosphate. The longest compound nests are found 

surrounding cysteine bound [2Fe2S] and [4Fe4S] iron-sulphur centres, which are also 

anionic groups.

A totally novel motif occurs where the first residue of the nest is Asp, Asn, Ser or Thr. 

In many of these cases the sidechain acts as the negatively charged group so that the 

sidechain is effectively interacting with its own main-chain NH group and the two that 

follow. These motifs are relatively common and are named depending on the identity of 

the side chain involved: where the first amino acid is Asn or Asp the motif is known as 

an Asx-nest, when it is Ser or Thr the motif is an ST-nest. These are important motifs 

and are found in the calcium-binding loops of EF-hand proteins.

The discovery of the nest prompted an investigation into polypeptides where successive 

residues have main-chain (t>,\j/ conformations of opposite hand (alternating enantiomeric 

main-chain dihedral angles). Through the creation of model polypeptides on computer 

the full range of possible conformations was examined producing a plot not unlike the 

Ramachandran plot. All alternating enantiomeric structures are ring-shaped or 

extended, and some are found to occur in proteins, the commonest approximating to the 

nest. .



Another conformation related to the nest but more extended is found in the four 

stretches of polypeptide that line the tetrameric channel, in this case the main-chain 

CO groups are the important feature and bind the ions in the channel.

A different ring-shaped structure where the main-chain CO groups point to the centre 

of the ring is employed for specific Câ "̂  ion-binding in the annex in, phospholipase A2 

and subtilisin loops, and the regularly arranged (3-roll loops of the serralysin protease 

family. This feature we propose calling the catgrip.
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A bbreviations

aL, aR, yL, yR refer to conformational areas delimited by main-chain dihedral angles 

of individual residues. We use the definition of Efimov (Efimov, A. V., 1991; Efimov, 

A. V., 1993). Typical (|),i|; values are; aR, -70°, -40°; aL, 70°, 40°; yR, -90°, 0°; yL, 

90°, 0°.

ADP

Asx

ATP

C a

cr
CO

C-term

DSSP

GDP

Glx

GTP

H-bond

HIPIPs

K-channel

LR

MMP

NADP

NH

NNN angle

N-term

PDB

P-loop

RL

ST

Adenosine diphosphate

Amino acid identity is Aspartate or Asparagine 

Adenosine triphosphate 

Alpha carbon 

Chloride ion

Mainchain carbonyl group 

Carboxyl terminus

Dictionary of secondary structures of proteins 

Guanosine diphosphate

Amino acid residue is Glutamate or Glutamine 

Guanosine triphosphate 

Hydrogen bond

High potential Iron-sulphur proteins 

Potassium cation 

Potassium channel

A residue with mainchain dihedral angles in the aL or yL region 

followed by a residue with mainchain dihedral angles in the aR  

or yR region.

Matrix metalloprotease 

Nicotinamide adenine diphosphate 

Mainchain amide group

Angle measured between 3 consecutive backbone nitrogen atoms 

Amino terminus 

Protein databank 

Phosphate-binding loop

A residue with mainchain dihedral angles in the aR  or yR region 

followed by a residue with mainchain dihedral angles in the aL 

or yL region.

Amino acid identity is Serine or Threonine



Chapter 1 : Introduction

1.1 Ramachandran Plots

In 1968 G.N. Ramachandran and V. Sasisekharan published their work on the 

conformations of polypeptides and proteins, looking primarily at the steric hindrance 

when changing the polypeptide backbone torsion angles (Ramachandran, G. N. & 

Sasiekharen, V.,1968). Assuming that the peptide bond is planar, the main chain 

folding of a polypeptide chain is limited to only two degrees o f freedom per residue. 

These are the angles o f rotation around the Ca-N bond (Phi and the Ca-C bond (Psi 

i|/) as shown in figure 1.1a.

Figure 1.1a : Diagram showing angles phi and psi

=Phi(C-N-Ca-C) 

=Psi (N-Cci-C-N)

The work had two main parts to it, the first o f which involved the energies of model 

"dipeptides". The energy o f model "dipeptides" are plotted for every combination of 

phi and psi and gives rise to the familiar Ramachandran plot as illustrated in figure 1.1b 

below. The areas shaded on the plot are indicative of highly favourable energies and 

therefore are considered to be the ‘allowed’ regions. The regions considered to be 

disallowed are those where the energy o f the model “dipeptide” is highly unfavourable, 

this is usually due to steric hindrance or electrostatic repulsion.
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Figure 1.1b: Ramachandran plot.

180
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a -helix

-180
180-180 0

The second part of the group’s work involved moving from “dipeptides” to 

polypeptides. Here the interest lay in discovering what happens to the conformation of 

the polypeptide when successive residues have identical Phi and Psi values. The results 

of the modelling process showed that there is a tendency for these polypeptides to form 

helical structures (Dickerson & Geis, 1969). The many different types o f helix are 

characterised by three measurements:

1. The number o f residues per turn

2. The distance between residues measured parallel to the helix axis

3. The pitch (the parallel distance between two residues one turn apart)

A strand of Beta Sheet can be described as a flat helix with 2 residues per turn although 

this may not be obvious. As the number of residues per turn increases to 3 (for a 3,o 

helix), 3.6 (for an a  helix) then 4.4 (for a n helix) structures appear more helical and 

are more easily recognised. Not all conformations are acceptable however, as there are 

many cases where the various atoms in the chain start to collide with one another (e.g. 

at <j)= -60° and y/= -135° successive carbonyls clash severely). This interaction is 

dictated by the van der Waals radii minimum contact distances deduced from proteins 

and small structures.
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1.2 Researching Enantiomeric Alternating Structures

This work started as an investigation into the formation of reverse turns at the C- 

termini of alpha helices. These occur when the regular pattern of right handed alpha 

helical residues is broken by a residue with a left handed combination of torsion angles 

(Richardson, J.S, 1981). The pattern of right and left handed residues was seen to occur 

in various other situations and the first extended example we found was that of the 

phosphate-binding loop of p21 Ras. This prompted an investigation into the 

conformations of polyglycine peptides where successive amino acids have 

enantiomeric (mirror image) alternating main chain dihedral angles, for example:

Phi (j) (degrees) Psi \j/ (degrees)

Residue 1 -50 -30

Residue 2 +50 +30

Residue 3 -50 -30

Residue 4 +50 +30

Searching a representative sample of the proteins from the Protein Data Bank (PDB) 

for examples of these enantiomeric structures demonstrates that they form anion- and 

cation-binding sites, many of which form recognised important structural and 

functional sites (e.g. P-loops, Iron-sulphur complexes. Potassium Channels). The vast 

majority, however, are structural small hydrogen-bonded motifs (e.g |3 bulge loops, 

reverse turns). In these examples the binding is to the partially negatively charged 

oxygen atom of carbonyls rather than to an obvious anion or cation such as calcium or 

phosphate.

1.3 Small Hydrogen Bonded Structural Motifs

Associated with secondary structure are many small motifs which can be identified by 

their patterns of hydrogen bonding. These are often structures of 4-6 amino acids 

forming stable loops which help direct the backbone to fold up correctly (Richardson, J. 

S., 1981; Baker, E.N. & Hubbard, R. E., 1984; Milner-White, E, J. & Poet, R., 1987; 

Ring, C. S. et. al., 1992; Donate, L. E. et. al., 1996; Doig, A. J, et. ah, 1997; Oliva, B. 

et. al., 1997; Gunasekaran, K. et. al., 1997; Aurora, R. & Rose, G. D., 1998; Wan, W- 

Y. & Milner-White, E. J., 1999; Venkatachalam, C. M., 1968). Each motif is described
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and its hydrogen bonding pattern is shown in figure 1.2b. The colour scheme used for 

the hydrogen bonds is described in figure 1.2a (Milner-White, E. J. & Poet, R. 1987).

Fig 1.2a;

Hydrogen Bond Colour Key
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1.3.1 Beta Turns

Beta turns were originally defined by the one hydrogen bond common to all (an i, i+3 

hydrogen bond) (Venkatachalam, C. M., 1968) but some modern descriptions of beta turns 

do not require a hydrogen bond (Milner-White, E. J. & Poet, R., 1987). Almost all P-turns 

can be classified as one of four types as defined by the mainchain conformations of the two 

loop residues (arranged most common to least):

1. Type I

Here the two loop residues are right handed in main-chain conformation and 

an i, i+3 bond is often found.

2. Type II

In this type the first of the two loop residues has a right handed 

main-chain conformation and the second is left handed.

3. Type II'

This is the enantiomeric form of the type II turn. The first of the two 

loop residues is left handed in main-chain conformation and the second 

one is the right handed one.

4. Type I'

This is the enantiomeric form of the Type I turn: the two loop residues 

are left handed in main-chain conformation.

The prime symbol ( ' ) is used to indicate the enantiomeric (mirror image) mainchain 

conformation (similar to the difference between right and left handed helices).

1.3.2 Beta Bulge Loops

These are often associated with beta sheets and result from an additional residue being 

found in one strand (Chan, E. A. W. et. al., 1993; Milner-White, B. J., 1987). This interrupts
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the regular hydrogen bonding and causes a distinctive bulge. The bulge becomes

particularly distorted when one of the residues is a left handed glycine residue. These loops 

can also be found as loops on their own (although it will be shown later that they may not be 

stable enough to form completely on their own). These motifs are classified as one of two 

types: type I and type II.

1.3.3 Alpha turns

The alpha turn (Pavone, V. et. ah, 1996; Nataraj, D. V., 1996) is the simplest of all motifs 

and is characterised by one (i, i+4) hydrogen bond. It is found as part of the hydrogen 

bonding network of alpha helices as well as occurring on its own.

1.3.4 Paperclip/S chellman Motifs

A common motif found at the C-termini of alpha helices is that known as a Schellman motif 

(Schellman, C., 1980; Aurora, R. et. ah, 1994; Viguera, A. R. & Serrano, L., 1995) or 

Paperclip (Milner-White, E. J., 1988). This is essentially a reverse turn that breaks the alpha 

helix out of its cycle and is characterised by two hydrogen bonds: an i, i+3 bond and an i, 

i+5 bond. The motif is also characterised by the presence of a left handed residue 

(commonly glycine). The motif is stable and can occur on its own independent of helix 

formation.

1.3.5 Gamma Turns

A rarer type of turn is the gamma turn (Milner-White, E. J. & Poet, R., 1987) (and inverse 

gamma turn). Here the characteristic hydrogen bond is an (i, i+2) bond, which is rather 

weak because of the bent geometry involved. The parameters chosen for the hydrogen 

bonding dictate the frequency with which these turns are detected.
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Chapter 2: The Nest

2.1 Introduction

During an investigation into the C-termini of alpha helices it became apparent that the 

Schellman motif (Paperclip) shared features with the P-loop and the oxyanion hole of serine 

pro teases. The main point of similarity was the way that three mainchain NH groups were 

used to bind negatively charged atoms or molecules. Looking at these motifs in more detail 

it became obvious that the mainchain was folding up in a similar way to form a positively 

charged concavity. Since the mainchain conformation is dictated by the dihedral angles of 

the backbone it was decided that dihedral angle patterns and their effect on the mainchain 

conformation would be the starting point of the project.

Work by Ramachandran et. al. (Ramachandran, G. N. & Sasisekharan, V., 1968; Dickerson 

& Geis, 1969) on the conformations of polypeptides had only taken into account situations 

where the polypeptide chain is made up of successive residues with the same conformation 

(dihedral angles), no studies we were aware of had investigated alternating enantiomeric 

dihedral angles as explained previously. Through analysis of a representative sample of the 

PDB we identified numerous examples where the mainchain dihedral angles alternated 

between enantiomeric (mirror image) right and left handed forms. This led to the 

identification of a novel anion-binding motif which we have termed the ‘nest’ (Watson, J.

D. & Milner-White, E. J., 2001).

The ‘nest’ is a common motif which is shown to have both structural and functional 

properties. Although the situations the nest is found in are well described, this is the first 

time they have been related to one another as having a common core.
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2.2 Geometry and Properties

There are two types of nest distinguished by the pattern of dihedral angles. There are those 

where the first residue of the nest has right handed dihedral angles followed by a left handed 

residue (RL), and there are those where the first residue is left handed followed by a right 

handed one (LR). The dihedral angles dictate whether a residue is right or left handed is as 

follows:

Phi Psi

Right handed ( R ) -ve (-180° to 0°) +ve or -ve  (-180° to 180°)

Left handed ( L ) +ve (0° to 180°) +ve or -ve  (-180° to 180°)

The two enantiomeric types have quite different properties because of the way the adjacent 

polypeptide chain has to fold to accommodate them. The RL type is more common than the 

LR type which is only associated with a couple of hydrogen bonded motifs.

The nest is formed from three successive mainchain NH groups coming together to form a 

concave structure. The way the mainchain folds up is dictated by the backbone dihedral 

angles and therefore these control the formation of nests. Due to the nature of NH groups 

being slightly positively charged, the concavity therefore makes a good site for binding 

anionic atoms or molecules (Chakrabarti, P., 1993; Copley, R. R. & Barton, G. J., 1994). 

The way the three mainchain NH groups arrange themselves is that the first and third NH 

group point towards a common region where the primary anion would be bound. The 

middle NH group is not aligned with these two and points outwith the plane of the nest. 

Although it does not point in the correct direction it still makes some electrostatic 

interactions with the primary anion. More often than not a secondary anion is present, as in 

the paperclip motif (see figure 2.Id below), and it is this anion that is bound by the middle 

NH group.
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Figure 2.1; Basic nest arrangement (figures a-e) and paperclip (figure d) from Irhs 

(Gliubich, F. et. al., 1996)

a. b.

ffmjc A» AniOttic

C. d.

Atom
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The coneavity of the nest is measured by taking the angle between the three nitrogen atoms 

of the mainehain NH groups (Figure 2.2 shows how this is measured).

Figure 2.2 ; Average nest concavity and extended nest.

Extended NNN Angle

As the angle increases the nest loses its concavity becoming more linear and loses some of 

its ability to bind to anions. This is because the NH groups are more spaced out and do not 

point to a common region. There are also problems associated with very small angles. As 

the nest becomes more concave repulsive effects start to become more dominant and the NH 

groups clash with one another. The angle o f the nest is therefore expected to be within a 

particular range and this is shown in figure 2.3 below. This is a histogram showing the 

distribution o f the nest NNN angles and is split up into RL and LR types. This plot shows 

that the average NNN angle is different for the two types o f nest with the LR motifs having 

greater NNN angles. This is probably a reflection o f the differences between the various 

motifs that use each type.

As discussed earlier, the nest is comprised o f three mainchain NH groups each of which has 

a partial positive charge. The net effect allows the coneavity to bind one or more atoms with 

a negative charge. In proteins the mainchain carbonyl oxygen has a partial negative charge 

dictated by its inherent electronegativity. There are two types o f anions or anionic atoms 

that are commonly bound by the nest:

1. Structural -  this involves other parts o f the protein such as negative

sidechains or mainchain carbonyl groups.
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2. Functional -  this involves external anions such as the phosphate group but

it can involve other parts o f the protein if they are involved in the 

mechanism.

Every nest binds to one anion but there is the potential to bind to a number of anions, the 

average number of anions bound being around two.

Fig 2,3: Distribution of NNN angles

120 to 130 to 
130 140

NNN angles (degrees)

2.3 Database and Methods

The primary database used in this study is a set o f 67 protein structures which has been 

influenced by the ‘PDB SELECT’ list (Hobohm, U. & Sander, C., 1994) at:

ftD://ftD.embi-heidelberg.de/Dub/databases/pdb select

All the chains in the database have less than 25% identity to each other, are refined by X- 

Ray diffraction at a resolution o f less than 1.5Â and have an R-factor less than 20%.
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The chains in the database were run through the DSSP program (Kabsch, W. & Sander, C.,

1983) which is used to list the mainchain dihedral angles and other secondary structure

features in an easily searchable output. The dssp files were searched for patterns of

alternating enantiomeric dihedral angles as defined in section 1.2.

The new set of possible nests was subsequently analysed for hydrogen bonding patterns 

using the commercial molecular graphics package Quanta (QUANTA, 1997). The hydrogen 

bond parameters used are deliberately non-restrictive between relevant N and O or N and S 

atoms. This allows the detection of slightly weaker interactions and aids in the classification 

of motifs. Figure 2.4 below illustrates a basic hydrogen bond with donor and acceptor atoms 

and how it relates to the mainchain polypeptide atoms.

Figure 2.4 Basic Hydrogen Bond Arrangement (Jeffrey, G. A., 1997)

N  — H - - - -  O — C

The hydrogen bond parameters we used are less restrictive and are as follows:

DHA angle = No less than 90°

DA distance = No greater than 3.8 angstroms for N—O

No greater than 4.0 angstroms for N—S

When investigating functional motifs a different approach was used. For this purpose the 

PDB was searched using the following criteria: which ligands are bound, what the protein’s 

function is, and homology with other members of the same family.
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2.4 Occurrence of nests and relationship with other motifs

2.4.1 Occurrence of nests in the database

In the database of 67 protein chains 323 motifs occur that can be described as nests and are 

shown in table 2.1a. The average geometric parameters for each subgroup are given in table

2. lb. The most common type is the RL form with 79% of the database the remaining 21% 

being the enantiomeric (with regards to the main chain) LR form.

Key to table 2.1a:

PC = Paperclip (Schellman motif) WPG = Wide Paperclip

Tyl BT = Type I Beta Turn Ty2 BT = Type II Beta Turn

TylBBL = Type 1 Beta Bulge Loop Ty2BBL = Type 2 Beta Bulge Loop

AsxM = Asx-motif StM= ST-motif

Dnest, Nnest, Snest, Tnest, Cnest ~ A novel motif described in chapter 3.
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Table 2.1b: Average parameters in nest subclasses
31

RL NNN

angle

Phil Psil Phi2 Psi2 No.

Anions

a-Turn 128.5 -108 -16 72 26 1.6
(± 10.3 ) ( ± 21 ) (± 19) (± 14) ( ± 20 ) ( ± 0 .6 )

Asx-nest 118.8 -101 2 79 4 1.5
(± 4 .7 ) (± 16) (± 6 ) (± 19) (± 22 ) ( ± 0 .4 )

ST-nest 122.8 -95 -22 84 3 2.0
(± 5 .6 ) (± 24 ) (±8) (± 14) ( ± 17) (± 0 .4 )

Paperclip 120.8 -92 1 74 28 2.0
( ± 4 .5 ) ( ± 11) (± 12) (± 16.0 ) (± 16) (± 0 .3 )

Type 1 p-Turn 127.7 -87 -6 67 28 1.8
( ± 9 .6 ) (± 17) ( ± 18) (± 19) (± 24) ( ± 0 .5 )

Type 1 P- 118.2 -89 2 86 10 2.1
Bulge Loop (± 3 .6 ) (± 10) (± 8 ) (± 12) (± 15) ( ± 0 .2 )

Type 2 P- 123.5 -108 -10 78 15 2.0
Bulge Loop ( ± 3 . 1) (± 15) (± 13) (± 12) (± 13) ( ± 0 .5 )

Unique 126.8 -92 -11 65 38 1.2
(±8.6) ( ± 20) ( ± 21 ) (± 19) (± 20) (± 0 .6 )

Totals 122.3 -94 -3 76 22 1.9
( ± 6 .9 ) (± 17) (± 15) (± 18) (± 20 ) ( ± 0 .5 )

LR NNN

angle

Phil Psil Phi2 Psi2 No.

Anions

Unique 129.5 65 29 -90 -15 1.0
( ± 9 .7 ) (± 13) (± 19) (± 25) ( ± 24 ) ( ± 0 .9 )

Type 2 P-Turn 121.7 81 4 -84 -20 1.3
(± 11.7 ) (± 14) (± 17) ( ± 36 ) ( ± 31 ) ( ± 0 .4 )

Type r  P- 126.8 75 19 -67 -30 2.0
Turn ( ± 9 .7 ) (± 18) (± 19) ( ± 41 ) (± 23) (± 0 .9 )

Totals 124.5 74 16 -77 -20 1.5
( ± 11.2 ) (± 23 ) ( ± 25 ) ( ± 4 5 ) ( ± 28 ) (±0.8)

The numbers in brackets indicate the standard error associated with each average value.
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2.4.2 Hydrogen bonded motifs involving nests

Many o f the nests listed in table 2.1 are part o f previously defined hydrogen bonded motifs. 

How these motifs are described is clarified through the use o f their characteristic hydrogen 

bond patterns. All o f the relevant hydrogen bonded motifs are shown diagrammatically in 

figure 2.5b below. Figure 2.5a (Milner-White, E. J. & Poet, R., 1987) is a diagram 

explaining the hydrogen bond colour scheme used.

Fig 2.5a:

Hydrogen Bond Colour Key
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2.4.3 Association of nests with types of hydrogen bonded motifs

The nests that occur in the presence of other hydrogen bonded motifs can associate 

themselves with one, two or more motifs. Although this poses problems relating the number 

of nests with the number of motifs there is still valuable data in the distribution of the 

motifs. Tables 2.2 and 2.3 show the breakdown of the occurrence of nests associated with 

each type of motif.

The tables show that 27% of RL nests are part of Schellman loops (paperclips); 16% are 

within B-bulge loops; 12 % are part of Asx- or ST-motifs; and a further 17% form the novel 

Asx- and ST-nests that are the subject of the next chapter. The tables also show that even 

though LR nests are less common they do occur in particular characteristic situations i.e. the 

type I and type II (3-turns.

One of the most striking associations in the tables is that between Asx- ST-motifs (Wan, W- 

Y & Milner-White, E.J., 1999 - 1 and 2) and (3-bulge loops. Almost all Asx -  ST-motifs that 

are associated with a nest are also part of a p-bulge loop. This seems to suggest that these 

two motifs are in some way more stable when found together. There are no examples in our 

database of a (3-bulge loop occurring on its own as a stable entity but this does not mean it 

does not occur in an isolated form at all.

A possible explanation for this association is structural mimicry (Eswar, N. & Ramakrisnan, 

C., 1999). The 3D structure of the Asx- ST-motif with (3-bulge loop is very similar to that of 

the Paperclip or Schellman loop. Since the paperclip is a stable structure (occurring on its 

own in places) it might be expected to be a good shape to attempt to mimic. The combined 

Asx- ST-motif with (3-bulge loop achieves this by replacing part of the mainchain loop of 

the paperclip with the sidechain of an Asx or ST residue as can be seen in figure 2.6 below.
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Figure 2.6; Structural mimicry 

a. Asx motif + p-bulge loop b. Paperclip

The black arrow indicates the continuation o f the mainchain. The structural mimicry is 

highlighted by a purple outline. The hydrogen bonds have also been included to emphasise 

the similarity.
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Table 2.3: Distribution of LR nests by motif type.
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Type r  p-Turn 13

Type 2 P-Turn 30

Asx-Motif 2 0

ST-Motif 1 1

Paperclip 1

Functional 2 2

Unique 13
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2.5 Compound and Tandem

Further examination o f table 2.1a shows that two or more nests often follow each 

another closely. This prompted an investigation into the formation and function o f  

compound and tandem nests. Compound nests occur where the nests overlap so that the 

residues alternate between R and L forms (e.g. RL, RLR, RLRL) whereas tandem nests 

are where two nests sit side by side (e.g. RLLR, LRRL, RLLRRL).

In compound nests the result is a long chain with all the overlapping nests facing a 

similar direction. This basically forms a much wider nest that is capable o f binding a 

larger anionic group o f atoms such as the phosphate ion.

Figure 2.7a ; Diagram illustrating single nest going to a compound nest (planes o f the 

nests are shown)

The tandem nest is not as common as the compound nest, which is probably due to the 

way subsequent nests align themselves. There is a greater change in the direction that 

adjacent nests face meaning that they no longer point to a common point or region. 

This makes it more difficult for the tandem nest to bind one large anion. Tandem nests 

tend to form structural features (e.g. holding distant parts of the protein together or 

simply allowing the polypeptide chain to make a turn) and only seem to perform 

functional roles when found in conjunction with one or more compound nests.
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Figure 2.7b : Diagram illustrating single nest going to a tandem nest (planes o f the 

nests are shown)

X

2.6 Functional Nests

Some of the examples found in the database turned out to have specific functional roles 

(e.g. P-loop o f p21 Ras). Many proteins bind anions to perform a function such as to 

catalyse reactions or to activate other proteins and their structures have been solved 

with the ligands or substrate analogues bound. There is therefore considerable interest 

in whether nests are involved in the binding regions o f these proteins and how they 

might work.

As mentioned in the Methods (section 2.3) investigating the anion-binding proteins 

involves a different strategy: simply knowledge-based browsing. The first to be 

detected in this way is the P-loop, a glycine rich sequence which binds triphosphates in 

the largest superfamily o f ATP- and GTP-binding proteins. Other functional sites 

include oxyanion holes in serine proteases; Iron-sulphur proteins (Dauter, Z. et. al., 

1996); Flavodoxin (Rao, S, et. al., 1992) active site; and, surprisingly, certain calcium- 

binding sites. These are shown along with other examples (Meador, W. E. et. al., 1993; 

McLaughlin, P. J. et. al., 1993; Bullough, P. A. et. al., 1994; Harrison, D. H. et. al., 

1997; Bhatnagar, R. S. et. al., 1998; Scapin, G. et. al., 1995; Vassylyev, D. G. et. al., 

1993) in table 2.4 below:



Table 2.4: Functionally important nests and compound nests
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Nest type Res.

No.

PDB

Code

Protein Anion Ligand

LR 193 2ptc trypsin O peptide

LRLR 13 5p21 ras P GTP

LRLR 48 laqu oestrogen sulfotransferase P pyridoxal phosphate

RLR 12 Ircf flavodoxin P FMN

RLR 88 lamo NADPFI cyt p450 reductase P FMN

RL 142 Irie Rieske iron-sulfur protein I [2Fe2S]

RLRLR 39 la70 spinach ferredoxin I [2Fe2S]

RLRLRRLR 57 Iqla fumarate reductase I [2Fe2S]

RLLRLR 46 Icje adrenodoxin I [2Fe2S]

RLRLR 9 2fdn Clostridium ferredoxin I [4Fe4S]

RLRLR 148 If eh periplasmic hydrogenase I [4Fe4S]

RLRLR 346 2tmd trimethyl amine dehydrogenase I [4Fe4S]

RLR 387 lqj2 CO dehydrogenase molybdo-pterin

RL 212 laz2 aldose reductase P NADP

RLR 37 Irge ribonuclease o of guanine of rntd

LRLR 179 2nmt N-myristoyl transferase p myristoyl-CoA

LRLR 119 lbo4 N-acetyl transferase p acetyl CoA

RLR 129 lopr orotate P.R.transferase p PRPP

RL 741 Ihqm RNA polymerase (3-chain - -

RLR* 3 Iqfti Haemagglutinin (3-chain o D112

LR* 92 Icog gelsolin o D87... Ca+

RLRL* 22 Icdm calmodulin o D20 D22 D24...Ca+

Each line gives details of a nest, compound nest or tandem nest that is of functional 

importance. * indicates that the immediate anionic group bound in the nest is 

proteinaceous and not strictly a ligand. In the anion column a single letter indicates 

that an anionic atom or group binds in the nest, and shows whether it is a carbonyl or 

carboxyl ate oxygen atom (O), a phosphate group (P) or an iron-sulphur center (I).
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2.6.1 P-loops

The P-loop (Phosphate-binding loop) is a well described ATP- or GTP-binding loop 

present in a large superfamily o f important proteins which includes G-proteins and 

kinases (Via, A. et. al., 2000; Dreusicke, D. & Schulz, G. e., 1986; Pai, E. F. et. al.,

1990). The main feature o f the P-loop is a long compound LRLR nest that forms a 

binding site for the p-phosphate o f ATP or GTP and is shown diagrammatically in 

figure 2.8. However, this is an example o f a motif where the ligand also binds to the 

fi-ee main chain NH groups at the N-terminus of an alpha helix. On closer inspection of 

the hydrogen bonding in figure 2.8 it becomes evident that this interaction is in addition 

to the compound nest and does not interfere with it. Therefore the P-loop is actually 

more accurately described as a compound LRLR nest and an adjacent helical N- 

terminus that collectively bind to the a- and p-phosphates of the GDP substrate.

Figure 2.8: Diagram showing the arrangement o f the P-loop

C-renn

N-term

The P-loop, which is retained throughout the superfamily, has a highly conserved 

GxxxxGKS/T consensus sequence (where the underlined xxGK section forms the 

LRLR compound nest). A list o f aligned P-loops fi'om members o f the superfamily is 

shown in table 2.5 with the LRLR compound nest highlighted. The most distantly
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related member of this family is a sulphotransferase (Kakuta, Y. et. a!., 1997) which 

transfers a sulphur to or from adenosine 3'-5'-diphosphate. In this protein there is a 

characteristic P-loop visible but here the compound nest is used to bind the 5'- 

phosphate of the substrate.

Table 2.5 List of aligned P-loop sequences from different proteins 

PDB code Sequence

IGIA LGAGESGKS T IV

5P21 VGAGGVGKSALT

IHUR VGLDAAGKT T IL

IMM TG ESGAGKTENT

lAQU ATYPKSGTTW IS

conformation XXXXLRLRRRRR

The P-loop is designed to bind to the a- and p-phosphates of ATP and GTP. Some 

proteins with P-loops, such as p21Ras, are GTPases and can be described as molecular 

switches. The activity of Ras is controlled by cycling between inactive GDP-bound and 

active GTP-bound forms. Studies have shown that GDP and GTP bind with equal 

affinity to p21Ras and that there are major structural changes between the two bound 

forms. All things being equal a basic equilibrium would be expected to be reached 

between the GDP and GTP bound forms. This equilibrium is never reached because of 

a number of other processes and proteins altering the balance (e.g. GTPase activating 

proteins [GAPs] tilt the balance in favour of the GDP bound inactive form by 

upregulating the GTP hydrolysis action of the Ras protein). It is the levels of these 

other factors changing the balance that determine whether Ras is active or inactive and 

therefore whether the signalling pathway is on or off.

If the P-loop was designed to bind not only to the a- and p- but also to the
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y-phosphate, there would be hydrolysis of GTP to GDP but no dissociation of product 

and essentially no change in the protein or its “signalling state”. It is therefore 

important that the compound nest is situated at one end of the conserved sequence so it 

does not come into proximity with the third y-phosphate of its substrate.

2.6.2 Oxvanion Holes Of Serine Proteases

Serine proteases (Marquait, M. et. al., 1983) catalyse the hydrolysis of peptide bonds 

between selected residues depending on the particular enzyme being used. Hydrolysis 

of the peptide bond occurs in two stages:

1. Binding of substrate and hydrolysis of the amine (or alcohol) component of the 

substrate peptide leaving a covalently bound acyl-enzyme intermediate

2. Hydrolysis of the acyl component from the acyl-enzyme intermediate to 

regenerate functional enzyme and release second product.

In the first step it is thought that a highly reactive serine (residue 195) nucleophillically 

attacks the carbonyl carbon atom of the peptide bond that is to be cleaved in the 

substrate. This forms a covalently bound tetrahedral intermediate shown in the reaction 

diagram below (figure 2.9a). The carbonyl carbon atom has changed from a trigonal 

arrangement to a tetrahedral one, therefore the carbonyl oxygen has only one bond and 

extra electron pairs. This oxygen is thus known as an oxyanion and is stabilised by 

hydrogen bonding to NH groups on the main chain of the protein at what is known as 

the oxyanion hole.

Figure 2.9a: Catalytic diagram: substrate to acyl-enzyme intermediate (Stryer, L. 1988).

Substi’ate Tetraliedi’al Iiitennediate Acyl-Enajine iatennediate
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The oxyanion hole found in all serine proteases has a characteristic GDS sequence 

which forms a simple LR nest visible whether or not substrate is bound (see figure 

2.9b). This is an example o f a nest with a vital function in an enzyme mechanism.

Figure 2.9b The oxyanion hole:

Subslrale

X .

Asp

Serine proteases are not the only protein family which use oxyanion holes but, as far 

as can be seen, they are the only ones that have hydrogen bonding networks using 

nests.
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2.6.3 Iron-sulphur Proteins

The Iron-sulphur proteins (Beinert, H. et. ah, 1997; Sticht, H. & Rosch, P., 1998) are 

characterised by one or more non-haem iron ions ligated to inorganic sulphur and/or 

cysteine sulphur. These proteins are found in all organisms and have a wide variety of 

functions: catalytic centres, electron transfer, iron and oxygen sensors. All iron-sulphur 

proteins can be broadly classified into one of two groups: the ferredoxins & 

rubredoxins (which contain just iron-sulphur centres and generally show electron 

transfer activity rather than classical enzymatic activity); and the complex iron-sulphur 

proteins which have additional prosthetic groups such as flavin, haem or other metals 

(and show enzymatic activity). It is the ferredoxins that are of interest as they exhibit 

some of the longest compound and/or tandem nests found to date.

Within the ferredoxin/rubredoxin subgroup there are further divisions determined by 

the type of iron-sulphur centre found. It should be noted that there are variations to 

cysteine ligation such as histidine ligation in the Rieske iron-sulphur proteins (Iwata, S. 

et. ah, 1996). There are four key types of ferredoxin defined by the number of iron ions 

and free sulphides associated with each.
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l.[Fe]

Rubredoxin type. Here there is a single iron coordinated by four cysteines which can 

exist in either the oxidised Fê  ̂or reduced Fê  ̂forms. There are no nests associated 

with this type.

Figure 2.10 a: Rubredoxin type

r Cys

Cys
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2. [2Fe-2S]

In this cluster there are two high spin iron ions, two free sulphides, and four ligated 

cysteines (Binda, C. et. al, 1998). Compound and/or tandem nests are often associated 

with this group. The cluster can exist in an oxidised (Fê  ̂Fê )̂ or reduced (Fê  ̂Fê )̂ 

state.

Figure 2.10 b: [2Fe-2S] type.

Cys

Cys

Cys
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3. [3Fe-4S]

Here three iron ions are bound to four free sulphides and three cysteines. There are no 

nests associated with this group as far as can be determined. Once again the centre can 

be found in either an oxidised (3 Fê )̂ or reduced (2 Fê  ̂Fê )̂ state.

Figure 2.10 c: [3Fe-4S] type.

Cys

S y C ( Cys
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4. [4Fe-4S]

This type of centre is more complicated and is another group that compound and/or 

tandem nests are found (Dauter, Z. et. al., 1996; Barber, M. J., 1992; Peters, J. W.,

1998). These centres have four iron ions surrounded by four free sulphides and four 

cysteine groups. There are three possible oxidation states possible with this subgroup 

(Sticht, H. & Rosch, P., 1998) but only two are possible as the oxidised and reduced 

forms. The levels chosen depends on the type o f [4Fe-4S] protein involved and is 

explained in table 2.6 below.

Figure 2.10 d: [4Fe-4S] type.

a  Cys

i Cys

Sy

Ù

Table 2.6 Oxidation states for [4Fe-4S] proteins

Redox State Symbol Iron Charges [4Fe4S]Ferredoxins HIPIPS*

Oxidised C+ 3 Fê * 1 Fe-'* Oxidised Form

Intermediate c° 2Fe^* Oxidised form Reduced Form

Reduced c- 1 Fe‘* 3 Fê * Reduced Form

*HIP1P = High Potential Iron-sulphur ProteinS (Cowan, J. A. & Lui, S. M., 1998)
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The main question is why are nests associated with some types of Iron-sulphur complex 

but not with others, or even why they are associated at all. Since we are regarding nests 

as anion-binding sites the question to be asked is whether iron sulphur centres can be 

regarded as anionic. This requires some consideration. If the cysteine, as well as the 

non-cysteine, sulphur atoms are taken into account the net charge on the entire centre is 

negative (Stephens, P. J. et. al., 1996; Cowan, J. A. & Lui, S. M., 1998) and is in 

essence a giant anion. This is in line with the nest being described as an anion-binding 

feature. Examination of the way the nests interact with the [2Fe-2S] and [4Fe-4S] 

clusters shows that there is some hydrogen bonding with the free sulphides, but this is 

not always seen. Since the function of these proteins is to alternate between reduced 

and oxidised forms it is interesting to note that the formation of hydrogen bonds would 

be likely to favour the formation of the reduced form of the protein (Carter, C. W. Jr., 

1977; Stephens, P. J. et. ah, 1996).

2.6.4 Calcium-binding Sites

A more unusual function for a nest is seen in proteins with EE-hand (Allouche, D. et. 

ah, 1999) domains such as calmodulin (Meador, W. E. et. ah, 1993; Milner-White, E.

J., 1999). Here the nest is indirectly involved in binding calcium cations. EE-hand 

domains are well studied and it is known the calcium-binding region is the most 

conserved section with a characteristic DxDxDGxxxxE consensus sequence. The 

calcium is coordinated by seven oxygen atoms: one from each of the three conserved 

Aspartates; one from a mainchain carbonyl group; two from the conserved Glutamate; 

and one from a water molecule.

The particular arrangement of all these sidechains brings three negatively charged 

aspartates and one glutamate in close proximity to one another. This is highly 

unfavourable electrostatically and is alleviated by a compound RLRL nest (DxDG in 

the consensus sequence). The compound nest binds to the free oxygen in each of the 

three Aspartate sidechains and helps hold the whole structure together. This is shown in 

figures 2.1 la  and 2.1 lb.
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It would seem strange to bind a cation in this way with a calcium surrounded by 

negative charge which is subsequently stabilised by a compound nest, however it seems 

to be the best way to stabilise three aspartate side chains next to each other. Another 

use for the nest may be to collectively reduce the negative charge surrounding the 

calcium. Calcium is a Ca^^ cation yet is surrounded by four sidechains with a net 

negative charge. Even allowing for pKa and microenvironmental differences this is an 

excessive concentration of electrons, therefore it would make sense to mitigate the 

negativity of the three Aspartate sidechains. This is achieved by hydrogen bonding one 

of the oxygens of each of the carboxylate sidechains to the compound nest.

It may be that the EF-hand motif evolved from an ancestral cation-binding loop that 

was used to bind larger more cationic metals, and the use of the compound nest may 

have arisen after the loop was used for calcium-binding.
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Figure 2.1 la: Hydrogen bonding diagram o f EF hand.

20

C C " " HN   ̂ 0

22 N H
Ca

Figure 2.1 lb: Illustration o f calcium-binding to EF-hand.

Asp 20
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2.7 Summary

The nest is a conformation common to a number of previously identified hydrogen 

bonded motifs. It is found to have important structural roles such as in the Paperclip 

(Schellman loop) which is used as the most common alpha helical terminator at the C 

terminus. The nest is also useful in functional situations such as in the serine protease 

where it helps to stabilise the enzyme’s tetrahedral intermediate. The situations the nest 

occurs in are familiar and well studied but the fact that they all have a common core 

shape has been missed.

The nest may have some evolutionary significance due to its presence in what would be 

considered “old” proteins such as those involved in methanogenesis. It is a very basic 

unit as it could be very easily formed from a simple mixture of L- and D-amino acids. 

This is another reason why it may be of some evolutionary significance.

The work on the nest has led to the identification of a totally novel motif termed the 

Asx- or ST- nest (Watson, J. D. & Milner-White, E. J., 2001) that is discussed in detail 

in the next chapter. The Asx-nest is important to some calcium-binding proteins and 

may have implications for protein folding as will be discussed later.



54

Chapter 3: A Novel Nest-containing Motif: The 

Asx-nest and ST-nest

3.1 Introduction

During the investigation into the RL nests a novel nest-containing motif was observed. 

In this motif the major anionic atom in the nest concavity is the side chain oxygen of 

the first residue whose mainchain NH group forms the nest. In other words, the first 

residue that forms the nest binds to its own main chain NH group and the two that 

follow. In all of these motifs the important first residue whose side chain acts as the 

anion is always an Asx (Asp or Asn) or ST (Ser or Thr), therefore these motifs are 

called Asx-nests (D-nests or N-nests) and ST-nests (S-nests and T-nests) respectively. 

They are reasonably common motifs with 0.6 occurrences per protein in the 67-protein 

database (Watson, J. D. & Milner-White, E. J., 2001). There is a significantly higher 

proportion of Aspartate (D-nests) which suggests these motifs are good at stabilising 

negative charges.

These motifs are not just structural features but functional, as is shown by their 

discovery in EF-hand calcium-binding motifs (Chapter 2.6.4).

3.2 Geometry and Properties

The key point about these motifs is that the sidechain of the first nest residue is binding 

to its own mainchain NH group (figures 3.1a and b). As a result the sidechain of the 

first residue of the nest is acting as the main anion bound by the nest.
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Figure 3.1a : The Asx-nest from la2y (Bhat, T. N. et. al., 1994)

Figure 3.1b: The ST-nest

There may be some concern that the (i,i) bond is not a legitimate hydrogen bond due to 

distance and angular constraints. It is generally agreed that the distance for a hydrogen 

bond can be subject to variation depending on the circumstance such as the types o f 

donor and acceptor atoms but the angular constraints are more important.

Even if the interaction is not a true hydrogen bond there may still be considerable 

electrostatic interactions between the NH and the sidechain. In order to address this, the 

motifs were analysed using a force field program that calculates energetic interactions 

using Lennard-Jones energy potentials. The program takes each CONH peptide group
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and compares it with every other CONH group in the protein as well as with all the 

charged side chains, giving the energy of interaction and an indication of whether or 

not the geometry is favourable. This technique has been successful in investigating the 

occurrence of bifurcated hydrogen bonds (Preissener, R. et. al., 1991) where the 

geometry can be significantly different; it has also been successful in identifying 

carbonyl-carbonyl (Maccallum, P. H. et. ah, 1995) interactions that can often be of 

greater importance than the hydrogen bond.

The main focus of this analysis is to determine whether or not the (i,i) bond is a 

legitimate interaction or not. The analysis showed that the interaction does not have the 

geometry to be considered a true hydrogen bond however, it is a significant 

electrostatic interaction which gives the motif increased stability. The Asx- and ST- 

nests should therefore be considered to be legitimate stable motifs.

3.3 Occurrence

In the 67-protein database there are 61 examples of Asx- or ST-nests as can be seen in 

Table 3.1 below. The breakdown of each type is as follows: 29 D-nests; 8 N-nests; 9 S- 

nests; and 15 T-nests. There are 2 examples where the sidechain is a Cysteine but this is 

rare.

It should be noted that the Asx- and ST-nests often occur in conjunction with other 

types of motif, especially the two types of (3-bulge loop. They may therefore help 

provide additional stability to other types of structural hydrogen-bonded motifs.
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3.4 Discussion and Importance

The Asx- and ST-nests are novel motifs in that they have not been described in the 

literature before, although some o f the situations in which they occur are well known. 

They are shown to have significant stability and can be used in a functional capacity 

such as in the EF-hand motif (Meador, W. E. et. al., 1993; Milner-White, E. J., 1999; 

Allouche, D. et. al., 1999). In the EF-hand motif a calcium cation is bound by three 

aspartates (Chakrabarti, P., 1994) that come in close proximity with one another. In 

order to stabilise this unfavourable proximity the side chains are also bound by a 

compound nest which includes a D-nest (see figure 3.2).

Figure 3.2: Hbond diagram of EF-hand motif with highlighted D-nest.

Dnest

20

m *
22 N H

Ca

In the database used there are no examples of Glutamate or Glutamine forming these 

type o f motifs (Gbc-nests). This is probably due to the increased length o f the sidechain 

preventing the correct geometry to form, so the carboxylate cannot approach close 

enough to the nest concavity.

The Asx- and ST-nests may have importance in protein folding and may even act as 

nucléation points for folding. In a newly synthesised polypeptide in an aqueous 

environment it would be more favourable for main chain NH groups to be hydrogen 

bonded to other parts o f the emerging peptide rather than to water; main chain CO 

groups on the other hand are easily solvated by water and this is due to the properties of 

water when solvating different anions and cations.
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It is known that small ions (+ve and -ve) of high charge density (known as 

kosmotropes) bind water molecules much more strongly than those of a low charge 

density (known as chaotropes) and are therefore more easily solvated (Collins, K. D., 

1997). When the properties of main chain NH and CO groups are examined it is seen 

that NH groups behave more like chaotropes and do not bind water well (are poorly 

solvated) whereas CO groups are more kosmotropic and are readily solvated.

Proteins are made in the cell in a generally aqueous environment therefore a linear 

polypeptide as it is synthesised would attempt to fold into the most stable 

conformation. For the main-chain carbonyl groups solvation would not pose a problem, 

however the main-ehain NH groups are not so easily solvated. It would therefore be 

more preferable to use other parts of the protein to bind these main-chain NH groups. 

One quick and simple way to achieve this is to allow the Asx and ST residues to bind to 

nests forming temporary Asx-nests and ST-nests. Onee the rest of the protein has been 

synthesised, these small stable structures would be able to be displaced in later folding 

stages by other hydrogen bonded motifs, such as the paperclip (Schellman loop) or by 

sidechain-sidechain interactions from more distant parts of the protein.

If the Asx-nest and ST-nest are used to stabilise an emerging polypeptide until other 

interactions can be formed then the evidence may lie in the sequences surrounding the 

secondary structure.

The first place to look is at the paperclip (Milner-White, E. J., 1988) or Schellman 

(Schellman, C., 1980) motif that is commonly used to terminate alpha helices at their 

C-termini. The majority of these motifs have a left-handed glyeine as the C-cap residue 

(Schellman, C., 1980; Gunasekaran, K. et. al., 1998). The definition we use for the C- 

cap residue is as follows: if the residues of a helix are labelled as shown below the C- 

cap residue is the one with dihedral angles that do not belong to an alpha helix (non aR 

conformation).

N-term C 4...C 3...C 2...C l...C cap ...C ...C "...C '"...C "" C-term
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If the Asx-nest is important to paperclip (Schellman loop) formation then when the 

sequence is examined there should be a higher propensity for Asx residues at the C 1 

and C2 positions since these are close enough to the C-cap residue to interact. It should 

also be noted that although the Glx-nest is rarely seen in protein structures (due to the 

extra length of the sidechain) there is no reason to assume that it cannot form on a 

temporary basis to be displaced at a later date. If Glx-nests are also important to 

paperclip formation then they should be expected to have a higher than normal 

propensity at the C2 and C3 positions (since their sidechains are longer).

If the propensities for amino acid types are looked at in alpha helices it is found that 

Asp and Asn are found at higher levels than expected at the C-cap, C l and C2 positions 

and Glu and Gin are found in higher levels at C2 and C3. This would seem to add some 

backing evidence to support the theory but this is by no means conclusive as there may 

be other reasons these residues are more common at these positions.

Although an appealing theory, the work involved to investigate this properly would 

include mutagenesis and protein folding studies that are beyond the scope of this thesis.
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3.5 Summary

The Asx- and ST-nests are novel motifs that are found to be reasonably common. They 

are stable structures used to provide additional stability to other hydrogen-bonded 

motifs as well as having an important structural role in EF-hand proteins where they are 

used to bind calcium.

The geometry of the bonding may not be perfect but the electrostatic interactions are 

significant enough to allow the motif to spontaneously fold up in solution. This stability 

means the motif may have significant influences early on in protein folding pathways 

and could possibly act as a nucléation point for the development of more stable 

hydrogen-bonded motifs, however this would have to be investigated further.
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Chapter 4: The Potassium Channel

4.1 Introduction

During the investigation into the nest an unusual compound aLaR nest was noticed in 

the selectivity filter of the potassium channel KscA from Streptomyces lividans.

Instead of the regular concave nest the structure showed a more extended linear 

backbone with the carbonyl groups arranged to point to the centre of the channel. The 

extended nest is found to be part of the selectivity filter; the part of the channel 

responsible for allowing only potassium cations to cross the channel. This is the first 

time a nest has been used where the earbonyl group (Carell, C. J. et. ah, 1988; 

Chakrabarti, P., 1990, Chakrabarti, P., 1990) arrangement is the most important feature 

and it is also the first time an extended version of the nest has been observed in a 

functional situation.

4.2 Potassium Channel Structure

Potassium channels are integral membrane proteins common to both prokaryotes and 

eukaryotes (Minor, D. L. Jr., 2001). They are highly selective for the rapid transport of 

potassium across the cell membrane. Recently the high resolution crystal stmctures of 

bacterial potassium channels (Doyle, D. A. et. al., 1998; Zhou, M. et. al., 2001; Choe,

S., 2002) have been determined and shed light on how this selectivity is achieved.

All the channels sequenced have been found to contain a characteristic GYG sequence 

near the extracellular surface known as the selectivity filter (Doyle, D. A. et. ah, 1998; 

Morais-Cabral, J. H. et. al., 2001). This is the narrowest region of the pore and is 

formed from a linear row of baekbone carbonyl groups of each of the four subunits 

coming together. Just below this region is the water-filled central cavity with another 

restriction point at the bottom (Yellen, G., 2001).
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Figure 4.1 Basic channel structure (Choc, S., 2001) illustrating the various regions and 

membrane.

Selectivity 
Filter

# #

Centred Cavity

Secondary 
Restriction Point

The GYG sequence contains the most linear part of the row of carbonyls and is formed 

by the aLaR backbone conformation. The conformation is similar to that of the regular 

compound nest previously discussed, but the concavity is lost. This is due to the 

difference in dihedral angles between the regular yRyL concave nest and the extended 

aLaR conformation.

The aLaR extended nest is part of a larger RLRLRL compound nest made up of 

residues 74-79 as shown in figure 4.2 below. Details of the residues are shown in table

4.1.

Table 4.1 Conformation of residues at the selectivity filter

Residue No. Residue Type Phi O Psi n Conformation

74 T -79 -13 yR

75 T 53 74 aL

76 V -123 -26 yR

77 G 42 77 aL

78 Y -63 -37 aR

79 G 98 -13 yL
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The first part of the compound nest is at the C-terminus of a helix that points into the 

water-filled cavity below. This section forms a structure similar to the Schellman 

(Schellman, C., 1980) motif and is a common reverse turn at the C-termini of helices. 

The compound nest is then continued into the linear section o f the selectivity filter. The 

result of this is that the entire top region o f the water-filled cavity and the selectivity 

filter is lined with backbone carbonyl groups. There are also mainchain carbonyl 

groups that point into solution at the extracellular side of the selectivity filter (Gly79) 

that are important to the dehydration o f solvated cations (Zhou, Y. et. al., 2001).

Figure 4.2 : Selectivity filter with bound potassium ions

Chain A Chain C
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4.3 Mechanisms O f Action

The potassium channel selectivity filter has the ability to bind up to four potassium 

cations (four ‘sites’ numbered 1-4 from extracellular to intracellular) within the channel 

plus one ion on the extracellular surface and one in the central cavity. The selectivity 

filter is found to exist in two ion bound configurations (Zhou, M. et. al., 2001; Yellen,

G., 2001): one where sites 1 and 3 are bound; the other with sites 2 and 4 occupied (see 

figure 4.3 below).

Figure 4.3 : Two possible bound ‘states’

Chain A Chain C
Chain A Chain C

Conduction of ions across the channel is therefore achieved by alternating between the 

two bound forms. This can be achieved by either simply moving the ions back and 

forth, or as one ion enters at one side another is expelled at the other side. Regardless of 

how the ions are moved the mechanism will work at its optimum rate when the two 

stable intermediates (1,3) and (2,4) are at equal energies. It is found that, when only 

potassium is available, all four sites are occupied i.e. both occupied states are o f almost 

identical energies. If other permeable ions are used such as rubidium, one state is 

usually preferred over another therefore the channel conducts more poorly (Zhou, M. 

et. al., 2001; Morais-Cabral, J. H. et. al., 2001; Zhou, Y. et. al., 2001). The same 

situation occurs when there is a mixture o f potassium and rubidium, the rubidium 

prefers one type of occupied state and prevents potassium transport from working as 

effectively.
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The water-filled cavity is important for stabilising the potassium ion mid transfer 

(Doyle, D. A. et. aL, 1998; Yellen, G., 2001; Zhou, Y. et. al., 2001) and addresses how 

the channel manages to achieve a very high effective concentration at the centre of 

the membrane. The ion is at its most stable when fully hydrated therefore being in 

the centre of a membrane is energetically unfavourable. The cavity holds the potassium 

ion in the centre surrounding it with ordered water molecules. This forms a structure 

with the ion at the centre of a square antiprism (see figure 4.4) that is mimicked in 

the selectivity filter by mainchain carbonyls (Doyle, D. A. et. ah, 1998; Carrell, C. J. et. 

al., 1988) at each of the bound ‘sites’.

Figure 4.4: Illustration of the square antiprism

The ordering of water molecules does not impede the movement of potassium through 

the pore and allows the smooth transfer of the ions in and out of the selectivity filter. 

The dehydration and rehydration of the ion is achieved by firstly replacing half the 

hydration shell with four mainchain carbonyl groups then replacing the remainder of 

the hydration shell with another four carbonyls (Morais-Cabral, J. H. et. al., 2001;

Zhou, Y. et. al., 2001). There are tiny structural adjustments between the (1,3) and (2,4) 

conformations but the polypeptide conformations are largely unchanged.

Crystallography studies show that the selectivity filter exists in two states dependant on 

the concentration of potassium:

1. High [KT

This structure shows four ions each surrounded by 8 oxygens from the mainchain 

carbonyl groups. The selectivity filter is linear and this would be considered to be the 

conductive state of the channel.
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2. Low [KT

When there is a low concentration of potassium the structure becomes significantly 

altered. There are no ions at all to be found at positions 2 & 3 in the filter and Val76 

and Gly77 have very different conformations. The selectivity filter backbone rotates 

and moves the carbonyl groups away from the ions in the centre disrupting the ion- 

binding sites. This gives the filter an hourglass appearance and essentially pinches it 

shut. This conformation is the non-conductive state (Choe, S., 2001).

There are large conformational differences between conducting and non-conducting 

states. The amount of changes involved means the time taken for interconversion 

between the two states is on the gating timescale (milliseconds) rather than the 

conduction timescale (nanoseconds) (Yellen, G., 2001; Morais-Cabral, J. H. et. al., 

2001; Choe, S., 2002). This helps to explain how the selectivity filter manages to 

maintain its stability in low concentrations.

4.4 Summary

The potassium channel is the first example where the function of the nest is dictated by 

the arrangement of its mainchain carbonyl groups (Carell, C. J. et. ah, 1988; 

Chakrabarti, P., 1990, Chakrabarti, P., 1990) rather than the mainchain NH groups.

This is due to its more unusual extended conformation formed by alternating aLaR, 

rather than yLyR, dihedral angles. The arrangement of the carbonyl groups of four 

subunits collectively results in a channel specifically designed for cations of a 

particular size, namely potassium and rubidium. Other cations are excluded by being 

either too large to enter the pore or, in the case of sodium, too small to interact with the 

carbonyl groups lining the channel. An interesting aspect to the formation of the 

selectivity filter is that it is unstable without cations present in it: the ion is the 

subject of transport but is also essential to the formation of the channel in the first place 

(Choe, S., 2001). Other regions of the channel are designed to stabilise the transport of 

the potassium ion and help overcome the unfavourable energetics of moving it from a 

favourable solvated state through a hydrophobic membrane and back into solution 

again.
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Work into anion transport has involved investigation of the CIC chloride channel 

(Minor, D. L. Jr., 2001; Dutzier, R. et. ah, 2002; Choe, S., 2002). The structure and 

mechanism of the Cl" channel is fundamentally different from that of the cationic 

potassium channel. The Cl channel is a dimer and, unlike the tetrameric potassium 

channel, the pore is not made up from an interface between two subunits; each subunit 

has its own pore and associated selectivity filter. The selectivity filter in the Cl" channel 

does not involve carbonyls as these would repel chloride ions. The Cl" ion is bound by 

partial charges made up from the mainchain amide groups of the N-terminus of an 

alpha helix (Hoi, G. W. J. et. ah, 1978) and serine and tyrosine sidechains. The only 

similarity between the chloride and potassium channels is that both use partial charges 

to hold their ions (mainchain amide and carbonyl groups respectively). Presumably this 

negates the need for fully charged groups that may bind the ions too tightly and prevent 

their efficient transport.

Recent work on Aquaporins (AQPl) (Sui, H. et. ah, 2001), the water channels used by 

cells for the rapid transport of water in response to osmotic gradients, has shown the 

involvement of selectivity filters in their structures. Although the structures greatly 

differ they also seem to have carbonyl groups lining the constriction point and may be 

another example of the extended nest as seen in the potassium channel. This needs to 

be confirmed by examination of the crystal structure when it becomes available. The 

main difference in the aquaporins lies in the greater use of sidechains and hydrophobic 

regions to restrict movement of water. The reasons for the differences between types 

are probably down to the requirement for the water channel to be optimised for water 

transport while some other aquaporins are selective for the transport of other solutes 

with the water.
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Chapter 5: Molecular Modelling

5.1 Introduction

The nest is characterised by alternating enantiomeric dihedral angles and is shown to 

have anion-binding properties that are functional as well as structural. The 

identification of the extended nest conformation and its cation-binding function led to a 

consideration that polypeptides with different alternating enantiomeric dihedral angles 

may give rise to other types of motif. I investigated this further by creating artifical 

model polypeptides on computer with different sets of dihedral angles to indicate the 

range of possible structures that can be formed.

5.2 Creating Model Polyglveines

The first step in the modelling process was to create a polyglycine short polypeptide. A 

regular PDB coordinate file from a protein was selected for a region with 10 amino 

acids in a beta strand. Using a simple text editor (jot, emacs, word, etc) the lines 

corresponding to the 10 amino acid section were isolated. All amino acid identities 

were changed to GLY and lines containing coordinates for sidechains deleted. This 

gave a file containing a 10-residue polyglycine strand.

Fig 5.1 Examples of lines during the editing process

a) Original File

HEADER ONCOGENE PROTEIN 3 0-APR-90 5P21 5P21 2
COMPND $C_*H-■RAS $P21 PROTEIN (AMINO ACIDS 1 - 166) COMPLEX WITH 5P21 3
COMPND 2 GUANOSINE-5' - (BETA,GAMMA-IMIDO) TRIPHOSPHATE (GPP*NP) 5P21 4
SOURCE HUMAN (HOMO $SAPIENS) CELLULAR HARVEY-■RAS GENE (TRUNCATED) 5P21 5
SOURCE 2 EXPRESSED IN (ESCHERICHIA $COLI) 5P21 6
AUTHOR E. F .PAI,A .WITTINGHOFER,W .KABSCH 5P21 7
REVDAT 1 15--JAN-92 5P21 0 5P21 8

ATOM 112 N SER 17 6.913 32.942 16.135 1. 00 7.74 5P21 231
ATOM 113 CA SER 17 6.661 34.295 15.649 1.00 8 . 78 5P21 232
ATOM 114 C SER 17 7.854 34.859 14.919 1.00 9.73 5P21 233
ATOM 115 0 SER 17 7.653 35.446 13.868 1.00 9 .70 5P21 234
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ATOM 116 CB SER 17 6.360 35.264 16 .769 1.00 8.22 5P21 235
ATOM 117 OG SER 17 5.083 34 .853 17 .204 1.00 8.79 5P21 236
ATOM 118 N ALA 18 9 .072 34.687 15.444 1.00 8.95 5P21 237
ATOM 119 CA ALA 18 10.253 35.199 14.769 1.00 8.95 5P21 238
ATOM 120 C ALA 18 10.438 34.576 13.374 1.00 8.54 5P21 239
ATOM 121 0 ALA IB 10.832 35.254 12 .430 1.00 8.75 5P21 240
ATOM 122 CB ALA 18 11.521 34.931 15.640 1. 00 10.11 5P21 241
ATOM 123 N LEU 19 10.136 33 .284 13 .176 1.00 8.31 5P21 242
ATOM 124 CA LEU 19 10.225 32.667 11.837 1.00 9.30 5P21 243
ATOM 125 C LEU 19 9 .204 33 .281 10.884 1.00 10.98 5P21 244
ATOM 126 0 LEU 19 9 .534 33.652 9 .751 1.00 10 .47 5P21 245
ATOM 127 CB LEU 19 9 .938 31.165 11.885 1.00 9.41 5P21 246
ATOM 128 CG LEU 19 11.035 30.275 12.487 1.00 11.80 5P21 247
ATOM 129 CDl LEU 19 10 .491 28 . 866 12.723 1.00 10 .43 5P21 248
ATOM 130 CD2 LEU 19 12 .256 30 .288 11.554 1.00 13 .42 5P21 249
ATOM 131 N THR 20 7.950 33 .419 11.335 1.00 10 .72 5P21 250
ATOM 132 CA THR 20 6.888 34 .015 10.529 1.00 11.87 5P21 251
ATOM 133 C THR 20 7 .173 35 .492 10,161 1.00 12 . 65 5P21 252
ATOM 134 0 THR 20 7.012 35.917 9.009 1.00 12 . 60 5P21 253
ATOM 135 CB THR 20 5.547 33.888 11.312 1.00 13 .43 5P21 254
ATOM 136 OGl THR 20 5 .299 32.509 11.544 1.00 12 . 67 5P21 255
ATOM 137 CG2 THR 20 4 . 3 4 6 34 .410 10.518 1.00 14. 64 5P21 256

b) Removal Of Sidechain Atoms

ATOM 112 N SER 17 6 . 913 32.942 16.135 1.00 7 . 7 4 5P21 231
ATOM 113 CA SER 17 6.661 34.295 15.649 1.00 8.78 5P21 232
ATOM 114 C SER 17 7 . 854 34.859 14.919 1.00 9.73 5P21 233
ATOM 115 0 SER 17 7.653 35.446 13.868 1.00 9.70 5P21 234
ATOM 118 N ALA 18 9 .072 34.687 15.444 1.00 8. 95 5P21 237
ATOM 119 CA ALA 18 10.253 35.199 14.769 1.00 8.95 5P21 238
ATOM 120 C ALA 18 10.438 34.576 13 .374 1.00 8. 54 5P21 239
ATOM 121 0 ALA 18 10.832 35.254 12 .430 1.00 8.75 5P21 240
ATOM 123 N LEU 19 10.136 33 .284 13 .176 1.00 8.31 SP21 242
ATOM 124 CA LEU 19 10.225 32.667 11.837 1.00 9.30 5P21 243
ATOM 125 C LEU 19 9.204 33.281 10.884 1.00 10.98 5P21 244
ATOM 126 0 LEU 19 9.534 33.652 9 .751 1.00 10.47 5P21 245
ATOM 131 N THR 20 7.950 3 3 . 4 1 9 11.335 1.00 10.72 5P21 250
ATOM 132 CA THR 20 6.888 34.015 10.529 1.00 11.87 5P21 251
ATOM 133 C THR 20 7.173 35.492 10 .161 1.00 12.65 5P21 252
ATOM 134 0 THR 20 7.012 35.917 9 .009 1.00 12.60 5P21 253

c) Changing All Residues To Glycine (Final Model File)

ATOM 113 CA GLY 17 6 . 661 34.295 15.649 1. 00 8 .78 5P21 232
ATOM 114 C GLY 17 7 . 854 34.859 14.919 1. 00 9 .73 5P21 233
ATOM 115 0 GLY 17 7 . 653 35.446 13.868 1.00 9 .70 5P21 234
ATOM 118 N GLY 18 9 . 072 34.687 15.444 1.00 8 .95 5P21 237
ATOM 119 CA GLY 18 10.253 35.199 14.769 1.00 8.95 5P21 238
ATOM 120 C GLY 18 10.438 34.576 13.374 1.00 8.54 5P21 239



ATOM 121 0 GLY 18 10.832 35.254 12.430 1.00 8.75 5P21 240
ATOM 123 N GLY 19 10.136 33.284 13.176 1.00 8.31 5P21 242
ATOM 124 CA GLY 19 10.225 32.667 11.837 1.00 9 .30 5P21 243
ATOM 125 C GLY 19 9 .204 33.281 10.884 1.00 10.98 5P21 244
ATOM 126 0 GLY 19 9 . 534 33.652 9 .751 1.00 10.47 5P21 245
ATOM 131 N GLY 20 7 . 950 33.419 11.335 1.00 10.72 5P21 250
ATOM 132 CA GLY 20 6 . 888 34.015 10.529 1.00 11.87 5P21 251
ATOM 133 C GLY 20 7 .173 35 .492 10.161 1.00 12 . 65 5P21 252
ATOM 134 0 GLY 20 7.012 35.917 9 .009 1.00 12.60 5P21 253
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To perform a manipulation on this model, its file was imported into Quanta (QUANTA, 

1997). Within Quanta are various modelling options that allow the user to alter features 

of an imported file. The user ean eh ange factors such as bond angles, bond lengths, 

hydrogen bond parameters, add or remove bonds with other sections of a protein, set 

dihedral angles, etc.

For the model peptide all peptide bonds were set to trans bonds with co angles of 180°. 

The main point of all the modelling is to investigate alternating enantiomeric dihedral 

angles, therefore a starting point is needed. I decided to start at (0°,0°) and go from 

there. The phi and psi dihedral angles were all altered to 0° and the resulting peptide 

was saved to a file named [0.0].

For the next model phi was kept at 0° but psi was changed to 10° for the first amino 

acid, -10° for the second, 10° for the third and so on. This was saved as a new file 

called [0.10]. Psi was changed by 10° at a time saving the new model files until 

reaching 180°. Returning to the [0.0] file, phi was then altered by 10° so that the first 

residue was -10°, the second 10°,and so on to form file [10.0]. The phi angles for this 

[10.0] model were adjusted as with the [0.0] model.

It was soon discovered that this process was only solving half the problem. This is 

explained by figure 5.2 below. In each of the files created the polyglycine model has 

dihedral angles (-x,-y) (x,y) (-x,-y) ... etc. and only covers the two quadrants of the 

Ramachandran plot as shown in fig 5.2 as the yellow region.

In order to cover the rest of the plot the modelling process had to be repeated except 

that each model created had dihedral angles of (-x,y) (x,-y) (-x,y)... etc. This is 

indicated in figure 5.2 as the red region.
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Figure 5.2: Ramachandran plot indicating regions covered by models.
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5.3 Ramachandran-like Plots

The modelling process resulted in 703 different model files and for each several 

measurements were taken. The resultant mass o f data is difficult to analyse in its raw 

form therefore it was determined the best way to display and interpret the data was to 

plot it.

The plots produced are similar to the Ramachandran plot except that in the original 

work model polypeptides with identical conformations for successive residues were 

considered, whereas this modelling is for polypeptides with successive alternating 

enantiomeric dihedral angles. Another key difference is that in the current work all the 

polypeptides are, in principle, ring shaped rather than the mainly helical models 

designed by Ramachandran et al. (Ramachandran, G. N. & Sasisekharan, V., 1968; 

Dickerson & Geis, 1969) It should be noted that only half o f each plot needs to be 

shown due to the symmetry across the plot (see figure 5.3).
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Figure 5.3: Full Ramachandran plot indicating symmetry between halves.
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The yellow circled region corresponds to the dihedral angles which give rise to the 

conformation we have termed the catgrip.

The measurements taken for each model polypeptide are as follows (for diagrams 

illustrating how the measurements were taken see figure 5.4):

1. The number of residues for a complete ring.

2. The distance between alternate NH groups (N-N distance) -  this gives an 

estimate of the ‘width’ o f any nest in a model.

3. The angle between three successive NH groups (NNN angle) -  this gives a 

measure of how extended or concave any model structure is.

4. The distance between alternate carbonyl oxygens (0 -0  distance) -  this 

gives an estimate of how close carbonyls come with each other.

5. The angle between successive carbonyl oxygens (OOO angle) -  this gives 

another estimate of how extended the polypeptide model is.

6. A dihedral angle measured between successive carbonyl groups (OCCO 

angle) -  this indicates whether the carbonyls point towards the centre o f the 

ring or tangential to the ring.
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Figure 5.4: Diagrams illustrating how the different measurements are taken
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Legend:

a. = NNN angle

b. = N-N distance

c. = OOO angle 

d = 0 - 0  distance

e. = OCCO dihedral angle

Other plots were made including information such as regions highlighting the dihedral 

angles for nests, catgrips and K channel, whether the NH groups or CO groups point to 

the ring centre or away. All o f the plots are shown in figure 5.5 a-h.
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5.4 Results And Discussion

The theoretical minimum ring size is 5.08 residues in length. The reason the minimum 

ring size is not 5 residues is due to the difference in geometry between the pentagon 

and the tetrahedron (the angle between sides of a pentagon is 108° whereas the 

tetrahedral angle is 109°)

If these types of structures are to be found in real situations outwith that of the 

computer model two points become apparent:

1. Ring conformations with non-integral or odd numbers can exist only 

as partial rings (therefore the smallest sterically feasible cyclic 

polypeptides of this type are hexapeptides and octapeptides).

2. If pairs of alternate atoms are to bind to another atom then they should 

be about 4-5 angstroms apart. Therefore it would be here that 

structures binding other substrates would be found.

Figure 5.6 shows pictures of some of the polyglycine models and figure 5.7 shows 

where they lie on the Ramachandran-like plots in relation to the locations of different 

motifs.



Figure 5.6 Pictures of various models
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Figure 5.7: Ramachandran-like plot where particular conformations are highlighted 

(this also shows the locations o f the example polypeptide models from figure 5.6).
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In Figures 5.7 and 5.6c-d there is a conformation which could give rise to cation- 

binding by the backbone carbonyl groups. It was decided to investigate this structure 

further by looking for examples in the PDB where a cation is bound by mainchain 

carbonyl groups. Several examples were found where calcium ligation is mediated by 

the mainchain and led to the identification o f a novel motif termed the "catgrip" (cation 

grip) (Watson, J. D. & Milner-White, E. J., 2001) as discussed in the next chapter.

Recent work on cyclic polypeptides (Pavone, V. et. al., 1989) involved synthesis of 

hexa- or octa-peptides with alternate L and D amino acids. These form rings capable of 

assembling into tubes through antiparallel hydrogen bonding (Ghadhiri, M. R. et. al., 

1993). They are found to have particular dihedral angles that are highlighted in figure 

5.7.
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5.5 Summary

Through the creation of the model polyglycines it has been possible to investigate the 

range of possible structures where the backbone dihedral angles are alternating and 

enantiomeric. The structures formed are ring-shaped or extended and data collected on 

them has been used to create Ramachandran-like plots for easy analysis. The 

investigation of the shapes generated by the modelling process has shown several 

conformations that occur regularly in protein structures. Three key types of stmcture 

are found:

1. The nest -  this has alternating enantiomeric dihedral angles in the yR and yL 

regions of the Ramachandran plot and gives rise to a concavity with anion- 

binding potential. This is because the conformation arranges three 

successive backbone NH groups to come together in a small pocket, since 

NH groups have a partial positive charge they are able collectively to bind 

to anions. Multiple nests can come together to form larger structures with 

the abiltiy to bind larger anions such as the P-loop of p21 Ras.

2. The extended nest -  this takes dihedral angles in the aR  and aL  region of 

the Ramachandran plot and give rise to a more flattened extended 

conformation. This conformation has been used by the potassium channel to 

form the selectivity filter (it lines the channel with mainchain carbonyl 

groups in order to facilitate selective K-t- transport).

3. The catgrip -  here successive amino acids have dihedral angles in the pR 

and epsilon regions of the Ramachandran plot. This conformation aligns its 

carbonyl groups so as to bind to its cation e.g. Calcium. Like the nest it is 

possible to get multiple catgrips to come together to form compound or 

tandem ring-shaped structures. These rings are put to use to bind Calcium in 

a number of matrix metalloproteases as well as other proteins.

Recent work on cyclic polypeptides has involved the synthesis of alternating cyclic 

L,D-hexapeptides (Pavone, V. et. ah, 1989) which have been shown by crystallography 

to form ring-shaped structures similar to some of the model polyglycines.
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There are two main synthesised cyclopeptides:

1. cyclo(L-phe, D-phe)3 : (89°, -152°) (j)2\|/2= (-89°, 152°)

2. cyclo(L-val, D-val)3 ; (i)i\|/i= (98°, -130°) <̂2^ 2= (-98°, 130°)

These have a conformation similar, but not identical, to that of the pR pL model 

polyglycine that has been previously identified as the catgrip.

Other work has been conducted with synthesised cyclic octapeptides with alternating L 

and D amino acids. These have been shown to self-assemble by antiparallel hydrogen 

bonding between adjacent octapeptides to form nanotubules (Ghadhiri, M. R. et. al., 

1993). This would be expected to happen in more extended rings where the CO and NH 

groups are arranged tangential to the plane of the ring (see figure 5.8)



Figure 5.8 Possible nanotubule formation

82



______________________________________________________ 83

Chapter 6: The Catgrip

6.1 Introduction

The identification of the extended nest in the potassium channel showed that even a 

small change in the mainchain dihedral angles can change the conformation of a 

polypeptide chain. This also indicated that there are functional motifs in existence 

where the mainchain carbonyl groups are the most important atoms. Since carbonyl 

groups have a partial negative character the motifs should make good cation-binding 

motifs. Subsequent molecular modelling on computer showed there are certain 

combinations of dihedral angles where the model polypeptide forms structures capable 

of forming in real proteins. It was therefore decided to investigate the cation-binding in 

proteins to determine whether or not these new motifs that use alternating enantiomeric 

conformations are common. This resulted in the identification of another novel motif, 

which we have named the "catgrip" (Cation-grip) (Watson, J. D. & Milner-W'hite, E. J., 

2001).

6.2 Geometry

Catgrips are ring-shaped cation-binding motifs. They are formed from residues with 

alternating mainchain dihedral angles and, like the nest, can occur in two enantiomeric 

forms RL and LR. Their particular conformation arranges the mainchain so that the 

backbone CO groups point to a common region. Since the carbonyl groups have a 

partial negative charge the catgrip motif makes an excellent cation-binding 

motif (Carrell, C. J. et. ah, 1988; Chakrabarti, P., 1990; Chakrabarti, P., 1990; Holm, R.

H. et al, 1996; Harding, M. M., 1999; Harding, M. M., 2001).

Multiple catgrips can form larger tandem or compound catgrips in the same way nests 

can but there is a much greater difference in conformation between compound and 

tandem forms of the catgrip. This can be seen in the diagrams below.

Another major difference between catgrips and nests involves how they bind to their 

ligand. Where a nest results from the enantiomeric dihedral angles of residues i and
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i+1, the nest concavity is formed from the NH groups of i, i+1, and i+2. In the 

equivalent catgrip structure it is the main chain CO groups of residues i-1 and i+1 that 

bind the cation.

There are three main types of catgrip motif found and are distinguished by the numbers 

of calciums bound as well as the number of carbonyls used (Watson, J. D. & Milner- 

White, E. J., 2001):

1. Two alternating main chain carbonyl oxygens bound to one Ca^’̂

This is the simplest type of motif and can be LR or RL (see figure 6. la)

2. Three alternating main chain carbonyl oxygens bound to one Câ "̂ '

This can occur in either a tandem or a compound form which greatly 

differ in stmcture (see figures 6.1b for tandem and 6.1c for compound)

3. Four successive main chain carbonyl oxygens bound to two Ca^^

These are the most complicated type of motif and also the most 

interesting. They are observed in the serralysin proteins (a matrix 

metalloprotease [MMP] (Karlin, K. D., 1993; Bode, W. et. al., 1993; 

Baumann, U., 1994; Browner, M. F. et. ah, 1995; Borkakoti, N., 1998; 

Fernandez-Catalan, C. et. ah, 1998; Spurlino, J. C. et. ah, 1994) found in 

Gram-negative bacteria) at a domain described as a (3-roll (Baumann, U. 

et. ah, 1993). This region consists of (3-helices with six or seven calcium 

ions at the loops between strands. There are sets of loops with calciums 

between them arranged to form a row. Three of the loops examined 

exhibit the regular (3L(3R^L conformation that allows the carbonyl 

groups to contact the calcium ions above and below each loop (see 

figure 6.Id)



Figure 6.1 : Various types of catgrip
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A. 2ran (Huber, R. et. al., 1992) 

[2 CO groups 1 calcium]

B. 2usn (Becker, J. W. et. al, 1995) 

[3 CO groups 1 calcium]

C. 2ran2 (Huber, R. et. al., 1992) 

[3 CO groups 1 calcium]

D. Ikap (Baumann, U. et. al., 1993) 

[4 CO groups 2 calcium]
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6.3 Methods And Results

To investigate cation-binding the PDB was searched for all proteins that ligate metal 

ions using their mainchain carbonyl groups (Laskowski, R. A. et. ah, 1997; 

Degtyarenko, K. N. et. ah, 1999). This set was then searched for those proteins where 

the backbone carbonyl groups used are from alternating amino acid residues. The 

dihedral angles for these proteins were then looked at for alternating enantiomeric 

angles (similar to the nest situation). The majority of ‘hits’ are members of the matrix 

metalloproteases (Karlin, K. D., 1993; Bode, W. et. a l, 1993; Baumann, U., 1994; 

Browner, M. F. et. ah, 1995; Borkakoti, N., 1998; Fernandez-Catalan, C. et. al., 1998; 

Spurlino, J. C. et. ah, 1994) but other examples exist such as annexin (Huber, R. et. ah, 

1992; Koncha, N. O. et. al., 1993), phospholipase A2 (Dijkstra, B. W. et. ah, 1981; 

Scott, D. L. et. ah, 1990), fibrinogen (Spraggon, G. et. ah, 1997), thermitase (Gros, P. 

et. al., 1989) and subtilisin (Schnittke, J. L. et. al., 1996; Dauter, Z. et. ah, 1991). The 

results of this work are shown in table 6.1 and are split up into each of the three types 

of motif found.
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Table 6.1: Observed Catgrips

Catgrip type Resno PDB code protein

Four successive mainchain carbonyl oxygens bound to 2 Calciums p

352,361,370 lafO MMP: Serralysin 1
352,361,370 Ikap MMP: alkaline protease Q.

Three alternating mainchain carbonyl oxygens bound to 1 calcium
°R VR V 27 2ran annexin
°R L'^R V 29 lbp2 phospholipase A2 ^ ...... """

R" 160 2usn MMP: stromelysin q  — -
°R C L  R° 177 Immp MMP: matrilysin 1
°R VL R° 177 Infc MMP: fibroblast collagenase O
°R L°L R" 156 Ibzs MMP: neutrophil collagenase
°R L"L R" 195 Ibuv MMP: membrane-type collagenase

Two alternating mainchain carbonyl oxygens bound to 1 calcium
°RL" 99,185,259 2ran annexin
°RL^ 323 Ifza fibrinogen
^RV 160 Iqib MMP: gelatinase ^  ^

C“  c—(
°L R° 87 2tec thermitase |
°LR^ 79 laf4 subtilisin Carlsberg O
°L R° 80 Impt M-protease
°LR° 80 Iscj subtilisin E
°L R° 80 Imee mesentericopeptidase

(Note that the location of the bound carbonyl oxygens are indicated by °

G
I
C

Ca

Ça
0
1

C —

.-..Ca....„
G

1
~ C ~ C

I
G

G
1

c - c
I
G

These motifs have alternating enantiomeric dihedral angles and it is of interest to know 

where on the Ramachandran plot they are found. The dihedral angles of each type of 

motif are plotted on the Ramachandran plot as shown in figure 6.2 below. The results 

show that the different motifs cluster at different regions although all are found to have 

(3R or pL conformations. The K channel has been included to show that, although it is 

using carbonyl groups to bind cations, it is a different, more extended, form of the nest 

and different in conformation from the catgrip.
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Figure 6.2: Ramachandran plot showing locations o f catgrips.
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6.4 Discussion

The catgrip is a novel cation-binding motif used by some proteins to ligate metal ions. 

So far we have only found examples where the cation bound is calcium and a search of 

magnesium-binding proteins failed to detect any, but this does not mean other proteins 

may use the motif to ligate other metals. All of the catgrips found so far fall into one of 

three groups as determined by the number of calciums bound and the number of 

carbonyls used by the motif.

Catgrips are more specific motifs than nests which may explain their rarity. They are 

related to the nest because they are formed from alternating mainchain dihedral angles 

and have the ability to form compound and tandem forms, however, it is the differences 

between the two that are important. The catgrip is formed from dihedral angles in the 

Pr and Pl regions of the Ramachandran plot whereas the nest is formed from alternating 

7 r  and Yl region residues. This is shown by molecular modelling to be important to the 

shape of the motif. The p-region where the catgrips are found is where the model 

polypeptides all have their CO groups more towards the centre of the ring. It is also the 

area where the CO groups are spaced apart enough to work together yet not interfere 

with each other, making the motif ideal for binding cations (see figure 6.3 below)
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Figure 6.3 Four Ramachandran-like plots:

The catgrip region is highlighted in each diagram by a yellow circle.

6.3a= general geometry

6.3b= number of residues per ring

6.3c= 0 - 0  distance (angstroms)

6.3d= OCCO dihedral angle (degrees)
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The other main difference between nests and catgrips is how the two motifs bind their 

ligand. In the nest the residues whose dihedral angles are important are labelled i and 

i+1, therefore the three NH groups that come together are from residues i, i+1 and i+2. 

In the equivalent catgrip, where the residues with enantiomeric mainchain dihedral 

angles are also labelled i and i+1, the mainchain CO groups that are involved in ligand- 

binding are from residues i-1 and i+1.

In conclusion the catgrip is a specific calcium-binding motif in a few proteins but has 

the potential to bind to any cationic ligand. Given more time the next step would be to 

conduct a more thorough search of the PDB using the dihedral angle definitions to find 

out if this conformation is a common one and if other catgrip motifs as yet unknown to 

us exist.
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Chapter 7: Summary

Understanding how proteins fold up to form their three dimensional shape is of 

importance to the continued study of protein structure and function, yet our 

understanding of the processes involved is still limited. The investigation of protein 

structure continues to prove informative and much remains to be understood. It is for 

this reason we decided to investigate the conformations of polypeptides native in 

protein, which has led to the identification of three important novel motifs that occur 

widely.

When considering the conformation of polypeptides or proteins it is important to study 

the properties of the backbone or mainchain atoms. The peptide bond is unusual in that, 

due to resonance, it has a partial double bond character. This means that, instead of 

having free rotation around a single bond, it has a relatively fixed planar state similar to 

that of a double bond, but the bond lengths are midway between those of single and 

double bonds. There are therefore only two types of bond along the polypeptide 

backbone capable of rotation: phi(cj)) and psi(\|/). The conformation of any polypeptide 

is therefore dictated by the combination of angles measured for (j) and \j/. This was 

investigated by Ramachandran et. al. (Ramachandran, G. N. & Sasisekharan, V., 1968; 

Dickerson & Geis, 1969) in two ways. The first part of the study involved creating 

model "dipeptides" with every possible combination of ^ and \|/ then measuring the 

energy of each "dipeptide" giving an indication of how stable the conformation 

pertaining to each pair of dihedral angles is. The energy for each model "dipeptide" is 

then plotted and gives the familiar Ramachandran plot. This was solely a measure of 

which combinations of dihedral angles are favourable and which, through steric 

hindrance, are unfavourable.

The second part of Ramachandran’s study involved creating model polypeptides to 

investigate what happens when successive amino acids have the same (]), \\f angles. 

Many of the polypeptides are helical in nature, and among them are the familiar 

secondary structural elements such as alpha helices, polyproline helices and beta 

strands.

While investigating the polypeptide conformations at the C-termini of alpha helices it 

became apparent that a pattern of dihedral angles occurs where successive amino acids
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had mirror image mainchain conformations. It was decided to repeat the analysis by 

Ramachadran et al using polypeptides where successive amino acids have alternating 

enantiomeric (mirror image) mainchain conformations. The polypeptides formed are 

ring shaped or extended linear structures some of which are sterically impossible. A 

number, however, are shown to be common motifs in proteins and to have important 

structural and functional roles.

The first stable conformation to be found is that we have termed the ‘nest’ (Watson, J.

D. & Milner-White, E. J., 2001). It is characterised by three mainchain NH groups that 

align to form a concavity. The partial charges on each of the atoms is determined by 

their electronegativity and gives the concave surface of the nest a partial positive 

charge making it a good anion-binding motif. There are two main types of nest motif 

distinguished by their pattern of dihedral angles. The most common type is the RL 

form, defined by the first residue having dihedral angles in the right handed region of 

the Ramachandran plot, while the second residue is left handed in conformation and 

has the mirror image range of dihedral angles. The other type of nest is the LR type and 

is less common, association occurring in only a couple of motifs.

The concavity of the nest can be defined by the angle between the three successive 

nitrogen atoms. In a bar-chart showing the distribution of this angle there is seen to be a 

distinct difference between the RL and LR forms. Although both follow a normal 

distribution the average angle is wider for the LR type of nest. This may reflect the 

differences between the motifs that use the LR and RL conformations or it may be due 

to the smaller sample size for the LR type (it is a less common conformation). The 

concavity of the nest has an average value of 125“ and appears to provide a big enough 

opening to locate an anion in it. As the angle decreases the nest becomes more concave 

to the point where steric hindrance makes the conformation impossible. Increasing the 

angle of the nest forms a linear extended structure where the successive NH groups of 

the mainchain no longer point to a common point and the conformation is less likely to 

bind anions.

In the regular nest not all the NH groups point in the same direction. The first and the 

third NH groups point to a common region whereas the middle NH group points to the 

side, away from the plane of the nest. This negates the unfavourable electrostatic 

clashes that would be expected from bringing three NH groups together. The unusual
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orientation of the three NH groups also allows the nest to bind to multiple anions. The 

primary anion is usually bound by the first and third NH group and the middle NH 

group is often used to bind a second anion. The types of anions bound vary and include 

the carbonyl oxygen atoms that have a partial negative charge (Baker, E. N. &

Hubbard, R. E., 1984; Jeffrey, G. A., 1997), negatively charged Asp and partially 

negative Asn side-chains (Le Questel, J-Y et. ai., 1993; Doig, A. J. et. ah, 1997;

Aurora, R. & Rose, G. D., 1998; Wan, W-Y & Milner-White, E. J., 1999; Chakrabarti, 

P. & Pal, D., 2001), and ligands such as phosphate groups (Chakrabarti, P., 1993; 

Copley, R. R. & Barton, G. J., 1994).

The majority of nests are associated with paperclip (Milner-White, E. J., 1988) 

(Schellman (Schellman, C., 1980)) motifs although other hydrogen bonded motifs also 

incorporate nests. These include Beta bulge loops (Milner-White, E. J. & Poet, R.,

1987; Ring, C. S. et. ah, 1992; Chan, E. A. W., 1993; Milner-White, E. J., 1987), Beta 

turns (four types) (Venkatachalam, C. M.,1968; Baker, E. N. & Hubbard, R. E., 1984; 

Milner-White, E. J. & Poet, R., 1987; Stickle, D. F. et. ah, 1992) and Asx-turns (Le 

Questel, J-Y et. ah, 1993; Shimoni, L. & Glusker, J. P., 1995; Wan, W-Y & Milner- 

White, E. J., 1999). Nests are not isolated structures and examples commonly occur 

where multiple nests associate to form larger stmctures capable of binding more 

complex anionic groups. These extended structures can be made from either 

overlapping (Compound) or adjacent (Tandem) nests. The compound nests are more 

common and generally have functional roles such as in the P-loop containing 

superfamily of proteins (Dreusicke, D. & Schulz, G. E., 1986; Pai, E. F. et. ah, 1990). 

The tandem nests are usually structural motifs allowing the polypeptide chain to turn 

and accommodate other motifs. However, when found in conjunction with a compound 

motif, they can have functional roles.

It is evident there are a number of situations in proteins where the nest has a function. 

Those identified in our database are the P-loop (Dreusicke, D. & Schulz, G. E., 1986; 

Pai, E. F. et. ah, 1990) (the phosphate-binding loop important to many kinases and G- 

proteins); the oxyanion hole of some serine proteases (Marquait, M. et. ah, 1983); 

loops surrounding the Iron-Sulphur (Sticht, H. & Rosch, P., 1998) centres of a number 

of proteins; and the caleium-binding (Meador, W. E. et. ah, 1993; Finn, B. E. & 

Drakenberg, T., 1993) loops of various proteins.
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The way certain EF hand (Allouche, D. et. al., 1999) calcium-binding loops utilise 

nests requires further explanation. Here the cationic calcium ion is bound by Asx 

residues which are in turn stabilised through hydrogen bonding to nests (Watson, J. D. 

& Milner-White, E. J., 2001; Watson, J. D. & Milner-White, E. J., 2001; Chakrabarti, 

P., 1994). This arrangement seems to be stable and under closer examination contains 

another novel motif we have termed the Asx-nest (there is another related motif called 

the ST-nest). This is a nest where the first residue of the three is an Asp or Asn (Ser or 

Thr for the ST-nest) whose side chain oxygen occupies the nest. Therefore the 

sidechain binds to its own NH group and the two that follow. This interaction is not 

particularly strong but a program that calculates the energies of interaction between 

peptide groups shows that although the geometry is slightly unfavourable, electrostatic 

interactions do stabilise the motif.

The Asx- and ST-nests are useful motifs that occur in certain functional situations such 

as the EF hand calcium-binding loops. They may also have significance for protein 

folding. As the protein is synthesised it folds up in an aqueous environment. This 

encourages the protein to attempt to solvate those parts that are hydrophilic and bury 

the hydrophobic sections. It has been shown that the mainchain CO groups are more 

easily solvated than the NH groups (Collins, K. D., 1997). Therefore the polypeptide is 

more likely to use the NH groups to bind other parts of protein and the CO groups bind 

to the solvent. Since Asx- and ST-nests are relatively stable and require only that the 

residue after the Asx or ST in question be in a left handed conformation, it is likely 

they spontaneously form. These motifs could be nucléation points for the folding of the 

emerging polypeptide. Development of other secondary structural features would 

follow shortly afterwards to displace these nucléation points, often replacing the Asx- 

and ST- nests with more favourable interactions.

As mentioned earlier, the nest can also adopt a more extended form with a linear 

arrangement, having NH groups on one side and CO groups on the other. This is found 

in the potassium channel KscA (Zhou, M. et. ah, 2001) from Streptomyces lividans in a 

stretch of polypeptide known as the selectivity filter that gives the channel its 

specificity for potassium ions over other cellular ions.

The potassium channel is a tetrameric protein and each chain has a conserved GYG 

signature sequence at the selectivity filter. Investigation of this polypeptide shows the 

residues involved have alternating enantiomeric dihedral angles. The dihedral angles
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are found to be in the aR and aL regions of the Ramachandran plot. The mainchain 

conformation is more extended than the regular nest which usually has dihedral angles 

in the yR and yL regions. The four extended nests one from each subunit align next to 

one another around the four-fold axis with their mainchain carbonyl groups pointing to 

the centre. This forms a channel capable of allowing cations through. The high 

specificity for potassium ions is achieved in two ways: the first being the fact that the 

selectivity filter is lined with carbonyl groups making it impossible for anions to 

traverse the channel. The second way selectivity is achieved is through limiting the 

width of the filter. This only allows cations the size of potassium through since those 

that are too large cannot get into the channel and smaller cations do not pass because 

they try to drag through solvating water molecules.

This interesting situation is the only nest like structure observed where the mainchain 

carbonyl groups are the significant ligand-binding factors. It has been suggested that 

the selectivity filter may also be of significance to a group of proteins known as 

Aquaporins (Sui, H. et. ah, 2001). These proteins are only just being characterised and 

transport water and/or solutes across membranes, and as such are important as they 

allow the cells to cope with osmotic potentials. Papers published on the subject suggest 

that the Aquaporins have an extended nest not unlike that of the potassium channel 

selectivity filter, but that the Aquaporins are more complex as they use sidechains in 

the channel to aid in their selectivity.

The third novel motif we have found is the catgrip (Watson, J. D. & Milner-White, E.

I., 2001). This is a specific cation-binding motif used by a few types of protein to bind 

calcium. Although all the examples found so far bind calcium there is no reason to 

assume that other proteins might not use a form of the catgrip to bind other cations.

The catgrip is formed by alternating mainchain dihedral angles in the J3R and (3L 

regions of the Ramachandran plot. This gives a ring shaped strueture where the 

mainchain carbonyl groups of alternate residues point towards the centre of the ring. 

Due to the partial negative eharge on the mainchain carbonyl group the motif forms a 

cation-binding motif.

All catgrips found to date can be classed in one of three groups determined by how 

many caleiums are bound and how many mainchain carbonyl groups are used in the 

process. There may be other types yet to be determined but this is unlikely as the motif 

has a specific function and is uncommon apart from in those proteins that use it for a 

specific purpose.
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The catgrip is a relative of the nest in the sense that it is formed from polypeptides with 

alternating enantiomeric mainchain dihedral angles, and multiple catgrips can come 

together to form larger compound and tandem structures. This is where the similarities 

end. The catgrip binds cations not anions, the mainchain carbonyls involved come from 

the residues before and after the first residue of the conformation (i.e. i-1 and i+1), and 

there is a much greater difference in conformation between compound and tandem 

catgrips than in nests.

The discovery of these novel motifs shows that continued analysis of protein structure 

reveals new features even in areas considered well understood. Although the situations 

these motifs are found in are well known the underlying processes involved are still to 

be fully elucidated. We find that these motifs do not seem to have a specific consensus 

sequence except for a propensity for Glycine at the yL residue, and as such do not 

contribute greatly to structure prediction. One significant aspect of these motifs is that 

they can be formed from a simple mixture of L- and D- amino acids. This means they 

may prove to be important in an evolutionary sense as well as being of interest to those 

studying how proteins fold up. In an evolutionary sense some of these motifs, namely 

the nest and Asx-/ST-nests, may be ancient. Their occurrence in proteins that are 

considered to have evolved early on (such as the methanogenesis and iron-sulphur 

proteins) seems to add weight to this opinion. Their importance to protein folding is 

more relevant to the Asx- and ST-nests which, as discussed earlier, may act as 

nucléation points for folding.

Overall there is still much work to be done. The first point I would address would be to 

try to automate the identification of the nests and catgrips using their dihedral angle 

ranges and patterns. This could then be used to identify the full range of motifs in the 

entire PDB which would help classify more motifs as well as aid in the analysis of 

those we are already aware of. I would also like to perform mutagenesis and protein 

folding studies to see if the Asx- and ST-nests can act as initiation points for folding up 

of secondary structure. Further analysis of the Aquaporin family of proteins would also 

be beneficial. If the extended nest conformation is found, it could aid in the 

understanding of how this conformation forms and what functions it has.
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