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Abstract

In amyloid diseases an insoluble amyloid fibril forms via a soluble oligomeric
intermediate. It is this intermediate that mediates toxicity and it has been suggested,
somewhat controversially, that it has the a-sheet structure. Nests and a-strands are
similar peptide motifs in that alternate residues lie in the or and y. regions of the
Ramachandran plot for nests, or ar and a. regions for a-strands. In nests a concavity is
formed by the main chain NH atoms whereas in a-strands the main chain is almost
straight. Using “Ramachandran propensity plots” to focus on the aL/yL region, it is shown
that glycine favours y. (82% of amino acids are glycine), but disfavours oL (3% are
glycine). Most charged and polar amino acids favour oL with asparagine having by far
the highest propensity. Thus, glycine favours nests but, contrary to common
expectation, should not favour a-sheet. By contrast most charged or polar amino acids
should favour a-sheet by their propensity for the aL conformation, which is more
discriminating amongst amino acids than the ar conformation. Thus, these results
suggest the composition of sequences that favour a-sheet formation and point towards

effective prediction of a-sheet from sequence.
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Introduction

The aggregation of proteins into a fibrillar conformation composed largely of B-sheet
termed amyloid is the cause of many different diseases including Alzheimer’s Disease,
Parkinson’s Disease, type |l diabetes and Huntington’s Disease (Chiti and Dobson,
2017; Eisenberg and Jucker, 2012; Erskine et al., 2018; Lee et al., 2017). It is thought
that self-association into the amyloid structure is an inherent property that all
polypeptide chains share (Fandrich et al., 2001). Because many amyloid fibres do not
exist as multiple structurally identical molecules and are often in the form of a non-
crystallizable sticky mass, they are far more difficult to study by current biophysical
techniques than folded proteins. Nevertheless, a number of -sheet containing
molecular structures of diverse amyloid proteins have been determined in atomic detalil.
We point out that these structures are those of mature amyloid, which are distinct from

those of amyloid precursors or intermediates.

Amyloids of different systems have been analysed showing that their structure is
less dependent on side chain composition than the folding of proteins to their native
state. The toxic structure in amyloid diseases is not the mature amyloid fibril but a
soluble intermediate. This was shown via the generation of antibodies that bind only the
soluble intermediates, not the mature amyloid fibre or the soluble precursor proteins
(Kayed et al., 2003). The antibodies bind all intermediate polypeptides regardless of
sequence, and their toxicity is thereby greatly reduced. It has been suggested this is

due to the antibodies recognizing the backbone conformation of a-sheet (Arai et al.,

2012; Daggett, 2006). The inter-mainchain hydrogen bonding of a-sheet exhibits



similarity, as shown in Fig 1, to B-sheet, but a-sheet has different electrostatic properties
because the two edges of the sheet have a pronounced polarity (free NHs along one

side, free COs on the other), which is absent in 3-sheet.

Armen et al (Armen et al., 2004b) first proposed a-sheet as the toxic
intermediate, formed by the amyloidogenic regions of proteins. The likely existence of a-
sheet (polar-pleated sheet) as a protein conformation was originally suggested by
Pauling and Corey (Pauling and Corey, 1951), along with a-helix and B-sheet. As it is
rare in natural proteins it has tended to be overlooked. Ideas about amyloid, however,
rekindled interest in it (Daggett, 2006). In recent years accelerating numbers of papers
have been providing further evidence in support of a-sheet as the toxic amyloid
precursor( Xu, 2007; Grillo-Bosch et al., 2009; Babin et al., 2011; Hopping et al., 2014;
Kellock et al., 2016; Hilaire et al., 2018; Maris et al., 2018; Bi and Daggett, 2018; Shea
et al., 2019; Meng et al., 2019; Childers and Daggett, 2019; Balupuri et al., 2019;
Childers and Daggett, 2020; Balupuri et al., 2020; Wang et al., 2020). Certain
extracellular proteins, named functional amyloids (Deshmukh et al., 2018; Erskine et al.,
2018), are also thought to occur preferentially, rather than being misfolded, as amyloid;
evidence indicates that that they too pass through an a-sheet intermediate stage

(Bleem et al., 2017; Paranjapye and Daggett, 2018).

Nests (Afzal et al., 2014; Watson and Milner-White, 2002a; Watson and Milner-
White, 2002b) are common 3-8 residue protein motifs; 8% of residues in proteins belong
to one. Nests and a-strands (some within a-sheet) resemble each other in that both

consist of amino acids with alternating right-handed (negative ¢) and left-handed



(positive ¢) main chain conformations; they differ in that the main chain atoms of nests
are curved to various degrees while those of a-strands are straight or nearly so. In
previous work peptides with araL or aLar conformations have been included as nests,
but in this work, they are referred to as a-strands. a-strands are less common in most
proteins than nests but occur for example in potassium channels and aquaporins
(Milner-White et al., 2006; Watson and Milner-White, 2002a) where they play a key role.
Both nests and a-sheet orientate adjacent main-chain carbonyl groups onto one side of
the backbone, and NH groups onto the other side, creating significant polarity. Nests
often utilise this charge separation to bind negative or -atoms. The curvature of the
motif allows it to ‘cup’ the group or atom it binds to, termed the ‘egg’ (Kim et al., 2018;
Milner-White et al., 2006). With a-sheet the polarity assists the self-association of the
nearly linear (Hayward and Milner-White, 2008) adjacent strands of each sheet (Armen

et al., 2004b), as seen in Fig 1.

Analysis of steric hindrance in the Ramachandran plot (Ramachandran et al.,
1963; Richardson and Richardson, 1989; Hovmoller et al., 2002; Pal and Chakrabarti,
2002; Ho et al., 2003; Beck et al., 2008; Berkholz et al., 2009; Hollingsworth and
Karplus, 2010; Porter and Rose, 2011; Zhou et al., 2011; Carugo and Carugo, 2013;
Richardson et al., 2013; Laskowski et al., 2013; Hayward et al., 2014; Balasco et al.,
2019; Ravikumar et al., 2019) indicates two major commonly allowed regions: ar, and 3.
Towards the bottom of the arregion a discrete area is for residues in the a-helical
conformation. A third main region is commonly occupied by L amino acids in proteins,

not as often as the other two but frequently none the less; it is often collectively referred



to as ar; towards the top of the region is the area for residues in the left-handed a-

helical conformation.

In studies of B-turn occupancy of the a. region Wilmot and Thornton (Wilmot
and Thornton, 1990) and Efimov (Efimov, 1993) distinguished two distinct subregions
centred on (60°,30°) and (90°,0°); we denote these a. and y. respectively. Nests have
two successive residues in aryL (RL) or yLar (LR) conformations; RL nests make up 80%
of such motifs in proteins (Watson and Milner-White, 2002b), while 20% are LR. Strands
of a-sheet (a-strands), on the other hand, consist of alternating ar/aL residues, that are,

approximately, adjacent right-handed/left-handed a-helical conformations.

The ow at residue i+1 conformation need not be exactly the main-chain
enantiomer of the ar conformation at residue i, such that ¢i+1=-¢i and yi+1=-yi. An
alternative is the “mirror” condition, where in the Ramachandran plot, the point for
residue i+1 is a reflection in the diagonal line y =-¢ of the point for residue i; the mirror
relationship is: ¢i+1=-yi and yi+1=-¢i. It has been shown (Hayward and Milner-White,
2008) that mirror peptides (where this mirror relationship repeats along the chain), are
helices with large radii and no twist, as expected for a-sheet. They are also the
structures arrived at following peptide plane flipping in B-sheet as described below. We
shall name the oL conformation with a mirror relationship to ar as o™ and the

enantiomeric oL conformation as ou®.

Interconversion of B-strands to a-strands has been shown to occur relatively

easily via peptide plane flipping (Davis et al., 2006; Hayward, 2001; Keedy et al., 2015;



Milner-White et al., 2006; Yang et al., 2006), as suggested from molecular dynamics
(MD) studies under denaturing conditions (Armen et al., 2004a; Daggett, 2006). In the
straight-strand a-sheet model of Pauling and Corey (Pauling and Corey, 1951) (see Fig
1(A)) neighbouring residues do obey the enantiomer condition, ¢i+1=-¢i and i+1=-yi.
However, the average alternating ¢,y angles derived from multiple MD simulations, (-
87°,-49°);, (45°,92°)i+1 reported by Daggett (Daggett, 2006) for a-sheet formed via
peptide plane flipping from B-sheet, suggest the mirror condition. In fact, it was shown
that the mirror condition is a natural consequence of a repeating dipeptide conformation
arising from peptide plane rotations in 3-strands with yi=-¢i (Hayward and Milner-White,
2008), and a-sheet is an example of this whereby alternate peptide planes rotate 180°
(flip) (Milner-White et al., 2006). Peptide plane flipping is favourable in folded proteins
where both ends of the main-chain of the peptide are reasonably well anchored, as it
requires only minor adjustments in the adjacent main chain and side chain
conformations. The mirror condition implies that for a-sheet successive residues have

the araL™ conformation, not aryL. Here we focus on the amino acid compositions of the

aL and yLregions.

Readers may suppose that the distinction between the aL and yL regions has
been investigated fully previously, but two interacting factors indicate why this is not so.
Firstly, the number of examples is small relative to those in the ar or 3 regions so a
large protein structure database, only available in recent years, is needed. Secondly, in
terms of distribution on the Ramachandran plot, they overlap to give the appearance of
one region, such that many authors, for the purpose of analysing amino acid content,

have grouped them together.



We were influenced by the seminal work of Wilmot and Thornton (Wilmot and
Thornton, 1990) and Hovmuller et al. (Hovmoller et al., 2002). Both groups drew
attention to glycines and L-amino acids favouring distinct regions corresponding to the
aL and yL conformations in proteins. Having made the interesting observation, they did
not pursue the topic further by analysing the amino acid compositions of the two
regions. The reason would seem to be that, when the work was carried out, the number
of protein three-dimensional structures available was insufficient to provide convincing
statistics for comparing the two overlapping regions. A further point is that the avy.
conformation was regarded as a “turn” region then; nests were not thought of, and few

considered a-sheet to be of any importance.

The aim of our paper is to fully investigate differences between types of amino
acids occurring at aL and y. conformations in the Protein Data Bank (PDB) and consider

the implications for the likelihood of a-sheet formation.

Methods

X-ray crystallographic structure files of proteins from the entire PDB were selected at
30% sequence identity filtering for polypeptide chains and with a resolution of at most 2
A. The selection was achieved using the advanced search tool at the Research

Collaboratory for Structural Bioinformatics PDB (https://www.rcsb.org/) on 15 October

2019. For each resulting PDB file we selected only the first protein chain in order to

eliminate repeating chains irrespective of whether the PDB file contained homo-


https://www.rcsb.org/

oligomers or not. Chains with 10 or fewer amino acids were also removed. This
selection process resulted in 14,008 chains. The PDB codes of the files used are listed

in Supplementary data file (see Data S1).

Results are presented as frequencies, probabilities or propensities as described
below. We constructed a 4°x4° grid on the Ramachandran plot and for all amino acids
in the data set we evaluated their ¢, v angles in order to count the frequency of
occurrence, N(X n G), of each amino acid, X, in each 4°x4° grid cell, G. The following

conditional probabilities were evaluated:

p(X|G) = N(XNG)/N(G) (1a)
p(G|X) = N(X N G)/N(X) (1b)
where N(G) =YXy N(XNG)and N(X) =Y N(X N G).

p(X|G) is the probability of amino acid X, given the set ¢,y angles in grid cell G,
evaluated as the ratio of the number of occurrences of amino acids of type X in grid cell
G to the number of all amino acids of any type in G. p(G |X) is the probability of the set
d,w angles in grid cell G, given a particular amino acid X, evaluated as the ratio of the
number of amino acids of type X in G to the total number of amino acids of type X in all

grid cells. We also evaluated:

p(X) = N(X)/ Xx N(X) (2a)

p(G) = N(G)/ X N(G) (2b)



which are, respectively, the overall probability of amino acid X over the entire
Ramachandran plot, and the overall probability of the set ¢,y angles in grid cell G

irrespective of amino acid type.

The “propensity” was first used by Shortle (Shortle, 2002) in this context, but their
definition was the ratio of two probabilities whereas we take the log (base 10) of this

ratio to give a propensity that is a log likelihood ratio:

Prop(X,G) = log(p(G|X)/p(G)) = log(p(X|G)/ p(X)) (3)

Shortle describes this ratio as “a relative measure of preference, and thus is always
normalized to an average or mean residue type. A probability, on the other hand, is a
measure of the absolute likelihood that an amino acid will adopt one out of a specified
set of structures.” For a particular region, propensity quantifies the probability of
occurrence of the amino acid in that region, relative to the probability of occurrence of
the amino acid overall. Prop(X, G) = 0 means amino acid X behaves like the “average
amino acid” for cell G (mathematically: Prop(X,G) =0 = p(G|X) = p(G) =

Y% p(G|XNp(X"; the right-hand-side is the weighted average of the probabilities of each
amino acid for cell G, the weighting factor being the overall probability of occurrence of
the amino acid); Prop(X, G) > 0 means that, compared to the average amino acid,

X favours cell G; Prop(X,G) <0 means that compared to the average amino acid,

X disfavours cell G. A Prop(X,G) = 1 means that it is 10 times more frequent in the
region G than the average amino acid and Prop(X,G) = —1thatitis 10 times less

frequent in the region G than the average amino acid. Shortle also describes this



measure (the log of their propensity) as the free energy cost of replacing the average

amino acid with the specific one, X.

Ramachandran plots are presented colour-coded according to the numerical
value of the probability or propensity. For the Ramachandran propensity plots we
accumulate the data over the 4°x4° grid cells to calculate the propensity in 36°x36°
windows centred on each grid cell. The propensity calculated in each window is colour-
coded according to value and the grid cell at the centre of the window is filled with this
colour. As this is performed at each grid-cell the overlapping of the windows smooths

the results.

The web facility Motivated Proteins ((Leader and Milner-White, 2009) and the
desktop application Structure Motivator (Leader and Milner-White, 2012) were
employed to analyse small protein motifs in the PDB, notably the ¢,y angles. The
dihedral angle data derives originally from DSSP files (Kabsch and Sander, 1983); the
hydrogen bonds defining motifs are from HBplus (McDonald and Thornton, 1994). The
images of the structural models in Figs 1 and 6 were produced using PyMol

(www.pymol.orq).

Results & Discussion

A filtered set of high-resolution structures from the entire PDB was used to
calculate the ¢,y angles of each amino acid type. The results for alanine and glycine are

plotted as frequency distributions in the Ramachandran plots in Figs 2(A) and 2(B).


http://www.pymol.org/

Plots like this were produced by Hovmuller et al (Hovmoller et al., 2002) for all 20 amino

acids.

Fig 3 shows Ramachandran propensity plots for individual amino acids.
Propensity, defined in the Methods Section, is a measure of the amino acid’s relative,
rather than absolute, frequency, compared to that of all 20 amino acids. The logarithm
of this ratio is used. Results for four key amino acids including glycine are presented;
those for all 20 amino acids are in Fig S1 and interested readers should find them
illuminating. Although a related measure was used by Shortle (Shortle, 2002), we
believe this is the first time that a propensity plot for each amino acid has been

presented in this way.

A propensity of zero means it neither disfavours or favours the region and
behaves like the “average amino acid”; a positive propensity means that, compared to
the average amino acid, it is common in the region; a negative propensity means that,
compared to the average amino acid, it is rare in the region (see Methods section for
fuller interpretations of this quantity). Colour coding is employed to illustrate this. Note
the black colouring for the extensive areas in Fig 3(B) where glycine is strongly
preferred. When viewing such plots, readers should bear in mind that, as seen in Fig 2,
some areas of the plot are much more densely populated than others and propensity

does not show this.

A major aim of our work is to compare the aL and y. regions of the plot. Though
not the highest areas of population density, these areas are none the less well

populated. The distributions in the Ramachandran plot for alanine and glycine in Fig 2



reveal a somewhat linear shape, diagonally orientated, for the o and yL regions. To
analyse this region, we defined points ™, a® and yi, at ¢,y positions (42°,62°),
(62°,42°) and (78°,2°), shown as red, green and cyan spots in Fig 2(A), respectively.
They are approximately co-linear and lie within the diagonal populated area. That for
oL™is at the “mirror” position in relation to ar at (-62°,-42°), the average angles for a-
helix (Hovmoller et al., 2002), while aL® is the main-chain enantiomer of the a-helix. The
point for y.. although slightly shifted from the (90°,0°) given by Wilmot and Thornton
(Wilmot and Thornton, 1990), lies on the same diagonal linear area as oL and coincides
with “additionally allowed” PROCHECK (Laskowski et al., 1993) regions of that part of

the Ramachandran plot.

For the analysis of amino acid occurrences, a sliding 36°x36° window was
moved along the "sampling line” defined by a.™ and y. and passing close to a.®, as
shown in Fig 2(A). Fig 4(A) gives the frequency of all amino acids regardless of type at
each window position and the equivalent frequencies for glycine and non-glycine,
showing that the overall single peak can be decomposed into two distributions each
comprising a single peak, one for glycine and the other for non-glycine. Fig 4(B) gives
the probability of individual amino acids at each window position indicating glycine and
non-glycine. The yLand a.® points lie essentially within the broad peak of Fig 4(A), while
o™ is well to the side of the peak. At yL the probability of glycine is high (82%), and the
probability of non-glycine amino acids is low (18%). At o™, non-glycine amino acids
predominate (97%) and the proportion of glycines is very low (3%), whereas at a.® the

non-glycine/glycine amounts are 64%/36%.



The distributions of glycine and non-glycine in Fig 4 might help define the oL and
yL regions, although the degree of correspondence is not known. Fig 4 suggests a
natural boundary between the two distributions at $=65° where the probabilities for
glycine and non-glycine are both 0.5. The o™ point is clearly in the oL region and our
selected point for y. is clearly within the yL region. The a.® point with $=62°, whilst within
the oL region so defined, is close to the boundary where there is considerable overlap of

the two distributions.

Propensities along this line are shown in Fig 5(A). The collective propensity for
non-glycines is slightly above zero in the aL region indicating they favour this region, but
not strongly, whereas the propensity for glycine is negative indicating it disfavours this
region. By contrast, glycine strongly favours the yL region, whereas non-glycines
strongly disfavour it. The dashed blue lines in Fig 5(A) indicate charged and polar amino
acids. All apart from threonine (see below), tyrosine, and serine have propensities
above zero at ™ and in a broad region around it. Cysteine has a small peak centred on
(14°, 65°), also reflected in the colouring of Fig 3(C), but it should be borne in mind this
is a sparsely populated area. As seen in Fig 5(A), the p-branched amino acids, Thr, lle
and Val, have very low propensities for the aL region, and are even lower in the y.
region. Fig5(B) shows the propensities at ar, ™ and y. for all 20 amino acids. Apart
for glycine, the propensities at ar are all relatively small in value ( |Prop(X, ag)| < 0.2).
This means that, in an a-sheet, which alternates between ar and au, it is the aL region

which discriminates most strongly amongst the amino acids.



Three especially significant findings emerge from Figs 4 and 5. One is that
glycine has a high propensity for the y. region, and a negative propensity for the o
region, whereas non-glycine has a small positive propensity for the oL region and a
negative propensity for the yL region. Another is that charged or polar amino acids
favour the oL region, particularly asparagine and, to a lesser degree, aspartate. The only
polar amino acids with no positive propensity anywhere in Fig 5(A) are threonine and
tyrosine. Thirdly, the B-branched amino acids, threonine, isoleucine and valine, have

very low propensities for both oL and y. regions.

The two main types of motifs in which av or y. conformations regularly occur in
proteins are NESTs (the upper case means here a nest that is broadly defined, to
include o or y.residues) and p-turns (of types I' and II; (Hutchinson and Thornton, 1994;
Venkatachalam, 1968; Wilmot and Thornton, 1990)). 74% of amino acids with these
conformations occur in such situations; of these 66% are in NESTs and 34% are in j3-
turns. In Table 1 the effect of having glycines or L-amino acids at the a/yL position of
NEST dipeptides in proteins on the main chain ¢,y angles of the dipeptides is shown. In
the left-hand columns of Table 1 it is seen, as expected from the propensities in Fig 5,
that, for both RL and LR dipeptides, glycines favour the yL conformation, giving rise to
nests, while L-amino acids favour the o conformation, forming a-strands. Two B-turn
types incorporate o or yL residues: type Il and type I’; for type Il it is one residue; for
type I’ there are two such residues. Data for the average ¢,y angles are given for
glycines and L-amino acids for these three residue positions in the right-hand columns

of Table 1. As before a decided tendency for glycines to have higher ¢ angles is



evident. With regard to residue 2 of type I’ B-turns, which has a conformation near to au,
the proportion of glycines is fairly low (14%), which is also consistent with previous
findings. Returning to Fig 2, visual comparison of the aL and yL regions shows that
glycines occupy areas at higher ¢ values than alanines do, which is also consistent with

the results in Table 1.

Fig 6 shows a contour plot for the radius of curvature of strands formed from
repeating dipeptide conformations, with (-62°,-42°)i(¢°,y°)i:1; this means the residue at i is
fixed at ar and the residue at i+1 is allowed to vary position. As the residue at i+1
moves upwards along the line in Fig2(A), the radius of curvature increases rapidly
reaching a maximum near the mirror condition. Inset in Fig 6 are structural models of
aryL and of araL™ repeating dipeptide conformations. Indicated in the figure is the line
along which structures form rings in the sense that the helical rise is zero (Hayward et
al., 2014). As can be seen, all three structures, aryL, araL® and aroL™, either lie on this
line or are close to it. The aryL ones are ring-shaped nests (the radius of curvature is 5
A); the NH groups point to the centre such that they have the potential to donate their
NH hydrogen to anions. Nests in proteins are partial rings (Hayward et al., 2014) so the
ring aspect may not be immediately obvious. The aroL repeating dipeptides have a
slight curve; the radius of curvature of the aral™ structure is 34 A, but slight
adjustments in angles at i+1 can give rise to much larger radii (see Fig 6); such
structures could self-associate into the a-sheet that we and others suggest has the

properties expected for the material of the toxic amyloid precursor.



Conclusions

Most previous workers, considering amino acid preferences within proteins, have
grouped together the oL and yL regions of the Ramachandran plot and noted that the
area is favoured for glycines. This is true for the two regions taken together but does not
apply to the aL region, which may be less occupied than the yL region and be
outweighed by it. It would seem that the oversight has led to a commonly held view that
the a-sheet alternating a/ar conformation is so energetically unfavourable for peptides
of naturally occurring proteins (consisting of many L-amino acids and a few glycines)
that it would rarely occur. The idea is reinforced by the lack of a-sheets in native folded
proteins; however it is likely that most proteins incorporating a-sheet, the putative toxic
component of amyloid, have been eliminated during evolution because of the damage
caused to cell membranes (Arispe et al., 1993; Jang et al., 2010). In any case, short a-

strands, as opposed to a-sheets, are found in modest numbers in proteins.

Our work shows that the amino acid propensities for the aL and yL regions are
drastically different. In the aL™ region 97% of amino acids are L-amino acids, with 3%
being glycine, such that glycine is not even the most common of the 20 amino acids.
On the other hand, in the y. region, 82% are glycines and the remaining 18% are L-
amino acids. The idea that a-sheet would not be favoured by peptides rich in L-amino
acids is now seen to be false. We are not claiming that a-sheet is as favourable as -
sheet in all circumstances but that it is a sufficiently stable conformation for its adoption

by the average polypeptide to be perfectly feasible under appropriate conditions.



Another matter in relation to a-sheet is that, when fitting peptide conformations to
electron density maps, it is often unclear to crystallographers whether the a-sheet or the
B-sheet conformation is correct since the two are related by a 180° flip without much
effect on the rest of the protein. Given that crystallographers tend to assume that, for
peptides with L-amino acids, p-sheet is overwhelmingly more likely than a-sheet, it is
possible they might be biased in favour of fitting -sheet. The problem of finding the
precise location of peptide bond atoms has been considered by Touw et al (Touw et al.,
2015) and Keedy et al (Keedy et al., 2015); they examined protein crystallography data

and recommended the reversal of tens of thousands of peptide planes.

Our studies also reveal that asparagine, and to a lesser degree aspartate, has a
particular tendency to adopt the oL conformation. As seen in Fig 5 for those that have a
positive propensity for the aL conformation, the ordering in their propensity from highest
to lowest is: asparagine, aspartate, histidine, glutamine, lysine, cysteine, arginine and
glutamate. This proclivity of asparagine has been noted (Deane and Blundell, 1999;
Hovmoller et al., 2002; Richardson, 1981; Swindells et al., 1995) with regard to the ow
plus yL regions taken together. However, the finding that it applies so strongly for the aw
position is novel and deserves further investigation as to the cause. The other relevant
finding, which has been shown previously, is that the three p-branched amino acids,
threonine, valine and isoleucine, are outstandingly unlikely to adopt the oL conformation.
Of course, proline is the least likely amino acid of all to adopt this conformation. In
summary, a high proportion of amino acids in the oL conformation are either polar or

charged; the proportion of NDHQKCRES amino acids with the a.™ conformation being



81% while the proportion of PTVI amino acids is 2%. Distributions of amino acid sets in
both the aL and yLregions, are illustrated in Fig 7. An alternative to the assertion that L-
amino acids are favoured by the aL conformation becomes apparent; perhaps what is
more important is the predominance of polar over non-polar amino acids. Two points
can be made in reply. One is that the proportion of aL™ glycines, at 3%, is low, leaving
97% L-amino acids. Secondly, in proteins, the aL conformation is almost always situated
at exterior positions of folded domains, so we conclude that L-amino acids are in
general favoured at oL conformations, which happen mostly to be polar ones. Whatever
the underlying explanation, these results suggest the sorts of sequences that favour a-
sheet. Also, even with an almost total absence of a-sheet structures, they indicate the

feasibility of predicting a-sheet from sequence alone.

Looking at the issue from a different viewpoint, we have also examined the
effect of a glycine or L-amino acid being at the aL/yL position in situations of proteins
where they recur. 74% are in two types of motif: 1. RL (aryL Or araL) or LR (aLor Or
yLor), NEST dipeptides, and 2. type Il and type I’ -turns. In all cases glycines occupy
residue positions with higher ¢ and lower y values than L-amino acids do. For the nest-
like motifs, glycines usually occur, giving rise to curved main chain conformations, while
L-amino acids are mostly associated with a-strand conformations in which the main
chain atoms are extended or slightly curved. The two repeating dipeptide structures are

illustrated in Fig 6.

Propensities, as defined here, are useful for analysis of amino acids in different

conformations, as shown in Fig 3 and Fig S1. These Ramachandran propensity plots,



which are worth studying, give an idea of the probability of each amino acid for a region
relative to the collective probabilities of all amino acids for that region. For a full
appreciation of such plots readers should keep in mind the frequencies of the various

conformations, as shown in the Ramachandran plot of Fig 2.

The main message of this paper is to point out that the aL conformation is
inherently favourable for L-amino-acid-containing peptides from ordinary proteins, such
that a-sheet is a likely conformation under appropriate conditions. The pervasive idea
that it is unfavourable would seem to have emerged from three mutually supportive
issues. The first is the main focus of this article, the second is that, just because a
conformation is rarely seen in folded proteins, does not mean it is necessarily
uncommon in the unfolded state is the possibility of confusion between a- and B-sheet
by X-ray crystallographers mentioned earlier. A further point regarding biophysical
techniques is that a-sheet, due to its alternating ar/aL state, is expected to exhibit weak
CD and ROA signals. These points, together with the new experimental and theoretical

findings, suggest it is time to take a-sheet more seriously.

Glossary

aL lyc/ar: are main chain conformations of individual amino acid residues. The
¢,y values chosen for yLare (78°,2°). Two alternative pairs of ¢,y values, given below,
are chosen for a.. To avoid undue repetition the term ar used here encompasses both

ar (when defined as the right-handed a-helix conformation) and yr.



aL® aL™: are alternative oL conformations. ar® has ¢,y = (62°,42°), the main-
chain enantiomeric form of ar the right-handed a-helix conformation with ¢,y = (-62°,-
42°). a™ has ¢,y = (42°,62°), the main-chain mirror form of ar. The meaning of "mirror"

is described below; it does not generally imply an enantiomeric relationship between

two conformations.

a-sheet: resembles B-sheet except that the conformation of individual strands (.-
strands) have alternating o and ar conformations. a-sheet has more polarity than -

sheet. See Fig 1.

Nest: is normally defined as a peptide motif incorporating two or more residues
with alternating (oL or yL) and (ar or yr) conformations. In this article, however, we wish
to distinguish between oL and (yL or aL) conformations, so a NEST, in upper case, is
used for the broadly defined (yL or aL) nests while nest in lower case is reserved for y.
nests, which have a concavity, as in Fig 6, that typically bind anionic or 8- atoms. ow
NESTSs are straight and lack a concavity, and are described here as a-strands, as in Fig

6, whether or not they belong to a-sheet.

Mirror: describes a conformation B that is related to a previous conformation A
on the Ramachandran plot. B lies on the opposite side of the diagonal ¢ = —y from A,

such that (¢s, vB) = (-ya, -0a), i.e. they are reflections of each other in this diagonal.

Probability of an amino acid, often for a particular conformation, is the number

of instances of that amino acid divided by the number of instances of all 20 amino acids.



Propensity: log likelihood ratio that quantifies the probability of occurrence of an
amino acid in a region, relative to the probability of occurrence of all amino acids in that

region. Note that other definitions of propensity are often used.
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Figure Legends

Figure 1: a-sheet hydrogen bond arrangement in parallel sheet displaying main-chain
atoms only. (A) a-sheet model of Pauling and Corey (Pauling and Corey, 1951) with
perfectly straight strands. (B) a-sheet model determined using torsion angle driving from

B-sheet (Hayward and Milner-White, 2011).

Figure 2: Ramachandran frequency plots for (A) alanine and (B) glycine. Frequencies
were calculated for each cell in grid of 4°x4° cells. The colour of the bin indicates a
frequency above which X% (colour vs X% given in Table key) of the amino acids of that
type are located. Added to (A) is a sliding 36°x36° window that moves along the line
passing through or close to y., aL®and a.™, indicated by the cyan, green and red spots,

at (787, 2°), (62°, 42°) and (42°, 62°), respectively.

Figure 3: Ramachandran propensity plots generated using a 36°x36° window centred
on each 4°x4° grid cell. The colour in each 4°x4° grid cell is for the calculation of the
propensity in a 36°x36° window it is centred on - see Methods for details. (A) alanine,
(B) glycine, (C) cysteine, and (D) asparagine. Green means the amino acid is like the
average amino acid for that region, black that it strongly favours the region, and white
(<-0.9) that it strongly disfavours the region. Ramachandran propensity plots for all

amino acids are found in Fig S1.

Figure 4: (A) Blue line is total number of amino acids of any type in each position of the
sliding 36°x36° window centred on ¢ of the diagonal line in Fig 2(A). Red and black lines

give the numbers for glycine and non-glycine, respectively. (B) Probability of X at a



given window position. The continuous red line is for when X is glycine, the continuous
black line for when X is all non-glycine, and the broken black lines are when X

represents individual non-glycine amino acids.

Figure 5: (A) Propensity against position of the sliding 36°x36° window centred on ¢ of
the diagonal line in Fig 2(A). The continuous red line is glycine and the continuous black
line is the propensity of the sum of all non-glycine amino acids. The broken magenta
lines are B-branched amino acids T, V, and I. The broken blue lines are charged or
polar amino acids (apart from T): S, Y, E, D, H, Q, R, N and K. All except S and Y have
Prop > 0 at aL™. The remaining amino acids are shown with broken black lines. In order
of increasing propensity at a.™ the amino acids are: P, I, V, T,L,W, G, F, M, A} Y, S, E,

R, C, K, Q, H, D, N. (B) Propensities at ar (black dots) and a.™ (red dots).

Figure 6: Contour plot for radius of curvature (A) for strand formed from repeating
dipeptide conformations (-62°,-42°)i(¢°,w°)i+1. The black spot for residue i is at ar: (-62°,-
42°). For residue i+1, the cyan spot is at y.: (78°, 2°), the green spot at aL®: (62°,42°)
and the red spot at aL™: (42°,62°). The radius of curvature increases as the i+1 point
moves along the sampling line (see Fig2(A)) from yLto a.™ and beyond up to about (37°,
71°) where the radius of curvature reaches a maximum of about 80 A. Note that the
sampling line runs almost perpendicular to the contour lines indicating that it is on the
path along which there is maximum change in the radius of curvature. The broken pink
line indicates structures that form perfect rings, i.e. there is no helical rise. Inset:
structural models of repeating dipeptides (side-chains omitted) with aryL and araL™

conformations.



Figure 7: Schematic illustrating the distributions of amino acid groupings in the aLand y.
regions. The area is proportional to the probability of occurrence calculated at the a.™

and yL points.



Tables

Table 1: Average dihedral angles for au/yL residues in various motifs: NEST

dipeptides and type I or type Il B-turns in proteins.

RL Nest (49%)

LR Nest (22%)

Type I’ (9%)

Type I’ (9%)

Type Il (20%)

residue 2 residue 1 residue 2 residue 3 residue 3
o,y o,y o,y o,y o,y
Glycine | 64% | 85°13° | 54.5% |84°4° |14% |56°30° | 67.5% | 85°,10° | 67% | 88°,-8°
Non- 36% | 60°,34° | 45.5% | 60°,34° | 86% | 48°,44° | 33.5% | 60°,25° | 33% | 66°,20°
glycine

For each motif the percentage gives the total number of avuyL residues in the motif

compared to that in all proteins. The glycine/non-glycine percentages are those

compared to all amino acids at that position within the motif. For numbering of motif

positions, NESTs have two residues and B-turns (here of types I’ and Il) have four.
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Figure 1. a-sheet hydrogen bond arrangement in parallel sheet displaying main-chain
atoms only. (A) a-sheet model of Pauling and Corey (Pauling and Corey, 1951) with
perfectly straight strands. (B) a-sheet model determined using torsion angle driving from
B-sheet (Hayward and Milner-White, 2011).



Figure 2

0r

36 |
36
727

-108

-144

-180

i (degrees)

180 : R
144
108

72t

108

f2r

S

i degrees

Figure 2: Ramachandran frequency plots for (A) alanine and (B) glycine. Frequencies
were calculated for each cell in grid of 4°x4° cells. The colour of the bin indicates a
frequency above which X% (colour vs X% given in Table key) of the amino acids of that
type are located. Added to (A) is a sliding 36°x36° window (square with thick black lines)
that moves along the line passing through or close to y., aL®and a.™, indicated by the
cyan, green and red spots, at (78°, 2°), (62°, 42°) and (42°, 62°), respectively. Quantities
presented in Figures 4 and 5 are generated from samples taken along this sliding

window.
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Figure 3: Ramachandran propensity plots generated using a 36°x36" window centred
on each 4°x4° grid cell. The colour in each 4°x4° grid cell is for the calculation of the
propensity in a 36°x36° window it is centred on - see Methods for details. (A) alanine,
(B) glycine, (C) cysteine, and (D) asparagine. Green means the amino acid is like the
average amino acid for that region, black that it strongly favours the region, and white
(<-0.9) that it strongly disfavours the region. Ramachandran propensity plots for all

amino acids are found in Fig S1.
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Figure 4: (A) Dark blue line is total number of amino acids of any type in each position
of the sliding 36°x36° window centred on ¢ of the diagonal line in Fig 2(A). Red and
black lines give the numbers for glycine and non-glycine, respectively. (B) Probability of
X at a given window position. The continuous red line is for when X is glycine, the
continuous black line for when X is all non-glycine, and the broken black lines are when
X represents individual non-glycine amino acids.
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Figure 5: (A) Propensity against position of the sliding 36°x36° window centred on ¢ of
the diagonal line in Fig 2(A). The continuous red line is glycine and the continuous black
line is the propensity of the sum of all non-glycine amino acids. The broken magenta
lines are B-branched amino acids T, V, and I. The broken blue lines are charged or
polar amino acids (apart from T): S, Y, E, D, H, Q, R, N and K. All except S and Y have
Prop > 0 at aL™. The remaining amino acids are shown with broken black lines. In order
of increasing propensity at a.™ the amino acids are: P, I, V, T,L, W, G, F, M, A, Y, S, E,
R, C, K, Q, H, D, N. (B) Propensities at ar (black dots), aL™ (red dots) and y. (cyan

dots).
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Figure 6: Contour plot for radius of curvature (A) for strand formed from repeating
dipeptide conformations (-62°,-42°)i(¢°,y°)i+x1. The black spot for residue i is at ar: (-62°,-
42°). For residue i+1, the cyan spot is at y.: (78°, 2°), the green spot at a.®: (62°,42°)
and the red spot at a.™: (42°,62°). The radius of curvature increases as the i+1 point
moves along the sampling line (see Fig2(A)) from yLto a.™ and beyond up to about (37°,
71°) where the radius of curvature reaches a maximum of about 80 A. Note that the
sampling line runs almost perpendicular to the contour lines indicating that it is on the
path along which there is maximum change in the radius of curvature. The broken pink
line indicates structures that form perfect rings, i.e. there is no helical rise. Inset:
structural models of repeating dipeptides (side-chains omitted) with aryL (cyan spot) and
araL™ (red spot) conformations.
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Figure 7: Schematic illustrating the distributions of amino acid groupings in the aLand y.
regions. The area is proportional to the probability of occurrence at the a.™ and y.
points.



