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Abstract

The geometrics, at the level of atoms or groups of atoms, of inferactions and motifs found
in crystal structures in the Protein Data Bank (PDB) and the Cambridge Structural
Database (CSD) are analysed. The bulk of the thesis examines electrostatic interactions
that occur between frans secondary amide groups, or peptide groups as they are known in
protcins. The two types considered are N-H--O=C hydrogen-bonds and carbonyl-carbonyl
interactions. Additionally, a chapter investigates specific hydrogen-bonded motifs, known

as asx- and S'T-turns, that commonly occur within protein structures.

The geomelry of hydrogen-bonds between frans secondary amide groups (i.e. peptide
groups) has been studied extensively in proteins, and to a lesser extent in the CSD. They
are a subset of the general case of N-H--O=C hydrogen-bonds, Previous analyses of the
CSD have shown a tendeney for N-H--O=C hydrogen-bonds tc exhibit lone-pair
directionality, where the hydrogen atom is near to the plane of the lonc-pairs of the
carbonyl oxygen atom, and the 1I---O=C angle approaches 120°, For trans secondary
amides the in-plane preference is also observed, but the H---O=C angle is greater,
averaging about 150°, Here, an examination of the CSD allows elucidation of four factors
that together account for this difference in H--O=C: 1. A smaller proportion of trans
secondary amide carbonyl oxygens accept more than one hydrogen-bond than do carbonyl
oxygens in general, 2. N-H--O=C bonds often occur in ‘ring’ motifs with rolatively
conslrained geometties and H+-O=C values near 120°. These cannot be formed by frans
secondary amides. 3. Chains of hydrogen-bonds between frans secondary amides, with

large H:-O=C values, often extend throughout the crystal lattice. 4. The steric accessibility

of frans secondary amide carbonyl oxygens is less than for carbonyl oxygens in general,

It has been suggested that electrostatic interactions between carbonyl groups affect
hydrogen-bond geometry in o-helix and (3-sheet, influence the twist of B-sheet, encourage
pelarization of carbonyl groups in c.-helix, and explain the propensity of asparagine and
aspartate residues in unusual regions of the Ramachandran plot. The carbonyl groups of
ketones in the CSD frequently interact with each other, and commonly occur in three

geometric motifs, that can be described as antiparallel, parallel, or perpendicular. At




optimal geometry the antiparallel motif has energetic favourability approaching that of a
medium-strength hydrogen-bond. Here it is shown that, after hydrogen-bonding has been
taken into consideration, carbonyl-carbonyl intcractions between frans secondaty amides
in the CSD also oceur in these three motifs, and with a surprisingty similar propensity:
48% occur in the antiparallel arrangement (cf. 49% of those between ketoncs).
Furthermore, interactions between main-chain carbony! groups in a 454-chain subset of the
PDB are identified. For each carbonyl-carbonyl interaction, its geometry, local secondary
structure, and local hydrogen-bonding, are considered. The three motifs present in the
CSD are not found to be representative of the geometries present in the PDB. However,
other favourable carbonyl-carbonyl intcraction motifs are observed. These occur in a
variety of situations with respect to secondary structure and hydrogen-bonding, and are
prevalent at the C-termini of o-helices. They arc shown to contribute to the stability of
common C-termini capping conformations, one being the Schellman loop, the other being

the case where a proline terminates the helix.

The hydrogen-bonded (-turn is a small, well characterised, protein motif defined by a
hydrogen-bond between the main-chain carbonyl group of one residue and the main-chain
N-H group of another three residues ahead in the polypeptide chain. There are four
common types, distinguished by geometry: L I', I, and II', In Asx- and S'I-turns, the
side-chain carbonyl of an asparagine, aspartate, serine, or threonine residue
hydrogen-bonds with the main-chain N-H of a residuc two ahcad in the chain, such that
they structurally mimic the -turn. Asx-turns have previously been categorized into four
classes and ST-turns into three categories, based on side-chain rotamer types and the
conformation of the central residue of each turmn. Here it is shown that the four classcs of
asx-turn are geometrically equivalent to the four types of hydrogen-bonded B-turn, and
that the three categories of ST-turn are geometrically equivalent to three of the four types
of hydrogen-bonded B-turn, [t is proposed that asx- and ST-turns be named using the type
I, I, I' and IT" p-tum nomenclature, Using this nomenclature, the frequency of occurrence
of both usx~- and ST-turns is: type IT” > type I > type 11 > type I', whereas for B-turns it is
type I > lype II > type I’ > type II”. It is found that the type II Asx- or ST-turn is the same

as a previously identified hydrogen-bonded motif called the Asx- or ST-nest.
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1 Abbreviations, Tables and Figures

Abbreviations

o1 = Region of the Ramachandran plot where residues of left-handed o—helix are found
(defined in chapter 6 as 10 < ¢ < 125, -45 <y < 90).

ax = Region of the Ramachandran plot where residues of right-handed c.—helix are found
(defined in chapter 6 as -180 < ¢ <0, and -135 <y < 50).

B = Region of the Ramachandran plol where residues of 3-sheets arc found (defined in
chapler 6 as -180 < ¢ < 0, 50 <\ < 180 or -180 <y < -135).

v = Conformation describing a residue with ¢, v values of approximately 90°, 0°.

Asx = Asparagine or Aspartate residue.

BLAST = Basic Local Alignment Search Tools.

CSD = Cambridge Structural Database.

DSSP = Dictionary of Sccondary Structure in Proteins,

IMPT = Intermolecular Perturbation Theory.

PCA = Principal Component Analysis.

PDB = Protein Data Bank.

PDB file = Coordinate file downloaded from the Protein Data Bank,

PDB id = Protein Data Bank identification tag.

SA = Steric accessibility.

sd = standard deviation.

ST = Serine or 'T'hreonine residue.

Trans-amide = Trans secondary amide,
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2 Introduction

2.1 Outline

This section describes the structure of the thesis, sections 2.2 to 2.5 introduce the various

topics covered.

The central aim of the project is to investigate electrostatic interactions between carbonyl
groups, in the context of protein structure. Recent research on small molecule and protein

crystal structures indicates that they are more important than previously realised.

A scarch of the small molecule crystal structure database shows that many
carbonyl-carbonyl interactions occur between frans-amides that are hydrogen-bonded to
each olher. Since the primary interest is in carbonyl-carbonyl intetactions, an effort is
made to scparate out the hydrogen-bonded cases. The cases that are not hydrogen-bonded
are considered in chapter . However, it is still of interest (0 examine the
hydrogen-bonded cases, and particularly whether the carbonyl-carbonyl interaction
inherent in the hydrogen-bonded system has a detectable effect on average hydrogen-bond
geometry. Evidence relating to the effect of the carbonyl-carbonyl interaction cn

hvdrogen-bond geometry is inconclusive, but the wark does lead to new insights into the

behaviour of trans-amides-~rans-amide hydrogen-bonds comparced with N-IH-»-O=C

hydrogen-bonds in general. This i1s covered in chapters 3 and 4.

The results of chapter 5 show that, in small molccules, the geometry of
non-hydrogen-bonded carbonyl-carbonyl interactions between frans-amides is similar to
energetically favourable interaction motifs that were identified previously between ketone
carbonyl groups. This finding suggested that a similar analysis of carbonyl-carbonyl
interaclions in proteins might show the occurrence of the same motifs. Chapter 6 deals
with the occurrence of carbonyl-carbonyl interactions in proteins, and although their
geometry is not similar to the motifs identified in ketones, other favourable

carbonyl-carbonyl interaction motifs are identified,
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In the course of reviewing previous work on the interactions of amino acid side-chain
carbonyl groups with nearby muin-chain carbonyl groups, I became interested in the
geometry of certain recurring small hydrogen-bonded motifs, called asx-turns and
ST-turns. This led to the investigation of the geometric relationships between asx-turns,
ST-turns, and the more widely known B-turns. This is presented in chapter 7, and has been

published, in shortcned form (Duddy ¢f af., 2004).

In summary, chapter 3 covers the factors that affect the geomeltry of hydrogen-bonds
between frans-amide groups in small molecule crystal structures. Chapter 4 goes on to
separately examine the factor of steric accessibility to the frans-amide carbony} oxygen
atom, and how this affects hydrogen-bond geometry. Chapters 5 and 6 cover the analysis
of carbonyl-carbonyl interactions between frans-amides in small molecule and protein
crystal structures, respectively. Chapter 7 is the geometric comparison among asx-turns,

ST-turns and B-turns.

Section 2.2 introduces the general context. The following sections (2.3, 2.4, and 2.5) relate
to the three topics: hydrogen-bonding between frans-amide groups, carbonyl-carbonyl
interactions between frans-amide groups, and mimicry of B-turns by Asx- and ST-turns,
respectively, Likewise, chapter 8§ (Conclusions) has three sections (8.1, 8.2, and &.3)

relating to each of these three topics, leading onto a general conclusions scetion (8.4).

Pagc G




2.2 General

The trans secondary amide (trans-amide; as in Figure 2.1), or peptide unit, 1s formed by
the joining of wmino acids and is a central feature of protein backbone, The planarity of
the trans-amide, caused by w-orbital overlap, provides rigidity within protein backbone
(main-chain) structure such that, for each amino acid, there are only two torsion angles (¢
and ) that possess significant rotational freedom. The formation of protein secondary
structure can be regarded as the spatial re-orientation of backbone trans-amides, by
rotations of ¢ and v, such that the energetic favourability of their intcractions with each

other, and between them and their environment, is maximised.

Beyond steric considerations and hydrophobic effects, the greatest geometric influcnce is
provided by the trans-amides--frans-amide hydrogen-bond (Figure 2.1a; reviewed by Rose
et al., 1993), although the effects of other types of hydrogen-bond (reviewed by Weiss ef
al., 2001), particularly C-H:--O (Derewenda ¢f al., 1995; Wahl & Sundaralingam, 1997)
and C-H---w-orbital (Brandl et af., 2001), have recently been emphasised. Other
electrostalic inleractions, those between nearby carbonyl groups (Figure 2.1b), are also

thought to be important (Maccallum ef al., 1995a,b; Allen et al., 1998; Deane et al., 1999,
Lario & Vrielink, 2003).

¢
H N/
AN
N o
c/ \\
A
c \\
0 c/ c \ /C
N / o ==
N Hem s msdz=——= ¢
l.,/ \\N H M H
_" S
c/ c
a b

Figure 2,1. Two types of electrostatic interaction between frans-amide groups, (a)

Hydrogen-bonded. (b} Carbonyl-carbonyl.
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2.3 Hydrogen-bonding between frans-amide groups

2.3.1 Context

Chapters 3 and 4 present the results of an analysis of hydrogen-bonding between

frans-amide groups in the CSD. The aim of this work was to resolve an apparent
contradiction in current understanding of frans-amides--frans-amide hydrogen-bonds in

proteins compared to the more general category of N-H+-O=C hydrogen-bonds in small
moleculcs. An influential body of work (Taylor et al, 1983ah; Baker & Hubbard, 1984;
Taylor & Kennard 1984; Vedani & Dunitz, 1985; Legon & Millen, 1988; Buckingham et
al., 1988; Scheiner, 1994, Aakeroy & Seddon, 1996; Jeffrey, 1997; Ilay et al., 2002;

Sarkel & Desiraju, 2004), based largely on studies of smull molecules with carbonyl

groups, has led to emphasis on the idea that H--O=C angles tend to values of around 120°,

consistent with the hydrogen atom honding primarily with the oxygen’s lone pair,
However, the evidence from trans-amide-frans-amide hydrogen-bonds in proteins shows
they mostly have much higher H---O=C angles, inconsistent with any lone pair effect.
There is a necd to cxamine trans-amide « trans-amide hydrogen-bonds in the CSD as a

separate group and compare them with other N-H - 0O=C hydrogen-bonds.
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2.3.2 Small molecule studies

Many examples of the trans-amide group can be found in small molecule crystal structures
in the Cambridge Structural Database (CSD). Analysis of such crystal structures may
reveal preferential intermolecular interactions between groups, and often detailed
geometric information, such as interaction distances and angles, can be derived (Klebe,
1994; Mills & Dean, 1996). Such information about intermolecular interactions can be
used, infer alia, in the design of drugs that occupy protein-ligand binding sites. Although
information can be distilled from either small-molecule (CSD) or protein crystal stracture
(PDRB), the use of small-molecule data does have some distinct advantages: generally, the

resolution is much higher, and placement of hydrogen atoms is usually known,

Hydrogen-bonds between frans-amides (Figure 2.1a) are of the type N-H---O=C. Taylor et
al. examined N-H:--O=C hydrogen-bonds in the CSD, prescnting their findings in a short
series of papers (Taylor et al., 1983a,b; Taylor ef ¢f., 1984). In their analysis of lone-pair
directionality (Taylor et /., 1983a) they found that (a) there was a tendency for the
hydrogen to sit in the plane described by the sp* lone-pairs of the oxygen and (b) when the
hydrogen position was projected onto this plane, the angle it madc with the C=0 group was
on average 135° They concluded that there is a distinet preference for N-H---O=C
hydrogen-bonds to form in, or near to, the directions of the conventionally viewed sp’
lone-pairs. They found an increase in this preference for carbonyls that accepted two,

rather than a single, hydrogen bond(s).

The results of Taylor ef al. are in agreement with the empirically-derived Legon-Millcn
tules (Legon & Millen, 1987) for the lone-pair directionality of hydrogen-bonding of small
molecules such us HF, HCCH, and HCN. Subsequent analyses of the CSD have also
found agreement with these (Murray-Rust & Glusker, 1984; Vedani & Dunitz, 1985),
However, it has been argued that maximisation of the number of favourablc clectrostatic

interactions is more important than lone-pair directionality in determining the geometry of

N-H0=C hydrogen-bonds (Mitchell & Price, 1989), Specifically, the geometry of

certain commonly occurring ring motifs containing more than one hydrogen-bond forces

H:-+O=C angles to be near 120° (Figure 2.2). Ring motifs and their occurrence have heen
considercd by Allen ef af. (1999),
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o

Figure 2.2. Hydrogen-bonded ring motif. From CSD refcode QIMHOJ. In this case the ring has
2-fold rotational symmetry. The H:--O distance, N---H=0 angle, and H---O=C angle are indicated.
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2.3.3 Protein studies

The geometry of the hydrogen bond between two truas-amides in proteins has been studied
most fully by Baker & Hubbard (1984), Stickle ef al. {1992), and McDonald & Thornton
(1994), and also by Fabiola ez al., (2002) and Kortemme et al., (2003).

Buker & Hubbard (1984) analysed, infer alia, the H---O distances, the N-H--O angles, and
the H--O=C angles of hydrogen-bonds found in w-helices and B-sheets. The linearity of
hydrogen-bonds at the hiydrogen atom is fairly consistent, with N-H:-O angles o[ around
160°. The frans-amide carbonyl group of each residuc of an o-helix tends to make two
hydrogen-bonds, one with the N-H group of the residue three positions ahead (i, 1+3) in the
polypeptide chain, and one with the residue 4 ahead (i, i+4). The geometry of i, i+4
hydrogen-bonds and the hydrogen-bonds of $-sheets are similar, with H---O distances near
2A (average of 2.04A for i, i+4 and 1.94A for B-sheet) and H-Q=C angles near 150°, The

i, i+3 bonds have long H---O distances, and H--O=C angles of about 116°. Although near
to the value of 120° associated with lone-pair directionality, the hydrogen is well outside
the sz plane of the oxygen. Hydrogen-bonds of (he i, i+3 type are likely to be much
weaker than those of the i, i+4 type, Stickle ef al. (1992) report similar conclusions
regarding geomelry, though they avoid the necessity of placing hydrogen atoms by
measuring only the N--O distance and N---O=C angle. The H--O=C and N'--O=C angles
reported in these analyses describe a much more linear geometry at the oxygen atom than

that observed by Taylor ez af. (1983a) for the N-H-O=C hydrogen-bonds in the CSD.

McDonald & Thornton (1994) analysed buried hydrogen-bonds. This excludes those that
are solvent-exposed and therefore pronc o error or omission due to mobility and disorder
at the protein surface. They found that hydrogen-bonds to buricd main-chain carbonyl
groups (from any N-H donor, including side-chains) have average H--O=C angles near
150°, They also found that a high proportion (about 80%) of buried main-chain carbonyls
tend to make only one hydrogen bond, and thal those making two had higher H---O
distances. Baker & Hubbard (1984) had noted previously the tendency for main-chain
carbonyls to form only one hydrogen bond -- 53% of their sample did, though this included

solvent-exposed carbonyls.
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A comprehensive analysis ol the spatial distribution of biologically important functional

groups within the CSD (Klebe, 1994) included the hydrogen-bonding of N-H and O-1

groups fo frans-amide carbonyl groups, As with the N-H--O=C hydrogen-bonds examined
by Taylor ez al. (1983a), a tendency was observed for the hydrogen to sit in the plane
described by the sp” lone-pairs. However, when the hydrogen position is projccted onto
this plane, the angle it makes with the C=O group is not in keeping with jone-pair
directionality, and instead is much more like what is observed with trans-amide groups in
proteins. Lone-pair directionality was, however, observed in this study when

hydrogen-bonds to primary amides, rather than trans-amides, were examined.

Some early work (Leiserowitz & Tuval, 1977) on the hydrogen-bonded packing
arrangements of a smalf number of amide-containing compounds noted the frequent
occurrence of ribbons, or chains, of hydrogen-bonded symmctry-related /rans-amides,
running through the crystal lattice. It was suggested that, within these chains, lone-pair
dircetionality is favoured. However, the small sample of observations therein presented
show N O=C angles in the range 139°-177°, higher than cxpected for lone-pair

directionality.
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2.4 Carbonyl-carbonyl interactions between frans-amide groups

2.4.1 Context

Chapters 5 and 6 present the results of an analysis of carbonyl-carbonyl interactions
between trans-amide groups in the CSD and PDB, respectively. This work was inspired
by the recent accumulation of evidence (Maccallum et al., 1995a,b; Allen ef al., 1998,
Deane ef al., 1999; Lario & Vrielink, 2003} for the importance of such interactions in

protein and small molecule crystal structures.

2.4.2 Small molecule studies

Carbonyl groups are common organic building blocks, and their interactions have been
studied extensively. The dipolar nature of carbonyl groups (>CS+=OS') allows favourable
{5+ to 8-) electrostatic interactions to take place belween them. Early work on small,
mainly non-biological molecules, in which dipolar carbonyl-carbonyl intcractions were
studied includes that of Bolton (1963, 1964, 1965), Bernstein ef al. (1974), and Burgi ef al.
(1974). These studies showed that in crystal structures containing carbonyl groups,
intcractions between these groups occur frequently. Moreover, in structures containing
both carbonyl groups and potential hydrogen donors, inter-melecular carbonyl-carbonyl
Interactions appear in some cases to be more important than inter-molecular

hydrogen-bonds in determining the packing of molecules within the crystal structure.

More recently, a study of carbonyl-carbonyl interactions between ketone groups (carbon
substituted >C=0 groups) in the CSD, (Allen et al., 1998) has shown that a majority
(>70%) can b¢ geometrically grouped into three common motifs (see Figure 5.1a): a
slightly sheared antiparallel arrangement (in which each oxygen is near to the carbon of the
other carbonyl); a perpendicular arrangement (in which the carbon of only one group can

interact with the oxygen of the other group); and a highly sheared parallel arrangement

(which also has only one close C--O interaction). Intermolecular Perturbation Theory
(IMPT) was used to calculate attractive interaction energies for the antiparallel and

perpendicular types. For the antiparallel arrangement this was found to be comparable to
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that of a medium-strength N-H--O=C hydrogen bond: A perfectly rectangular geometry
had -22.3 kI mol” at a C--O distance of 3.02 A, the energy remained high (<-15 kJ mol™)
out to a distance of 3.6 A, further than which calculations were not carried out. The energy
of the perpendicular arrangement was comparable to that of a C-H---O=C hydrogen bond:
7.6 kJ mol’* at a distance of 3.02 A, The existence of these carbonyl-carbonyl interaction
motifs in the crystal structures of acetone are thought to contribute to its unusual

thermodynamic properties (Allan et. af, 1999).

Page 14




2.4.3 Protein studies

Interactions between carbonyl groups in proteins have not atiracted as much attention as
those in the CSD, One exception to this, Maccallum et a/. (1995a,b), used Lennard-Jones
potentials to measure the coulombic energy of interactions between backbone
(rans-amides. The total energy was broken down by {reating the N-H and carbonyl groups
separalely. It was found that the interaction between carbonyl groups was a principal
source of stabilisation for a number of features of secondary structure. The right-handed
twist of B-strands (and consequently the twist of B-sheet) and aiso the left-handedness of
polyproling II helices and collagen helices (both of which are closely related to (3-strands)
are stabilised by favourable carbonyl-carbony! interactions. Also, eartier observations
(Artymiuk & Blake, 1981; Baker & Hubbard, 1984) of differences in the in-plane
hydrogen-bond angles (i.e. the angle made with the C=0 bond by the projection of the
liydrogen atom position onto the sp® plane of the oxygen) between parallel B-sheet,
antiparallel B-sheet, and i, i+4 a-helix hydrogen-bonds were explained in terms of

carbonyl-carbonyl interactions (Maccallum et al., 1995b).

Another example where carbonyl-carbonyl interactions were studied in proteins involves
asparagine and aspartate (asx) residues (Deane ef al., 1999). These residues have a high
propensity to adopt conformations in partiafly allowed regions of the Ramachandran plot,
particularly the left-handed u~helical region. In an effort to cxplain this, the distance
between the carbonyl group of asx side-chains and their own main-chain carbonyl or the
carbonyl of the preceding residue was measured. This distance was less than 4A in more
than 80% of cases. It was concluded that stacking of the carbonyls provides some
explanation for the preponderance of asx residues in partially allowed regions of the

Ramachandran plot.

Recently, Lario & Vrielink (2003) noted the differcnce in electron densities between the
carbonyl groups of a-helices and thosc of B-sheets, in an examination of the sub-Angstrom
resolution structure of cholesterol oxidase, In a-helices the electron density is more
polarised towards the oxygen atom. A number of possibie explanations were considered

for this including variations in hydrogen-bond geometry, differences in the peptide C-N
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bond order associated with alternating resonance forms of the frans-amide, and

carbonyl-carbonyl interactions. All but carbonyl-carbony! interactions were ruled out.

Interactions have also been observed between ketone carbonyl groups of protein ligands
with trans-amide carbony! groups of the active site (Bergner et al., 2001-2002), Of 821
ligands in the PDB comprising ketone moieties, 42 such examples were found, 13 of which

occutred in the antiparallel arrangement identified by Allen et of. (1998).
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2,5 Mimicry of B-turns by Asx- and ST-tarns

2.5.1 Context

Within proteins, asparagine and aspartate sidc-chain carbonyl groups van interact with
nearby main-chain carbonyls. This stabilises conformations of these residues occurring
within partiaily allowed regions of the Ramachandran plot (Deane ef a/., 1999), Such
intcractions involve contact of the side-chain carbonyl with the main-chain carbonyl either
of the asx residue itself, or of the previous residue in the chain. Revicw of the work of
Deanc et al, (1999) raised the possibility that many of the contacts between the asx
side-chain carbonyl and its own main-~chain carbonyl could be occurring within motifs
called asx-turns, The geometric constraints of asx-tumns dictate that the asx side-chain
carbonyl is necessarily close to its own main-chain carbonyl. Based on this, I decided to
investigate the geometry of ask-turns. The analysis did not produce new insights into
carbonyl-carbonyl interactions, but did lead to an improved understanding of asx-, ST-,
and B-turns, and the geometric relationships between them, as described in chapter 7, and

as published, in shortened form (Duddy ez «l., 2004).

2,5.2 B-turns

The four main types of p-turn, I, I, Il and IF’, were first described by Venkatachalam
(1968). -turns are considered to have four residues, i, -1, i+2 and i+3. They are
typically defined in two main ways, either by a distance of less than 7A between the Cy,
atoms of residues i and i+3 (Lewis ef af., 1973) or by a hydrogen bond between the
main-chain carbony! group of residue i and the main-chain NH group of residue i+3.
Here, like Venkatachalam, only the hydrogen-bonded tuins are considered, eliminating
those such as type VIII (Hutchinson & Thornton, 1996). Also excluded are those with cis
peplide bonds. The validity of regarding B-turns of this sort as belonging to four main
categories has been confirmed (Wilmot & Thornton, 1990) and later work has generally
supported this classification (Richardson, 1981; Baker & Hubbard, 1984; Wilmot &
Thornton, 1988, 1990, Hutchinson & Thornton, 1994, 1996, Gunasekaran ef al., 1998),
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B-turns are the most common small non-secondary structure motifs. They are often found

at the loop ends ol B-hairpins, and within several other motifs.

2.5.3 Asx-~turns and ST-turns

Richardson (1981) pointed to the frequent occurrence of asx-turns and to their gecometrical
resemblance to hydrogen-bonded B-turns. ‘I'he term asx is used to indicate either an
aspartate or asparagine residue, both of which exhibit similar behaviour because both have
side-chain carbonyl groups next to the B-carbon atom. Both asx-tums and B-turns form a
10-atom hydrogen-bonded ring. The diffcrence, seen in Figures 2.3a and 2.3b, is that the
main chain atoms in residue i and the NH group of residue i+1 in the J-tum are replaced
by the side-chain of an asx residue. Hence the asx side-chain atoms mimic the main-chain
ones. Asx-turns have three residues, i (asx), i+1 and i+2, so the residue numbering for
homologous atoms differs from that of B-turns, such that i1 of asx-turns corresponds to
i+2 of p-turns. This is shown in Figure 2.3 (the 'squivalent angles' described in this figure
are explained in Chapter 7). Several authors (Tainer e al., 1982; Reces ef al., 1983;
Richardson & Richardson, 1989; Eswar & Ramakrishnan, 1999; Wan & Milner-White,
1999a; Chakrabati & Pal, 2001) discuss the asx-turn and its similarity to the B-turn while
others (Presta & Rose, 1988; Richardson & Richardson, 1988; Doig ef al., 1997, Aurora &

Rose, 1998) show the asx-turn to be common at the N-termini of a-helices,

The side-chain oxygen atoms of serine and threonine residues (i) often form a
hydrogen-bond with the main-chain NH groups of the residue two ahead (i+2). Such
features are like asx-turns except that they arc 9-atom, instead of 10-atom,
hydrogen-bonded rings. Data have heen assembled (Baker & Hubbard, 1984; Eswar &
Ramakrishnan, 1999, 2000) showing their common occurrence and pointing to their
similarity with asx-lurns, Here they are referred to collectively as ST-turns (as in Wan &
Miler-White, 1999b). Sequence comparisons of homologous proteins (Vijayakumar et
al., 1999; Wan & Milner-White, 1999b) show that, within and between asx- and ST-turns,

the four residues in question often substitute each other.
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Figure 2.3. Defining residues and torsion angles in B-turns and in asx- and ST-turns. (a-c) are
representations of the B-turn, asx-turn (with aspartate side chain) and ST-turn (with serine side
chain), respectively. Residue positions are indicated, and it should be noted that position i+1 of an
asx- or ST-turn is equivalent to i+2 of a B-turn. (d) and (e) show the %1 and %2 torsion angles of an
aspartate and a serine. (b) and (c) also show the novel torsion angles . ¢. and ®., used in this
work for comparison of asx- and ST-turns with B-turns (subscript e stands for equivalent). (f)
shows the approximate relationships of v ¢, and ®. with standard torsion angles, allowing
short-hand comparisons to be made. The values of . ¢. and ®. and of standard angles used in this
work have been measured directly.
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Previous work on ST-turns, in the general context of side-chain to main-chain
hydrogen-bonding, has noted their prevalence and grouped them into three geometrically
distinet categories, but their geometric similarity to B-turns has not been explicitly
discusscd, Asx-turns have been more extensively studied, and of particular relevance to
the present work 1s that of Eswar and Ramakrishnan (1999). These authors categorised
asx-turns into four geometrically distinct classes. They noted similarity with B-turns, and
drew particular attention fo the correspendence between one of their four classes and the
type II' B-turn, and also o the observation that the second residue of asx-turns is often
found in the bridge region of the Ramachandran plot, as is the equivalent residue of
B-turns. Their findings arc built upon in Chapter 7 through a direct comparison of
asx-turns with f-turns, resulting in the observation that the four classes of asx-turn are
geometrically equivalent to the four types of hydrogen-bonded $-turn. Additionally, it is
found that the three categories of ST-turn are also equivalent to three (types I, Tl and II") of
the four types of hydrogen-bonded P-turn. It is proposed that asx- and ST-turns be named

using the type I, 11, I and IT” B-turn nomenclature.

2.5.4 Nests

A commonly occurring anion-binding motif has been described (Watson & Milner-White,
2002a,b; Pal ez al., 2002; Milner-White et al., 2(04) as a nest because it forms a concavity
made from the main-chain NH groups of three successive residues, The anionic group
bound is ofien a single oxygen atom with either a whole or a partial negative charge. A
less cormmon, though recurring, variant of this was called an asx-nest because the first nest
residue is either aspartate or asparagine and its side chain oxygen is the anion in the nest.
A similar distribution is found for ST-nests, which are like asx-ncsts except that they have
either serinc or threonine as the first residue and the S or T side-chain oxygen occupies the
nest. They are relevant because it emerges that asx-and ST-turns mimicking type

fi-turns are the same as asx- and ST-nests.
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3 Hydrogen-bonding between srans-amide groups: Factors affecting

hydrogen bond geometry

3.1 Brief introduction and outline

The current evidence suggests that hydrogen-bonds made to trans-amide carbonyl groups
are more lincar at the oxygen acceptor atom than N-H:--O=C hydrogen-bonds, despite the
influence of lone-pair directionality, and not just within protein secondary structure.

Focussing on frans-amide - frans-amide hydrogen bonds in the CSD, a subgroup not

previously examined, the possible reasons for this disparity are examined.

The geometry of the trans-amide: - -trans-amide hydrogen-bond is compared with the

geometry of other hydrogen-bonded systems including the simple N-H:--O=C
hydrogen-bond, and hydrogen-bonds mvolving primary amides. The effects of three
factors on hydrogen-bond geometry are analysed: the occurrence of hydrogen-bonded
chains of frans-amides extending through the crystal latlice; the number of
hydrogen-bonds made by the frans-amide carbonyl (including a comparison of the
proportion of ¢rans-amide carbonyls that accept multiple hydrogen-bonds compared with
the proportion for C=0 groups in general); and the occurrence of hydrogen-bonded ring
motifs among the N-H---O~C hydrogen-bonds (as described by Mitchell & Price, 1989).
The eftects of these factors on the linearity at the oxygen acceptor atom are summarised.

Lastly, the internal geometry of the trens-amide is considered.
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3.2 Materials and methods

3.2.1 Database searches

A trans-amide is defined here as a secondary amide group with the C-CO-NH-C atomic

configuration as in Figure 2.1 such that the CO and NH subgroups lie frans to one another.

The November 2003 release of the Cambridge Structural Database (version 5.25)
contained a total of 298,097 crystal structures of small molecules. The ConQuest software
package (Allen, 2002; Bruno et af., 2002) was used to identify frans amide groups within a
subset of this datahase. The subset consisted only of structures: (a) of organic compounds;
(b) rated error-free by CSD evaluation procedures; (c) that were not polymeric; (d) with
R-values 0.075. Occurrences of intermolecular hydrogen-bonds between trans-amide
groups were identified and characterised using ConQuest. The gcometric search criteria
were lwo amide units, constrained to the frans configuration by limiting the C-N-C-C
torsion angle to 180° + 90° (99% of the frans-amide groups identified in this way had
CNCC = 180° + 20°).

A crystal structure may include more than one unique occurrence of an interaction, such
that, in the database, the number of occurrences of an interaction exceed the number of
crystal structurcs with the interaction,  Also, there may be more than one independent
molecule per asymmetric unit and each unique interaclion is counted separately. A
structural subset is defined as the set of crystal structures with one or more occurrences of
the specified interaction. It is of importance {o be aware of the situation when employing
ConQuest to do database searches of the form "x not y" where x und y are specific
interaction types. This specifies that the subset of structures containing occurrences of y
have been excluded, and occurrences of x are identified only within the subset of

siructures not containing any instances of y.

The following parameters were calculated for each hydrogen bond occurrence (allowed
limits for hydrogen bond definition are given in brackets); H--O distance (< 2.54),
N-H:--Q angle (> 90°) and H---O=C angle (> 90°). Bond lengths to terminal hydrogen

atoms are underestimated in X-ray studies due to hydrogen atom asphericity effects (Allen,
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1986). In this study, hydrogen atom positions were normalised by ConQuest such that the
N-H distance was fixed to 1.009 by moving the hydrogen atom out alang the N-H vector.

The 1.009 value is the mean bond length determined from neutron diffraction work.

Three-centered, or bifurcated, hydrogen bonds were defined as cases where the N-H,
besides satisfying the hydrogen bond criteria above, was also close to another
electronegative atom, X, where X is O, N, S, or halogen. The distance N---X was required
to he within the sum of the Van der Waals radii of N and X plus an allowance of 0.2A.

Additionally the N-H-- X angle was limited to > 90°,

Occurrences of the different categories of hydrogen-bonded interactions were also
identificd using ConQuest. A trans-amide " frans-amide chain was defined as four
frans-amide groups (a-d) airanged a---b---c---d such that there are three hydrogen bonds of
the type shown (Figure 2.1a), between b, b--c, and ¢--d, the a-d labels being applied
arbitrarily by the search procedure. Valucs describing hydrogen bond geometry are taken
from the b-¢ interaction in cach case. Two common Lypes of repeating chain, involving
symmetry related groups, were identified: the singly repeating ++{*a-),--a---a--- variety
involving successive slructurally identical irans-amide groups, and the doubly repeating
(:a-b)p-a-he- variety involving two structurally distinet frans-amide groups. A ring

motif was defined as a hydrogen-bonded structure of the type shown in Figure 2.2.

3.2.2 Statistical correction for angular data

The method used by Taylor & Kennard (1984) and Kroon et af., (1975) was followed to
correct statistical bias of angular data (Figurcs 3.1e und 3.10). Occurrences were counted
in bins with increments of 5° in the range 90° to 180°. The number of observalions in sach
bin was divided by sin x, where x is the average of the upper and lower boundaries of the
bin, correcting the numbers of observations for each bin such that they were proportional
to sin x. The corrected numbers of observations were then multiplied by a normalisation
value, &, derived by dividing the total number of observations before correction by the

total number after correction.
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3.3 Results & Discussion

3.3.1 Hydrogen-bonds between frans-amide groups

The November 2003 release of the CSD contained 3077 structures containing al least one
trans-amide group, and 5343 unique frans-amide groups. A proportion (2097; 39%) of
trans-amide groups were found to make an inter-molecular N-H---O~C hydrogen bond {of
the form shown in Figure 2,1a) to at lcast one other (rans~-amide. The following
parameters were calculated for each hydrogen-bond: (a) H to O distance (H:--O); (b) N to
O distance (N---O}; angles {c¢) N-H---O, (d} H--O=C and (¢) N---O=C, The distributions of
a-d are prescnted (Figure 3.1a-d) and the mean and standard deviation of cach are given
{Table 3.1). For three-dimensional angular data such as N-H-O and H---O=C angles there
is a need to take account of the geometrical bias against values near 180°, This is because
the available contact area on a sphere becomes proportionately less for a given change in
angle as linearity is approached. A method is employed (Taylor & Kennard, 1984; Kroon
et al, 1975) to correct for this bias. The corrected angle distributions are in Figures 3.1e
and 3.1f. The peak at 175-180° in Figure 3.1e shows that the distribution of the N-H:--O

angle is consistent with a preference for linear geometry, while that for the H--O=C is less

30,
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Figure 3.1. Geometric parameters of trans-amide---trans-amide hydrogen-bonds. Histograms
showing distributions of: (a) H to O distance (H:--O); (b) N to O distance (N---O); (¢) N-H:--O

angle; (d) H--O=C angle; (e) N-H:--O after correction for geometrical bias; and (f) H:--O=C angle
after correction for geometrical bias.
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3.3.2 Comparison with other hydrogen-bonded systems

The average geometry of the frans-amide--trans-amide hydrogen bond was compared with

the geometry of several other hydrogen-bonded systems, ranging in complexity upwards

from the simplemost case of the N-H:O=C hydrogen bond (Table 3.1). Differences in

mean values for all parameters were minimal, except those describing the angle at the
oxygen acceptor atom: N+O=C and H-O=C. The trans-amide--frans-amide hydrogen

bond had an average H---O=C of 148°, whereas for N-H:--O=C the same angle had the

lower value of 134°, dropping to 131° when structures containing

trans-amide - frans-amide hydrogen-bonds were excluded.

The subsets N-H--{rans-amide and trans-amide--O=C both (when situctures containing
trans-amide-trans-amide hydrogen-bonds were excluded) had average H+-O=C values of
around 140°, intermediate between the values for N-H:-O=C and

trans-amide---frans-amide (Table 3.1).

The hydrogen-bonds made by primary amides to each other or with other N-IT or O=C

groups, werc also examined, Only oceurrences where a hydrogen bond was made by the
hydrogen trans to the carbonyl oxygen were considered. The primary amide--primary
amide hydrogen hond had an average H---O=C of 139°, closer to the value for N-H--O=C
than to the valee for frans-amide--trans-amide, The average for primary amide-O=C was
also 1399, but for N-H---primary amide it was 130° - much lower still, and very similar to

that for the general N-H:--O=C hydrogen bond after frans-amide-trans-amide occurrences
arc excluded (131°).
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Table 3.1, Geometry of trans-amide---trans-amide hydrogen-bonds and hydrogen-bonds from

other structural subsets. The mean and standard deviation arc given {or each geometric parameter.

Subset size is the number of structures that contain onc or more hydrogen bond of the specified
type. The sample size, &, is the number of hydrogen-bonds of the specified type that occur within

the subsel. Where a subset is specified as 'not trans-amide - trans-amide' this indicates that
structures conlaining trans-amide-trans-amide hydrogen-bonds have been excluded from that

subset.
_ Parameter
Type of hydrogen bond Sll!Jsct N HO N+O N-H+-0O N+O=C H-0Q=C
s1ze (sd} (sd) {sd) (sd) (sd)
trans-amide-traps-amide 1243 1731 2.00 2.94 159 152 148
. 0.1) (0.1) (12) (16) (15)
0=C/ <
AN ,__c//
c’/‘u—u -==-gz== \\“_
C//
primary amide (trans H)- 202 259 2.05 2.96 153 I4~3 139
primary amide 0.2) (0.1) (13 amn (16)
U=:/,c <
) N....mu---—-'oz:a\\m—“
N-H+0=C 8324 13825 198 2.91 158 135 134
N e m e Oz £ 02y 01 (15 (18) (17)
! N-H--O=C 7079 11657 1.97 2.91 158 133 131
! not trans-amide-(rans- ©2) @1 {3) a7 (16)
i amide
No-frans-armide 1521 2190  2.00 2.94 158 149 147
: o (©n 12 ) (16)
H- I ——=¢
N-H- trans-amide 276 335 1.9 292 156 144 141
not rans-amide-trans- 02) ©.1) (14 (17) (16)
amide
N-H-primary amide 440 744 2.00 295 161 131 136
: O O ) 31e (19
N Fom nw-c:/
\N—H
H/
N-Hprimary amide 238 306 1.97 254 165 128 128
not primary amide (frans (©.1) (0.1) (12} (13) (13)
| H)--primary amide

Table continued.,.
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trans-amide - O=C 1726 2378 2.0l 295 159 149 146
o ©.n 01y 02 (17) (16)
[+ C/
\N [T o—=0¢
7
frans-amide O -C 481 568 2,02 2,97 160 141 139"
not frans-amide-frans- ©.1) ©.1) (12) (17) )
amide
primary amide (frans H)-- 300 371 2.04 2.97 155 142 139
0=C ©) Oy (14  as (16
c
o= _.r.'/
\N {m = O [
//
"
primary amide (zrans Hy-- 98 1100 2.03 2398 159 141 139
O=C not primary amide 0.1 (0.1) (12) (19) (18)

{(irans H)primary amide
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3.3.3 Hydrogen-bonded chains

A frequent occurrence is the formation of hydrogen-bonded chains of trans-amides
extending through the crystal lattice (examples are shown in Figure 3.6). These chains

feature hydrogen-bonds between symmetry-related groups. Of the 2097 trans-amides

involved in trans-amide - frans-amide hydrogen-bonds, 1336 (64%) were involved in

chains (geometric data in Table 3.2). The number of chains totalled 1337. These were

dominated by two repeating types, --(-a+)s+ and ~(-a-~b-) (see Materials and methods

section 3.2.1), that together accounted for 91% of the total. There were 878 occurrences of
(-a'), and 340 occurrences of --(‘a-b-). Hydrogen bonds within chains have higher
angles at the oxygen atom (average N---Q=C of 153° and H--O=C of 150°) than those

occurring in structures that do not contain chains (average N---O=C of 146° and H--O=C of
144°).

A large proportion (80%) of primary amide (frans H)--primary amide hydrogen-bonds
wete also found Lo occur within chains. In this case, the small number that did not occur

within chains had a higher average H--O=C angle, unlike the rrans-amide-trans-amide

case where it was lower,
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Table 3.2, Occurrcnee of frans-amidefrans-amide hydrogen-bonds within and outwith chains.

Subset size is the number of structures that contain one or more occurrence(s) of the specified type.
The number of unique groups is the number of structurally distinct trans-amide groups involved in ;
the occurrences. T'he sample size, &, is the number of occurrences of the speeified type. The mean

and standard deviation are given for each parameter. Values for all frans-amide-frans-amide,
N-H:O=C (excluding trans-amide-trans-amidc), and primary amide...primary amide
hydrogen-bonds are given for ease of comparison.

Parameter

Type Su'b:iet Unique N H-O N-O N-H+~0 N-O=C H0-C

size  groups ) (sd) (8 (D (sd)
rans-antidefrans- 1245 2097 1731 2.00 2,94 159 151 148
amide O O d1) (18 (5
primury amide {#rans 202 284 259 2,05 2.96 153 143 139
Hyprimaty amide ©2 @) (%  an 316
N-H-0=C 7079  N/A 11657 1.97 2.91 158 133 131

not irgns-aimide -
frans-amide

(02  ©) a8 an Qe

trans-amide - trams- 966 1336 1337 2.00 2,95 159 153 150

amide within chain ©on  ©y 1z s (135
pans-amide-trans- 279 735 384 2.00 2.94 138 146 144

amide not within {0.1) (0.1 (13) (16) (16) .'
chain :
primary amide (trans 181 227 233 2.05 2.96 153 143 138 ‘
H)+primary amide 02  ©On (15) (18) (16}

within chain

primary amide (frans 21 54 28 2.05 2.96 154 143 145

H)-primary amide 0.2 (0.1) (17 (12) (15)

not within chain
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3.3.4 Multiple hydrogen-bonds

To investigate the influence of the number of hydrogen-bonds accepted on angles at the

oxygen acceptor atom, and on gencral hydrogen bond geometry, the two systenis,
N-H-+O0=C und frans-amide-irans-amide, were tested for the presence or absence of at
least one extra X-H---O hydrogen bond (Table 3.3). Where a second hydrogen-bond was

present, the average H---O=C angles of both the criginal and second hydrogen-bonds were

markedly lower than those cbscrved for the singly bonded case.

In the case of the N-I1--O=C system with a single hydrogen-bond, the average H:--O=C
angle was 138°, and with two hydrogen-bonds was 126° and 125° for the original and
second bonds respectively. The frans-amide frans-amide system with a single
hydrogen-bond had an average H--O=C angle of 1507 this dropped to 136° and 130° for
the original and second bonds respectively when a second bond was present. Other
geometric parameters were not greatly affected by the influcncc of multiple
hydrogen-bonds, The proportion of irans-amide-frans-amide occurrences with multiple
hydrogen-bonds (9%) is much lower than the proportion of N-I--O=C occurrences with
multipie hydrogen-bonds (26%). This relative weight will give multiple hydrogen-bonding
in the N-H---O=C system a greater influence on the overall average H--O=C angle than in

the trans-amide -trans-amide system.

The influence of multiple hydrogen-bonds on trans-amide--trans-amide occurrences
within hydrogen-bonded chains was also considered, and compared with accurrences in the
subset of structures that did not contain chains (Table 3.3), The two factors, multipie
hydrogen-bonding and occurrence within a chain, are largely independent of one another
as the proportion of within chain occurrences that had multiple hydrogen-bonds (9%) was
approximately the same as the proportion of non-chain occurrences that had multiple
hydrogen-bonds (9%).
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Table 3.3. Acceptance of multiple hydrogen-bonds at oxygen atom. Occurrences of a second,
X-H-0 (X =N,0), hydrogen bond in the N-H-O=C and frans-amide--fruns-amide

hydrogen-bonded systems are considered. Trans-amide-frans-amide hydrogen-bonds occurring
within hydrogen-bonded chains, and those oceurring in the subset of structures that did not contain

chains, are shown scparately. Geometric data are prescnted for both the N-H--( and X-H-O
hydrogen-bonds to O=C and ¢rans-amide groups. The mean and standard deviation are given for
each geometric parameter. Subset size js the mumber of siructures that contain one or more
occurrence(s) of the specified type. Values for each full subset (including both muitiple and single
hydrogen-bonds) are given for sase of comparison.

Parameter

Type Subset N HO N+~Q NK-H-0O N-O=C H-0=C
51z (sd) (sd) (sd) (sd) {sd)
N-H--0=C 8324 13825 1.98 291 158 135 134
(02) (0.1)  (15) (18) an

N-H and X-H +-0=C 2288 3540
N N-H-0=C 2.00 2.93 157 128 126
e 02 O (16 (18 (1)
x AL O=C 194 286 158 127 125
02 (02)  (16) 6y (14
NoHO=C 6036 8094 197 291 159 139 138
not N-H and X-H -0=C 02 ©n 04 as - an
oo mmidentrans-amide 245 1731 200 294 159 151 145
(0.1) (0.9 (12) (16} (15)
! trans-amide and XA 129 153
trans-amide )
c N-II+0O=C 2.08 3.02 156 138 1306
omme” ©2 ©n 03 18 16
- c
SN XH O 200 292 154 131 130
Kot Nulw (0.2) (0.2 (16) (14) (13)
7

trans-amide--rans-amide not 116 1501 199 294 159 153 150

(0.1) (0.1) (12) (15) (15)

trans-amide and X-H ' frans-amide

trans-amide{rens-amide within 966 1337 2.0 2.95 159 153 150
chain (0.1) 0.1) (12) (15) (15)
trans-amide - frans-amide within 103 117 2.07 3.01 156 140 137

02) (0.1  (13) (19) (16)

chain and frans-amide and X-H -
[rans-amide

rans-amide - ans-amide within 363 1156 1.99 2.94 160 155_ 131
{0.1) (0.1} (11) (15) {14)

chain not frans-amide and X-I1 -
trans-amide

o oS- amive ot 779 384 200 294 138 146 144
within chain 01y 0D (13) (16) (16)
trans-aniide -trans-amide not 26 36 2.10 3.04 158 134 133
within chain and trans-amide and (0.1} 0.1) {13) (16) (16)
X-H trans-amidc

trans-amide - frans-amide not 253 335 199 2.93 157 147 146
within chain net frans-amide and {0.1) (0.1} (14) (15) {15)

X-H -frans-amide
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3.3.5 Ring motifs

N-H-0O=C hydrogen-bonds can occur within ring motifs (Figure 2.2} of the type described
by Mitchell & Price (1989) that involve two hydrogen-bonds. They require the N-H and
C=0 of an amide to be cis, so are formed by primary amides and cis- (secondary) amides,
but not frans-amides. The number of structures in the CSD containing ring maotifs was
1631. The gecometry of ring motif hydrogen-bonds and of subsets excluding ring motifs
was investigated (Table 3.4). A low average value (123°) of the H--O=C angle was
observed in ring motifs, Their geometry was also characterised by the linearity of the
N-H:-O angle, This averaged 167°, which is 9° higher than the value for N-H---O=C

hydrogen-bonds in general.

When structures containing ring motifs were excluded from the N-H---O=C
hydrogen-bonds, the average H--O=C value increased from 134° to 136°. Further

exclusion, of multiple hydrogen-bonding or of trans-amide-/rans-amide hydrogen-bonds,

produced values of 141° and 140° respectively.

To show the differential effects of exclusion of structures containing ring motifs on the
geometry of hydrogen-bonds formed by either one or other of the two primary amide
hydrogen atoms, values are given separately for hydrogen-bonds made by the primary
amide hydrogen frans to O=C, and the primary amidc hydrogen cis to O=C. As would be
expected, exclusion of structures containing ring motifs causes little change in the case of
the rans hydrogen, however for the ¢is hydrogen an increase in average H--O=C from
125° to 131° is observed. This increases further to 134° when multiple hydrogen-bonds

are also excluded.
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Table 3.4. The effect of ring motifs on hydrogen bond geomeiry. The mean and standard

deviation are given for each geometric parameter. Subset size is the number of structures that
contain one or more hydrogen bond of the specified type. The sample size, A, is the number of
hydrogen-bonds of the specified type that occur within the subset,

neither ring motif
nor p. amide and X-IT -+ O=C

_ Parameter
Type Su.bsct N HO N0  N-H+O N-+O=C H-O=C
size (sd) (sd) (sd) (sd) (sd)
N-H0=C of ring motif 1635 1892  1.91 2.90 167 122 123
©.1n O ) (6} (€)
NH-O=C o 8324 13825 198 2091 158 135 134
.. 02 (01D (15 (18) (17
NoHO=C 6689 10776 198 291 157 138 136
not ring motif (©.2) Q.1 (15) (19) (18)
NoH O 4913 G549 198 292 157 143 141
neither ring motif 0.2) 0.1 (14) (18) (18]
nor N-I and X-H -0=C
N-H0~C 3086 3860  2.00 2.94 157 142 140
neither ring motif 0.2) 0.1) (14} (18) (17)
nor NI and X-I1 +--O=C
nor frans-amide frans-amide
primary amide—~O—C 300 371 204 297 155 142 139
{trans hydrogen) (0.1) 0.1} (14) (18} (16)
primary amide-~O=C 146 167 206 297 153 142 139
(trans hydrogen) (0.2) 0.1) (16} (18) (18}
not ring motif
primary amide 0=C 77 84 205 296 154 143 141
(trans hydrogen) (0.1) 0.1 (16) (19) (19
neither ring motif
_mor p. amide and X-H -O=C
[ orimary amide-0=C 410 520 197 295 166 124 125
(ciy hydrogen) 0.1y (0.1} (10} (11) {amn
primary amide-0=C 143 160 2.00 2.96 161 131 131
(eis hydrogen) (0.1) 0.1 (1) (15) (15)
not ring motif
primary amide: 0= 69 76 1.98 294 161 134 134
(cis hydrogen) 1 ©n  an sy (15
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Although the effect of excluding ring motifs on the average H---O=C value of N-H--0=C
hydrogen-bonds is relatively small (an increase of 2°) compared with the effect of
excluding multiple hydrogen-bonds (an increase of 4°), ils ellect on the distribution of
H--0=C values is more dramatic (Figure 3.2). The large peak at approximately 120° in the
H:-O=C distribution for all N~-H---O=C hydrogen-bonds (Figure 3.2a), is causcd by the
ring motifs (Figure 3.2b), and disappcars completely to leave a relatively smooth normal
distribution when ring motifs are excluded (Figurc 3.2¢). It can also be seen that the effect

of exclusion of multiple hydrogen-honds on the distribution is less marked (Figures 3.2d

and 3.2¢).
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Figure 3.2. Distributions of H:*O=C angle of N-H--O=C hydrogen-bonds: (a) all N-H:--O=C
hydrogen-bonds; (b) those occurring in ring motifs; (¢) those occurring in the subset of structures
that do not contain ring motifs; (d) those occurring in the subset of structures that do not contain
multiple hydrogen-bonds; (e) those occurring in the subset of structures that contain neither ring
motifs nor multiple hydrogen-bonds.
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3.3.6 Three-centered hydrogen-bonds

A further factor is the occurrence of 3-centered, or bifurcated, hydrogen-bonds (Taylor et
al., 1984); the frequency and geometry of these is shown in Table 3.5. Although rare
amony trans-amide--trans-amide hydrogen-bonds, they make up 14% of the N-H--O=C
set. In the two cases, both N-H--O and H--O=C values are low. Also shown arc average
values after excluding 3-centered and other subsets (multiple hydrogen-bonds; ring motifs;
and hydrogen-bonded chains). The values for the two sets of average N-I-O angles,
compared to the multiple hydrogen bonds at the carbonyl oxygen, are more disparatc,

suggesting that, for 3-centered bonds, there arc often one major and one minor hydrogen

bond, rather than both being similar,
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Table 3.5. Three-centered hydrogen-bonds. The mean and standard deviation are given for each
geometric parameter. Subset size is the number of structures that contain one or more hydrogen
bond of the specified type. The sample size, &, is the number of hydrogen-bonds of the specified

type that ocour within the subset.

o Parameter
Type Su.bset N T Nee N-H- N e
slze O/X(AY OX(A) OIX(®) 0=C(°) O=C(®
{sd) {sd) (sd) {sd) (sd)
N-H-0=C 8324 12825 1.98 291 158 135 134
02y ©n 1% (18) amn
3-centered 1222 1877
X N-HX 2.49 3.05 117 n/a nfa
Nt (03) (02 (8)
t——¢ N-H-0O=C 2.03 2.89 147 128 125
(0.2) (0.1) (20) (16) (16)
N-H0-C 2880 3553 2.00 2.90 158 143 141
ot N-H and X-H - 0=C 02y 03 a3 amn an
not ring motif’
net 3-centered
not frans-amide -trans-amide
trans-atnidefrans-amide 1245 1731 2.00 2.94 3¢ 151 148
0. (1) (12) (16) (15)
3-centered 26 349
. . N-I-X 242 3.08 124 n/a /a
= (02) O (1)
7 Yoo NH-0=C 2.18 3.04 145 140 134
—t 02) (0.1 (1% (14 (1D
rams-amide- trans-amide 242 316 199 293 158 148 146
6.1y (0.1 (14 (13) (13

not prans-amide and X-H - O=C
not chain
net 3-centered
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3.3.7 Summary of factors affecting H--O=C angle

Differences in the H»O=C angle between different subsets are stmmarised in Figure 3.3.

The effects of multiple hydrogen-bonding (where the O=C accepts two or more donors),
ring motifs, and hydrogen-bonded chains on the H:--O=C angle averages of N-H--O=C

hydrogen-bonds, trans-amide-frans-amide hydrogen-bonds, and other structural subsets,

are shown.

Multiple hydrogen-bonding and occurrence within (hydrogen-bonded) chains both have an

effect on the average I1--O=C angle of trans-amidc:-trans-amide hydrogen-bonds, This is
most marked with multiple hydrogen-bonding, where a reduction of around 14° is
observed when comparing single to multiple hydrogen-bonding. This is observed
independently of whether the occurrence is within, or outside of, chains. Occurrences

within chains show an increase of around 5° compared with those outside of chains,

indcpendently of multiple or single hydrogen-bonding. Highest values (H:-O=C >150%)
are observed when the frans-amide is both within a chain and accepts only a single

hydrogen bond. In the small number of occurrences where the trans-amide is not within a

chain and accepls multiple hydrogen-bonds, the average H.--O=C value is 133°.

For N-H:--O=C hydrogen-bonds the average H--O=C angle is affected by both multiple

hydrogen-bonding and ring molifs. 'When multiple hydrogen-bonds are excluded, the
average H--O-=C angle rises to 138° from 126°; this 12° difference is similar to the 14°

seen for trans-amide-trans-amide hydrogen-bonds. When ring motifs are excluded, this

rises further, to 141°. Three-centered hydrogen-hbonds, which occur in significant numbers
in the N-H:+O=(C, but not the frans-amide---trans-amide, hydrogen bonds, are associated

with low average H+-QO=C angles, although excluding them has little effect compared to

the other factors.

The average value of H--O=C of the frans-amide-frans-amide hydrogen-bond (149°) is
15° higher than that of the more general N-H:--O=C hydtogen-bond (134°). Some of this

difference is accounted for by the observation that a greater proportion of N-H--O=C
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(26%) than trans-amide---trans-amide (9%) hydrogen-bonds exist in multiply
hydrogen-bonded situations. Indepondently of mulliple hydrogen-bonding (i.e. in
comparison both of cases with multiple hydrogen-bonds, and of cases without multiple
hydrogen-bonds) the average value of H-O=C in trans-amide-trans-amide
hydrogen-bonds is about 12° higher than in N-H---O=C hydrogen-bonds. Hydrogen-bonded
chains in the frans-amide-frans-amide, and ring motifs in the N-H--0O=C, hydrogen-bonds
both coniribute to this difference. However, in the absence of multiple hydrogen-bonds,
hydrogen-bonded chains, and ring motifs, a 5° differcnec in the average H--O=C angie

remains,
The average N- H0 angle is consistently at values around 1582 across subsets, with the

only exception being the 3-centered hydrogen-bonds. Values as high as 1587 are

consistent with a preference for linearity, as discussed in relation to Figurces 3.1c and 3.1f.
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H~O=C angle of various hydrogen-bond subsets
— 190

140

—F— { } 199
155
150
145
140
T T T v 135
| |
overall (13825) | overall (1731) j
not ring motif (10776) in chain (1337)
>1 h-bond to C=0 (3540) not in chain (384)
1 h-bond to C=0 (8094) >1 h-bond to C=0 (153)
1 h-bond to C=0, not ring motif (6549) >1 h-bond to C=0, in chain (117)
3-centered (1877) >1 h-bond to C=0, not in chain (36)
1 h-bond to C=0, not ring motif, 1 h-bond to C=0 (1501)
not 3-centered, not trans-amide-trans-amide (3553)! 1 h-bond to C=0, in chain (1156)
L ] 1 h-bond to C=0, not in chain (335)
N-H~0=C 3-centered (34)

1 h-bond to C=0, not in chain, not 3-centered (316)
L J

T
trans-amide-trans-amide

Figure 3.3. H-*O=C and N-H-O angles of various hydrogen bond subsets. Average values are
shown, with 95% confidence intervals. Light grey bars represent values for occurrences with
multiple hydrogen bonds (where the O=C accepts more than 1 donor). Clear bars represent values
for hydrogen-bonds from the subsets of structures containing only occurrences with single
hydrogen-bonds. The annotations ‘not ring motif', 'not trans-amide---trans-amide', 'not in chain',
and 'not 3-centered' indicate hydrogen-bonds that occur within the subset of structures that do not
contain these features; 'in chain' refers to hydrogen-bonded chains. The number of occurrences in
each subset are shown in parentheses.
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3.3.8 Other Aspects of inter-amide geometry

The geometry of the two trans-amide groups (p and ¢ in Figure 3 .4), relative to each other,
in the hydrogen-bonded system (where the N-H of p is hydrogen-bonded to the O=C of ¢)
was also considered. In addition to the hydrogen-bond parameters already described, three
additional parameters were mcasurcd (indicated in Figure 3.4), the (orsion angle Teyen

describing the rotation of the C-N bond of p relative to the C-N bond of ¢, the angle

H---C-N made by the hydrogen atom of p with the C-N bond of ¢, and the angle O'-N-C
made by the oxygen acceptor atom of ¢ with the N-C bond of p.

%3. CHCH
r ‘\ —— -
N H om0 oy,
/ 2NN T WA D : X v, &
s

H

Figure 3.4. Parameters describing the orientation of the frans-amide---trans-amide
hydrogen-bonded system. The lwo trans-amide groups are labelled p and g. The torsion angle

Tenens the angle H---C-N, and the angle O--N-C are indicated.

Toxen provides an indication of the systems deviation from planarity, and also of whether

e

the C-N bonds are considered syr or anti relative to each other about the hydrogen bond.
The co-planar arrangement in Figure 3.4 has the anti configuration, with Zeney of 180°.

The distribution of the modulus of Ty 18 shown (Figure 3.5a). Allowing a 20° deviation

from planarity, 28% of the trans-amide-trans-amide hydrogen-bonds bad anti Toxey, and
18% were syn. The sharp peak at 180° occurs becausc many of these Touen Values are
precisely 180° due to being interactions between symmetry-related molecules from
different unit cells with an --(-a-)}- arrangement; they make up 58% of the an#i

hydrogen-bonds.
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Figure 3.5. Geometry of trans-amide---trans-amide hydrogen-bonded system. (a) distribution of

the torsion angle 7cnen, and (b) plot of H-++C-N against H:--O=C, for all occurrences. (¢-j) various
plots and distributions for anti Tcnen on the left (¢, e, g, and i) and syn Tenen on the right (d, f, h,

and j). (c)and (d) distributions of H--*C-N. (e) and (f) plots of H---C-N against C---O distance. (g)
and (h) plots of O--N-C against C:--O distance. (i) and (j) distributions of H:--O=C.
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The H-C-N (and also the O~ N-C) angle indicates the deviation of the hydrogen-bond
from linearity. ln the planar, or near planar, arrangement, the H--C-N angle gives the
direction of the deviation from linearity, as movement across lhe plane gives values either
greater or less than 120°. In this context it is a more useful measure than H--O=C or
N---Q=C because, for these parameters, values of less than 180° are ambiguous in ferms of
the direction of deviation from lincarity across the plane. It can be seen (Figure 3.5b) that,
starting from a Jincar arrangement with H--C-N of 120° and H---O—~C of 180°, a change of

10° in H+-C-N approximately correlates with a 20° change in H--O=C. In the planar, or
near planar, arrangement, rotation of rans-amide g about an axis perpendicular to the
plane, relative to p, also affects H---C-N. The distribution of H:--C-N for the anti Teuen
occurrences was multimodal with one major peak above 120°, one below 120°, and a less

pronounced peak at around 120° (Figure 3.5¢). The syn Tiney occurrences had a normal

distribution of H--C-N (Figure 3.7d) with an average of 133° (sd 10.8°). Typical examples

of the three anii Toney Orientations, and of syn Tiuey are seen in Figuro 3.6.
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c

Figure 3.6. Examples of chains of trans-amide--trans-amides with different orientations. (a-c)
examples of anti Tcyen: (a) H--C-N angle below 120° (CSD refcode: VACROG); (b) H--C-N

angle near 120° (refcode: HEVIUN); (¢) H---C-N angle above 120° (refcode: ACALAR). (d)
example of syn Tenen (refcode: GLYGLY). Hydrogen bonds are indicated.
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Both the H---C-N and O--N-C angles correlate with C---O, the distance from the carbonyl
carbon of p to the oxygen of ¢. In the case of H---C-N, this is a positive correlation for anti
Texen (Figure 3.5¢) and a negative correlation for syn Teen (Figure 3.5f). Correlation with
the O~-N-C angle is tighter and is positive for both anti Teyen (Figure 3.5g) and syn Texex
(Figure 3.5h). The high values of H--C-N and low values of O-"N-C observed for syn

Texen correlate with a preference for low C--O distances, giving an average C-O of 3.76A
(sd 0.2), suggesting a preference for geometry that maximises the strength of the

favourable electrostatic interaction between the two carbonyl groups.

The distributions of H--O=C for anti Teyey (Figure 3.51) and for syn Teyen (Figure 3.5)) are
also shown. Both cases have the high H:--O=C angles observed for all

trans-amide--trans-amide hydrogen-bonds, however the average for anti Tcyey is higher

(156.55°; sd 13.1) than that observed for syn Tcyen (148.72°; sd 13.4).

Overall C---O distances for the trans-amide--trans-amide hydrogen-bonds average 3.81A
(sd 0.2), although the distribution is multimodal (Figure 3.7). The majority (1492; 86%)
are below 4A, and so meet the criteria used in chapters 5 and 6 to identify

carbonyl-carbonyl interactions between trans-amides.

N
140

120

100

80

60

40

201

04
a2 34 36 38 40 42 a4 46

C0

Figure 3.7. Distribution of C:-O distance for trans-amide--trans-amide hydrogen-bonded
systems.
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3.3.9 Internal geometry of the frans-amide group

The average internal geometries of {rans-amides in the CSD are given in Table 3.6, along

with values for the subset that make trans-amide-frans-amide hydrogen-bonds, and for
those that do not. Values for the full set are shown schematically in Figure 3.8. The
internal gcometry of structures in the hydrogen-bonded subset was not found to differ

significantly from the full set of trans-amides, or from trans-amides that occurred in the

subset of structures that did not contain frans-amide--trans-amide hydrogen-bonds. The
distributions of all internal parameters were uniform except for two: the N-C, distance, and
the Cy-N-C, angle. These had bimodal distributions that, when plotted against each other,
show distribution of data points in two nearly distinct clusters (Figure 3.9). These clusters
represent (wo distinet internal geometries, possibly resulting from differences in the effects

of aromatic ot aliphatic substituents on the carbon atom (C.).

O

Figure 3.8. Internal geometry of the frans-amide group. Average values for bond lengths (A),
angles, and torsion angles are shown from 5343 structurally distinct occurrences within the CSD,
The standard deviation, to one significant figure, of each pararneter is given in brackets, except for
the two torsion angles where the R bar valuc (morc suilable for circular duta; see Allen & Johnson,
1991} is given instcad. The N-H bond length is a defanlt normalisation value (see Materials and
methods). The carbon atoms are labelled a, b, and c, for ease of reference.
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Table 3.6. Internal geometry of the frans amide group. Mean values and standard deviations are
given for each parameter for the full set of trans-amides, the hydrogen-bonded subset, and the
non-hydrogen-bonded subset, except for torsion angles (where the R bar value is given instead).
Subset size is the number of structures that contain one or more occurrence(s) from that subset. N
is the total number of trans-amide groups that occur within the given subset.

Full set of trans-amides Hydrogen-bonded Non-hydrogen-bonded

Parameter Mean sd Mean sd Mean sd
bond lengths

N-H 1.009 N/A 1.009 N/A 1.009 N/A
N-C, 1.340 0.02 k337 0.02 1.343 0.02
N-C, 1.445 0.03 1.447 0.02 1.441 0.03
C,=0 1.228 0.01 1.229 0.01 1.227 0.01
Cy-Ce 1.513 0.02 1.510 0.02 1.512 0.02
angles

H-N-C, 118.5 4 118.6 4 118.2 4
H-N-C, 117.6 4 117.8 4 117.3 4
Cy-N-C, 123.4 3 123.1 2 123.8 3
N-C-C, 116.1 2 115.9 1 116.0 2
N-Cy= 122.9 2 122.8 1 123.0 2
C,-C,=0 121.0 2 121.3 1 121.0 2
torsion angles

CNGC,C, 179.9 1 179.7 1 179.8 1
HNC,O -179.9 1 180.0 1 180.0 1
Subset size 3077 1245 1832
N 5343 2097 2755

1350

132.0 1

12901
(o]

126.0 1

1230

G,-N-C, angle

1200 1

1701

1140 1

1110 T T T T T T T T T T
132 1.34 1.36 1.36 1.40 1.42 144 146 1.48 150 152 1.54
N-C, distance

Figure 3.9. Plot of C,-N-C, angle against N---C, distance of trans-amide groups.
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4 Hydrogen-bonding between zrans-amide groups: steric accessibility

4.1 Brief introduction and outline

Comparison of the findings of previous studies shows that the geometry of
trans-amide- - -frans-amide hydrogen-bonds differs from that of the general N-H---O=C

case in that the angle H--O=C made by the hydrogen with the accepting carbonyl group is
morc linear, averaging 148°, compared with an average of 134° in the general case. The

previous chapler elucidated three factors that together account for most of the difference in
average H-O=C; a smaller proportion of frans-amide carbony! oxygens accept more than
onc hydrogen-bond; general N-H-O=C bonds often occur in ring motifs with relatively
constrained geometry and low H--O=C values (these cannot be formed by trans-amides);

and chains of hydrogen-bonds between fraus-amides, with high H--O=C values, often
extend throughout the crystal lattice. These factors were shown to be of similar

importance. it is possible that the steric accessibilily (SA) of the carbony! oxygen atom

may account for the remaining difference in the average Hr--O=C values,

This chapter is an investigation of the SA of the carbonyl oxygen atom of the N-H--O=C
hydrogen-bond, and of the subset of N-H---O=C hydrogen-bonds of the type
trans-amide- - irans-amide. It centers on a comparison of the frans-amide- - -frans-amide
subset with the general case, in an ¢ffort to determine the degree to which SA has

influenced the average H--O=C angle. This work is deall with separately because it
involves the comparison only of certain selected subscts from chapter 3, and the creation of

two ncw subsets, as explained in the materials and methods.
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4.2 Materials and methods

4,2.1 Identification and analysis of hydrogen-bonds

This work is a continuation from chapter 3, and uses a number of the subsets of different
hydrogen-bonded interactions identificd in that study. The definition of a #rans-amide, the
hydrogen bond definition, and the methodology for geometric analysis of the

hydrogen-bonds is alse shared.

Conguest was used to create new subsets from the subset of N-H---O=C hydrogen-bonds
that were not frans-amide- - -trans-amide hydrogen-bonds, and from the subset of

trans-amide- «-trans-amide hydrogen-bonds. Certain subsets characterised in chapter 3

were choscn for this analysis. They were selected (o reflect the three factors that were
shown to affect the H---O=C angle: the number of hydrogen-bonds accepted by the

carbonyl oxygen atom; the occurrence of 'ring' motifs among the general N-H--O=C set;

the occurrence of hydrogen-bonded chains extending through the crystal lattice among the
trans-amide: - trans-amide subset. Five subsets were chosen for both the N-H--O=C and
the trans-amide- - -trans-amide subsets: (1) those where the carbonyl oxygen accepted only
a single hydrogen-bond; (2) those accepting multiple (two or more) hydrogen-bonds; (3)

those occurring in 'ring motifs' (a subset of the general N-H--O=C subset), or in

hydrogen-bonded chains extending through the crystal latticc (a subset of the

trans-amide- - -trans-amide subset); (4) those not occurring in ring motifs or
hydrogen-bonded chains; (5) those that had only a single hydrogen-bond and were neither

in ring molifs nor hydrogen-bonded chains, Creation of the [ifth subscts allowed
comparison of N-H--Q=C and trans-amide- - -frans-amide hydrogen-bonds, while

accounting for the three previously identified factors that influence the H---O=C angle.

Throughout the text and Figures 'N-H+O=C’ refers to the set of hydrogen-bonds of the
type N-IT--0=C (excluding trans-amide- - -frans-amide hydrogen-bonds), and

"trans-amide- - frans-amide’ to the set of hydrogen-bonds that occur between rans-amide

groups. These two subsels arc further categorised into smaller subsets. The notation used
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to refer to these is as follows: >1 h-bond' denotes subsets where the carbonyl oxygen

accepts multiple hydrogen-bonds; '1 h-bond' denotes subsets where the carbonyl oxygen
accepts only a single hydrogen-bond; 'in ring’ denotes N-H--O=C hydrogen-bonds within
ring motifs; 'in chain' denotes trans-amide- - -frans-amide hydrogen-bonds within infinitely

repeating hydrogen-bonded chains.

4.2.2 Calculation of steric accessibility (SA)

We wished to calculate the steric accessibility (SA) of the carbonyl oxygen atom from each
hydrogen-bond, in the absence of the hydrogen-bonded N-H group and any other
inter-molecular contact. The VATM teature of the program RPluto (Infantes &
Molherwell, 2004) was used. This takes a probe of a given radius (in this case, that ol'a
hydrogen atom, 1.2A), and places it at random on the van der Waals surface of the atorm of
interest (in this case, the carbonyl oxygen). This random probe point placement 1s repeated
a large number of times (in this case, 6000) to cover the entire van der Waals surface and
ensure stafistical significance. The SA is calculated as the fraction of probe points that do
not intersect with another atom from that molecule. Atoms from neighbouring
crystal-packed molecules are ignored, so the SA value is a measure of accessibility to the
‘free’ molecule, independent of packing. It is estimated that the standard deviation of SA

for a sample of 6000 point placcments is 0.005,

SA values trom RPluto were integrated into data from Conquest describing hydrogen-bond

geometry, This facilitated statistical analysis using the Vista component of the Conquest

package. Geometric parameters such as the H:--O=C angle could then be plotted directly

against SA values, and comparisons made between the different subscts.

A soflware limitation of RPluto prevented SA calculation for oxygen atoms within crystal

structures having more than 200 atoms per unit ¢cell, This applied to a small number of
structures (60 structures from the N-H:--QO=C subset, and 19 from the

rans-amide trans-amide subsel), and explains why the numbers of structures and
hydrogen-bond occwrrences for each subset given here differ from those reporied in

Chapter 3.
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4.3 Results & Discussion

The average H:--O=C angle for each subset is given in Table 4.1. The full set of
N-H:-O=C hydrogen-bonds was separated into two subsets: those structures that contained
hydrogen-bonds of the type trans-amide- - -trans-amide and those that did not, 'N-H»--O=C'
is used throughout the text to refer to the non- trans-amide- - frans-amide subset rather than
the full set of N-H--O=C hydrogen-bonds. Zrans-amide---frgns-amide hydrogen-bonds

are 17° more linear at the oxygen atom than N-H:--O=C hydrogen-bonds. In cases where
the carbonyl oxygen accepts only a single hydrogen-bond and where the hydrogen-bond

does not occur in a ring motif or in a hydrogen-bonded chain, the difference between

trans-amide- - -trans-amide and N-H--O=C drops to 7°.

The steric accessibility (SA) of the carbonyl oxygen atom of each hydrogen-bond was

measured. The distributions (Figure 4.1) and averages (Table 4.1) of SA values for the
subsets are shown. A direct comparison of average H--O=C angle with average SA values
is provided in Figure 4.2. The average SA for the N-H--O=C case was higher than that for
irans-amide- - -trans-amide. This correlates with the difference in the average H---O=C
angle, The greater SA of the N-H--O=C oxygen atom seems to allow geometries with
lower H+--O=C values to be adopted. The distributions of SA for all subsets are unimodal

{(except for N-H-O=C bonds that are not in ring motifs, where a bimodal distribution is

observed) and tend to be skewed towards higher SA values,

There is a correlation of SA with the number of hydrogen-bonds accepted by the carbonyl

oxygen. Carbonyl oxygens that accept more than one hydrogen-bond are more accessible

than thosc accepting only one. This also correlates with the H--O=C angle, where less
linear geometry is observed in cases of multiple hydrogen-bonding.

Greater accessibility favours multiple hydrogen-bonding,
Carbonyl oxygens of N-H++O=C hydrogen-bounds that are involved in ring motifs are more

sterically accessible than those that are not. Inflexible H---O=C angles with lone-pair

directionality are characteristic of the ring motif. The lack of flexibility is shown by the
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low standard deviation of the average H---O=C angle of ring motif N-I1---O=C bonds
(Table 4,1). The non-linear H---O=C angle requires high steric accessibilitly, and this is

indeed observed.

Trans-amide: - -frans-amide hydrogen-bonds within hydrogen-bonded chains have a more
linear H--O=C angle than those that do not, and for this reason we might have predicted
lower average SA in those within chains, in keeping with the trend observed thus far in

which the average H--O=C correlates inversely with average SA. [owever, the average
SA for those within hydrogen-bonded chains is higher rather than lower, Therefore, it may
be supposed that some other factor, possibly packing related, acts against SA to produce
more linear H---O=C angles for frans-amide- - -frans-amide hydrogen-bonds within

hydrogen-bonded chains.
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Table 4.1. Average H-0O=C angles and carbonyl oxygen atom stetic accessibility values (8A) of

N-H:--0=C and trgns-amide-frans-amide hydrogen-bonds. Overall values for the two sets are
given, together with values for five subsets of each,

Parameters

Type of hydrogen bond Subsetsize N H..Q=C(sd) SA (sd)
N-H---O~C 8264 13544 134 (17) 0.355 (0.09)
(>1 h-bond) 2268 3475 126 (15)  0.404 (0.07)
(1 h-bond) 5996 7969 138 (17)  0.329 (0.09)
(in ting) 1628 1870 124(6)  0.398 (0.07)
(not ring) 6636 10549 136 (18)  0.343 (0.09)
(1 h-bond, not ring) 4875 6432 141 (18)  0.317 (0.09)
N-H-+0~C (not 7038 11450 131 {16) 0.369 (0.09)
trans-amide - frans-amide)
(>1 h-bond) 2095 3240 126 (14)  0.410 (0.06)
(1 h-bond) 4943 6360 135(17)  0.344(0.09)
(in ring) 1620 1863 124 (6) 0.399 (0.07)
{notring) 5418 3486 133(17)  0.359(0.09)
(1 h-bond, not ring) 3827 4837 138(17)  0.332(0.09)
trans-amide - trans-amide 1226 1674 148 (15)  0.274 (0.06)
(>1 h-bond) 127 150 136 (16) 0,297 (0.05)
{1 h-bond) 1099 1453 150 (15)  0.272 (0.00)
(in chain) 964 1334 150 (15)  0.280 (0.05)
(not chain) 262 335 144 (16)  0.254 (0.07)
(1 b-hond, not chain) 238 295 145(15) 0.252(0.07)
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Figure 4.1. Histograms of steric accessibility of carbonyl oxygen atoms of N-H--O=C
hydrogen-bonds, excluding frans-amide-frans-amide hydrogen-bonds (left-hand column: a, c, e,
g, i, k) and of frans-amide-#rans-amide hydrogen-bonds (right-hand column: b, d, f, h, j,1). (a &
b) Overall sets; {¢ & d) Cases where the carbonyl oxygen accepts multiple hydrogen-bonds; (e & f)
Cascs where the carbonyl oxygen accepts only a single hydrogen-bond; (g & h) Cases where the
hydrogen-bond occurs within a ring or chain; (i & j) Cases where the hydrogen-bond does not
occur in a ring or chain; (k & 1) Cases where the carbonyl oxygen accepts only a single
hydrogen-bond, and does not occur in a ring or chain.
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Figure 4.2. Histogram of average H:--O=C angles of N-H-:O=C (excluding
trans-amide--trans-amide) and trans-amide---trans-amide hydrogen-bonds and different subsets of
each. Average steric accessibility values are overlaid in line plot form. H:--O=C values are given
on the left axis, steric accessibility values on the right axis. N-H--*O=C hydrogen-bonds and

associated subsets are grouped on the left, frans-amide--trans-amide hydrogen-bonds and
associated subsets are grouped on the right. The 95% confidence intervals of the values are given.
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To further study the effect of SA on the H---O=C angle, SA values were banded in

increments of 0.05, and the average H'-O=C angle was calculated for each band.
Comparison was made between different subsets for each SA band. This comparison is
shown for the overall N-H-O=C and frans-amide- - tranzs-amide cases, for the two subsets
where multiple hydrogen-bonding and ring motits have been excluded, and also for the two
subsets where multiple hydrogen-bonding, ring motifs, and hydrogen-bonded chains have

been excluded (Figure 4.3).

A small number of short polypeptides with intra-molecular hydrogen-bonds are present in
the subsets examined. Carbonyl oxygens involved in these intra-molecular

hydrogen-bonds tend to have very low accessibility for the formation of inier-molecular

hydrogen-bonds. At very low values of SA (less than 0.1), a low average IT---O=C value is
observed for ajl subsets. This is due to inter-molecular hydrogen-bonds to polypeptide
carbonyl groups involved in intra-molecular hydrogen-bonds. These are not eliminated by
the criteria for multiple hydrogen-bonding, as it specifies inter-molecular bonds. These

oceurrences are not considered [urther,

The plot (in the range of SA from 0.1 upwards) shows that for N-H:--O=C hydrogen-bands,
there 1s a strong inverse correlation between SA and the H---O=C angle. This suggests SA

is an important factor in determining H---O=C angles. For trans-amide: - -frans-amide

hydrogen-bonds, there is also an inverse correlation, though the effect is weaker,

At the lower end of the range (from 0.1 to 0.2) the average H---O=C angics arc

approximately the same for both N-H--O=C and frans-amide: - -frans-amide

hydrogen-bonds. It secms likely that low SA is the dominant or limiting factor here,
giving rise to consistently high H---O=C angles. It appears that at low values SA is the
only factor required to explain the difference in average H--O—C between N-H-O=C and

trans-amide: - -trans-amide hydrogen-bonds, In this range crror bars from all the sets

overlap.

Page 60




At higher values of SA (greater than 0.2) the H--O=C angles decrease for N-H-»O=C. For

trans-amide-: - -trans-amide the H-~O=C angles also decreasc, but less markedly. At these

higher values of SA, other factors are required to understand and explain the difference

between the average H:--O=C angles of N-H---O=C and trans-amide- - -frans-amide

hydrogen-bonds. The plot suggests that the influence of SA overlaps to a large extent with
the influence of ring motifs. H+--O=C angles [or the set of N-H:--O=C that are not ring
motifs are not very different from the full set of N-H-O=C. The exclusion of
hydrogen-bonded chains from the frans-amide- - trans-amide set, and of ring motifs from

the N-H---O=C set, is sufficient to annul the difference in H+--O=C ovcr almest the whole

range of SA values. The exclusion of multiple hydrogen-bonding has the effect of a
general increase in H---O=C angles, both for {rans-amide- - frans-amide that are not within

hydrogen-bonded chains, and for N-H---O=C that are not within ring motifs,
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5 Carbonyl-carbonyl interactions between frans-amide groups: in the
CSD

5.1 Brief introduction and outline

An increased understanding of interactions between frans-amide carbonyls in proteins and
in protein ligand-binding may be achieved by an analysis of the geometry of frans-amide
carbonyl-carbonyl interactions in the CSD. The influence of such interactions on the
crystal structures of small molecules in the CSD may fo some extent be gauged by a
comparison with what is observed in ketone carbonyl-carbonyl interactions in the CSD
(Allen et al., 1998).

In this chapter, occurrences of interactions between trans-amide carbonyl groups in the
CSD are identified, and their geometry is characterised. The study examines the
proportions of frans-amide interactions accounted for by each of the three motils that were
observed between ketones, and compares the geometry of ketone carbonyi-carbonyl
interactions with trans-amide carbonyl-carbonyl! interactions. It is found that, after
exclusion of frans-amides that are hydrogen-bonded to other frans-amides, those
remaining form carbonyl-carbonyl interactions with a propensity and geometric scatter

strikingly similar to that observed for ketones.
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5.2 Materials and methods

5.2.1 Datahase searches

Interactions between trans-amides were identified within the Cambridge Structural
Database, as described in chapter 3 on hydrogen-bond geometry (see section 3,2.1). The
definition of the frans-amide and the criteria for hydrogen-bonds was also as described in

section 3.2.1.

5.2.2 Characterisation of carbonyl-carbonyl! interactions

QOccurrences of inter-molccular carbonyl:~carbonyl (Figure 2.1b) interactions hbetween
trans-amide groups were identified and characteriscd using Conquest. Interactions where a
hydrogen-bond existed between the two frans-amide groups were identified initiaily, then

excluded (Figure 2.1a).

The carbonyl--carbonyl interaction criteria required that the distance from the first to the
second carbonyl group was constrained to within 4A: at least one of C' and Q” had to be
within 4A of at Jeast one of C* and O%, For each occurrence of this, the search query
specified a number of other parameters (Figurc 5.1a) to be calculated by the seftware: {(a)

the torsion angle, referred to as Tcoco, made by the four carbonyl atoms in the order

C'=0%.- =0 (b) the four angles, Al, A2, A3, and A4. Qutput data for all parameters

was analysed using the Vista statistics program (Bruno ef a/., 2002).

The carbonyl--carbonyl interactions were categorized by application of the same criteria
used previously by Allen ez al. (1998) to catcgorise contacts between ketone carbonyl
groups into three motif types (Figare 5.1b). The criteria defining the three motil types was
as follows: (antiparallel) the Tcoco torsion angle is equal to 0° + 20°; (parallel) Zcoco is
equal to 180° + 20°% {perpendicular) the larger of the two values, Al and A3, is greater
than 150°
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The search query fragment is symmetrical such that angle Al and A2 can be interchanged
with A3 and A4 respeclively, depending on the arbitrary atomic numecration of one
carbonyl group as C' and 0%, and the other as C? and O, as applied by the Conquest search
procedure. For this reason, measurements of angles Al1-A4 for a given contact produce
two possible sequences of values, where Al is interchanged with A3 and A2 with A4,
Where necessary, the process of categorisation and geometric analysis of tnteractions takes

this permutational symmetry into account.
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Figure 5.1, Carbonyl---carbonyl interaction geometry. (a) Angle and torsion angle parameters of

carbonyl--carbonyl interactions. Angles Al-A4 are shown, and the torsion angle Teoco. The four
atoms are numbered 1-4. (b) Three motifs identified previously among contacts between ketone
carbonyls: (1) Antiparallel; (2) Parallel; (3) Perpendicular.
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5.3 Results & Discussion

OFf 5343 unique trans amide groups in the CSD, 48% (2546) were involved in an

inter-molecular carbonyl-~carbonyl interaction with at least one other unit. This analysis is
concerned with the characterisation of these interactions, with a view to discussion of their
similarity to contacts between ketone carbonyl groups identified and characterised
previously (Figurc 5.1b; Allen et al., 1998). Apart from prolines, all peptide bonds
between the amino acids of proteins ave frans-amides, and relevance of these results in that

context will also be considered.

The total number of carbonyl-carbonyl interactions located was 2393. These comprised all
occutrences where at least one of the four considered atom to atom distances (two carbon
to oxygen, one carbon to carbon, and one oxygen to oxygen), was less than 44,
Occurrences where only the carbon to carbon and/or oxygen to oxygen distance, and
neither of the carbon to oxygen distances, were less than 4A, form a small proportion of
the total (14%; 331), and are unlikely to be energetically favourable duc to the proximity
of atoms of like ¢charge. They have been omitted from further analysis. Of those left, a
further 1492 (62%) arc cxcluded as they are frans-amide-trans-amide hydrogen-bonds
(Figure 2.1a). This leaves 570 interactions that do not form trars-amide-trans-amide
hydrogen-bonds and where (C:O)min (defined as the smuller ol the two carbon to oxygen

distances) is lcss than 4A, The distribution of (C++*O)min, for all 2393 interactions, is

shown (Figure 5.2a). The average (C-Q)pin was 3.81 A (sd of 0.3A). This is longer than
the average distance observed in contacts between ketone carbonyl groups, which was

3.52A (Baalham, 1996).
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(C*+*O)pin less than 4A. (c-f) Distributions of angles A1-A4 for interactions with (C-+O), less

than 4A.
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The remaining 570 interactions arc now considered in detail. The distributions of the four
angles, A1-A4, and of |Tcoco| (the modulus of the torsion angle Teoco) are shown for these
interactions (Figure 5.2b-f). The distribution of |T¢oco! is similar to that observed for
contacts between ketone carbonyl groups, It has two large peaks, onc at 0° and one at 180°.
The peak at 0° is particularly striking, and is due to occurrences where the two carbonyl
groups are arranged antiparallel to each other, The total number of antliparailel
occurrences, defined as |Teoco| <20°, was 275, The majority (150; 55%) of these were
interactions between carbonyl groups from symmetry related molecules and had Zoco of

precisely zero,

In a near-planar antiparallel arrangement with both C.--Q distances approximately equal,
angles Al and A3 have approximately equal values, as do angles A2 and A4. The degree
ol sheur, or slippage, can be visualised by plotting one of each pair against one of the other
pair, Al against A4 is shown (Figure 5.3a). The distributions ol anglcs A1-A4 for the
antiparallel interactions are shown (Tigure 5.3b-¢). Thesc distributions arc multimodal,
but all have one particularly pronounced peak. ‘This is around 97° for both Al and A3 and
around 84° for A2 and A4, This corresponds to a geometry identical to that observed in
antiparallel contacts between ketone carbonyls. A typical example is shown (Figure 5.4a).
The other peaks observed in the distributions of Al-A4 are less pronounced, and no simple
factors were identified that explained their occurrence. There are a subsiantial number of
interactions with Al and A3 near 130° and A2 and A4 near 50°. Visual inspection
revealed many of these to occur in situations similar to what is found in protein B-sheets.
In B-shects, tadders' of hydrogen-bonds exist between polypeptide strands, with
carbonyl-carbonyl interactions between carbonyl groups of adjacent 'rungs' and opposing
strands. The interactions described here with Al and A3 near 130° and A2 and A4 near
50° were often similar to a single, isolated, example of the type of carbonyl-carbonyl
interaction found in 3-sheet. They have only one or two hydrogen-bonds rather than the
extended pattern of hydrogen-bonds definitive of protein B-sheet. The majority of these
interactions do not occur in polypeptides, so could not form the extended pattern in any

case.
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Figure 5.4. Examples of antiparallel and parallel interactions between frans-amide carbonyl
groups. (a) Antiparallel interaction from CSD structure MPROLA10. The two groups are
symmetry related (Tcoco = 0°). Both C...O distances are 3.17A. Angles Al and A3 are both 83°,
A2 and A4 are both 97°. (b) Parallel interaction from CSD structure JUDZEN. 7coco is 176°,

(C--O)pmin 1s 3.70A, max, 3 is 111°, and min, 5 is 38°.
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The sccond peak in the distribution of |7cacol, at 180°, is due lo occurrences where the
carbonyls are in a highly sheared parallel arrangement. Taking the parallel interactions to
be those with |Teoco| >160, there were a total of 98. Due to the permutational symmetry
issue described in the Matcrials and methods (section 5.2.2), direct analysis of angles
A1-Ad is not useful for these interactions. Instead, permutational symmeiry is dealt with
by taking the two permutationally equivalent pairs of angles (Al is equivalent to A3, as is :
A2 to Ad), and re-assigning the lower value from each pair to the new parameters min, ri
and min, 4, and the higher value from each pair to the new parameters max; 3 and maxy 4. i
The geometric descriptors can be simplified finther by taking the average of the two lower
values (min; 3 and ming 4), to produce min,y,, and likewise {or the two higher values to
produce maxuye. The plot of max,,, against ming, (Figure 3.5} allows the geometry and
degree of shear exhibited by the parallel interactions to be visualised. The average values
of minyy,, and max,,, were 39° and 117° respectively (Table 5.1). This corresponds lo a
more sheared arrangement than that found in parallel interactions between ketonc
carbonyls, where these two values are 49° and 99° respeclively. A typical example is
shown (Figure 5.4b).
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Figure 5.5. Geometry of parallcl carbonyl---carbonyl interactions. Plot of max,,, against mity,.
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A perpendicular motif, detined previously in an analysis of ketone carbonyl-carbonyl
contacts (Allen et al., 1998), was used there to group together contacts where the approach

of the oxygen of one ketone carbonyl group to the carbon of another approximately
described a Biirgi-Dunitz trajectory with O--C=0 of 100-110°. There are 42 {rans-amide

carbonyl--carbonyl interactions that mcct the critcrion for this perpendicular arrangement.
The same correction for permutational symmetry as was applied for the parallel
arrangement, creating min and max values from the Al-A4 parameters, is also applied
here. The criterion for the perpendicular arrangement requires that mux; 3>150°. This
allows overlap with the antiparallel and parallel arrangements as they are defined using the
Teoco torsion angle solely. Therefore, antiparallel and parallel amrangements with max; 3
>150° will also meet the criteria for the perpendicular arrangement. In the ketone analysis,
overlap was minimal and precedence was given to the perpendicular classification.
However, max, 5 for parallel interactions between trans-amides is distributed towards
higher values than for ketones. As a result, many of the interactions with max; 3 >150°
have low values of min, 3, more in keeping with the parallel arrangement than the
perpendicular. For this reason, the parallel classification is given precedence here. The
parallel arrangement accounts for 11 of the 42 interactions with max, 3 >150°, the

remaining 31 are considered to be of the perpendicular type.

The perpendicular interactions have average geometry similar to that observed for
perpendicular contacts between ketones (Table 5.1). There is considerable spread in the
distributions of the geometric descriptors, particularly min; 3 and max, 4. This is visualised
by plolting min; 3 against max; 3 (Figure 5.6a) and maxs 4 against ming4 (Figure 5.6b). The
spread of these distributions may be due to the lack of a Teoco torsion angle constraint on

the perpendicular arrangement, so the carbonyl groups do not have to be in the same plane.
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The proportions of trans-amide carbonyi--carbonyl interactions accounted for by the

antiparallel, parallcl, and perpendicular arrangements, together with the average geometry

of these arrangemments, are given in Table 5.1. The majority (70%) of the trans-amide

carbonyl---carbonyl interactions that are not integral to a hydrogen-bond, and have

(CO)min <4A, are accounted for by these three arrangements. Of the 2062 rrans-amide

carbonyl:-carbonyl interactions that have (C:- Q)i <44, only 166 (8%) neither occur

within a trans-amide---frans-amide hydrogen-bond, nor are in an antiparallel, parallel, or

perpendicular arrangement. It should be noted that cach trans-amide carbonyl group may

be making one or more hydrogen-bonds with other non-trans-amide groups, but such

occurrences are not considered in this analysis. The geometry of the antiparallel,

perpendicular, and parallel interactions, as found for contacts between frans-antide

carbonyls, is shown, compared with that found for contacts between ketone carbonyls

(Figure 5.7).
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Table 5.1, Numbers (V) and average angles (A1-4) of antiparallel, parallel, and perpendicular
interactions between trans-amide carbonyl groups. 'T'he total number of non-hydrogen-bonded
interactions with (C...O)ymin < 4A was 570. 'I'he percentage of this number accounted for by each
of the categorices is shown. Permutational corrections are applied to the angle parameiers of the
parallel and perpendicular interactions such that: average values for the pair of angles Al and A2,
and the pair A3 and A4, of the parallel interactions, are identical as they are averages of maxg,, and
min,, respectively; average values given for A1-A4 for the perpendicular interactions are averages
of miny 3, min, 4, Max, 3, and max, 4, respectively.

Description N Percentage of Average Angles(®) :
of interaction total 570 (%) Al A2 A3 A4 'Tj
(sd) (sd) (sd) (s4)
Antiparallel 275 48 99 81 99 81
(21) (22) (22) (20) ..
Parallcl 98 17 117 117 39 39 i
(23) (23) (15) (15)
Perpendicular 31 5 70 18 160 97 :
(28) ) 3) (30)
ketone #-amide
""""‘mm._ ""“""‘"'w.... .
/A:\;/ 96.5° /f;rmk-},. 98.8°
4 ,;/33.5" a {‘;/31.1"
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Figure 5.7. Comparison of anliparallel, parallel, and perpendicular
interactions of ketone carbonyl groups with those of #rans-amide carbonyl
groups. Average geometries of ketone interactions (left) and trans-amide
inferactions (right) are shown. (a) Antiparallcl; (b) Parallel; (¢) Perpendicular,
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6 Carbonyl-carbonyl interactions between trans-amide group: in the
PDB

6.1 Brief introduction and outline

Protein studies suggest the importance of carbonyl-carbony! interactions, particularly in

;
W
o
E?
by

repetitive structure such as o-helix and 3~sheet, but also in side-chain to main-chain

interactions. The previous chapter showed that, in the CSD, carbonyl-carbony!l interactions

are important between frans-amides, Compared (o those found between ketones, they have
similar geometry, and the antiparalicl motiljs still prevalent. Taking this evidence
together, it seems worthwhilc to analysc the frequency and geometry of carbonyl-carbonyl
interactions in proteins, and determine whether their geometry is similar to that found in

the CSD. To place them in the context of other protein structure [eatures, information was

gathered about their secondary structure and hydrogen-bonding environment.

Interactions betwcen main-chain carbonyl groups in a subset of 454 chains from the PDB
arc identified. For each carbonyl-carbonyl interaction, its geomelry, secondary structure,

and nearby hydrogen-bonding, are considered. The interactions arve categorised by the

separation (in sequence) of the two interacting residues. For each separation, geometry is
used to distinguish different motifs. The three motifs present in ketone and frans-amide

carbonyl-carbonyl interactions in the CSD are not found to be representative of the _
geometries present in the PDB. However, other carbonyl-carbonyl interaction motifs arc 2
observed. They occur in a variety of situations with respect to secondary structure and

hydrogen-bonding, and are prevalent at the C-termini of o-helices.

The C-terminal end of the helix has been studied extensively in the context of helix
‘capping’ (reviewed by Aurora & Rose, 1998). The C-terminus is defined as where the
helix hydrogen-bonding patlern ends. This leaves exposed carbonyl oxygens that must be
hydrogen-bonded by other, non-repetitive, structural conformations. A common type of
C-terminal ‘cap’ is the Schellman loop (Scheliman, 1980; Milner-White, 1988). Another
cap involves a proline residue at the end of the helix. This was first documented by
Aurora & Rose (1998), but prolines were already known as *‘helix breakers™ (Richardson,

1981). Here it is found that carbonyl-carbonyl interactions contribute to the stabilisation
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of both of these capping conformations. Furthermore, a hydrophobic interaction within
many Schellman loops (identified by Aurora & Rose; 1998) is often stabilised by a

favourable carbonyl-carbonyl interaction.

Page 76




6.2 Materials and methods

6.2.1 Data collation and analysis

In collaboration with Zoe Gokhale, a Bioinformatics masters student at the University of
Glasgow (2003), a Perl program was created to identify carbonyl-carbonyl interactions
among the dataset described in section 6.2.2, applying the criteria described in section
6.2.3. It also calculated distance and angle measurcments, collated secondary structore
information, and carried out Lennard-Jones energy calculations, all of which arc deseribed
in the following sections. The program generated a single output file suitable for the Vista
statistics program (CCDC, 1994; Bruno et al., 2002). Vista was used for statistical
analysis, plot preparation, and Principal Component Analysis (PCA),

6.2.2 Dataset

A dataset of 500 PDB files was obtaincd from the kinemage website (Lovell et af., 2003,
http://kinemage.biochem.duke.edu). The resolution of chains in this set is 1.8A or better,
clashscore (for atoms with B-factor < 40) is less than 22 per 1000 atoms (see Word ef al,,
1999, for clashscorc definition), fewer than 10 per 1000 atoms have main-chain bond
angles (including those formed by Cp) > 5 standard deviations from Engh & Huber
geometry (Engh & Huber, 1991), and hydrogen atoms have been added using the program
Reduce (Word ef @/.,1999).

Blastp (Altschul ef al., 1990 & 1997) was sct up locally and used with default settings to
identify cases where two structures had more than 30% scquence identity. In such cases,
the structure with lower resolution was removed. A further 16 were removed due to
irregularities in PDB file helix and sheet annotation, leaving a [inal set of 454 protein

chains.
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6.2.3 Carbonyl-carbonyl interaction criteria and geometric descriptors

Carbonyl-carbonyl interactions were defined as occurrences where an atom of a carbony!

group was within 4A of an atom of another carbonyl group. The residues of each of the

two carbonyl groups were labelled i and j, with i being the first by sequence number. The

sequence sepatation was defined as j-i.

The dataset was comprised of single chains, so no inter-chain interactions were present. If
the interaction occurred within a helix or sheet it was ignored, Such cascs were identified
by checking whether residucs i and j were both included in the same elenient in the HELIX

or SHEET annotation of the PDB file, Additionally, if there was a mainchain-mainchain

hydrogen-bond between i and j, the intcraction was ignored (see hydrogen-bonding section
6.2.4).

Much of the analysis concerns data on local residues, specifically residues i-1 to i+2 and B

j-1to j+2. Interactions were ignored in the small number of cases where a nonstandard

amine acid type occurred within either of these ranges. Nonstandard amino acid types
were defined as those with a PDB annotation that was not one of the twenty standard

three-letter codes.

For each carbonyl-carbonyl interaction the carbonyl atoms of residues i and j were labelled

C! and O° and C* and O respectively. A number of geometric parameters were measured:
g p

(a) the distances C'---0%, ¢*...0%, ¢!...¢?, 0% 0% Q% --H, 0°-- H, 0% -'N, and O*--N
(where H and N are from the peptide unit of the opposing residue); (b) the torsion angle,

Teoco, made by the four carbonyl atoms in the order Cl=0% . C*=0% {c) the four angles,
Al, A2, A3, and A4, Troco and the angles Al-A4 are shown (Figure 6.1).
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Figure 6,1. Angle and torsion angle paramcters of carbonyl--carbonyl interactions. Angles Al-A4
are shown, and the torsion angle Tegeo. The four carbonyl atoms are numbered 1-4, for ease of
reference,

6.2.4 Hydrogen-bond criteria and local hydrogen-bonding patterns

The program HBPLUS (v 3.0; McDonald & Thornton, 1994) was used to generate files
containing information on all hydrogen-bonds present in each chain. Hydrogen-bonds

were defined by the criteria described in section 3.2.1.

Tor the two residues (i and j) of each carbonyl-carbonyl interaction, data on local
hydrogen-bonding was obtained as follows: the presence of hydrogen-bonds belween the
carbonyl of i with the N-H of residues j-1, j, j+1, and j+2 was checked for (and vice versa
for j with i1, i, i+1, and 11-2). T'we bit-strings ol length three (the first bit-string for bonds
made by the carbonyl of i, and the second for those of j) were returned such that, for
example, 001-100 represents the presence of i 0 312, and j to i-1 bonds, but no others.
Thus, the top-left interaction in Figure 6.9 would rcturn the bit-strings 001-010. These bit-
strings are used in Tables 6.4 and 6.6. Iuteractions with hydrogen-bonds ol type i to j+1 or
j to i+1 were eliminated from further analysis as these are cases such as that in Figure 2.1a

where the carbonyl-carbonyl interaction is likely to be secondary to the hydrogen-bond.
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6.2.5 Local secondary structure

The program DSSP (Kabsch & Sander, 1983) was used to generate secondary structure
information on each chain. For each interaction, a single letter secondary structure
annotation was retrieved for residues i-1 to i+2 and j-1 to j+2 to create two four-digit codes
describing the local secondary structure. Two-digit codes, referring only to i, i+1 and j,

j+1, were also created.

6.2.6 Ramachandran plot regions

For each interaction, residues i-1 to i+2 and j-1 to j+2 were ascribed a value from 1 to 4
depending on the region of the Ramachandran plot they occupied. The regions 1 to 3 are
indicated in Figure 6.2, region 4 being the remaining area. The boundaries are as follows:
region 1 (B), -180< ¢ <0, 50 <y < 180 or -180 <y < -135; region 2 (ar), -180 < ¢ <0,
-135 <y < 50; region 3 (o), 10 < ¢ <125, -45 <y <90. Four- and two-digit codes were

created for each interaction, as for the secondary structure data.

¢

Figure 6.2. Regions defined in Ramachandran plot annotation. Regions 1 to 3 are sometimes
referred to in the text as the 3, ag, and o, regions, respectively.
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6.2.7 Energy calculations (Lennard-Joncs)

The Lennard-Jones potential was used to calculate a potential energy for each
carbonyl-carbonyl interaction. This method is used in most energy calculations in proteins
(Maccallum et al., 19953, b). The calculation was limited to the four atoms (C', O%, C’ and

0% of the two carbonyl groups. A potential is calculated for each pair (i and j) of atoms

(in this case the carbon---carbon, oxygen--oxygen, and two carbon---oxygen pairs) and
the final energy is the addition of each potential. The potential is proportional to the
distance between interacting atoms (#). 11 is broken into three components: a strong

repulsive interaction (2 function of either 1/t or 1/1°, in this case 1/r'? is used, this is

justified by Maccalium et al., 1995h) belween the van der Waals atomic cores; a weak
attraction (a function of 1/ representing dispersion forces; and the electrostatic

interaction (a function of 1/r and of the point charges (g) of the interacting atoms). Partial
charges werc assigned from empirically derived values, as described by Lifson et al.

(1979), and listed in Table 6.1.
For each pair, the energy (E) = A/ — Cyv® + 332qiqitr

where the constants A, C, and g, have the values in Table 6.1, r is the distance between

interacting atoms, and where ;= (4; 4;)""* and C; = (C; ;).

Table 6.1, Constants (4 and C) and partial charges (¢) used in 9-6-1 Lennard-Jones potential, as
derived by Lifson et al. (1979) using empirical refinement.

C 0
A 12500 45800
C 355 14190
q +0.46  -0.46

6.2.8 Principal Component Analysis

The four angle parameters, Al-Ad, were subjected to Principal Component Analysis

(PCA) to aid the process of categorizing interactions into distinct motifs. This was carried

out using the Vista statistics program (CCDC, 1994; Bruno ef al., 2002).
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6.3 Results & Discussion

6.3.1 Overall data

Inleractions between main-chain carbonyl groups at least two residues apart were
idcntified in a database of 454 proteins. Those that occurred between residues in the same
secondary structure element (o-helix or B-sheet) were ignored. Cases where the N-H of
the peptide group of one of the interacting carbonyls was hydrogen-bonded to the oxygen
of the other intcracting carbonyi (as in Figure 2.1a) were eliminated, as the
carbonyl-carbonyl interaction in such cases is likely to be sccondary to the hydrogen-bond.
Such occurrences are also eliminated in chapter 5, so this allows compatison ol the results

from proteins with those from the small molecule database.

A carbonyl-carbonyl interaction was defined as any case where an atom of one curbonyl
group is within 4A of an atom of another, There were 12,850 such interactions in the
database. A measure of electrostatic favourability was obtained using a L.ennard-Jones
potential, limited just to the four atoms of the two interacting carbonyl groups. The
geometry and local environment, in terms of hydrogen-bonding and secondary structure, of
each interaction was examined. The parameters, and the terms used to describe them, are

explained in the Materials and methods section 6.2.

The distribution of the energy for all interactions is shown (Figure 6.3.4). It has two peaks,
at approximately 0 and —1.5 kcal/mol. Of the 12,850 interactions, there are 54% where one
of the two carbon to oxygen distances is less than 4A. The peak at —1.5 kcal/mol is
populated almost exclusively by these, as shown in Figure 6.3.b, Those cases with carbon
to oxygen distances greater than 4A are responsible for the peak at 0 keal/mol, as shown in
Figure 6.3.c. This would be expected, as the favourable component of the clectrostatic
interaction comes from the attraction between the carbon and oxygen atoms. It is also

observed that the neutral interactions, that form the peak at 0 kcai/mol, fall into four
clusters when the O% N and O* +-N distances are plotted against each other (Figure
6.3.£.). The plot of O* --N against O*:+-N for ali occurrences (Figure 6.3.d.) shows these
four clusters together with two other clusters, onc with a relatively long O*.-N and short

Q%N and the other with short O* "N and long O%---N. The two other clusters are
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prevalent in the plot of O*+-N against O”--N for the favourable interactions (Figure

6.3.e.).
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6.3.2 Motfif identification

This section describes the identification and definition of the different motifs, Initially,
Principal Component Analysis (PCA) was applied to the four angles A1-A4, and the
parameters generated were used to identify distinet motifs. However, it was found that the
two nitrogen to oxygen distances (0% +-N and O-+-N) provided sufficient discrimination
between clusters to allow categorisation based on these alone, with the added benefit that
the distances could be morc casily translated into meaningful descriptions of the geometry

than their PCA counterparts. Motifs are identified based on the occurrence of clusters in

plots of O*-N against O°.--N. The cut-off choscn for each cluster was based on visual
inspection of the plots. Allhough crude, this method was effective in discriminating
between interactions occurring in a range of distinct protein structural features, as

evidenced in the motif description section: 6.3.3. Images of typical motifs, und parameters
describing each motif are also presented in section 6.3.3. The range of values o' O% /N
and Q%+ -N chosen to define each motif are shown in Table 6.2, and boxes are marked on

Figures 6.4 to 6.8 showing each motif’s region of the O*--N against O*---N plot.

A distinction was made between sequentially proximate interactions, where the two
residues wete near to each other in sequence, and sequentially distant interactions between
residues far apart in sequence. Separations of 6 residues or less were considered
sequentially proximate (sequence separation is defined as j-i where i and j are the residue
numbcrs, and i is {irst in the sequence). This value was chosen because those with
separations greater then 6 have similar geometry to each other, as is shown later in this

section.
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Table 6.2. Motif definition. For each motif, its sequence separation, and the range of O*--N and

of O* N used to define it is shown.

Motif Sequence separation  O%..N range (A)

O%--N range (A)

! 2 5.0
2 2 3.0
3 3 6.1
4 3 4.3
5 3 4.5
6 4 6.1
7 4 32
8 5 30
9 5 2.8
10 >=6 5.0
11 >=6 5.0
12 >=0 39
13 »=6 39
14 >0 5.0
15 >0 2.5

6.6
5.8
7.5
6.3
6.1
7.5
6.1
7.5
6.5
6.25
6.25
5.0
5.0
7.5
3.9

2.5
4.5
2.5
4.5
2.5
2.5
4.5
25
0.3
3.9
5.0
5.0
39
2.5
3.0

4.0
6.5
4.2
6.5
4.2
4.2
6.3
4.0
4.8
5.0
6.25
6.25
5.0
3.9
7.5

Sequentially proximate interactions (vesidue difference <6):

The number of sequentially proximale interactions was 6,579, 51% of the total. Of these,

1815 had a separation of 2 rcsidues. The plot of O*---N against Q%N for these (Figure

6.4.2) shows two clusters. Each cluster was considered a separate motif, defined by the

ranges of O*-*N and of O --N shown in Table 6.2. Also shown is the carbonyl-carbonyl

interaction energy plotted against the torsion angle, oo (Figure 6.4.b). Again, this shows

two clusters. Figures 6.4.c and d show the carbonyl-carbonyl interaction energy plotted

against the torsion angte, Teeco, for motifs 1 and 2, respectively. It is apparent from Figurcs

6.4.c and d that the two clusters in Figure 6.4b correspond to motifs 1 and 2.
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Figure 6.4. Definition of motifs 1 and 2. (a) Plot of 0*:+-N against O*:-*N for interactions with a
separation of two residues. Boxes indicating defining regions for each motif are labelled with
motif number. (b) Plot of energy against 7., for interactions with a separation of two residues.
(¢) and (d) Plots of energy against T, for motifs 1 and 2 respectively. Energy is in kcal/mol.
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A subset of 3160 intcractions featured a separation of 3 residues. In this case three clusters
wore observed on the plot of O*-+'N against O*.--N (Figure 6.5.a.}. The clusters were

categorised as motifs 3 to 5, defined by the ranges of O* N and of O% N shown in Table
6.2. These (hree motifs also represent different clusters on the plot of energy against Zooco

(Figure 6.5.b-¢.).




Teoco d coco e Tcnou
Motif 3 Motif 4 Motif 5

Figure 6.5. Definition of motifs 3, 4, and 5. (a) Plot of 0O*--N against O?---N for interactions
with a separation of three residues. Boxes indicating defining regions for each motif are labelled
with motif number. (b) Plot of energy against T, for interactions with a separation of three
residues. (c-e) Plots of energy against 7., for motifs 3, 4, and 5 respectively. Energy is in
kcal/mol.
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The same process was followed for categorisation at sequence separations of four and five

residues, as described for two and three residues, where motifs are defined by clusters
observed in the plot of Q% -'N against O --N. At a separation of four residues, 845

interactions ate found, and at five residues, 758 are found. Plots of o* N against Q%N
are shown (Figure 6.6.a. and 6.7.a.). Motifs 6 and 7, were identified among sequence
separations of four residues, and motifs 8 and 9 among scquence separations of five
residues. Ranges of O%--N and of O?-.-N for each motif are shown in Table 6.2. Again,
these motifs represent different clusters on the plots of energy agaimst oo (Figure 6.6.b-d.
and 6.7.b-d.). A third cluster can be seen in Figure 6.7.a., with O*:--N and O*---N both at
approximately 4.5 A. The interactions populating this cluster are similar in character to
those identified as motif 12 among the sequentially distant interactions, and are analysed

along with those (see below).
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Figure 6.6. Definition of motifs 6 and 7. (a) Plot of O*:+-N against O*:--N for interactions with a
separation of four residues. Boxes indicating defining regions for each motif are labelled with
motif number. (b) Plot of energy against 7., for interactions with a separation of four residues.
(c-d) Plots of energy against T, for motifs 6 and 7 respectively. Energy is in kcal/mol.
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Figure 6.7. Definition of motifs 8 and 9. (a) Plot of O*:--N against O?-+*N for interactions with a
separation of five residues. Boxes indicating defining regions for each motif are labelled with
motif number. (b) Plot of energy against T, for interactions with a separation of five residues.
(c-d) Plots of energy against 7, for motifs 8 and 9 respectively. Energy is in kcal/mol.
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Sequentially distant interactions (residue difference >=0):

Beyond a sequence scparation of five, this tactor becomes less important, and as a result
the distributions of 0% --N against O* - N (and of any other geomelric parameters
examined) are similur at different separations. Because of this all the sequentially distant
interactions were grouped together, and categorised into motifs 10 to 15, based on the six
main clusters observed on the plot of O --N against 0%+ -N (Figure 6.8.a.). Motifs were
defined by the ranges of O*-N and of O®---N shown in Table 6.2. Plots of energy against
Teoo are similar for motifs 10 to 13 (Figure 6.8.¢-f.), and for motifs 14 and 15 (Figure 6.8.g
and h..). The cluster identified previousty at a residue scparation of five is included among

motif 13.
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Figure 6.8. Definition of motifs 10 to 15. (a) Plot of O*:-N against O*+-N for interactions with a
separation of six or more residues. Boxes indicating defining regions for each motif are labelled
with motif number. (b) Plot of energy against 7, for interactions with a separation of six or
more residues. (c-h) Plots of energy against T¢., for motifs 10 to 15 respectively. Energy is in
kcal/mol.

Page 94




A large proportion (1785; 37%) of motifs 10-13 occur between strands that are
hydrogen-bonded in the fashion found in B-sheets, but are not annotated as [3-sheet in the M
PDB annotation (and are therefore not eliminated before analysis), either because they are :
at the end of the sheet, or the length of hydrogen-bonded contact between the strands is too
short to be considered f-sheet. Local hydrogen-bonding patterns were used to identify
these. They accurred in four types, each of which were defined by two hydrogen-bonds,
each made by one of the two interacting carbonyls to an NH group on the opposing strand,
as shown (Figure 6.9a). The plots of O% - N against O*--N and of energy against Teoeo for

thesc interactions are shown (Figure 6.9 b and ¢.). The similarity of Figure 6.9. ¢. with the

relevant plots for motifs 10-13 (Figure 6.8 ¢-f.) can be observed.
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Figure 6.9. Carbonyl-carbonyl interactions in B-sheet. (a) The four types of carbonyl-carbonyl
interaction that occur within parallel (top two) and antiparallel (bottom two) B-sheet. Continuous
grey lines indicate each carbonyl-carbonyl interaction, dashed lines show the defining
hydrogen-bonds. Residues i and j for each interaction are marked (interacting residues are labelled
i and j as described in the Materials and methods section 6.2.3). Similar geometry and hydrogen-
bonding is found among the carbonyl-carbonyl interaction motifs indicated in brackets. (b) and (c)
Plots of O*--N against O*---N, and of energy against 7., respectively, for interactions with
hydrogen-bonding of the type found in B-sheet. Energy is in kcal/mol.
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6.3.3 Motif Description

Each motif was examined in terms of its average geometry, energy and local environment.
The parameters measured are described in the Materials and methods section, Thc
numbers of each motif, together with the average energy, the torsion angle (7iee0), and the
four angles (A1-A4), arc shown in Tables 6.3 and 6.5. The positions of the two interacting
residues on the Ramachandran plot, their secondary structure annotation, and a description
of local hydrogen-bonding, are shown in Tables 6.4 and 6.6. Ixamples from each motif
are shown in Figures 6.10 and 6.11. The following text describes sequentially proximate

and sequentially distant interactions,

Sequentially proximate interactions

'he following text describes motifs 1 to 9 (examples shown in Figure 6.10), summarising
Tables 6.3 and 6.4.

Motif 1 is a favourable interaction (in terms of the energy of the carbonyl-carbonyl
interaction) that often occurs at the N-terminal ¢nd of a-helices. In 78% of cases residue j
(sequentially the second of the two interacting residues; interacting residues are labelled i
and j as described in the Materials and methods section 6.2.3) is within an o-helix. In a
smaller number of cascs, this motif occurs at the beginning of a hydrogen-bonded turn.
This is esscntially the same interaction as that occurring internally within many a-helices,

between residues two apart in the sequence.

Motif 2 is usually unfavourable, and often occurs between the carbonyl of a central residue
of 2 3-turn and the carbonyl of the fourth residue of the turn. The large proportion of
occurrences (43%) with both residues i and i+1 in region 2 of the Ramachandran plot (an
example is shown in Figure 6.10. Motif 2a) suggests that these B-turns are almost all type
. The rest of the occurrences of this motif represent a varied range of bends in the
polypeptide chain. An example from the large number with residue i in the  region

(region 1 in Figure 6.2.) of the Ramachandran plot is shown (Figure 6.10. Motif 2b).
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Motif 3 is favourable and often occurs at the C-terminal end of an ¢-helix. The
hydrogen-bonding patterns found in these motifs reflects the different ways in which
helices end. In 49% of cases residue i hydrogen-bonds to the N-H of residue j, but not to
the N-H of residue j+2. A structure of this type is shown in motif 3a in Figure 6.10. In
some cases a hydrogen-bond is formed with the N-H of j+2, as in motif 3b in Figure 6.10.
In these cases the i to j hydrogen-bond may or may not be present, in molif 3b it is not,
Motif 3b is also known as a paperclip or Schellman loop. The favowrable
carbonyl-carbonyl intcraction contributes to the slability of the paperclip/Scheliman loop.

Such loops are frequently observed al the C-termini of c-helices.

Motit 4, like motif 2, most often accurs in association with a B-turn (67% have a
hydrogen-bond from the N-H of i to the carbonyl of j), except that the carbony!-carbonyl
interaction in this case is between the carbonyl groups of the two residues that form the
[3-turn hydrogen-bond. The interaction is unfavourable. A large proportion (52%) occur at
the C-termini of o-helices or 3/10-helices, and a proportion (22%}) occur at the N-terminal

start of 3-sheets.

Motil 5, like motif 3, is a favourable interaction that often occurs at the C-termini of
o-helices. The majority of these motifs (185; 52%) have a proline at j+1. An example of
this is shown in Figure 6.10. 5a. In 36% of cascs therc is a B-turn defined by a
hydrogen-bond from the N-H of j to the carbonyl o1, As in the motif 2 interactions,

nearty all these 3-turns are type . An example is shown in Figure 6.10. motif 5b.

Motifs 6 and 7 both occur primarily at the C-termini of a-helices. It is interesting that no
other significant data clusters were observed for carbonyls of residues four apart in the
sequence. These represent another way in which the helix can end. In the case of motif 6
(shown in Figure 6.10. motif 6), the carbonyl-carbonyl interaction is favourable, and
residue j tends to lie in the oy region of the Ramachandran plot (region 3 in Figure 6.2).
For motif 7 the energy of the carbonyl-carbonyl interaction is close to 0 keal/mol and

residue j lies in the B region (region | in Figure ©.2).
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Motifs 8 and 9 have structural similarities to motifs 6 and 7, respectively. The
carbonyl-carbonyl interaction geometry is also similar, and again the motifs are found
primarily at the ends of helices. The difference is that residue i+4 in motifs & and 9 (which
is residue j in motifs 6 and 7) now forms a hydrogen-bond with the carbonyl of residue i,

and the carbonyl-carbonyl interaction is now with residue i+3 rather than i+4.

Tablc 6.3. Geometry of sequentially proximate motifs. The Motif id, Sequence separation, and
numbers (N), of each motif are shown, along with the averages and standard deviations ol the
carbonyl-carbonyl interaction energy (in koal/mol), the Tiq. torsion angle, and the angles A1-A4 in
degrees. *¥The Qutliers in 7, were eliminated so that the distribution was restricted to a range of
no morc than 180°, to allow calculation of the mean and R bar values for circular data (Allen &
Johnson, 1991}.

Motif  Seq. N Encrgy Teaco® Al A2 A3 Ad

id sep. (sd) (R bar) (sd) (sd) (sd) (sd)
1 2 503 -0.09(0.3) -156.4(1.0) 113.0(7) 1308(9)  29.6(9) 47.1(6)
2 2 1142 046(0.8) 1172(08) 998(12)  512¢9)  1093(8)  59.8(16)
3 3 1115 -149(0.3) 139.6(09) 151.6(13) 130.5(10) 36.6(9)  17.9(11)
4 31492 079(0.8) -1693(0.8) 148.0(16) 523(13) 109.6(13) 17.4(12)
5 3 359 -1.16(0.7)  633(09)  1287(20) 88.7(12) 80.7(12) 47.7(17)
6 4 209 -1.56(03) 100.1(0.8) 144.7(15) 1354(14) 35.6(12) 28.4(12)
7 4 458 0.13(0.8)  44(0.7)  1260(24) S6.9(16) 117.8(18)  51.8(20)
8 5 100 -1.32(0.6) -13.0(0.8) 119.1(15) 126.1(22) S2.1(17) 56.8{12)
9 5 522 -051(0.7)  33.1(09) 1082(14) 33.1(11) 124,1(14) 63.6(14)
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Table 6.4. Local secondary structure of sequentially proximate motifs. For all interactions, and
separately for each motif type, the percentage of interactions where residue i and j are in a given
region of the Ramachandran plot are shown, listed in order of frequency. In brackets, the most
common i, i+1 and j, j4-1 combinations are given, The preferences of 1 and j for different DSSP
annotations are shown. 'na’ indicates that DSSP has made no assignment; 'h-b turn' refers to
hydrogen-bonded turn. The percentages of different patterns of local hydrogen-bonding for i and |
are also shown. Each preference is only shown if it makes up greater than 10% of total for each

motif type.

Motif i Rama j Rama iDSSP (%) j DSSP (%) H-bonds  H-bonds to
id (N)__ (region: %)  (region: %) to i (%) j (%)
All 1: 48% 1: 64% na: 26% na: 28% 000: 43%  000: 74%
(12850) (11:27%) {(11: 45%) a-helix: 22% B-sheet: 23% 010:32%  010: 13%

(12: 19%)  (12; 16%) B-shect: 22% bend: 21% 001: 18%  001:12%
2: 44% ) 2: 26% h-b turn: 11% h-b trn: 12%
(22:34% (22: 11%) bend: 10%
(21: 10%)
l 1: 70% 2:94% na: 57% w-helix; 78% 001: 81%  000: 100%
(503) (12: 65%)  (22:91%) bend: 13% h-b tarn: 16%
2: 26% h-b tam: 11%
(22: 23%)
2 2: 49% 1:92% h-b turn: 33% bend: 62% 000: 92%  000: 98%
(1142) (22: 43%) (11:57%) na: 29% na: 21%
1: 42% (12:29%)  bend: 13%
(12: 29%)
(11: 10%)
3 2: 65% 2:96% ci-helix: 53% h-b turmn: 56% 010: 49%  000: 100%
(1115)  (22: 64%)  (23:37%)  na: 25% 3/10 helix: 32%  001: 21%
1: 32% (21: 31%) 011: 18%
(12: 28%)  (22: 26%) 000: 12%
4 2:51% 1: 97% na: 30% na: 37% 010: 67% 000 89%
(1492)  (22:47%)  (11: 67%)  o-helix: 22%  bend: 36% 000: 32%  010: 10%
1: 44% (12:28%)  3/10 helix: 20%  P-sheet: 20%
(12: 29%)
5 2: 66% 1: 83% a~helix: 42% na: 41% 000: 57%  000: 94%
(359)  (22:64%)  (12:54%)  na: 19% bend: 33% 010: 36%
1: 32% (11:28%)  h-bturn: 14% h-b turn: 10%
(12:26%)  2: 16%
6 2: 70% 3: 67% o-helix; 65% na: 35% 010: 65%  000: 1006%
(209)  (22:68%)  (31:59%)  B-sheet: 15%  hbtum:31%  000: 13%
1: 29% 2:30% na: 12% bend: 25% 001: 12%
(12: 26%)  (23:15%)
(22: 11%)
7 2. 66% 1: 88% a-helix: 52% na: 53% 11G: 39%  G00: 87%
(458} (22: 62%) (11: 55%) na: 21% bend: 27% 013: 30% 01 13%
1: 30% {12: 29%) B-sheet: 10% 100: 16%
(12: 18%)  4: 11% 000: 15%
8 2: 86% 2; 78% a-helix; 7% na: 42% 010: 7%  000: 99%
{100) (22:80%)  (22:42%)  h-bturn: 16% h-b turn: 24% 000: 42%
1: 10% (21:33%) 3/10 helix: 10%  ¢-helix: 15%
3: 10% na: 10% bend: 16%
D 2: 88% 1 96% o-helix: 81% na: 74% 010: 55%  000:91%
(522)  (22:87%)  (11: 78%) bend: 12% 110: 22%
1:11% {12: 17%) 000: 14%
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Motif 1 Motif2a Motif 2b

Motif 3a Motif 3b

Motif 4 Motif 5a Motif 5b

Motif 6 Motif 7
Figure continued...
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Motif 8 Motif 9

Figure 6.10. Examples of sequentially proximate carbonyl-carbonyl interaction motifs. Each
interaction is indicated by a continuous black line. Dashed lines indicate hydrogen-bonds. Only
main-chain atoms are shown (except for the proline side-chain in Motif 5a). The motif type, PDB
id, and residue numbers for the interacting carbonyl groups are as follows: Motif 1, from 1d2n,
between carbonyl groups of residues 585 and 587. Motif 2a, 1luc chain B, 194 and 196. Motif 2b,
1hpm, 90 and 92. Motif 3a, 1531, 38 and 41. Motif 3b, lhxn, 427 and 430. Motif 4, 1gai, 296 and
299. Motif 5a, 1toa chain A, 153 and 156. Motif 5b, 19hc chain A, 285 and 288. Motif 6, 4xis, 79
and 83. Motif 7, 1qnf, 24 and 28. Motif 8, 2gar, 183 and 188. Motif 9, 1cb0, 156 and 161.
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Sequentially distant interactions

The following text describes motifs 10 to 15 (examples shown in Figure 6.11),

summarising Tables 6.5 and 6.6.

Motifs 10 to 13 are dominated by interactions that ocour near the ends of B-sheets. It
should be recalled that interactions between residucs in the same secondary structure
element arc climinated at an earlier stage of the analysis. Secondary structurc clements are
defined by hydrogen-bonding patterns. The B-sheet interactions that dominate motifs
10-13 are cases wherc one of the two interacting residues is not considered part of the
B-sheet, because the hydrogen-bonding pattern ends before or at that residue. The
examples shown in Figure 6.11 all occur at the ends of f3-sheets. It can be seen in each
case that the B-sheet hydrogen-bonding pattern ends just above or below the
carbonyl-carbonyl interaction. They can be compared with the examples of f-sheet

hydrogen-bonding shown in Figure 6.9a.

More than 50% of occurrences of meotifs 10-13 do not match the 3-sheet hydrogen-bonding
criteria shown in Figure 6.9a, yet they share the geometry of occurrences that do. These
are often cases where the p-sheet hydrogen-bonding pattern has been disrupted at the
carbonyl-carbonyl interaction. There are also occurrences unrelated to B-shects. These
inhabit a varied range of secondary structures, and no distinct types could be isolated lor

separate examination.

Motifs 14 and 15 represent a range ol interactions where one of the nitrogen-to-oxygen
distances is relatively short. These cases are often very weak hydrogen bonds, which have
fallcn outside the criteria used for hydrogen-bond definition. They inhabit a large range of
different Ramachandran plot geometries and secondary structure descriptors, with no
distinct correlations emerging from the data. For this reason no examples of motils 14 and

15 are shown in Figure 6.11.
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Table 6.5. Geometry of sequentially distant motifs. The Motif id, Sequence separation, and
numbers (N), of each motif urc shown, along with the averages and standard deviations of the
carbonyl-carbonyl interaction energy (in kcal/mol), the Tq., torsion angle, and the angles A1-A4d in
degrees. *The Outliers in T, were eliminated so that the distribution was restricted to a range of
1no more than 180°, to allow caleulation of the mean and R bar values for circular data (Allen &
Johnson, 1991). *Distributed across the full range of Tyo.,, with peaks at 0° and 180°, so that the
range could not be restricted to within 180°,

Motif  Seq, N Energy Teoca™ Al A2 A3 Ad

id sep. {s1) (R bar) {sd) (sd) (sd) (sd)
10 >=0 1060 0.02(0.7) 287(0.8) 1242(14) S525(16)y 124.0(18) 51.7(11)
11 >=0 1253  0.09(0.6) 32.6{0.8) 1253(14) 51.2(12) 1246(14)y 50.7(11)
12 >=6 1080  0,02(0.7) 359(0.8) 121.9019) S05(13) 124.5(15) 53.3 (L&)
13 >=G 1369 008(0.8) 28.2(0.8) 1252(l4) 51.0(14) 1247(15) S0.6(12)
14 >=6 598 -1.28(0.7) § 139.6(18) 117.9(26) 51.2(23) 323(18)
15 >=6 580  -1.24 (0.7) § 55.7(20) 329(17) 140.2(i8) 113.6(29)
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Table 6.6. Local secondary structure of sequentially distant motifs. For all interactions, and
separately for each motif type, the percentage of interactions where residuc 1 and j are in a given ;
region of the Ramachandran plot are shown, listed in order of frequency. In brackets, the most i

common 1, i+1 and j, j+1 combinations are given. The preferences of 1 and j for different DSSP
annotations are shown. 'na’ indicates that DSSP has made no assignment; 'h-b turn’ refers to
hydrogen-bonded turn. The percentages of different patterns of local hydrogen-bonding for i and j
are also shown, Each preference is only shown if it makes up greater than 10% of total for each i
motif type. The percentages of motifs 10-13 with the same local hydrogen-bonding as found in
[3-sheet are indicated.

Motif iRama j Rama 1 DSSP (%) j DSSP (%) Ii-bonds  H-bonds to
id (N)  ({region: %) {region: %) to 1 (%) J (%)
10 1: 66% 1:51% B-sheet: 47% na: 29% 001:48%  000: 49%
(1060)  ((1:55%)  (11:42%)  na: 20% [3-sheet: 26% 000: 45%  010: 48%
2:25% 2:35% h-b tum: 15% B-sheet-like hydrogen
. [ 3 0 . 0, = = - 4.
821!; %3‘;3 (@1 23%) bend: 15% bonding (061/010): 32% .
11 1. 711% 1: 76% B-sheet: 49% B-sheet: 52% 010: 58%  010: 52%
(1253)  (11:67%)  (11:59%)  na: 18% na: 21% 000: 38%  000: 43%
(12: 10%)  (12; 13%)
oy bonding (001/010) 375
1 10% onding 1 37%
{22: 10%) p
12 1: 55% 1: 75% na: 33% p-sheet: 50% 000: 47%  000: 44% &
(1080)  (11:46%)  (11:60%)  Besheel: 25%  na: 21% 010:44%  001:42%
2: 35% (12: 10%)  bend: 16% bend: 10% ,
(21 . 19%) 2: 16% h"h turn: 11% B-Sheet-llkc hydrogen'
(22: 14%) bonding (001/010): 28%
13 1: 63% 1: 72% B-sheet: 41% B-shect: 44% 001: 60%  001: 61%
(1369)  (11:55%)  (11:64%)  na: 25% na: 33% 000: 33%  000: 36%
2: 28% 2: 19% bend: 11% bend: 10% p-sheet-like hydrogen-
(21: 19%) (21 13%) bonding (001/010): 46%
14 1; 46% 1. 47% na: 25% na: 39% 000: 61%  000: 97%
(598) (1t: 3{}%) (12: 23%) bend: 22% bend: 158% 001: 23%
(12: 12%)  (11: 18%) B-sheel: 22% {3-sheet: 14% 010: 16%
é ;3;‘/8% 2(32:238;‘/;% hb e 16%  h-bivrn: 13%
: 20% 1 19% o~helix: 10%
(21:17%)  (21: 16%)
15 1: 56% 1: 57% na: 35% f3-sheet: 30% 000: 90%  000: 69%
(580) (11; 22%) (11: 40%) B-shect: 21% na: 28% 001: 19%
(12:20%)  (12:10%)  bend: 16% bend: 18% 010: 12%
?1 2362'330 222 1271"/31,0/) c-helix: 13% h-b wurte: 14%
: 20% : b
(21: 11%) 3:12%
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Motif 10 Motif 11

Motif 12 Motif 13

Figure 6.11. Examples of sequentially distant carbonyl-carbonyl interaction motifs. Each
interaction is indicated by a continuous black line. Dashed lines indicate hydrogen-bonds. Only
main-chain atoms are shown. The motif type, PDB id, and residue numbers for the interacting
carbonyl groups are as follows: Motif 10, 1din, 30 and 116. Motif 11, laay, 135 and 144. Motif
12, Imgt, 110 and 145. Motif 13, 1koe, 142 and 304.
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6.3.4 Carbonyl-carbonyl interactions at the helical C-terminus

A surprising finding is that seven of the fifteen motifs identified are mainly found at the
C-termini of o-helices. These motifs (3 through to 9) occur at separations of three, four,
and five, residues. Closer inspection of the gcometry shows similarity between some of
them. Motif § is differeni from the rest, but motifs 3, 6, and 8 are similar to each other, as

arc motifs 4, 7, and 9. This similarity is best demonstrated by comparison of the ratio of

the C*-+-0? distance to the O+ --O* distance, shown in Table 6.7. The low ratio observed
for motifs 3, 6, and 8, shows a relative proximity of the carbon to the oxygen, whereas with
motifs 4, 7, and 9, the oxygen atoms are relatively close. As shown in Table 6.3., motifs 3,
6, and 8, are, on average, favourable, and 4, 7, and 9, are slightly favourable or

unfavourable,

Ignoring motif 5, it appears that, for each residue separation from three to five, there are
two main conformations that can be adopted by carbonyl-carbonyl interactions at this
helical C-terminus location. An informative way Lo consider this is to look at residues i
and j in motif 8 (Figure 6.10. motif 8.). The structure in which this motif occurs also
includes examples of motifs 6 and 3. The interaction between the carbonyl group of
residuc § with that of residue j-1 in motif 8 is an example of motif 6 and, likewise, the
interaction between the carbonyl of i with that of j-2 is an example of motif 3. As an
approximation, a 180° rotation of the w angle of residue j (taking it from the o, region of
the Ramachandran plot to the B region) transforms motif 8 into motif 9. Likewise, a 'flip’
of residue j-1 transforms motif 6 into motif 7, and of residue j-2 transforms motif 3 into
motif 4.

Motifs 8 and 9 are both examples of the Scheliman loop (Schellman, 1980; Milner-White,
1988). This common C-terminal capping conformation is defined by the presence of iwo
hydrogen-bonds (an 1, i-5, and an i, i-3) at the end of the helix. Aurora & Rose (1998)
studicd hydrophobic interactions at C-terminal caps. They defined the fast residue of the
helix (the final residue to make an i, i-4 hydrogen-bond) as Ceap, subsequent residues as

C?, €7, C’", ete., and preceding residues as C1, C2, C3, etc,, in the order
-+ C3-C2-Cl-Ceap-C’-C**-C’**+++, They identified & common hydrophobic interaction in

the Schellman ioop that occurs between C* and C3, Using their nomenclature, the
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carbonyl-carbonyl interaction shown in motifs 8 and 9 occurs between residues C”” and
C3. Therefore, it is likely the hydrophobic interaction described by Aurora & Rose (1998)
often incorporates a favourable carbonyl-carbonyl interaction, and that this contributes to

the stability of Schellman loops.

Aurora & Rose (1998) alsc identified cases where the helix terminates with a proline at
position C’. The favourable carbonyl-carbonyl interaction in motif 5a occurs between

residues Ceap and C3, and conlribuies to the stability of proline-terminated helices.

Table 6.7. Ratio of C*---O distance (o O*-+-O" distance for motifs prevalent at helix C-termini.
Sequence separation, average ratio, and standard deviation of the ratio are shown for each. The
residuc scparation is also shown,

Motif  Sequence 3.2/ 0%..0*
separation (sd)
0.81(0.02)
1,18 (0.00)
0.95 (0.07)
0.80 {0.03)
1.15 {0.00)
0.85 (0.08)
1.17 (0.07)
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7 Mimicry of B-turns by asx- and ST-turns

7.1  Brief introduction and outline

Hydrogen-bonded B-tums in proteins occur in four categories: type I (the commonest),
type 11, type 11" and type I’.  Asx-turns resemble these B-turns, in that both have an
N-H0=C hydrogen bond forming a ring of 10 atoms. Serine and threonine side chains
also commonly form hydrogen-bonded turns, herein referred to as ST-turns, Asx-tumns

have previously been categorized into four classes and ST-turns into three calegories,

based on side chain rotamer types and the conformation of the central residue of each turn.

Here it is shown that the four classes of asx-turn are gecometrically equivalent to the four
types of hydrogen-bonded P-turn, and that the three categories of ST-turn are
geomctrically equivalent to three of the four types of hydrogen-bonded -turn. Almost all
type Il asx-turns occur in the form of a recently-described 3-residue feature named an asx-

nest.
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7.2  Materials and methods

The Relibase - knowledge base (Bergner ef al., 2001-2002; Gunther ef «f., 2003; Hendlich
et al., 2003) was used for identification and gcometric analysis of asx- and ST-turns within
the dalaset of 500 proteins described in section 6.2.2, Statistical analysis of the turns was

carried out using the Vista program (CCDC, 1994; Bruno et al., 2002).

Data rcgarding dihedral angle distributions of hydrogen-bonded f-turns (Figures 7.1a and
7.2b) was obtained from a dataset of 135 PDB files (resolution < 1.54, R-factor < 20%,
chain identity < 25%) based on that used in a previous study (Watson & Milner-White,
2002a). The PDB codes, with the letter of the selected subunit appended when
appropriale, are: 1a2yb, 1ah7, laie, lamm, ibenb, 1bgf, 1brt, 1byqa, 152, 1ckaa, 1cse,
lezm, 1g3p, 1luca, 1msi, lopd, 1ple, 1poa, lrie, lrpo, 1whi, 1Xyza, 2arch, 3vub, 1cSes,
1czpa, 1dbfa, 1dj0a, 1dgza, lezga, 1fm0d, 1fimQe, 1fsga, 1g7aa, 1g7a, 1gk8a, 1gk8i,
1gk9a, 1gk9b, lheta, 1i0ha, 1idfa, lidua, lijva, lisua, 1jz8a, 1kOma, 1k20a, 1k55a, 11kka,
Ipsra, 1ghda, lqopa, 1qopb, 1qtna, 1ginb, 1rgea, 1sgpi, 1swua, 3chbd, ta2pa, 1a6m, laho,
1atg, 160y, 1bkr, 1byi, 1¢0p, 1¢7k, lee8, 1eex, Ictj, 1exq, ley5, leyo, 1d4o, 1d5t, 1des,
1ds1, 1e29, 1e58, 1ebu, leul, leuw, 1fle, 194, lfcy, 108, 1fw9, 1fye, 1g2b, 1g6x, 1hbz,
1hlr, 1hnj, 1327, 1i2¢, 1140, 1i71, 1i8o, lifc, ligq, 198, 1j9b, 1jbe, 1jib, 1jg1, 1jhg, 13k3,
1kb0, tkoi, Imun, lnls, 1pa2, 1qg8, 1gj4, 1qqf, 1rb9, 1rhs, 2end, 2eng, 2erl, 2lis, 2mem,
2nlr, 3ebx, 3eug, 3lzt, 3pyp, 3seb, 3sil and Omnt.

Because of their preference for staggered rather than eclipsed conformations, %) angles
have a tendency to cluster in the region of either 180°, 60° or -60°. Lovell et al. (2000)
have pointed out that different authors have used the gauche+/gauche-~ angle descriptors to
refer to either 60°/-60° or -60°/60°, which has resulted in considerable confusion, Here,

as suggesied by these authors, the descriptors are avoided by simply referring to the

values.

Hydrogen-bonds were defined by the criteria described in section 3.2.1, Asx- and ST-turns
are tdentified by a single hydrogen-bond, that between the side chain oxygen of an
aspartate, asparagine, serine or threonine residue (i) and the main chain NH group of a

residue two shead (i+2). Beta-furns are identified by a single hydrogen bond between the
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main chain CO of residue 1 and the main chain NH of residue i+3. Dihedral angles used

are defined in Figure 2.3. In asx- and ST-nests the first residue is D, N, S or T and its side &
chain oxygen atom is within 4.0 A of at least two of the main chain nitrogen atoms of

residues 1, i+1 or i+2,
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7.3 Results & Discussion

7.3.1 Asx-turn and ST-turn identification

Both asx-turns and p-tutns consist of a 10-atom hydrogen-bonded ring closed by a

N-H:~O=C hydrogen-bond. ST-turns are similar but the ring is 9-membered. Figure 2.3

provides a comparison of the relevant torsion angles of the two types of tarn. L'o factlitate

this, a new set of angles called o, ¢, and . are defined. These are angles in the asx- or

ST-turn equivalent to corresponding angles in the 3~turn. Their approximate relationship

to the standard angles is given in Figurc 2.3f, though values given throughout this work

have been measured directly. If there is mimicry, the angles ¢; and . in asx- and

ST-turns should resemble ¢ and yr of residuc i+1 in §-turns, while ¢ and y of residue i+1

of asx- and ST-turns should resemble ¢ and v of residue i+2 of B-turns.

The database of 500 proteins contains 24,786 asparagine, aspartate, serine or threonine

residues. Table 7.1 shows the numbers of each and of those involved in asx- or ST-turns.

Table 7.1. Proportions of residucs involved in $-turn mimics., The total numbers of aspartate,
asparagine, serine, and threonine residues in the dalaset are given, along with the numbers and
percentages of each that form asx- and S'1-turns (i.e. occupy position i of an asx- or ST-turn).

Residue type Asn Asp Ser Thr N/D/SIT
Nutnber in database 5096 6617 6728 6345 24786
Number forming asx- or ST- furns 569 1071 491 367 2498
Percentage forming asx- or ST- furns 11,2 16.2 7.3 5.8 10.1
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7.3.2 Comparison with B-turn geometry

Figure 7.1 (c and ¢) shows that the ¢\, values for asx- and ST- turas clustcr into four
groups placed symmetrically on the Ramachandran plot, making atiowance for one of the ‘
groups being sparsely populated. In Figure 7.1 (d and f) the ¢,y values for residue i+1 are
plotied; here two clusters are observed, which is consistent with the four groupings.
Finding four groups leads to a consideration of the extent to which they arc rclated to the
[our known groups of p-turns. The equivalent B-turn torsion angle distributions are
shown in Figure 7.1 (a and b) , and the similarity with asx- and ST-turn distributions can
be observed. Torsion angle values were used to group the asx- and ST-turns into types

cquivalent to the four types of hydrogen-bonded B-turn. The data points in Figure 7.1

have been coloured accordingly, to allow comparison of distributions of different types

across the asx-, ST~ and f-turns.
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Figure 7.1. Distributions of ¢, y torsion angles of residues i+1 and i+2 of B-turns, compared with
equivalent angles of asx- and ST-turns. Turns of different types are represented by data points of
different colours, as indicated by the legend. (a) and (b) show  versus ¢ for residues i+1 and i+2,
respectively, of B-turns. (¢) and (d) are the asx-turn equivalent angles, and (e) and (f) are the
ST-turn equivalent angles, to the B-turn angles shown in (a) and (b). (c) shows . versus ¢. for
asx-turns, (d) shows y versus ¢ for residue i+1 of asx-turns, (e) shows . versus ¢. for ST-turns,
and (f) shows y versus ¢ for residue i+1 of ST-turns.
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Table 7.2 provides a comparison of the average values of the ¢, v angles of residues i+1
and i+2 of types I, ', I and 1I’ B-turns with those of the corresponding ¢., v, angles, and
residue i'+] ¢, v angles, of asx- and ST-turns. It is evident that the four groups of usx- and
ST-turns have average torsion angle values that resemble those of B-turns. The average
values of asx-turns show some divergence from those of B-turns, but arc close enough that
the similarity is striking. Slight differences are observed between the ST-turns and
B-turns. Most notably, the average . angles of the type II and II' ST-turns differ from

y of the type I and II' B-turns by 18° and 27° respectively. The apparent similarity
suggests that it is appropriate that the nomenclature for the four -turn types be used for

asx- and ST-turns.

Table 7.2. Comparing torsion angles between [3-turns and their mitnics. Numbers (V) and average
torsion angles of four different types of asx~ and ST-turns are given, along with ideal 3-turn torsion
angle values (Lewis et al., 1973; Wilmot & Thomton, 1990). Ideal torsion angie valucs of B-turns
and values of equivalent torsion angles of asx~ and ST-turns share the same columns. The shorter
side-chains of ST-turns do not have o, angles.

Torsion angle values

Turn type N ® e | ¢ @ | W We | S Gaeny | Wern Wi
Type T p-turn 180 -60 -3¢ -90 0
Type T asx-turn 302 -143 -58 -535 ~72 -13
Type I ST-turn 205 N/A -44 -62 -75 -9
Typel' B-turn 180 a0 30 950 0
Type I' asx-turn S 162 53 70 93 -18
Type II B-tun 180 -80 120 80 0
Type 1T asx-lurn 203 -176 -62 128 80 5
Type I ST-turn 207 N/A -57 102 80 7
Type II' B-turn 180 60 -120 -80 0
Type II'asx-turm 1130 155 65 -123 =73 -14
Type II' ST-turn 445 N/A 53 -93 -89 -5
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The numbers of different types of asx- and ST-turns in the database are shown in Table 7.2
In B-turns the conunonest occurrence is of type I. This turn resembles a 3/10-helix with
only one hydrogen-bond. In asx- and S'{-turns the commonest is type II” while the next
most common is type I The structures of type II asx- and ST-turns are the same as those
previously identified as asx-nest or ST-nest motifs (Watson & Milner-White, 2002a). The
tight clustering of ¢, and ys angles in type II asx- and ST-turns, as observed in Figurc 7.1,
may result from the nest being conformationally constrained. One factor allowing
asx-turns (but not ST-turns) to exhibit minor conformational differences from B-turns is
the fact that w., corresponding to w of residuc i+1 of B-turns, is a side chain angle (x2), so
is not restrained to the frans conformation of @. The flexibility of . provides extra

conformational possibilities for asx-turns compared to B-turns.

Figurc 7.2 shows examples of the four different types of hydrogen-bonded f-turn
structures (Figure 7.2a), along with examples of the equivalent asx-turn structures (Figure
7.2b). The geometric similarity of each type of B-turn with the equivalent asx-turn can be

observed easily from visnal inspection.

The average O H distances in the defining hydrogen bonds of B-turns and their mimics
differ significantly. The shortest are those of the asx-turns (2.09A; sd 0.17), then B-turns
(2.16A; sd 0.16), and the longest arc the ST-twns (2.24; sd 0.15). It is likely asx-turn
hydrogen bonds are shorter than those of B-lurns because of the extra flexibility of the w,
angle. ST-turns have 9 instead of 10 atoms per hydrogen-bonded ring. This may confer a

limitation on the allowed proximity of the hydrogen-bonding atoms of these turns.
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Figure 7.2. The four types of hydrogen-bonded -turns and equivalent asx-turns. Structures are
represented in relaxed-eye (first and second images) and crossed-eye (second and third images)
stereo. Main chain atoms are in ball and stick, with side chain atoms in stick. (a) Examples of
type L, I', Il and IT' B-turns. (b) Examples of equivalent asx-turns. Details of the examples chosen
are listed, in order, as residue number, PDB code and chain (if named): asx-turn type I: 12-14,
Imro b (Ermler et al., 1997); B-turn, type I: 7-10 1g3p; asx-turn type I': 62-64 lcse ¢ (Bode et al.,
1987); B-turn type I': 44-47 1sgp i; asx-turn type II: 93-95 1k55 a (Golemi ef al., 2001); B-turn
type I1: 345-348 1d5t; asx-turn type II’: 29-31 194 (Kuhn et al., 2000); B-turn type II": 598-601
1jz8 a. Although not illustrated, it may be useful to list some typical ST-turns: type I: 14-16 1fw9
a; type I1: 234-236 1gk9 b; type II’: 296-298 1mro b. More examples of asx- and ST-turns of
different types have been shown previously (Aurora & Rose, 1998; Wan & Milner-White, 1999a.b;
Eswar & Ramakrishnan, 1999).
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8 Conclusions

8.1 Hydrogen-bonding between frans-amide groups

8.1.1 Factors affecting hydrogen bond geometry

The average value of the I1---O=C angle in trans-amide--frans-amide hydrogen-bonds is
149°, This value resembles that between frans-amides in proteins, but is 15° higher than
that of the more general N-H--O=C hydrogen-bond (134°) in small molecules, The
results of chapter 3 show that three factors contribute to this difference: multiple

hydrogen-bonding (where the carbonyl oxygen accepts more than one hydrogen-bond);

hydrogen-bonded ring motifs (where an N-H--O=C hydrogen-bond forms part of aring
containing seven or eight atoms and two hydrogen-bonds); and hydrogen-bonded chains
(wherc hydrogen-bonding between frans-amide groups adjacent to one another in the
crystal structure extends repetitively across the lattice). When comparing only those C=0

groups that make a single hydrogen-bond, and with ring motifs excluded from the
N-H:---O=C hydrogen-bonds, and hydrogen-bonded chains excluded from the

(rans-amide-frans-amide hydrogen-bonds, the difterence in average H---O=C becomes

just 5°,

Figure 3.3 summarises many of the key points of the work. Tt shows that, in spite o[ the

II--O=C variations, N-H.-O varies comparatively littie and its average value remains high
at around 160°. This is consistent with a tendency for these three atoms {o approach
linearity. This preference emcrges especially in the case of frans-amides compared to
most other hydrogen bond systems because of their single conformationally fixed NH

group (c.g. in hydroxyls the hydrogen can rotate; NH; groups have two hydrogens),

Some explanation for the effects of these three factors can be offered, There are obvious
steric reasons why multiple hydrogen-bonds will cause reduction in H--O=C, since each
additional hydrogen must find space to approach the oxygen acceptor atom. Examination
of the ring motifs seen with cis-amides suggesls that in this case the linear N-H O angles

constrain the H~0Q=C angles to be low although there may be an extra favourable cffect
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due to the bydrogen being attracted to the oxygen’s lone pair. In hvdrogen-bonded chains
of trans-amides we expect to see high H---O=C values because most of them only imvoive
single, rather than multiple, hydrogen-bonds, However, when the set occurting in

hydrogen-bonded chains is divided into thosc with multiple hydrogen-bonding and those

with only a single hydrogen-bond, the average H---O=C is higher in both cases than that
for single or multiply hydrogen-bonded occurrences that are not in hydrogen-bonded
chains, This observation is poignant as the majority of hydrogen-bonds in proteins occur
within hydrogen-bonded chains that run along helices and across B-sheets, Small
molecule trans-amides might be supposed to have more freedom to adopt preferred
hydrogen-bond geometries than frans-amides in protein secondary structure, so it is

interesting (hat the small molecule geometry resembles that in proteins.

Uncertainty persists as to the nature of hydrogen bonding. One idea is that the hydrogen
alom bonds to a lone pair of the oxygen atom acceptor, giving rise to H--O=C = 120¢,
while the other {Mitchell & Price, 1989, 2000; Apaya ef al., 1997) emphasizes electrostatic
interactions between partially charged atoms. This approach gives rise to a broad

electrostatic potential around carbonyl oxygen atoms such that there is little energetic
preference for bent (near 120°) or linear (->150°) H--O=C interactions. The conclusion
from trans-amide--frans-amidcs in the CSD is that, while N-EH---O tends to linearity in all

situations, H---O=C varies widely, ranging from 120° tc 180° depending on the
environment. For o-helix and Besheet in proteins, as in small molecule crystals, the factors

just described such as hydrogen-bonded chains encourage the more linear angles.

The analysis of the geometry of the trans-amide--frans-amide hydrogen-bonded system

shows that almost half of #rans-amide-trans-amide hydrogen-bonds exist in a near planar
arrangement (with a Teyew Value within 20° of cither 0° or 180°). This propensity for
planarity may be a consequence of crystal packing factors. About 60% of the planar
systems are in the anii configuration (Toveenear 180°) and the rest are in the syr
configuration (Teyenniear 0°). I is inferesting that, within the plane, thosc in the anti
configuration have no distinct preference in terms of their ‘shear” relative to each other,
whereas those in the syn configuration show a clear preference for geometry that

maxinises the proximity of the two carbonyl groups, and thereby the strength of the
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favourable electrostatic interaction between them. The syn configuration in proteins
occurs within antiparallel B-sheet, and the carbonyl-carbonyl interaction present there is

maximised in the same way.

Another Factor, steric accessibility of the carbonyl oxygen, was addressed in chapter 4 and
is described in the following section (8.1.2). If the trans-amide carbonyl oxygen is, on ‘
average, less accessible than other carbonyl oxygen atoms, then this could be responsible

for some, or all, of the unexplained difference in average H--0=C, after accounting for the

factors listed above,
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8.1.2 An additional factor: steric accessibility

The results of Figure 4.2 show that steric accessibility of the carbonyl oxygen atom has a
substantial influence on the geometry of frans-amide- - frans-amide hydrogen-bonds, and
on N-H--O=C hydrogen-bonds in general, Figurc 4.3 leads to the conclusion that, when
steric accessibility is limiled (o low values, H--O=C angles of all N-H--O=C
hydrogen-bonds (including trans-amide- - trans-amide) are restricted to relatively linear
values averaging near 150°, while greater steric accessibility allows lower values of
H---O=C. When steric accessibility is no longer the limiting factor (i.e. at greater values of
SAJ}, there is a difference between the average H--O=C angle of trens-amide- - frans-amide
hydrogen-bonds and N-H---O=C hydrogen-bonds in general and the additional factors
examined in chapter 3 and listed in section 8.1,1 are required to explain it. Thesc are: the
number of hydrogen-bonds accepted by the carbonyl oxygen, the formation ot ring motifs
among the N-H--O=C hydrogen-bonds; and the formation of hydrogen-bonded chains
among the frans-amide- - trgns-amide hydrogen-bonds. Hydrogen-bonded chains have
relatively very lincar ITI---O=C angles, and the steric accessibility of the carbony] oxygen is
unexpectedly high. Hence, at higher values of steric accessibility, the occurrence of
hydrogen-bonded chains is the most important factor in explaining the relatively linear

geometry of frans-amide- «trans-amide hydrogen-bonds.

Within proteins, the ratio of donors to acceptors is approximately t:1 and as a result most
carbonyl oxygens accept only one hydrogen-bond. Hydrogen-bonded chains are also
commen, in the form of a-helices and B-sheets, These arc not infinite such as those found
in smail molccule structures, but may share some of the same characteristics. 1l would be
mteresting to analyse the sleric accessibility of the carbony] oxygen atoms of the

polypeptide chain, in the absence of distant residues, to establish whether there is also

similarity with the trans-amide- - -trans-amide hydrogen-bonds in the CSD.
In the wider context, this work shows how the large quantity of geometric data in the CSD

can be used effectively to answer questions regarding the relative importance of different

geometric factors on the average geometry of a specific interaction. As the quantity of data
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in the CSD increases, approaches of this type can be widened to analyse ever more detailed

aspocts of these interactions,
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8.2 Carbonyl-carbonyl interactions between frans-amide groups

8.2.1 Trans-amide carbonyl-carbonyl interactions in the CSD

'The most striking observation of chapter 5 is that, after exclusion of
trans-amide--frans-amide hydrogen-bonds (Figurc 2.1a), a similar overall propottion of

trans-amide-trans-amide carbonyl-carbonyl intcractions are found to occur in the three
geometric motifs observed among interactions between ketone carbonyl groups. The
proportions that oceur in each of these motifs are also strikingly similar, The proportion of
interactions featuring the antiparallel motif was 48% (cf. 49% of contacts between ketone
carbonyls), and the parallel and perpendicular motifs accounted for 17% and 5%,
respectively (cf. 9% and 10%, respectively, in ketones). This similarity occurs despite the
replacement of one of the substituent groups of the ketone with an amine (NH) moiety in
the trans-amide. NH groups of one ¢rgns-amide can form hydrogen-bonds with any other
acceptors present in the structure. This would be expected to affect the proportional
distribution of motif types even after elimination of contacts in which the two frans-
amides are hydrogen-bonded to each other. The lack of a large change in the distribution
suggests that the influence, on the crystal structure, of intcractions between carbonyl
groups, is manifested despite competition with hydrogen-bond formation by the NH

substituent.

The average angles of the three motifs are similar to those found for ketone carbonyl
groups. The average geometry of the antiparalle]l motif is almost identical (Al and A3 are
99°, cf. 97° in ketones; A2 and A4 are 81°, cf. 847), as is that of the perpendicular motif.
Average geometry of the parallel rootif shows an arrangement that is slightly more sheared
(the angle made by C=0"C is 1177}, than that found for ketone carbonyls (in which
C=0"C is 99°). Reasons for this are speculative, but may include diflerences in steric
hindrance or in packing arrangements. Differences in the substituents on the nitrogen of
the frans-amide with those on the carbon of the ketone may affcct steric acoessibility.
There may also be differences in the preferred packing arrangements of molecules

containing frans-amides with those containing ketones.
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Interactions between trans-amide carbonyls are, on uverage, longer (3.8A) than those
observed betwoen ketone carbonyls (3.52A). In part this is due to the preponderance of
hydrogen-bonded interactions, which have a4 relatively fixed carbon-to-oxygen distance
averaging 3.76A. However, after exclusion of the hydrogen-bonded interactions, those
remaining still have a substantially higher average of 3.67A. This may, again, be due to

differences in steric hindrance or in packing arrangements.

In cases where the trgns-amide units are hydrogen-bonded, the interaction between their
carbonyl groups is always favourable. The peptide bond between amino acid residues is a
trans amide unit, and interactions of the type described, involving both a hydrogen-bond
and carbonyl-carbonyl interaction, are ubiquitous in proteins. Their occurrence in
a-helices and P-sheets is accompanied by a quantifiable influence on the gecometry of
these types of secondary structure elements (Maccallum & Milner-White, 1995a,b). From
the perspective of protein structure, the prevalence of these hydrogen-bonded contacts is
therefore unsurprising. However, it is of interest from the same perspective to note the
high proportion of non-hydrogen-bonded carbonyl-carbony! interactions that can be
classified as antiparaliel, perpendicular and parallel motifs, The question arises whether,
and in what abundance, these motifs occur in protein structures, This was addressed in

chapter 6, and the conclusions are described in the following section (8.2.2).
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8.2.2 Trans-amide carbonyl-carbonyl interactions in the PDB

Chapter 6 shows that carbonyl-carbonyl interactions, both favourable and unfavourable,

are common between main-chain peptide groups in non-repeiitive protein secondary
structure. Using the separation in sequence between the two residues, combined with a
simple geometric measure, the distance between the carbonyl oxygen of one peptide unit

and the nitrogen of the other, the interactions can be categorised into distinet motifs. ;

Chapter 3 investigated the occurrence of carbonyl-carbonyl interactions belween
trans-amide groups in the CSD. These were found to occur with a frequency and geometry

similar to that observed between ketone carbonyls in the CSD, In particular, about 50% of

interactions, between both ketones and trans-amides (after exclusion of hydrogen-bonded
cases), oceurred in the antiparallel arrangement. ‘This arrangement is noted for having
energelic favourability comparable to that of a medium-strength hydrogen-bond.

Main-chain protein carbonyl-carbonyl interactions (examined in chapter 6} did not often ;

e T

meet the criteria for the antiparallel arrangement, as described in section 5.2.2, but several
of the notifs (7, 9, and all the (-sheet-like motifs 10 through to 13) do have similar
geometric character to it. Motifs 7 and 9 are favourable and occur at the ends of a-helices,
therefore stabilising the recuiring conformations found there. Motifs 10 to 13 are
energetically neutral, therefore neither stabilising nor destabilising the B-sheel ends and

other B-sheet-like conformations in which they tend to occur.

Interactions are found in many local sccondary structure situations, reprcsenting the full

range of conformations adopted by non-repetitive regions of protein architecture,
However, most of the motifs exhibit a tendency to occur within particular
hydrogen-bonded featurcs, or within regions resembling repetitive secondary structure.
Motif 1 is favourable and occurs at the N-termini of o-helices and in regions resembling
o-helix, Motifs 2 and 4 often occur within B-turns. They are unfavourable and therefore
will act to destabilise B-turns, Motifs 3 through o 9 are all commonly found at the
C-termini of helices, and are all favourable, so may be an important factor in providing

stability. Motifs 10 through to 13 comrmonly occur either at the ends of B-shects or in

regions resembling B-sheet.
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The preponderance of carbonyl-carbonyl interactions at the C-termini of a-helices suggests
an important role for them in stabilising the conformations required to cap the helix.
Motifs 8 and 9 stabilise the common capping conformation known as the Schellman loop.

These motifs are likcly to represent the Schellman loop hydrophobic interaction identified

K
;
<
&

by Aurora & Rose (1998). Motif 5a stabilises a common capping conformation where the

helix terminates with a proline residue.

1t is possible that many of the unfavourable motifs result from both carbonyl oxygen atoms
hydrogen-bonding to the same hydrogen-bond donor atom, or group of atoms, such as a

water molecule,
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8.3 Mimicry of B-turns by asx- and ST-turns

As described in chapter 7, the four types of asx-turn and three types of ST-turn were
identified in a large and diverse database. Measurement of those asx- and ST-nun {orsion
angles that are equivalent to the standard dihedral angles of $-turns shows (in Figure 7.1
and Table 7.2) that the four types of asx-turns are geometrically equivalent {o the four

main types of B-turn: I, I, IT and 11, and that the three types of ST-turn are equivalent to

three of those types: I, IT and 1I'. It is proposed here that asx- and ST-turns be named nsing
the same nomenclature as for B-turns. The most commen of the asx- and ST-turmn

conlormations is type 11°, characterized by a side chain y; value of ~180° (angle

inter-conversion is discussed in the Legend to Figure 2.3). Types I and II are less

common, Type I has y; of ~60° and mimics the main chain part of a 3/10-helix. Type Il

also has | of ~60°, and has a central residue with the oy, or v, conformation. Type I’ is

very rarc and examples are found only among the asx-tums,

Given that ST-turns feature a hydrogen-bonded ring of 9, rather than 10, atoms, the

similarity of their structural classification to that of asx-turns is unexpected. However,

chemical propertics of the four residues (D, N, S and T) are not dissimilar and it has been

observed that they exhibit a tendency in such situations fo substitute each other over
evolutionary time (Vijayakumar et /., 1999; Wan & Milner-White, 1999b).

The shorter average O H distance of the hydrogen-bond observed in asx-turns compared
with B-turns indicatcs that the asx-turn is able to adopt a conformation which is more
favourable. The asx-turn has cxtra flexibility over the B-tum, conferred by the rotational

freedom of the side-chain ¥2 angle. However, ¢, of the asx-turn (31 of the side chain) is

more constrained than ¢ of the B-turn, as it must adopt a rotamer conlormation.
Considering this, it is interesting to reverse our perspective on how P-turns are mimicked

by asx- and ST-turns, and instead ponder the mimicry of the asx side chain rotamer angle

by ¢ ol the B-turn, It would seem that the ideal ¢ angle of residue i+1 of the p-turn mimics

the rotameric conformation of the asx-turn.

Common motifs incorporating asx- or ST-turns are the asx- or ST-nests. These are

recently identified, yet by no means uncommeon, protein motifs (Watson & Milner-While,
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2002a; Pal ef al., 2002). The observation that almost all type II asx- and ST-turns oceur as

asx- or ST-nest motifs is an unexpected finding of the present work, Conversely, most

asx- or ST-nests are also type 11 asx- or ST-turns so they are nearly synenymous,
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8.4 General conclusions

The findings presented here provide new insights into protein structure at the atomic Ievel.
They bave relevance to protein folding and protein-ligand binding, and could potentially

be applied to protein fold prediction methods and drug design.

‘The analysis of hydrogen-bonding of /rans-amides in small molecule structures, and its
comparison with the situation in proteins, shows the importance of examining many
factors when attempting to explain the geomeiry of specific inter-molecular interactions.
Packing considerations, competition with other interactions, steric accessibility, and the
recurrence of certain motifs, can all play a part. Similarly, the examination of main-chain
carbonyl-carbonyl interactions in proteins shows the complexity of secondary structure,
the analysis of which requires attention not only to main-chain geometry and local
hydrogen-bonding, but also to combinations of the two, and other factors besides. In the
worlds of both small molecules and proteins the factors that contribute to the geometry of
an interaction are likely to be many, and carc is needed (o separate and evaluate their

influences.

In clarifying the geomeltric relationship of asx- and ST-turns to B-turs, a deeper
understanding of these small hydrogen-bonded motifs is gained, aiding future efforts in

this area of research.

The work on intra-protein carbonyl-carbonyl interactions was limited to main-~chain
carbonyl groups. It would be interesting to apply the same search criteria and analysis to
side-chains as well, by considering the interactions of asparagine and glutamine (and also
aspartate and glutamate) carbonyl groups with each other and with main-chain carbonyls.
The asx-turn represents a single example of a commonly recutting side-chain---main-chain
carbonyl-carbonyl futeraction motif, but it is likely that others exist among the recurring
features of protein secondary structure. It is possible that some of these will mimic the
main-chain carbonyl-carbonyl interaction motifs, just as the asx-turn carbonyl-carbonyl
interaction mimics the B-turn carbonyl-carbonyl interactions identified in chapter 6 (motifs

2 and 4).
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