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Abstract

Abstract

Hydrogen bonds are one of the dominant forms of atomic interaction within proteins and 

are studied extensively here. The thesis established a non-homologous dataset extracted 

from the Brookhaven Protein Databank and hydrogen-bond criteria based on geometrical 

distributions. It analyses the frequency and geometry with which potential hydrogen 

bond donors and acceptors are satisfied in protein molecules. An Atlas of Side-Chain 

and Main-Chain Hydrogen Bonding is created and trends between different donor and 

acceptor types are drawn out and examined closely. For high resolution structures, 9.5% 

and 5.1% of buried main-chain nitrogen and oxygen atoms, respectively, fail to 

hydrogen bond under standard criteria. The main-chain atoms dominate protein 

hydrogen bonding and are examined in particular detail. This includes examining the 

environment of unsatisfied atoms and correlations between the percentages of unsatisfied 

atoms and measures of structural quality. Based on the observation that almost all 

buried donors and acceptors are satisfied, a simple algorithm is developed to compare 

the alternative conformations of Asn, Gin and His side-chains, the orientations of which 

are ambiguous in purely X-ray crystal structures, and where possible identify the most 

favourable.
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Chapter 1: Introduction

1 Introduction

1.1 Hydrogen Bonding in Proteins

Hydrogen bonds (Huggins 1971) are one of the three principal types of non-covalent 

interaction that govern the conformation of folded proteins (Schulz and Schirmer 1979). 

They are sometimes described as dominating the process of protein folding (Creighton 

1991), although that role is more often reserved for the hydrophobic interaction (Dill

1990). The principal role of hydrogen bonding lies in the secondary structure elements, 

which are stabilised principally through hydrogen bonding patterns (Pauling and Corey 

1951; Pauling et al 1951; Richardson 1981). They also play an important role in, for 

instance, molecular recognition (Fersht 1987) and catalysis (Warshel et a l 1989). This 

thesis will add to the body of research on hydrogen bonding with an examination of the 

geometry and frequency of occurrence of hydrogen bonds in a large dataset of accurately 

determined protein structures.

This chapter will introduce the concept of hydrogen bonds and their context in proteins. 

It will also explain the methods and limitations of the experimental protein structure 

determinations that the studies described in this thesis use. Energy formulations, 

although never a central part of the studies included in this thesis, have implications that 

are sometimes very relevant and so will be described. Finally, the scope of the thesis 

will be laid out.
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Chapter 1: Introduction

1.2 Chemistry of Hydrogen Bonds

1.2.1 The Concept o f a Hydrogen Bond

The concept of the hydrogen bond evolved gradually in the first quarter of the twentieth 

century. Particularly strong N-H...0 or 0-H...0 interactions in ammonium hydroxide 

(Werner 1902), ethyl acetoacetate (Hantzsch 1910) and carboxylic acids (Pfeiffer 1914) 

were noticed. The notion of a hydrogen atom forming a bridge between two molecules 

by accepting a lone pair was first suggested by Latimer and Rodebush (1920), who 

acknowledged the idea as coming from an undergraduate called Huggins.

Hydrogen bonds are not a fundamentally unique class of interaction, but a special case 

of other forces. The electron shell of an unbonded hydrogen atom is occupied by only 

one electron. If a hydrogen is covalently bound to one strongly electronegative atom 

(the donor) and near, but not bound to, another atom with a significant partial negative 

charge and a lone electron pair (the acceptor) then the hydrogen atom's electron density 

is not only attracted to the other side of the covalent bond by the electronegativity of 

the donor atom but also repelled by the partial charge on the acceptor electrons. This 

reduces the electron shell repulsion between acceptor and hydrogen, allowing the two 

atoms to come closer, allowing a much greater electrostatic attraction (and, to a lesser 

extent, dispersion attraction) between them (see section 1.4.3). This sometimes leads 

to a partial covalent character (Creighton 1992). In exceptional cases, bonding 7 t -orbitals 

can replace lone electron pairs as weak hydrogen bond acceptors (Legon and Millen 

1987).
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Chapter 1: Introduction

1.2.2 Donors and Acceptors

A-level chemistry textbooks usually Hst N, O and F as the atoms that form hydrogen 

bonds (Cox 1991). Table 1.1 (Pauling 1970) confirms that these three elements are 

substantially attractive to electrons, but also shows that several other elements, 

particularly chlorine, share that property to a lesser but significant degree. In practice, 

the other elements in table 1.1 are sometimes considered capable of forming weak 

hydrogen bonds.

The most obvious indication of hydrogen bonding is the bulk melting points and boiling 

points of different hydrogen containing compounds. Propane, ethyl fluoride and ethanol 

have boiling points of -42°C, -32°C and 78°C, respectively. The comparatively high 

boiling point of ethanol reflects that only ethanol has the capacity to make a classical 

hydrogen bond (a donor electronegative element bound to a polar hydrogen and an 

acceptor electronegative element carrying a lone electron pair). Held together by 

hydrogen bonds, it remains a liquid at much higher temperatures than propane or ethyl 

fluoride. Propane might be able to donate or accept with carbon, and ethyl fluoride 

might be able to bond from carbon to fluorine, but these combinations of atoms do not 

appear to form interactions within an order of magnitude of the strength of a hydrogen 

bond (Carey 1987).

1.2.3 Small M olecule Studies o f Hydrogen Bonding

Studies of hydrogen bonding in small molecules allow much more accuracy than studies 

of hydrogen bonding in proteins because proteins are around two orders of magnitude 

larger and proportionately harder to study in detail.

Table 1.1: Pauling Electronegativity Values of the Most Electronegative Elements

Se
2.4

S C 
2.5 2.5

Br
2.8

Cl
3.0

N
3.0

0
3.5

F
4.0
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Chapter 1: Introduction

The small molecule Cambridge Structual Database (CSD) (Allen et a l 1979) offers 

fruitful ground for the study of hydrogen bonds, because of the high resolution of 

smaller structures.

A survey of structures in the CSD found the distribution of hydrogen bonds to oxygen 

was broad but concentrated around the oxygen lone pairs (Murray-Rust and Glusker 

1984). A comparison of N-H...O=C bonds (Taylor et a l 1983), whilst broadly agreeing 

with lone-pair directionality, suggests the preference may be at least partially due to 

packing interactions.

Legon and Millen (1987) summarised and compared the results of many structural 

studies of hydrogen bonded small molecules. The studies included a very wide 

collection of atom types in their theoretical and experimental studies on the geometries 

of hydrogen bond type interactions. These included not only N, O, F and Cl but also 

P, S, Ar (as a control) and the delocalised electrons of a C=C bond, cataloguing many 

quasi-hydrogen bond interactions. The study showed that sulphur was significantly 

hydrogen bonding compared to a control noble gas argon, and that bond stretching force 

constants were nearly twice as high for HP as they were for HCl, HCN and HBr acting 

as donors, and descended slowly as the acceptor moves from H2O to Ar via CH3CN, 

HCN, H2S and H2P. It derived two rules, the first of which described this linearity 

along the donor, hydrogen, acceptor lone pair and acceptor. The second applied to 

7C-bonds acting as acceptors, and stated that the hydrogen bond intersected the Jt-bond 

perpendicular to the plane of symmetry of the 7t-bond.

Llamas-Saiz et al (1992) compared the distribution of 0-H...N {sp^) hydrogen bonds in 

small molecule crystal structures in the CSD with theoretical calculations on 

water-pyrimidine dimers. They argued that the angular distributions of the CSD 

structures corresponded to a Boltzmann distribution derived from the calculated 

dissociation energies.
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Chapter 1: Introduction

A study of 0-H...0 hydrogen bonds with 0...0  distances < 2.65Â in the CSD showed 

a clear progression from asymmetric 0-H...0 hydrogen bonding which has some covalent 

character but is principally electrostatic to symmetrical and principally covalent 

hydrogen bonding. All the strong hydrogen bonds examined by the study were found 

to be stabilised by a formal charge on either oxygen or hydrogen, or resonance between 

0-H...0 and 0...H-0 forms (Gilli et al. 1994).

Taylor and Kennard (1982) looked at carbon as a potential donor atom to different 

acceptors. They examined C-H...A interactions in a database of neutron diffraction 

studies of small molecules and found many more non-bonded atomic close contacts, 

defined according to H O criteria ranging from 2.4Â to 2.8Â, than would be expected 

if the distribution were random. Because one of the principal effects of hydrogen 

bonding is to reduce electron shell repulsion, atomic close contacts are evidence of 

hydrogen bonding. This study also found fewer than expected close contacts for C and 

H, and inconclusive results for Br, Cl, N, P and S. A more recent study (Steiner 1995) 

of small molecule crystal structures found that water oxygens that do not form primary 

hydrogen bonds from nitrogen or oxygen atoms form hydrogen bond-like interactions 

by accepting hydrogen atoms from carbon.

Hydrogen bonds have also been studied extensively in simulations of small molecules 

(Buckingham et a l 1988, extensive review). Many of these calculations are 'ah initio' 

in that they calculate the energy of the conformation using equations based directly on 

quantum mechanics. This would be impossible for a molecule the size of a protein.

Among many other studies, Mitchell and Price (1989) used energy calculations to study 

the directionality of NH CO hydrogen bonds in a variety of small molecule complexes. 

They calculated that optimal angles at singly hydrogen bonded carbonyl oxygens were 

significantly more linear along the C=0 axis and less linear along the lone pair axis than 

the angles at bifurcated oxygens. They concluded that the tendency observed in surveys 

of small molecule crystal structures for the hydrogen bond to align along the lone pairs
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Chapter 1: Introduction

of the acceptor atom was due to the steric effects between donors.

Del Bene (1975) used ab initio SCF (self-consistent field) calculations to calculate that 

a single form amide/water dimer in vacuo had an association energy between 5.5 and 

7.2kcal/mol, depending on the orientation.

Ab initio theoretical calculations can also 'partition' (separate) the different components 

of the attractive and repulsive forces within a hydrogen bonded system, improving our 

understanding of hydrogen bonding by identifying the more important components. 

These components include electrostatic attraction between the hydrogen proton and the 

acceptor electron shells, repulsion between the hydrogen and acceptor electron shells, 

an attractive dispersion force, charge transfer of a portion of the charge on the acceptor 

to the hydrogen, and polarisation (the influence the electron clouds have on each other's 

shapes). Such calculations suggest that most hydrogen bond interactions are dominated 

by the repulsion and electrostatic attraction, with charge transfer playing a small but 

significant role in weaker hydrogen bonds (Morokuma 1971; Umeyama and Morokuma 

1977).

21



Chapter 1: Introduction

1.3 Hydrogen Bonding in Proteins

1.3.1 The Donors and Acceptors

The covalent structure and three dimensional conformation of a protein has been 

reviewed extensively elsewhere (Richardson 1981; Brândén and Tooze 1991). A protein 

molecule is a long polypeptide chain (see figure 1.1) off which branch a variety of 

side-chains (see figure 1.2). Each residue of the main-chain contains one amino group 

with the potential to donate, and one carbonyl oxygen with the potential to accept. The 

20 side-chain types differ greatly in their chemical qualities. Some include nitrogen and 

oxygen atoms with hydrogen atoms and/or lone pairs. Two include sulphur, which some 

studies suggest can form weak hydrogen bonds (section 1.2.3). Figure 1.3 shows the 

donor and acceptor atoms on a main-chain residue and the hydrogen bonding 

side-chains, including sulphur donors and acceptors.

Figure 1.1: Several Residues of the Protein Main Chain Hydrogen atoms are omitted. 
Standard colours (carbon black, nitrogen blue, oxygen red) are used, except that the a- 
carbon is shown as grey. This figure was produced with Molscript (Kraulis, 1991).
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Hydrophobic

Alanine (A) Valine (V) Phenylalanine (F) Proline (P)

Methionine (M) Isoleucine (I) Leucine (L)

Aspartate (D)

Charged

Glutamate (E) Lysine (K) Arginine (R)

Figure 1.2: The Side-Chains of the 20 Standard Amino Acids Atoms are coloured 
as in figure 1.1 with the addition of sulphurs in yellow. Diagram by C. Mason.
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Polar

Serine (S) Threonine (T) Tyrosine (Y) Histidine (H)

Cysteine (C) Asparagine (N) Glutamine (Q) Tryptophan (W)

Glycine

No Side Chain

Figure 1.2: The Side-Chains of the 20 Standard Amino Acids (continued from 
previous page)
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Main Chain jj |
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Figure 1.3: Protein Donors and Acceptors The standard amino-acid main-chain and 
side-chain structures aie shown with donors and acceptors indicated with arrows. One 
of the bracketed hydrogens on His may be absent depending on which form of imidazole 
is present.

25



Chapter 1: Introduction

Figure 1.4: An A ml no-Aromatic Interaction in FK506 Binding Protein The
interaction is between Trp 59 and Phe 99. Only these two residues are shown. This 
diagram is a LRL stereogram. Legend as figure 1.1, except polar hydrogens are shown 
in white.

Aromatic groups can also weakly accept hydrogen bonds from positively charged 

hydrogen atoms via their delocalised Tt-electrons (Burley and Petsko 1986; Legon and 

Millen 1987; Levitt and Perutz 1988). Thus in proteins there are three residue types, 

Trp, Tyr and Phe, that have aromatic side-chains whose delocalised Ti-electrons can act 

as acceptors (see figure 1.4) (van Duyne et al. 1991).
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1.3.2 Recurring Hydrogen Bond Patterns

1.3.2.1 Helices

The a-helix is very common in protein structures, and the helix from residues 126 to 

146 of myoglobin (Kuriyan et al. 1986) in figure 1.5 shows the a-helix hydrogen 

bonding pattern. The a-helix is stabilised by NH i—> CO i-4 hydrogen bonds. There 

are other kinds of helix; the helix, stabilised by i->i-3 hydrogen bonds, and the 7C- 

helix, stabilised by i^ i-5  hydrogen bonds. These are compared in figure 1.6. A survey 

of 57 protein structures found 291 alpha helices, 71 3^q helices but no 7t-helices (Barlow 

and Thornton 1988).

a-Helices are rarely perfectly straight. The axes of most a-helices are more curved than 

a 90Â radius circle. The curvature usually bends the a-helix around the hydrophobic 

core of the protein. Main-chain atoms on the exposed side of the helix form longer 

weaker helical hydrogen bonds but are stabilised by hydrogen bonds from solvent and 

side-chains. Most a-helices that are not curved are kinked, often at the site of a proline 

residue (Barlow and Thornton 1988). At the ends of the helix, the main-chain nitrogen 

and oxygen atoms that do not satisfy their hydrogen bonding potential often form 

hydrogen bonds to side-chains. For instance, Asn residues are frequently found at the 

start of a helix, with their side-chain hydrogen bonding to the carbonyls two and three 

residues after, a phenomenon known as helix capping (Presta and Rose 1988; Richardson 

and Richardson 1988).
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t

Figure 1.5: A Myoglobin a-Helix Legend as figure 1.4, except that hydrogen bonds 
are shown as dotted lines. This is a LRL stereogram produced with Molscript (Kraulis,
1991).
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alpha helix 3.10 helix pi helix

m

Figure 1.6: a-Helix, 3io-Helix and 'ir-Helix Compared From left to right, the diagram 
shows a cartoon of an idealised a-helix, and both a top view and a side view CPK 
representation of an a-helix, a Sĵ  helix and a tr-helix. The colours used are standard 
for CPK (see figure 1.1) except tha the carbon atoms are grey with side-chain p-carbons 
lighter. All chains are polyalanine and hydrogen is not shown. Diagram by K. Berndt.
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1.3.2.2 /3-Sheets

There are two kinds of beta sheets, parallel and anti-parallel, named for the relative 

directions of adjacent strands. A parallel sheet from carboxypeptidase A (Mangani et 

al 1992) and an anti-parallel sheet from superoxide dismutase (Djinovic et a l 1992) are 

shown, including their regular hydrogen bonding patterns, in figure 1.7.

p-sheets are never perfectly flat. The chirality of amino acids produces a right handed 

twist looking along the direction of the strand. Antiparallel sheets, with their slightly 

more irregular framework of hydrogen bonds, allow more twisting without a significant 

loss of hydrogen bonding than do parallel sheets (Salemme 1983).

The hydrogen bonding patterns of p-sheets sometimes (usually more than twice in a 

single protein molecule) miss a residue or more on one or both strands. This is called 

a p-bulge, and accentuates the right-handed twist of the sheet, sometimes causing it to 

turn, p-bulges have been classified according to their hydrogen bonding patterns (Chan 

et a l 1993).
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a

Figure 1.7: A Parallel-Sheet in Carboxypeptidase A and an Antiparallel /3-Sheet 
in Superoxide Dismutase These are labelled (a) and (b) respectively. Legend as 
figure 1.5
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I.3.2.3 Turns

Several studies have examined bends in the polypeptide chain. Different studies have 

used radically different definitions of a turn, including the distances between the 

prospective turn's first and last residues and virtual torsion angles defined by the four 

C a atoms, and often in combination with the absence of other secondary structures 

(Richardson 1981).

The most generally accepted definition is that if four consecutive non-helical residues 

have less than 7.0Â between the first and last C“s, then those residues are described as 

adopting a p-turn. p turns have been the subject of several studies (Chou and Fasman 

1977; Wilmot and Thornton 1988) and have been classified by main-chain (|) and y  

torsion angles into several numbered types. Most turns fall into the three major classes, 

36.4% being type I or distorted type I, 12.5% being type H or distorted type II and

II.6% being type VIII or distorted type VIII (Hutchinson and Thornton 1994). 56% of 

type I and 67% of type II were hydrogen bonded from the last residue to the first, using 

a criterion of maximum donor acceptor separation of 3.5Â (Chou and Fasman 1977). 

Surveys of P-turns have found that some residues are more favoured at particular 

positions, some for steric or packing reasons but many because they form favourable 

hydrogen bonds. For instance, Asn, Asp, Cys, and Ser side-chains on the first residues 

often accept from the main-chain amino of the third in Type I chains and Cys, Ser and 

Lys side-chains on the last residue often donate to the first in Type II turns (Hutchinson 

and Thornton 1994).
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1.3.3 Experimental Studies o f Hydrogen Bonding

Hydrogen bonding has also been studied with protein engineering experiments. A 

sequence of site-directed mutagenesis experiments on tyrosyl-tRNA synthetase 

established that the removal of a ligand-binding hydrogen bond donor or acceptor 

reduced the strength of binding by 0.5-1.5kcal/mol, if the donor or acceptor is 

uncharged, and around 4kcal/mol if charged (Fersht et a l 1985). Another study (Alber 

et a l 1987) mutated a hydrogen-bonding threonine side-chain in T4 lysozyme and 

studied the results with thermodynamics and X-ray crystallography. The most 

destabilising substitution was isoleucine, in which case the loss of one hydrogen bond 

helps to destabilise the protein by 1.6kcal/mol. A study on the effect of the removal of 

hydrogen bonds on the stability of bamase found that unsatisfied buried hydrogen bond 

partners destabilised the enzyme by similar quantities: 0.5-2.0kcal/mol if uncharged and 

over 3kcal/mol if charged (Fersht et a l 1992). The nature of the environment of the 

hydrogen bond in question affects the energetics of its loss: for instance the removal of 

a charged hydrogen bonding partner is much less significant on the surface 

(0.3-1.0kcal/mol) (Fersht et a l 1992).

1.3.4 Previous Surveys o f H-Bonds by Analysis o f Co-ordinates

The first census of hydrogen bonding in a dataset of globular proteins was the analysis 

performed by Baker and Hubbard in 1984. They rightly referred to their work as 

"exhaustive and exhausting". They analysed the frequency distribution of hydrogen 

bonds with main-chains, how often main-chains and side-chains hydrogen bonded with 

each other instead of amongst themselves and broke down geometry with secondary 

structure, to describe part of their analysis. They discovered that almost all atoms 

capable of hydrogen bonding did so. They described several ways, such as helix 

capping (section 1.3.2.1), in which hydrogen bonding is closely interlinked with 

secondary structure. Their study inevitably suffered from the small dataset they were 

forced to use by the paucity of structures available in 1984, and from failure to
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distinguish in their frequency distributions between atoms exposed to the solvent and 

atoms buried inside the hydrophobic core. Nevertheless, Baker and Hubbard (1984) 

remains the seminal work in the study of hydrogen bonding in globular proteins.

Ippolito et a l (1990) analysed the distribution of donors and acceptors around the amino 

acid side-chains that could form hydrogen bonds. By 1990 the Brookhaven Protein Data 

Bank (Bernstein et a l 1977) had expanded enough for 50 high-resolution structures to 

be used in their dataset. The results were largely unsurprising, showing hydrogen 

bonding partners broadly spread but concentrated around the approximate position of 

acceptor lone electron pairs and donor hydrogens. The study concluded that the 

stereochemistry of the hydrogen bond was governed by a combination of the electronic 

configuration of the acceptors, the steric hindrance around the donor hydrogen and the 

side-chain structure itself.

Stickle et a l (1992) took the same title as Baker and Hubbard (1984) and took broadly 

the same aim, surveying hydrogen bonding patterns in a dataset of 42 X-ray structures. 

They concentrated their study on links between secondary structure and the hydrogen 

bonds formed, examining in more detail features that were already known. For example, 

they found that most hydrogen bonds were between a main-chain nitrogen and oxygen. 

Less typical but still plentiful hydrogen bonds included helix-capping side-chain to 

main-chain bonds (see section 1.3.2.1). They also studied hydrogen bond networks, 

pointing out networks of hydrogen bonds in helices, for example, and created the 

concept of a "reduced hydrogen bonding network" based on the hydrogen bonds that 

remain if each hydrogen bonding atom is only allowed to form one hydrogen bond. 

They examined which side-chains tended to hydrogen bond with which other side-chains 

and broke down geometry by the hybridisation state {sp  ̂ or sp^) of the donors and 

acceptors.
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1.4 The Energetics of Protein Folding

1.4.1 Introduction

Many studies have focused on protein conformation.! (reviews Schulz and
1

Schirmer 1979; Brândén and Tooze 1991). Although factors external to the protein, 

such as the presence of chaperone molecules (Ellis 1987; Hubbard and Sander 1991), 

can catalyse the folding process, the final conformation is determined by the primary 

covalent structure (Anfinsen 1973). The prediction of three-dimensional structure from 

amino acid sequence has been tackled with great energy but limited success (Fasman 

1989; Eisenhaber et a l 1995). Hydrogen bonding is an important component of the 

protein folding problem, but it shares the determination of final conformation with the 

electrostatic, hydrophobic and van der Waals effects. If an atom fails to hydrogen bond, 

it is important to be able to understand how another type of interaction could 

compensate for the failure.

1.4.2 Electrostatic Interactions

The coulombic electrostatic attraction between two opposing unit charges on side-chains 

is known as a salt bridge or an ion pair. Weaker electrostatic interactions occur 

frequently in proteins but do not play as strong a role in protein folding. A 

computational analysis of protein structure in 1983 found 229 strong electrostatic 

interactions in 38 proteins and noted that such interactions tend to be exposed rather 

than buried and tend to stabilise protein tertiary structure rather than secondary (Barlow 

and Thornton 1983). They typically become significant at a separation between charged 

atoms of 3-4 Â, but many are longer (Barlow and Thornton 1983). Their energies are 

typically calculated according to Coulomb's law:
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E  ̂ n  1)^Couloné ^  U . i ;

where and ^  are the atomic charges on atoms i and j  respectively, eO is the permittivity of free space, r̂ j 

is the distance between atoms i and 7, and e is the dielectric constant

Thus the electrostatic interaction energy varies with the dielectric constant and the 

charges on the atoms involved. The dielectric constant is a macroscopic factor that 

depends on the polarity of the medium in which the interaction takes place. In a 

vacuum, the value of e is 1, but in ionic media e has much higher values (eg e = 80 in 

water) (Stryer 1988, p7). The protein is not, however, a homogenous bulk electrostatic 

solvent. At short distances within proteins the medium for an electrostatic interaction is 

considered to have a low dielectric value (eg e = 4), but at longer distances the 

interference from charged groups and internal water molecules means the effect of the 

environment may be closer to bulk water. The treatment of the dielectric constant 

frequently poses problems (Davis and McCammon 1990, review). The approximations 

used include a constant dielectric, usually set to one, setting the dielectric constant to 

be equal to the distance in Angstroms and using more complex relationships that 

increase the dielectric with distance (Brooks et a l 1983).

Protein engineering experiments have shown that the loss of a salt bridge destabilises 

the protein by 0.3-1.0kcal/mol if exposed and more than 3.0kcal/mol if buried (Fersht 

and Serrano 1993). Calculations of the energy rely not only on accurate estimates of 

the dielectric constant, but also on accurate values for the partial charges on the atoms. 

Different methods have been used to calculate these charges in theoretical small 

molecule studies, and the results have been contradictory (Hagler and Lapiccirella 1976).

This makes calculating bonding energies difficult.
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1.4.3 Electron Shell Dispersion and Repulsion Forces

Van der Waals forces stem from interactions between atomic electron clouds. They are 

calculated by the van der Waals potential, which has two components. Both are best 

described in terms of quantum mechanics, but the descriptions given here will be of 

necessity more simplistic. The first component, known as dispersion, is an attractive 

force between momentary induced dipoles in the electron clouds. Even though these 

dipoles are very short-lived, if the two atoms are close together they will tend to 

correlate their dipoles, leading to a significant if weak attractive force. The second is 

a repulsive force between electron clouds that are occupying the same space. This 

repulsion is a consequence of the "Pauli exclusion principle". The energy for these 

interactions is often calculated as a potential of the form

Evan der Waals q g
(1.2)

w h e r e  r- is  th e  d i s ta n c e  b e tw e e n  a to m s  i a n d  j ,  A,^ a n d  a r e  c o n s t a n t s  u n iq u e  to

e a c h  c o m b in a t io n  o f  a to m  ty p e s ,  a n d  C  is  9  o r  12 .

The r^ attractive component is treated with confidence, but the repulsive component is 

hotly debated. C is commonly set to a value of 12, but sometimes 9. An exponential 

repulsion term of the form Ae  (where Tq is the minimum atomic contact distance)
A

would be more theoretically justified than the terms of the form —- described above,
r ^

but is rarely used because it is much slower to calculate (Weiner et al. 1984).

The values of A and B are set to accurately portray the energetics of the molecule under 

study in a process called "parameterisation" (see section 1.5). Typical values for two 

carbons are A=2.75 x 10̂  Â^^kcal/mol, B=1425 Â^kcal/mol, and C=12 (Levitt 1974). 

The variation in the van der Waals potential with distance is shown for these values of 

A, B and C in figure 1.8. The "sum of the van der Waals radii" represents a minimum 

contact distance that few non-bonded contacts breach in practice. The "optimum contact
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distance" represents the most favourable bond length for the van der Waals interaction. 

Empirical contact distances will usually be longer than this because the heat energy of 

the system will result in contact distances straying away from the "optimum contact 

distance" and because the asymetiic nature of the energy well favours longer interactions 

over shorter. Estimates of the energy of a van der Waals contact vaiy, but are around 

O.Olkcal/mol for two apolai' hydrogens and 0.23kcal/mol for two polai' oxygens. 

Because of their sti'ong dependence on distance and their universality, van der Waals 

forces strongly favour close packing between atoms. This applies to all non-covalent 

atom-atom contacts, including intermolecular contacts at the protein surface and 

intramoleculai' interactions within a protein's hydrophobic core (Schulz and Schinner 

1979).

0.25-

0 .2 -

0 .1 5 -

suin of vail d ;r W aal! rad ii

 ̂ 0.0

Î-0.05-

- 0.1 -

-0 .1 5 -
optir lumVor tac^i.stance

- 0.2
5.0 5.5 6.5 7.0 7.5 8.02.5 3.0 3.5 4.0 4.5 6.0

Interatomic Distance (Angstroms)

Figure 1.8: A 6-12 van der Waals Potential The equation used to generate this 
potential is described in section 1.4.3. The 'Interatomic Distance' is measured between 
the centres of the two atoms. The vertical lines represent the sum of the van der Waals 
radii (3.53Â) and the optimum contact distance (3.96Â). Their points of intersection 
with the interaction energy are mai'ked with '□' symbols.
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1.4.4 The Hydrophobic Interaction

When a protein is introduced into water, it prevents some of the hydrogen bonding 

between water molecules. In order to fulfill its hydrogen bonding potential, the water 

molecules at the protein-water interface adopt a more regular, low-entropy, structure. 

Like any system, the protein-water solution seeks to maximise its entropy, favouring a 

minimisation of the contact between the protein (especially the non-polar atoms, that 

cannot form hydrogen bonds) and water. This results in the protein forming an 

approximate sphere with as many apolar side-chains as possible buried on the inside 

(Creighton 1980; Dill 1991; Creighton 1992).

The energy of the hydrophobic interaction has been calculated on the basis of the 

experimental energy of transfer of side-chains from polar to apolar solvents. For 

instance, the Trp side-chain is 3.4kcal/mol more favourable in apolar solvents, Ala 

0.5kcal/mol more favourable, and Ser 0.3kcal/mol less favourable (Nozaki and Tanford 

1971). This was correlated with the apolar accessible surface area of the side-chain 

types. It was found that the favourable energy of transfer to apolar hydrophobic solvent 

was approximately 0.024kcal/mol for each apolar square Angstrom (Chothia 1974). 

Another study divided side-chain atoms into five types according to polarity, and atom 

type's atomic solvation parameters were calculated on the basis of best-fits to 

experimental transfer energies (Eisenberg and McLachlan 1986).
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1.5 Potential Energy Formulations

Semi-empirical energy formulations (also called potential energy formulations or force 

fields) are widely used to estimate the total potential energies of large systems such as 

protein molecules. They play an important part in energy-based refinement of protein 

X-ray crystal structures, ligand binding studies and in computational simulations of 

protein folding and unfolding. They combine the Coulomb equation described in 1.4.2, 

a van der Waals potential like those in 1.4.3 and terms to describe the energetics of 

stretching and compressing of covalent bonds and of distortions of bond angles from 

ideal geometries.

The energy potential used by the AMBER program (Weiner et a l 1984), is

E  -^  total—

(called molecular potential energy, or steric energy) 

bonds angles

(a potential to reflect bond stretching and compression, and distortions o f ideal geometry at covalently bonding 

atoms, expressed as a function of the differences between the postulated (1,8) and ideal (lo,0o) bond lengths 

(1) and angles (0))

E  ^ [ l + c o s  (n<^-Y)] +
dihedrals

(a potential representing the energy due to unfavourable dihedral angles (<[)) approximated as the first term of 

a "Fourier" series)

, E ,
atom pairs

4  A i  , g. g/ 
r , f

(a 6-12 Lennard-Jones potential, as described in section 1.4.3, to represent the energy due to non-bonded 

interactions and a term to represent the energy due to electrostatic interactions as described in section 1.4.2. 

Here i and j  are two interacting atoms, and are the electrostatic charges on the two atoms, e is an
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electrostatic constant)

E
H-Bonds

E L _ 4 L  
r r  r f

(1.3)

(A 10-12 hydrogen bonding potential to prevent unrealistically short H-bonds)

I n  a l l  th e  a b o v e  c o m p o n e n ts ,  i s  th e  d i s ta n c e  b e tw e e n  a to m s  i a n d  j ,  a n d  K , V , n, y,

A , B , C  a n d  D  a r e  c o n s ta n ts  u n iq u e  to  e a c h  a to m  t y p e  o r  c o m b in a t io n  o f  a to m  ty p e s .  

i a n d  j  r e p r e s e n t  in d iv id u a l  a to m s  w i th  th e  e x c e p t io n  o f  c a r b o n s  a n d  o th e r  n o n - p o la r  

a to m s ,  in  w h ic h  c a s e  th e y  a ls o  r e p r e s e n t  a n y  h y d r o g e n  a to m s  c o v a l e n t ly  b o u n d  t o  th e  

c a r b o n  a to m .

Practical applications of such formulations require them to be calculated many times for 

the same protein. This is computationally expensive, and so the calculation is simplified 

where possible (White et al. 1989). For instance, the potential above treats non-polar 

hydrogen atoms and the carbon atoms to which they are attached as one large atom.

Each formulation involves a set of constants (in the example, Kj, K@, V, n, y, A, B, C 

and D) that are different for different combinations of atom types. They have to be 

calculated before using the energy formulation, in a step called "parameterisation". 

Parameterisation is time-consuming, but once done, the energy formulation can be 

calculated with relatively little computational expense. Parameterisation can be done by 

either ab initio calculation of the interaction energies between representative small 

molecules (Reiher 1985) or minimising the error in the energy-based prediction of the 

structure compared to crystallographic determinations (Hagler et a l 1974; Williams and 

Cox 1984), and sometimes using a combination of the two.

Energy formulations are used for two main purposes.

Firstly, they are used to try to find the most energetically favourable conformation for 

a molecule or complex. Conformations are searched by several techniques. Energy
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minimisation attempts to find, given a starting structure, the local minimum of the 

energy formulation. The local minimum is the lowest energy which can be reached 

from the starting conformataion without the energy path rising at any point. This 

compares to the global minimum, which is the set of values that produces the lowest 

energy. In practice, the derivative of the energy formulation is used to estimate the 

direction of the local minimum and the step size to take towards it. This is used as the 

basis for a "best guess" local minimum. This guess is then used as a starting point for 

the next guess, iterating until subsequent guesses converge, or a set limit of iterations 

has been carried out. An alternative technique, Monte Carlo simulation (Metropolis et 

a l 1953; Hagler and Moult 1978; Jacob-Dubuisson et a l 1991) is composed of many 

rounds in which a random atom is moved randomly. The move is accepted if the move 

lowers the molecule's calculated potential energy. Otherwise, a probability of the move 

being rejected is calculated based on the potential energy increase. Another method, 

simulated annealing, uses "molecular dynamics", described below. It simulates heating 

the model and allowing it to cool slowly to push it past greater local maxima.

The second application of energy formulations is in "molecular dynamics", which uses 

Newton's laws of motion to simulate the movement of a molecule over time (Karplus 

and Petsko 1990). It initiates the structure with a random velocity on each atom. 

Computational expense limits simulations to several nanoseconds of virtual time.

Energy potentials are typically calculated by programs that such as AMBER (Weiner et 

al 1984), CHARMm (Brooks et al 1983), GROMOS (Aqvist et a l 1985) and 

DISCOVER (Biosym Technologies). These programs facilitate the use of energy 

equations by integrating them with molecular graphics programs and software to 

automate the applications described above.
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1.6 Reliability of Model Structures

1.6.1 Methods o f Structure Determination

Many of the studies described above and nearly all of the studies described in this thesis 

rely on information about the three-dimensional conformations proteins adopt. Obtaining 

this information is neither easy nor straightforward, and several methods have been 

developed to gamer it. Understanding these methods and their limitations is vitally 

important to interpreting the data obtained in these studies, which is why they will be 

described here.

The majority of structures used in this study are taken from X-ray crystal studies, which 

rely on passing X-rays through protein crystals and determining an electron density map 

of the protein from the pattern the diffracted X-rays make. This technique will be 

described briefly in section 1.6.2, which follows.

Nuclear Magnetic Resonance (NMR) spectroscopy can determine the structure of 

proteins in solution. It involves exposing a protein in solution within a magnetic field 

to a radio frequency pulse. Nuclei that have a magnetic moment (principally the 

isotopes ^H, ^̂ N, and become aligned either with (lower energy) or against (higher 

energy) the magnetic field. The radio frequency pulse energises some of the nuclei from 

the low to the high energy state. When these nuclei relax they radiate the energy at 

frequencies that vary with the magnetic field, the radio pulse, and the atomic 

environment of the atoms. COSY (correlation spectroscopy) discovers interactions that 

are close together in covalent structure, whilst distant interactions are investigated with 

NOE (Nuclear Overhauser Effect) spectroscopy. This gives a set of distance constraints 

that can be used to produce a set of models. Because of the problems in separating 

emissions of similar frequency from the same protein, solving the structures of even 

medium-sized proteins, of above 200 residues, is difficult. Despite this, a recent study 

assigned resonances for a 269 residue protein (Remerowski et a l 1994). Comparisons
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of X-ray and NMR structures (Billeter 1992) show remarkably close agreement.

Neutron diffraction crystallography is similar in concept to X-ray crystallography, but 

uses a beam of neutrons which are diffracted by atomic nuclei rather than X-rays 

diffracted by electron shells. Neutron beams, unfortunately, are scattered to similar 

extents by all atomic nuclei, and so cannot reveal sufficient information by themselves 

to solve a protein structure. This technique is much more rarely used than X-ray 

crystallography and usually augments the X-ray data rather than replaces it (Wlodawer 

1982), but is useful for locating hydrogen atoms.

1.6.2 X-Ray Crystallography

The vast majority of protein structure models used in this thesis were determined by X- 

ray crystallography, as is true of the vast majority of structures in the Protein Data Bank 

(Bernstein et a l 1977). X-ray crystallography (Blundell and Johnson, 1976) relies on 

deducing the structure of a protein from the patterns an X-ray beam makes after being 

fired through a crystal of the protein. The 'scattering pattern' of the crystal is a 

combination of the scattering pattern of the molecular motif and the crystal lattice.

X-rays are scattered by the electron clouds that surround atoms, and therefore are 

scattered more by atoms with high atomic numbers. Thus, nitrogen, oxygen, and carbon 

scatter X-rays to a similar extent and are difficult to distinguish. Also, hydrogen scatters 

X-rays less efficiently than carbon, thus hydrogen atom positions are not easily located 

using X-rays.

The crystal lattice amplifies the scattering of a single cell through the regular repetition 

of near-identical cells throughout the crystal. Because the quality of the crystal lattice 

is important, the crystallisation technique must be chosen with care. Crystallisation 

techniques involve a solution of the protein changing slowly from a concentration 

slightly below its saturation level to supersaturation. The main factors that are used to
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bring about this change are the concentrations of protein, added solutes, temperature, and 

the concentrations of précipitants. Finding conditions that will produce high quality 

protein crystals uses a combination of the knowledge of crystallisation and trial and 

error. The crystals must be large enough to be usable (usually, at least 100pm) and of 

sufficiently high quality to produce a usable diffraction pattern. The most popular 

crystallisation method, vapour diffusion, typically entails a drop of protein solution, 

containing a concentration of precipitant below the level needed to cause crystallisation, 

suspended in a sealed container above a reservoir of solution of the precipitant at a 

concentration just above the precipitation point. The reservoir exerts osmotic pressure 

on the air within the container, dehydrating it. This in turn exerts osmotic pressure on 

the drop of protein solution, increasing the concentrations in the drop of protein and 

precipitant to cause slow crystallisation.

X-rays used are of the order of 1.54Â, and hence occupy the part of the electromagnetic 

spectrum able to resolve the detail on the scale of Angstroms that is important in protein 

structures. The intensity of each reflection is directly proportional to the square of the 

amplitude of its structure factor. Solving the structure requires information about the 

phases of reflections as well as their amplitudes.

The process of recovering the phases is known as the "phase problem". The two most 

common solutions to this problem are multiple isomorphous replacement (M.I.R.) and 

molecular replacement (M.R.). M.I.R. relies on crystals of the protein that also include 

heavy metal atoms. Because heavy metal atoms scatter X-rays much more efficiently 

than protein atoms and are present in very low numbers in each crystal cell, the phases 

for the reflections can be determined. These can be used as the basis for determining 

a preliminary set of phases for reflections from the diffraction pattern of the protein, and 

then discarded. Alternatively, the phases from one or more solved structures of 

homologous proteins can be used as the starting point for refinement, in a technique 

called molecular replacement.

Once the structure amplitudes and phases are determined and combined, the Fourier
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series allows an electron density map to be calculated. The covalent structure of the 

protein is then fitted into the map.

The final step in modelling protein structure is called refinement. This fine tunes the 

model so that it agrees as far as possible with both the electron density map and 

expectations about protein structure. This uses minimisation methods, principally linear 

least-squares refinement and molecular dynamics (see section 1.5) to the sum of two 

terms. The first term is a structure factor term representing the disagreement between 

the measured reflections and the reflections that would correspond to the model. The 

second is a stereochemical term representing unfavourable bond angles, lengths, and 

contacts. Often, an energy formulation (see section 1.5) is used as the structure factor. 

Least squares refinement has a very low radius of convergence and finds only local 

minima {e.g. Tronrud et al. 1987). Sometimes, particularly in the latter stages of 

refinement, this method is chosen because only a small radius of convergence is 

required. Molecular dynamics simulations of annealing can explore conformational 

space and have a much larger radius of convergence (Briinger et al. 1987). Fitting the 

covalent structure of the protein to the electron density is sometimes done by alternating 

between manual intervention in model building and automated refinement procedures.

Useful as X-ray models are, it is very important to understand their limitations. The 

electron density map is rarely accurate enough to show the single electron around a 

hydrogen nucleus. The crystal lattice is rarely perfect, and some atoms do not occupy 

the same position in all unit cells. Such atoms, if in more than one position, will show 

up in the electron density map as alternative positions in the model. The 'occupancy' 

of each model atom position can be calculated. Each atom also has a temperature factor 

("B-factor") to show the degree of thermal motion that blurs the image of the atom in 

the electron density map. Atoms that form few contacts with the protein, such as 

solvent atoms, loop regions, and exposed side-chains, will have a high degree of 

molecular motion and not appear in the electron density map. Because nitrogen, 

oxygen, and carbon atoms scatter X-rays with similar efficiency the images of the 

terminal groups of Asn, Gin, and His side-chains in the electron density map appear
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approximately symmetrical. Which atom of the terminal amide group is nitrogen and 

which is oxygen, or which atoms of the imidazole group of His are nitrogen and which 

are carbon, must be implied from the environment around the side-chain, principally 

from location of potential hydrogen bonding partners This will be analysed in the body 

of the thesis.

The level of detail shown by electron density maps differs with resolution. An electron 

density map with a resolution of 3.0Â allows the path of the main-chain to be 

determined; a resolution of 1.5Â allows resolution of individual atoms; one of 1.2Â even 

allows resolution of hydrogens. Knowledge of covalent structure often allows atoms to 

be positioned with more confidence than resolution would suggest. At this stage other 

values of the quality of a model are calculated, including the occupancies and B-factors 

described above. The agreement between model and X-ray data is quantified as a 

residual factor or '/^-factor'. The 7?-factor varies with the resolution of the structure; a 

well refined protein structure should have an 7^-factor of, at most, 0.2. Nearly all the 

X-ray structures in the Protein Data Bank have /^-factors of 0.2 or less.

47



Chapter 1: Introduction

1.7 The Thesis

Despite the surveys mentioned in section 1.3.4, several aspects of hydrogen bonding in 

globular proteins still need investigation and can now be addressed given the quality and 

quantity of X-ray crystal protein structures now available.

The possible criteria for hydrogen bonding are explored first, and criteria selected. 

Fifty-seven high-resolution protein structures are chosen as a dataset, such that no two 

proteins of similar structure are included. These form the basis of most of studies that 

follow, and are described in chapter two.

An "Atlas of Side-Chain and Main-Chain Hydrogen Bonding" that lists the frequency 

and geometry distributions of the donor and acceptor atom types of the standard amino 

acids has been produced as a reference for protein scientists. These data are described 

and analysed in chapter three. The hydrogen bonding of the different atom types is 

compared and contrasted to discover patterns that recur in different donors and 

acceptors. For example, the proportions of Asn, Gin and His side-chains that fail to 

hydrogen bond are overestimated because they are difficult to orientate accurately in 

crystal structures. Several donor and acceptor atom types, in particular main-chain 

hydrogen bonding atoms, rarely fail to form a hydrogen bond.

The main-chain atoms are present in the high resolution dataset in sufficient numbers 

for a more detailed analysis to be statistically valid. Chapter four takes advantage of 

the greater volume of data available to examine a variety of aspects of main-chain 

hydrogen bonding, including the relationships between hydrogen bonding and measures 

of structural accuracy, hydrogen bonding criteria, burial and secondary structure.

The underestimated hydrogen bond satisfaction of Asn, Gin and His side-chains is 

examined in the development of a simple algorithm to compare the alternative 

conformations and identify the most favourable conformation where possible. This is
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described in chapter five.

Chapter six summarises the conclusions of the thesis and suggests directions for future 

research.
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2 Choosing Hydrogen Bond Criteria

2.1 Introduction

The previous chapter reviewed hydrogen bonding with an emphasis on its role in protein 

structure. It described studies of hydrogen bonding geometries as finding that the 

frequency of hydrogen bonding gradually decreases as the donor, hydrogen, and acceptor 

move away from an ideal juxtaposition. There is no definitive cutoff at which the 

interaction becomes merely a weak electrostatic interaction rather than a hydrogen 

bond. The choice of which interactions to include in these studies must therefore be 

considered carefully.

This chapter will examine methods of counting and quantifying hydrogen bonds and 

choose the hydrogen bond criteria that will be used in the rest of this study. The first 

step is choosing which elements to study, and the second is choosing which type of 

criterion to use. Once the general type of criterion has been qualitatively selected, it 

may be neccessary to quantify the criterion through examination of the hydrogen 

bonding in a cross-section of well-refined high resolution protein structures.
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2.2 Choosing Donors and Acceptors to Study

Section 1.2.2 showed that nitrogen, oxygen and fluorine have the greatest propensity to 

form hydrogen bonds, and that several other elements, including sulphur, show slight 

hydrogen bonding character. Fluorine is not commonly found in biological molecules 

and biochemical studies tend to focus on nitrogen and oxygen (Lippincott and Schroeder 

1955; Hagler et a l 1974; Del Bene 1975; Lifson et a l 1979; Kabsch and Sander 1983; 

Taylor et a l 1983; Baker and Hubbard 1984; Fersht et a l 1985; Alber et a l 1987; 

Gôrbitz 1989; Mitchell and Price 1989; Llamas-Saiz et a l 1992; Eberhardt and Raines 

1994; Gavezzotti and Fillippini 1994; Mortensen et a l 1994), some concentrating only 

on oxygen (Kroon et a l 1975; Brown 1976; Murray-Rust and Glusker 1984; Connelly 

et a l 1994; Gilh et a l 1994; Perlman et a l 1994; Steiner and Saenger 1994) and some 

including atoms other than nitrogen or oxygen (Taylor and Kennard 1982; Presta and 

Rose 1988; Stickle et a l 1992). Table 2.1 compares the choice of atoms investigated 

by some of the studies.

Section 1.3.1 explained that aromatic groups can also accept weak hydrogen bonds via 

their delocalised 7C-electrons, which can interact with polar hydrogen atoms (Burley and 

Petsko 1986). In proteins this interaction is relatively rare, since other interactions are 

stronger and tend to dominate (Singh and Thornton 1990; Thornton et a l 1993; Mitchell 

et a l 1994). In protein structures, planar NH groups tended to stack above instead of 

pointing at aromatic side-chains in the ratio 5:2 (Mitchell et a l 1994), making 

'conventional' hydrogen bonds with conventional acceptors.

Aromatic groups (Thornton et a l 1993; Mitchell et a l 1994) and other unusual 

hydrogen bonding partners (Taylor and Kennard 1982) are handled in other studies. 

Since this thesis is attempting to form a statistical analysis of hydrogen bonding groups, 

it will examine the groups for which hydrogen bonding in proteins is known to be the 

rule rather than the exception - oxygen and nitrogen. It includes sulphur because this 

element has been treated as a hydrogen bonding element by previous studies (Baker and
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Hubbard 1984; Ippolito et a l 1990; Stickle et a l 1992; Savage et al. 1993), despite 

having a similar Pauling electronegativity to carbon, and it is important to examine its 

properties.

Table 2.1: Comparison of the Treatment by Different Studies of Atoms Involved 
in Hydrogen Bonds 

Treatment of Polar Hydrogens
Present in the structures analysed.
Modelled onto the main-chain NHs 
Most hydrogens placed (not Ser, Thr, Lys, or Tyr SCs) 
Hydrogens not included in criteria.
Hydrogens not included in criteria.
Modelled along with the rest of the molecule.
Present in the structures analysed 
Present (or excluded from H length/angle studies)
Present in the structures analysed, D-H normalised to 1.0Â

Notes
& K (Taylor and Kennard 1982), K & S (Kabsch and Sander 1983), B & H 

(Baker and Hubbard 1984), S (Stickle et at. 1992), P & R (Presta and Rose 1988) 
(P & Ra are the criteria used for defining secondary structures, P & Rb are used 
in the search of possible conformations for helix-capping hydrogen bonds), S & S 
(Steiner and Saenger 1994), Gilli (Gilli et a l 1994), Gôrbitz (Gôrbitz 1989). 
^Stickle et al. define sulphur as an acceptor but not a donor.
În identical dimers only.
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2.3 The Choice of Criterion Type

2.3.1 Introduction

The question of choosing a hydrogen bond criterion is not as completely straightforward 

as it is, for instance, for covalent bonds. The strength of hydrogen bonding interactions, 

as this chapter will show, trails away from optimal geometries towards weak 

electrostatic interactions very smoothly. As a result, many different methods of 

quantifying hydrogen bonds have evolved, for example Kroon et a/.(1975), Taylor and 

Kennard (1982), Kabsch and Sander (1983), Baker and Hubbard (1984), Presta and Rose 

(1988), Gôrbitz (1989), Ippolito et a l (1990), Stickle et a l (1992), Gilli et a l (1994), 

and Steiner and Saenger (1994). The different criteria were not described along with 

the overview of studies of hydrogen bonding in 1.3.4, and will be described here.

These methods have varied immensely, from formulations for estimating the energy of 

hydrogen bonds, to simple on/off criteria. The variations include which elements are 

regarded as hydrogen bond donors and acceptors and the nature and severity of cutoffs 

(if any), and deserve closer review.

This review of previously used criteria will inform the choice of methods used to define 

hydrogen bonds in the studies that this thesis describes. The principal problem faced 

by all hydrogen bond criteria, including those chosen for this study, is that hydrogen 

bonds are a "matter of degree", but to treat each interaction as a hydrogen bond of 

varying strength (instead of flagging some interactions and excluding the rest) entails 

using some way to evaluate the strength of each individual interaction. The method 

used to quantify the hydrogen bond strength will inevitably affect the results of the 

analysis. The alternative requires an 'on/off criterion that draws an unrealistically sharp 

line between interactions inside and outside an arbitrary cut-off.
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The approaches to this problem made by previous studies include the treatment of all 

hydrogen bonding in the force fields used in energy calculations, estimates of bond 

strength taken directly from particular aspects of the hydrogen bond geometry, and using 

straightforward geometric criteria to produce a hydrogen bond inventory. This section 

will review them in order, and then choose which sort of criterion is most appropriate 

to this study.

2.3.2 Hydrogen Bonds in Potential Energy Formulations

Semi-empirical energy formulations were described in section 1.5. It may seem 

reasonable to use force fields to calculate the energy of a hydrogen-bond type 

interaction, possibly using a cut-off energy to decide what to include in a "hydrogen 

bond inventory", but the representation of hydrogen bonds in energy equations is itself 

hotly debated, as will be described in this section. In particular, it is usually very 

difficult to separate the term or terms dealing with hydrogen bonds from the rest of the 

formulation.

Section 1.5 mentioned that simplifications are needed for the formulations to handle 

protein molecules without taking up prohibitive lengths of computer time. Some 

simplifications affect hydrogen bonding systems no more than any other. But three very 

common simplifications disproportionately affect the accuracy with which force fields 

model hydrogen bonds.

Firstly, most energy formulations assume that the electron cloud around an atom is 

isotropic (spherical) and portray it as a point charge. As described, electron clouds in 

hydrogen bonded atoms are distorted and model potentials work better if they take this 

into account (Stone and Price 1988). This is relatively easy to correct, although it adds 

to computational times.

Secondly the energy of the electrostatic interaction, which is a major component of the

54



Chapter 2: Choosing Hydrogen Bond Criteria

hydrogen bonding energy, varies inversely with the dielectric constant e. As described 

in section 1.4.2, the dielectric constant is very difficult to represent accurately in protein 

structures.

Thirdly, most force fields only calculate the interactions of two bodies at a time 

("bodies" meaning atoms separated by enough covalent bonds for the reaction to 

effectively be intermolecular). The interaction between two bodies can affect the 

interactions of one or both of them with a third body, for instance by perturbing the 

electron shells of the third body. Interactions between three bodies can affect the 

relationship of any one of them with a fourth, and so on. This is shown by the series 

below, that represents the full energy of the interaction. Most force fields, however, 

assume that the first term alone is sufficient.

^  5 ^ ^ i j k l m '  ' • (2.1)
i i < j t < j < k  i < j < k < l  i < j  < k < l  < m

W h e r e  U , is  th e  e n e r g y  o f  th e  i s o la te d  m o le c u le  i, U  i s  t h e  e n e r g y  o f  th e  w h o le  s y s te m ,

U ÿ  i s  th e  tw o - b o d y  c o r r e c t io n  f o r  in te r a c t in g  i a n d  j  m o le c u le s ,  a n d  s o  o n .

There is no guarantee that subsequent terms, correcting for the interactions between 

three or four or more bodies, are not significant. This is particularly true for hydrogen 

bonds, where the three-body "induction effect" is usually important (Stone and Price 

1988).

These inaccuracies accummulate to the point where model potentials rarely work well 

for hydrogen-bonded amide systems. When used to model a helix-forming polypeptide, 

the three major model potentials, CHARMm, AMBER and ECEPP (Momany et al. 

1975), frequently produced markedly different energy minimised structures (Roterman 

et al. 1989a; 1989b).

Several studies have attempted to find better ways of treating hydrogen bonding in
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energy equations. There is disagreement on whether to include an explicit hydrogen 

bonding term or whether the components of the energy equation that represent the 

electrostatic and non-covalent interactions should be sufficient. Reiher (1985) 

demonstrated the latter by reparameterising CHARMm without its hydrogen bonding 

term and running both the old and the new versions on formamide and water 

interactions. When both Reiher's and the old CHARMm potential surfaces were 

compared with surfaces derived by ab initio quantum mechanics for a series of dimers 

of water and formamide, Reiher's parameterisation proved significantly closer to the ab 

initio surface. Hagler's group built up force fields for hydrogen bonded systems in the 

1970s, first with amide systems (Hagler et a l 1974) and then with carboxylic acids 

(Lifson et a l 1979). They parameterised a Lennard-Jones-Coulomb potential using only 

the van der Waals and electrostatic terms to give the hydrogen bonding energies without 

using a dedicated hydrogen bonding term (Lifson et a l 1979).

Despite the value of studies such as these in underlining the dominance of the 

electrostatic and van der Waals terms in hydrogen bonding, there have been very few 

studies which used calculated hydrogen bond energies along the lines of an energy 

equation as the criteria for their hydrogen bond inventory. This is because energy 

formulations produce a continuous range of energies that depend on the assumptions that 

may be under investigation.

2.3.3 Theoretical Estimates o f Hydrogen Bond Strength

Other studies have used alternative ways of quantifying hydrogen bonds that are not as 

precise as empirical energy equations but serve the purpose of the (usually relatively 

specialised) study.

As the criteria of the hydrogen bond inventory used in their definition of secondary 

structure, Kabsch and Sander (1983) used the Coulomb equation of electrostatic energy 

to give a very simplistic model of hydrogen bond energy, and counted interactions with
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an energy lower than -0.5kcal/mol as hydrogen bonds.

c o ^  N n f  ON+f C H ~f OH~r cat)

w h e r e  E  i s  th e  e n e r g y  o f  th e  in te r a c t io n  in  k c a J /m o l ,  qco  a n d  a r e  th e  c h a r g e s  o n  

a n d  r e s p e c t iv e ly ,  r-j i s  th e  d i s t a n c e  b e tw e e n  a to m s  i a n d  j ,  a n d  /  i s  th e  

d im e n s io n a l  f a c to r ,  ^ c o  =  0A 2e, =  0 .2 0 e ,  e i s  t h e  u n i t  e l e c t r o n  c h a r g e ,  /  =  3 2 2 .

This is not an accurate portrayal of the full energy of interaction. It concentrates 

exclusively on the electrostatic component and does not vary the dielectric constant e 

with distance. It is a pragmatic calculation, developed solely for the purpose of 

assigning secondary structure and not as a model of hydrogen bond energies. It does 

allow short bond lengths to compensate for poor bond angles and vice versa, which is 

the principal advantage of such an approach over simple geometric criteria.

The Kabsch and Sander method has become the principal algorithm for assigning 

secondary structure in proteins. Other considerations make their hydrogen bond criteria 

less useful in more general studies. This is because of the need to produce equivalent 

criteria for different atom types and the need to analyse hydrogen bonds in terms of the 

distribution of their geometries.

Several studies have attempted to measure hydrogen bond strength not as an energy but 

as a "Bond Valency" (Brown and Shannon 1973; Brown 1992; Steiner and Saenger 

1994), or what proportion of a "standard" covalent bond each hydrogen bond represents. 

Instead of conventional valency theory, which assumes each covalent bond has an 

integer value (usually 1, 2, or 3), each bond is given a non-integral value on a 

continuous scale. These values are calculated on the basis of bond length. A 

small-molecule study that extended this concept to hydrogen bonds (Brown 1992; 

Steiner and Saenger 1994) showed that the relationship between 0-H and H...0 bond 

lengths closely followed the assumption that the valency of the hydrogen bond and the
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covalent bond added up to unity for each hydrogen when using the equation:

s _  ( T )  (2.3)

w h e r e  i s  t h e  v a le n c e  a t  d is ta n c e  r, a n d  Tq a n d  b a r e  p a r a m e te r i s e d  c o n s ta n t s

Although this is a very interesting approach to quantifying bonds, it is dependent on 

precise bond lengths which are simply not available for protein structures, and therefore 

not useful in protein studies.

2.3.4 Geometric Criteria

Previous statistical studies of hydrogen bonding patterns in protein molecules (Baker and 

Hubbard 1984; Ippolito et al 1990; Stickle et a l 1992; Savage et a l 1993) have tended 

to use geometric criteria to choose their hydrogen bond inventories, mainly because this 

preserves as much of the data as possible in a raw unprocessed state, important when 

the distribution of angles and distances is under study. Relatively little accuracy is lost 

by being unable to allow good lengths to compensate for weak angles, or vice versa. 

Hagler et a l (1979) commented at the end of one of their force field papers that "the 

most general and useful definitions of hydrogen bonds are geometric".

The geometric criteria that have been used vary wildly. Different researchers, studies 

and sometimes different parts of the same study vary in the atoms they use to define 

their criteria as well as the minimum and maximum cutoff values of the criteria 

themselves (see table 2.2). This table illustrates the dictum that the chosen geometric 

criteria will tend to be determined by the purpose of the study. Taylor and Kennard 

(1982) are looking for weak hydrogen bonds, therefore they use weaker criteria. When 

defining helices, Presta and Rose (1988) know exactly what they are looking for, so they 

use stricter criteria, as do Gilli et a l (1994) looking for strong 0  0  hydrogen bonds

58



Chapter 2: Choosing Hydrogen Bond Criteria

Table 2.2: Comparison of Geometric H-Bonding Criteria Between Different Studies

Abbr^ D-H A D-A H-A H/D Â-AA^ DD-D A Planarity
T & K 90° - 2.7-3.0Â’* - -

K & S 89°̂ 5.2"Â 4.2Â'' (H) 67°“ Special
B & H 90° 3.5Â - (H) 90° - -

S - 3.3-4.2Â3" (D) 60/90°’ 90° DA in other's plane^
P & R a - 3.5Â - (D) 110° 90° Torsion
P & Rb 110° 3.4Â - (H) 60/90°’ - A-AA Torsion angle
S & S 90° - 3.0Â - - -

Gilli 165°" 2.69Â - - - -

Gôrbitz

Notes

110° 2.4Â

^The key to the abbreviations for the different papers is in table 2.1. D, DD, and 
A are explained, as the donor, donor antecedent, and acceptor, in figure 2.1.
^ h is  value is either the minimum H-Â-AA angle or D-Â-AA angle, as indicated. 
^The maximum distances are (a)the van der Vaals radii totals and (b) the same plus 
109b.
"̂ See section 2.3.3 for a full explanation of the Kabsch and Sander definition. The 
values given are assuming otherwise ideal geometry.
^The value of 60° applies to sp  ̂ acceptors and of 90° applies to sp^ acceptors. 
^The angle between the normals to planes (D-DD1-DD2) and (A-D-DD) must be 
60° or less. The angle between the normals to the planes (A-AA-AAA) and (D-A- 
AA) must be 90° or less.
^Only in studies of H...A length and D-H...A angle distributions

with identical donor and acceptor groups. The task of Taylor and Kennard (1982), and 

Steiner and Saenger (1994), is made easier by the use of neutron diffraction and small 

high resolution X-ray structures that include the positions of hydrogens. This is also 

true of Presta and Rose (1988) when they are modelling hydrogen bonds and Gilli et a l 

(1994) when they are analysing hydrogen bond distances and angles.

Those studies that use X-ray structures where the resolution is such that the hydrogens

cannot be seen and therefore no co-ordinates are provided, face a choice. They can

attempt to position hydrogen atoms and state a criterion in terms of those hydrogens, or

state the criterion in terms of only the donor atom and its antecedents. Nearly all

studies use a minimum angle at the donor (DD-D...A) or at the hydrogen (D-H...A) of

90°. DD, D, H, A, and AA are defined in figure 3.1. Because of their different
electronic configuration, some 
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DD AAA
\  /
D  H A  AA
/  \

DD AAA
Figure 2.1: Explanation of D, DD, DDD, A,
AA, AAA and H

interactions that satisfy this minimum angle at the donor but not at the hydrogen, and 

would show little if any hydrogen bonding character because the D-H . A angle is too 

far from linear. To compensate, the studies that rely on the angle at the donor need to 

add a criterion that the acceptor must be approximately in the plane of the donor and 

its connected atoms, and hence - in theory - also in the plane of the hydrogen.

The most significant problem in modelling polar hydrogens on protein molecules is that 

some are able to rotate around the D-DD bond (eg any sp^ hybridised donor) or can 

occupy more than one point (e.g. the on Tyr). This makes them impossible to 

position with any certainty. Baker and Hubbard (1984) neither model these hydrogens 

nor include any minimum angle at the donor.

The maximum allowed distance between the hydrogen (or donor) and the acceptor varies 

relatively little between studies. It is more lax in the study of weak hydrogen bonds by 

Taylor and Kennard (1982), and slightly more strict for the Presta and Rose (1988) 

hydrogen bond library. Two studies (Taylor and Kennard 1982; Stickle et al. 1992) 

vary the distances according to the van der Waals sizes of the donor and acceptor heavy 

atoms. This is an intelligent embellishment, particularly for sulphur atoms which are 

on a different series of the Periodic Table from nitrogen, oxygen and fluorine.

Almost all the studies place a minimum value on the angle at the acceptor, to reflect the 

preference (see sections 1.2.3 and 1.3.4) for the hydrogen to be close to the acceptor's 

lone electron pairs. This value is usually 90°, and is sometimes relaxed to 60° for the
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tetrahedral sp^ hybridised acceptors. The studies that allow a more lax set of criteria for 

tetrahedral acceptors also require the donor to be in the plane of the acceptor. This is 

logical for planar sp^ hybridised acceptors, but its purpose for the tetrahedral acceptors 

is not clear.

2.3.5 Choice of Criterion Type

This study has reviewed how semi-empirical force fields aimed at simulating the 

energetics of an entire protein structure treat hydrogen bonds, as well as different 

geometric criteria and ways of turning the geometries of the hydrogen bond into simple 

measures of hydrogen bond strength. This study aims to analyse the distribution of 

hydrogen bond geometries, hydrogen bond strength, and the satisfaction of hydrogen 

bonding potential. The former requires an inventory of hydrogen bonds chosen by a 

simple set of criteria that do not bias the results of the study. The latter two would 

benefit from a measure of the strength of a hydrogen bond to differentiate between 

strong hydrogen bonds and weaker interactions less able to satisfy hydrogen bonding 

potential. This would, however, introduce assumptions into the results.

It is much more important that the study can work as closely as possible to raw data, 

affected as little as possible by the methods used to interpret it, than that differences 

between weak and strong hydrogen bonds be built into measures of the satisfaction of 

hydrogen bonding potential. For this reason, the study will concentrate on an inventory 

of hydrogen bonds selected by simple geometric criteria. This does not prevent these 

data from being augmented by more complex approaches where the investigation 

requires it.
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2.4 The Algorithm

2.4.1 Generating a Hydrogen Bond Inventory

X-ray crystal structures of proteins very rarely include hydrogens. Fortunately, the 

positions of polar hydrogens (those that may be involved in hydrogen bonds) can usually 

be inferred, it is almost always possible to imply a 'locus' or set of possible positions. 

Finding this 'locus' for every hydrogen bond donor in the crystal structure was the first 

stage of the algorithm implemented in the C program HBPLUS (McDonald 1992). The 

details of how the loci are calculated for the different atom types are described below 

in section 2.4.2. The second step consists of searching through each pair of atoms

Table 2.3: Hydrogen Bond Donors and Acceptors recognised by HBPLUS

Donors

1. Main Chain NHs

2. Cyh S \ His N^, His 
N“ , Lys N(. Asn N“
Gin N^, Arg N®, Arg 
Nr>‘, Arg Ser 0 \  
Thr O'”, Tyr 0 \  Trp NT'

3. Donors of recognised 
non-standard molecules

4. Nitrogen atoms in 
unrecognised molecules

5. Oxygen atoms of 
water molecules

Acceptors

1. Main Chain COs

2. Cyh S \ Css Asp 
0*‘, Asp 0 “  Glu O '”, 
Glu O'^, His N“ , Met 
S®, Asn 0®‘, Gin O '”.
Ser 0 \  Thr O '”, Tyr O’”

3. Acceptors of 
recognised non-standard 
molecules

4. Oxygen atoms in 
heterologous molecules 
(including waters)

Recognised
Non-Standard
Molecules

1. Standard Nucleotides 
C, A, U, G, T and ATP

2. Coenzymes CoA, 
FMN, Heme, NAD

3. Small Groups and 
Molecules Methatrexate, 
Acyl, Formyl

4. Amino Acids Aib, 
Phi, Sec, Aim, Mpr, Frd, 
Lym, Glm, Pph, Pgl,
Ole, Aba, Nle, B2v,
B2i, B lf, Bno, B2a,
B2f, Iva, Lov, Sta, Pvl, 
Cal, Pha, Dei, Ahs,
Chs, Mse, Eta, Pea, Asx, 
Glx, Unk, Cyh, Css
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Table 2.4: Donor Group Geometries

Name of Donor 
Atom

Hybridization
and
Classification

Angles and Conditions 
Used to Define Structure

D-H
length
(A)

His His N^, 
Arg N ,̂ Trp

planar IH, 2 
DDs

DDj-D-H = DD2-D-H 1.00

Tyr planar^ IH, 1 DD DD-D-H = 110°,250° 
DDi,DD2,D,H are planar

1.00

Asn Gin N^, 
Arg N^\ Arg

planar 2H, 1 DD DD-D-H = 120° 
DDD-DD-D-H = 0°, 180°

1.00

Cyh tetrahedral DD-D-H = 96° 1.33

Ser 0 \  Thr 0^ IH, 1 DD DD-D-H = 110° 1.00

Lys any amino 
terminus

tetrahedral 
3H, 1 DD

DD-D-H = 110° 
DDD-DD-D-H = 180°

1.01

Backbone N planar IH, 2 
DDs

C-N-H - CA-N-H = 4° 
C,CA,N,H are planar

1.00

^The OH group of tyrosine is intermediate between sp^ and sp^ hybridisation. As 
the hydrogen is planar with the aromatic ring, HBPLUS classes the Tyr OH with 
sp^ atoms.
The atoms given as D and DD are defined in figure 2.1. DDD represents the heavy 
atom(s) attached to DD on the opposite side of D.

looking for donor and acceptor atoms which fit the chosen geometric criteria.

The donors and acceptors on the standard amino acids are listed, along with the 

non-standard amino acid types and heterologous atoms that are also recognised in table

2.3. The oxygen atoms of recognised water molecules are allowed to act both as donors 

and acceptors. In other molecules, nitrogens are designated as donors and oxygens as 

acceptors. If two Cys atoms are within 3.0Â then they are regarded as disulphide 

bonded cystine (Css) residues and unable to donate, rather than reduced cysteine (Cyh).
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2.4.2 Individual Hydrogen Types

2.4.2.1 Introduction

The positions of the hydrogens are taken from Momany et a l (1975), with the exception 

of the main-chain NH hydrogen which is taken from Pauhng and Corey (1951). They 

are illustrated in figures 2.2 and 2.3, together with planarity and loci, using the one- 

letter notation given in figure 2.1. The precise bond angles and lengths are listed in table

2.4. Each donor heavy atom in an amino acid is classified according to how many 

hydrogens or heavy atoms it is covalently bound to, and the hybridization state of the 

atom, inferrred from the angles formed by covalent bonds at the donor and at its 

antecedent. If the donor antecedent forms two or three covalent bonds to heavy atoms 

then the mean angle between the bonds is analysed - the antecedent is regarded as sp^ 

(trigonal planar) if the mean is more than 118.3° and sp^ (tetrahedral) if the mean is less. 

The numbers of bound atoms are listed as 1, 2 or 3 Hs and then 1 or 2 DDs (Donor 

Antecedents, as shown in figure 2.1). The method of calculation is described below.

2.4.2.2 sp̂  Hybridised Donors

sp^ 1 H, 2 DDs

This includes NH groups on the main chain or Arg, His and Trp side chains.

The donor atom is known to be attached to two DD heavy atoms and to the hydrogen. 

The angle DD1-D-DD2 is bisected by finding the mean of the directions of the vectors 

DDl-D and DD2-D. For main-chain groups the hydrogen is rotated within the plane of 

the peptide bond towards the carbonyl carbon in accordance with Pauling and Corey 

(1951). The hydrogen is placed a set distance away from D (usually 1.00Â for N 

donors).
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sp^ 1 H , 1 D D

A l t h o u g h  t h e r e  a i e  n o  s t a n d a r d  a m i n o  a c i d  d o n o r s  t h a t  f a l l  i n t o  t h i s  c a t e g o r y ,  t h e  T y r  

O ^ ,  w h i c h  i s  a  c o m b i n a t i o n  o f  sp^  a n d  sp^  h y b r i d i z a t i o n ,  b e h a v e s  i n  a  s i m i l a r  f a s h i o n  

g e o m e t r i c a l l y  a n d  i s  m o d e l l e d  w i t h  a  p l a n a r  5/ 7̂ - s t y l e  g e o m e t r y .  T h e  H ,  D D ,  a n d  o n e  

o f  t h e  d o n o r ' s  l o n e  e l e c t r o n  p a i r s  f o r m  a  p l a n a r  t r i g o n a l  a n a n g e m e n t  a r o u n d  D .  T h e  

h y d r o g e n  m a y  t a k e  o n e  o f  t h e  t w o  p o s i t i o n s  w h e r e  H ,  D D ,  D D D l  a n d  D D D 2  a r e  

c o p l a n a i '  a n d  t h e  H - D - D D  a n g l e  t a k e s  t h e  a n g l e  g i v e n  i n  t a b l e  2 . 4 .  T h i s  l o c u s  i s  

d e t e i T n i n e d  b y  f i r s t  c a l c u l a t i n g  h y d r o g e n  p o s i t i o n s  i n  a  l o c a l  c o - o r d i n a t e  s y s t e m ,  a n d  

t h e n  t r a n s f o r m i n g  a n d  t r a n s l a t i n g  t h e m  o n t o  t h e  d o n o r  a t o m .

A / /  2  H s, J D D

T h i s  i n c l u d e s  A s n  a n d  G i n  a m i d e  g r o u p s  a n d  A r g  N ' \  T h e s e  a l l  h a v e  a  d o n o r  b o u n d  

t o  t h r e e  a t o m s  t h a t  l i e  i n  t h e  s a m e  p l a n e  a n d  a t  1 2 0 °  t o  e a c h  o t h e r .  D D ,  D D D l  a n d  

D D D  a l s o  l i e  i n  t h e  s a m e  p l a n e .  T h e  t w o  h y d r o g e n  p o s i t i o n s  a r e  c a l c u l a t e d  i n  a  l o c a l  

c o - o r d i n a t e  s y s t e m  b e f o r e  b e i n g  t r a n s f o r m e d  a n d  t r a n s l a t e d  o n t o  t h e  d o n o r  a t o m .

H 
I 

D D < ^ D D

P l a n a r i t y  

F i x e d  H y d r o g e n  ^

eg NH on main-chains, 
Arg, His and Trp 

side-chains

DDD^ ^DDD 
DD

H H

P l a n a r i t y

F i x e d  H y d r o g e n  | / C |

T h e  l o c u s  i s  c o m p o s e d  o f  t w o  
a l t e r n a t i v e  p o i n t s  a s  s h o w n  a b o v e .

eg OH on Tyr side-chains

DDD^ /D D D&
P l a n a r i t y  

F i x e d  H y d r o g e n s ^

eg NH, on Arg,
Asn and Gin 
side-chains

Figure 2.2: Geometries of Planar Donor Atoms
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2.4.2.3 sp̂  Hybridised Donors

Irrespective of the number of hydrogens, if there is only one DD heavy atom attached 

to the donor, then they rotate round the D-DD bond, forming a circular locus. Steric 

hindrance is known to favour three particular staggered H-D-DD-DDD torsion angles, 

120° apart The "correct" locus would therefore be a circle, but the strong preference 

for the staggered positions means that it approximates to the three staggered points. 

Which locus to use is actually slightly arbitrary. The hydrogens on the heavy atom 

steric ally hinder the aligned conformations in favour of the staggered conformations, 

making the energetic gap between staggered and aligned much wider when there are 

three sp^ hydrogens rather than one. The algorithm uses a circle for a single sp^ 

hydrogen and three points for the triple sp^ hydrogens.

sp^ 1 H, 1 DD

These include on Ser and Thr, and S''̂  on Cyh. The centre of the circular locus is 

found by projecting the D-DD bond a distance that depends on the lengths and angles 

for the group in question. A default position, staggered relative to the DD-DDD line, 

is calculated in a local co-ordinate system, then transformed and translated. The circular

h :

? 
DD

DDD

Planarity

Fixed Hydrogen
The hydrogen may swivel round the 

DD-D axis towards the acceptor

e g  O H  o r  S H  o n  
T h r ,  S e r  o r  C y h  s i d e - c h a i n s

H
H . I . H

D D ^
DDD

A
DDD

Planarity

One H is in the same plane 
as D, DD and DDD.

Fixed Hydrogens^

e g  N H /  o n  L y s  s i d e - c h a i n s  
a n d  t e r m i n a l  n i t r o g e n s

Figure 2.3: Geometries of Tetrahedral Donor Atoms

66



Chapter 2: Choosing Hydrogen Bond Criteria

locus that the hydrogen is allowed to move along is normal to the D-DD line. 

sp^ 3 H, 1 DD

The only example of this in standard amino acid groups is lysine and terminal amino 

groups. The combined locus is made up of three alternative points, equally spaced and 

staggered relative to DDD, where DDD is one covalent bond beyond DD from D. The 

positions are calculated using a local co-ordinate system and relevant bond lengths and 

angles, and transformed and translated onto the donor.
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2.5 The High Resolution Dataset

It is important that the interactions we use to analyse hydrogen bond distributions and 

establish criteria are accurately portrayed and are a cross-section of interactions within 

protein structures. For this reason the study takes its hydrogen bond inventory from the 

structures in a "high resolution dataset".

It is composed of 59 chains from 57 protein structures (see table 2.5 and figure 2.4) of 

resolution 2.0Â or better and R-factor of 20% or better, with 30% sequence homology 

or less, and no structural analogy. Structural analogy is defined as an SSAP score of 

80 or more by the method of Orengo et a i (1993), an empirically derived cutoff 

indicating high structural similarity, usually reflecting a functional correspondence. This 

gives a dataset that, for example, only includes one globin.

Because refinement optimises a structure partly in comparison to ideal bond lengths and 

angles, it is possible that the refinement method used at the end of X-ray structure 

determination (see section 1.6) may affect the hydrogen bonding patterns exhibited by 

the structures. Of the 46 protein structures that list only one refinement method in their 

PDB entry, the vast majority (29) use either the restrained least-squares refinement 

program PROLSQ or a variant that uses fast-Fourier transforms (Hendrickson 1985). 

Eight use a similar program TNT (Tronrud et a l 1987). The differences in bond lengths 

and angles between structures that were produced with the help of different refinement 

techniques have been studied and, although significant enough to allow prediction of the 

refinement method from the final structure, are unlikely to significantly affect statistical 

analyses of hydrogen bonding (Laskowski et a l 1993b).

'All the atoms in a PDB entry, including water molecules and other ligands are used, but 

|no additional symmetry-related atoms are generated. For each disordered atom, all 

positions but that of highest occupancy are discarded. If multiple positions have equal 

and highest occupancy, then the first presented in the PDB file is used.
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Table 2.5: The High-Resolution Dataset

Code Chain Res

R

Fact Compound Authors Year

lA K E A 1.9 1.96

Adenylate Kinase (E.C. 2.7.4.3) complex 

with Inhibitor A P5A  (Bis-Pentaphosphate) C.W.Mueller, G.E.Schulz 1991

IC BX 2.0 0.17

Carboxypeptidase A a  (E.C.3.4.17.1) 

complex with I^Benzylsuccinate S.Mangani,P. Carloni,P. Orioli 1991

ICOB A 2 .0 0.18 Superoxide Dism utase (CO Substituted)

K D jinovic, A . Coda, LA.ntolini, 

G.Pelosi, A.Desideri, M.Falconi, 

G.Rottilio, M.Bolognesi 1992

ICSE El 1.2 0.18

Subtilisin Carlsberg (E.C.3.4.21.14) 

(Commercial Product From Serra, 

Heidelberg) W.Bode 1988

ICTF 1.7 0.17

L7/L12 50 S Ribosomal Protein 

(C-Terminal Dom ain) M.Leijonmarck, A .L iljas 1986

IFIA A 2.0 0.19 Factor for Inversion Stimulation (FIS) D.Kostrewa 1991

IFKF 1.7 0.17

FK506 Binding Protein (FKBP) Complex 

With Immunosuppressant FK506

G.D.Van Duyne, RF.Standaert, 

PA.Karplus, S.L.Schreiber, J.Clardy 1991

IG D l O 1.8 0.18

holo-D-Glyceraldehyde-3-Phosphate 

Dehydrogenase (E.C.1.2.1.12)

TSkarzynski, P.C.E.Moody, 

A.J. Wonacott 1987

IG O X 2 .0 0.19 Glycolate Oxidase (E.C.1.1.3.1) Y.Lindqvist 1989

IH O E 2 .0 0 .20 Alpha-Amylase Inhibitor H oe-467A J.W.Pflugrath, G.Wiegand, R H uber 1989

IIFC 1.2 0.17

Intestinal Fatty Acid Binding Protein - Apo  

Form 2 G. ScapinJ. I. Gordon,!. C. Sacchettini 1991

ILM B A 1.8 0.19

lambda Repressor-Operator Complex from 

Bacteriophage lambda L.J.Beamer, C. O.Pabo 1991

IL Z l 1.5 0.19 Lysozyme (E.C.3.2.1.17) P.JA.rtymiuk, C.C.F.Blake 1984

IM BC 1.5 0.17 M yoglobin(Fe II, Carbomnonoxy, 260° K) J.Kuriyan, G A.Petsko 1988

lO V A A 2 .0 0.17 Ovalbumin (Egg Albumin) P.E.Stein, A.G .W .Leslie 1990

IP A Z 1.5 0.18 Pseudoazurin (Oxidised C u2+ A t pH 6 .8 ) KPetratos, Z.Dauter, K S.W ilson 1988

IPII 2 .0 0.17

N-5'Phosporibosyl Anthranilate Isomerase 

(E.C.5.3.1.6 ): I ndol-3 -Glycerol-Phosphate 

Synthase (E.C.4.1.1.8) M.Wilmanns,J.P.Priestle,J.N.Jansonius 1991

IRBP 2 .0 0.18 Retinol Binding Protein

T A Jones, M.E.Newcomer, 

S.W.Cowan 1990

IR N H 2 .0 0 .20

Selenomethionyl Ribonuclease H 

(E.C.3.1.26.4)

W.Yang WA.Hendrickson, 

RJ.Crouch, Y.Satow 1990

ISNC 1.6 0.16

Staphylococcal Nuclease (E.C.3.1.31.1) 

Complex with a Calcium Ion and 

deoxyThymidine Biphosphate P.J.L0II, E.E .Lattm an 1989

lU B Q 1.8 0.18 Ubiquitin S.Vijay-Kumar, C.E.Bugg, W.J.Cook 1987
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256B A 1.4 0.16 Cytrochrome b562 (Oxidised) K H am ada, P.H.Bethge, F.S.Mathews 1990

2A ZA A 1.8 0.16 Azurin (Oxidised) E.N.Baker, G.E.Norris 1986

2CA2 1.9 0.18

Carbonic Anhydrase II (Carbonate 

Dehydratase) (HCA II) (E.C.4.2.1.1) 

Complex

A.E.Eriksson, P.M.Kylsten, TA Jones, 

A .L iljas 1989

2C D V 1.8 0.18 Cytochrome c3

Y.Higuchi, M.Kusunoki, Y.Matsuura, 

N.Yasuoka, M .Kakudo 1983

2CPP 1.6 0.19

Cytochrome P450cam (Camphor 

M onooxygenase) (E.C.1.14.15.1) with bound 

Camphor T.L.Poulos 1987

2CYP 1.7 0 .2 0

Cytochrome c Peroxidase (E.C.1.11.1.5) 

(Ferrocytochrome C : H 2 0 2  Reductase) B.C.Finzel, T E Poulos, J.Kraut 1985

2GBP 1.9 0.15

D -G alactoseD-G lucose Binding Protein  

(G GBP) N .K V yas, M.N.Vyas, FA .Q uiocho 1989

2H M Z A 1.7 0.18 Hemerythrin (Adizomet) M A .H olm es, R E .S tenkam p 1990

2LTN AB 1.7 0.18 Pea Lectin F.ESuddath, S.RPhillips, H.Einspahr 1990

2POR 1.8 0.19 Rhodobacter capsulatus Porin M. S. Weiss, G. E. Schulz 1992

2R H E 1.6 0.15

Bence-Jones Protein (Lambda, Variable 

Domain)

W.Furey Junior, B.C.Wang, C.S.Y00, 

M.Sax 1983

2RSP A 2.0 0.14 Rous Sarcoma Virus Pro tease (RSV PR) A.W lodawer, M.Milier, M Jaskolski 1989

2SAR A 1.8 0.18

Ribonuclease Sa (E.C.3.1.4.8) Complex 

With 3’-Guanylic Acid J.Sevcik, EJ.D odson, G .G .Dodson 1990

2SCP A 2 .0 0.18 Sarcoplasmic Calcium Binding Protein W.J. Cook, S. Vijay-Kumar 1991

2TR X A 1.7 0.17 Thioredoxin (E.C.1.6.4.5) S.FCKatti, D.M.LeMaster, H .Eklund 1990

2TSC A 2 .0 0.18

Thymidylate Synthase (E.C.2.1.1.45) 

Complex With dUM P And An Anti-Folate 

(CB3717) W.RMontfort, RM .Stroud 1991

2U TG A 1.6 0.19 Uteroglobin R B ally, J.Delettre 1989

2W RP R 1.6 0.18 trp Repressor (Orthorhombic Form) C.L.Lawson, P.B. Sigler 1987

2ZTA A 1.8 0.18 GCN4 Leucine Zipper

E .K O 'Shea, J.D.Klemm, P.S.Kim, 

T A lber 1991

3CH Y 1.7 0.15 CheY K. Volz,P.Matsumura 1991

3EBX 1.4 0.18 Erabutoxin b

J.L.Smith, P.W .RCorfield, 

WA.Hendrickson, B.W .Low 1988

3FGF 1.6 0.16 Basic Fibroblast Growth Factor (hbFGF) A.E.Eriksson, B.W.Matthews 1992

3GRS 1.5 0.19

Glutathione Reductase (E.C.1.6.4.2), 

Oxidised Form (E) G.E.Schulz, PA.Karplus 1988

3LZM 1.7 0.16 Lysozyme (E.C.3.2.1.17)

KW ilson, RFaber, S.Dao-Pin, 

B. W.Matthews 1989

451C 1.6 0.19 Cytochrome c551 (Reduced) Y.Matsuura, T.Takano, RE.D ickerson 1981

4BP2 1.6 0.19

Prophospholipase A 2 (Phosphatide-2-Acyl 

Hydrolase) (E.C.3.1.1.4) D upont Protein Crystallography Group 1990
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4ENL 1.9 0.15

EnoJase (E.C.4.2.1.11) 

(2-Phospho-D-Glycerate Hydrolase) (H olo) L.Lebioda, B.Stec 1990

5CYT R 1.5 0.16 Cytochrome c (Reduced) T. Takano 1988

5PAL 1.5 0.17 Parvalbumin (Alpha lin ea g e)

F.Roquet, J.-P.Declercq, B.Tinant, 

J.Rambaud, J.Parello 1991

5Pn 1.0 0 .2 0 Trypsin Inhibitor (Crystal Form II) A.W lodawer, R H uber 1984

5TIM A 1.8 0.18

Triosephosphate Isomerase (E.C.5.3.1.1) 

Complex with Sulphate RKLWierenga, W .G J.H ol 1992

5TM N E 1.6 0.17

Thermolysin (E.C.3.4.24.4) Complex with 

Cbz-Glyp-Leu-Leu (ZGpLL)

H.M.Holden, D.E.Tronrud,

A.F.Monzingo, L.H.Weaver,

B.W.Matthews 1987

6XIA 1.6 0.14

D-Xylose Isom erase (E.C.5.3.1.5) (G lucose 

Isomerase) Z.Dauter, H.Terry, K S.W ilson 1990

7RSA 1.3 0.15

Ribonuclease A  (Phosphate-Free) 

(E.C.3.1.27.5) A.W lodawer, G.L.Gilliland 1988

8ACN 2 .0 0.16

Aconitase (E.C .4.2.1.3) Complex with 

Nitroisocitrate

H.Lauble, M.C.Kennedy, H.Binert, 

C.D. Stout 1991

8 DFR 1.7 0.19 Dihydrofolate Reductase (E.C.1.5.1.3)

DA.M atlhews, S.J.0atley, J.Burridge, 

B.T.Kaufman, N.-HJCuong, J.Kraut 1989

9RNT 1.5 0.14 Ribonuclease T1 (E.C.3.1.27.3)

J.Martinez-Oyanedel, U.Heinemann, 

W. Saenger 1991

9W GA A 1.8 0.18 Wheat Germ Agglutinin (Isolectin 2) C.S.Wright 1990

Notes:

The headings are Brookhaven code (Code), the chain identifier (Chain) where only one 

or two chains of the protein structure are used, resolution (Res), R-Factor {R Fact), 

compound name, and the authors and year of the entry in the Brookhaven Data Bank.
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2.6 Normalisation of the H-Bond Geometry Bar Charts

A simple histogram of absolute numbers of hydrogen bonds versus distances and angles 

would be heavily distorted. A random distribution of hydrogen bonding partners would 

show more bonds at low angles and high lengths on such a graph simply because 

equally sized ranges of atomic separations and angles would define larger volumes at 

low angles and high lengths. In order to be representative, the size of the bars represent 

density of hydrogen bonds per instead. The volume of each range is calculated 

according to the formula

w h e r e  0high a n d  a r e  th e  h ig h  a n d  lo w  a n g le  l im i ts  r e s p e c t iv e ly ,  a n d  a n d  a r e  

t h e  h ig h  a n d  lo w  d i s ta n c e  l im i ts  r e s p e c t iv e ly ,  f o r  th e  v o lu m e  in  q u e s t io n  V.

This formula calculates the volume of a part of a sphere defined by the angles and 

distances. It relies on considering the hydrogen bond geometry distribution as a 

distribution of donors or acceptors as appropriate around the donor (D...A), hydrogen 

(H...A, D-H . A) or acceptor (D...Â-AA, H...Â-AA). Usually, one of either the angle 0 or 

the distance r will be set to a wide category (0jo^=9O°, 0î gu=18O° or r̂ ^̂  = 0Â, 

^high=2.5Â) and the other will represent a range of either 10° or 0.2Â.
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2.7 The Distribution of Hydrogen Bond Geometries

The first step in choosing geometric criteria is to study the distribution of the different 

hydrogen bonding lengths and angles in interactions in the high resolution dataset.

Figure 2.5a shows the distribution of separations between hydrogens and acceptors. The 

greatest concentration of acceptors lies between 1.8Â and 2.0Â. This falls as the 

distance widens to 3.0Â, reaches a low plateau at 3.2Â, and does not fall any further. 

This low level seems to represent the background density of acceptors in proteins. 

Where exactly between 2.0Â and 3.0Â to place the cutoff is determined in practice by 

how strict the criteria need to be for the application. If very weak hydrogen bonds are 

to be included, the cutoff would be relaxed to 3.0 or even 3.2Â. This study chose 2.5Â 

to include most relatively weak hydrogen bonds, but not those that were barely more 

than electrostatic interactions.

Figure 2.5b shows the distribution of angles at the hydrogen (D-H...A). Because linear 

angles at the hydrogen are energetically favourable, a decisive peak at 180° is expected. 

Although the peak does lie at 180°, it is not as sharp as anticipated, with the 160-170° 

bar almost as significant. This will be examined in more detail later.

Figures 2.5c and 2.5d show the distributions of angles at the acceptor (D...Â-AA and 

H...Â-AA). The two graphs both show two peaks, with a principal peak at 150°-160° 

and a smaller peak at either 60-70° (D...Â-AA) or 80-90° (H...Â-AA). It should be noted 

that the lower value of the angle is used when there are two heavy atoms attached to the 

acceptor. This only applies to acceptor atoms in the side-chains of histidine and 

methionine, so is unhkely to cause a major bias towards acute angles. This double peak 

structure is surprising, and will also be examined later.

When the hydrogen bonds are broken down into main-chain and side-chain acceptors 

(figure 2.6), it is apparent that the principal peak for side-chains is at 130°-140° whereas
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t h e  m a i n - c h a i n  C O  a c c e p t o r s  p e a k  a t  1 5 0 °  t o  1 6 0 ° ,  h a l f w a y  b e t w e e n  t h e  s i d e - c h a i n  p e a k  

a n d  a  l i n e a r  c o n f r m a t i o n  o f  1 8 0 ° .  T h e  l o w e r  s i d e - c h a i n  p e a k  m a y  b e  d u e  t o  ' l o n e - p a i r  

d i r e c t i o n a l i t y '  ( s e e  s e c t i o n s  1 .2 .3  a n d  1 . 3 . 4 ) .  A  b o n d  p e r f e c t l y  l i n e d  u p  w i t h  t h e  l o n e  

p a i r  w o u l d  g i v e  a n  a n g l e  a t  t h e  a c c e p t o r  o f  1 2 0 °  i f  i t s  e l e c t r o n  s h e l l s  h a d  sp^  t r i g o n a l  

p l a n a r  h y b r i d i s a t i o n ,  o r  1 0 9 . 5 °  f o r  t e t r a h e d r a l  sp^  h y b r i d i s a t i o n  ( S t r e i t w e i s e r  a n d  

H e a t h c o c k  1 9 8 5 ,  p 2 3 ) .  T a y l o r  e t  a l.  ( 1 9 8 3 ) ,  h o w e v e r ,  f o u n d  t h i s  l o n e - p a i r  d i r e c t i o n a l i t y
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Figure 2.5: The Distributions of Bond Lengths and Angles for Hydrogen-Bond-Like 
Interactions in the High Resolution Dataset T h e  B a k e r  a n d  H u b b a r d  ( 1 9 8 4 )  c r i t e r i a  

a r e  a p p l i e d ,  w i t h o u t  t h e  c r i t e r i o n  f o r  t h e  v a r i a b l e  t h a t  i s  b e i n g  e x a m i n e d .  I f  t h e  v a r i a b l e  

i s  a n  a n g l e  a t  t h e  a c c e p t o r ,  b o t h  a n g l e s  a t  t h e  a c c e p t o r  a i e  r e l a x e d .  T h e  g r a p h s  a i e  

n o r m a l i s e d  a s  d e s c r i b e d  a b o v e ,  ( a )  H  A  d i s t a n c e  (A), ( b )  D - H  - A  a n g l e  ( ° ) ,  ( c )  D  - Â - A A  

(°), (d) H À-AA (°)
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to be absent for C=0 groups that only receive one hydrogen bond, and nearly absent for 

intermoleculai' hydrogen bonds and suggested that the linearity m ight be due to stronger ci-ystal 

packing effects. As will be shown in a later chapter, main-chain carbonyl groups tend 

to accept only one hydrogen bond (only 19.4% of buried CO groups accept two) and 

this may help explain the relatively acute angles at the acceptor compared to the angles 

at the hydrogen.

This is not the only possible explanation for the different angle distributions between 

main-chain and side-chain acceptors. The effects of secondary sti'ucture and the
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Figure 2.6: H A-AA (a,c) and D Â-AA (b,d) Angles at Main-Chain (a,b) and Side- 
Chain (c,d) Acceptor Atoms Compared See figure 2.5 for the full legend.
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characters of individual side-chain acceptor types will be examined in more detail in 

chapters three and four, but it is important now to focus on investigating the hydrogen 

bond inventory. Clearly the smooth peak at the hydrogen, the anomalous peaks at low 

angles at the acceptors, as well as the difference between main-chain and side-chain 

acceptors, need to be understood if any meaningful geometric criteria for hydrogen 

bonds are to be established. For this reason, the distribution of hydrogen-bond-like 

interactions will be broken down until it becomes clear which secondary interactions 

affect the distribution, and which parts of the distribution are primary hydrogen bonds.

77



Chapter 2: Choosing Hydrogen Bond Criteria

2.8 Secondary Interactions

Examination of the hydrogen bonding distribution discovered several interactions that 

were not primary hydrogen bonds but were close enough to appear in the distribution 

of hydrogen-bond-like interactions. These 'secondary interactions' have similar 

geometries to very weak hydrogen bonds, but are side-effects of common structures such 

as the covalent structure of a residue, or the a-helix pattern. The most discriminating 

criteria, the H...A distance and the linearity of D-H...A, were used to build a 

two-dimensional distribution (figure 2.7), which also allows close analysis of the 

secondai y interactions by splitting them up into smaller and more obvious groups.

Figure 2.7 also shows the gradual fall off of hydrogen-bond like interactions moving 

further away from ideal geometry. The highest density for the distribution of acceptors
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Figure 2.7: Observed Hydrogen Bonding Geometries The number of hydrogen bond 
type interactions per plotted against H...A distance and D-H...A angle, extracted from 
the high resolution protein dataset. Each line of the surface grid (excluding the 
diagonals) represents a range centred on the number on the axis, e.g. 2.45Â < jc < 2.55Â, 
90° < y < 100°. The thick line represents the Baker and Hubbard (1984) criteria of 90° 
and 2.5Â, which includes the large peak representing classic hydrogen bonds, but 
excludes smaller peaks representing secondary interactions.
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Figure 2.8: H Â-AA Angles of Hydrogen Bonds Varied with Secondary Structure
(a) i^ i-4  bonds of a-helices, (b) bonds between two main-chain atoms in p-sheet 
conformation residues, (c) bonds whether either the donor or the acceptor is in the 
backbone of a random coil or bend section, (d) all bonds not in (a), including those 
involving side-chain atoms

distributed around donors occurs at 1.9Â and 170-180°, agreeing with figure 2.5.

Figure 2.8a shows that the i -> i-4 bonds of a-helices tend strongly to have an angle at 

the acceptor of near 150°, and their removal from the hydrogen bond list (figure 2.8d) 

shows that they aie mainly but not entirely responsible for the peak at 150-160° in 

figure 2.5d.
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Figure 2.9: D-H A Angles of i^ i-4  Bonds in or-Helices (a) Compared with All Other 
Hydrogen Bonds (b) in the High Resolution Dataset See figure 2.5 for a full legend.

Figure 2.9 clearly shows that a-helical bonds aie not only distorted away from linearity 

at the hydrogen, but are the principal reason for the 160-170° bar being almost as high 

as the 170-1X0° bar in the distribution of D-H...A angles for all hydrogen bonds.

Figure 2.7 shows even more clearly how the constraints of a-helices cause some paits 

of the acceptor distribution ai'ound a donor to be overpopulated, despite not representing 

primaiy hydrogen bonds. For example, 60% of peak (a) (3.45 to 3.55Â, 70° to 80°) 

hydrogen bonds are i —> i-2 main-chain to main-chain interactions across the long axis 

of an a-helix. Two-thirds (67%) of peak (d) (2.65 to 2.85Â, 110° to 120°) are i i-3 

interactions within a-helices, where the NH bifurcates, hydrogen bonding with the 

carbonyl preceding its principal hydrogen bonding partner, i-4. The case of peak (d) is 

less clear-cut, since these interactions lie only just outside the 2.5Â criterion and could 

be considered primaiy hydrogen bonds.

The angles in p-sheet hydrogen bonds are closer to linearity at the acceptor than those 

in a-helices, with a broad peak from 150-180° that is only slightly higher at 150-160°.
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Figure 2.10: H Â-AA (a,c) and D Â-AA (b,d) Angles Compared Between Inter- 
Residue (a,b) and Intra-Residue (c,d) Hydrogen Bonds

The distribution of angles at the acceptor for (3-sheets, unlike the a-helices, also shows 

a strong peak below 90° (figure 2.8b). Figure 2.10 suggests that the peaks at 60-70° and 

80-90° seem to entirely comprise intra-residue bonds. Examination of these hydrogen 

bonds shows that they are usually NH to CO bonds within the same amino acid residue 

of (3-sheets, but also include main-chain side-chain bonds in serine, threonine or 

cysteine.

Visual inspection shows that in (3-sheets, the NH and CO groups on the main-chain of 

each residue point across the sheet to hydrogen bonding partners in the complementary
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strand. This brings the two groups as close together as the stereochemistry of the amino 

acid will allow. There is a favourable electrostatic interaction between the partial 

negative charge of the oxygen and the partial positive charge of the hydrogen, but the 

interaction is too weak to normally be classed as a hydrogen bond. The intra-residue 

interactions are good examples of secondary interactions with similar properties to 

hydrogen bonds that occur frequently because they are part of a larger complex. They 

also appear clearly in figure 2.7, comprising 74% of peak (b) (2.45 to 2.55Â, 90° to 

100°) and 70% of peak (c) (2.25 to 2.35Â, 100° to 110°). Most examples in peak (b) 

(58%/75%) and peak (c) (53%/71%) are in p-sheets, but not all.

The interactions between the side-chain oxygen atoms and main-chain NH and CO 

groups of serine, threonine and cysteine occur less frequently. These main-chain amino 

to side-chain oxygen interactions represent only 20% of peak (b) and 9% of peak (c), 

whilst side-chain to main-chain carbonyl interactions compose 4% of peak (d). 

Main-chain hydrogen bonds that are

not part of secondary structures have 

angle distributions that are, perhaps 

predictably, a combination of a-helical 

distributions and p-sheet distributions 

(figure 2.8c).
1
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Figure 2.11: The Secondary Interaction 
Within a )3-Sheet Conformation Residue
The primary hydrogen bonds are shown as full 
arrows, the secondary interaction as dashed 
arrows.
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2.9 Chosen Hydrogen Bonding Criteria

It has already been described how geometric criteria for hydrogen bonds are necessarily 

arbitrary, and that there is a gradual fall off of hydrogen bonding as the donor, hydrogen 

and acceptor move away from optimal geometry. The question, then, is how many weak 

hydrogen bonds to include.

Inspecting the figures in this chapter, the criteria that most clearly distinguish hydrogen 

bonds from other secondary interactions are 100° D-H A, 70° D/H...Â-AA and 2.5Â 

H...A. Further investigation of the angles at the acceptor for different side-chain groups 

is needed, possibly leading to a more lax criterion at the acceptor for sp  ̂ hybridised 

atoms. Compai'ison to the Baker and Hubbard criteria shows that only a small 

percentage (5.3%) of interactions that would be hydrogen bonds under the 100°/70°/2.5Â 

criteria aie missed by the 90°/90°/2.5Â, and less than 0.1% of Baker and Hubbaid 

hydrogen bonds would be excluded by the 100°/70°/2.5Â criteria. The figures show 

clearly that both the Baker and Hubbard criteria, and the 100°/70°/2.5Â criteria would 

exclude the secondary interactions and include the primary hydrogen bonds.

Because this is a survey of hydrogen-bonding patterns, compatibility with the major 

previous studies is an important consideration, and the tiny change in the number of 

hydrogen bonds is simply not a worthwhile improvement. So for the remainder of this 

study, the Baker and Hubbaid criteria are used, coupled with the algorithm described 

above for positioning hydrogens (figure 2.12).

Figure 2.12: Criteria

H...A < 2.5A /
D-H...A > 90.0°

D...A-AA > 9 0 .0  .
H...A AA > 9 0 .0  \  A’A
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3 The Atlas of Main-Chain and 

Side-Chain Hydrogen Bonds

3.1 Introduction

As already described (section 1.3.4), there have been several studies of hydrogen bond 

geometry and satisfaction. As X-ray crystallography and other methods of structure 

determination progress, more and more structures can be drawn on for a survey of 

hydrogen bonding, and more reliable results can be obtained.

There is still a need for a rigorous study of the hydrogen bonding characteristics of the 

different hydrogen bonding groups within protein structures. This study distinguishes 

between buried and exposed atoms, and restricts hydrogens to as narrow a range of 

positions as possible. In addition, it uses the largest cross-section of protein structures 

yet used for such a study.

The Atlas, which is appended to this thesis, graphically presents the frequencies and 

geometries of hydrogen bonds formed by the donor and acceptor groups of the high 

resolution dataset. The dataset was defined previously (section 2.5). The Atlas is freely 

available, both on paper and over the internet. It is hoped that it will prove useful to 

protein molecular modellers. X-ray crystallographers and rational drug designers. The 

Atlas will provide a rigorous statistical guide to hydrogen bonding in globular proteins 

and the empirical hydrogen bonding propensities of the standard hydrogen bonding 

groups of globular proteins, enabling modellers to compare their hydrogen bonding to 

the norm quickly and easily.

This chapter includes the Atlas as its centrepiece. It also analyses, examines and 

comments on the results and trends apparent in the Atlas that, because the Atlas is
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designed to be small and convenient, cannot be included therein. These include graphs 

of the numbers of atoms that fail to hydrogen bond against resolution, enabling a closer 

look at the accuracy of results in the Atlas.

85



Chapter 3: The Atlas o f Main-Chain and Side-Chain Hydrogen Bonds

3.2 Atlas Methods

The methods used for the graphs and tables that make up the Atlas are described in the 

introduction to the Atlas itself. Many of these methods have already been described in 

detail, and they will be reviewed here.

The hydrogen bond criteria (see section 2.9) chosen in chapter two, as well as the high 

resolution dataset (2.5) were used to produce the list of hydrogen bonds for the Atlas. 

The algorithms used to derive the graphs of geometry in the Atlas are described in 

chapter two, in particular the method of normalising values (2.6). This normalisation 

makes the geometry graphs more directly representative of the true distribution of donors 

around acceptors and vice versa.

Each of the standard donor and acceptor groups in amino acid side-chains is treated 

individually and given a single entry (two if it can act as both a donor and an acceptor). 

The hydrogen bonding groups for each side-chain type are grouped together onto one 

(occasionally two) pages. The main-chain NH and CO groups are treated separately 

from the side-chains, grouped together on one page representing the main-chain NH and 

CO groups of all recognised residues combined. Each side-chain is illustrated with a 

Molscript (Kraulis 1991) ball-and-stick diagram as well as a schematic diagram of the 

chemical structure. The side-chain's pKa and the proportion of atoms that are buried 

and inaccessible to solvent are also listed.

Each donor or acceptor entry is illustrated with five bar charts. The first two are 

frequency distributions showing how many hydrogen bonds that particular atom donates 

or accepts. The first illustrates the distribution for all the atoms of the relevant type in 

the high resolution dataset. The second concentrates only on completely buried atoms. 

This is because the atoms on the surface of protein molecules can form hydrogen bonds 

with ligand or solvent molecules. As explained in section 1.6, these ligand or solvent 

molecules can be too mobile to appear in the electron density map of the X-ray
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structure. For a rigorous examination of hydrogen bonding we must, therefore, 

concentrate on the buried core of proteins. Our criterion of burial - having a zero 

accessibility according to the method of Lee and Richards (1971) calculated by the 

program ACCESS (Hubbard 1991) - needs to be closely examined to justify its use. 

This is done in section 3.3.

The last three graphs show geometries. The selection of graphs included differs between 

donors and acceptors. In the case of donors, it covers D A and H...A lengths, as well 

as D-H...A angles. For acceptors, the H...A length, D...Â-AA and H...Â-AA angle 

distributions of hydrogen bonds accepted by the given atom are shown instead. Above 

each graph, the number of either hydrogen bonds or atoms is given with the mean and 

standard deviation of the graph.

Every side-chain and most atoms are accompanied by a commentary, pointing out 

features of the hydrogen bond distribution that are unusual and giving an explanation 

if the evidence suggests one. This includes, for instance, statistical comparisons of the 

hydrogen bonding characteristics of similar side-chains such as Asn and Gin.
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3.3 Accessibility Criteria

3.3.1 Description o f Criteria

The buried atom is defined in this study as one having a zero accessibility according to 

the method of Lee and Richards (1971) calculated by the program ACCESS (Hubbard 

1991). Each non-hydrogen protein atom (excluding solvent molecules) is represented 

by a sphere of radius equal to the combined van der Waals radii (see section 1.4.3) of 

the atom and a solvent probe (which has radius 1.4 Angstroms). The surface area of the 

expanded sphere that is not inside any of the other spheres is directly proportional to the 

accessible surface area of that atom. This method has the advantage of including 

internal cavities as accessible volumes. The actual calculation is done in two 

dimensions on a series of slices parallel to the plane z=0, with 0.05Â between each of 

them. The results of this calculation are interpolated into three dimensions.

Accessibility is calculated separately on each chain excluding all ligands, waters (buried 

or exposed) and other chains in the structure. Chains A and B of insulin and kallikrein 

are exceptions, not being independent folding units and so regarded as being one single 

chain for all purposes.

3.3.2 Examination of Criteria

As stated above, we must, for a rigorous examination of hydrogen bonding, concentrate 

on the buried core of proteins. It is important to explore whether our definition of the 

buried atoms - inaccessibility to a water probe of radius 1.4Â ignoring all other 

molecules and calculated using Lee and Richards (1971) criteria - is adequate.

In fact, 2.0% of buried main-chain NHs and 4.9% of buried main-chain COs succeed 

in forming hydrogen bonds with other molecules, despite being deeply enough buried, 

according to the criteria described above, to prevent them from making contact with
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Table 3.1: Effects of Changing the Probe Size in Accessibility Calculations on the 
Proportions of Buried Atoms that Fail to Form Hydrogen Bonds

Probe Group Number Number Unsatisfied^ Intermolecular^
Size
(A)

Name‘ Total Buried per^ abs^ per^ abs^

1.0 NH 11598 4551 8.0% 364 1.0% 47
1.0 CO 12093 2701 4.7% 128 1.2% 42

1.1 NH 11598 5407 8.5% 458 2.0% 63
1.1 CO 12093 3644 4.8% 174 1.2% 73

1.2 NH 11598 6080 9.0% 548 1.4% 88
1.2 CO 12093 4261 4.8% 204 27% 117

1.3 NH 11598 6664 9.4% 628 1.9% 128
1.3 CO 12093 4734 5.0% 238 27% 177

1.4 NH 11598 7041 9.5% 691 2.0% 221
1.4 CO 12093 5018 5.1% 

Notes
‘main-chain nitrogen (NH) or oxygen (CO) atoms, 
^numbers forming no hydrogen bonds

264 4.9% 334

^numbers forming at least one intermolecular hydrogen bond 
"^expressed as a percentage
expressed as an absolute

solvent molecules to satisfy their hydrogen bonding potential. If these intermolecular 

hydrogen bonds were excluded, then the percentages of main-chain atoms that are 

unsatisfied would rise from 9.5% to 11.3% (NH) and from 5.4% to 6.9% (CO). This 

implies that some atoms that are classed as 'buried' are, in fact, not sufficiently buried 

to stop them satisfying their hydrogen bonding potential by hydrogen bonding with 

water. This implies that even some so-called 'buried' atoms can register as buried and 

unsatisfied while actually hydrogen bonding to invisible water molecules. To explore 

this, we calculated percentages of buried unsatisfied main-chain atoms using smaller 

probe sizes of 1.0, 1.1, 1.2 and 1.3 Â (see table 3.1). There is a smooth transition in 

the number of buried atoms, and in the proportions of those buried atoms that either 

form no hydrogen bonds at all or form at least one intermolecular hydrogen bond. If
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the probe size is shrunk to a radius of only 1.0Â, smaller than a hydrogen atom, then 

the number of buried main-chain NH or CO atoms reduces by between one-third and 

one-half (7041 to 4551 (NH) and 5018 to 2701 (CO) ). This rump of buried atoms finds 

itself much less able to form intermolecular hydrogen bonds, as expected (2.0% to 1.0% 

(NH) and 4.9% to 1.2% (CO) ). Perhaps because fewer atoms can now satisfy their 

hydrogen bonding potential with invisible bonds to solvent, there is a very slight 

reduction in the percentages of unsatisfied buried main-chain donors and acceptors, from 

9.5% to 8.0% (NH) and from 5.4% to 4.7% (CO). Although not optimal, this is close 

enough to constancy to confirm the use of the standard water radius of 1.4 Â.
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3.4 Results and Discussion

The bulk of the information gained in this study is contained in the Atlas itself, which 

is appended to this thesis. Much of the data that lies in the graphs of the Atlas is 

summarised here in tables and graphs to make comparisons between side-chains clearer. 

Table 3.2 shows how many buried atoms form how many hydrogen bonds. The 

numbers of buried unsatisfied atoms are also expressed as a percentage of all atoms in 

the high resolution dataset in figure 3.1, on the assumption that atoms exposed to solvent 

always hydrogen bond. The means, standard deviations and sample sizes for the graphs 

of geometry distribution and frequency distribution for buried atoms are compared in 

table 3.3, and these comparisons enable several trends to be drawn out of the Atlas that 

are not apparent from the individual graphs.

The principal trend is that most donor and acceptor atom types nearly always satisfy 

their hydrogen bonding potential, either by being exposed to solvent water molecules or 

by forming at least one hydrogen bond interaction with another atom visible in the X-ray 

crystal structure. In particular, very few of the buried main-chain donors and acceptors 

(9.5% of NH and 5.1% of CO) fail to form hydrogen bonds, but this trend does not 

show in all side-chains. The generalisation applies to the donors on tryptophan, lysine, 

serine, threonine, tyrosine and arginine side-chains. Indeed, all but tryptophan are less 

likely to fail to form a hydrogen bond than the main-chain atom itself. It also applies 

to bonds accepted by the carboxylate groups on aspartate and glutamate, but other side- 

chain acceptor types are all exceptions.

The exceptions to the rule amongst donors are the weak hydrogen bonds formed by 

sulphur and the Asn, Gin and His side-chains that are hard to orient accurately in 

electron density maps (see section 1.6). The exceptions for acceptors are much more 

frequent - not only do sulphurs, asparagine, glutamine and histidine fail to accept 

hydrogen bonds much of the time, but they are significantly worse at accepting 

hydrogen bonds than they are at donating. The remainder (serine, threonine and
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Figure 3.1: Percentages of Atoms that Fail to Hydrogen Bond in the High 
Resolution Dataset The percentages are the numbers of buried unsatisfied atoms 
expressed as a proportion of ail atoms of that type whether buried or exposed. The 
greek letter remoteness codes (a, (3, y, 5, e, Q of atom names aie expressed in roman 
letters (A, B, G, D, E, Z) as in the Brookhaven Protein Data Bank. Atom types are sp  ̂
oxygen (Ser Ô , Thr 0^‘), sp^ NH (Arg N \ Trp N̂ )̂, sp^ NH^ (Ai'g Aig Amide 
NH, (Asn N̂ ", Gin N'"), Amide O (Asn 0 ^ \ Gin O"'), Carboyxlate O (Glu Glu 
Asp Asp Ô )̂. The "All Side-Chain" and "All" Donors/Acceptors categories 
exclude sulphur and histidine side-chain atoms.

t y r o s i n e )  a l s o  f r e q u e n t l y  f a i l  t o  h y d r o g e n  b o n d .  T h e s e  r e s u l t s  n e e d  t o  b e  e x a m i n e d  i n  

m o r e  d e t a i l ,  a n d  t h e y  w i l l  b e .

M e a n  b o n d  l e n g t h s ,  u s u a l l y  t a k e n  a s  a n  i n d i c a t o r  o f  h y d r o g e n  b o n d  s t r e n g t h ,  r e m a i n  

c l o s e  t o  a i o u n d  2 . 9 Â  D  A  d i s t a n c e  a n d  2 . 0 Â  H . . . A  d i s t a n c e .  T h e  p r i n c i p a l  e x c e p t i o n s

-  s h o r t  b o n d s  f r o m  t y r o s i n e ,  h i s t i d i n e  a n d  c a r b o x y l a t e ,  a n d  l o n g  o n e s  w i t h  s u l p h u r  a t o m s

-  i n d i c a t e  s t r o n g  a n d  w e a k  h y d r o g e n  b o n d s ,  r e s p e c t i v e l y .  M o r e  i n f o r m a t i o n  o n  t h e
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individual atom types is given in the Atlas.

Individual donor group types usually have a median normalised angle at the hydrogen 

of 180° and a mean between 140° and 165°. Differences in the D-H . A angle 

distribution tend to reflect the flexibility of the calculated hydrogen position rather than 

the chemistry of the atom type. For instance, Lys has three hydrogens which, in the 

HBPLUS model, are constrained to an exactly staggered conformation along the 

C^-C^-C^-N  ̂ torsion angle (see section 2.4.2.3). Lysine also has the smallest mean 

angle at the hydrogen of all the donors, presumably because the modelled hydrogens 

cannot move slightly to optimise their hydrogen bonding, as they can in the real 

molecule. Serine and threonine have one hydrogen on their side chain oxygen, but that

Table 3.2: Hydrogen Bonding Frequency in the High Resolution Dataset

a Group num' num % % % % % mean" b Group num' num % % % % % mean"
bur* 0* V 2* 3* >3* bur* 0® 1® 2® 3® >3®

HIS N*' 289 100 30.0 63.0 7.0 0.0 0.0 0.77 ASP O*' 780 132 8.3 29.6 53.0 9.1 0.0 1.63
HIS 289 53 15.1 79.2 5.7 0.0 0.0 0.91 ASP O " 780 53 3.8 15.1 62.3 18.9 0.0 1.96
LYS 806 12 8.3 8.3 16.7 33.3 33.3 2.75 GLU 0"' 721 47 12.8 40.4 40.4 6.4 0.0 1.40

ASN N " 553 52 11.5 44.2 42.3 1.9 0.0 1.35 GLU O'* 721 30 6.7 33.3 36.7 23.3 0.0 1.77
GLN N"2 426 36 25.0 19.4 55.6 0.0 0.0 1.31 HIS N®' 289 100 63.0 35.0 2.0 0.0 0.0 0.39
ARGNT 512 82 8.5 89.0 2.4 0.0 0.0 0.94 HIS N'* 289 53 75.5 24.5 0.0 0.0 0.0 0.25

ARG bT' 512 43 2.3 18.6 76.7 2.3 0.0 1.79 MET S® 255 101 98.0 2.0 0.0 0.0 0.0 0.02
ARG N^^ 512 25 0.0 24.0 76.0 0.0 0.0 1.76 ASN 0®' 553 111 10.8 55.0 30.6 3.6 0.0 1.27

SER 747 121 0.8 62.8 30.6 5.8 0.0 1.41 GLN O'* 426 51 11.8 54.9 31.4 2.0 0.0 1.24
THR 0^' 678 125 4.8 57.6 32.0 5.6 0.0 1.38 SERCP 747 121 30.6 49.6 19.0 0.8 0.0 0.90
TRPN*' 152 48 10.4 85.4 4.2 0.0 0.0 0.94 THR 0?' 678 125 35.2 47.2 15.2 2.4 0.0 0.85
TYR O"' 414 67 3.0 88.1 9.0 0.0 0.0 1.06 TY R C r 414 67 59.7 28.4 11.9 0.0 0.0 0.52
CYH S^ 120 43 62.8 30.2 4.7 2.3 0.0 0.47 CYH S'' 120 43 90.7 7.0 0.0 2.3 0.0 0.14

CSS S’̂ 77 37100.0 0.0 0.0 0.0 0.0 0.00
M.C. NH 11598 7041 9.5 87.3 3.2 0.0 0.0 0.94

sp^ Oxygen 1425 246 2.9 60.2 31.3 5.7 0.0 1.40 M.C. CO 12093 5018 5.1 75.5 18.2 1.1 0.1 1.16
y  NH 664 130 9.2 87.7 3.1 0.0 0.0 0.94 sp^ Oxygen 1425 246 32.9 48.4 17.1 1.6 0.0 0.87

sfP NHj 1024 68 1.5 20.6 76.5 1.5 0.0 1.78 Amide 0 979 162 11.1 54.9 30.9 3.1 0.0 1.26
Amide NH% 979 88 17.1 34.1 47.7 1.1 0.0 1.33 Carboxylate 0 3002 262 8.0 29.0 50.8 12.2 0.0 1.67

Histidine NH 578 153 24.8 68.6 6.5 0.0 0.0 0.82 Histidine NH 578 153 67.3 31.4 1.3 0.0 0.0 0.34
Side-Chain sp^ Sulphur 649 181 96.7 2.8 0.0 0.6 0.0 0.04

Donors 6087 764 9.9 61.6 25.3 2.6 0.5 1.22 Side-Chain
All Donors 17685 7805 9.5 84.8 5.3 0.3 0.1 0.96 Acceptors 7047 1071 40.9 33.2 21.9 3.9 0.0 0.89

All Acceptors 19140 6089 11.4 68.0 18.9 1.6 0.1 1.11

Notes
See the legend of figure 3.1 for an explanation of group names.
'number of atoms of said type;
4]umber of buried atoms.
"̂% 0", "%1" etc,% buried atoms (a) donating or (b) accepting nil, one, et cetera hydrogen bond(s). 

""mean" mean number of hydrogen bonds (a) donated or (b) accepted by said atoms.
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Table 3.3: Statistics for the Frequency and Geometry of Hydrogen Bonding for 
Protein Donors and Acceptors by Atom Type

(a)
Donors

No. H-Bonds (bur) D A ( A ) H A ( A ) D-H A (°)

total mean s.d. total mean sd . total mean s.d. total mean s.d.

M.C. NH 6967 0.89 0.39 9400 2.98 0.17 9400 2.06 0.19 9400 155.2 13.2
Asn NÔ2 48 1.35 0.72 463 2.93 0.22 463 2.05 0.23 463 151.3 18.7
Gin Ne2 34 1.35 0.84 311 2.93 0.23 311 2.08 0.24 311 147.6 19.9
Arg Ne 76 0.93 0.34 273 2.91 0.20 273 2.02 0.22 273 150.1 14.6
Arg Nt|1 39 1.77 0.53 483 2.89 0.22 483 2.03 0.22 483 147.3 16.6
Arg Nti2 24 1.75 0.43 493 2.92 0.22 493 2.06 0.24 493 146.2 16.2
C yhSy 42 0.40 0.66 46 3.22 0.55 45 1.98 0.54 45 154.8 13.2
His NÔ1 98 0.76 0.55 178 2.84 0.20 175 1.97 0.25 175 149.5 16.8
His Ne2 52 0.92 0.38 160 2.84 0.20 155 1.93 0.24 155 152.6 17.8
Lys NÇ 11 2.64 1.23 697 2.86 0.25 697 2.05 0.26 697 139.8 19.2
Ser Oy 117 1.39 0.60 847 2.93 0.28 846 2.00 0.33 845 159.8 15.1
Thr Oyl 122 1.39 0.67 831 2.90 0.26 830 1.96 0.32 829 163.0 13.9
Trp N el 45 0.93 0.39 106 2.93 0.19 106 2.02 0.23 106 153.5 14.8
Tyr Ori 63 1.06 0.35 361 2.76 0.22 361 1.90 0.27 361 147.3 17.8
sp  ̂ O 239 1.39 0.64 1678 2.92 0.27 1676 1.98 0.33 1674 161.4 14.6
sp  ̂Nt) 121 0.93 0.36 379 2.92 0.20 379 2.02 0.22 379 151.1 14.8
sp  ̂ NT|2 63 1.76 0.49 976 2.91 0.22 976 2.05 0.23 976 146.7 16.4
Amide Nti2 82 1.35 0.77 774 2.93 0.22 774 2.06 0.23 774 149.8 19.3
His NH 150 0.82 0.50 338 2.84 0.20 330 1.95 0.25 330 151.0 17.3
All S.C. 516 1.35 0.69 4504 2.91 0.24 4502 2.02 0.28 4500 152.0 18.4

(b) No. H Bonds (bur) H A ( A ) D A-AA (°) H Â-AA (°)
Acceptors

total mean s.d. total mean s.d. total mean sd . total mean s.d.

M.C. CO 4751 1.16 0.52 8159 2.05 0.20 12512 139.9 18.7 8159 140.7 18.49
ASP 061 119 1.61 0.79 517 2.00 0.22 931 125.2 18.0 517 124.7 17.7
ASP 0 6 2 2.00 0.77 377 1.94 0.24 906 122.9 15.6 377 121.8 14.7
GLU O el 44 1.45 0.78 284 1.97 0.23 647 125.7 18.5 284 123.4 18.8
GLU Oe2 28 1.82 0.89 273 1.94 0.26 626 122.7 16.6 273 123.8 17.0
ASN 061 102 1.30 0.70 252 2.03 0.22 493 129.6 18.2 252 131.7 17.5
GLN Oel 49 1.20 0.67 143 2.04 0.23 344 128.4 17.5 143 129.8 17.2
CYH Sy 42 0.14 0.52 2 2.34 0.13 18 122.0 21.3 2 112.8 13.1
CSS Sy 33 0.00 0.00 2 2.44 0.06 6 115.5 21.9 2 147.1 10.0
HIS N61 98 0.39 0.53 48 2.00 0.22 134 112.4 8.2 48 130.3 9.9
HIS Ne2 52 0.25 0.43 16 1.88 0.21 80 112.2 9.6 16 131.8 10.3
SER O y 117 0.89 0.73 266 2.10 0.21 710 121.5 17.9 266 124.6 16.0
THR Oyl 122 0.87 0.76 218 2.09 0.23 639 123.1 15.7 218 125.4 14.5
TYROti 63 0.52 0.71 87 2.03 0.25 320 119.3 12.1 87 119.6 12.6
sp  ̂ O 239 0.88 0.75 484 2.10 0.22 1349 122.2 16.9 484 124.9 15.3
Amide O 151 1.27 0.69 395 2.03 0.22 837 129.1 17.9 395 131.0 17.4
COO O 241 1.69 0.82 1451 1.97 0.24 3110 124.1 17.2 1451 123.5 17.1
His NH 150 0.34 0.50 64 1.97 0.22 214 112.3 8.7 64 130.7 10.0
sp  ̂ S 75 0.08 0.40 4 2.39 0.11 24 120.4 21.6 4 129.9 20.7
All S.C. 694 1.21 0.86 2417 2.01 0.24 5616 124.1 17.2 2417 124.8 16.9

Notes bur, buried atoms are as defined in section 3.3; total, number of atoms or bonds used to calculate statistics; s.d..
standard deviation; COO", carboyxlate; M.C., Main-Chain; S.C., Side-Chain

hydrogen has, in the HBPLUS model, a circular locus (see 2.4.2.3) along which it can 

move to bring the D-H...A angle as close to linearity as possible.
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The mean angles at the acceptor are less of a guide to an atom type's behaviour than the 

median angles and the frequency distribution shown in the Atlas itself. The median 

angles are significantly lower for the sp^ hybridised acceptors, serine and threonine 

oxygens, than for most other oxygen and nitrogen acceptors. They are also lower for 

tyrosine, which is believed to be intermediate between tetrahedral and trigonal planar 

geometry. The low angles for histidine are probably because of the choice of two 

covalent bonds to measure them against. HBPLUS always picks the covalent bond that 

will give the lower angle. The largest angles at the acceptor are for the main-chain 

carbonyl (a mean D..A-AA angle of 139.9° and H...A-AA of 140.7°) and considerably 

larger than those for side-chain acceptors. The Atlas shows a median angle at the 

acceptor for peptide carbonyls in the 150-160° range. Because of the sheer importance 

of main-chain hydrogen bonding, a thorough examination including the reasons for the 

different angles at the acceptor will be postponed until the following chapter.

The angles at the acceptor, in particular those of the sp^ hybridised acceptors, were 

compared for evidence of lone pair directionality. Lone pair directionality would 

suggest around 110° for Ser and Thr side-chains, but their actual mean angles are 122.2° 

(D...Â-AA) and 124.9° (H...Â-AA). These are similar for angles formed by donors to 

trigonal planar sp  ̂ atoms, but slightly lower than the mean for all side-chain acceptors. 

This suggests that the major factor in hydrogen bond angles at the acceptor is 

competition for space (possibly favouring a position between the two lone electron 

pairs), but that lone pair directionality is still a factor. The tyrosine forms narrower 

hydrogen bonds than most groups (means 119.3° D..A-AA and 119.6° H...Â-AA) 

implying that the oxygen is sp^ hybridised, in agreement with Ippolito et a l (1990) but 

disagreement with Momany et al (1975).

The next step is to analyse the accuracy of some of these results by comparing the 

relationship of the percentage of buried atoms that are unsatisfied with protein structure 

resolution.
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3.5 Unsatisfied Atoms Versus Resolution

The X-ray structures in the high resolution dataset will inevitably contain some 

inaccuracies - limiting the study to high resolution structures reduces these errors rather 

than eliminates them. In order to understand how these inaccuracies affect the hydrogen 

bonding patterns measured in this study, structures of different resolution are compared 

in graphs of proportions of buried atoms that are completely unsatisfied against 

resolution.

This study uses the "full dataset", which comprises nearly all the X-ray derived 

structures of the January 1993 release of the Brookhaven Data Bank. ILOl to 1L76, 

which are all lysozyme mutants, are excluded, but other identical or near-identical 

structures are included. As before, all the atoms in a PDB entry, including water 

molecules and other ligands are used, but no additional symmetry-related atoms are 

generated.

The results for main-chain, histidine, serine, threonine and cysteine are shown in figure 

3.2. The majority of groups show an increase in unsatisfied atoms with worsening 

resolution - the exceptions are the cysteine atoms, which form few hydrogen bonds in 

the high resolution dataset but more hydrogen bonds as resolution worsens, and His 

side-chain nitrogens acting as acceptors which usually fail to accept hydrogen bonds in 

the high resolution dataset and maintain the same level irrespective of worsening 

resolution. This suggests that inaccuracies in X-ray crystallography are causing hydrogen 

bonds with strongly hydrogen bonding groups such as the main-chain NH and CO to be 

missed. The two exceptions, cysteine and histidine, will be examined in the context of 

their respective side-chains.

The first result is broadly similar to the finding reported by Savage et al. (1993) that of 

three phosphoglycerate kinase structures solved to different resolutions, the ratio of 

hydrogen bonds 'lost' during folding to a sum of hydrophobic, disulphide and ionic
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interactions is greatest at poor resolutions and vice versa. The exceptions (cysteine and 

histidine) are presumably dwarfed by those examples that follow the rules when 

hydrogen bonds formed by all atom types are combined.

This relationship between the satisfaction of hydrogen bonding potential and structural 

quality is one of the topics that will be examined with respect to main-chain atoms in 

more detail in the following chapter. The results of this section will inform the analysis 

of the results contained in the Atlas and suggest which results to treat with scepticism. 

It will help to draw some overall trends out of the mass of data.
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3.6 Trends

3.6.1 Sulphur Atoms

The sulphur atoms in cysteine, cystine and methionine are frequently unsatisfied (see the 

Atlas entries on Cyh, Css and Met). This is not surprising, as sulphur atoms are 

considered capable of forming only weak hydrogen bonds, at best, theoretically being 

less electronegative than carbon atoms (2.1.2). Figures 3.2b and 3.2c show a surprising 

increase in the percentage of buried unsatisfied donors and acceptors with improving 

resolution, the opposite of figure 3.2a. Hydrogen bonding cysteines in low-resolution 

structures were examined and some, for instance ' C y s  2 2  a n d  C y s  9 0  in a 3.5Â resolution 

immunoglobulin light-chain dimer structure (Ely et a l 1990) almost certainly form a 

disulphide bridge but are too far apart in the crystal structure to be registered as one in 

the algorithms used in the study.

The mean H...A and D...A distances in table 3.3, despite giving comparative rather than 

absolute information (they are highly dependent on the distance cutoff used), show that 

hydrogen bonds involving sulphur are consistently longer than hydrogen bonds involving 

only nitrogen and/or oxygen. This could be simply because of a strong relationship to 

the different van der Waals radii (1.4Â for oxygen, 1.65Â nitrogen and 1.85Â sulphur) 

(Chothia 1976), or because the hydrogen bonds that sulphur forms are much weaker than 

those formed by nitrogen or oxygen (see section 1.3). This suggests that studies of 

protein folding and structure that involve hydrogen bonds should bear in mind that 

sulphur is only marginally able to form them.

3.6.2 Asparagine, Glutamine and Histidine

The Atlas entries on Asn, Gin and His, and table 3.2, show that these side-chains all 

have a relatively high proportion of unsatisfied hydrogen bond donors and acceptors. 

This is because these three side-chains are all exceptionally difficult to solve by X-ray
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crystallography, as stated in section 1.6. This means that some of the Asn, Gin and His 

side-chains in the high resolution dataset will be inaccurately oriented and hence unable 

to form the hydrogen bonds in the model that they could form in a real system.

This category divides into the amides (Asn and Gin) and the histidine side-chains. 

There is an additional reason for the proportions of unsatisfied His side-chain atoms to 

be in error. When an or atom carries a hydrogen it has only one unhybridised 

n lone electron pair, which is probably slightly delocalised. As a result, it cannot accept 

hydrogen bonds. Only and atoms that do not bond a hydrogen have a lone pair 

and are able to accept a bond. Each nitrogen may either donate or accept hydrogen 

bonds, but not both. The calculation of the numbers of buried unsatisfied atoms does 

not take this into account, therefore both the Atlas and table 3.2 overstate the level of 

histidine atoms that fail to donate or accept hydrogen bonds. Only 11.2% of atoms 

and 9.6% of atoms fail to either donate or accept any hydrogen bonds, a figure that 

is still relatively high but considerably lower than the percentages in the Atlas.

This explanation for the high numbers of unsatisfied His atoms is also supported by the 

strength of hydrogen bonds formed by the His side-chain nitrogens. The Atlas shows 

that these hydrogen bonds are slightly shorter than average. This shows that histidyl 

side-chain nitrogens either hydrogen bond strongly or do not hydrogen bond at all, with 

little in between.

The Atlas entries for the aspargine, glutamine and histidine side-chains deal with these 

topics in more detail. There is clearly much more that could be done to address the 

problem of Asn, Gin and His side-chains, moving from acknowledging the problem to 

producing an algorithm to help solve it. This will be the purpose of chapter five.
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3.6.3 Atoms That Can Either Donate or Accept More Than One 

Hydrogen Bond

There aie two sets of atoms that foiTn multiple hydrogen bonds. These are, firstly, those 

that can donate more than one hydrogen bond, or accept more than one hydrogen bond 

(figure 3.3a), and secondly, those that can both donate and accept hydrogen bonds 

(figure 3.3b). These two sets overlap in the cases of serine, threonine and cysteine. 

Nevertheless, these aie two very distinct sepaiate definitions, they show distinct trends, 

and this study will treat them sepaiately.

Those atoms that can form multiple hydrogen bonds in the same 'direction' (see the 

Atlas entries for donor groups on Lys, Asn, Gin and Arg side-chains, acceptor groups 

on Asp, Glu, Ser, Thr, Cys side-chains and main-chain caibonyl groups), however likely 

or unlikely they aie to form at least one hydrogen bond, are less likely to form second 

(or subsquent) hydrogen bonds, even though this leaves many short of fulfilling their full 

hydrogen bonding potential (see table 3.2). This suggests that satisfying all of a group's 

full hydrogen bonding potential is not as important as satisfying at least part of it.

Many of the groups that can donate or accept more than one hydrogen bond are also 

groups that often fail to donate at least one hydrogen bond for reasons described 

elsewhere. For instance, amide groups 

are ambiguous (see 3.6.2 and the Asn,

Gin Atlas entries), sulphur atoms are 

weak hydrogen bonders (see 3.6.1 and

the Cyh, Css Atlas entries) and sp  ̂

hybridised atoms aie weak acceptors 

(see 3.6.4 and the Cyh, Css, Ser, Thr 

Atlas entries). Although these groups 

still show the tendency towards failing

(a) A I  D

to fortu subsequent hydrogen bonds. Figure 3.3: Two Ways of Forming More
than One Hydrogen Bond
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further analysis will concentrate on other groups because they show the trend more 

clearly, unobscured by any reasons for failure to form even one hydrogen bond.

Arginine N^s, Lys N^s, Asp and Glu carboxylate oxygens and main-chain oxygens 

usually form at least one hydrogen bond. Around a third of the buried carboxylate or 

lysine side-chain hydrogen bonding atoms fail to form all the hydrogen bonds they 

could. This proportion is much larger than the proportions that fail to form any 

hydrogen bonds at all. Similarly, only 22.0% of Arg and groups fail to form 

both hydrogen bonds, but this is compared to 1.5% that fail to form any hydrogen bonds 

at all. These four side-chain types seem to follow a law of decreasing returns for the 

formation of additional hydrogen bonds. The Lys side-chain nitrogens have small but 

significant difficulty in forming second and third hydrogen bonds, although the numbers 

concerned are too small to be statistically significant - 10 out of 11 form the first 

hydrogen bond but only 7 out of the 9 that have formed two hydrogen bonds form the 

third. Similarly, 8.0% of buried carboxylate oxygens form no hydrogen bonds, but 

37.0% form zero or one. This tendency is even more marked for main-chain carbonyl 

groups.

There is more than one possible explanation for these results. One is energetic - when 

two or more hydrogen atoms or lone electron pairs are involved in a single bifurcated 

hydrogen bond, the hydrogen bond is stronger than it would be if it involved only one 

hydrogen and one lone electron pair. Another is steric - that there is simply not enough 

room around a single donor or acceptor atom for two hydrogen bond partners. Both of 

these hypotheses were studied.

Steric competition between hydrogen bonding partners would suggest that multiple 

hydrogen bonds with the same atom would tend to have less favourable geometries than 

a single unbifurcated hydrogen bond. Indeed, figure 3.4 shows that hydrogen bonds to 

singly hydrogen bonded carbonyl oxgens are both more obtuse at the acceptor and 

shorter. Figure 3.4 also shows a similar, albeit small and uncertain, difference between 

hydrogen bonding between Arg bT atoms that form one and two hydrogen bonds. The
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(aj singly hydrogen bonded atoms
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(f) singly hydrogen bonded atoms
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(h) doubly hydrogen bonded atoms
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Figure 3.4: Comparing Acceptor Angles and H A Separation Distributions between 
Bifurcated and Non-Bifurcated Carbonyl Atoms Normalised distribution of the 
number of hydrogen bonds per cubic Angstrom against H...A distance ((a),(c),(e),(g)), 
H...Â-AA angle ((b),(d)) and D-H...A angle ((f),(g)) for main-chain oxygen atoms 
((a)-(d)) and Arg side-chain NH2S ((e)-(h)) in the high resolution dataset which foiTn one 
hydrogen bond ((a),(b),(e),(f)), more than one hydrogen bond ((c),(d)) or two hydrogen 
bonds ((g),(h)). As for the Atlas, the hydrogen bonds are those visible in the crystal 
structure and all main-chain oxygen atoms are included, not merely buried ones. In 
figures ((e)-(h)), each bar is labelled with the absolute number of hydrogen bonds it 
represents. Normalisation is as described in section 2.6.
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H

(a) formamide + (b) formamide +
formaldehyde 2 formaldehyde (c) 2 formamide + formaldehyde

Figure 3.5: The Formamide-Formaldehyde Complexes Studied by Distributed 
Multipole Analysis

less favourable geometries, particularly the longer distances, imply that second and 

subsequent hydrogen bonds aie indeed weaker than first hydrogen bonds.

The energetics of second hydrogen bonds was examined in a DMA (distributed 

multipole analysis) (Stone and Price 1988) study of hydrogen bond bifurcation (J.B.O. 

Mitchell, p e r s o n a l  c o m m u n ic a t io n ) .  The electrostatic energetics of a singly hydrogen 

bonded complex was calculated for a formamide-foiTnaldehyde complex (figure 3.5a) 

and compared with the energetics for complexes involving two bifurcated hydrogen 

bonds at the -NH (figure 3.5b) and two bifurcated hydrogen bonds at the CO (figure 

3.5c). The electrostatic interaction energy for the molecules shown in figure 3.5a is 

5.86kcal/mol, in comparison to the total electrostatic interaction energy for figure 3.5b 

(9.23kcal/mol) and figure 3.4c (7.82kcal/mol). Thus, addition of the extra hydrogen 

bond to a carbonyl oxygen does not double the interaction energy but increases it by 

only 58%. The addition of the extra hydrogen bond to the NH seems to raise the 

interaction energy by an unexpectedly large amount, but this is probably because there 

is an additional, weaker, hydrogen bond formed between the two formaldehyde 

molecules. Therefore, bifurcated hydrogen bonds are weaker than single bonds.

Only 19.4% of main-chain carbonyl groups form both hydrogen bonds, and this is 

unusually low compared to other atoms that can form more than one hydrogen bond.
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The following chapter will concentrate on main-chain hydrogen bonds and this question 

will be considered there.

3.6.4 Atoms That Both Donate and Accept Hydrogen Bonds

There are several atom types that have both polar hydrogens and lone electron pairs - 

Ser, Thr, Tyr and Cyh side-chains are again covered individually in the Atlas. 

Comparing the entries for these groups in the Atlas shows that atoms of all four types 

fail to accept a single hydrogen bond much more often than they fail to donate. Table 

3.2 shows this particularly clearly - buried unsatisfied groups that fail to accept 

outnumber those that fail to donate by 30.6% to 0.8% (Ser), 35.2% to 4.8% (Thr), 

69.7% to 10.4% and 90.7% to 62.8% (Cyh). This is further emphasised by the mean 

numbers of potential hydrogen bonds donated and accepted compared in table 3.3 - 

bonds donated outnumber bonds accepted 1.39 to 0.89 (Ser), 1.39 to 0.87 (Thr), 0.93 to 

0.52 (Tyr) and 0.40 to 0.14 (Cyh).

This result is probably partially an artifact of the method of generating model hydrogen 

co-ordinates. Hydrogens that cannot be modelled unambiguously are given a locus of 

all the points they may occupy that conform with chemical expectations (see section 

2.2). The locus for the Cyh, Ser and Thr side-chain polar hydrogen is a circle. The 

locus for the Tyr side-chain polar hydrogen is two points on either side of the oxygen. 

The Atlas, summarised in table 3.2, shows that substantial numbers of Ser and Thr 

side-chains appear to donate more than one hydrogen bond, despite only having one 

polar hydrogen. The algorithms used in the Atlas and in HE PLUS measure all possible 

hydrogen bonds and do not attempt to eliminate incompatible bonds. Therefore some 

of the atoms that appear to donate two hydrogen bonds might not be able to position 

their hydrogen to donate both, and this probably explains why threonine and serine 

appear to donate a mean of more than one hydrogen bond. This is a much less powerful 

factor for Cyh and Tyr, which rarely donate two hydrogen bonds.
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Table 3.4: Considering Steric Hindrance of Hydrogen Bonding by the Oxygen of 
Ser, Thr and Tyr Side-Chains

Residue num % unsatisfîed % neither
Type bur* don^ acc^ est* expf

Ser 121 0.8 30.6 0.30 0

Thr 125 4.8 35.2 2.11 3

Tyr 67 3.0 59.7 1.12 1

Notes
^Number of buried side-chain oxygen atoms
^Percentage of buried side-chain oxygen atoms that fail to donate
^Percentage of buried side-chain oxygen atoms that fail to accept
"^Estimated number of buried side-chain oxygen atoms that fail to either donate or
accept, being the product of the previous three columns
^Experimental {i.e. actual) number of buried side-chain oxygen atoms that fail to 
either donate or accept a hydrogen bond

But this is clearly not a complete explanation, particularly as the flexibility of hydrogen 

positions in the algorithm reflects a chemical reality. It only explains why some groups 

donate more hydrogen bonds than might be expected - it does not explain the central 

observation that so many groups that could both donate and accept actually fail to 

accept.

The observation that acceptors are much more likely to fail to accept if they could also 

donate implies some sort of competition between donors and acceptors that the acceptor 

loses. Table 3.4 compares the numbers of atoms that fail to donate or accept, to 

determine if atoms are less likely to donate (accept) a hydrogen bond if they are also 

accepting (donating) a bond. The numbers of atoms involved are unfortunately not 

enough to draw reliable conclusions, although the results do suggest that the 

probabilities of donating and accepting hydrogen bonds are independent.

There are two possible explanations which may both be true. The first is that the 

unbonded lone pair is simply less energetically unfavourable than the unbonded polar
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hydrogen.

The second explanation may be more simple - the paucity of donor groups compared 

to acceptor groups. The nitrogen and oxygen atoms in the protein chains of the high 

resolution dataset have the potential to donate 20689 hydrogen atoms but to accept 

35576 lone electron pairs - a surplus of acceptors of 71.2%. Of course, this is a 

simplistic comparison that assumes that an atom that can (for example) donate three 

hydrogen bonds is as important as three atoms that can accept one hydrogen bond each. 

If the potential to donate or accept second or third hydrogen bonds is ignored, acceptors 

still outnumber donors by 18491 to 17074, a surplus of 8.3%. Including only the 

potential to accept a second hydrogen bond of the carbonyl oyxgens that actually do 

form second hydrogen bonds and are buried, this becomes 14.0%. Clearly, there is an 

excess of accepting potential in globular proteins, and some accepting potential is likely 

to be left unsatisfied.

The four side-chain atom types than can both donate and accept hydrogen bonds divide 

chemically into the tetrahedral configuration of the Ser, Thr and Cyh oxygen or sulphur 

atoms and the planar configuration of the Tyr side-chain oxygen. They could also 

divide into oxygen atoms (Ser, Thr, Tyr) and sulphurs. The study will now examine 

how these differences in their chemistry relate to their hydrogen bonding characteristics.

There are considerable differences between these four atom types. Figures 3.2b and 3.2c 

illustrate the levels of buried unsatisfied atoms at different resolutions, and show that 

over a fifth of buried serine and threonine side-chain oxygen atoms, for example, fail 

to accept hydrogen bonds even for structures determined to high resolutions, whilst 

almost none fail to donate. This contrasts with cysteine, which was not only much more 

likely to fail to hydrogen bond, but, as already described, actually becomes less likely 

to hydrogen bond as resolution improved. Cysteine is simply following the rule that 

sulphurs do not have the electrostatic potential to form strong hydrogen bonds.

A closer inspection shows differences in hydrogen bonding patterns between Ser and Thr
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Table 3.5: The Effect of Hydrogen Bonding Between the Main-Chain and Side- 
Chains of the Same Residue on the Satisfaction of Hydrogen Bonding Potential

►nor/ Atom % Unsatisfied^
ptor Name Under Criteria:

Std^ Rlx^ Bek"

Don Ser 0.9 0.0 0.0
Don Thr 0^^ 4.9 0.0 4.1
Don Tyr 3.2 1.6 3.2
Don M.C. NH 9.5 1.2 6.5

Acc Ser 31.6 12.8 19.7
Acc Thr 33.6 5.7 9.0
Acc Tyr 60.3 42.9 57.1
Acc M.C. CO 5.1 1.8 5.0

Notes
^Unsatisfied, defined as forming no hydrogen bonds, under whichever criteria are in 
use
^Std, Standard Criteria
^Rlx, Relaxed Criteria of H A < 3.0Â, D-H A, D - Â-AA, H Â-AA > 60°
"̂ Bck, Standard Criteria except including relaxed criteria hydrogen bonds between 
main-chain and side-chain of the same residue (in either direction)

on the one hand, and Tyr on the other. If the criteria were relaxed by 0.5Â for the D...A 

and H A separations, and by 30° for the D-H . A, D...Â-AA and H...Â-AA angles, the 

percentages of buried Ser and Thr atoms that fail to accept fall to 12.8% and 

5.7%, respectively. But for Tyr O^, the fall is from 60.3% only to 42.0%. Inspection 

of table 3.3 shows that Tyr O donates hydrogen bonds that are significantly shorter 

(mean H...A 1.90Â) and presumably stronger than the average (2.02Â) for side-chains, 

whilst the bonds accepted by Ser and Thr are significantly longer than average, 

a mean H...A of 2.10Â compared to 2.01Â for side-chains as a whole.

Taken together, these suggest that whilst Ser and Thr are simply weakly hydrogen 

bonding when examined as acceptors, Tyr is likely to either accept a full strength 

hydrogen bond or none at all, with few weak hydrogen bonds in between.
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The behaviour of Ser and Thr is partially explicable by weak hydrogen bonding from 

the main-chain NH to an acceptor atom (usually the NT or on the side-chain of 

the same residue. These hydrogen bonds usually lie outside the standard criteria used 

here, but still stabilise the protein structure. Table 3.5 shows these weak hydrogen 

bonds alone make a major contribution to satisfying hydrogen bonding potential. These 

hydrogen bonds also affect side-chain orientation and thence secondary structure 

(Swindells et a l 1995).
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3.7 Conclusions

The Atlas, as well as being a useful guide to hydrogen bond distributions and geometries 

(the electronic version is examined by roughly eight different laboratories each day), 

highlights several interesting aspects of hydrogen bonding groups. The most important 

of these aspects is that, several exceptions notwithstanding, very few buried atoms that 

can hydrogen bond fail to do so. Indeed, examination of many apparently unsatisfied 

atoms with a molecular visualisation program showed many weak electrostatic 

interactions that he just outside the criteria used to generate the list of hydrogen bonds. 

The second aspect is that the unsatisfied hydrogen bonding potential is more likely to 

be accepting, simply because proteins contain, on balance, more acceptors than donors. 

The third is that lone pair directionality at hydrogen bond acceptors, although present, 

is not an overwhelming factor in hydrogen bond geometry.

The aspects covered by the Atlas are mostly limited to the variation of hydrogen 

bonding frequency and geometry distributions with the donors and acceptors involved. 

This is not the only factor in hydrogen bonding - secondary structure, local environment 

and pH also play a role. The size of the sample, especially when it is limited to buried 

groups, is not large enough to show the more subtie aspects of protein hydrogen 

bonding. Many apparent differences between groups, for instance between hydrogen 

bonding distributions of buried oxygen atoms between aspartate and glutamate 

side-chains, could quite easily (>10% probability by a test - the differences having 

a of 4.29 at three degrees of freedom) have been produced by chance.

So, the Atlas leaves some of the important questions about hydrogen bonding in globular 

proteins unanswered. It shows the full importance of questions about how and when the 

hydrogen bonding potential of proteins is satisfied, and although it does not use a large 

enough sample for a thorough analysis of all protein groups, it is possible to do a much 

more detailed study of the satisfaction of main-chain hydrogen bonding potential. Such 

a study will fill the following chapter. Also, it pinpoints problems with Asn, Gin and
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His solution in X-ray crystallography that HBPLUS can help to solve, if it is used in the 

right way. The penultimate chapter refines HBPLUS into a suite that can address this 

problem.

Although the Atlas makes several important observations, it asks more questions than 

it answers. The rest of this thesis will be spent answering some of them.
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4 Satisfaction of Main-Chain Hydrogen 

Bonding Potential

4.1 Introduction

The previous chapter described an Atlas of Side-Chain and Main-Chain hydrogen 

bonding, in which the frequency and geometry distributions of the hydrogen bonding by 

all the donors and acceptors in the standard amino acids was examined. It compared 

and contrasted hydrogen bonding for the different atom types, investigating several 

phenomena more closely and extracting general trends from these studies. Some of 

these trends referred only to side-chains and some included main-chain nitrogen and 

oxygen atoms. The observations relevant to main-chain atoms are (i) atoms that can 

hydrogen bond usually do, and appear more likely to form hydrogen bonds in structures 

solved to high resolutions, (ii) acceptors are less likely to hydrogen bond than donors, 

and (iii) groups that can chemically form more than one hydrogen bond are 

comparatively less likely to form the second and subsequent hydrogen bonds.

The main-chain nitrogen and oxygen atoms are uniquely important in protein structure. 

The Atlas reported that 63.2% of protein to protein hydrogen bonds in the high 

resolution dataset are between two main-chain atoms. Because of the importance of 

main-chain hydrogen bonding, this chapter will examine it closely.

Previous studies (Baker and Hubbard 1984; Stickle, Presta et a l 1992) found that most 

protein hydrogen bonding was between main-chain atoms and stabilised elements of 

secondary structure, as described in section 1.3.4. For example, both the frequency and 

the geometry of hydrogen bonds between main-chain atoms are closely linked to the 

secondary structure types of the atoms involved. Hydrogen bonds between side-chains 

and main-chain atoms often stabilise the ends of helices. Carbonyl oxygens are less
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likely to form two hydrogen bonds if they lie within p-sheets, but more likely if they 

lie within helices. Hydrogen bonds in helices tend to be distorted further from linearity 

at the hydrogen than other hydrogen bonds.

This chapter will focus on unsatisfied main-chain atoms, attempting to discover which 

main-chain atoms tend to be unsatisfied, how unsatisfied they are, and why those atoms 

in particular are unsatisfied. It will try to explain why carbonyl oxygens, for instance, 

rarely form two hydrogen bonds. It will also examine how the strength of hydrogen 

bonds varies with secondary structure and burial within the protein. It will finally return 

to the study of satisfaction of main-chain hydrogen bonding potential to examine the 

utility of using the proportion of peptide hydrogen bonding atoms that fail to hydrogen 

bond in a given structure as a measure of geometric quality.
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4.2 How Many NHs and COs that are Apparently 

Unsatisfied are Actually Satisfied by Apparently Weaker 

Hydrogen Bonds?

The Atlas shows the hydrogen bonding distributions for main-chain as well as side-chain 

hydrogen bonding atoms. It shows that 9.5% of buried main-chain NH groups and 5.1% 

of buried main-chain CO groups in the high-resolution dataset (see section 2.5) fail to 

hydrogen bond under the standard criteria described in section 2.9. These proportions 

represent only 5.7% of the total number of (buried and exposed) NH groups and 2.1% 

of COs (see figure 3.1).

These results do not take account of inaccuracies in protein structures, or stabilising 

interactions that fall outside the default hydrogen bonding criteria. This will be 

addressed by the next few sections.

Figure 4.1 shows how worsening resolution in protein structure affects the number of 

main-chain atoms for which no hydrogen bonding partners are found, showing each 

protein structure as a separate point. As demonstrated in section 3.5, structures solved 

to poor resolution tend to have more unsatisfied peptide nitrogens and oxygens. This 

makes it impossible to assume that the percentage unsatisfied would not change as the 

resolution approached perfect accuracy.

The percentages between 1.4 and 1.7Â agree strongly with the percentages of unsatisfied 

buried atoms in the high-resolution dataset. This suggests that the full dataset, which 

over-represents some proteins, is still a fair representation of protein structures.

Figure 4.1 could be held to suggest that at around 1.7A, nearly all the hydrogen bonds 

have been found (unless some are resolved at very high resolutions, better than 1.4Â). 

The percentages of unsatisfied atoms drop as the resolution improves, until it reaches
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Figure 4.1: Percentage Buried Main-Chain NH (a) or CO (b) Groups without 
Hydrogen Bonds Against Resoultion for the Full Dataset Default hydrogen bonding 
criteria are as described in section 2.9. (-) Individual protein structures; (0) mean values 
for a resolution range; the horizontal lines represent the mean values for the 
high-resolution dataset. Because resolutions are given accurate to within only 0.1Â, 
many points superimpose.

1.7Â, and then level off. There are too few structures of resolution better than 1.4Â to 

extrapolate trends. Failure to find hydrogen bonds in high resolution (< 2.0Â) structures 

is more likely to be because the atoms are matched to the right area of high electron 

density but positioned slightly inaccurately than because the wrong area of electron 

density is matched to the wrong atoms. These hydrogen bonds would therefore register 

as satisfied if the criteria were relaxed.

If it is believed that structures at low resolutions may miss hydrogen bonds, then the
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Figure 4.2: Percentage Buried Main-Chain NH (a) or CO (b) Groups without 
Hydrogen Bonds Averaged for All Proteins of a Given Resolution and Plotted 
Against Resolution for the Full Dataset Three different sets of hydrogen acceptor 
separation and angle criteria are used; (□) default (2.5Â, 90°); ( a )  3.0Â, 60°; (0) 3.5Â, 
30^

converse - that a high proportion of unsatisfied atoms suggests low structural quality - 

may also be time. Section 4.6 will investigate this possibility with an eye to its practical 

application.

The exception to the assertion that high resolution structures will match the right atoms 

to the right areas is of electron density is, as explained in section 1.6.2, if the electron 

density for a side-chain appears symmetrical This happens in the case of Asn, Gin and 

His side-chains, which will be considered in chapter five.

Figure 4.2 examines the relationship between hydrogen bond criteria, resolution and the 

proportion of unsatisfied atoms, to determine the 'real' proportion of unsatisfied atoms. 

It shows that the proportions that fail to hydrogen bond diminish vastly if the hydrogen
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Figure 4.3: Percentage Buried Main-Chain NH (a,b) and CO (c,d) Groups without 
Hydrogen Bonds, Against H A Distance Criterion in Angstroms and Varying 
D-H A Criterion for the High Resolution Dataset T h e  h y d r o g e n  b o n d i n g  c r i t e r i a  a r e  

a s  d e s c r i b e d  i n  t h e  t e x t  e x c e p t  t h a t  t h e  D  A  c r i t e r i o n ,  t h e  H  - Â - A A  c r i t e r i o n  a n d  t h e  

D  À - A A  c r i t e r i o n  a r e  r e l a x e d  c o m p l e t e l y ,  t h e  H  A  c r i t e r i o n  v a r i e s  a l o n g  t h e  x - a x i s  a n d  

t h e  D - H  A  c r i t e r i o n  i s  s e t  t o  v a l u e s  o f  9 0 ° ,  6 0 °  a n d  r e l a x e d  c o m p l e t e l y ,  f r o m  t h e  u p p e r  

l i n e  t o  t h e  l o w e r  l i n e  r e s p e c t i v e l y .  T h e  l i n e s  h a v e  n o t  b e e n  l a b e l l e d  w i t h  s y m b o l s  

b e c a u s e  t h e  p o i n t s  a i e  0 .0 1  À  a p a r t  a n d  t h e  s y m b o l s  w o u l d  o b s c u r e  t h e  l i n e s .

b o n d i n g  c r i t e r i a  a r e  o n l y  m a r g i n a l l y  r e l a x e d .  T h e  b a s i c  c r i t e r i a  o f  2 . 5 Â  

h y d r o g e n - a c c e p t o r  d i s t a n c e  a n d  9 0 °  f o r  t h e  a n g l e s  a r e  r e l a x e d  i n  s t a g e s  o f  0 . 5 Â  a n d  3 0 ° .  

B y  3 . 0 Â  a n d  6 0 ° ,  r o u g h l y  f i v e - s i x t h s  o f  t h e  b u r i e d  u n s a t i s f i e d  N H ,  a n d  h a l f  t h e  b u r i e d  

u n s a t i s f i e d  C O s  h a v e  b e c o m e  s a t i s f i e d  i n  t h e  s t r u c t u r e s  w i t h  a  r e s o l u t i o n  b e t t e r  t h a n
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Figure 4.4: Percentage Buried Main-Chain NH (a,b) and CO (c,d) Groups without 
Hydrogen Bonds, Against H A Distance Criterion in Angstroms and Varying 
H Â-AA and D Â-AA Criteria for the High Resolution Dataset This is as figure 
4.3, except that the D-H A criterion is relaxed completely and the H -Â-AA and 
D A-AA criteria are relaxed together in stages to give the three lines.

2.0Â. Relaxing to 3.5Â and 30° satisfies half of the remaining unsatisfied atoms. 

Unfortunately, it is impossible to discern which of these interactions are genuinely 

weaker than primai^ hydrogen bonds and which are represented inaccurately in the 

protein structure.

In the high resolution dataset, relaxation of the angles to 60° and the lengths by 0.5Â 

reduced the percentage of buried NH (CO) groups from 9.5% (5.1%) to 1.2% (1.8%).
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Figure 4.5: Percentage Buried Main-Chain NH (a,b) and CO (c,d) Groups without 
Hydrogen Bonds, Against H A Distance Criterion in Angstroms and Varying Angle 
Criteria for the High Resolution Dataset As figure 4.3, except that all angle criteria 
are relaxed together in stages to give the three lines.

It is commonly believed that it is much harder to bury an unsatisfied peptide NH 

group than to bury an unsatisfied carbonyl oxygen, and these results for relaxed 

hydrogen bonding criteria agree with these observations whilst the results for the 

standard criteria do not.

Figures 4.3, 4.4, and 4.5 give a much more detailed analysis of the interactions that fall 

just outside the criteria for primai y hydrogen bonds, by relaxing one or both angle

119



Chapter 4: The Satisfaction o f Main-Chain Hydrogen Bonding Potential

criteria in steps and relaxing the H...A distance criteria successively. The percentage of 

unsatisfied buried NH (CO) groups falls from 9.5% (5.1%) to 4.6% (3.2%) if H...A 

separation is relaxed to 3.0Â; to 5.4% (3.9%) if the minimum angles at the acceptor (but 

not at the hydrogen) drop to 60.0°; and to 1.5% (2.2%) if both are relaxed. However, 

if the minimum angle at the hydrogen is relaxed to 60.0°, the drop is small, to 9.4% 

(5.0%). This shows, in agreement with the results of chapter two, that near-hydrogen 

bonds tend to have angles at the hydrogen that lie within hydrogen-bonding criteria, but 

angles at the acceptor or H...A separations that are slightly too acute or slightly too long.

Taken together, figures 4.3-4.5 show that if the hydrogen bond criteria were sufficiently 

relaxed, every atom would be deemed to be satisfied. Taken with the hydrogen bond 

geometry distribution illustrated in figure 2.5, figure 4.5 shows that the H...A distribution 

tails off until it reaches a plateau at 3.1Â. This plateau is taken to represent the overall 

concentration of hydrogens within protein molecules.
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4.3 The Environment Around Unsatisfied Peptide Nitrogen 

and Oxygen Atoms

This part of the study will take three separate approaches to examining the environment 

around unsatisfied main-chain atoms. Firstly it will examine the distribution of atoms 

in a sphere around highly unsatisfied main-chain nitrogen and oxygen atoms, and how 

this differs from the distribution of atoms around all main-chain N and O atoms. 

Secondly, it will study the effect of the type of side-chain on the propensity of 

main-chain atoms in the same residue to hydrogen bond. Thirdly it will examine 

individual unsatisfied groups and look for trends.

Highly unsatisfied atoms were defined as those that are buried and fail to hydrogen bond 

even at the relaxed criteria of 3.0Â for maximum H...A and 60° for minimum D-H...A, 

H...Â-AA and D...Â-AA angles. The 85 main-chain NH groups and 86 main-chain CO 

groups that fit this definition are listed in table 4.1. These represent the 1.2% and 1.8% 

of buried main-chain NH and CO groups mentioned earlier. The disparate percentages 

are because there are more buried peptide nitrogens than buried main-chain carbonyl 

oxygens in the high-resolution dataset.

The environment within a sphere 4.0Â around each highly unsatisfied atom was 

examined to find if any side-chain type was more prevalent than any other. A set of 

propensities to be neighbouring unsatisfied main-chain atoms was generated (table 4.2). 

The most important columns in the table are those titled 'Relative', where the number 

of times that each side-chain type neighbours a highly unsatisfied buried main-chain 

donor (acceptor) is calculated relative to the number of times it neighbours any buried 

main-chain donor (acceptor).

Table 4.2 shows that only proline exhibits a non-random preference to be in the 

neighbourhood of unsatisfied donors or acceptors. Since the proline side-chain loops 

back to the main-chain rather than branching out, proline side-chains will be more likely
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Table 4.1: List of Highly Unsatisfied Buried Main-Chain Donors and Acceptors

l A K E A 9 P r o  0 I P I I 8 9  A s p  N 2 C Y P 8 6 G l n N 4 B P 2 7 1 A s n  0

l A K E A 2 8 G l n N I P I I 1 2 9  T y r O 2 C Y P 9 1 P h e O 4 E N L 1 4 7 P r o  0

l A K E A 1 5 7 L y s  N I P I I 2 5 2  V a l O 2 C Y P 1 2 2 P r o O 4 E N L 1 5 2 A s n  O

I C B X 9 1 G ly  N I P I I 2 5 6  G l u O 2 C Y P 1 6 1 L e u  O 4 E N L 1 6 6 L e u  N

I C B X 1 0 9 I l e O I P I I 2 8 4  V a l N 2 C Y P 1 8 8 G l u N 4 E N L 1 6 6 L e u  0

I C B X 1 1 2 A s n  N I P I I 3 8 0  A s n  N 2 C Y P 2 3 8 L e u  0 4 E N L 3 5 0 G ly  0

I C B X 1 6 7 G ly  N I R B P 3 7  L e u  O 2 F B 4 H 1 5 2 P r o O 4 E N L 3 9 1 A r g  O

I C B X 1 68 L y s  N I R B P 4 1  l i e  N 2 G B P 11 L y s  N 4 E N L 4 2 7 G ly  N

I C B X 2 3 4 T y r  N I R B P 6 9  V a l N 2 G B P 6 7 L e u  O 5 C Y T R 2 0 V a l O

I C B X 2 3 6 T h r N I R B P 9 4  A l a N 2 G B P 1 0 4 L y s  N 5 P A L 2 5 A s p  N

I C B X 2 6 6 S e r  0 I R B P 9 8  G in  O 2 G B P 1 4 9 G l u N 5 P T I 3 7 G ly  N

I C B X 2 7 2 A rg  N I R N H 4  G l n N 2 G B P 1 6 3 I l e N 5 T M N E 3 5 A r g  N

I C B X 2 7 3 A s p  O I R N H 13 C y s N 2 G B P 2 7 8 A l a O 5 T M N E 1 5 5 L e u  N

I C O B A 8 1 A s p  O I R N H 8 3  H i s N 2 H M Z  A 2 1 A H e  N 5 T M N E 2 0 5 M e t  0

I C O B A 1 3 7 A s n  N I R N H 1 1 3  G in  O 2 H M Z A 4 3 H is  N 5 T M N E 2 1 4 P r o  0

I C S E E 8 2 L e u  N I S N C 1 0 8  L e u  O 2 L T N A 2 8 L y s  N 6 X I A 15 T r p  N

I C S E E 2 0 1 P r o  0 l U B Q 3 6  I l e N 2 P 0 R 5 6 G ly  0 6 X I A 2 1 G ly  N

I G D l 0 7 3 V a l N 2 A Z A A 3  C y s  N 2 P 0 R 8 7 T y r O 6 X I A 9 3 P h e  N

I G D l 0 8 0 G l u N 2 A Z A A 4  G l u N 2 R H E 2 S e r  N 6 X I A 138 G ly  0

I G D l 0 2 0 5 P r o  0 2 C A 2 2 7  A rg  0 2 R H E 4 8 L e u  0 6 X I A 14 8 L y s  N

I G D l 0 2 8 8 V a l N 2 C A 2 1 0 4  G ly  0 2 R H E 1 1 0 L e u  O 6 X I A 1 8 7 A r g  N

I G O X 6 0 M e t  0 2 C A 2 1 8 4  L e u  0 2 R S P A 9 A s p  N 6 X I A 2 1 4 A s n  0

I G O X 2 3 2 V a l O 2 C A 2 2 0 4  L e u  N 2 R S P A 2 1 G ly  N 8 A C N 7 7 G l n N

I G O X 3 4 3 C y s  O 2 C D V 5 2  H i s O 2 R S P A 7 6 S e r  O 8 A C N 1 4 7 H i s N

I G P l A 2 4 G l u N 2 C P P 3 9  G l n N 2 S C P A 8 5 A s n  N 8 A C N 1 7 4 L e u  0

I G P l A 1 2 1 L e u  N 2 C P P 6 6  T h r O 2 T S C A 4 4 L e u  O 8 A C N 2 7 1 P r o  0

I L Z l 4 0 T h r O 2 C P P 8 3  S e r  O 2 T S C A 4 9 A r g  N 8 A C N 2 9 8 H is  0

I L Z l 61 S e r  0 2 C P P 8 5  C y s  N 2 T S C A 7 9 I l e N 8 A C N 3 9 0 T h r O

I L Z l 7 5 A s n  N 2 C P P 8 7  P h e N 2 T S C A 9 2 P r o  O 8 A C N 3 9 1 P r o  0

l O V A A 5 5 I l e N 2 C P P 9 8  P h e N 2 T S C A 9 4 T y r  N 8 A C N 4 4 6 A s n  0

lO V A A 8 0 V a l O 2 C P P 1 01  T h r N 2 T S C A 1 2 4 A s p  N 8 A C N 4 4 9 P h e N

l O V A A 8 1 A rg  0 2 C P P 1 5 1  T h r N 2 T S C A 1 2 7 A r g  N 8 A C N 4 5 3 A s n  O

l O V A A 8 3 A s p  N 2 C P P 1 5 5  A l a O 2 T S C A 1 4 7 H i s N 8 A C N 5 3 6 G in  0

l O V A  A 8 3 A L y s  N 2 C P P 2 1 1  A r g  0 2 U T G A 6 4 V a l  O 8 A C N 5 5 7 H e N

l O V A A 1 7 4 G l n N 2 C P P 2 9 2  P h e O 2 W R P R 3 5 H i s N 8 A C N 5 6 8 A s p  N

l O V A  A 2 0 9 A rg  0 2 C P P 2 9 3  S e r  O 2 W R P R 6 5 G l u N 8 A C N 5 8 4 A s p  N

l O V A A 2 7 5 T r p O 2 C P P 2 9 6  A l a O 2 W R P R 7 7 A l a  O 8 A C N 6 9 0 L y s  O

l O V A A 2 8 9 P r o  O 2 C P P 3 3 2  A s n  O 3 F G F 2 7 A s n  O 8 A C N 6 9 5 A s p  0

l O V A  A 3 0 8 I l e O 2 C P P 3 6 1  H i s N 3 F G F 1 0 8 S e r  O 8 A C N 7 0 3 L y s  N

l O V A A 3 6 6 A l a O 2 C P P 3 7 8  H e  0 3 G R S 2 2 A s p  O 8 D F R 2 2 L e u  N

l O V A A 3 8 2 V a l O 2 C P P 4 0 2  L e u  N 3 G R S 5 9 V a l  O 8 D F R 1 0 5 L e u  N

I P A Z 2 0 P r o  O 2 C P P 4 1 2  L y s  0 3 G R S 15 1 H is  N 9 W G A A 5 8 A s n  0

I P A Z 5 5 L y s  N 2 C Y P 7 1  T y r O 3 L Z M 1 3 9 T y r O

to neighbour main-chain atoms in general rather than unsatisfied main-chain atoms in 

particular. Thus this result could simply be an artifact. The 12 proline side-chain
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Table 4.2: Neighbours of Highly Unsatisfied Main-Chain Hydrogen Bonding 
Groups

M a i n - C h a i n  N H M a i n - C h a i n  C O

T o ta l R e l a t i v e T o t a l R e l a t i v e

P r o l i n e  S i d e - C h a i n 12 3 .9 0 3 9 8 .8 2

A r o m a t i c 3 4 1 .7 1 4 5 1 .41

P o l a r  S i d e - C h a i n s 4 9 1 .4 9 4 1 1.10

C h a r g e d 4 3 1 .3 6 3 1 0 .8 4

H y d r o p h o b i c 4 8 0 .9 2 9 3 1 .0 9

A n y  M a i n - C h a i n 2 8 2 0 .8 5 3 6 2 0 .8 7

N o t e s

" H ig h ly  U n s a t i s f i e d "  i s  d e f in e d  a s  n o t  f o rm in g  a  h y d r o g e n  b o n d  e v e n  w h e n  th e  c r i t e r i a  a r e  r e l a x e d  to  

m in im u m  a n g le s  o f  6 0 °  a n d  a  m a x im u m  H  A  s e p a r a t io n  o f  3 .0 Â , A  " n e ig h b o u r "  i s  a  s id e - c h a in  w i th  

a t  l e a s t  o n e  a to m  s e p a r a te d  b y  le s s  th a n  4 .0 Â  f ro m , b u t  s e p a r a te d  b y  m o r e  t h a n  th r e e  c o v a l e n t  b o n d s  

f ro m , a  b u r i e d  a n d  h ig h ly  u n s a t is f ie d  m a in - c h a in  N H  o r  C O  g r o u p ,  a s  a p p r o p r i a t e .  M a in - c h a in  a to m s  

h a v e  b e e n  in c lu d e d  f o r  c o m p a r is o n .  " R e la t iv e "  p r o v id e s  a  m e a s u r e  o f  t h e  r e l a t i v e  p r o p e n s i ty  f o r  a  

g iv e n  s id e - c h a in  t y p e  to  c o n ta c t  a n  u n s a t is f ie d  g r o u p ,  a n d  i s  c a lc u l a t e d  a c c o r d in g  to  th e  e q u a t io n

relative DtoBensity oKatom^ide-chain^
^  nKàtom^^^ide-dminJ nH,atomî ide-chain

w h e r e  n b ( a to m „ s id e - c h a in y )  is  th e  n u m b e r  o f  n e ig h b o u r  i n te r a c t io n s  b e tw e e n  m a in - c h a in  N H  o r  C O  

a to m s  ( a s  a p p r o p r ia te )  o f  ty p e  a , a n d  s id e - c h a in  t y p e  b ,  u n  i s  h ig h ly  u n s a t i s f ie d ,  b u r  is  b u r ie d ,  a n d  m 

is  th e  s ig n  f o r  i n te r s e c t io n  o f  s e ts .

neighbours of unsatisfied main-chain NHs (table 4.2) are all in the adjacent residue to 

the atom they neighbour, and for them the pattern may be an artifact, although it may 

indicate strain in the vicinity of the proline or proline acting as a breaker of secondary 

structure. Although the propensity to neighbour unsatified NH groups is high (3.90) the 

sample size (12) is low.

The dominance of proline is more marked for unsatisfied main-chain acceptors, and 

becomes even more pronounced if neighbours in the same or adjacent residues are
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excluded. Although 12/39 of these 

neighbour interactions are with same or 

adjacent residues, this proportion is less 

than the average for other side-chains and 

the relative propensity is very high. Most 

of these contacts between unsatisfied 

carbonyl groups and proline side-chains 

were examined on a graphics workstation.

Very frequently the CO group was in a 

secondary structural element poised to 

hydrogen bond to the proline residue it 

contacted, e.g. Ser 266 in figure 4.6,

which shows part of a (3-sheet in

carboxypeptidase A-a (Mangani, Carloni 

et al. 1992) in the style of a HERA 

diagram (Hutchinson and Thornton 1990).

The proline residue could not donate
hydrogen bonds, breaking any secondary represents a hydrogen bond from a

mam-chain NH to a main-cham CO.
structures it would otherwise be part of. Proline 205 is emboldened.

An important part of the environment of a given NH or CO group is the side-chain of

the residue the atom is part of. Table 4.3 compares the frequency distribution of

hydrogen bonding for main-chain atoms from the different residues, to investigate how 

side-chains affect hydrogen bonding in the main-chain NH or CO group. It uses the 

standard hydrogen bonding criteria, as the relaxed criteria would not give a sufficiently 

large number of unsatisfied atoms to be statistically meaningful. It shows that those 

main-chain atoms that fail to form hydrogen bonds are distributed unevenly throughout 

the residues, with some clear outliers.

Proline oxygen, obscured by the side-chain that arches back to meet the imino group.

199 S272 R

200 Q271 L

270 E 201 L

269 F 202 L

268 T 203 L

267 F 204 Y

266 S 205 P

265 Y 206 Y

Figure 4.6: HERA-Style Diagram of the 
Hydrogen Bonding Around Proline 205 of 
Carboxypeptidase A-or Each arrow
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Table 4.3: Main-Chain Hydrogen Bonding Frequency in the High-Resolution 
Dataset

Group num num 0 1 2 3 >3 mean Group num num 0 1 2 3 >3 mean

ALAN 1118

bur

570 7.5 90.0 2.5 0.0 0.0 0.95 ALA 0 1118

bur

412 4.6 76.5 17.7 0.7 0.5 1.16
CYS N 197 128 8.6 88.3 3.1 0.0 0.0 0.95 CYS O 197 94 8.5 69.2 22.3 0.0 0.0 1.14
ASPN 780 439 13.9 82.7 3.4 0.0 0.0 0.90 ASPO 780 253 4.3 71.2 22.9 1.6 0.0 1.22
GLU N 721 392 9.9 87.5 2.5 0.0 0.0 0.93 GLUO 721 218 2.3 80.7 16.5 0.5 0.0 1.15
PHEN 465 339 9.1 89.1 1.8 0.0 0.0 0.93 PHEO 465 253 6.7 79.0 13.4 0.8 0.0 1.08
GLYN 1015 402 9.7 84.8 5.5 0.0 0.0 0.96 GLYO 1015 332 5.4 73.5 19.9 0.9 0.3 1.17
HIS N 289 197 10.2 82.7 7.1 0.0 0.0 0.97 HIS 0 289 148 4.7 67.6 23.0 3.4 1.4 1.30
ILEN 607 491 7.5 90.8 1.6 0.0 0.0 0.94 ILEO 607 372 3.0 82.5 13.7 0.8 0.0 1.12
LYS N 806 479 9.8 85.8 4.4 0.0 0.0 0.95 LYS O 806 261 5.0 77.8 16.5 0.8 0.0 1.13
LEU N 997 746 5.0 91.8 3.2 0.0 0.0 0.98 LEU O 997 526 3.8 74.7 19.8 1.5 0.2 1.20
MET N 255 189 3.7 90.5 5.8 0.0 0.0 1.02 METO 255 136 5.2 80.9 12.5 1.5 0.0 1.10
ASN N 553 346 15.3 80.6 4.0 0.0 0.0 0.89 ASN 0 553 195 8.7 70.8 19.0 1.5 0.0 1.13
GLN N 426 261 11.9 83.5 4.6 0.0 0.0 0.93 PROO 495 140 10.0 69.3 19.3 1.4 0.0 1.12
ARG N 512 303 8.2 88.1 3.6 0.0 0.0 0.95 GLN 0 426 168 4.8 71.4 23.8 0.0 0.0 1.19
SER N 747 332 13.6 82.5 3.9 0.0 0.0 0.90 ARG 0 512 206 4.8 73.8 18.4 2.9 0.0 1.19
THR N 678 402 13.2 83.8 3.0 0.0 0.0 0.90 SERO 747 252 8.7 67.1 23.8 0.4 0.0 1.16
VAL N 866 650 9.1 89.2 1.7 0.0 0.0 0.93 THRO 678 278 4.0 79.1 15.5 1.4 0.0 1.14
TRP N 152 102 11.8 88.2 0.0 0.0 0.0 0.88 VALO 866 466 4.3 79.8 15.4 0.4 0.0 1.12
TYR N 414 273 6.2 93.0 0.7 0.0 0.0 0.95 TRP O 152 82 6.1 67.1 24.4 2.4 0.0 1.23

M.C. NH
11598 7041 9.5 87.3 3.2 0.0 0.0 0.94

TYRO 

M.C. CO

414 226 4.9 75.7 17.7 1.8 0.0 1.16

12093 5018 5.1 75.5 18.2 1.1 0.1 1.16

Notes
"num", number of atoms of said type; "num bur", number of buried atoms; "0", "1" etc., percentage of buried atoms forming 
nil, one etc. hydrogen bond(s); "mean" mean number of hydrogen bonds formed by said atoms; main-chain

is the most unlikely to accept a single hydrogen bond. Also, Cys oxygen forms 

relatively few H-bonds, but the numbers involved (8 atoms that do not hydrogen bond) 

are small and not statistically significant. Examination of the unsatisfied Cys O atoms 

using a graphics package did not suggest that the failure to hydrogen bond was related 

to the side-chain.

The side-chains with an oxygen atom in the y, 5, or e position (Asp, Asn,

Ser, Thr, Glu and Gin) all have a relatively high proportion of main-chain nitrogen 

atoms that fail to hydrogen bond. This may be because those oxygen atoms can form 

weak electrostatic interactions with the main-chain that frequently do not satisfy the 

criteria for primary hydrogen bonds themselves, but preclude another acceptor doing so. 

The same phenomenon has been noted in several previous works (Baker and Hubbard 

1984; Swindells et a l 1995) and in section 3.6.4.
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The numbers of main-chain oxygen atoms that form two or more hydrogen bonds show 

a relationship with side-chain type, albeit a weaker one than the percentages that form 

none. The percentages of buried main-chain oxygen atoms that form no hydrogen bonds 

vary from 2.3% (Glu) to 10.0% (Pro) with a mean of 5.1% - a factor of four. Those 

that form two or more vary from 14.0% (Met) to 27.8% (His) with a mean of 19.4%, 

varying only by a factor of two. Several patterns emerge from the results, but most such 

patterns have their exceptions. Trp and His are most likely to form two hydrogen 

bonds. Both these side-chains have a five membered ring starting from the p carbon 

and including a nitrogen in the epsilon position. Future work could analyse the 

distribution of hydrogen bonding partners for His and Trp main-chain oxygens that form 

two hydrogen bonds and the effect of secondary structure on how many form two 

hydrogen bonds. Currently, the reasons for Trp and His main-chain oxygens forming 

two hydrogen bonds more frequently than any other residue are unclear.

Other trends are in line with expectations. Some of the residues that are capable of 

forming side-chain to main-chain hydrogen bonds, particularly Asp and Ser, are more 

likely to form two hydrogen bonds. Oxygen atoms belonging to p-branched side-chains, 

such as Thr and He, are less likely. Both trends have exceptions in some residue types, 

partially because the numbers of atoms of some individual residue types that are 

included in the study are too small for trends to be reflected.

Many of the unsatisfied atoms were inspected, both through manual inspection of the 

hydrogen bond databases, and examination on graphics packages. Two nitrogens were 

found to be close to ligands - the amino nitrogen of Trp repressor residue R65 appeared 

to be binding a sodium ligand (Lawson et al. 1988), and the amino nitrogen of 

cytochrome p450 camphor monooxygenase residue Thr 101 is close to the cytochrome 

heme group but is not even pointing towards it with its NH (Poulos et a l 1987). The 

amino nitrogen of D-galactose/D-glucose binding protein residue Glu 149 (figure 4.7a) 

is stabilised by an amino-aromatic interaction (see section 1.3.1) with a nearby 

tryptophan ring (Vyas et a l 1988), and its failure to hydrogen bond allows two other

126



Chapter 4: The Satisfaction o f Main-Chain Hydrogen Bonding Potential

Figure 4.7: The Vicinity of Three Buried NH Groups that do not Form Hydrogen 
Bonds These are (a) Glu 149 in glucose binding protein (2GBP; Vyas et at. 1988); (b), 
He 79 in chain A of thymidylate synthase (2TSC; Montfort et a l 1990); (c). Leu 155 
in thermolysin (5TMN; Holden et al. 1987). All three are shown as left-right-left 
stereograms and were produced using Molscript (Kraulis 1991).

nearby groups (Trp and Glu Ô *) to hydrogen bond weakly. But many groups, such 

as the NH of thymidylate synthase residue He A79 (Montfort et a i 1990) (figure 4.7b) 

and the NH of thermolysin residue Leu E l55 (Holden et a l 1987) (figure 4.7c) do not 

seem to be stabilised by any local interactions.
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4.4 Main-Chain Hydrogen Bond Geometries and Secondary 

Structure

The most obvious effect on protein structure of hydrogen bonds between main-chain 

atoms is that these hydrogen bonds stabilise protein secondary structure (Pauling and 

Corey 1951; Pauling et a l 1951). Previous work (Stickle et a l 1992) found that 95% 

of main-chain to main-chain hydrogen bonds are within elements of secondary structure, 

dividing into three roughly equally populated categories: i-^i-4 turns such as in an a- 

helix, i—>i-3 turns and bonds forming |3-sheets. The effect of secondary structure on 

hydrogen bond geometry was examined in section 2.8 as part of the choice of hydrogen 

bond criterion, and some of that information will, of necessity, be repeated here. This 

study begins by investigating the distribution of hydrogen bonds donated and accepted 

between and within secondary structures more thoroughly.

Figure 4.8 shows the hydrogen bond frequency distribution of buried main-chain atoms 

of the different secondary structures. A modified version of the Kabsch-Sander (Kabsch 

and Sander 1983) definitions of secondary structure are used. These have two 

differences from the standard Kabsch-Sander definitions. Firstly, residues that under 

Kabsch-Sander rules form one of the hydrogen bonds that define a secondary structure 

element, but are not classed as part of that element are labelled with the appropriate 

secondary structure type letter in lower case. Secondly the order of priority which is 

used when one residue belongs to more than one secondary structure type is slightly 

different. It is "H ", "h", "E", "e", "G", "g", "T", "t", "B ", "S", (random coil), in 

decreasing order of priority.

There is a clear relationship between secondary structure and the propensity to hydrogen 

bond. Very few atoms in a-helices or p-sheets fail to hydrogen bond - a few more fail 

to do so at the edge of those secondary structures. Most significantly, bends and coils 

are most likely to fail to hydrogen bond.
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H NH: T 2430 m 1.01 .sd0.33HCO :T 1856 m 1.23 sd 0.52 h NH: T 410 m 0.96 sd 0.47
400-ZSOOi

2000-

1500-

1000-

500-

0

2000^

1500-

1000-

500-

300-

200h

100-

h C O iT  338 m 1.33 sd 0.56
250n

200j

150- 

100- 

50

G N H :T  212 m 0.90 sd 0.37 G CO: T 110 m 1.27 sd 0.77 g NH: T 115 m 0.94 sd 0.27 g CO: T 89 m 1.26 sd 0.59
200i

150

lOO-

E N H : T 1684 m  0.93 sd 0.25E CO; Ï  1414 m  1.08 sd 0.37 e N H : T  318 m  0.93 sd 0.29
1500

«7.2*
2000-1

1500

lOOO

5 0 0

4 0 0

200

lOO

e C O :T  215 m  1.08 sd 0.54 
200-,

74.9%

T NH. T 398 m 0.87 sd 0.40 T CO: T 114m l.(H  sd 0.51 t NH: T 416 m 0.89 sd 0.34
lOOi 5 0 0

4 0 0

3 0 0

200

lOO

t C O : T  218 m  1.18 sd 0.61  
200-1

_  N H : T 330 m  0.74 sd 0.45 _ CO: T 228 m 0.94 sd 0.62 S N H : T 241 m  0.71 sd 0.49
30Oi 200i

150

lOO

0 1 2  3 4

S C O :T  109 m 0.83 sd 0.57

60

B N H :T  82 m  0.88 sd 0.36 B CO: T 60 m  1.03 sd 0.26

Figure 4.8: Bar Charts of the Hydrogen Bonding Frequency Distribution for Buried 
Atoms of Each Secondary Structure Type The bar charts are identical in form to 
those in the Atlas (see section 3.4), except that before the total sample size, mean and 
standard deviation, the line of information above the graph also includes the 
Kabsch-Sander one-letter secondary structure descriptor and either 'NH' or CO'. The 
first two graphs in the penultimate row represent random coil residues that show no 
other secondaiy structure, represented by the Kabsch-Sander one-letter descriptor '_' 
(space).
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Table 4.4: The Numbers of Main-Chain to Main-Chain Hydrogen Bonds Donated 
and Accepted Between Different Combinations of Secondary Structures

(a) abaolute 
AccV Don 

H h 
E 
e 
G 
9 T 
I
B
S

(b) normalkad 
AccV Don 

H 
h 
E a 
G 
9 
T 
\
B
S

H
2409
413

25
7

10
2

16
24

4
4
6

H
1.774
1.055
0.031
0.054
0.113
0.040
0.376
0.193
0.110
0.205
0.112

h
380

4
4
4
7
0
3 

16
1
2
4

h
1.B8B
0.125
0.033
0.204
0.523
1.197
0.464
0.840
0.181
0.674
0.493

6
4

1558
106

8
1
0

23
15

5
15

E
0.007
0.032
3.218
1.390
0.151
0.034
0.362
0.306
0.685
0.426
0.466

e
7
6

139
112

6
6
2

19
1
1
3

«
0.050
0.275
1.665
6.362
0.858
1.171
0.454
1478
0.265
0.494
0.543

G
18
19
6
7

40
70

4
12
4

G
0.201
1.361
0.112
0.818
6.860

24.125
1.421
1.481
1.65B
0.000
1.132

9 9 
1
5

85

2
10

9
0.115
0.123
0.000
1.007

25.119
0.000
1.224
2.098
0.000
0.000
1.463

122
8

28
10
13
3

15 
33
6
5

16

T
1.013
0.427
0.391
0.871
1.661
0.683
3.971
2.093
1.853
2.882
3.375

t
138

23
24 
36 
22

9
20

126
9
1

17

*
0.698
0.748
0.204
1.910
1.713
1.248
3.226
6.065
1.694
0.351
2.185

B
2
1

13

4
1
4

10
36

2
8

B
0.053
0.171
0.581
0.000
1.634
0.728
3.386
2.000

35.550
3.687
5.395

5 
13 
2

25
6
3 
2 
5
4 
1

11
15

S
0.321
0.318
1.040
1.555
1.141
1.355
3.940
1.000
0.919

18.878
9.418

15
5

35
3
5
2

18
9
7

14
32

0.222
0.477
0.873
0.466
1.141
0.B13
8.511
1.458
3.661

14.416
12.055

Notes:
The hydrogen bonds aie those taken from the high resolution dataset using standaid 
criteria and the definitions of Kabsh and Sander, as explained in the text. The 
normalised number of hydrogen bonds is the product of the absolute number and the 
total number of main-chain to main-chain hydrogen bonds, divided by the product of 
the numbers of hydrogen bonds donated by that donor and accepted by that acceptor.

Section 3.4 mentioned that the carbonyl oxygen failed to form a second hydrogen bond 

relatively frequently compaied to other acceptor types. One possible explanation for this 

is that the regular secondary structures make the formation of a second hydrogen bond 

more difficult. Figure 4.8 shows that the formation of the second hydrogen bond by 

carbonyl oxygens is linked to secondary stnicture, with some types being more likely 

to form two hydrogen bonds, and some less. Bridges of any kind, including sheets, are 

more likely to form a single hydrogen bond and, because they leave few angles of attack 

for potential donors, less likely to foiTn two. a-helices aie, next to bridges and sheets, 

the secondary structure least likely to fail to form any hydrogen bonds. This is not the 

case for 3,o helices, possibly because they occur in very short stretches and include
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many residues that only form one hydrogen bond within the helix (Barlow and Thornton

1988). Both forms of helix are, probably because their structure leaves the oxygen more 

exposed, relatively likely to form two or more hydrogen bonds. Coil and bend residues 

are intermediate between bridges and helices in their propensity to form two hydrogen 

bonds, partly because not being in an ordered secondary structure makes them less likely 

to form a single hydrogen bond, but they have no structural constraints to actively 

prevent them from forming a second.

Table 4.4a shows the numbers of hydrogen bonds between main-chain atoms of the 

different secondary structure types (Kabsch and Sander 1983). It shows that the 

majority of main-chain to main-chain hydrogen bonds occur between two a-helical 

residues or two residues in p-sheets, with a substantial number between residues that 

also are of the same secondary structure type but not a-helices or p-sheets. Table 4.4b 

normalises these results relative to the expected distribution of hydrogen bonds between 

secondary structures given that the secondary structures of the donor and acceptor are 

independent. This principally shows that hydrogen bonds have a tendency to occur 

between elements of the same secondary structure, even those that, like bends, are 

defined by geometry rather than hydrogen bonds. This is probably because residues with 

the same secondary structure tend to occur in continuous stretches. In particular, the 

definitions of a , p and 3jo secondary structures used here rely on the hydrogen bonding 

along their length (albeit defined by the default criteria described in 2.9 rather than those 

described in 2.3.3).

There are several other combinations of secondary structures that have unusually high 

propensities to hydrogen bond together. Most of them frequently occur consecutively. 

When the pitch of a helix changes between a 4-helix (a-helix) and the much rarer 

3-helix (3io-helix), for instance, hydrogen bonds link the two. 'g' to H' hydrogen bonds, 

on the other hand, are not unusually high, because the 'g' residue at the end of the 

3iQ-helix usually lies in the overlap between the two and the a-helix takes precedence 

in the assignment of a one-letter code.
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Figure 4.9: Geometry Distributions for All Main-Chain to Main-Chain Hydrogen 
Bonds in the High Resolution Dataset

There are also a disproportionately high number of hydrogen bonds from the ends of 

Kabsch-Sander turns ('t') to the ends of p ladders ('e') and bridges ('B'). There are 36 

of these, almost twice as many as would be expected at random. Inspection shows that 

30 of these aie i—>i-3 hydrogen bonds in two-residue hairpins between stretches of p- 

ladder (see section 1,3.2.3).

The next step is to examine and compaie the geometry distiibution for the hydrogen 

bonds fomned between or within different secondary stinctures. This is done using a 

similar format to the Atlas of Side-Chain and Main-Chain and Hydrogen Bonding in 

Proteins. Figures 4.9-4.12 each show five graphs of geometry distribution for each 

population of hydrogen bonds; distributions of D...A and H...A distances, and of D-H...A, 

D...Â-AA and H...Â-AA angles. The format of these graphs is based on the Atlas and 

described in section 3.2.

Figure 4.9 shows that the populations of main-chain to main-chain hydrogen bonds have 

almost the same distribution of geometries as the populations of (i) all hydrogen bonds 

from main-chain NH and (ii) all hydrogen bonds to main-chain CO (see the Atlas of 

Side-Chain and Main-Chain Hydrogen Bonding). The geometry distribution shows 

peaks at 2.5Â for H A, in the 160-170° range for angle at the hydrogen and the 

150-160° range for angles at the acceptor. This is unsuiprising, since the same Atlas 

demonstrated that the vast majority of hydrogen bonds poiti*ayed were between 

main-chain atoms.

Figure 4.10 shows the distributions of geometries for all a-helix to a-helix main-chain
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to main-chain hydrogen bonds, including those between two different helices. This 

shows far fewer near-linear angles at the acceptor than for the population of all 

main-chain to main-chain bonds. There is also a second, low peak in both graphs of 

angles at the acceptor, below 130°. To investigate the reason for this, the geometry 

disti'ibutions for the i-^i-4 hydrogen bonds that define an a-helix, and the occasional 

i—>i-3 interactions that sometimes fall within the hydrogen bonding criteria within an a- 

helix, were examined. They ai*e shown in figures 4.10b and 4.10c, respectively, and 

c le ail y show that the second peak is constituted entirely of secondary i^ i-3  interactions. 

That these interactions can be considered as secondary effects of the structure of an a- 

helix, is demonstrated by the tendency of the H A distance towaids longer separations. 

The i-^i-4 and i^ i-3  hydrogen bonds make up all but 30 out of 3215 helix-to-helix 

hydrogen bonds, so that figure 10a is very close to being a simple sum of figures 10b 

and 10c. The angles at the hydrogen of the i^ i-4  hydrogen bonds tend to be between
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160° and 170°, rather than a linear 180° along D-H...A.

Figure 4.1 la shows the geometries of hydrogen bonds within p-sheets (including bridges 

and residues on the edge of either). The peaks for angles at the hydrogen also tend to 

lie between 160° and 170° rather than an optimal 180° D-H...A angle. Figures 4. l ib  and 

4.1 Ic show those bonds (under the criteria of this study) that ai'e also classed as parallel 

and antiparallel bridges, respectively, by the Kabsch and Sander criteria (Kabsch and 

Sander 1983). They show that the geometries of the antipaiallel bridges are more 

varied, with the peaks of the graphs less pronounced. Both graphs have a peak for 

angles at the acceptor closer to 180° when compared to all main-chain main-chain 

hydrogen bonds, possibly because of the restiictions of the secondaiy stiucture. This 

trend is much stronger for parallel bridges. The difference is probably because 

antipaiallel p-sheets can adopt a greater variety of conformations, particularly twists.
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Figure 4.11: Geometry Distributions for Main-Chain to Main-Chain Hydrogen 
Bonds between Two Residues Within or at the End of -Bridges or Sheets in the 
High Resolution Dataset, Divided into (a) All, (b) Parallel Bridges and (c) 
Anti parallel Bridges
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Resolution Dataset, Divided into (a) All, (b) i^ i-3  Hydrogen Bonds

than pai'allel (3-sheets (Salemme and Weatherford 1981; Salemme 1983).

Figure 4.12a shows the geometries for hydrogen bonds within the raier 3,o helices. 

Figure 4.12b, which is almost identical, shows how fai‘ the structural i—>1-3 hydrogen 

bonds of 3,0 helices dominate the distribution. The hydrogen bonds are weaker than for 

the more common secondary structure elements, particularly exhibiting longer H...A 

distances. The angles at the acceptor peak at ai'ound 120°. This fits the angle prefeired 

by lone pah' directionality, although, as already described, lone pair directionality does 

not dominate hydrogen bond geometiy, and not all hydrogen bonds that form an angle 

of 120° at the acceptor are linear with the lone pairs - some will be out of plane. The 

latter question could be investigated with further study. Oxygen atoms that foi*m two 

or more hydrogen bonds have a stronger tendency towards lone pair directionality 

(Taylor et a i 1983). The large number - over a third - of 3io helical carbonyl oxygens 

that form two or more hydrogen bonds may also contribute to the low angles at the 

hydrogen.
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4.5 Relative Strength of Hydrogen Bonds in Buried and 

Exposed Atoms

Hydrogen bonds, being principally electrostatic interactions, would be expected to be 

stronger within apolar environments. This has been confirmed in thermodynamic 

simulations of NH...OC hydrogen bonds in water and apolar solvents (Sneddon et a l

1989). Two studies of hen lysozyme focussed on the effects of burial. There is a 

negative correlation between high surface accessibility and high order parameters, as 

well as, to a lesser extent, large hydrogen bond energies (Buck et al. 1995). The rate 

of proton exchange in hen lysozyme is lower in atoms buried within the structure 

(Pedersen et a l 1993).

This study correlates the strength of hydrogen bonds formed by the main-chain nitrogen 

and oxygen atoms with the extent of their burial or accessibility. The accessibilities of 

main-chain nitrogen and oxygen atoms are calculated as described in section 3.3, except 

that ligands and other polypeptide chains are included in the contacts that can bury other 

protein atoms. Atoms with accessibilities of zero also have their 'depth of burial' 

calculated, this quantity being the distance to the nearest atom with an accessibility 

greater than zero. The study uses two measures of hydrogen bond strength - energy 

(calculated for main-chain to main-chain bonds only using a simple electrostatic 

formulation (Kabsch and Sander 1983) described in section 2.3.3) and the H...A distance 

(for all hydrogen bonds under default criteria, subtracting 1Â from the D...A distance 

where no hydrogen position was calculated). In both cases a main-chain nitrogen or 

oxygen atom is attributed the energy (length) of its strongest (shortest) hydrogen bond.

Figure 4.13 correlates accessibility and depth of burial with the lengths and strengths of 

hydrogen bonds. Figures 4.13a-d all show that strong hydrogen bonds become rarer 

the more exposed the atom is, in particular when carbonyl oxygens (peptide nitrogens) 

exceed six (two) square Angstroms of accessible surface. There is a small increase in 

hydrogen bond strength with depth of burial. Figures 4.13e-h show small and

136



Chapter 4: The Satisfaction o f Main-Chain Hydrogen Bonding Potential

contradictory correlations between hydrogen bond length and burial or accessibility. For 

peptide nitrogens, there is a small decrease in mean hydrogen bond length as either the 

accessibility of exposed atoms or the depth of buried atoms increases. Peptide oxygens 

show the opposite trend, a slight increase in length for atoms as they either become 

more exposed or more buried than the borderline between being buried and exposed.

Figures 4.13a-d would suggest that hydrogen bonding becomes more important within 

the buried core of a protein, but is not supported by figures 4.13e-h. The correlation in 

figures 4.13a-d may be due to artifacts. The hydrogen bond energies in those figures 

do not include hydrogen bonds with either side-chains or solvent atoms, the latter of 

which are more numerous at the surface of a protein. Some atoms, particularly those 

at the surface, may be attributed the energies of weak interactions with main-chain 

atoms rather than their primary hydrogen bonds that may be with side-chains, ligands 

or solvent. Hydrogen bonds sometimes draw atoms together within their van de Waals 

radii which will automatically decrease the accessibility of the atoms. This problem 

requires a more detailed analysis that studies not just the lengths and energies of the 

shortest hydrogen bonds formed but also which hydrogen bond partners they are formed 

with and additional hydrogen bonds.

On the four following pages: Figure 4:13: The distances from the protein surface 
(a,c,e,g) and accessible surface areas (b,d,f^) in Angstroms squared against the 
Kabsch-Sander energies of the strongest main-chain main-chain hydrogen bonds 
(a,b,c,d) and the H A distances of the shortest of all hydrogen bonds (e,f,g,h) 
formed by main-chain peptide nitrogens (a,b,e,f) and carbonyl oxygens (c,d,g,h)
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4.6 Correlation with Resolution

Previous work in this thesis, in sections 3.5 and 4.2, showed that there was a strong 

correlation between improving resolution and reducing the proportions of buried NH and 

CO groups with unsatisfied hydrogen bonding potential. This improvement in the 

satisfaction of hydrogen bonding potential provides evidence that in general the number 

of buried unsatisfied atoms is generally very low. Thus failure to hydrogen bond may 

indicate an error in the stmcture and should be visually inspected during stiucture 

refinement. The percentage of unsatisfied main-chain atoms could be used as one 

indicator of the stmctural "reliability" of a model. This hypothesis is tested by 

correlating the proportions of buried unsatisfied main-chain atoms with three other 

measures of stmctural quality.
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Figure 4.14: Percentage Buried Main-Chain NH (a) or CO (b) Groups without 
Hydrogen Bonds Against/^-Factor for the Full Dataset See the legend for figure 4.1.
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Figure 4.15: Percentage Buried Main-Chain NH (a) or CO (b) Groups without 
Hydrogen Bonds Against Resolution for the Full Dataset, Differentiated According 
to the Morris Classification that Relies on the Percentage of Residues in the Core 
of the Ramachandran plot Details ai*e as for figure 4.1, except that structures with 
Morris classifications of four are represented by filled diamonds, and those with Morris 
classifications of three are represented by empty diamonds.

Figure 4.14 plots the overall percentages of unsatisfied buried main-chain groups against 

/^-factor. There is an even stronger correlation between percentages of unsatisfied 

donors and acceptors and worsening ^-factor than there was with worsening resolution.

Next, the proportion of buried unsatisfied main-chain nitrogens and oxygens was 

compared to measures of structural quality taken from the work of Morris et a l (1992). 

They investigated several parameters as measures of stmctural quality and found greater 

clustering of three paiameters in structures solved at high resolutions. The values of 

these parameters aie referred to as the three Morris classifications and mn from one
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legend to Figure 4.15.

(best) to four (worst).

They are based on the clustering of (t)/v}/ angles in preferred regions of the Ramachandran 

plot (Ramachandran et al 1963), the standard deviation within the protein of the energy 

of main-chain to main-chain hydrogen bonds (Kabsch and Sander 1983) and the standard 

deviation of the angles (C“-C  ̂ torsion angles) from expected rotamer positions in 

protein side-chains. This study investigates only the and the Ramachandran 

paiameters.

144



Chapter 4: The Satisfaction o f Main-Chain Hydrogen Bonding Potential

Figures 4.15 and 4.16 show that PDB files with classifications of three and four for the 

Ramachandran plot and %-angles also tend to be outliers on the plot with unusually high 

proportions of unsatisfied donors and acceptors, strengthening the case for using the 

percentage buried unsatisfied as a measure of stereochemical quality.

Another study (Savage et al 1993) has also attempted to use the proportion of atoms 

that were unsatisfied as a measure of structural quality. It produced an estimate of 

structure stability based on the ratio of the total of buried hydrophobic surface area, 

disulphide bonds and ionic interactions to lost hydrogen bonds', or the unfulfilled 

hydrogen bonding potential. They tested this estimate by showing firstly that poor 

resolution structures of phosphoglycerate kinase lost more hydrogen bonds than high 

resolution structures and secondly that three artificially misfolded models of 

haemerythrin were found by their test to be unstable, whilst the crystal structure was 

found to be stable. Although this is a less rigorous test than the analysis presented here, 

it does support the suggestion that a large proportion of unsatisfied atoms is indicative 

of poor quality in the structure. This measurement will be incorporated into a future 

release of the PROCHECK (Laskowski et a l 1993a) suite of programs for validation of 

protein models.
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4.7 Conclusions

This chapter has used the large quantity of data on main-chain hydrogen bonding in the 

high resolution dataset to examine why some atoms appear not to satisfy their hydrogen 

bonding potential, and the effects of depth of burial and secondary structure on the 

strength of hydrogen bonds.

These studies found that the vast majority of main-chain groups that failed to form any 

hydrogen bonds were stabilised by weak electrostatic interactions. Although some 

unsatisfied groups are stabilised by being part of ligand binding or other wider 

interactions, these are the exceptions. There is a strong relationship between failure of 

main-chain groups to hydrogen bond and lack of secondary structure around the groups, 

but only a weak relationship with most other aspects of the environment.

Now that main-chain atoms have been studied extensively here, we are in a better 

position to examine the frequent failure (80.6% of buried atoms) of main-chain carbonyl 

groups to form two hydrogen bonds. At first steric hindrance by the side-chain was 

suggested as a significant factor reducing main-chain hydrogen bonding, perhaps 

allowing enough access for one hydrogen bond but not for two. The results of section 

4.3 showed that the side-chain size had little consistent effect on the frequency of 

hydrogen bonding.

Another suggestion was that if the CO is involved in a relatively linear secondary 

structural hydrogen bond then the second bond has to have a relatively unfavourable 

geometry and may be sterically hindered. Section 4.4 shows that this is particularly true 

for p-sheets and bridges - for instance, 38.9% of those buried carbonyl groups that form 

only one hydrogen bond, but only 19.4% of those that form two or more hydrogen 

bonds, lie in P-sheets. The p-sheet also creates an electrostatic environment that may 

further stabilise the carbonyl group, as explained in section 2.8. On the other hand, 

carbonyl oxygens within helices are more likely to form second hydrogen bonds than
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main-chain COs outside of any secondary structure, albeit only slightly (23% form two 

or more hydrogen bonds, compared to a mean of 19%). This appears to be only a 

partial explanation of the low percentage of CO groups that form two or more hydrogen 

bonds.

The low percentages that form two or more may be a simple combination of three 

effects that apply to all groups - the surplus of acceptors in proteins, the lesser 

importance of second hydrogen bonds and the lesser strength of hydrogen bonds formed 

by groups that, like carbonyl, are polar, rather than, like carboxylate, charged.

As mentioned earlier, Savage et a l (1993) studied what they called "Lost Hydrogen 

Bonds" (LHBs), hydrogen bonds that could be formed in the unfolded state but not the 

folded protein. Their figures indicate that 70.5% of LHBs derive from the main-chain 

carbonyl groups. Using the figures for main-chain carbonyls present here, 89.5% of 

these LHBs are in carbonyl groups that only form one hydrogen bond. Therefore, nearly 

two-thirds of Savage's LHBs are due to the 75.5% (this study's figures) of main-chain 

carbonyls that only form one hydrogen bond. The paper estimates the stability of 

protein co-ordinate sets using a very simple energy equation that is dominated by the 

"lost hydrogen bond" term. This "lost hydrogen bond" term counts the failure to form 

a second hydrogen bond as being as unfavourable as the failure to form a first. Both 

the statistical data in this study and the energy calculations suggest that this may be too 

simplistic.

This survey is far from exhaustive and there are other aspects that could be investigated 

in future research. Many of the nuances of the relationship between secondary structure 

and hydrogen bonding patterns could be investigated further. In particular, the hydrogen 

bonding patterns in both Kabsch-Sander turns and classical p-tums could be investigated 

much more closely. Many of the generalisations about protein structures, such as the 

percentages of atoms that fail to hydrogen bond, or the proportions of hydrogen bonds 

that lie within the different secondary structure types, may differ between broad classes 

of protein structure (all-a, all-p, mixed, et cetera). Any overall numbers are therefore
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dependent on how well represented each class is in the database from which the figures 

are derived, and dividing the dataset into different protein classes may give more 

relevant and useful data.

The studies in this chapter will, hopefully, prove useful to crystallographers. Once 

incorporated into PROCHECK, the measure of satisfaction of main-chain hydrogen 

bonding will help crystallographers to identify unusual or poorly defined areas in their 

structures.
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5 Applications to Help Orient Asparagine, 

Glutamine and Histidine Side-Chains in 

X-Ray Crystallographic Models

5.1 Introduction

As explained in section 1.6.2, to model a structure by X-ray crystallography a protein 

must be fitted into an electron density map that at usual resolutions (>1.5Â) rarely 

shows hydrogen atoms and shows little or no difference between carbon, nitrogen and 

oxygen atoms. There are now a few structures (three in the October 1993 release of the 

Brookhaven Protein Data Bank) (Bernstein et al. 1977) at resolutions as high as 1.0Â 

where the carbon, nitrogen and oxygen atoms can sometimes be differentiated and some 

of the hydrogens can be observed. However, given the diffracting power of most 

protein crystals, these will probably remain the exceptions. For the majority of side- 

chains the atoms can be uniquely identified from the shape of the electron density map 

(Blundell and Johnson 1976), but for asparagine, glutamine and histidine, whose side- 

chains appear symmetrical in the electron density, some specific atoms can only be 

identified on the basis of their environment, principally their hydrogen bonds. This 

ambiguity is well recognised, so that Baker and Hubbard (1984) switched the 

orientations of Asn, Gin and His side-chains where it would improve hydrogen bonding.

Billeter (1992), while comparing X-ray and NMR structures, exchanged the nitrogen 

and oxygen atoms in some Asn and Gin amide groups to improve the match with the 

NMR structure. Ippolito et. al. (1990) considered this problem in their analysis of side- 

chain hydrogen bond geometry.

It is also difficult to differentiate between the three different protonation states of 

histidine. As the imidazole ring of histidine has a pX (6.5-7.0) close to physiological 

pH (-7-8) (Matuszak and Matuszak 1976), both the basic and charged forms occur in
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vivo. The positively charged form is protonated on both imidazole nitrogens, whilst the 

basic form is protonated on only one imidazole nitrogen, and occurs as two tautomers 

which differ in which nitrogen is protonated (Katritzky and Rees 1984). NMR studies 

on His at basic pH and in the polypeptide antibiotic bacitracin suggested that the basic 

His is more usually protonated on rather than the (Reynolds et a l 1973). Later 

studies suggested that approximately 65% of aqueous histidine (Farr-Jones et a l 1993) 

or 71% of Na-acetylhistidine methylamide, are in the form (Tanokura 1983). 

Because both charged and basic forms of histidine are stable, histidine often participates 

in catalysis, and is found in the active sites of enzymes (e.g. serine proteases such as 

chymotrypsin) (Blow 1976) or as an axial ligand in metalloproteins such as the 

cytochromes (e.g. cytochrome b5) (Mathews et a l 1971). In chymotrypsin, for instance, 

the active site histidine is involved in every step of catalysis and changes protonation 

state four times in the entire catalytic cycle (Blow 1976; Garavito et a l 1977).

The chemistry of Asn and Gin is simpler. Here the problem is to distinguish between 

the side-chain nitrogen and oxygen atoms. Distinguishing between the two, if the 

hydrogens are not visible, can become difficult because some nearby side-chain atoms 

or water molecules can act as either donors or acceptors. Since the nitrogen can donate 

two H-bonds and the oxygen accept two H-bonds, it is sometimes possible to use the 

information on whether they donate or accept one or two hydrogen bonds to differentiate 

between the alternative conformations.

Section 3.6.2, in agreement with some previous studies (Stickle et a l 1992; Savage et 

al 1993), noted that Asn, Gin and His side-chain donor and acceptor atoms were 

substantially more likely than similar atom types to fail to hydrogen bond. It suggested 

that this may be due to the difficulty of unambiguously identifying these atoms in 

electron density maps. Also, section 3.5 noted that the proportion of unsatisfied buried 

histidine atoms remained unusually constant in structures of different resolutions.

This chapter presents a simple algorithm which investigates the hydrogen bonding
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environment around Asn, Gin and His side-chains to classify each observed side-chain 

orientation as "highly optimal", "slightly optimal", "indifferent", "slightly suspect" or 

"highly suspect". It also attempts to determine the form of each histidine. This 

algorithm will be applied to all the proteins in the Brookhaven Protein Data Bank 

(Bernstein et a l 1977) and find a small number of examples where the side-chains seem 

to be incorrectly oriented. It will also investigate which His tautomers are more 

common. The algorithm has been included in the public distribution of HBPLUS 

(McDonald 1992).
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5.2 Methods

5.2.1 Datasets

These studies use the same high resolution dataset as described in section 2.5, but there 

are four subsets of this dataset used for studies of Asn and Gin side chains, crystal pH, 

atomic B-values and neutron diffraction hydrogen positions.

The first subset, used when analysing Gin and Asn side-chains, is the high resolution 

dataset with Brookhaven entries 451C and 5CYT excluded because those entries do not 

specify the orientation of all Asn and Gin side-chains. The second subset is composed 

of the 10 proteins with a pH of crystallization less than 6.0. The third subset is the two 

protein structures, 5PTI and 7RSA, which include neutron diffraction hydrogen positions. 

The fourth subset comprises the side-chains that include hydrogen bonding atoms (His 

and included) that have B-values of over double the mean B-value for that 

structure.

In order to compare the results of the algorithm over a range of resolutions, a "full 

dataset" similar to that described in section 3.5 was used. The dataset used here was 

based on the October 1993 release of the Brookhaven PDB (Bernstein et a l 1977) rather 

than the January 1993 release used for the section 3.5 full dataset. The full dataset 

contains aU X-ray derived structures in the October 1993 release of the PDB with the 

exception of mutant lysozyme structures ILOl to 1L99 and lOOL to 119L.

5.2.2 The Importance of Being Hydrogen Bonded

The study used the hydrogen bond analysis program HBPLUSv3.10 (McDonald 1992; 

McDonald and Thornton 1994) to list all possible hydrogen bonds under the criteria 

described in chapter two, but including those that could occur if the Asn, Gin and His 

side-chains were modelled in the alternative conformations. In another alteration to the
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algorithm, those histidine nitrogens that are listed in the PDB files as forming strong 

ionic bonds to ligand atoms have their metal-ligand interaction listed as a hydrogen bond 

for purposes of this study. In effect, the ionic interaction satisfies the  ̂imidazole 

hydrogen's hydrogen bonding potential.

Chapter three shows that it is rare for a buried hydrogen bond donor or acceptor not to 

be satisfied by a hydrogen-bonding partner. The basis of the analysis is to judge which 

orientation of Asn, Gin and His side-chains minimises failure to hydrogen bond. The 

algorithm works on the assumptions that (i) if an atom is accessible to solvent, however 

slightly, it can form a hydrogen bond to solvent and (ii) hydrogen bonds that are visible 

in X-ray structures are generally more energetically favourable than those implied by 

accessibility to solvent. Assumption (i) is supported by the finding of chapter three that 

nearly all hydrogen bonding groups fulfill their potential to form at least one hydrogen 

bond, and that of section 3.3.2 that even some buried groups form intermolecular 

hydrogen bonds to solvent molecules. Assumption (ii) is justified because if any atom 

appears in the electron density its location is well defined (section 1.6.2), and it is 

therefore tightly bound. If the H-bonded water molecule is not visible then by 

implication the binding site is not as well defined and the H-bonds are weaker.

Section 3.6.4 showed that for atoms which can donate more than one or accept more 

than one hydrogen bond, the additional hydrogen bonds are not as energetically 

favourable as the first. Therefore, when analysing Asn and Gin side-chains, whether 

atoms formed one hydrogen bond rather than two was used as a "tie-breaker" in cases 

where the two alternative conformations had the same numbers of both buried 

unsatisfied atoms and atoms satisfied by implied H-bonds to solvent.

5.2.3 Classifying the Satisfaction o f Each Atom

For each Asn, Gin and His side-chain, both hydrogen bonding atoms were examined for 

both conformations and classed as either satisfied by a visible hydrogen bond
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("satisfied"), satisfied by an "implied" hydrogen bond to solvent ("implied"), or 

unsatisfied by either visible or implied hydrogen bonds ("unsatisfied"). Any atom that 

has a greater than zero accessibility as described in section 3.3 is regarded as being able 

to form an "implied" hydrogen bond.

In His residues, the H-bonds formed by (i) and and (ii) and were 

examined. The expectation is for the atoms labelled as nitrogen to be involved in H- 

bonds rather than the carbons. In some residues both nitrogens accepted H-bonds, and 

neither donated. In principle, since it is not possible for both nitrogens to accept H- 

bonds, only one of the atoms is counted as satisfied in this situation. (Hereafter, this 

study will, for example, use and to describe the "real" nitrogens, and NDl and 

NE2 to describe the atoms labelled as nitrogens in the PDB file).

In the case of Asn (Gin) residues this means examining the ODl(OEl) and ND2(NE2) 

twice - once including H-bonds donated by the ND2(NE2) and accepted by the 

ODl(OEl), and once vice-versa.

5.2.4 Classifying Each Conformation

The degree of hydrogen bond satisfaction of either conformation of any Asn, Gin or His 

side-chain is described by giving a pair of classifications, one for each atom. For 

instance "unsatisfied and satisfied", or "implied and implied". The degrees of 

satisfaction can be compared between the PDB and the alternative conformation. The 

side-chain is classed as follows:

Highly Optimal, if there is an "unsatisfied" atom in the alternative conformation but not 

in the PDB conformation.

Slightly Optimal, if the hydrogen bonding potential is more highly satisfied in the PDB 

orientation than in the alternative, but the hydrogen bonding pattern does not qualify as
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"Highly Optimal". For instance, if the PDB conformation is "Satisfied and Satisfied" 

but the alternative conformation is "Implied and Satisfied", or if the PDB conformation 

is "Satisfied and Unsatisfied" but the alternative conformation is "Unsatisfied and 

Unsatisfied".

Indifferent, if the PDB and the alternative conformation are equally favourable or 

unfavourable.

Slightly Suspect, if the alternative conformation is more favourable than the PDB 

conformation, but neither or both conformations contain buried unsatisfied atoms (i.e. 

the converse of "slightly optimal").

Highly Suspect, if only the PDB conformation includes unsatisfied atoms (i.e. the 

converse of "highly optimal").
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h opt s opt indlff s sus h sus total
Asn,Gin 107 303 360 123 13 906

His 54 128 63 22 5 272

(a) Asn,Gin

slightly optimal 
33.1%

highly optimal 

11 .8% lima!
highly suspect 

1.4%

slightly suspect 
13.7%

indifferent

(b) His
40.0%

highly optimal 
20 .6 %

pïïmàî
highly suspect 

1. 8%

slightly suspect

indifferent
22.4%

slightly optimal 
47.1%

Figure 5.1: Classification of the Orientations of All Histidine, Glutamine and 
Asparagine Residues in the High Resolution Dataset T h e  " h i g h l y  s u s p e c t "  a n d  

" s l i g h t l y  s u s p e c t "  s l i c e s  a r e  s h a d e d .
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5.3 Asparagine and Glutamine Side-Chains

The satisfaction of the hydrogen bonding potential of each Asn and Gin side-chain in 

the high-resolution dataset was calculated for both possible side-chain orientations. 

Table 5.1 compares the degrees of satisfaction of hydrogen bonding potential between 

the two orientations. Being a polar side-chain, the amide group is often found on the 

protein surface (79.2% of all the side-chain amides in our high-resolution dataset had 

both the nitrogen and oxygen atoms at least partially exposed, and only 4.36% have both 

completely buried). These atoms often hydrogen bond only to water molecules that are 

either visible in the X-ray structure or implied by a non-zero accessible surface area. 

Because water molecules can both donate and accept, these hydrogen bonds do not help 

identify the real side-chain orientation. Thus 39.7% of side-chains are described as 

"indifferent" (figure 5.1), meaning that the program cannot choose which, if either, of 

these conformers is more favourable. Compared to the 30.1 % that would be suspect by 

chance alone, only 15.0% of side-chains are classed as either "highly suspect" or 

"slightly suspect", and only 1.4% as "highly suspect".

Once Asn and Gin side-chains are rearranged to minimise failure to form hydrogen 

bonds, very few atoms are both buried and unsatisfied. In the high resolution dataset, 

only 12 Asn and Gin side-chains have an unsatisfied buried atom in their preferred 

conformation. This represents 4.3% of buried amide side-chain nitrogens or oxygens, 

a value comparable to other side-chain hydrogen-bonding atoms, and much lower than 

the percentages found in chapter three if this ambiguity is not taken into account.

An example of a "Highly Suspect" side-chain, Asn 98 in rat intestinal fatty acid binding 

protein (Scapin et a l 1992) is shown in both conformers in figures 5.2c and d. This 

side-chain is classed as "highly" suspect because there is a buried unsatisfied atom in 

the PDB conformation. Visual inspection failed to reveal any "near" H-bonds. Some 

unsatisfied atoms in "highly suspect" or "slightly suspect" side-chains have near

hydrogen bonds just outside the criteria laid down in section 2.9. For example, Asn
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Table 5.1: Satisfaction of Hydrogen Bonding Potential in Amide Side-Chains in the 
High Resolution Dataset

Alternative Conformation 

u+u u+i u+s i+i i+s s+s

§ u+i

S u+s
a

1 3 5 \  48

29

s+s

Notes:
The row(column) headings are the degree of failure to hydrogen bond by the side- 
chain nitrogen and oxygen atoms in the PDB (alternative) conformations. Each "u" 
(unsatisfied and buried), "i" (implied hydrogen bond to water) or "s" (satisfied by a 
H-bond visible in the X-ray structure) represents a single atom. The less satisfied 
atom is given first. The cells in the right-hand box represent side-chains classed as 
"highly suspect" and the cells in the left-hand box represent side-chains classed as 
"highly optimal". The cells down the diagonal represent indifferent side-chains, 
except for cells labelled (a)-(c), which can be sub-divided by invoking whether 
different conformations form both potential hydrogen bonds at each atom or just one. 
These cells represent (a) zero, 2 and 4, (b) 16, 133 and 29, (c) 28, 90 and 66 "slightly 
suspect", "indifferent" and "slightly optimal" side-chains, respectively. The un-boxed 
areas are "slightly suspect" (above the diagonal) and "slightly optimal" (below the 
diagonal).

A19 in Rous sarcoma virus protease (Jaskolski et a l 1990) ("Highly Suspect") can, in 

its PDB conformation, form a weak hydrogen bond from the nitrogen to Asp A78 

This H-bond has an angle from the nitrogen at the acceptor of 83.5° and a H...A distance 

of 2.61Â. Otherwise, this H-bond is within criteria. This weak hydrogen bond makes 

the PDB conformation of Asn A19 appear feasible. If the H-bonding criteria were
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Table 5.2: Number of Side-Chains of Each Classification for Subsets of the High- 
Resolution Dataset

S u b s e t S id e - C h a in h ig h ly

o p t im a l

s l ig h t ly

o p t im a l

i n d i f f 

e r e n t

s l ig h t ly

s u s p e c t

h ig h ly

s u s p e c t

T o ta l

W e a k e r

C r i t e r i a

A s n  o r  G in 1 0 7 3 0 3 3 6 0 1 2 3 13 9 0 6

H is 3 6 1 0 6 1 0 3 2 3 4 2 7 2

N e u t r o n A s n  o r  G in 3 8 11 1 0 2 3

H is 1 2 1 0 0 4

H ig h  B -  

v a lu e

A s n  o r  G in 4 3 7 9 9 2 9 0 1 6 9

H is 2 13 13 7 0 3 5

relaxed by 0.5Â and 30° then 4 out of 13 highly suspect residues become indifferent and 

3 become slightly suspect. Only the remaining 6 are still highly suspect.

Inevitably, relaxing criteria introduces extra H-bonds and makes the algorithm less 

discriminating. This makes side-chains that were classified as optimal or suspect when 

the default criteria are used indifferent when relaxation occurs. Some highly optimal 

(or highly suspect) side-chains that do not become indifferent become merely slightly 

optimal (or slightly suspect). These trends appear clearly in table 5.2. For example, of 

123 amide side-chains that are classed as slightly suspect at default criteria, 49 (39.8%) 

become indifferent and 17 (13.8%) even become slightly optimal, leaving only 57 

(46.3%) that remain slightly suspect. Averaged over all five classifications, 45.6% of 

amide side-chains change classification on relaxation of the hydrogen bond criteria.

Given these changes in classification, it is important to remember that the algorithm is 

designed to highlight side-chains that need further investigation, rather than determine 

their orientation conclusively. The final decision lies with the experimentalist.
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L HOty69 HOH 369

HIS 381 H IS 381 H IS 381

ASP 32:ASP 32: ASP32:
HOH 369HOH 369 HOH 369

HIS 381 H IS 381H IS 381

ASP 32ASP 32 ASP 32:

ASN 98 ASN 98ASN 98
T Y R  119 T Y R  119

LYS 100

ASN 98 ASN 98ASN 98

LYS 100

Figure 5.2: Ball-and-Stick Diagrams of Two Suspect Residues (a,b) His 381 in
glucose isomerase (Dauter et al. 1990) in the PDB conformation (a) and in the 
alternative conformation (b) showing how His can only hydrogen bond in the 
alternative conformation; (c,d) Asn 98 in rat intestinal fatty acid binding protein (Scapin 
et al. 1992) in the PDB conformation (c) and in the alternative conformation (d), 
showing that the nitrogen can only hydrogen bond in the alternative conformation. 
Hydrogen bonds formed in the original conformation are represented by thin dotted 
lines. Hydrogen bonds formed in the alternative conformation are indicated by thick 
dashed lines.
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5.4 Histidine Side-Chains

Table 5.3 shows the hydrogen bonding patterns of the His side-chains in the high- 

resolution dataset. The orientations of His side-chains are classed as indifferent less 

frequently (only 19.9%) than the orientations of Asn or Gin side-chains (39.7%), partly 

because a single atom being exposed to solvent would stabilise only one orientation, 

instead of both. His side-chains are frequently exposed - 76.1% of His side-chains 

expose both and ISP̂ , and only 2.2% of side-chains bury all four atoms.

Figure 5.1 shows that a significant minority of His side-chains (9.9% or 27, compared 

to 37.6% by chance) are declared as "highly suspect" or "slightly suspect". Some of 

these side-chains were inspected visually, in particular the five (1.84%) histidines that 

are rated as "highly suspect". Figures 5.2a and b show His 381 in glucose isomerase 

(Dauter et a l 1990). This side-chain hydrogen bonds more favourably in the alternative 

conformation.

Visual inspection confirms that the alternative conformation is more favourable for all 

five "highly suspect" residues. At relaxed criteria, however, the five are classified as 

two indifferent, one slightly suspect and two unchanged. The visual inspection shows 

that all five form much weaker hydrogen bonds in the alternative conformation, as per 

the results found at the default criteria. This, along with the similar results for Asn and 

Gin side-chains, shows that the relaxation of criteria reduces the discrimination of the 

algorithm such that some genuinely suspect side-chains are not detected.

Once the chemistry and ambiguity in X-ray structures of His side-chains have been 

taken into account, we find that only 2.7% (4) of buried histidine and atoms fail

to hydrogen bond. This is comparable to other polar side-chains.

The protonation state of histidine side-chains (Katritzky and Rees 1984) was studied to 

discover the proportion of His side-chains which are in the three different protonation
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Table 5.3: Hydrogen Bonding Patterns of Histidine Side-Chains in the High 
Resolution Dataset

Alternative Conformation 

u+u u+i u+s i+i i+s s+s

u+u

I u+i

u+s

s+s

Notes
See the legend to table 5.1. There are no "split cells" in this table because His 
nitrogens are chemically capable of forming only one hydrogen bond.

states. The results (table 5.4) were compared to NMR studies that suggested that the 

basic His is more usually protonated on (Reynolds et a l 1973; Farr-Jones et al 

1993).

For 37.9% of His side-chains in the high-resolution dataset, it proved impossible to 

determine any information about the protonation of the nitrogen from H-bonding 

patterns. The protons could be unambiguously located for only 64 (25.7%) His side- 

chains, comprising 33 protonated on the 8 protonated on the and 29 charged 

side-chains protonated on both. 98 (36.0%) side-chains have at least one nitrogen 

clearly donating, but give no information on whether the other atom is donating or 

accepting. These histidines have the hydrogens equally distributed between 49 N^ -̂H 

and 49 N^^-H tautomers.
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Table 5.4: Distribution of Histidine Protonation States in the High Resolution 
Dataset Deduced from Hydrogen Bonding Networks

D d A a

D

0

5 13

3 8

19

1 13

20 27

2 0

0

0

0 0 0 1

9 0

34 1

14 0

0

0

103 0

1 0

Notes
The row (column) headings represent the direction of hydrogen bonding at a histidine 
side-chain (N̂ )̂ atoms. The headings are A (buried and only accepting H-bonds), 
a (exposed and only accepting H-bonds), 0 (buried and forming no H-bonds), ? 
(forming either implied or visible hydrogen bonds but showing no preference for 
either), D (buried and only donating H-bonds), d (exposed and only donating H- 
bonds). Because histidine cannot accept H-bonds at both side-chain nitrogens, if one 
atom is classed "A" and the other is classed "?", "d" or "a", the second atom is 
automatically reclassed "D". Similarly, if one atom is classed "a" and the other is 
classed "?", then the second atom is automatically reclassed "d". The table is divided 
into four regions: charged (top left box), N^^-H (top right box), N^^-H (lower box) and 
(remaining) ambiguous. For the purposes of this analysis any side-chains that were 
classed as "slightly suspect" or "highly suspect" have been reoriented to optimise their 
hydrogen bonding.

Proteins that were crystallised at low pH would be expected to include more doubly 

protonated histidine side-chains. The high resolution dataset includes ten PDB structures 

with a pH lower than 6.0. In these structures 6 out of 9 histidine residues whose 

protonation state can be unambiguously deduced using this algorithm are positively 

charged. This compares to 23 out of 61 for the other structures.
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5.5 Structures with neutron diffraction hydrogen positions

Two structures in the high resolution dataset, 5PTI (Wlodawer et al. 1984) and 7RSA 

(Wlodawer et al. 1988), incorporate hydrogens located by neutron diffraction data. As 

these structures should have accurate side-chain orientations, we expect a higher than 

normal number of their side-chains to be classed as 'optimal'. The two structures contain 

4 His and 23 amide side-chains, of which only one is classed as suspect (table 5.2). 

This is a Gin side-chain where the atom labelled as a nitrogen donates one hydrogen 

bond within criteria, but accepts two. Closer examination shows it donates an additional 

two weak hydrogen bonds to visible water molecules that lie just outside the criteria. 

A single suspect residue is 4.3% of the subset, well below the 15.0% of high resolution 

Asn and Gin side-chains that are suspect in the dataset as a whole. This demonstrates 

that even though there is a strong correlation between correct orientation and side-chain 

classification, a "suspect" classification is only an indicator that a side-chain should be 

examined more closely.
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5.6 Correlation with B-values

Atomic B-values are a measure of molecular motion and structural uncertainty. The 

algorithm was tested on a subset comprising high B-value side-chains (see section 5.2.1) 

to discover how B-values affected side-chain positioning. Table 5.2 shows that these 

side-chains are more likely to be suspect or indifferent. Such high B-value side-chains 

are over represented amongst slightly suspect and indifferent side-chains. Compared to 

18.7% (12.8%) of amide (His) side-chains in the high resolution dataset as a whole, 

23.6% (31.8%) of the slightly suspect amide (His) side-chains and 27.5% (20.6%) of the 

indifferent amide (His) side-chains were in the subset of high B-value side-chains. Thus 

the B-value should be strongly considered by the experimentalist when positioning a 

side-chain.

165



Chapter 5: Helping Orient Asn, Gin, and His Side-Chains in X-Ray Crystal. Models

5.7 Correlation with Resolution

Sections 3.5 and 4.6 suggested that high numbers of unsatisfied hydrogen bond donors 

and acceptors occur most strongly in proteins determined to low resolutions. Figure 5.3 

shows a similar but much weaker correlation for the percentages of Asn, Gin and His 

side-chains that are classed as "highly suspect" or "slightly suspect". At low resolutions 

the side-chains become indistinct (Brandén and Jones 1990), become haider to orient 

confidently based on the electron density map and are less studied, so it is not surprising 

that there aie more highly suspect and slightly suspect residues.
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Figure 5.3: The Percentage of 'Highly Suspect" and "Slightly Suspect" Asn, Gin, 
and His Side-Chains Plotted Against Resolution The percentages of all Asn, Gin and
His side-chains in the full dataset that were classed as "highly suspect" (0) and the sum 
of "highly suspect" and "slightly suspect" classes (v), were plotted against resolution in 
0.1Â resolution bins. Least-square best fit lines (-)  were calculated weighted 
proportionally to the number of Asn, Gin and His side-chains at each resolution.
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5.8 Conclusions

This chapter presents a simple approach to help determine the orientations of His, Asn 

and Gin side-chains, which are ambiguous in an electron density map at normal 

resolution. The overwhelming result of this study is that the majority of His, Asn and 

Gin side-chains in X-ray crystal structures are placed in the optimal orientation 

reflecting the care taken in deriving the best model to fit the data. However the 

orientation of many Asn, Gin and His side-chains remains ambiguous, since the majority 

are exposed to solvent and hence do not have hydrogen bonds explicitly visible in the 

crystal structure. For Asn and Gin because many hydrogen bonding groups in proteins 

can both donate and accept it is often difficult to distinguish the preferred orientation. 

In His, the carbon and nitrogen atoms are close together in the ring and a single partner 

can interact with both, also confusing the choice of optimal orientation. It is important 

to remember this when modelling molecular interactions such as found in protein-ligand 

complexes.

This algorithm, despite being a rough tool, is a useful one that should help 

crystallographers do the checking of side-chains that they would otherwise do by hand. 

It could be further refined - for instance it currently only considers "primary" H-bond 

partners, rather than the whole H-bond network, although it is sometimes necessary to 

consider such secondary interactions to resolve ambiguities. It could also be extended 

to considering the protonation state of carboxyl groups.
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6 General Conclusions

6.1 Criteria

The validity of almost all the conclusions drawn by the studies described in this thesis 

depend on the validity of the criteria used to define hydrogen bonds. For this reason 

the geometric criteria to discriminate interactions that were strong enough to be regarded 

as hydrogen bonds were selected after the geometries of hydrogen-bond-like interactions 

were studied. This study found that the fall off in frequency of interactions as one 

moves away from classical hydrogen bond lengths and angles is gradual and without 

obvious boundaries. In order to retain comparison with previous studies, the criteria 

used in the Baker and Hubbard study (minimum D-H...A, D...Â-AA and H...Â-AA angles 

of 90° coupled with a maximum H...A distance of 2.5Â) were selected (Baker and 

Hubbard 1984).

The same section of this thesis suggested that, in the absence of a need for continuity, 

criteria of a 2.5Â maximum for H...A distances, a 100° minimum for D-H...A angles and 

a 70° minimum for D/H...Â-AA angles would be most appropriate. The lists of 

hydrogen bonds produced by the two sets of criteria were compared. Only 5.3% of the 

hydrogen bonds in the inventory constructed with the latter criteria are excluded by the 

former (Baker and Hubbard) criteria, and only 0.1% of the hydrogen bonds in the former 

inventory are excluded by the latter.

The Baker and Hubbard study suggested in hindsight that a minimum angle at the 

hydrogen of 120° would have been preferable to one of 90°. This shares with the 

criteria suggested (rather than used) by this study a more relaxed angle criterion at the 

acceptor than at the hydrogen.
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In the course of the studies that followed, these criteria were sometimes inadequate and 

other, usually weaker, criteria became more appropriate (see sections 3.6.3 and 4.2). As 

always, the choice of method depends on the purpose of the study.

There are several common types of interaction, with geometries close to those associated 

with hydrogen bonds, but these are clearly part of a larger pattern stabilised by other 

interactions such as those in p-sheets or a-helices. It would be misleading to include 

those interactions in the same grouping as 'classical' hydrogen bonds, but they may play 

a significant role in stabilising secondary structures where they occur. The criteria were 

chosen to exclude such interactions. In this they were principally successful, although 

they were altered slightly in some studies to be able to isolate important but weak 

interactions (see section 3.6.3).
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6.2 Dataset

The analysis of the criteria described above and the subsequent analysis of hydrogen 

bonding described below used a dataset of high-resolution protein structures. This 

dataset was composed of 59 chains from 57 protein structures, selected to maximise 

resolution but remain a cross-section of known high-resolution protein structures.

This dataset included 7041 and 5018 buried NH and CO g r o u p s  r e s p e c t iv e ly ,  w h ic h  a rq  s u f f ic ie n t  

data for a thorough statistical analysis of main-chain hydrogen bonding. The numbers 

of buried atoms representing each side-chain donor and acceptor atom type are far

fewer, ranging from 12 (Lys N )̂ to 125 (Thr (section 3.4). There are only 6

unsatisfied examples of the latter, making it difficult to draw conclusions with

confidence that the results are representative.

The number of non-homologous folds doubles approximately every two years (Orengo 

et a l 1993). It may therefore be possible to answer some of the questions that these 

studies left unanswered for want of data within only a few years.
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6.3 Hydrogen Bonding Patterns

These studies have made several observations about hydrogen bonding in globular 

proteins. The most obvious, and one that has been made several times before (Baker 

and Hubbard 1984; Stickle et al 1992; Savage et a l 1993), is that nearly every atom 

that can hydrogen bond forms at least one. This is particularly true of main-chain 

atoms. Extensive study of the distribution of geometries of interaction showed that 

nearly all of the main-chain nitrogen and oxygen atoms that failed to hydrogen bond by 

the criteria described above (in section 6.1) succeeded in forming weaker interactions. 

At relaxed criteria of a maximum H...A separation of 3.0Â and minimum angles at the 

hydrogen and the acceptor of 60°, only 1.3% of buried NH and 1.8% of buried CO 

groups failed to form hydrogen bonds.

The hydrogen bonding of side-chains is not as simple as that of the main-chain, and the 

hydrogen bonding characters of the different side-chain donors and acceptors has been 

seen to differ considerably. Sulphur is, due to its large size and low electronegativity, 

only a weakly hydrogen bonding element. Hydrogen bonded sulphur atoms are the 

exception rather than the rule. For instance, 98.0% of buried Met are unsatisfied. 

Several atom types - Ser 0 \  Thr Cyh 0 \  and Tyr - are capable of both donating 

and accepting, and are only fully satisfied if they do both. Possibly because of a 

combination of the excess of accepting potential over donating potential in proteins and 

steric hindrance (near-H-bonds are more likely to have acute angles at the acceptor than 

acute angles at the hydrogen or the donor), such atom types are much more likely to fail 

to accept than to fail to donate.

These factors describe hydrogen bonding in relatively broad terms. Unfortunately, 

buried side-chain atoms of particular types are rarely numerous enough to support a 

more detailed analysis.

Boltzmann's law has previously been used to derive nominal energies as part of a
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knowledge-based structure prediction algorithm (Sippl 1990). It is possible to apply 

Boltzmann's law to the hydrogen bonding in globular proteins, although there is no 

guarantee that the complex interactions within proteins result in a Boltzmann distribution 

of hydrogen bonding. Boltzmann's law describes the relationship between the free 

energy of a reaction and its equilibrium constant at a given temperature thus:

A£=-Rrin ^  (6.1)
H q

w h e r e  t h e  g a s  c o n s t a n t  R  =  1 .9 8 7 2  c a l /m o l  K , Mq a n d  rii a r e  t h e  n u m b e r s  o f  a to m s  th a t  

o c c u p y  e n e r g y  s ta te s  0  a n d  1 r e s p e c t iv e ly ,  a n d  t e m p e r a tu r e  T  is  a s s u m e d  to  b e  3 1 0 K .

If, for an atom, being hydrogen bonded and not being hydrogen bonded are assumed to 

be low and high energy states respectively, and the distribution of atoms is assumed to 

be governed by Boltzmann's law, then a nominal atom type that fails to hydrogen bond 

in 10% and 1% of buried cases would favour hydrogen bonding by 1.35kcal/mol and 

2.83kcal/mol respectively. The Boltzmann rule suggests that, because 90.5% of main- 

chain nitrogen atoms form hydrogen bonds compared to 9.5% that do not, the hydrogen 

bonded amino group is 1.37kcal/mol more favourable. That 5.1% of carbonyl oxygen 

atoms are unsatisfied similarly suggests that hydrogen bonding stabihses the oxygen by 

1.78kcal/mol. Combining the two gives an energy for a single main-chain to main-chain 

hydrogen bond of 3.15kcal/mol. This is in line with experimental estimates, which have 

suggested that unsatisfied polar donors or acceptors (half a missing hydrogen bond) 

destabilise proteins by 0.5-2.0kcal/mol (section 1.3.3). This is in agreement with the 

proposition that hydrogen bonding in proteins is directly comparable to hydrogen 

bonding in fluids, despite the evidence presented in these studies that hydrogen bonding 

cannot be adequately portrayed by a two-state model.

Hydrogen bonding frequency and geometry are closely interrelated with secondary 

structure. For instance, (3-sheets encourage hydrogen bonds to be more linear and make 

it more difficult for carbonyl oxygens to form a second or subsequent hydrogen bond
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(see section 4.4).

The failure of large numbers of atoms within a single structure to form hydrogen bonds 

is clearly an indicator of low structural quality. A high proportion of unsatisfied main- 

chain nitrogen and oxygen atoms correlates with low resolution, unfavourable (|)/\}/ angles 

and the standard deviations of the %i angles.
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6 . 3  Identifying the Correct Conformers of Asparagine, 

Glutamine and Histidine Side-Chains

An unusually large proportion of unsatisfied atoms on Asn, Gin and His side-chains 

were noted in section 3.6.2, and so the orientations of these side-chains were examined 

in detail. An algorithm was developed and tested to determine the correct conformation 

on the basis of optimising the satisfaction of hydrogen bonding potential. A change of 

orientation was recommended for only a small minority (15.1% of amide and 9.9% of 

His side-chains) of side-chains. The algorithm was confirmed by a large agreement 

between its results and the positions provided by neutron diffraction data for two 

high-resolution crystal structures. Only one out of 27 side-chains for which neutron 

diffraction data was available was recommended to change orientation by the algorithm. 

More detailed analysis showed that side-chains that have high B-values or in low 

resolution structures are more likely to have an orientation in the PDB file that disagrees 

with the results of the algorithm.

This study replicates what many crystallographers have done as a matter of course, but 

has developed a formal algorithm as a software tool to aid in the assessment of models 

(McDonald and Thornton 1995).
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6.4 Future Work

There are several ways that these studies could be taken forward.

The analysis of the angles at the acceptor could be measured in a more appropriate way 

than in terms of the linearity of the D/H...Â-AA angles. This angle does not show 

whether the donor is in the plane of a planar acceptor group or close to the axis of a 

lone pair. A study of the angle between the axis of the lone pair and the axis of the 

D/H...A vector would be an interesting extension.

The treatment of hydrogen bonding could be extended to studying networks of hydrogen 

bonds and developing algorithms sophisticated enough to determine which hydrogen 

bonds are mutually exclusive and produce an inventory of hydrogen bonds that can 

coexist. This would be particularly helpful for the analysis and orientation of Asn, Gin 

and His side-chains.

Integrating HBPLUS into a graphical user interface would also increase the accessibility 

and user-friendliness of the program used for many of these studies. It is planned to 

make the results on the satisfaction of hydrogen bonding potential easier to apply to the 

practice of protein modelling by introducing the satisfaction of hydrogen bonding 

potential into the protein structure qualities examined by PROCHECK (Laskowski et al. 

1993a). The output from HBPLUS is already used to generate hydrogen bonds for the 

schematic diagrams of ligand-protein interactions (Wallace et al 1995).

In the time since this project has begun, many new protein structures have been added 

to the Protein Data Bank (Bernstein et a l 1977). Recalculating some hydrogen bond 

geometry and frequency distributions with a larger dataset may shed light on some more 

questions, as discussed in section 6.2

A similar analysis to the Asn, Gin and His studies could be applied to the carboxyl
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group of Asp and Glu side-chains to determine whether the carboxyl group of a 

particular side-chain is protonated. The analysis of hydrogen bonding in secondary 

structures in section 4.4 could be greatly expanded on; the full lengths of the less 

common secondary structure segments could be analysed, including residues in the 

overlaps with a-helices or p-sheets, and the hydrogen bonding within formally defined 

turns such as the various forms of 'p-tum' could be examined.
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Appendix: Atlas of Side-Chain and Main-Chain 

Hydrogen Bonding in Proteins

This appendix is a reference work on hydrogen bonding with one entry per page for 

each side-chain (except for histidine, which is covered in two pages). The form in 

which the document is freely and separately available from the author has used single 

line spacing and narrower margins than the thesis. These would break University of 

London regulations were the Atlas part of the thesis proper. Changing the margin and 

line spacing was considered, but would have substantially changed the original format. 

For this reason, the original form was retained.
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Atlas of SIde-Chain and Main-Chain Hydrogen 
Bonding in Proteins

1. Introduction

This document is a graphical summary of hydrogen bonding in a dataset of high-resolution 
protein structures. It shows the distributions of the frequencies and geometries of 
hydrogen bonds formed by main-chain and side-chain donors and acceptors. It is hoped 
that it will serve as a record of the hydrogen bonding patterns of the standard hydrogen 
bonding groups for molecular modellers and crystallographers who would like to know 
whether the hydrogen bonding in their model is normative.

2. Methods

The high-resolution dataset has been described previously in McDonald and Thornton,
1994 (J. M ol Biol 238:777-793) and contains 59 protein chains with resolution at least 
2.0Â and R factor 0.2 or better. They have no sequence homology of over 30% or 
structual analogy that scores over 80 on the SSAP scale of Orengo et. al. 1993 (Prot. Eng. 
6:485-500). The hydrogen bonding criteria used have been thoroughly examined in 
previous studies (McDonald and Thornton 1994 /. M ol Biol 238:777-793 and Thornton et. 
al. 1993 Phil Trans. R. Soc. Lond. A 345:113-129). There is a minimum angle at the 
hydrogen of 90°. The angles at the acceptor, formed between any covalent bonds to the 
acceptor and the lines to both the donor heavy atom and its hydrogen, must all be 90° or 
above. The maximum hydrogen-acceptor distance is 2.5Â. If the hydrogen is absent from 
the model, the maximum donor-acceptor distance is 3.5Â. Hydrogen positions are 
generated for the donor atoms that are part of the protein molecule. Where the structure 
of the amino acid is too flexible to predict a single point as the position of the hydrogen, 
the hydrogens are allowed to move within a circle (serine, threonine and cysteine 
side-chains) or alternate between two possible positions (tyrosine side-chain) to be as close 
to the acceptor as possible.

A buried group is one which has a heavy atom with zero accessibility according to the 
intersecting spheres method of Lee and Richards 1971 (J. M ol Biol 55:379-400). The 
cavities around buried water molecules and buried ligands are counted as exposed.

Each of the standard donor and acceptor groups in amino acid side-chains is treated 
individually. The main-chain NH groups of all side-chain types are combined, as are CO 
groups, and treated as one donor (or acceptor) type, presented together in one entry for the 
main-chain.

3. Results

Each group is illustrated with five bar charts. The first two show the frequency 
distribution of intra-chain hydrogen bonds (firstly for all groups and secondly for buried 
groups). Hydrogen bonds to water molecules and other ligands are included. The choice 
of value to illustrate in the last three differs between donated hydrogen bonds and 
accepted hydrogen bonds. If the group is being examined as a donor, then the three 
graphs are the normalized distribution of D...A, H...A lengths and D-H...A angles. If
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acceptance of hydrogen bonds is under focus, then the graphs cover normalised 
distributions of H...A length and D...A-AA and H...A-AA angles at the acceptor.

The side-chains aie described in alphabetical order, each residue type being given one (or 
occasionally two) pages. The main-chain donors and acceptors are given one page and 
listed first.

A sample page is shown, and its parts are labelled as follows:- 

a Title

The title includes the residue name, three letter abbreviation 
and single letter code. Note that Cysteine and Cystine are 
treated separately.

b Schematic diagram of the residue including the atom names.

Roman letters (as in the Brookhaven files) are used 
throughout, rather than Greek letters.

c Side-Chain information

Beneath the formula diagram is the percentage o f donor and 
acceptor heavy atoms in the dataset that are buried. Below  
that, if  applicable, is a typical side-chain pKa value. This 
value is taken from Stryer (1988, "Biochemistry", W.H. Freeman and company. New York), and varies according to 
the environment o f the side chain, so can only be taken as 
approximate.

d Ball and stick figure o f the residue.

This includes hydrogen-bonding hydrogen atoms in positions 
generated by the algorithm used for finding hydrogen bonds. 
'Ihe |xilar hydrogeas on serine, threonine, cysteine and 
tyrosine side-chaias are shown in a typical position. These 
pictures are generated by Molscript, written by Kraulis (1991, J. Appl. Cry.st. 24:946-950).

e "Donors" or "Acceptors" subtitle.

Tbe donor and acceptor groups are listed separately, so  that, 
for example, the CYH SG atom is listed twice.

f  Donors include information on the position o f their 
hydrogen.

Where more than one position is permissible, that shown in 
the ball-and-stick diagram "d" is described as a "default". The 
study also mentions whether donor heavy atoms are sp̂ or sp̂ 
hybridised, and the number of hydrogen bonds an acceptor 
group is theoretically able to receive.

g The first o f the H-bonding frequency bar charts.

This shows the proportion of the donor/acceptor atoms 
forming 0, 1, 2, 3, 4 or 5 hydrogen bonds. Standard hydrogen 
bonding criteria are used. The subtitle lists the number of 
groups of that atom type in the dataset, and the mean number 
o f hydrogen bonds they form. The x-axis is labelled 0-5. The 
y-axis is labelled with the number o f groups expressed as an 
absolute, with its top representing the number o f groups in the 
sample. The bars are labelled with the same, but expressed as 
a percentage.

h Ibe second o f the H-lx)nding frequency bar charts.

It is constructed the same way as "g" except that the sample is 
restricted to buried atoms. The cavities around buried water 
molecules and buried ligands are counted as exposed. Despite 
this, some o f  the theoretically buried groups that are counted  
as forming no hydrogen bonds are actually detected as 
forming bonds to solvent m olecules. The reasoning behind 
producing a graph o f buried groups is that many o f the groups 
that appear unsatisfied in graph " f  are actually satisfied by 
solvent m olecules that do not appear in the X-ray structure. 
The commentary in "n" refers to "h".

i,j Bar charts showing the normalised distribution o f D -A  
lengths (i) and H-A lengths (j) for all hydrogen bonds 
donated/accepted by the group under study.

Intermolecular hydrogen bonds are included. Only hydrogen 
bonds donated by amino acid atoms are included in chart "j", 
but this is sim ply because they are the only atoms that have a 
hydrogen positioned. The y-axis is labelled with the number 
o f hydrogen bonds in the dataset per cubic Angstrom o f  space 
around the donor/acceptor, and its top represents the full size  
of the sample. ITie text on the graph is the mean and standard 
deviation o f the sample size. The x-axis represents ranges of
0.2Â.

k, 1, m Bar charts show ing the normalised distribution o f  
D-H-A (k), D ...A -A A  (1) and H ...A -A A  (m) angles for all 
hydrogen bonds formed by that group in the high-resolution  
dataset.

The standard hydrogen bonding criteria are used, including  
inter molecular hydrogen bonds where the geometrical datum 
is available. The bars represent ranges of 10°.

n Commentary

This commentary som etim es includes further information such 
as a breakdown o f hydrogen bonds or groups were unsatisfied.

v; . . .  < e .r.;.v  '  v." ,'>•/»
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Main Chain

I I

60.9% NH buried 
41.5% CO buried

These groups are not normally 
ionisable ̂ unless they are 
terminyl COO (pKa 3.1) or NH^ 
(pKa 8.0) groups

Main Chain Donor
NH can donate a single "sp^ hydrogen"

(N-H bond of length 1.00Â lies along the bisector of the angle 
CA-NH-C)

T m 0.8‘) sd 0.39 -  T 9400 m 2.98 sd 0.17 -  T 9400 m 2.06 sd 0.19" 23,7
"Tin "

1 40 0 0

T  11436 m 0.82 sd 0.43
8000-

.6000 -

11000- 
I @00-

I 600-

\ 400- 

\ 200- 373

No. H (Kinds (bu rrd  iioms)

Main Chain Acceptor
CO can donate two hydrogen bonds via s p ^  electron pairs

T 11441 m 1.09 sd 0.71
36.,,%

T4751 m 1.16 sd 0.52

«6000-
§5000-
< 4000 -
63000-

^ 2000-
1000- I, 07% 0.08»

T 8159 m 2.05 sd 0.20
=  1200- 
1 1000- I. 800-
I  600- & 40» 
X 200-

1774175

No. H-bonds (bvffied Moms)

I  600-
-5  500- 
-8 400- 
I  300- 
?  200- = □

B uried  m ain-chain groups o f  both types usually (83 .3%  and 75.5% ) fo rm  one hydrogen bond apiece. The 
a b ility  o f  the carbonyl group to form  two, rather than one, hydrogen bonds, is reflected  in only a sm all 
num ber o f  carbonyl groups that accep t both po ten tia l hydrogen bonds. The tw o se ts o f  graphs o f  geom etry  
p ro b a b ly  represen t m ostly the sam e bonds, a s  main-chain to m ain-chain bonds fo rm  m ost (63 .2% ) o f  all 
pro te in -pro te in  bonds, com pared to 10.2%  N H  to  side-chain, and 13.3%  side-chain  to CO.

M ost m ain-chain to main-chain bonds are p a rt o f  secondary structural elem ents. In 47 .8%  o f  the m ain-chain  
hydrogen bonds, both the NH and the CO are  in residues either within o r  at the ends o f  a-helices. A nother 
28.5%  are betw een  NH and CO groups that lie either in o r a t the ends o f  ̂ -sheets.
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Arginine (Arg, R)

O

N'

IH

I
CA CG

H

L
H

NH2
'‘CB" ^CZ

I
.NH1

15.6% NE buried 
8.0% NHl buried 
4.9% NH2 buried

The side-chain has a pKa of 12.0 
for the deprotonation of NHl or 
NH2.

Side Chain Donors
NE can donate a single " s p ^  hydrogen"

(NE-H bond of length 1.00Â lies along the bisector of the angle 
CD-NE-CZ)

T 273 III 2.91 sd 0.20 -, T 273 m 2.02 sd 0.22 -  T 273 m 150.13 sd 14.64
I  26
m 50-

T 487 III 0.56 sd 0.53
2S0-*5.59%| 

200

<  150-

i  100-

T 76 III 0.9.3 sd 0.34

X 2

i  » j: Lia Î
No. H bonds No. H bonds (buried a(oms) D...A H...A D -H ..A

B uried NE groups usually form  one hydrogen bond, at a sim ilar frequ en cy  to m ain-chain NHs.

NHl can donate two " s p ^  hydrogens"
(NHl-H bonds of length 1.00Â positioned symmetrically in the 
plane defined by CZ, NHl and NH2)

T 39 m 1.77 sd 0.53 -  T 483 m 2.89 sd 0.22 - T 483 m 2.03 sd 0.22 -  _T 483 m 147.29 sd 16.55T 487 m 0.99 sd 0.84

I

X  10

No. H-bonds (buried atoms)

NH2 can donate two "sp^ hydrogens"
(NH2-H bonds of length l.OOA positioned symmetrically in the 
plane defined by CZ, NHl and NH2)

T 487 m 1.01 sd 0.87

a 140-
I  120-< lOOH

T 24 m 1.75 sd 0.43

■0,009b

I
T 493 m 2.92 sd 0.22

I :
ci  10

2 X  5

T 493 m 2.06 sd 0.24 .  T 493 m 146.21 sd 16.21
11»«5Ctl73

&  40h 
«  30

No. H3>onds (buried itoms)

Both N H l and NH2 usually, but not always, have both their hydrogens hydrogen-bonded. The difference 
betw een the tw o (examining buried groups) is not m erely not sta tistica lly  significant at 10%  but considerably  
less than expected ( j f  = 0.0303 with I degree o f  freedom ). Both atom s a lso  share a D -H ...A  peak in the 
160-170° range that m ay be indicative o f  steric hindrance on com peting hydrogen bonds.
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Asparagine (Asn, N)

0

N‘

1

‘C
I

CA

0D1

CG
ND2

i
H

9.1% ND2 buried 
19.3% ODl buried

This side-chain is not easily 
ionized.

Side Chain Donor
ND2 can donate two " sp^ hydrogens"

(ND2-H bonds of length 1.00Â positioned symmetrically in the 
plane defined by CG, ODl and ND2)

T 528 m 0.88 sd 0.70
37.12,39.02*

T 48 m l .75 sd 0.72 T 467 m 2.97 sd 0.22 T 463 m 2.05 sd 0.23

£ 10 
W 5

i  ", i
No. H bonds (burW  Moms)

This group fo rm s fe w e r  H ydrogen bonds ttum expected. O f the 6 buried  groups that fo rm  no hydrogen  
bonds, fo u r  are on side-chains that would both fo rm  hydrogen bonds i f  the position s o f  the oxygen and  
nitrogen w ere reversed. This only leaves tw o that form  no H-bonds. N one o f  the groups donate to their 
m ain-chain.

Side Chain Acceptor
ODl may accept two hydrogen bonds

T 528 m 0.93 sd 0.82

200- 39.47*1 
150-

T 102 m 1.30 sd 0.70 .  T 252 m 2.03 sd 0.22 ^ T 493 m 129.58 sd 18.19 .-. T 252 m 131.66 sd 17.49
'09 87 69 53 1  '

a !  :
No. H-bonds (buried Moms)

O f the 10 bu ried  groups that form  no H-bonds, 5  form  hydrogen bonds i f  the O and N  on that side-chain  are 
reversed  and ! form s hydrogen bonds if  the O and N  on that side-chain  and tw o others are reversed. O f  the 
rem aining 4, tw o form  borderline hydrogen bonds that lie slightly ou tside the criteria.

U nder h a lf  o f  a ll buried groups have both lone p a irs  involved  in a hydrogen bond. The difference in the 
frequ en cy distribution  o f  hydrogen bonding fo r  buried  atom s betw een  this group and  glutam ine is nearly  
significant a t 10%  = 5.70, tw o degrees o f  freedom ), but the correla tion  holds fo r  oxygen acceptors a t a
6 7%  significance level ( / -  = 0.557, two degrees o f  freedom ).

These a tom s are unusually hard to identify in X -ray structures because the hydrogens are rarely apparent.
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Appendix: Atlas of Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Aspartate (Asp, D)

0.

0 D 1

^CG 
C B  ^ 0 D 2

H

16.2% ODl buried 
6.8% 0D2 buried

The side-chain carboxylate group 
has a pKa of around 4.4, so it 
will not normally carry a 
hydrogen.

Side Chain Acceptors
ODl may accept two hydrogen bonds

T 119 m 1.61 sd 0.79 ^  T 517 m 2.00 sd 0,22 .  T 931 m 125.16 sd 18.03 -  T 517 m 124.66 sd 17.66

■22.78%

37.11%

7.78%

|0.95%
 ̂ : 9 24%

= 1— i  ",
No. H bonds (buried «om s)

250-

i ^I 150-
I  100-

50

0D2 may accept two hydrogen bonds
T 733 m 1.24 sd 1.00 T 50 m 2.00 sd 0.77 .  T 377 m 1.94 sd 0,24 T 906 m 122.93 sd 15.60 T 377 m 121.82 sd 14.71

9.41% I

11 23%

i  ",
No. H-bonds (buried «om s)

Overall, only roughly h a lf the groups have both lone p a irs  involved in bonds, but very fe w  fo rm  no bonds. 
An asparta te carboxyl oxygen fo rm s about 50%  m ore hydrogen bonds than the m ain-chain carbonyl group, 
which can be a ttribu ted  to the stronger pa rtia l negative charge on the asparta te  oxygen.

The difference in bonding frequency betw een O D l and 0 D 2  is sign ifican t a t 5%  (x^  =  9.31, 2 deg rees o f  
freedom ).

O D l and 0 D 2  are not in theory interchangeable. O D l g ives the low est X i angle, which is why a ll 3 
in tra-residue m ain-chain to side-chain hydrogen bonds are accep ted  by  O D l rather than 0 D 2 . Some 
asparta te  side-chains form  a series o f  hydrogen bonds and weak e lec trosta tic  in teractions with the N H  
groups o f  precedin g  residues which stabilise a class 1 fi-tu m . They a lso  show  an unusual degree o f  
lone-pair directionality, poss ib ly  because they usually form  tw o hydrogen bonds.
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Appendix: Atlas of Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Cysteine (Cyh, C)

I
CA .SG

H

i,
H

36.5% SG buried

The pKa of the SH group in a 
single cysteine molecule is 
typically 8.5, implying that 
deprotonation will be very rare

Side Chain Donor
SG can donate a single " s p ^  hydrogen"

(The SG-H bond of length 1.33Â makes an angle of 
CB-SG bond. The hydrogen can trace a circle but 
position is staggered away from the CA)

^  m 0.40 sd 0.68 T 42 m 0.40 sd 0.66 45 m 1.98 sd 0.54

28.57%

m~T-n

96° with the 
the default
T 45 m 154.82 sd 13.21

No. H-bonds (buried nom s)

Side Chain Acceptor
SG can accept two hydrogen bonds 

T 115 m 0.16 sd 0.47 42m 0.14sd 0.52 2 m 2.34 sd0.13 2 m 112.75 sd 13.0518 m 122.02 sd 21.26

No. H-bonds (buried atoms)

C ysteine (m eaning the non-disulphide form  o f  Cys) very rarely accep ts a hydrogen bond, but it does donate  
them. The bonds it does form  are longer than N H ...0  H-bonds, because o f  the larger sulphur atom  (it is in 
the sam e group as oxygen, but with one m ore fu ll electron  shell). Standard C hem istry textbooks class only  
nitrogen, oxygen and fluorine as capable o f  hydrogen bonding (in o rder o f  increasing strength). Sulphur 
com es a p o o r  fifth, after chlorine. In this context, the num ber o f  hydrogen bonds donated  is surprisingly

There are a handful o f  bonds donated by CYH SG which have unusually low  angles o r  d istances fo r  the 
group. The low  D...A distances are a ll in w ater-cysteine hydrogen bonds, including three w a ter m olecules 
that donate to  a single CYH SG in 8ACN. Low H...A distances can be explained as a m isleading result o f  
the a lgorithm  that a llow s the H to rotate itse lf  to be as close to the accep tor as possib le , and the long S-H  
bond.
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Appendix: Atlas of Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Cystine (Css, C)

IN U

/
CB

45.2% SG buried

SG
\

CB

Side Chain Acceptor
SG can accept two hydrogen bonds

T 73 m 0.08 sd 0.27 T 33 m 0.00 sd 0.00 T 2 m 2.44 sd 0.06 T 6 m 115.48 sd 21.94 ~ T 2 m 147.05 sd 9.95

I fi
No. H-bonds (buried atoms)

H ydrogen bonds involving C ss SG (the disulphide fo rm  o f  Cys) are both rarer and lon ger than most, fo r  the 
sam e reasons as Cyh. There are only 6 bonds which are accep ted  by C ss SG. O f these, fo u r  are fo rm ed  
with surface w a ter molecules.
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Appendix: Atlas of Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Glutamate (Glu ,E)

Q%

CBN'

H

6.6% OEl buried 
4.2% 0E2 buried

C D '

i ,

The side chain carboxylate group 
has a pK around 4.4, and is only 
protonated in very unusual 
conditions.

Side Chain Acceptors
OEl can accept two hydrogen bonds

T 666 m 0.97 sd 0.91 T 44 rn 1.45 sd 0.78 - T 284 m 1.97 sd 0.23 -, T 647 m 125.72 sd 18.46 ^  T 284 m 123.35 sd 18.81
300-, 
250- 

§ 200iI 150-
i  100-

50 *  5 Ü
No. H-bonds (buried atoms)

0E2 can accept two hydrogen bonds
T 666 m 0.94 sd 0.95 T 28 m 1.82 sd 0.89 .-. T 273 m 1.94 sd 0.26 -  T 626 m 122.68 sd 16.64 -  T 273 m 123.83 sd 17.03

300-*099%
250- 
200- 
150-

I :
ii
sc 5 I

No. H-boods (buried atoms)

The difference betw een the hydrogen bonding frequency d istributions betw een buried  O E l and 0 E 2  groups  
is not sta tistica lly  significant even at 10%  =  1.7095 with one degree o f  freedom ). Like asparta te, they
often fa i l  to involve both their electron  pa irs in hydrogen bonds but show  stron ger lone-pair directionality. 
B ecause o f  the stronger pa rtia l negative charge, a carboxyl oxygen still fo rm s m ore bonds than a main-chain  
carbonyl group. 36 o f  the 647  bonds fo rm ed  by G LU  O E l are accep ted  fro m  the N H  group o f  the sam e 
residue.
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Appendix: Atlas of Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Glutamine (Gin, Q)

o.

N'

I

*■0
I

CA CG -OEl 
■ 'C B ' 'C D ^

I
.NE2

8.6% NE2 buried 
12.4% OEl buried

There is no significant ionisation 
of this side-chain

Side Chain Donor
NE2 may donate two " s p ^  hydrogens"

(NE2-H bonds of length 1.00Â positioned symmetrically in the 
plane of OEl,CD and CG.)

T 395 m 0.79 sd 0.77 T 34 111 1.35 sd 0.84 T 311 in 2.93 sd 0.23 ~ T 311 m 2.08 sd 0.24 T 311 m 147.62 sd 19.85

No. H-bonds (buried Korns)

Just under h a lf o f  buried NE2 groups donate both their hydrogens to a ccep to r groups. This atom is 
rela tively w ell satisfied. O f the 8  groups that do not fo rm  hydrogen bonds, 6 w ould form  bonds i f  the N  and  
O w ere reversed, leaving tw o com pletely unsatisfied.

Side Chain Acceptor
OEl can accept two hydrogen bonds

T 395 m 0.87 sd 0.84

i m

T 49 m 1.20 sd 0.67 T 143 m2.04 sd 0.23 - T 344 m 128.44 sd 17.54
■8 25

T 143 m 129.76 sd 17.17

h
No, H-bonds (buried Korns)

About h a lf o f  a ll buried  O E l groups accept ju s t one hydrogen bond. The 6 O E l groups that do not accep t a 
hydrogen bond include 3 that w ould fo rm  bonds i f  the N  and 0  w ere reversed  and 3 that still do not form  
hydrogen bonds. 9 o f  the 344  bonds are accep ted  fro m  the N H  o f  the sam e residue.

The difference in the frequency distribution  o f  hydrogen bonding fo r  buried  atom s betw een this group and  
asparagine is nearly significant a t 10%  (x^  =  5.70, tw o degrees o f  freedom ), but the correla tion  holds fo r  
oxygen accep tors at a 67%  significance level (x^ =  0.557, two degrees o f  freedom ).

These atom s are unusually hard to identify in X -ray structures because the hydrogens are rarely apparent.
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Appendix: Atlas o f Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Histidine (His, H)
(1 of 2 - as Donors)

N'

1
CA

H
I

NE2

'H

35.7% NDl buried 
19.0% NE2 buried

The side-chain has a pKa of 6.5 
for the loss of the first 
hydrogen, which makes it difficult 
to determine whether a nitrogen is 
protonated.

Side Chain Donors
NDl can donate a single "sp^ hydrogen"

(NDl-H bond of length 1.00Â lies along the bisector of angle 
CG-NDl-CEl)

T 178 ni 2.84 sd 0.20 - T 175 m 1.97 sd 0.25 - T 175 m 149.52 sd 16.77T 274 m 0.65 sd 0.56

[̂ 3̂9 42*1
«

T 98 m 0.76 sd 0.55

Â
No. H bonds (buried itoras)

NE2 can donate a s ing le  "sp" hydrogen"
(NE2-H bond of length l.OOA l i e s  along the b isector  of angle 
CD2-NE2-CD1)

T 160 m 2.84 sd 0.20 .  T 155 m 1.93 sd 0.24 - T 155 m 152.56 sd 17.83T 274 m 0.58 sd 0.54

2  100- 

ig : II

T 52 m 0.92 sd 0.38

* ? 2 3 3 X  2

~ i i J [ f e ! ! 1 2  7 9

No. H-bonds (buried «toms)

M ost fo rm a l structures p la ce  a hydrogen on N D l only. The com m only held view  is that at least one 
nitrogen must be prototiated, either nitrogen m ay be protonated, and both  m ay be proton ated . These data  
show  bu ried  NE2 atom s to donate hydrogen bonds m ore often than N D l. This surprisingly su ggests that 
N E2 m ay be the more likely to be protonated.

M any o f  the histidine pro ton s that fa il  to donate a hydrogen bond are not pro ton a ted  and satisfy their  
hydrogen  bonding po ten tia l by accepting hydrogen bonds. B ecause the nitrogen atom s are difficult to locate  
using X -ray crysta llography som e histidine rings have ND1/NE2 labelled  as C D 2/C E I and vice versa. I f  
these are taken into account, ony 5  His N D l and NE2 atom s fa i l  to hydrogen bond.
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Appendix: Atlas o f Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Histidine (His, H)
(2 of 2 - as Acceptors)

I
CA

H
I

NE2
CD2< ^"^^E 1

'H

35.7% NDl buried 
19.0% NE2 buried

The side-chain has a pKa of 6.5 
for the loss of the first 
hydrogen, which makes it difficult 
to determine whether a nitrogen is 
protonated.

Side Chain Acceptors
N D l c a n  a c c e p t  o n e  h y d r o g e n  b o n d

T 274 m 0.49 sd 0.57 98 in 0.39 sd 0.53 T 48 m 2.00 sd 0.22 T 134 rn l 12.36 sd 8.17 T 48 m 130.34 sd 9.92

ÏÏffa . j £ 1
No. H-tnmds (biiried «oms)

NE2 can accept one hydrogen bond
T 274 m 0.29 sd 0.48 T 52 m 0.25 sd 0.43

‘*5175,00%
T 16 m 1.88 sd 0.21 ^  T 80 m 112.17 sd 9.56

» 1

T 16 m 131.83 sd 10.31
1Ô

l-TTn
No. H-bonds (buried «oms)

When N D l or NE2 carries a hydrogen it has one unhybridised tt lone electron  pair, which is p robab ly  
sligh tly de loca lised  in an arom atic effect. When it does not have a hydrogen it has a lone p a ir  that is m ore 
capable  o f  form in g hydrogen bonds. The low  acceptance o f  hydrogen bonds is sim ilar to ser in e , th re o n in e  
an d  tyrosine. Unlike these groups, the low  acceptance can be explained by the presence o f  many histidine  
side-chain  nitrogens that are pro ton ated  and so sim ply cannot receive a hydrogen bond.

The low  angle a t the acceptor is an artifact o f  the algorithm  that chooses the low est X-A-AA angle fo r  a 
AA-A-AA structure.

M any o f  the histidine pro ton s that fa il to accept a hydrogen bond are p ro ton a ted  and satisfy their hydrogen  
bonding po ten tia l by donating hydrogen bonds. Because the nitrogen atom s are difficult to locate using 
X -ray crysta llography som e histidine rings have N D I/N E 2 labelled  as C D 2/C E I and vice versa. If these are  
taken into account, ony 5 H is N D l and NE2 atom s fa i l  to hydrogen bond.

207



Appendix: Atlas of Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Lysine (Lys, K)

o
c 
I

CA CG CE y  
~CB^ ~CD^ ^NZ

H

H

1.4% NZ buried
The side-chain pKa is around 10.0 
- it is nearly always fully 
protonated.

Side Chain Donor
NZ can donate three " s p ^  hydrogens"

(NZ-H bonds of length 1.014Â form angles of 112° with the CE-NZ

400-, 
350- 

„  300- 
i  250- 
<  200- 
6 150- 

^  lOO 
SO

T 770 m 0.91 sd 1.03

bond and 104.5° with each other, 
staggered conformation.)

T 11 rn 2.64 sd 1.23

The hydrogens are in a
T 697 rn 2.86 sd 0.25 T 697 m 2.05 sd 0.26

- J

... T 697 m 139.81 sd 19.22
1 a

No H-bonds a>uried atoms)

B uried lysine, m ore often than not, has three, o r even four, po ten tia l hydrogen bonds, m aking it fu lly  
satisfied. This is because lysine carries a positive  charge which increases the strength o f  the electrosta tic  
in teraction  betw een  hydrogen bond donor and acceptor. Even the single unsatisfied buried  group form s two  
w eak hydrogen bonds.

H ie angle a t the hydrogen is m ore likely to fa l l  short o f  linearity. This is p o ss ib ly  the result o f  steric  
hindrance with three hydrogens com peting fo r  donors in the sam e space.
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Appendix: Atlas o f Side-Chain and Main-Chain Hydrogen Bonding in Proteins

Methionine (Met, M)

o.

I
CA CG CE 

~CB^ ''SD

H

38.6% SD buried

Side Chain Acceptor
SD can in theory accept two hydrogen bonds.

T 93 m 0.02 sd 0.15 T 3 m 2.31 sd 0.11 ^ T 13 m 102.85 sd 11.14T 241 m 0.05 sd 0.23
2 5 0  ?4.6l%

T 3 m 130.67 sd 19.56

I ^I 150-

i  loo
se

120-i

100-1 80 -

<

1 40 -

50 -
0 -

I I

I M S

i  ",

10-

i  ",

C hem ists do  not regard sulphur as an elem ent that is e lec tronegative enough to accept hydrogen bonds. 
N either, apparently, do proteins.

The low  angles at the accep tor are an artifact resulting from  the algorithm  choosing the low est X-A-AA  
angle fo r  an AA-A-AA structure. The 3 bonds that M E T  SD accep ts from  pro te in s are donated  by  2 Ser/Thr 
O H  grou ps and one rela tively weak arginine side-chain  N H  group.
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Serine (Ser, 8)

I
CA

^CB

H

i,
H

17.0% OG buried
The serine side-chain does not 
significantly ionise.

Side Chain Donor
OG can donate one "sp' hydrogen"

(OG-H bond is 1.00Â long making an angle of 110® with the CB-OG 
bond. There is a circular locus but the default hydrogen 
position is staggered away from the CA)

TOO-

pz loo
se

T 687 m 1.23 sd 0.89 T 117 m 1.39 sd 0.60 T 847 m 2.93 sd 0.28

«

M.10%
-----1

■ 0.85% X  5

No. H4>onds (b u r» l atoms)

The num ber o f  hydrogen bonds is overestim ated  because the algorithm  a llow s the hydrogen to circle into the 
optim um  position  fo r  each bond. This is also the reason why the num ber o f  very high angles at the 
hydrogen is large, and why the bond length is rela tively  short (c f  bonds accepted). O G  groups donate only 
one o f  a ll these hydrogen bonds to the m ain chain oxygen.

Side Chain Acceptor
OG can accept two hydrogen bonds 

T 687 m 1.03 sd 0.86 _ T 117 m 0.89 sd 0.73 ^  T 266 rn 2.10 sd 0.21 ^ T 710 m 121.50 sd 17.1
350n 
300 

I  250
e  200 
d 150- 
z too

^ T 266 m 124.55 sd 15.98

Ji
n v T  » i  25-

• f  1  f

1 2 ^

1  16-
2, 109 1  14- 
- [ — 173 g  12- 

— I g  10- 
32 %  8-

5 M

28

! - . _ k  1 ii
No. H-boods (buried atoms)

It can accept tw o hydrogen bonds, but it is very unusual fo r  both lone p a ir s  to be satisfied. Large numbers 
o f  buried  serine side-chains do not accept hydrogen bonds.

The m inor differences in bonding frequency betw een serine and threonine are not sta tistica lly  significant 
= 0 .157  fo r  accep tors at two degrees o f  freedom , and  =  0.183 fo r  don ors at two degrees o f  freedom )
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Threonine (Thr, T)

0

N'

I

I
CA

“CB
I

CG.

H

i01

18.9% OGl buried
The threonine side-chain does not 
significantly ionise.

Side Chain Donor
OGl c a n  d o n a t e  o n e  " sp^ h y d r o g e n "

(OGl-H bond of length 1.00Â makes an angle of 110° with the 
CB-OGl bond. The locus is circular, but the default hydrogen 
position points away from the CA)

T 647 m 1.28 sd 0.90 T 122 m 1.39 sd 0.67 .  T 831 m 2.90 sd 0.26« 0-1 
300- 

a  250- 
2  200- 

1 I)*-
z  lo o 

se

■■i 30

I  ̂
§ 20

X  5 K 10
i ",

T 830 m 1.96 sd 0.32 ~ T 829 m 163.00 sd 13.87
■? 800-,
I  700- 
g  600- 
8  5 0 0

200-
*  lOO 18 50 70 y l

150
No, H4>onds (bur ieii stems)

The num ber o f  hydrogen bonds is overestim ated because HBPLUS a llow s the hydrogen to circle into the 
optim um  position  fo r  each bond. This can also overestim ate the angles a t the hydrogen. O nly one atom  
donates to its own main-chain.

Side Chain Acceptor
OGl c a n  a c c e p t  tw o  h y d r o g e n  b o n d s

T 647 m 0.99 sd 0.1 T 122 m 0.87 sd 0.76 -  T 218 m 2.09 sd 0.23 T 639 m 123.06 sd 15.6

250-33.38 
200-

<  ISO-i 100-

J 7 «

j d a 5
i  ",

T 218 m 125.41 sd 14.47
I  61 48f 12-

t o à 2
i  ",

[ H
No. H-bonds (buried atoms)

Although the O G l group can in theory accep t two hydrogen bonds, in p ra c tice  it frequ en tly  fa i ls  to hydrogen  
bond altogether, even when buried. No atom s accept from  their m ain-chain NH.

The m inor differences in bonding frequency betw een serine and threonine are not sta tistica lly  significant 
=  0 .157  fo r  acceptors at two degrees o f  freedom , and  =  0 .183 fo r  donors a t two degrees o f  freedom )
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Tryptophan (Trp, W)

I
CA

CD

CB

NE1 ,CZ2 

'CE3^CG

31.0% NEl buried
The tryptophan NEl does not 
significantly ionise.

Side Chain Donor
NEl can donate a single "sp^ hydrogen"

(The NEl-H bond is 1.00Â long and lies along the bisector of 
angle CD1-NE1-CE2)

T 106 m 2.93 sd 0.19 .  T 106 m 2.02 sd 0.23 - T 106 m 153.50 sd 14.83T 145 m 0.73 sd 0.52

< ‘O'PO.XH

T 45 m 0.93 sd 0.39

No. H-bonds (buried atoms)

I fin  18

Buried N E l usually donates one hydrogen, as expected, and with a sim ilar frequ en cy and distribution o f  
geom etries to main-chain NH. The tw o groups have considerably different electronic configurations - the 
tryptophan N E l is p a r t o f  a deloca lised  arom atic ring and the m ain-chain N H  is affected by only slight 
delocalisation. This does not appear to produce m ajor differences in hydrogen bonding.

212



Appendix: Atlas of Si de-Chain and Main-Chain Hydrogen Bonding in Proteins

Tyrosine (Tyr, Y)

O .  CE2 OH

l (  ) l
CA C 0 V _ % P E 1  

^ D 1

‘C
I

H

16.2% OH buried
The tyrosine OH can ionise in 
highly basic environments (typical 
pH 10.0)

Side Chain Donor
OH can donate a single hydrogen

(The OH-H bond is 1.00Â long and lies in the plane of CEI, CE2, 
CZ and OH forming an angle of 110° with the CZ-OH bond. The 
locus comprises the two points that fulfil these conditions, 
and the default is the one nearer CEI)

T 400 m 0.90 sd 0.70 63 m 1.06 sd 0.35 T 361 m 2.76 sd 0.22 T 361 m 1.90 sd 0.27 

W5359
-  T 361 m 147.32 sd 17.82

No. H-bonds No. H-bonds (buried atoms) D ..A R .A  D -R .A

The buried tyrosine oxygen nearly a lw ays form s one hydrogen bond, as expected. They frequen tly  fa l l  short 
o f linearity. Although the source used fo r  the algorithm, M om any et. al. 1975 (J. Phys. Chem. 79:2373- 
23HI) suggests a D D -D -H  angle o f  110° the analysis o f  Ippolito  et. al. 1990 (J. Mol. Biol. 215:457-471) 
suggests a DD-D -A angle o f  near 119° that explains these results.

Side Chain Acceptor
OH can accept one hydrogen bond

T 87 m 2.03 sd 0.25T 400 m 0.80 sd 0.78
I8oio.2i% <lî3*

T 63 m 0.52 sd 0.71 ... T 320 m 119.26 sd 12.11

i  30

30
T 87 m 119.55 sd 12.60

132

No. H-bonds (buried atoms)

The (buried) oxygen usually fa ils  to accept a hydrogen bond. The fr e e  t t  electron p a ir  on the oxygen is 
possib ly  partia lly  deloca lised  with the adjacent arom atic ring, as fo r  tryptophan, which w ill lessen its 
tendency to accept bonds. The tendency tow ards lone-pair d irection ality  is stronger than fo r  any other atom  
that usually fa ils  to accept hydrogen bonds.
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