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Summary: About one third of all helices is terminated by residues with a pos-
itive torsion angle ®. 74% of them are glycines. This strong propensity can be
explained by typical bifurcated three-center hydrogen bonds which are only com-
patible with a positive torsion angle ¢, causing helix termination. An algorithm
was developed to identify these structural features in a-helices. 158 out of 456
helices in 79 different well-refined protein structures examined in our analysis were
found to have a glycine with this special conformation which have been conserved
rema,rkably during evolution. © 1991 Academie Prega, Inc,

Hydrogen bonds ( H-bonds ) are essential for the stabilization of proteins (1)
and form characteristic patterns in secondary structures (2). About 90% of all
H-bonds in a-helices are bifurcated (3). The resultant typical three-center H-bond
patterns (fig.1) allow to study helix ends from a new aspect. Usually, helices and
their ends can be defined by torsion angles #, ¥ (4) or by specific main chain
H-bonds (5) or by Ca-carbon positions (6). Preferences for helices (e.g. (7))
were tabulated and glycine turned out to occur prevalently at the C-terminal ends
(C-caps) (8). A comparative analysis of local conformations revealed that these
glycines are often in the rare aL-conformation with a positive torsion angle ¢
( positive ¢ ) (9-11). The enlarged database of highly resolved terti ary structures
allows a detailed analysis of the underlying structural features. Here we explain
the high content of glycines in C-caps by a unique three-center H-bond pattern

and show its evolutionary conservation in structurally related protein sequences.

Abbreviations: H-bonds, hydrogen bonds; C-cap, C-terminal residue of the helix;
positive ¢, positive torsion angle between backbone atoms N and Cao; PDB,
Brookhaven Protein Data Bank (Release 52),
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Fig.1. Representation of three-center hydrogen bonds.
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Materials and Methods

Since the perio

d in a-helices is 3.6 and not a whole number, most of the H-

bonds are bifurcated (3). This means that the N-H group points into the direction
between two carbonyl oxygen atoms. In these bifurcated three-center H-bonds two
acceptors (n)-C=0, (n+1)-C=0 share one donor (n+4)-N-H (fig. 1b). The hy-
drogen atom lies in the plane defined by the nitrogen and the two carbonyl oxygen

atoms. Along the

helix they form a typical zigzag pattern.

The geometrical criteria for three-center H-bonds were developed by examining
a representative small set of protein structures refined to a resolution of 1.6 Aor
better (3). In the Brookhaven Protein Data Bank ( PDB) (12) many protein struc-
tures determined at lower resolution than 1.6 A exhibit poor H-bond geometries
(and corresponding energies) and allow only approximate assignment of secondary

structure. Nearly

all of the parameters of H-bond patterns such as their energy

contributions, ¢-, 9-values can be generated by DSSP (5).
To generalize the data found in the small dataset of highly resolved structures
(3) simple rules were derived which allow the use of DSSP (5). To prevent the

problem of redund

ancy we generated a reduced database containing 79 well-refined

protein structures, excluding closely related ones (13) from the whole PDB. The
following criteria identified exactly the same C-caps as found by the rule of specific

H-bond patterns:

i) Only helices with more than five residues are considered (definition by DSSP).

ii) A glycine with

a positive ¢ is obligatory at the C-cap; (positions (n+1) and

(n+2) from the helix ends are taken into account because the definition of precise
helix termination is sometimes difficult).

iii) Solvent accessi

bility from (n-8) to (n+2) (counted from the C-caps) alternates

with a period of three or four residues.

These features were used to check all DSSP files for C-caps having the putative
H-bond patterns. To make sure that the frequent occurrence of glycines at C-caps
is statistically significant, the database HSSP (14) was utilized. Tt contains files
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corresponding to PDB entries. All sequences from the protein sequence database
SWISSPROT that exhibit significant homology to the considered protein are given
in a multiple sequence alignment. The sequence variability is computed in each
position of all 79 proteins. From these a relative variability weighted against the
average variability was calculated. The HSSP database improves the judgement
of the degree of evolutionary conservation, because its base of alignend master
sequences is by two orders of magnitude larger than that of PDB (14).

Results and Discussion

The H-bonds at the C-caps were studied and glycine (n+4) was found to be
prevalent with the following arrangement (fig.1b):

1. (n)-C=0 :-- H-N-(n+3),
2. (n)-C=0 . .- H-N-(n+4),
3. (n)-C=0 - .- H-N-(n+5) and
4. (n+1)-C=0 - - - H-N-(n+4).

The first H-bond usually occurs in 310 helices and the second is the major compo-
nent in 3.613 o helices. Both are known to be present at helix ends (5). The third
H-bond was found to be associated with the occurence of glycines (9), whereas
the fourth was so far not described to be typical for glycine (n+4) in C-cap posi-
tion. The occurrence of these H-bonds in all examples detected implies a common
structural signal. All these C-caps as extracted from the most different proteins
superimpose very well (fig.2). This is mirrored in the values of torsion angles ¢
and 1. Up to position (n+2) (or position -2 counted from the glycine) typical a-
helical torsion angles were observed. Uniform slight distortions occur at position

Fig.2. Stereo view on a multiple structural alignment of helix C-termini de-
tected by H-bond patterns in highly resolved protein structures (for sequence
alignment see fig.3). Glycine is marked to indicate the C-terminus.
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superposition digplayed in fig.
bility and variability are intro
1 The proteins given by their

2 position of the terminal glycine.

3 Amino acids shown in one letter code. X denotes an

4 golvent accessibility calculated by DSSP (5).
5 Position dependent variability derived

quences in HSSP (14). The lower the val

respective residue in related sequences.

arbitrary residue.

9. Some descriptors such as torsion angles, accessi-
duced for each residue.
Brookhaven Protein Data Bank code (12).

from an aligned set of homologous se-
ue the better is the conservation of the

8 A consensus line is introduced to represent dominating residues and patterns for
the different descriptors (mean values are given).

(n+3) (-1 from glycine) with average (¢,%) pairs of (-81°,-2°) (see consensus in
fig.3). In addition a striking accumulation of hydrophobic amino acids at position
(n) (position -4 from glycine) is obvious. Especially leucine and alanine occur
very frequently. This high hydrophobicity leads to a decreased dielectric constant
which, in turn, increases the energy contribution of the H-bonds. Fig.3 gives a
sequence alignment of a few C-caps including the above-mentioned structural fea-

tures like torsion angles or solvent accessibility.

Sometimes glycine is shifted by one position against the hydrophobic (inacces-
sible) face of the helix. In this manner the accessibility pattern appears blurred
in the consensus average, which can be overcome by a detailed analysis at the
sequence level (15).

A total of 456 helices with a length of at least 6 residues were collected in 79
proteins. In fig. 4 the propensity of all amino acids in the database is displayed:

1. to occur at C-caps, 2. to adopt positive ¢, 3. to occur at C-caps with positive
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Fig.4. Preferences of amino acids (one letter code) in the studied 79 different

proteins

(i) to occur at helix C-termini (helix end),

(it) to adopt a positive torsion angle ¢ (pos. phi) and

(iii) to occur at helix C-termini with positive torsion angle ¢.

¢. There is a strong coupling between the first two features in the case of glycine:
The rate of glycines with a positive ¢ compared to all glycines in the PDB in-
creases from 54% to 91% at helix ends. Positive ¢-angles at C-caps go along with
glycines (158), lysines (17), asparagines (8), glutamines (7), from which glycines
make up 74%. This surprising preference of glycine with a positive & for helix ends
indicates a functional meaning. For example, this structural feature occurs in all
DNA-binding helix-turn-helix motifs of distantly related procaryotic repressors of
known structure ( 16) in which glycine is one of the most conserved residues. This
type of helix termination may contribute to the flexibility of the motif as seen in
Mellitin (17). Mellitin, included in the venom of the honey bee consists of one long
helix which is kinked at a glycine with a positive ¢ (18). Different structures of
Mellitin (17-19) confirm the observations of a variable bent angle of the helix. This
movement may be correlated with membrane binding as predicted for four helix
bundle apolipoproteins (20). Such a functional meaning should find its expression
in a high evolutionary conservation at the sequence level. Indeed, inspecting HSSP
(14) glycine at C-caps was found to be 20% more conserved than in the average.

The described structural feature is widespread among topologically different pro-
teins. About 30% of all C-caps contain a glycine with a positive ¢ (158 of 456
helices in the nonredundant database, 659 of 2314 helices in the whole PDB).

Summing up, this signal of helix disruption is so strong that a recognition at
the sequence level should be feasible (15).

Acknowledgments: The authors are indebted to W. Saenger and J. Reich for
helpful comments and critical reading of the manuscript,.
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