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Helix Signals in Proteins

LEONARD G. PRESTA AND GEORGE D. ROSE*

The o helix, first proposed by Pauling and co-workers, is
a hallmark of protein structure, and much effort has been
directed toward understanding which sequences can form
helices. The helix hypothesis, introduced here, provides a
tentative answer to this question. The hypothesis states
that a necessary condition for helix formation is the
presence of residues flanking the helix termini whose side
chains can form hydrogen bonds with the initial four-
helix >N-H groups and final four-helix >C—O groups;
these %\: grou{:s would otherwise lack intrahelical part-
ners. This simple hypothesis implies the existence of a
stereochemical code in which certain sequences have the
hydrogen-bonding capacity to function as helix bound-
aries and thereby enable the helix to form autonomously.
The three-dimensional structure of a protein is a conse-
quence of the genetic code, but the rules relating sequence
to structure are still unknown. The ensuing analysis
supports the idea that a stereochemical code for the a
helix resides in its boundary residues.

by Pauling e al. (1). Subsequent experimental support (2)

has made the helix a familiar landmark in proteins. The key
feature of the Pauling-Corey-Branson helical model is a pattern of
iterated backbone hydrogen bonding between each >N—H donor
and the >C=0 acceptor located four residues previously. The
resultant structure satisfies the hydrogen-bonding requirements of
consecutive main-chain polar groups with a hydrogen-bond geome-
try that is nearly optimal.

Helices are classified as repetitive secondary structure because
their backbone dihedral angles, ¢ and , have repeating values near
the canonical value of (—60°, —40°) (3). When the dihedral angles
of a chain segment assume helical values, the backbone polar groups
are automatically positioned to form hydrogen bonds with intraseg-
ment partners. The situation is unlike that of B sheet, the other
repetitive secondary structure, where backbone hydrogen bonds in
each B strand are satisfied by extrasegment partners from an adjacent
B strand that may be distant in sequence.

In globular proteins of known structure, approximately one-
quarter of all residues are found in helices (4). The frequent
occurrence of helices, and the fact that their hydrogen bonds can be
localized to intrasegment partners, suggest that a helices may
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function as autonomous folding units in proteins. This suggestion is
strengthened by recent experiments that demonstrate the stability of
isolated protein helices in water (5, 6).

We now show that the location of helices in water-soluble
proteins is dependent on local sequence information alone. This
finding is a result of the observation that the Pauling-Corey-Branson
model accounts for only about half of the backbone hydrogen bonds
in actual protein helices. In particular, the average protein helix,
which is 12 residues in length (7), contains eight intrahelical >N-H
+++ O=C< bonds, but >N-H donors in the first four residues and
>C=0 acceptors in the last four residues lack intrahelical partners
(8) (Fig. 1). We hypothesize that a necessary condition for helix
formation is the presence of residues flanking the helix termini
whose side chains can supply hydrogen-bond partners for unpaired
main-chain >N—H and >C=0 groups. These boundary residues
would then function as a stereochemical code for helix formation.

Unlike theories derived from statistical correlations, the helix
hypothesis is based on simple physical chemistry and provides a
mechanism for many well-known phenomena. For example, the
tendency for helices to be situated at the molecular surface (9) and
often to contain amphipathic sequences (10) is a consequence of

Fig. 1. A representative a
helix, 12 residues in length,
flanked by adjacent turns.
Backbone nitrogen atoms
are shown in green, back-
bone oxygen atoms in red.
The eight intrahelical N-H
+++O=C hydrogen bonds
are indicated by broken
lines. N1, N2, N3 are the
initial three residues of the
helix proper while C3, C2,
Cl1 are the final three resi-
dues. Residues N and C
have nonhelical dihedral an-
gles but contribute one ad-
ditional hydrogen bond to
the helix. Residues N”, N’,
N and C, C', C" are classi-
fied with the preceding and
succeeding turns, respective-
ly. Hydrogens in the initial
four >N-H groups are indi-
cated by stippled green sur-
face; oxygens in the final
four >C=0 groups are indi-
cated by stppled red sur-
face. These cight groups
cannot be satisfied by intra-
helical main-chain partners.
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requiring polar residues at the termini and the concomitant desir-
ability of having some apolar residues between the termini to
promote hydrophobic association with rest of the protein. The
statistical preference for acidic residues at the NH,-termini of helices
and basic residues at the COOH-termini (11) results from the Asp
and Glu side chains being able to serve as hydrogen-bond acceptors
while Lys and Arg can serve as donors; these hydrogen bonds would
augment contributions arising from ionic interactions with the helix
macrodipole (6). The puzzling examples of identical pentapeptides
that are helical in one segment but not in another (12) can be
reconciled if the segment termini are taken into account.

To test the helix hypothesis in proteins of known structure, we
analyzed each sequence for potential helix boundaries and compared
the results to the location of observed helices. Although the
hypothesis is fundamentally simple, the analysis is complex. Briefly,
a complete library of side-chain to main-chain hydrogen-bonding
possibilities was compiled. Side chains from each of the 13 polar
residues, together with two additional variants of His, were append-
ed to each o carbon of a polyglycyl helix and a representative
ensemble of adjacent turns. The conformations of these side chains
were then uniformly sampled. Whenever a hydrogen bond could be
formed, the residue, together with its conformation and position,
was added to the library. The library was then used to evaluate actual
protein sequences for sites at which residue side chains could satisfy
the four terminal >N-H groups or >C=0 groups of a helix. A
window of only six consecutive residues turned out to be sufficient
to identify such sites. Nevertheless, the enumeration of backbone to
side-chain hydrogen bonds in actual proteins is computationally
intensive because, for each six-residue sequence, every permutation
of allowed conformations from the library must be assessed, as
described below.

Analysis of x-ray—elucidated proteins. Our analysis required
prior identification of helices and adjacent turns in proteins of
known structure. The proteins (Table 1) included 26 high-resolu-
tion x-ray structures (resolution 2.0 A; R factor <20 percent)
from the Brookhaven protein database (13).

To identify helices, we determined all intramolecular main-chain
to main-chain hydrogen bonds for each protein using criteria
enumerated in Fig. 2 (14, 15). Backbone segments with (7, ¢ + 4) or
(4, ¢ + 3) hydrogen bonds were then inspected for the presence of
an a or 3;9 helix. Helices were terminated at the final residue in
which backbone >NH or >C=0 groups participate in an (7, ¢ + 4)
or (7, + 3) hydrogen bond while maintaining dihedral angles with
helical values (¢ = —60° ¢ = —40°). This strict definition may
differ slightly from assignments listed in the header records of the
protein database (13) or those given by Kabsch and Sander (4)
because the respective >C=O or >N-H groups in the residue
immediately preceding or following a helix form one additional
intrahelical hydrogen bond with dihedral angles having nonhelical
values. Further ambiguity in the precise location of helix boundaries
can be occasioned by adjoining type I and type III reverse turns that
have dihedral angles near helical values.

Using the foregoing hydrogen-bond criteria and boundary condi-
tions, we found all helical residues in a database of proteins. The
average dihedral angles (mean = SD) are ¢ = —63.8° + 6.6°,
= —41.0° £ 7.2° for 1062 residues.

Helices and their flanking residues are labeled as follows:

N"-N'-N-N1-N2-N3-. .. -C3-C2-C1-C-C'-C’

where N1-N2-N3—. .. -C3-C2-Cl participate in the helix back-
bone hydrogen-bonding network and have helical backbone dihe-
dra] angles. Residues N and C participate in the hydrogen-bonding

Table 1. Proteins used. All are x-ray structures with resolution =2.0 A and crystallographic R factor <20 percent.

Code* Protein name Helicest

351C Cytochrome C551 3-9, 27-33, 40-50, 68-79

2ACT Actinidin 25-42, 51-56, 70~79, 100-103, 121-128, 142-145

1AZA Azurin (molecule B) 56-64

1BP2 Phospholipase A2 2-12, 18-21, 40-55, 59—-63, 90-106

3C2C Cytochrome C2 {4-10, [11-16]}, 50-58, 64—70, 74—82, 98—108

2CAB Carbonic anhydrase B 131-134, {[155-157], 158-162, [163-166]}, 220-226

2CDV Cytochrome C3 65-70, 79-87, 91-98

5CPA Carboxypeptidase A 15-28, 74-89, 94-100, 113-121, 174-186, 216-230,
254-260, 286-305

1CRN Crambin 7-16, 23-29

4DFR Dihydrofolate reductase (molecule B) 25-35, 44-50, 78-83, 97-103

1ECD Hemoglobin III, Chir th j th {3-13, [13-15]}, 20-30, 46—49, 53-71, 77-87,
94-111, 118-132

4FXN Flavodoxin, semiquinone form 11-25, 66-72, 94-104, 125-135

1GP1 Glutathione peroxidase (molecule B) 48-62, 88-94, 120-128, 185-192

1HMQ Hemerythrin (molecule D) 19-37, 41-64, 70-84, 91-102

1INS Insulin, porcine (molecules C and D) A2-A8, [A13-A18], B9-B19

2LHB Hemoglobin V, lamprey {13-24, 24-28, 30-44, [45-51]}, 61-65, 68—86,
91-107, 116-127, 132-145

1LZ1 Lysozyme, human 5-14, 25-35, 90-99, 110-114

IMBO Myoglobin, sperm whale, oxidized 4-17, {21-35, [37-42]}, 52-56, 59-76, 83-95,
101-118, 125-148

20VO Turkey ovomucoid inhibitor 34-43

1PPT Pancreatic hormone, avian 14-31

5PTI Pancreatic trypsin inhibitor 48-55

5RSA Ribonuclease A, bovine 4-12, 25-32, {51-55, [56-57]}

28GA Streptomyces griseus Protease A {56-59, [62-63]}, 232-236

1SN3 Scorpion neurotoxin {23-29, [30]}

3TLN Thermolysin 68-87, 137-150, 160179, {[234], 235-246},
260-273, 281-296, 301-312

1TPP Trypsin, bovine 165-171, 235-243

*Brookhaven protein database four-character name (13).
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t[] Denote segments of 3,9 helix; {} denote segments considered as 1 helical unit.
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