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Prediction of Protein Structure from Sequence
Michael J.E. Sternberg and Markéta J.J.M. Zvelebil

Methods to predict the three-dimensional structure of a protein from its sequence are reviewed. The approaches
to derive information about the local conformation from the local sequence include hydrophobicity plots,
secondary structure prediction and the identification of short, functional sequence motifs. The most reliable
method of tertiary structure prediction is model building from the experimentally determined coordinates of a
protein with an homologous sequence. This approach is illustrated by a prediction of the three-dimensional
structure of human cytochrome P450-IA1. If no known homologous structure is available, then the only approach
is to suggest models for the tertiary fold of proteins by packing together predicted secondary structures. A three-
dimensional model for the dimerisation of the transmembrane «-helices of neu, a tyrosine kinase growth factor
receptor, is described. In general, structure prediction can suggest approaches for regulating protein activity

that may lead to new pharmaceutical therapies for cancer.
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INTRODUCTION

THE GENES of many proteins of importance for cancer research
are today being cloned, sequenced and expressed. A major
problem is to relate the translated aminoacid sequence into
information about the structure and function of the protein to
guide the systematic design of experiments, for instance in
mutagenesis and antibody mapping, and the development of
novel pharmaceutical regulators of activity. We describe computer
methods to predict protein structure from sequence [1, 2].
Structure prediction is vital since the conformations of only
400 proteins have been experimentally determined, as X-ray
crystallography and two-dimensional nuclear magnetic reson-
ance remain difficult and time-consuming. In contrast, the
sequences of more than 15 000 proteins are known and this
number will increase rapidly with the impetus of the genome
projects.

ENERGY CALCULATIONS

In principle, it should be possible to locate the folded structure
of a protein by searching for a conformation of minimum free
energy. However, this approach is not feasible since there is a
myriad of conformations to examine and the energy terms cannot
be represented with sufficient accuracy. Thus all methods of
prediction use rules developed from analysis of the experimen-
tally known structures. Energy calculations can, however, be
used to explore small variations of conformation given a rough
starting model. One particularly powerful use of such calcu-
lations is when there is an experimentally-determined structure
and one wishes to evaluate free energy differences between two
closely related molecules, such as the effects of point mutations
or the binding of different ligands to a protein [3].
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ANALYSIS OF LOCAL STRUCTURE AND FUNCTION

Hydrophobicity profile

The simplest form of analysing a local sequence is the hydro-
phobicity plot in which a moving average of the hydrophobicity
of the residues is evaluated along the sequence. The most
commonly used scales of hydrophobicity are those of Kyte and
Doolittle [4] and of Hopp and Woods [S]. When an average over
7 residues is calculated, the peaks of hydrophilicity (troughs of
hydrophobicity) are likely to be surface loops and the sequences
of these regions are good candidates for the synthesis of linear
peptides against which antibodies can be raised that could
recognise the native protein. The location of membrane spanning
regions can be identified from the peaks of hydrophobicity in a
plot averaged over 15 residues.

Secondary structure prediction

The location of regular secondary structure, o-helices and 8-
sheet strands, can also be predicted from local sequence. Some
algorithms, such as that of Chou and Fasman [6] and of Robson
[7], are based on empirically derived statistical propensities
Others, such as Lim’s [8], recognise the periodicities of hydro-
phobic residues on the surfaces of the secondary structures.
Sophisticated analyses based on neural networks [9, 10] or
artificial intelligence [11] have been used. However, the accuracy
for a general prediction of a-helices, B-sheet or coil remains at
about 65% compared with a random value of about 33%.
Improvement of up to 10% can be obtained if the sequences of a
family of related proteins are used both to average the statistical
propensities and to include the observation that sequence vari-
ations tend to occur in the loop regions [12].

Local sequence motifs for function

A common local sequence motif often occurs in several
proteins due to a functional requirement. These motifs generally
are quite simple and can be represented by a string of one or
more residue types that occur in a short region of the protein
sequence. The motifs are derived by examination of a family of
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Fig. 1. Predicted three-dimensional model of human cytochrome
P450-IA1. Fold of chain is illustrated by a ribbon, with «-helices
forming spirals. Haem group is in red and the proposed position of 3-
methylcholanthrene is in blue. Graphics software, QUANTA/
CHARMmM, was from Polygen (Reading, Berks, UK).

proteins with a common function and identifying a local region
of high sequence conservation. There are several types of such
functional motifs that can specify post-translational modification
(e.g. glycosylation), the localisation of a protein (e.g. endoplas-
mic reticulum targeting), a specific biological function (e.g.
ATP/GTP binding) or a protein active site (e.g. aspartyl
proteinase). For example, the sequence motif for a ATP/GTP
binding site is (A or G)-X-X-X-X-G-K-(S or T), where X is any
aminoacid. A list of over 300 such patterns is available from Dr
A. Bairoch via the EMBL Data Library at Heidelberg. We have
developed a program (PROMOT) that will scan a new sequence
against the Bairoch data base to locate pattern matches.

When a functional motif common to two proteins is found, it
does not always imply that there is a structural similarity. Some
patterns such as glycosylation are dictated by the linear sequence
and even locally the protein can adopt a different conformation.
Others, such as the ATP/GTP binding site, occur due to a
common local structure for the function but the tertiary fold of
several proteins with this motif has been shown by crystallo-
graphy to be different. However, a common pattern for an
enzyme active site strongly suggests that the protein domains
will have a similar three-dimensional fold.

PREDICTION OF TERTIARY STRUCTURE

Homology searches

Often all, or a domain, of a newly determined protein is found
to have sequence similarity to another molecule because of
divergent evolution of a protein family. The standard procedure
to detect this relation is a computer scan against a data base of
all protein sequences. For these scans, a matrix that scores the
similarity between residues is required. The simplest of such
scores is to flag identities but greater sensitivity occurs if the
matrix evaluates the likelihood of one residue mutating to
another [13]. The most sensitive searches now identify local [14]
rather than global [15] sequence similarities and thus can detect
the presence of a common domain within two larger proteins.
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Protein sequence similarity suggests that the related regions will
have a common structure and function.

Model-building by homology

When a homology search finds a relation between a new
sequence and a protein of experimentally known structure, it is
possible to predict accurately a three-dimensional structure for
the new protein. Model-building by homology is based on the
observation from X-ray structures of homologous proteins that
the protein core of a-helices and/or B-sheets tends to be con-
served structurally during evolution with the major confor-
mation changes occurring with insertions and deletions in the
connecting loop regions.

The approach for model building will be illustrated by our
recent prediction [16] of the structure of human cytochrome
P450 from the IA1 gene family (Fig. 1). The primary role of the
P450 family of enzymes is the detoxification of a wide range of
substrates by oxidation and other chemical reactions. However,
these reactions also result in the activation of many procarcino-
gens. Indeed susceptibilities to certain forms of cancer have
been linked to the presence or absence of different members of
the P450 gene family [17]. Since there is no experimental
structure for any mammalian P450, to guide experimental work
we have predicted models from the crystal structure [18] of the
related P450 that metabolises camphour (P450-cam).

The first step was to establish an accurate sequence alignment
of P450-IA1 with distantly-related P450-cam. The sequences of
several mammalian P450s were automatically aligned [19] and
then a secondary structure prediction was done on the multiply-
aligned sequences [12]. Predicted secondary structures were
matched against the known o-helices and B-sheets in P450-
cam. Then the precise sequence equivalence was based on the
alignment of functionally conserved residues, the matching of
non-polar sidechains of P450-IA1 with hydrophobic residues
buried in P450-cam, and ensuring that sequence insertions
primarily occurred in the loop regions.

Based on this alignment, the core regions that, to a first
approximation, will be conserved in structure between P450-
IA1 and cam were identified. The coordinates of the core region
in P450-cam was used to model the P450-IA1 main-chain
conformation. The next step was to model the connecting loops
where there will be structural differences. The approach was to
scan a data-base of the experimentally-determined structures of
proteins to extract a suitable fragment that could make the
necessary connection [20]. This knowledge-based approach
provided a series of possible connections. Further inspection on
a molecular graphics package suggested which connection was
compatible with the model of P450-1A1. Generally, loop selec-
tion remains uncertain and simply finds a likely conformation.
With the main chain built for P450-IA1, the appropriate side-
chains were placed, based on their probable conformation.
Energy minimisation was used to make minor adjustments to the
model and remove any steric clashes that have been introduced
during model building. Finally a possible model for the interac-
tion of P450-IA1 with its substrate, 3-methylcholanthene, was
obtained.

The predicted structure of P450-IA1 provides information for
several experimental studies. The exposed loops, which are
likely epitopes, have been located and thus peptides with the
sequences of these loops could be used to raise antibodies.
From the sequence alignment between P450-IA1 and P450-cam,
possible active site residues of P450-IA1 have been suggested
and these residues are targets for mutagenesis.



Prediction of Protein Structure from Sequence

A similar approach was followed to predict a three-dimen-
sional model for cytochrome P450-17a from the coordinates
of P450-cam [21]. P450-17a catalyses two key steps in the
biosynthesis of the androgens from pregnanes. Since 80% of
prostatic cancers are sensitive to the levels of androgens,
especially testosterone, there is a search for selective inhibitors
of this enzyme. The modelling suggested that there may be two
modes of binding steroid substrates at the enzyme active site.

Improvements in the above strategy can be made if crystal
structures are known for several proteins in the family. The
parent structure for modelling is chosen based on careful analysis
of sequence similarities between the protein to be predicted and
the known structures. When a loop is being modelled, often an
appropriate model is an analogous loop from one member of
the known structures. This approach is particularly useful in
predicting the hypervariable regions of antibodies, because for
many of the complementary determining regions there are
defined families of loop conformations that can be readily
identified from sequence [22]. Thus predictions of high accurac-
ies are now being obtained for the hypervariable loops of
antibodies.

Tertiary packing of a-helices and B-sheets

When no experimental structure is available for prediction by
homology, the only approach is to pack together predicted
o-helices and R-sheets. The rules governing the packing
geometry of these secondary structures were obtained by examin-
ation of the X-ray structures of proteins. The most amenable
system for modelling is the packing of a few a-helices and this
approach has led to predictions for the three-dimensional fold
of a-interferon [23] and of interleukin-2 [24]. Subsequently, the
model for interleukin-2 was found to be partly correct when
compared with the X-ray structure [25].

This approach of packing a-helices has been applied to model
the transmembrane region of the neu receptor, a tyrosine kinase
growth receptor [26, 27]. The experimental observation [28]
that promoted this study was that c-neu can be activated into an
oncogene (onc-neu), with a marked increase in tyrosine kinase
activity, by a single point mutation Val 664 — Glu in the
transmembrane region. In general, the intracellular tyrosine
kinase activity of this family of receptors is considered to be
activated by dimerisation promoted by extracellular binding of
the growth factor. It was suggested {26, 27] that the Glu side-
chain in neu was protonated in the hydrophobic environment of
the membrane and thus able to form a hydrogen bond. A detailed
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Fig. 2. Space-filling models for packing of part of
the transmembrane a-helices in neu [26]. Left helix
is mainly in light green, right in light blue. On left,
neu with Glu 664 in right helix in pink forming
proposed hydrogen bond between carbonyl oxygen
(red) of Ala 661 of left helix. Exact conformation
for side-chains cannot be modelled and figure just
shows that hydrogen bond could be formed. On
right neu with Val 664 in right helix in pink packing
against Gly 665 in left helix.

model (Fig. 2) for a dimerisation of a pair of transmembrane -
helices was obtained in which the helix association was stabilised
in onc-neu by the Glu forming a hydrogen bond. In c-neu, the
same helix association would occur but would have a lower free
energy of association since the Val side-chain would interact
simply by packing forces rather than a hydrogen bond. Analysis
of the sequences of transmembrane regions of the entire family
of tyrosine Kinase growth factor receptors suggested that the
dimerisation of the transmembrane «-helices may be a general
phenomenon. If this is correct, then the dimerisation of a specific
receptor might be inhibited by a peptide with the sequence of
the transmembrane region because the peptide would compete
with one molecule of the receptor during dimerisation (Fig. 3).
Such a peptide could have a therapeutic role for those cancers
associated with over-expression or mutation of growth factor
receptors [29].

CONCLUSION
The strategy for predicting structure from a newly-determined
sequence is shown in Fig. 4. Of course, the model obtained by
prediction is less reliable than a protein crystal structure and it
is important, therefore, to evaluate critically its likely accuracy.
Models obtained from a close homology with an experimental
structure will have the correct overall fold of the a-helices and

PEPTIDE
INHIBITOR
LB
E ™
TK
a b

Fig. 3. Use of peptide to inhibit dimerisation of tyrosine kinase

growth factor receptors. LB, TM and TK denote ligand-binding,

transmembrane and tyrosine kinase domains of receptor. (a) Model-

ling of neu suggests that transmembrane regions of receptors pack

together during activation of tyrosine kinase activity. (b) Peptide

with sequence of transmembrane region might be able to prevent
dimerisation.
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New protein sequence

Hydrophobicity plot
Secondary structure prediction

Search for homologous sequence
Search for local motifs

Is there a known structure
for the homologue or motif ?

Yes No

Rough model by
docking secondary
structures for
smallest proteins

Madel! building
from known
structure

Fig. 4. Approach to analysis of protein sequence for structure
prediction.

M.].E. Sternberg and M.].J.M. Zvelebil

B-sheets but the conformation of loops cannot generally be
accurately modelled. As the level of sequence homology
decreases, the model becomes less reliable with even some of
the o- and B-regions being subject to error. Predictions based
on identification of a common local sequence motif tend to
be less reliable than those obtained from a global sequence
homology. Finally, models obtained by docking secondary
structures should be regarded simply as an hypothesis that
suggests further experimental work. However, despite these
limitations, protein structure prediction provides a powerful
method to obtain rapidly three-dimensional information from
the ever-increasing number of gene sequences. This information
suggests approaches to regulate the activity of proteins and over
the next decade predictions might well lead to the development
of novel treatments for cancer.
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