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Abstract. In the wake of the genome data flow, we need - more urgently than ever - accurate tools to predict protein structure. The problem of
predicting protein structure from sequence remains fundamentally unsolved despite more than three decades of intensive research effort. However,
the wealth of evolutionary information deposited in current databases enabled a significant improvement for methods predicting protein structure in
1D: secondary structure, transmembrane helices, and solvent accessibility. In particular, the combination of evolutionary information with neural
networks proved extremely successful. The new generation of prediction methods proved to be accurate and reliable enough to be useful in genome
analysis, and in experimental structure determination. Moreover, the new generation of theoretical methods is increasingly influencing experiments in
molecular biology. 

Introduction

The sequence-structure gap is rapidly increasing: Currently, databases for protein sequences (e.g. SWISS-PROT (1))
are expanding rapidly, largely due to large-scale genome sequencing projects. Despite significant improvements of
structure determination techniques the gap between the number of proteins for which structure is deposited in public
databases (PDB (2)), and the number of proteins for which sequences are known is increasing: 3D structure is known
for less than 3% of the known protein sequences (3, 4). The most accurate way to predict 3D structure from the
sequence is by homology modelling, i.e., search for a protein with similar sequence that has a known 3D structure and
then model the 3D structure of the unknown protein in analogy to the known one. Such techniques lead to a reduction
of the sequence-structure gap to 10-35% (3-7). 

No general prediction of structure from sequence, yet: John Moult (CARB, Washington) has initiated an important, and
unique experiment (8): those who determine protein structures submitted the sequences of proteins for which they were
about to solve the structure to a ’to-be-predicted’ database; for each entry in that database predictors could send in their
predictions before a given deadline (the public release of the structure); finally, the results were compared, and
discussed during a workshop (in Asilomar, California). Two such experiments have been completed: in December 1994
(Proteins special issue, Vol. 23, 1995), and in December 1996 (to be published in Proteins, 1997). The results of both
experiments demonstrated clearly that the goal to predict structure from sequence has not been reached, yet. So, no
improvement despite ardent attempts, and the explosion of knowledge deposited in databases? 

Here, I sketch neural network based methods (PHD series) for the prediction of 1D aspects (secondary structure,
transmembrane helices, solvent accessibility) of protein structure. The methods illustrate that (1) neural networks as
black-boxes fail to improve prediction accuracy, (2) neural networks are sufficiently flexible to carve expertise from
biology into the tool, (3) the quantum leap in prediction accuracy achieved in the 90’s has unearthed from



implementing evolutionary information into neural networks, (4) and that the new generation of prediction methods is
extremely useful in assisting, facilitating, and speeding-up experiments in molecular biology. 

Conclusions: Are Predictions Useful?

Structure prediction: work in progress... Native 3D structures of proteins are encoded by a linear sequence of amino
acid residues. To predict 3D structure from sequence is a task challenging enough to have occupied a generation of
researchers. Have we finally succeeded? The bad news is: no, we still cannot predict structure for any sequence. The
good news are: we have come closer, and growing databases facilitate the task. 

Predictions in 1D: significant improvement by larger databases: The rich information contained in the growing
sequence and structure databases enables improving the accuracy of 1D predictions. Here I sketched, how evolutionary
information input to neural network systems yielded better predictions of secondary structure, solvent accessibility, and
transmembrane helices. These predictions of protein structure in 1D are significantly more accurate, and more useful
than five years ago. 

Conditions to become useful: In the field of structure prediction we have witnessed blooming over-optimism (9), as
well as, more, and less intended cheating. The Asilomar meetings (8) to some extent are succeeding in separating the
chaff from the wheat. The sustained levels of prediction accuracy published for the PHD methods were, supposedly,
one of the major reason for their success. Another important issue is that of making the method available. Molecular
biologists do NOT have the time to become experts in running programs. Thus, methods should be easy-to-use, and
available via the internet (5). 

Typical applications of 1D predictions: The PHD series was the first structure prediction suite available by the internet
server PredictProtein (10-12). Five years later, PredictProtein handles about 150-200 request every day (11). The
background of users range from theoreticians who use predictions as one module for their prediction program (next
paragraph) to biologists who use the predictions to investigate structure, function, and to suggest which residues to
mutate in experiments (13-18). Accurate prediction of secondary structure can also assist in X-ray diffraction (e.g., the
GroEL crystal structure was derived making use of secondary structure predictions for the molecular replacement
search (19)). In principle, the early stages of NMR frequency assignment could also be aided by knowledge of the
secondary structure, although this has not been attempted. 1D predictions and predictions of transmembrane topology
have proven to be quick and accurate enough for the analysis of entire genomes (20, 21). The predictions of
transmembrane helices provided a lower bound to approach the question of how many proteins organisms need for,
e.g., communication: the percentage of proteins with transmembrane helices has been estimated to be about 25% for
yeast and haemophilus influenzae, and around 10-15% for mycoplasma genitalium and methanococcus jannaschii (22,
23). Predictions of accessibility were used as basis for predicting functional sites (4), and to predict sub-cellular
location (24). 

1D predictions as input to threading techniques: Threading methods attempt to recognise similarities between protein
folds in the absence of significant sequence identity (25). The stakes are high, as most protein pairs of similar structure
populate this region (26), but the problem is highly non-trivial (25, 27, 28). Recently, PHD predictions of 1D structure
have been implemented successfully to develop a new generation of prediction-based threading methods (29-33).
Indeed, these methods are more successful than conventional sequence alignment techniques alone. A consequence was
that most threading predictions presented at the Asilomar meeting of 1996 made use of 1D predictions from PHD. 

What next? Most breakthroughs in protein structure prediction were achieved over the last six years. Thus, although we
still cannot solve the general prediction problem, progress has been made. In general, however, we could ask the
question - is it worth persevering with structure prediction, given that it is clearly such a difficult task? The answer is:
yes. The methods which have spun off from structure prediction have already given us considerable insight into the first
four complete genomes. Perseverance with structure prediction will yield fruit in about five years time when the human
genome will be known. 
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