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Predicting’ function from sequence using computational tools is a highly
comphcated procedure that is generally “done for each gene individually.
This review focuses on the added value that is provlded by completely
sequenced gefiomes in function prediction. Various levels of sequence
annotation and function prediction are discussed, ranging from genomic
sequence to that of complex cellular processes. Protein function is cur-
rently best described in the context of molecular interactions. In the near
future it will be possible to predict protein function in the context of
higher order processes such as the regulation of gene expression, meta-
bolic pathways and signalling cascades. The analysis of such higher
levels of function description uses, besides the information from comple-
tely sequenced genomes, also the additional information from proteomics
and expression data. The final goal will be to elucidate the mapping

between genotype and phenotype.
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Genomes and function prediction

Prediction of protein function using compu-
tational tools becomes more and more important
as the gap between the increasing amount of
sequences and the experimental characterization of
the respective proteins widens (Bork & Koonin,
1998; Smith, 1998). With the availability of com-
plete genomes we face a new quality in the predic-
tion process (Table 1) as context information can be
utilized when analysing particular sequences. This
review focuses on the added value of genomic
information on the many steps of function predic-
tion from genomic sequence. The first reports on
completely sequenced genomes give an excellent
overview of the evolving state of the art in the ana-
lyses of particular genomes (Fleischmann et al.,
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1995; Fraser et al., 1995, 1998; Himmelreich et al.,
1996; Goffeau et al., 1996; Kaneko et al., 199
Blattner ef al., 1997; Tomb et al., 1997; Kunst et al.,
1997; Bult et al., 1996; Smith et al., 1997; Klenk et al.,
1997). In addition, there are numerous reviews that
touch on the extraction of functional features from
sequence (e.g. Bork et al, 1994; Andrade et al,
1997; Koonin & Galparin, 1997; Bork & Koonin,
1998), but very few reviews have been published
that systematically summarize the additional infor-
mation for function prediction that is provided by
the presence of entirely sequenced genomes (orig-
inal papers e.g. by Mushegian & Koonin, 1996a,b;
Himmelreich et al., 1997; Koonin et al., 1997;
Tatusov et al., 1996, 1997; Huynen & Bork, 199§;
Huynen et al., 1997, 1998a; Dandekar ¢t al., 1998b).

What is function?

“Function” is a very loosely defined term that
only makes sense in context. Most current efforts
aim at predicting protein function, but there are
other types of function, e.g. RNA function or orga-
nelle function, that also need to be explored. Even
to describe “protein function” requires a broad
range of attributes and features (Figure 1). Molecu-
lar features such as enzymatic activity, interaction
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Figure 2. Function prediction scheme: zooming in and out. Whether gene, contig or genome: current methods con-
centrate on gene prediction and the annotation of individual genes that are then put into context. Due to our limited
understanding of the genome, this is onlv possible by accessing complementary experimental information generated
among others by proteomics research. Nevertheless, exploitation of genome information provides additional hints.

This review follows the individual steps.

functions should be analysed in the biological con-
text of the organism considered. Unfortunately, the
functional knowledge of proteins reflected in their
annotation (Figure 1) is frequently incomplete,
sometimes erroneous or inconsistent, and often
only cellular or even phenotypic functions are
listed. For example, the human glia maturation fac-
tor (P17774) is described as growth factor (by defi-
nition extracellular!) but an in-depth sequence
analysis revealed ADP-domains characteristic for
cytoskeletal proteins (intracellular!).

Sequence and annotation quality in
molecular databases

Function transfer by analogy requires knowledge
about the quality of sequence data and functional
annotation. Concerns have been raised about an
accumulation (Bork & Bairoch, 1996) and even an
explosion (Bhatia ¢t al., 1997) of errors in sequence
databases.

In genome projects, two to tenfold sequence
coverage is .usually sampled. This is critical as
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genitalium was predicted to be 18% (Fischer &
Eisenberg, 1997), 24% (Koonin et al., 1997), 30%
(Arkin ef al., 1997) and 36% (Frishman & Mewes,
1997).

To avoid spurious hits and thus erroneous trans-
fer of functional information, such regions can be
filtered out, for example using the SEQ option in
BLAST (Altschul et al., 1997; replaced by “‘neutral”
Xes for "any amino acid”). One has to bear in
mind though that also such residues can contain
useful functional and structural information and
need to be annotated.

Another functional feature, especially in eukary-
otic proteins, is the presence of posttranslational
modifications. The EXPASY server provides useful
software tools to detect and describe these
{www.expasy.ch/www /tools.html).

Homology analysis

A classical database analysis should only be per-
formed after identification and masking of
domains and intrinsic features described above.
This has the advantage of search space reduction
and of better annotation quality. A database search
using BLAST (Altschul et al., 1997) or FASTA
{Pearson, 1998) often reveals significant homol-
ogues, but this is then only the beginning of a com-

mhirated Aand macklv mantial Franefer of fimehonal

Only in the minority of cases can functionaj ang
structural features of a homologue be transferreg
to the query sequence as is (see above, Figures 1, 2
because often only some of the features are shareq_
Functional equivalence is only likely for orthole-
gues.

Finding orthologues

Orthologues (Figure 2, top right) are genes
whose independent evolution reflects a speciation
event rather than a gene duplication event (Fitch,
1970). They are likely to perform the same function
in various species, and hence represent a refine-
ment over homologues in sequence analysis and
annotation. Knowledge of the complete genome
and of its protein coding regions improves the
detection of orthologues. Orthologues are expected
to have the highest level of pairwise similarity
between all the genes in two genomes (Tatusov
et al., 1996, 1997; Huynen & Bork, 1998), having
diverged relatively recently compared to non-
orthologous homologues. One needs to know ail
the proteins in two genomes to use relative levels
of sequence identity to identifv orthologues.
Methods for the finding of orthologues rely both
on relative similarity of genes from various gen-
omes, and on information from the context of a
cene in a cenome. 1f kwo oenes from different ocen-
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specific phenotvpes, as can be shown in the com-
arison of the pathogenic H. influenzae with the
closely related but relatively benign E. coli. A large
fraction (70%) of the genes in H. influenzae for
which there are no homologues in E. coli and for
which some functional annotation is possible can
indeed be considered host interaction factors
(Huvnen ef al., 1997). Also in the pathogen
H. pylori the fraction of genes that is not shared
with E. coli is relatively enriched in host interaction
factors (Figure 3). Taking differential genome anal-
ysis one step further one can show how gene con-
tent correlates with phenotype in multiple genome
comparisons (Huynen et al., 1998a). Although the
correlations between gene content and phenotype
cannot be used to predict the function of specific
genes, thev can serve as a filter to select genes that
are probably responsible for specific functions. Or,
in other words, to search for “genes for a function”
rather than to search for “functions for a gene”.

incorporating proteomics data

Proteomics focuses on the protein products of
the genome and their interactions rather than on
DNA sequences (Humphery-Smith & Blackstock,
1997). It is thus complementary to the genomic and
nucleic acid information (Kahn, 1995) exploiting
novel tools such as 2D large scale analysis (Vietor
& Huber, 1997) and powerful mass-spectrometry
applications (Yates, 1998).

\
\

Protein identification and gene expression

Protein reading frames and expression behaviour
in particular are not easy to predict from the gen-
ome sequence and profit from incorporation of
additional experimental data (Figure 2, left). Co-
expression as well as tissue- and organ-specific
expression patterns at genomic scale are inten-
sively studied (Hieter & Boguski, 1997; Zhang et al.,
1997) and recent techniques collect data on a geno-
mic level.

Expressed sequence tag (EST) databases are
available which contain information on gene
expression that should correlate with the amount
of redundancy, and on the tissue distribution of
IMRNA which can yield complex expression pat-
terns (Boguski ef al., 1994; Zweiger & Scott, 1997).
However, retrieval of this information is hampered
by the high sequence error rate, by different spli-
ding variants and by the often missing 5 region
necessary to determine the exact CDS start.

" Another caveat is that the EST approach has diffi-

culties measuring genes with low expression.

- Serial analysis of gene-expression (SAGE,
Velculescu et al., 1995) is a more rapid method to
Obtain partial sequence information from a very
large set of expressed genes, e.g. differences in
gene expression profiles in normal and cancer cells
are identified by hundreds of differentially
expressed transcripts, many of them growth factors

# (Zhang ct al, 1997). DNA chip-based gene-

"

expression screening procedures are currently the
fastest approach. Polymorphism with single base
resolution is detected within minutes in the entire
human ‘mitochondrial genome (16.6-kilobases) by
applying 135,000 probes simultaneously (array
generated by light-directed chemical synthesis) and
a two-colour fluorescent labelling scheme (Chee
et al., 1996). Systematic PCR of the entire yeast
genome allows fluorescent readout of mRNA
levels in different yeast environuental conditions
such as changing glucose concentrations (DeRisi
et al., 1997; http://cmgm.stanford.edu/pbrown/
explore). The correlation between mRNA and pro-
tein expression level is, however, debatable.
Anderson & Seilhamer (1997) give a correlation
coefficient 0.48 for expression levels in human liver
measured either by two-dimensional electrophor-
esis (protein abundances) or by transcript image
methodology (mRNA abundance measured by
cDNA sequencing and cDNA clone count).

Direct determination of the major expressed pro-
teins may thus be an independent and attractive
alternative. The huge amount of work involved in
this can today be substantially reduced by apply-
ing 2D gels and mass spectrometry and comparing
experimental data to the annotated and predicted
genome sequence. Link et al. (1997) identify the
major part of the proteins and protein complexes
from H.influenzae (300 out of 400 spots) after liquid
chromatography (LC) and separation of the protein
cleavage products of each 2D gel spot in a first
mass spectrograph (MS) and further analysis in a
second (LC/MS/MS approach). Several proteins
not annotated in the genome sequence were ident-

ified by this approach.

Posttransiational modifications

After translation many proteins are further pro-
cessed. This includes chemical modification of
amino acids. Over 200 amino acid modification
types are classified (Krishna & Wold, 1997), many
more are expected (Annan & Carr, 1997). Such
modifications are not apparent from the genome
sequence, however, they are often critical for pro-
tein function. Two-dimensional gel electrophoresis
coupled to mass spectrometry and modern soft-
ware allows not only peptide mass fingerprinting
for low quantities (Kiister & Mann, 1998) but also
specific detection of amino acid modifications on a
large scale (Dongre et al., 1997}, For this, a database
has to cover many of the reading frames likely to
be encountered in the protein mixture analysed by
the mass spectrometer. The EXPASY server
{www.expasy.ch/www/tools.html)  comprehen-
sively links 2D gel experiments (e.g. separation
from pH 4.0 to above 8.0 in the first dimension
and from M, 8-200 kDa in the second) to computer
analysis tools. Nevertheless, determination of e.g.
sugar modifications both by experiment and by
software (e.g. EXPASY" suite above) has limited
accuracy, even including the kind of carbohydrate
attached.
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Predicting function in higher order processes

Having predicted or determined functions for as
many genes as possible and having assigned their
interactions as well as their expression levels, it is a
challenging task to put all the information into the
context of cellular processes (Figure 1). A variety of
databases and tools are emerging to support this
procedure.

information on tissue distribution

On the molecular level the processing machinery
for metabolites differs in diverse tissues including
absence of enzymes, receptors and structural pro-
teins. On higher levels such as organ function,
clinical impairment, drug metabolism or suscepti-
bilitv to infections, tissue and phenotypic specific
expression differences are key teatures of differen-
tiation and help to find substances of therapeutical
value. Data for humans are provided e.g. by
TIGR (www.tigr.org/tdb/hgi/hgihtml), by NCBI
{(www.ncbinlm.nih.gov/UniGene/index.html and
www.ncbinih.gov/dbEST/index.html), by SANBI-
South African National Bioinformatics Institute
(www.sanbi.ac.za/Dbases.html) and by the MRC
human genetics unit (glengoyne.hgu.mrc.ac.uk).
Such data should be used critically as low
expression transcripts important for regulation
such as tyrosine kinases may escape detection by
EST sequencing or even Northemn blots, and hence
are misrepresented in databases. Techniques are
still being improved (e.g. DNA chips (Brown,
1994)) and many data are not vet on the Web
or are even completely inaccessible (e.g in
companies).

Analysis of protein interactions

Prediction and analysis of protein interaction
uses both experimental (e.g. antibody precipitation,
Maniatis ot al., 1989) and theoretical approaches.
Two hybrid screening svstems (Tsukamoto et al.,

—_——

Figure 5. Protein interactiong
Shown are ABC transporter preo-
teins in the membrane of Gram_
negative bacteria. Encoding geneg
are found as conserved gene clug.
ters in the same sequential order i
the complete genome sequences of .
E. coli, H. influenzae and H. pylors,
They are an example of protein
interactions predicted by triple
comparison of complete genomes
and additional confirmation by
standard methods (see the text),
A number of other protein inter-
actions can also be suggested by
comparative analysis of complete
genomes.

1997) allow large scale screening, e.g. for 20 resi-
due peptide sequences that cotrectly recognize (so
called “aptamers”) and inhibit cyclin-dependent
kinase 2 (Colas et al., 1997). Automation (with a
considerable error rate though) and matching the
data gathered with context and information such
as common pathways is possible (Brent & Finley,
1997). Logical connections of protein interactions
(e.g. with ras protein) can be revealed by a careful
choice of reporter plasmids (Xu ef gl., 1997).

A new way to identifv protein interactions, com-
parative analysis between genomes, has revealed
that the conservation of gene crder between gen-
omes with less than 50% protein identity is limited
to those genes that code for proteins that physi-
cally interact with each other (Dandekar ef al.,
1998b). Protein candidates for phvsical interaction
that are identified bv the conservation of their gene
order can further be anaivsed by the methods men-
tioned above. An example are the ABC transpor-
ters which were experimentally shown to consist
of physically interacting proteins (Evm et al., 1996)
and are found in conserved gene clusters in differ-
ent genomes (Figure 5). The conservation of gene
order can of course be used for the prediction of
functional features of hypothetical proteins (inter-
action with a neighbour and. if this one is charac-
terized, even participation in a pathway).

Reconstruction of pathways

The prediction of reactions and pathways
(example: Figure 6) of the respective organisms
integrates all the data above {including errors at
different levels!) into its phenotyvpic context and
yields a more complete picture of the biochemical
and adaptive capabilities of the sequenced organ-
ism (Overbeek ¢t al.,, 1996). Mispredictions, wrong
annotations and higher level errors (substrate
specificity etc.) have to be minimized by context
information and additional experimental data. Pro-
blems specific to pathway predictions arise, such
as non-orthologous displacements (enzvmatic
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