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ABSTRACT

The progress in genome sequencing has led to a
rapid accumulation in GenBank submissions of
uncharacterized `hypothetical' genes. These genes,
which have not been experimentally characterized
and whose functions cannot be deduced from
simple sequence comparisons alone, now comprise
a signi®cant fraction of the public databases.
Expression analyses of Haemophilus in¯uenzae
cells using a combination of transcriptomic and pro-
teomic approaches resulted in con®dent identi®ca-
tion of 54 `hypothetical' genes that were expressed
in cells under normal growth conditions. In an
attempt to understand the functions of these
proteins, we used a variety of publicly available
analysis tools. Close homologs in other species
were detected for each of the 54 `hypothetical'
genes. For 16 of them, exact functional assignments
could be found in one or more public databases.
Additionally, we were able to suggest general func-
tional characterization for 27 more genes (compris-
ing ~80% total). Findings from this analysis include
the identi®cation of a pyruvate-formate lyase-like
operon, likely to be expressed not only in
H.in¯uenzae but also in several other bacteria.
Further, we also observed three genes that are likely
to participate in the transport and/or metabolism of
sialic acid, an important component of the
H.in¯uenzae lipo-oligosaccharide. Accurate func-
tional annotation of uncharacterized genes calls for
an integrative approach, combining expression
studies with extensive computational analysis
and curation, followed by eventual experimental
veri®cation of the computational predictions.

INTRODUCTION

The recent progress in genome research started in 1995 with
the sequencing of the ®rst complete genome of a cellular life
form: the 1.8 Mb genome of Haemophilus in¯uenzae strain Rd
KW20 (1). Eight years later, the genomes of over 100
organisms from all major phylogenetic lineages have been
sequenced, and sequencing of many more is currently under
way (2,3). Disparities in the accuracy of genome annotation
that were the subject of many heated discussions at the
beginning of the genome era (4,5) are largely gone. Still, the
so-called `70% hurdle' (6) holds, as functions of only ~50±
70% of the genes in any given genome can be predicted with
reasonable con®dence (3,6). The remaining genes are either
(i) homologous to genes of unknown function, and are
typically referred to as `conserved hypothetical' genes, or
(ii) do not have any known homologs. Since it is often unclear
whether they encode actual proteins, the latter genes are
commonly referred to as `hypothetical', `uncharacterized', or
`unknown' proteins. As of May 25, 2003, the NCBI protein
database contained ~360 000 protein sequences from ~120
completely sequenced microbial genomes; one out of three
proteins had no assigned function and one out of ten
proteins was annotated as `conserved hypothetical'. Even for
Escherichia coli strain K-12, arguably the best studied of all
organisms, there are still ~2000 genes that have never been
experimentally characterized, almost half of all proteins
encoded in its genome (3,7). At the current rate of experi-
mental characterization of new E.coli genes, 20±30 per year
(7), it will take many decades before the biological function of
all these proteins is established.

As we have noted earlier, `conserved hypothetical' genes
pose a major challenge to the efforts toward understanding of
complete genomes (8). The very idea that there are important
genes whose functions are still obscure is quite unsettling as it
reveals that there are still important gaps in our understanding
of basic (micro)biology (9,10). Our recent study of the
H.in¯uenzae proteome identi®ed 15 `conserved hypothetical'
proteins that were con®dently detected in aerobically grown
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cells (11) and whose genes were found to be essential in
transposon mutagenesis studies (12). This prompted us to take
a closer look at the expressed genes of H.in¯uenzae which
were annotated as `hypothetical'.

The choice of H.in¯uenzae was driven by the fact that, as
the ®rst sequenced microbial genome, it has become a testbed
for many annotation efforts during the past 8 years. Despite
these efforts, almost one-third of H.in¯uenzae genes are
currently annotated as `hypothetical'. In this study, transcrip-
tome and proteome analyses of H.in¯uenzae cells grown under
normal conditions resulted in con®dent identi®cations for 54
such proteins, all of which turned out to have homologs in
other organisms and therefore could be considered `conserved
hypothetical'. We were able to come up with general
functional characterization for 43 genes (~80% of the test
set). For 16 of these, exact functions were assigned through
transfer of the functional annotation of orthologous proteins
from other organisms. This work demonstrates that high-
throughput transcriptome and proteome expression studies
need to be integrated with computational approaches and
careful curation.

MATERIALS AND METHODS

Gene expression analysis

Haemophilus in¯uenzae gene expression was measured using
a QIAGEN Operon microarray of 70mer DNA fragments
representing all predicted open reading frames from the
H.in¯uenzae strain Rd KW20 genome spotted on Corning's
UltraGAPSII slides. The RNA was isolated from H.in¯uenzae
strain Rd KW20 cells grown overnight in normal anaerobic
and aerobic conditions on a rich medium [brain±heart infusion
broth (11)]. Hybridizations and labeling followed the proto-
cols of the Brown laboratory (http://cmgm.stanford.edu/
pbrown/protocols/index.html) (13). Raw gene expression
data were initially processed by Axon Instruments GenePix
analysis package, and background-subtracted median-normal-
ized intensities were calculated. Based on 12 replicates of such
processed intensities, the expression values and corresponding
standard errors were estimated using maximum likelihood
analysis (14).

Escherichia coli strain MG1655 gene expression was
measured using Affymetrix whole-genome oligonucleotide
arrays (15,16). Typically, each E.coli gene and both strands of
each intergenic region were assayed with 15 probe pairs of
25mer nucleotide sequences (16). The expression values and
corresponding standard errors were estimated from duplicated
experiments using the expectation maximization approach
(15).

Protein expression analysis

Protein expression studies of H.in¯uenzae strain Rd KW20
used cells grown under the same conditions in the same
medium as in the gene expression studies. Cells were
resuspended in phosphate-buffered saline and disrupted by
passing through SLM Instruments French pressure cell at
15 000 psi. Soluble and membrane fractions were separated by
ultracentrifugation, processed and proteolysed by trypsin (11).
Soluble and membrane peptide mixtures were injected onto
a 10 cm 3 100 mm capillary column by the FAMOS

autosampler, connected on-line via a Brechbuhler electrospray
ionization source to a ThermoFinnigan LCQ DECA XP ion
trap mass spectrometer. We used a standard top-down data
dependent ion selection approach to tandem mass spectro-
metry (MS/MS), optimized for protein coverage by employing
multiple narrowly overlapping m/z window ranges (11).
Combining statistical models for peptide (17) and protein
(18) identi®cations with expert veri®cation allowed us to
compile the resulting set of high (>90%) con®dence protein
identi®cations (11).

Functional characterization of genes

The genes of interest were compared against the SWISS-
PROT database (http://www.expasy.org/sprot) (19), the
Conserved Domain Database (CDD) (http://www.ncbi.
nlm.nih.gov/Structure/cdd/cdd.shtml) (20) and Clusters of
Orthologous Groups of Proteins database (COG) (http://
www.ncbi.nlm.nih.gov/COG) (21,22) using their respective
search tools (owing to the inclusion of COG data into the latest
release of CDD, these two databases are referred to here as
CDD/COG), and against the NCBI protein database (http://
www.ncbi.nlm.nih.gov) and the Protein Data Bank (PDB)
(http://www.rcsb.org) using PSI-BLAST (23) with default
parameters run until convergence. Additional structural
characterization of H.in¯uenzae proteins was performed by
sequence similarity searches against a collection of SCOP-
based pro®les (24) using IMPALA (25). In addition, species-
speci®c databases at the Munich Information Center for
Protein Sequences (http://mips.gsf.de), the Institut Pasteur
(http://genolist.pasteur.fr/Colibri/) and the University of
Miami (http://bmb.med.miami.edu/EcoGene/EcoWeb) were
checked for functional assignments of the genes in question.

Conserved operons were delineated using a combination
of STRING (http://www.bork.embl-heidelberg.de/STRING),
SNAPper (http://pedant.gsf.de/snapper) and ERGO (http://
ergo.integratedgenomics.com/ERGO) tools (26±28). Protein±
protein interaction data were obtained from the Database of
Interacting Proteins (DIP) (http://dip.doe-mbi.ucla.edu) (29)
and the Hybrigenics PIMRider (30). Putative promoter regions
of the studied H.in¯uenzae genes were compared with
upstream regions of all H.in¯uenzae and E.coli genes using
the OWEN program (31). Finally, the recently enabled global
search of all NCBI databases (http://www.ncbi.nlm.nih.gov/
Entrez) was performed to ensure the complete retrieval of all
the available information. All ®ndings were manually
reassessed.

RESULTS

Identi®cation of `hypothetical' genes expressed in
H.in¯uenzae

Since genome-wide expression experiments typically study
patterns of gene and/or protein expression in response to
changes in environmental conditions, such as starvation,
ultraviolet radiation, acid or various kinds of stresses, many
uncharacterized genes thus become known as `stress-induced'.
Clearly, this does not add much to the understanding of their
functions, but at least takes them out of the `hypothetical'
category, proving that these genes code for real proteins that
can actually be expressed (32).
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This study concentrated on the `hypothetical' genes from
H.in¯uenzae that are expressed under normal growth condi-
tions (i.e. during anaerobic or aerobic growth in a rich
medium), rather than `stressed' conditions. The test protein set
was selected based on four independent criteria (Table 1).
Among all H.in¯uenzae genes that (i) showed statistically
reliable expression levels in microarray experiments, we have
identi®ed those whose products (ii) were con®dently detected
in liquid chromatography±tandem mass spectrometry (LC±
MS/MS) protein expression analyses. We further focused on
those proteins that (iii) were originally (1) annotated as
`hypothetical' and (iv) were still listed as such in GenBank on
May 25, 2003. The resulting data set included 54 such proteins
(Table 1); the complete list is shown in Table 1S
(Supplementary Material). A great majority of these genes
were originally annotated as `conserved hypothetical', based
on the presence of close homologs in other microorganisms.
For the remaining genes, close homologs were initially
unavailable, but appeared in the database by the time of this
study. This means that all H.in¯uenzae genes, con®dently
identi®ed in both transcriptomic and proteomic experiments
and further characterized below, can now be referred to as
`conserved hypothetical'.

A comparison of the gene expression data for this set and
their E.coli orthologs (where available), obtained in our earlier
studies (15,16), reaf®rmed that these genes were also
expressed in E.coli (Table 1S). In addition, seven of these
genes (HI0017, HI0119, HI0315, HI0700, HI0847, HI1053
and HI1349) were predicted by Karlin et al. (33) to be highly
expressed based on their codon frequencies; for several other
genes, high expression was predicted for their E.coli and
Vibrio cholerae orthologs (33). These observations substan-
tiated that the H.in¯uenzae test set consisted of genes which,
while apparently uncharacterized, coded for actual proteins
and were worthy of a detailed study.

Interestingly, about one-third of these 54 H.in¯uenzae genes
were found to be essential in transposon mutagenesis studies,
another third were found to be non-essential and the rest
produced inconclusive results (Table 1S). This trend was
unchanged for the 10 H.in¯uenzae genes that did not have
E.coli orthologs. These data and the apparent discrepancies in
gene essentiality between H.in¯uenzae and E.coli (Table 1S)
reiterate the fact that the H.in¯uenzae genome is not just a
subset of E.coli genes (34,35).

Annotation of `conserved hypothetical' genes in public
databases

A close look at the genes of interest revealed that for some of
them updated annotations were already available in curated
sequence databases such as SWISS-PROT and CDD/COG

(19,20,22). Indeed, SWISS-PROT entries for 10 proteins of
the current set offered at least some functional annotation
(Table 2S, category I, in Supplementary Material) based
primarily on experimental characterization of their homologs
in E.coli and other organisms.

The CDD/COG database provided annotations for 25
additional genes (Table 2S, category II). Some of these
annotations were unequivocal, based on experimental data for
H.in¯uenzae proteins or their orthologs, while others were
somewhat vague, re¯ecting the presence of conserved
sequence motifs or subtle sequence similarities to previously
characterized proteins. For example, the HI0241 protein is a
close homolog of a well-characterized E.coli protein YajC
(36,37). Therefore HI0241 and its E.coli ortholog can be
reasonably characterized as `preprotein translocase subunit
YajC' (Table 2S). Curiously, these proteins are still annotated
as `hypothetical' in the SWISS-PROT and PIR databases,
although updated annotations are already available in the
CDD/COG and Pfam (38) databases.

All SWISS-PROT and CDD/COG assignments listed in
Table 2S were manually reassessed and, with one exception
(HI0719, see below), found to be appropriate. In one case
(HI0227, a member of COG2731, annotated as `beta subunit
of beta-galactosidase'), the CDD/COG annotation could not
be veri®ed, and this protein was considered uncharacterized
(see below).

Sequence analysis of H.in¯uenzae `conserved
hypothetical' genes

Detailed sequence analysis of the remaining proteins using
exhaustive PSI-BLAST searches allowed us to provide
tentative characterizations for ®ve more genes (Table 2 and
Table 2S, category III) that lacked either SWISS-PROT or
CDD/COG annotation. Several of these predictions had
interesting biological implications. For example, PSI-
BLAST searches revealed that the product of the HI0521
(yjjI) gene is distantly related to pyruvate-formate lyase
(Table 2). Remarkably, this gene forms a predicted operon
with the HI0520 (yjjW) gene that encodes a homolog of
pyruvate-formate lyase activating enzyme P¯A. The presence
of similar lyase-activating enzyme gene pairs in a variety of
diverse microorganisms provides an additional degree of
con®dence in annotating the HI0521 protein as `glycyl radical
enzyme, related to pyruvate-formate lyase'. In addition,
OWEN searches (31) identi®ed similar upstream regions
preceding the HI0521-HI0520 operon and the E.coli yjjI-yjjW
operon, suggesting that these genes are similarly regulated. A
comparison of HI0521 protein against the known structure of
pyruvate-formate lyase (Fig. 1) showed conservation of the
principal catalytic residues and secondary structure elements,

Table 1. Gene and protein expression analysis of H.in¯uenzae

Original genomic annotation Total no. of genes Total no. of expressed genes
Transcriptomic data Proteomic data Both data methods

All genes 1705 1653 414 401
All hypothetical 556 523 56 54

Conserved 348 337 49 47
Non-conserved 208 186 7 7
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thus con®rming that these proteins are related. Further
experimental analysis of the HI0521 protein would be needed
to establish its natural substrate.

Structural genomics data

Haemophilus in¯uenzae is a subject of an ongoing structural
genomics project (39) that has selected as targets for detailed
structural studies many `hypothetical` proteins, including 24
proteins from our list (see http://s2f.carb.nist.gov/). Structures
of six of them have already been deposited in PDB (Table 3).
Unfortunately, in four of these six cases, the 3D structure
provided little or no clue to the protein function. In one case, a
conserved His residue was found in the protein in phosphoryl-
ated form (PDB: 1mwq, M.A. Willis et al., in preparation),
which suggests the participation of this protein (HI0828) in
cellular regulatory mechanisms. In another notable case, a
model of the native tetrameric structure of the HI1034 protein

was shown to dock well with DNA, suggesting a DNA- or
RNA-binding function (40). Although these results (two
general functional predictions per six structures) are somewhat
disappointing, they seem to re¯ect accurately the current
contribution of structural genomics to the understanding of
protein function on the genome scale (41).

Genome context analysis

For the HI0442 protein, neither sequence similarity searches
nor determination of the 3D structure could give clear clues to
the functional role (Table 3). However, a functional assign-
ment for HI0442 and its orthologs in other bacteria could still
be made based on the co-localization and apparent co-
expression of this gene with the recR gene, almost universally
conserved in bacteria (42). The RecR gene product partici-
pates in the repair of recombinational DNA damage, which
could also be the function of HI0422 protein. However,

Table 2. Sequence-based functional characterization of `conserved hypothetical' genes

Gene name SWISS-PROT no. Size (aa) COG no. Updated annotation, fold
H.in¯uenzae E.coli

HI0105 ybgI Q57354 279 0327 NIF3 homolog, the central CutA-like domain is distantly related to the nitrogen
regulator GlnB

HI0146 yiaO P44542 329 1638 Periplasmic component of a TRAP-typedicarboxylate transport system
HI0147 n/a P44543 633 3090,

1593
A fusion of two subunits of a TRAP-type dicarboxylate transport system

HI0148 yjhT P44544 379 3055 Cell surface adhesion protein with a Kelch-like seven-bladed beta-propeller fold
HI0367 yfgA Q57065 303 1426 Predicted transcriptional regulator with an N-terminal xre-type HTH domain
HI0396 ycfD P44683 404 2850 Cupin superfamily metalloenzyme, possible dioxygenase
HI0467 yicC P44726 287 1561 Uncharacterized stress-induced protein
HI0520 yjjW P44743 262 1180 Pyruvate formate-lyase activating enzyme
HI0521 yjjI P44744 514 n/a Glycyl radical enzyme, distantly related to pyruvate-formate lyase

Figure 1. Sequence alignment of HI0521 and related proteins with pyruvate-formate lyases.
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detection of this protein in the cells grown in rich media under
no apparent stress and conserved (albeit not universal) co-
localization with the dnaX gene, encoding a subunit of DNA
polymerase III, both suggest that HI0422 might be involved in
normal housekeeping functions such as DNA replication (11).

Likewise, the structures of HI0315 (YebC) homologs from
Aquifex aeolicus (43) and E.coli failed to suggest the function
for this protein, encoded in every bacterium except Buchnera.
Nevertheless, the conserved association of the yebC gene with
ruvABC genes, encoding three subunits of the Holliday
junction resolvasome, coupled with the universal presence
of this gene in all bacteria (except Buchnera) leave little doubt
that HI0315 protein is somehow involved in the same process.
Since the yebC gene appears to be non-essential in
H.in¯uenzae (Table 1S), it could encode an auxiliary
component of the resolvasome that plays a role in DNA
replication or, less likely, DNA transcription.

Similar genome-context-based approaches comprise a very
important resource that becomes ever more powerful with the
growth in the number of sequenced genomes (44). Indeed,
consistent application of such methods to the selected set of
H.in¯uenzae genes (Table 3S in Supplementary Material)
allowed us to improve functional assignments for six proteins
(Table 3). Several new assignments were noteworthy. A
BLAST search identi®ed HI0146 and HI0147 as components
of a TRAP-family dicarboxylate transporter, but could not
predict its substrate speci®city. The genome context analysis
(Fig. 1S in Supplementary Material) offered a clue to their
function. HI0146±HI0148 genes form a divergent operon with
the six-gene operon. This operon includes N-acetylneur-
aminate lyase (nanA) and N-acetylmannosamine-6-phosphate
epimerase (nanE) genes, and is responsible for the utilization
of N-acetylneuraminic acid. In H.in¯uenzae this can be either
catabolized or used for sialylation of the surface lipopoly-
saccharide in the outer cell membrane (45,46). It is conceiv-
able that TRAP-type transporter in H.in¯uenzae, V.cholerae,
Pasteurella multocida and several other organisms is a non-
orthologous replacement of the MFS superfamily transporter
NanT found in E.coli. Based on conserved association of these
genes with nan genes in diverse bacteria (Fig. 1S), the
Fusobacterium nucleatum homolog of HI0146 was recently
annotated as an N-acetylneuraminate-binding protein and the
homolog of HI0147 annotated as N-acetylneuraminate trans-
porter (47). The HI0148 protein contains a typical leader
peptide and seven Kelch-like repeats, and can be predicted to
have a beta-propeller fold. Given its conserved association
with the nan genes, it is reasonable to suggest that this secreted

protein might also be involved in N-acetylneuraminate uptake
and/or incorporation into lipo-oligosaccharide. The HI0227
gene is also associated with the nan gene cluster in various
organisms (Fig. 1S), suggesting that its product might also
participate in the metabolism of N-acetylneuraminic acid or its
derivatives.

The recently determined structure of HI0227 protein (PDB:
1jop) (A. Teplyakov et al., in preparation) shows that it is a
member of the cupin superfamily of double-stranded beta-
helix fold proteins. This superfamily includes, among others,
dTDP-4-dehydrorhamnose 3,5-epimerase (RmlC, PDB: 1dzr),
yeast phosphomannose isomerase (PDB: 1pmi) and the
arabinose-binding domain of the transcriptional regulator
AraC (PDB: 2arc), which is consistent with a possible
involvement of HI0227 in carbohydrate metabolism.
However, since deletion of the E.coli yhcH gene (HI0227
ortholog) did not affect cell growth on N-acetylneuraminate as
a sole carbon source (48), the function of this protein remains
to be determined. An experimental testing of the likely
interaction of HI0227 with N-acetylneuraminic acid would be
a logical next step and should shed light on the function(s) of
this protein.

In several other cases, two or more `hypothetical' genes that
are non-neighbors in H.in¯uenzae were found to share gene
neighborhoods in other organisms. These shared genome
contexts (indicated as categories in Table 3S) probably re¯ect
certain functional tasks that need to be carried out in the
growing cell of H.in¯uenzae, much like sialylation of the lipo-
oligosaccharide in the previous example. Although we still
lack a basic understanding of these tasks, the good news is that
their number appears to be very limited (Table 3S). One such
group includes HI0467, which is currently annotated only as
`Uncharacterized stress-induced protein', yet nonetheless is
also expressed in non-stressed aerobic cells and is essential for
growth of H.in¯uenzae (Table 1S). It is apparently co-
expressed with guanylate kinase and the omega chain
(RpoZ) of the RNA polymerase (Table 3S); it is tempting to
speculate that HI0467 is somehow involved in transcriptional
regulation by guanyl nucleotides.

Another potential approach to identifying functionally
related genes relies on the identi®cation of similar promoter
regions, which suggests their co-regulation by the same
transcriptional regulators (49). For the genes studied here, this
approach was unsuccessful (with one exception, see above), as
similarities between the upstream intergenic regions of
uncharacterized genes were typically too low to indicate
their possible co-regulation with reasonable con®dence.

Table 3. `Conserved hypothetical' genes characterized through structural genomics and genome context

Gene
name

SWISS-PROT
no.

Size
(aa)

COG
no.

PDB
entry

Co-localized genes Functional predictions based on structure and genome context

HI0227 P44583 155 2731 1jop nanRATEK Sugar (N-acetylneuraminate?)-binding protein, cupin superfamily
HI0315 P44634 246 0217 1kon, 1lfp ruvCAB, mutT Predicted component of the Holliday junction resolvasome
HI0442 P44711 121 0718 1j8b recR, dnaX A component of the DNA replication and/or repair system(s)
HI0719 P44839 130 0251 1j7h tdcB Putative regulator of pur operon and Ile biosynthesis; mammalian

tumor-associated antigen
HI0828 P44887 98 2350 1mwq ispA, yciA, slt, bolA Predicted regulator of cell division and/or morphogenesis
HI1034 P44096 163 1666 1in0 apbA, serB DNA- or RNA-binding protein
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Phyletic patterns

Phylogenetic patterns of gene distribution among particular
lineages of organisms with completely sequenced genomes
can sometimes provide helpful clues to functional annotation
(3,8,50,51). Unfortunately, most of the genes (proteins) of the
current set had similar, but non-informative, phylogenetic
distributions, i.e. they were encoded mostly in the gamma-
proteobacteria. An organism-by-organism listing (the phyletic
pattern) showed, for example, that HI0017 and HI1681 were
encoded exclusively in the representatives of three gamma-
proteobacterial families, namely Pasteurellaceae, Entero-
bacteriaceae and Vibrionaceae. However, this particular
phyletic pattern is found in as many as 39 CDD/COGs in
the current collection. Therefore suggesting that these two
proteins have a common functionality would be highly
speculative.

Protein±protein interactions

Studies of protein±protein interactions comprise another
powerful high-throughput approach to gaining an insight into
protein function (52). Unfortunately, recent analyses of the
protein±protein interactions data reported a high rate of false-
positive interactions (53). In addition, protein±protein inter-
actions typically offer only vague clues as to the exact function
of the protein in question. Therefore, as with other approaches,
functional characterizations can be obtained from genome-
wide protein interaction data only through painstaking curation.
For example, the functional assignment of the HI0315 (YebC)
protein, discussed above, could be strengthened by the
experimental observation that the Helicobacter pylori YebC
homolog, HP0162, interacts with HP1046 (YhbC). YhbC is
another `conserved hypothetical' gene, whose gene forms a
conserved operon with nusA gene. Since that NusA protein
directly interacts with the RNA-polymerase, regulating initi-
ation and termination of transcription (54), it may be that YebC
and YhbC are also involved in these processes which include
DNA unwinding. This example shows that even reliable
protein±protein interaction data do not offer a sure®re way to
assign function to `hypothetical' proteins.

Uncharacterized conserved genes

It should be noted that despite our best efforts we could not
come up with any clues to the functions of at least seven genes
from the original list: HI0246, HI0668, HI0700, HI0847,
HI1168, HI1236 and HI1709. For two more, HI0370 and
HI1681, a conserved gene neighborhood (e.g. co-expression of
HI1681-like genes with methylglyoxal synthase) is clearly
insuf®cient to come up with general or even partial functional
predictions. Furthermore, a careful look at Tables 2 and 3
reveals that the annotations for some entries seem somewhat
inadequate. For example, although HI1514 is correctly
annotated in SWISS-PROT and other databases as a phage
Mu-encoded protein, its exact function is still unknown; it
might participate in protein±protein interactions or even have
some enzymatic function.

DISCUSSION

At the very beginning of the genome sequencing era, Walter
Gilbert and colleagues presciently warned of a `database

explosion' stemming from the rapidly increasing amount of
incoming DNA sequences (55). Luckily, this threat has not
materialized thus far due to the swift growth in computational
power and storage capacity. Nonetheless, while we have
managed to cope with data accumulation, our capacity to
comprehend these data is far from perfect. While at least 50±
70% of proteins encoded in any genome are homologous to
proteins already present in databases (3,6), every newly
sequenced genome brings about hundreds to thousands of
novel genes that have never been seen before, and whose very
existence in the living cell is uncertain, let alone their function.
Since it is unrealistic to expect that all of these genes or even a
signi®cant fraction of them will be studied experimentally any
time soon, the functions of these genes need to be deduced
through an integrative approach, combining high-throughput
methods, computational analyses and curation (10).

As noted previously (8), when a gene is annotated as
`conserved hypothetical', this does not necessarily mean that
the function of its product is completely unknown or that its
very existence is questionable. Indeed, certain exceptions
notwithstanding, if a protein is encoded in several different
genomes, it is not really hypothetical any more. In addition, a
general prediction of its function can be often made based on
a conserved sequence motif, subtle sequence similarity to a
previously characterized protein or the presence of diagnostic
structural features (3). Many `conserved hypothetical' genes
can be con®dently predicted to be ATPases, GTPases,
methyltransferases, metalloproteases, DNA- or RNA-binding
proteins or membrane transporters (22). Additional hints
regarding the gene function(s) could come from genome
context analysis, phyletic patterns, domain fusions and
protein±protein interaction data (3,42,52).

In this study, we have taken a close look at 54 H.in¯uenzae
`conserved hypothetical' genes (Tables 1 and 1S) whose
expression was con®dently detected both at the mRNA and
protein levels. For 40 of these genes (Tables 2 and 2S), at least
a general functional description has been provided using
primarily homology-based searches. For 16 of these, the exact
function was already known or could be assigned based on the
experimental data from close homologs. Structural genomics
data (Table 3) led to two more general functional predictions
that were not made from sequence analysis alone. Genome
context analysis resulted in ®ve general functional predictions
(Tables 3 and 3S) and improved the homology-based annot-
ations for several more genes. It has lent support to the
prediction that HI0520 can function as a formate acyltrans-
ferase (Fig. 1) and allowed substrate speci®city predictions for
HI0146 and HI0148 (Fig. 1S). Although promoter search
methods were unhelpful in this work, they should become
more powerful with the accumulation of additional genome
sequences or when applied to eukaryotes, where a single
promoter recognition site may be expected to occur in many
places throughout the genome.

In summary, the integrated analysis performed in this work
resulted in the assignment of precise function(s) to 16 genes
and general functions to 27 more genes (43 out of 54, ~80%
total), and gave some clues to the potential functions (partial
functional characterizations) of three more genes. Some of
these general functional predictions are suf®ciently precise to
allow relatively straightforward experimental veri®cation. The
results of this pilot project show several trends listed below
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that might be important for further attempts at large-scale
functional analyses of the uncharacterized genes in other
organisms.

Typically, sequencing and initial annotation will leave 30±
50% of genes uncharacterized. Gene and protein expression
studies of the cells grown under normal or stressed conditions
can help determine when (if ever) these genes are expressed
and sometimes suggest their functions. A major bottleneck of
such studies is the reliability of the data, which has to be
ensured through rigorous statistical analysis (11,35,53,56).

Publicly available data and tools powerfully complement
the expression studies. However, most databases are slow in
incorporating experimental data. Reliable annotation of a
given gene might be available in some databases but not
others, begging for serious development in the genome
annotation databases. Of course, one has to beware of poorly
justi®ed and misleading annotations that are quite common in
public databases (3,57,58), generated mostly through auto-
mated annotation pipelines (3,59). For the time being, manual
curation is vital to sort reliable annotations from spurious
ones.

Sequence similarity searches using BLAST, PSI-BLAST or
other tools can frequently provide only a general functional
assignment (as in Table 2). This should not be perceived as a
drawback of these methods; a general or even partial
functional assignment is much better than none, as it can be
used for designing experimental approaches geared towards
estimations of the exact function of a given gene.

Although for many genes the exact functional annotation is
still unattainable, detailed sequence analysis can sometimes
suggest a general biochemical function, while genome context
methods can provide useful clues as to the cellular role of the
protein in question. Combining this evidence can lead to
reasonably good experimentally testable hypotheses. An
important caveat is that both gene neighborhood and phyletic
pro®ling methods critically depend on the correct estimation
of orthologous relationships and typically fail in cases of
protein families that contain numerous paralogs.

Structural genomics projects were originally expected to
provide clear clues as to the functions of uncharacterized
genes and allow their functional annotation with minimal
experimental follow-up. The ®ndings of this work and others
(41,60) indicate that, at least for `conserved hypothetical'
proteins, function can rarely be gleaned from structure alone.
Rather, 3D structures tend to narrow the list of possible
functions and occasionally lead to testable hypotheses, not
unlike the results of sequence similarity searches.

Computational methods, including sophisticated sequence
analysis, phyletic patterns, domain fusions, structural thread-
ing and gene neighborhoods can and should be used for
prediction of the likely biochemical properties of these genes.
However, the ultimate biological function(s) for members of
new conserved protein families can be established through
direct experimentation.

Experimental studies per se do not always result in (exact)
functional assignments. A case in point is HI0719 (YjgF), a
protein that has been shown to affect expression of pur and ile
genes, inhibit translation and even serve as mammalian tumor-
associated antigen (61). Despite several years of intensive
experimental studies, resulting in the demonstration of
endoribonuclease activity in its rat homolog and determination

of the 3D structures of its yeast and Bacillus subtilis homologs,
the actual function of this protein still remains enigmatic.

In conclusion, `conserved hypothetical' genes pose a
challenge not just to functional genomics, but also to general
(micro)biology. As the list of the `conserved hypothetical'
proteins keeps growing at an escalating pace, integrative
studies that combine protein and gene expression analyses,
computational biology, comparative genomics, mutational
analysis and curation can help in identifying the most
intriguing genes in every genome (8,10). This in turn will
create reasonable and veri®able hypotheses for further
experimental and computational work towards better under-
standing of the functioning of (bacterial) cells.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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