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Table 3. Statistics Obtained from the Functional Annotation Results

H-Inv proteins

Non-protein-coding transcripts

Questionable transcripts
Total number of H-Inv loci

Category Number of Loci
1. Identical to a known human protein 5,074
Il. Similar to a known protein 4,104
lll. InterPro domain containing protein 2,531
V. Conserved hypothetical protein 1,706
V. Hypothetical protein 6,159
Total number of H-lnv proteins 19,574
Putative ncRNA 296
Uncharacterized transcript 675
Unclassifiable 329
Hold 77
Total number of non-protein-coding transcripts 1377
86
21,037

Ol 10.1371/journal. pbio.0020162.t003

gene products that are related to known proteins: 5,074
(25.9%) were defined as identical to a known human protein
{Catcgory I proteins); 4,104 (21.0%) were defined as similar to
a known protein (Category II proteins); and 2,531 (12.9%) as
domain-containing proteins (Category III proteins). In total,
we were able to assign biological function to 59.9% of H-Inv
proteins by similarity or motif scarches. The remaining
proteins, for which no biological functional was inferred,
were annotated as conserved hypothetical proteins (Category
IV proteins; 1,706, 8.7%) if they had a high level of similarity
to other hypothetical protcins in other species, or as
hypothetical proteins (Category V proteins; 6,159, 31.5%) if
they did not.

To predict the functions of hypothetical proteins (Category
IV and V proteins), we used 196 scquence patterns of
functional importance derived from tertiary structures of
protein modules, termed 3D keynotes (Go 1983; Noguti et al.
1993). Application of the 3D keynotes to the H-Inv proteins
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Figure 4. Schematic Diagram of Human Curation for H-Inv Proteins

The diagram illustrates the human curation pipeline to classify H-Inv
proteins into five similarity categories; Category I, IL IIL TV, and V
proteins.

DO 10.137journal. pbio. 0020162 g004

| Iéantical 1o & known human protein | l

I IntesPro motif hit

i

Igentity 2 50% to
hypothatical grotsin

Hypothatleal protsin

PLoS Biology | http://biology.plosjournals.org

)

resulted in the prediction of functions in 350 hypothetical
proteins (sce Protocol 81).

Features of ORFs deduced from human FLcDNAs. The
mean and median lengths of predicted ORFs were calculated
for the 19,574 H-Inv proteins. These were 1,095 bp and 806
bp, respectively (Table 4). The values obtained were smaller
than those from other cukaryotes, and are inconsistent with
estimates reported previously (Shoemaker et al. 2001).
However, as has been scen in the earlier annotation of the
fission ycast genome (Das et al. 1997), our dataset might
contain stretches which mimic short ORFs. This would lead to
a bias in our ORF prediction and result in an erroneous
estimatc of the average ORF length. We examined the size
distributions of ORFs from the five categorics, and found that
the distribution pattern was quite similar across categories.
The exception was Category V, in which short ORFs were
unusually abundant (Figurc 83). Judging from the length
distribution of ORFs in the five categories of H-Inv proteins,
the majority of ORFs shorter than 600 bps in Category V
seemed questionable. In order to have a protein dataset that
contains as many scquences to be further analyzed as
possible, we have taken the longest ORFs over 80 amino
acids if no significant candidates were detected by the
sequence similarity and gene prediction (see Figure S1). The
conscquence of this is that Category V appears to contain
short questionable ORFs, a certain fraction of which may be
prediction errors. Nevertheless, these ORFs could be true. It
is also possible that those ORFs were in fact translated in vivo
when we curated the cDNAs manually. The existence of many
functional short proteins in the human proteome is alrcady
confirmed, and there are 199 known human proteins that are
80 amino acids or shorter in the current Swiss-Prot database.
We think that the H-Inv hypothetical proteins require
cxperimentally verification in the future. Excluding the
hypothetical proteins from the analysis, we obtained mean
and median lengths for the ORFs of 1,368 bp and 1,130 bp,
respectively, which are reasonably close to those for other
eukaryotes (Table 4).

Of the 4,104 Category II proteins, 3,948 proteins (96.2%)
were similar to the functionally identified proteins of
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Table 4, The Features of Predicted ORFs

Number of ORFs Mean (bp) Median (bp) Percent GC of
Third Codon Position
Human—H-Inv datasets (categories I-IV) 13,415 1,368 1,130 523
Human—all of the H-Inv datasets 19,574 1,095 806 524
Fly 17,878 1,580 1,212 539
Worm 21,118 1.327 1,038 429
Budding yeast 6,408 1,403 1,128 403
Fission yeast 4,968 1,426 1,161 39.7
Plant 27,228 1,269 1,074 442
Bacteria 4,289 951 834 51.9

Nonredundant proteome datasets of nonhuman species were obtained from the following URLs: fly {Drosophila melfanogaster; http//fiybase bio.indiana.edu/), worm
{Caenorhabditis elegans; http//www.wormbase.org/), budding yeast (Saccharomyces cerevisioe; http://www.pasteurfr/externe), fission yeast (Schizosaccharomyces pombe;
http://www.sanger.ac.uk/), plant (Arabidopsis thaliana; hitp://mips.gsf.de/proj/thal/index.htm), and bacteria (Escherichia coli K12; http://www.ncbinlm.nih.gov/,

DOL: 10.1371/journal.pbio.0020162.1004

mammals (Figure 8§4). This implies that the predicted
functions in this study werc based on the comparative study
with closely rclated species, so that the functional assignment
retains a high level of accuracy if we suppose that protein
function is more highly conscrved in more closely related
specics. Moreover, the patterns of codon usage and the codon
adaptation index (CAIL; http:/biobase.dk/embossdocs/cai.html)
of H-Inv proteins were investigated (Table $2). The results
indicated that the ORF prediction scheme worked equally
well in the five similarity categorics of H-Inv proteins.

Each H-Inv protein in the five categories was investigated
in rclation to the tissue library of origin (Table §3). We found
that at least 30% of the clones mainly isolated from dermat
conncctive, muscle, heart, lung, kidney, or bladder tissues
could be classified as Category I proteins. Hypothetical
protcins (Category V), on the other hand, were abundant in
both ¢ndocrine and exocrine tissues. This bias may indicate
that expression in some tissucs may not have been studied in
cnough detail. If this is thc case, then there is likely a
significant gap between our current knowledge of the human
proteome and its truc dimensions.

Non-protein-coding genes. Over recent ycars, ncRNAs have
been found to play key roles in a varicty of bioclegical
processes in addition to their well-known function in protein
synthesis (Moore and Steitz 2002; Storz 2002). Analysis of the
H-Inv ¢cDNA datasct revealed that 6.5% of the transcripts are
possibly non-protcin-coding, although the number is much
smaller than that estimated in mice (Okazaki et al. 2002), We
believe that this difference between the two species is mainly
due to the larger number of mouse libraries that were used
and to a rare-transcript enrichment step that was applied to
these collections.

To identify ncRNAs, we manually annotated 1,377 repre-
sentative non-protein-coding transcripts, which were ¢lassi-
ficd into four categories (sec Table 3; Figure 5): putative
ncRNAs, uncharacterized transcripts (possible 3’ UTR frag-
ments supported by ESTs), unclassifiable transcripts (possible
genomic fragments), and hold transcripts {not stringently
mapped onto the human genome). Of these, 296 (19.5%) were
putative ncRNAs with no neighboring transcripts in the close
vicinity (> 5 kb) and supported by ESTs with a poly-A signal
or a poly-A tail, indicating that these may represent genuine
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ncRNA genes. On the other hand, a large fraction of the non-
protein-coding transcripts (673; 44.5%) were classified as
possible 3' UTRs of genes that were mapped less than 5 kb
upstream. The 5-kb range is an arbitrary distance that we
defined as one of our sclection criteria for identifying
ncRNAs. However, authentic non-protein-coding genes
might be located adjacent to other protein-coding gencs (as
described earlier). Thus, some of the transcripts initially
annotated as uncharacterized ESTs may correspond to
ncRNAs when these sequences satisfy the other selection
criteria.

We defined a manual annotation strategy (Figure 5) that
allowed us to select convincing putative ncRNAs with various
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Figure 5. The Manual Annotation Flow Chart of ncRNAs

Candidate non-protein-coding genes were compared with the human
genome, ESTs, ¢cDNA 3'-end features and the locus genomic
environment. The candidates were then classified into four catego-
ries: hold (cDNAs improperly mapped onto the human genome);
uncharaclerized transcripts (transcripts overlapping a sense gene or
located within 5 kb of a neighboring gene with EST support); putative
ncRNAs (multiexon or single exon transcripts supported by ESTs or
3’-end features); and unclassifiable (possible genomic fragments).
DOL: 10.1371fjournal pbio.0020162.g005
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lines of supporting evidence. These are the following: absence
of a neighboring gene in the close vicinity, overlap with
human or mouse ESTs, occurrence in the 3’ end of cDNA
sequences, as well as overlap with mouse ¢DNAs. Out of 296
annotated putative ncRNAs, we identified 47 ncRNAs with
conserved RNA secondary structure motifs {Rivas and Eddy
2001}, and nearly 60% of these were found expressed in up to
eight human tissues (data not shown), indicating that the
manual curation strategy employed in this study may
facilitate the identification of novel non-protein-coding
genes in other species.

The functions of human proteins identified through an
analysis of domains. Proteins in many cases are composed of
distinct domains each of which corresponds to a specific
function. The identification and classification of functional
domains are neccessary to obtain an overview of the whole
human proteome. In particular, the analysis of functional
domains allows us to elucidate the evolution of the novel
domain architectures of genes that life forms have acquired
in conjunction with environmental changes. The human
protecome deduced from the H-Inv cDNAs was subjected to
InterProScan, which assigned functional motifs from the
PROSITE, PRINTS, SMART, Pfam, and ProDom databases
(Mulder et al. 2003). A total of 19,574 H-Inv proteins were
examined, and 9,802 of them (50.1%) were assigned at least
one InterPro code that was classified into either repeats (a
region that is not expected to fold into a globular domain on
its own), domains (an independcent structural unit that can be
found alone or in conjunction with other domains or
repeats), andlor families (a group of evolutionarily related
proteins that share one or more domainsfrepeats in common)
when compared with those of fly, worm, budding and fission
yeasts, Arabidopsis thaliana, and Escherichia coli (Table 54).
Moreover, the proteins were classified according to the Gene
Ontology (GO) codes that were assigned to InterPro entrics
(Table $5),

Identification of human enzymes and metabolic pathways.
One of the most important goals of the functional annotation
of human cDNAs is to predict and discover new, previously
uncharacterized enzymes. In addition, revealing their posi-

tions in the metabolic pathways helps us understand the

underlying biochemical and physiological roles of these
enzymcs in the cells, We thus scarched for potential enzymes
among the H-Inv proteins, and mapped them to a databasc of
known mectabolic pathways.

We could assign 656 kinds of potential Enzyme Commis-
sion (EC) numbers to 1,892 of the 19,574 H-Inv proteins based
on matches to the InterPro entries and GO assignments and
on the similarity to well-characterized Swiss-Prot proteins
(sce Dataset S2). The number of characterized human
enzymes significantly increased through this analysis. The
most abundant enzymes in the H-Inv proteins were protein-
tyrosine kinases (EG 2.7.1.112}, which is consistent with the
large number of kinases found in the InterPro assignments.
The other major enzymes were small monomeric GTPase (EC
3.6.1.47), adenosinctriphosphatase (EC 3.6.1.3), phosphopro-
tein phosphatase (EC 3.1.3.16), ubiquitin thiolesterase (EC
3.1.2.15), and ubiquitin-protein ligase (EC 6.3.2.19). Thesc
enzymes are members of large multigene families that are
important for the functions of higher organisms. Further-
more, we could assign 726 EC numbers to mouse representa-
tive transcripts and proteins (Okazaki et al. 2002}, and most of
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them appeared to be shared between human and mouse (data
not shown). The high similarity of the enzyme repertoire
between these two species is not surprising if we consider the
closc evolutionary relatedness between them. It does, how-
ever, indicate the usefulness of the mouse as a model
organism for studies concerning metabolism,

We then mapped all H-Inv proteins on. the metabolic
pathways of the KEGG database, a large collection of
information on enzyme reactions {Kanchisa ¢t al. 2002), In
total, we mapped 963 H-Inv proteins on a total of 1,613
KEGG pathways, of which 641 were based on their EC
number assignments (Figure 55). Those based on EC number
assignments do not necessarily function as they are assigned
because they have yet to be verified experimentally. However,
if all other enzymes along the same pathway exist in humans,
the functional assignment has a high probability of being
correct. Using this method, we discovered a total of 32 ncwly
assigned human enzymes from the H-Inv proteins with the
support of KEGG pathways (Table 86). For example, we
identified (1) pyridoxamine-phosphate oxidase (EC 1.4.3.5
AK001397), an enzyme in the “salvage pathway,” the function
of which is the reutilization of the coenzyme pyridoxal-5'-
phosphate (its role in epileptogenesis was recently reported
[Bahn et al. 2002]), {2) ATP-hydrolysing 5-oxoprolinase (EC
3.5.2.9; AL096750) that cleaves 5-oxo-L-proline to form L-
glutamate {whose deficiency is described in the Online
Mendelian Inheritance in Man [OMIM] database
[ID = 260005]), and (3} N-acetylglucosamine-6-phosphate de-
acetylase (EC 3.5.1.25; BC018734), which catalyzes N-acetyl-
glucosamine at the second step of its catabolism, the activity
of which in human erythrocytes was detected by a biochem-
ical study (Weidanz et al. 1996). Many of the newly identified
enzymces were supported by currently available experimental
and genomic data. An example is a putative urocanase (EC
4.2.1.49; AK055862) that mapped onto the “histidine mctab-
olism™ that urccanic acid catabolises, A '*C Histidine tracer
study unexpectedly revealed that NEUT2 mice deficient in
10-formyltetrahydrofolate dchydrogenase (FTHFD) cxcrete
urocanic acid in the urine and lack urocanase activity in their
hepatic cytosol (Cook 2001), We then found that both the
FTHFD and AK055862 genes were located within the same
NCEBI human contig (NT(}05588) on Chromosome 3. More-
over, the distance between the two genes was consistent with
the genctic deletion of NEUT2 (> 30 kb). We thus assumed
that FTHED and urocanase might be coincidentally defective
in mice. This analysis could confirm that the AKO055862
protein is a true urocanase. This example demonstrates that
this kind of in silico analysis is a powerful method in defining
the functions of protcins.

Polymorphism in the Transcriptome

Sites of potential polymorphism in ¢DNAs. Due to the
rapidly increasing accumulation of genectic polymorphism
data, it is necessary to classify the polymorphism data with
respect to gene structure in order to elucidate potential
biological effects (Gaudieri et al, 2000; Sachidanandam ct al.
2001; Akey et al. 2002; Bamshad and Wooding 2003), For this
purpose, we examined the relationship between publicly
available polymorphism data and the structure of our H-Inv
¢DNA sequences. A total of 4 million single nucleotide
polymorphisms (SNPs) and insertion/deletion length varia-
tions (indels) with mapping information from the Single
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Table 5. The Numbers of SNPs and indels Occurring in the Representative ¢cDNAs

5' UTR

Coding Region 3' UTR

SNPs® Synonymous

Nonsynonymous

Truncation®

Extension®

Synonymous SNP at stop codon
Total

Indels

10,715(1/569 bp)
381(1/15,999 bp)

11,014(1/325 bp)
13,215(1/1,206 bp)
315

43

28

24,679°(1/833 bp)
452(1/45,490 bp)

31,852(1/536 bp)
1,364(1/12,553 bp)

*The numbers of SNPs and indels are summarized for representative cDNA sequences which were mapped on the genome. The numbers in parentheses reprasent the

densities of SNPs and indels.

PSNPs that cause nonsense mutation or extension of polypeptides were classified assuming that the cDNAs represent original alleles.

“This figure includes 64 unclassifiable SNPs.
DOI: 10.1371/journal pbio.0020162.1005

Nuclcotide Polymorphism Database (dbSNP; htip:/f
www.ncbi.nlm.nih.gov/iSNP/, build 117) (Sherry ct al. 1999)
were used for the scarch. We could identify 72,027 uniquely
mapped SNPs and indels in the representative H-Inv ¢DNAs
and observed an average SNP density of 1/689 bp. To classify
SNPs and indels with respect to gene structure, the genomic
coordinates of SNPs were converted into the corresponding
nucleotide positions within the mapped ¢DNAs. The SNPs
and indels were classified into three categories according to
their positions: 5 UTR, ORF, and 3" UTR (Table 5). The
density of indels was higher in 5" UTRs (115,999 bp) and 3’
UTRs (1/12,553 bp) than in ORFs (1/45490 bp). This is
possibly due to different levels of functional constraints. We
also examined the length of indcls and found a higher
frequency of indels in those ORFs that had a length divisible
by three and that did not change their rcading frames. We
observed that the density of SNPs was higher in both the 5
and 3" UTRs (1/569 bp and 1/536 bp, respectively) than in
ORFs (1/833 bp).

SNPs located in ORFs were classified as either synonymous,
nonsynonymous, or nonsense substitutions (Table 5). We
identified 13,215 nonsynonymous SNPs that affect the amino
acid scquence of a gene product. At least 4,998 of these
nonsynonymous SNPs are “validated™ SNPs (as defined by
dbSNP). This data can be used to predict SNPs that affect
gene function, SNPs that create stop codons can cause
polymorphisms that may critically alter gene function. We

identificd 358 SNPs that caused cither a nonsense mutation
or an extension of the polypeptide, We classificd these 358
SNPs into these two types based on the alleles of the cDNA,
Most of these SNPs (315/358) were predicted to cause
truncation of the gene products and produce a shorter
polypeptide compared with the alleles of H-Inv ¢cDNAs, For
example, Reissner’s fiber glycoprotein I (AK093431) contains
a nonscnse SNP that results in the loss of the last 277 amino
acids of the protein, and consequently the loss of a
thrombospondin type I domain located in its C-terminal
end. This SNP is highly pelymorphic in the Japancse
population, the frequencies of G (normal) and T (termina-
tion) being 0.43 and 0.57, respectively. As seen in this
cxample, the identification of SNPs within ¢cDNAs provides
important insights into the potential diversity of the human
transcriptome. Thus, polymorphism data crossreferenced o a
comprehensively annotated human transcriptome might
prove to be a valuable tool in the hands of rescarchers
investigating genetic diseases.

Sites of microsatellite repeats. Among the 19,442 repre-
sentative protein-coding ¢DNAs, we identified a total of 2,934
di-, tri-, tetra-, and penta-nucleotide microsatellite repeat
motifs (Table 6). Interestingly, 1,090 (37.2%) of these were
found in coding regions, the majority of which (86.9%) were
tri-nucleotide repeats. Di-, tetra-, and penta-nuclcotide
repeats made up the greatest proportion of repeats in 5
UTRs and 3’ UTRs. Ceding regions contained mostly tri-

Table 6. The Numbers of Microsatellite Repeat Motifs That Occurred in the Representative cDNAs

Microsatellite Repeats

Di- Tri- Tetra- Penta- Total
5" UTR 162 (50) 394 (3) 117 (4) 21 (1) 694 (58)
Coding region 70 (13) 947 (1) 63 (2) 10 (0) 1,090 (25)
3’ UTR 482 (121) 340 (3) 281 (8) 47 (1) 1,150 (133)
Total 714 (184) 1,681 (16) 461 (14) 78 (2) 2,934 (216)

Microsatellites were defined as those sequences having at least ten repeats for di-nuclectide repeats and at feast five repeats for tri-, tetra-, and penta-nucleotide repeats.
Numbers of polymorphic microsatellites inferred by comparisons of cDNA and genomic sequences are showr in parenthesis. See Table 52 for a list of accession numbers for

these cDNAs.
DOI: 10.1371/journal.pbio.0020162.0006
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nucleotide repeats. This result is consistent with the idea that
microsatellites are prone to mutations that cause changes in
numbers of repeats. Only tri-nucleotide repeats can conserve
original reading frames when extended or shortened by
mutations. A previous study showed that many of the
microsatellite motifs identified in human genomic sequences,
including those in coding regions, arc highly polymorphic in
human populations (Matsuzaka et al. 2001), We found this to
be the case in our study; 36 of the microsatellite repeats we
detected were found to be polymorphic in human popula-
tions according to dbSNP records (data not shown). We
identified 216 microsatellite repeats in 213 genes that showed
contradictory numbers of repeats between ¢DNA and
genome scquences (scc Dataset §3). This figure includes 25
microsatellites in ORFs that have the potential to alter the
protein sequences. Individual cases need to be verified by
further experimental studies, but many of these micro-
satellites may really be polymorphic in human populations
and have marked phenotypic effects.

There were 382 cDNAs that possessed two or more
microsatellites in their nucleotide sequences. This is illus-
trated in RBMS1 (BC018951), a cDNA which encodes an RNA-
binding motif. This cDNA has four microsatellites, (GGA)~,
(GAG)y, (GAG)s, and (GCC)g, in its 5' UTR. These micro-
satellites are all located at least 98 bp upstream of the start
codon, but they could still have pronounced regulatory
effects on gene expression. Another example is the ¢cDNA
that encodes CAGH3 (AB058719). This ¢cDNA has four
microsatellites, (CAG)g, (CAG)s, (CAG)g, and (CAG)s, all of
which are located within the ORF. These microsatellites all
encode stretches of poly-glutamine, which are known to have
transcription factor activity {(Gerber et al. 1994) and often
causc ncurodegenerative diseases when the number of
repeats exceeds a certain limit. A typical example of a
disorder caused by these repeats is Huntington's disease
(Andrew et al. 1993; Duyao et al. 1993; Snell et al. 1993).

We also searched for repeat motifs containing the same
amino acid residue in the encoded protein sequences, We
located a total of 3,869 separate positions where the same
amino acid was repeated at least five times. The most
frequent repetitive amino acids are glutamic acid, proline,
serine, alanine, leucine, and glycine. The glutamine repeats of
this nature were found in 160 different locations.

Evolution of the Human Transcriptome

Beyond the study of individual genes, the comparison of
numerous complete genome sequences facilitates the eluci-
dation of cvolutionary processes of whole gene sets. More-
over, the FLeDNA datasets of humans and mice give us an
opportunity to investigate the genome-wide evolution of
these two mammals by using the sequences supported by
physical clones. Here we compared our human c¢DNA
sequences with all proteins available in the public databases.
Focusing on our results, we discuss when and how the human
protcome may have been established during evolution.
Furthermore, the cvelution of UTRs is examined through
comparisons with ¢DNAs from both primates and rodents.

Conserved and derived protein-coding genes in humans.
An advantage of large-scale ¢DNA sequencing is that it can
gencrate a nearly complete gene set with good evidence for
transcription., The human proteeme deduced from the
FL¢DNA sequences gives us an opportunity to decipher the
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Figure 6. The Functional Classification of H-Inv Proteins That Are
Homologous to Proteins in Each Taxonomic Group

The numbers of representative H-Inv ¢DNAs with sequence
homology to other species’ proteins (E < 107%) were calculated. The
¢DNAs for which we could not assign any functions were discarded.
Mammalian species were excluded from the “animal” group.
“Eukaryote™ represents eukaryotic species other than those included
in the mammal, animal, fungi, and plant groups. See also Table 57.
DOS: 10.1371journal. pbio.0020162.g006

evolution of the entire proteome. Here we compare the
representative H-Inv cDNAs with the Swiss-Prot and TrEMBL
protein databases using FASTY (Pearson 2000), and we
describe the distributions of the homologs among taxonomic
groups at two different similarity levels. The number of
representative H-Inv cDNAs that have homolog(s) in a given
taxon was counted (Figure 86), and the cDNAs were classified
into functional categories (Figure 6). These results indicated
that homologs of the human proteins were probably
conserved much more in the animal kingdom than in the
others at both moderate (£ <107'%) and weak (£ < 107%
similarity levels (see Figure 56). Moreover, human sequences
had as many nonmammalian animal homologs as mammalian
homologs, with seemingly little bias to any one function (sce
Figure 6). This suggests that the genctic background of
humans may have already been established in an early stage of
animal evolution and that many parts of the whole genetic
system have probably been stable throughout animal evolu-
tion despite the seemingly drastic morphological differences
between various animal species. This result is consistent with
our previous observation that the distribution of the func-
tional domains is highly conserved among animal species (sce
Table S4). The number of homologs may have been inflated
by recent gene duplication events within the human lineage,
Hence we counted the number of paralog clusters instead of
c¢DNAs that had homologs in the databases, and obtained
essentially the same results (Figure 57).

This analysis also revealed a number of potential human-
specific proteins, which did not have any homologs in the
current sequence databases, In this case the creation of
lincage-specific genes through speciation is not completely
excluded. However, most ORFs with no similarity to known
proteins would not be genuine for the reasons discussed
above. Therefore, the number of “true” human-specific
proteins is expected to be relatively small,

We conducted further BLASTP scarches matching entrics
from the Swiss-Prot database against the H-Inv dataset itself,
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As a result, 12,813 (45.3%}) of 28,263 vertcbrate proteins had
homologs in nonvertebrates at E << 107, Taking into account
that the dataset is relatively small (approximately 12,000
sequences) and as a result may be biased, animal species may
conceivably share a similar protein-coding gene sct.

Ohno (1996) proposed that the emergence of a large
number of animal phyla in a short period of time would
endow them with almost identical genomes. These were
collectively referred to as the pananimalia genome. Qur data
support Ohno's hypothesis from the perspective that the
basic gene repertoires of animals are essentially highly similar
among diverse specics that have evolved separately since the
Cambrian cxplosion. Subsequently, morphological evelution
seems to have been brought about mainly by changes in gene
regulation. The number of transcription regulator homologs
is different between animals and other phyla (Table $7). In
this analysis it was not possible to examine the genes recently
deleted from the human lineage. However, the similarity of
the protecome sets between distantly related mammals such as
human and mouse (Waterston et al. 2002) suggests that not
many genes have been deleted specifically from humans since
humans and mice diverged.

A unique feature of the Animalia proteome is, for example,
the presence of apoptosis regulator homologs, which are
found widely in the animal kingdom, whilst they are rare in
the other phyla (Table 87). Since apoptosis plays an
important role during the development of multicellular
animals, this observation indicates that apoptosis was
cstablished independently of both plants and fungi during
the early evolution of multicellularization in the kingdom
Animalia. Likewise, signal transducers and cell-adhesion
protecins are distinctive. In contrast, enzymes, translation
regulators, molecular chaperones, etc. were highly conserved
among all taxonomic groups. These proteins may have played
such essential roles that any alterations were eliminated by
strong purifying sclection, It is assumed some functions were
presumably derived from ancient endocellular symbionts
{mitochondria and chloroplasts} (Martin 2002).

Evolution of untranslated regions. The UTRs of mRNA are
known to be involved in the regulation of gene expression at
the posttranscriptional level through control of translation
efficiency (Kozak 1989; Geballe and Morris 1994; Sonenberg
1954}, mRNA stability (Zaidi and Malter 1994; McCarthy and
Kollmus 1595), and mRNA localization {Curtis et al. 1995;
Lithgow ct al. 1997). Only a few studies on very limited
datasets have been carried out so far to describe quantita-
tively either the evolutionary dynamics of mRNA UTRs
(Larizza ct al. 2002), or their general structural and composi-
tional features (Pesole et al. 1997), The human transcriptome
presented here along with the murid data obtained mainly
from the FANTOM2 project enables us to stabilize a
mammalian genore perspective on the subject (Table $8).
A sliding window analysis of UTR sequence identitics
between humans and mice revealed a positive correlation
between the number of indels in an untranslated region and
the distance from the coding sequence (Figure 7). Unlike

indels, mismatches are distributed equally along whole .

untranslated regions. In other words, indels scem to be less
tolerated in close proximity to a coding sequence, while
substitutions are evenly distributed along the untranslated
regions of the mRNAs. This seems to be a general pattern
obscrved similarly in other species (data not shown). Indels in
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Figure 7. Window Analysis of Similarity between Human and Mouse
UTRs

Results for 5" UTRs presented above and for 3 UTRs below. The
whole mRNA sequences were aligned using a semiglobal algorithm as
implemented in the map program (Huang 1994) with the following
parameters: match 10, mismatch —3, gap opening penalty —50, gap
extension penalty —5, and longest penalized gap 1(; the terminal gaps
are not penalized at all. A window size of 20 bp was used with a step of
10 bp. The analysis window was moved upstream and downsiream of
start and stop codons, respectively. The normalized score for a given
window is calculated as a fraction of an average score for all UTRs in
a given window over the maximum score observed in all 5’ or 3’
UTRs, respectively.

DOT: 10.137 ljournal. pbio.0020162.¢007

UTRs may have been avoided so that the distance between the
coding region and a signal sequence for regulation in the
UTR could be conserved throughout evolution, while purify-
ing selection against substitutions appearcd to be relatively
weak,

Untranslated region replacement. A replacement of the
entire UTR may lead to drastic changes in gene expression,
especially if a UTR having a posttranscriptional signal is
replaced by another. We compared the evolutionary distances
of UTRs between primate and rodent orthelogous sequences.
We based our analysis on the UTR sequence distances that
contradicted the expected phylogenctic tree of relatedness.
We could detect 149 UTR replacements distributed among
different species. Some of the observed replacements may
result from sclection of different AS isoforms of a single locus
in different species. This is particularly likely if an AS event
involves an alternative first or last exon. It scems that UTR
replacements are more frequent in rodents than in primates,
but the difference is not statistically significant at the 5%
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significance level (Table 59). We detected a UTR replacement
in less than 2% of the analyzed sequences. The evolutionary
conscquences could be significant because the UTR replace-
ment might result in changes in expression level or the loss of
an mRNA localization signal.

The H-Invitational Database

All the results of the mapping of the FLcDNA sequences
onto the human genome, the clustering of FLcDNA sequen-
ccs, scquence alignments, detection of AS transcripts,
sequence similarity searches, functional annotation, protein
structure prediction, subcellular localization prediction, SNP
mapping, and cvolutionary analysis, as well as the basic
features of FLcDNA sequences, are stored in the H-InvDB
(Figure 58). The H-InvDB is a unique database that integrates
annotation of sequences, structure, function, expression, and
diversity of human genes into a single entity. It is useful as a
platform for conducting in silico data mining. The database
has functions such as a keyword search, a scquence similarity
scarch, a cDNA search, and a searchable genome browser. It is
hoped that the H-InvDB will become a vital resource in the
support of both basic and applied studies in the fields of
biology and medicine,

We constructed two kinds of specialized subdatabases
within the H-InvDB. The first is the Human Anatomic Gene
Expression Library (H-Angel), a database of expression
patterns that we constructed to obtain a broad outline of
the cxpression patterns of human genes. We collected gene
expression data from normal and discased adult human
tissucs. The results were generated using three methods on
seven different platforms. These included iAFLP (Kawamoto
etal. 1999; Scsc et al. 2001), DNA arrays (long oligomers, short
oligomers [Haverty ct al. 2002], cDNA nylon microarrays
[Pietu et al. 1999], and cDNA glass slide microarrays [Arrays/
IMAGE-Genexpress]), and cDNA sequence tags (SAGE [Vel-
culescu ct al. 1995; Boon et al. 2002), EST data [Boguski ct al.
1993; Kawamoto et al. 2000], and MPSS [Brenner et al. 2000]).
By normalizing levels of gene expression in experiments
conducted with different methods, we determined the gene
expression patterns of 19,276 H-Inv loci in ten major
categorics of tissues, This analysis allowed us to clearly
distinguish broadly and cvenly expressed housekeeping genes
from those expressed in a more restricted sct of tissucs
{details will be published clsewhere). The H-Angel database
compriscs the largest and most comprehensive collection of
gene cxpression patterns currently available, Also provided is
a classification of human genes by expression pattern.

The second subdatabase of the H-InvDB is DiscascInfo
Viewcr. This is a database of known and orphan genetic
diseases. We tried to relate H-Inv loci with discase informa-
tion in two ways. Firstly, 613 H-Inv loci that correspond with
known, characterized discase-related genes were identified by
creating links to entries in both LocusLink (htep:/f
www.nebinlmanih.goviLocusLinkfy and OMIM (Hamosh ct al.
2002). To cxplore the possibility that ¢DNAs encoding
unknown proteins may be related to “orphan pathologics”
{discascs that have been mapped to chromosomal regions, but
for which associated genes have not yet been described), we
generated a list of H-Inv loci that co-localized with these
cytogencetic regions. The nonredundant orphan disease data-
set we created consists of 586 diseases identified through
OMIM (http:/flwww.ncbi.nlm.nih.gov/iOmim/, ver. Jan. 2003),
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with an additional 108 identified from GenAtlas (heep:lf
www.dsi.univ-paris5.frigenatlasl, ver, Jan. 2003). Using the
OMIM and GenAtlas databases in conjunction with the
annotation results from the H-InvDB may accclerate the
process of identifying candidate genes for human genetic
diseases,

Concluding Remarks

There are a number of established collections of nonhu-
man cDNAs, such as those of Drosophila melanogaster (Stapleton
et al. 2002), Danio rerip (Clark et al, 2001), Arabidopsis thaliana
(Seki et al. 2002), Plasmodium falciparum (Watanabe ct al. 2002),
and Trypansoma cruzi (Urmenyi et al. 1999), The most extensive
collection of mammalian ¢cDNAs so far has been that of the
RIKEN/FANTOM mouse ¢cDNA project (Kawai et al. 2001,
Okazaki et al. 2002). This wealih of information has spurred a
wide variety of rescarch in the areas of both gene expression
profiling (Miki et al. 2001) and protein-protein interactions
(Suzuki et al. 2001). The H-InvDB provides an integrative
means of performing many more such analyses based on
human cDNAs.

The most important findings that have resulted from the
¢DNA znnotation are summarized here.

(1) The 41,118 H-Inv cDNAs were found to cluster into
21,037 human gene candidates. Comparison with known and
previously predicted human gene sets revealed that these
21,037 hypothesized gene clusters contain 5,155 new gene
candidates.

{2} The primary structure of 21,037 human gene candidates
was precisely described. For the majority of them we observed
that both first introns and last exons tended te be longer than
the other introns and cxons, respectively, implying the
possible existence of intriguing mechanisms of transcrip-
tional control in first introns.

(3) We discovered the existence of 847 human gene
candidates that could not be convincingly mapped to the
human genome. This result suggested that up to 3.7%-4.0%
of the human genome sequences (NCBI build 34 assembly)
may be incomplete, containing either unsequenced regions
or regions where scquence assembly has been performed in
error,

(4) Based on H-Inv cDNAs, we were able to define an
experimentally validated AS dataset. The datasct was com-
posed of 3,181 loci that encoded a total of 8,553 AS isoforms.
In the 55% of ORFs containing AS isoforms, the pattern of
alternative cxon usage was found to encode different func-
tional domains at the same loci,

(9) A standardized method of human curation for the H-Inv
cDNAs was created under the tacit consensus of international
collaborations. Using this method, we classified 19,574 H-Inv
proteins into five categories based on sequence similarity and
structural information. We were able to assign functional
definitions to 9,139 proteins, to locate function- or family-
defining InterPro domains in 2,503 further protcins, and to
identify 7,800 transcripts as good candidates for hypothetical
proteins.

(6) A total of 1,892 H-Inv proteins were assigned identitics
as one of 656 different EC-numbered enzymes. This enzyme
library includes 32 newly identified human enzymes on
known metabolic pathway maps and comprises the largest
collection of computationally validated human enzymes.

(7} Based on 2 varicty of supporting evidence, 6.5% of H-
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Inv laci (1,377 loci} do not have a good protein-coding ORF,
of which 296 loci are strong candidates for ncRNA genes.

(8) We identified and mapped 72,027 SNPs and indecls )
unique positions on 16,861 loci, Of these, 13,215 non-
synonymous SNPs, 358 nonsense SNPs, and 452 indcls were
found in coding regions and may alter protein sequences,
cause phenotypic effects, or be associated with discase. In
addition, we identified 216 polymorphic microsatellite
repeats on 213 loci, 25 of which were located in coding
regions.

(9) During human proteome analysis, it was suggested that
the basic gene set of humans might have been established in
the early stage of animal evolution. Our analysis of UTRs
revealed that insertions or deletions near coding regions were
rare when compared with substitutions, though in some cases
drastic changes such as UTR replacements occurred.

(10} A consequence of the annotation process and our
rclated research was the development of the H-InvDB to
contain our annotation work, H-InvDB is a comprchensive
database of human FLcDNA annotations that stores all
information produced in this project. As a subdivision of
H-InvDB, we developed two other specialized subdatabases:
H-Angel and Diseaselnfo Viewer. H-Angel is a database of
gene expression patterns for 19,276 loci. Diseaselnfo Viewer
is a databasc of known discase-rclated genes and loci co-
localized with 694 orphan pathologies. These pathologics
were mapped onto the genome but were not identified
experimentally.

In the H-Inv project, we collected as many FLcDNAs as
possible and conducted extensive analyses concerning the
quality of ¢cDNAs, such as dctection of frameshift errors,
retained introns, and internal poly-A priming, under a
unified criterion. Although these analyses are still in an
clementary state, we store these results in H-InvDB to share
this information with the biological community. We believe
that this is an important contribution of our project, because
it will provide a reliable way to control the quality of the
c¢DNA clones. In the future, this information will be useful for
improving the methods of clone library construction.

It has becen suggested that the human genome encodes
30,000 to 40,000 genes. In this study we comprehensively
evaluated more than 21,000 human gene candidates (up to
70% of the total). Thus, efforts should be continued by the H-
Inv consortium and others to “fully” characterize the human
transcriptome. For this purpose new technologics should be
implemented that are more sensitive in detecting rarely
expressed genes and AS transcripts. Nevertheless, there are
unavoidable limitations for human cDNA collections, such
the identification of embryo-specific genes, for which other
approaches should be employed. One alternative is the use of
ab initio predictions from genomic sequences, in conjunction
with expression profiling studies, to identify rarely expressed
genes that share structural similarity to known genes. Addi-
tionally, a better characterization of cis-regulatory element
units may help to define the boundary of other genes that are
undetected by current gene prediction programs. Another
area that remains to be explored is the identification of
potential hidden RNA gene families that may play vital roles,
such as the recently uncovered family of microRNA genes,
which is involved in the regulation of expression of other
genes (for review sce Ambros 2001; Moss 2002),

The protecome determination aspects of this project,
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including the identification of new enzymes and hypothetical
proteins, should stimulate more focused biochemical studies.
The functional classifications may allow definition of sub-
proteomes that are related to different physiological pro-
cesses. The H-Inv transcriptome based on the definition of a
conscnsus proteome (the H-Inv proteins) links both the
analysis of genomic DNA and direct protcome analysis with
the study of expressed mRNA analysis from different tissues,
cells, and disease states. It creates a standard for the
comparison of disease-related alterations of the human
pretcome. Moreover, comparison with pathogen protcomes
may yicld many possible drug target proteins. Also, the
annotation of ncRNAs raises the possibility of novel “smart”
therapeutics that could cither inhibit or mimic the mecha-
nisms of these RNAs.

The H-Inv project is the first ever comprehensive compi-
lation of curated and annotated human FLcDNAs, The
project may lead to a more complete understanding of the
human transcriptome and, as a result, of the human
protcome, The preceding cxamples of the importance of
the H-Inv data in understanding human physiclogy and
evolution represent just a small fraction of the research
potential of the H-InvDB,

In conclusion, the H-InvDB platform constructed to hold
the results of the comprehensive annotations performed by
our international team of collaborators represents a sub-
stantial contribution to resources that are needed for further
exploration of both human biology and pathology.

Materials and Methods

¢DNA resources. 41,118 H-Inv ¢DNAs were sequenced by the
Human Full-Length c¢DNA Sequencing Project (Ota et al. 1997,
Yudale et al. 2001; Ota et al. 2004) at the Helix Research Institute, the
Institute of Medical Science at the University of Tokyo, and the
Kazusa DNA Research Institute (20,999 sequences in total); the
Kazusa cDNA Sequencing Project (Kikuno et al. 2002) at the Kazusa
DNA Research Institute (2,000 sequences); the Mammalian Gene
Collection (Strausberg et al. 1999) at the National Institutes of Health
in the United States {11,806 sequences); the German Human ¢cDNA
Project {(Wiemann et al. 2001} coordinated by the Deutsches
Krebsforschungszentrum in Heidelberg (5,555 sequences); and the
Chinese National Human Genome Center at Shanghai (Hu et al.
2000) (758 sequences).

Mapping human cDNAs to the human genome and the comparison
of the mapped H-Inv ¢<DNAs with other annotated datasets. We have
mapped human <DNA sequences to the human genome sequence
corresponding to the NCBI build 34 assembly. The datasets we used
were a set of 41,118 H-Inv ¢DNAs and a set of 37,488 human RefSeq
sequences available on 15 July 2002 and on the 1 September 2003,
respectively. All the revisions for H-Inv cDNA sequences until August
2003 were applied in the datasets. Before performing the mapping
procedure, ali the repetitive and low-complexity sequences in all the
cDNA sequences were masked using RepeatMasker (http:fiftp.
genome.washington.edu/RM/RepeatMasker.html) and Repbase 7.5.
Then we used the cross__match program to mask the remaining
vector sequences in each ¢cDNA sequence. Any poly-A tails were also
masked by using a custom-made Perl script. In the first step of the
mapping procedure, we conducted BLASTN ({ver.2.2.6) searches of all
the sequences against the human genome sequence and extracted the
corresponding genomic regions for each query sequence. Then we
used est2genome (EMBOSS package ver.2.7.1) to align each sequence
to the genomic region with a threshold of 95% identity and 90%
coverage. Coverage of each cDNA sequence was calculated excluding
those from the vector and poly-A tails that were masked in the
previous step. If the sequences were mapped to multiple positions on
the human genome, then we selected their best locus based on the
identity, length coverage, and number of exons of those sequences. As
a result, 77,315 sequences (including 40,140 cDNAs from the H-Inv
project) were successfully mapped onto the human genome and were
clusiered into 38,587 clusters based on sharing at least 1 bp of an
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exon on the same chromosome strand, We used all the mapped
sequences, including human RefSeq sequences, to compare the
clusters that included H-Inv ¢cDNAs with those that consisted of only
human RefSeq sequences. 20,190 clusters out of 38,587 consisted of
only H-Inv cDNAs or both H-Inv ¢DNAs and human RefSeq
sequences. The rest of the clusters consisted of RefSeq sequences
only. All of the mapped cDNAs and the overlap with the RefSeq
sequences can be viewed using G-integra in the H-InvDB (hup:/
www.jbirc.aist.go jp/hinvig-integrahtml). The mapping procedure for
all the unmapped c¢DNAs against the mouse genome was also
performed, using a threshold of 60% identity and 90% coverage.

Clustering of unmapped sequences. The sequences that were not
mapped onto the human genome were clustered by a single linkage
clustering method. The similarity search was performed among all
the unmapped sequences. The program used was MegaBLAST
version 2.2.6 (Zhang et al. 2000). As with to the mapping strategy,
some distinctive sequences (repetitive regions, contaminations from
cloning vectors and poly-A tails) were excluded from the queries of
the similarity search. The similarity was evaluated using the expected
value (E-value) between (wo sequences. Only when the E-value of the
two sequences was calculated to be 0, did we assume that a significant
level of similarity was detected between the two sequences,

Identification of gene structure. In order to identify gene structure,
we used only the representative H-Inv cDNAs. When detecting
repetitive elements in ¢cDNAs, RepeatMasker was conducted in a
similar manner to the previous phase. We used curated ¢cDNAs in
which frameshift errors and remaining introns were removed.

Prediction of ORFs, We predicted ORFs in all 41,118 H-Inv cDNAs,
as illustrated in Figure S1, based on the alignment of similarity
searches by FASTY (Pearson 2000; Mackey et al. 2002) (ver. 3.4t11)
and BLASTX (Alischul et al, 1990) (ver. 2.0.11), and gene prediction
by GeneMark (Mclninch et al. 1996) (hutp:ffopal.biology.gatech.eduf
GeneMark() (Table 510). Prior to the prediction of ORFs, we judged if
the sequence had any frameshift errors or remaining introns (see
Figure §1). During ORF prediction, we corrected the aforementioned
sequence irregularities computationally.

Procedure of computational and human annetation. Prior Lo the
human curation, we performed two computational automated
annotation processes to select the representative clone for each
locus and to predict function of H-Inv proteins (see Figure 52). We
then assigned the most suitable data source ID to each H-Inv protein
following a scheme illustrated in Figure 82 and referring to the
information using newly developed annotation viewers, named SOUP
location viewer, SOUP annotation viewer, and Similarity Motif ORF
(8MO) Viewer (Figure §9). Questionable transcripts were determined
by human curation based upon evidence such as the following
sequences with no similarity to a knewn protein or domain,
sequences with a very short ORF, cDNAs with only a single exon,
and sequences with no EST suppert. Only 959 (4.9%) of the
computationally selected 19,574 representative H-Inv proteins had
to be manually corrected. Another 5,142 (16.1%) of the H-Inv
proteins had their functional assignment altered by manual curation.

Assignment of functional motifs. Nonredundant proteome data-
sets were obtained for fly (hup:fiflybase bio.indiana.edul), worm
(http:fiwww.wormbase.orgf), budding yeast (http:fwww.pasteur.fr/
externe), fission yeast (htup:fiwwwsanger.ac.ukl), plant (http:
mips.gsf.delprojithallindex-html), and a bacteria {fip:/iftp.ncbi.nih.
govigenbank/genomes/Bacteria/Escherichia__coli_K12/). The H-Inv
proteins and other nonredundant proteome datasets were assigned
InterPro codes by InterProScan ver. 3.1 (Mulder et al. 2003). The
codes corresponded to families, domains, and repeats. GO terms were
also assigned (see Table 85).

Evolutionary relationship of proteomes. The top 40 InterPro
entries for the human proteome were compared with their
equivalents from the fly, worm, yeasts, plant, and bacteria proteomes
(see Table 54).

Protein domains and low-complexity inserted sequences. Folds
were assigned by reverse PSI-BLAST (Altschul et al. 1997) searches of
the amino acid sequences derived from the H-Inv cDNA against the
SCOP database (Lo Conte et al. 2000). Informatien on protein and
gene structures, with the exception of mouse and puffer fish, was
obtained from the individual genome projects (Blattner et al. 1997;
Kunst et al. 1997, CESC 1998; Adams et al. 2000; AGI 2000; Wood et
al. 2002). The data for mouse and puffer fish were obtained from the
Ensembl database (Hubbard et al, 2002),

Subcellular localization. Subcellular localization targeting signals
and transmembrane helices of 40,352 H-Inv proteins were predicted
using the PSORT II {Nakai and Horton 1999), TargetP (Emanuelsson
et al. 2000), TMHMM, and SOSUI (Hirokawa et al. 1998) computer
progt‘ams.
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UTR sequences. We obtained the UTR sequences from three
primates (Pan troglodytes, chimpanzee: Macaca fuscicularis, crab-eating
macaque; and Macace mulatia, rhesus monkey) and two rodents {Mus
musculus, house mouse; and Raltus norvegicus, Norwegian rat) that
corresponded to UTRs from Home sapiens. In order to do this, we
mapped the ¢DNAs to the human or mouse genome. The
corresponding rodent ¢cDNAs were determined by using a2 human-
mouse genome alignment provided by Ensembl. ¢cDNAs of the
primates and rodents were retrieved from the DDBJ/EMBLIGenBank
databases using the cut off date of 15 July 2002. Additionally, we used
the FANTOM2 mouse sequences released on 5 December 2002, and
4,063 5' ESTs of chimpanzees (Sakate et al. 2003). Corresponding
UTRs between human and other species were identified by aligning 5°
and 3’ ends of the human ORFs, To compare evolutionary distances,
we analyzed 3,061 and 5,277 orthologous groups that consisted of at
least three species’ information for the 5" and 3’ UTR sequences,
respectively.

Supporting Information

Dataset S1. List of Library Origins of H-Inv cDNAs {182 Libraries)

The dataset consists of 41,118 H-Inv ¢DNAs that were cloned from
c¢DNA libraries derived from 182 varieties of cell and tissue.

Found at DOL 10.1371fjournal. pbio.0026162.5d001 (33 KB XLS),

Dataset 52. List of H-Inv Proteins with Potential EC Numbers (1,892
H-Inv Proteins)

The allotted EC numbers are based on the corresponding DNA
databank records, UniProt/Swiss-Prot and TTEMBL records that show
sequence similarity to the proteins, and InterPro records that the
proteins hit.

Found at DOL 10.1371fjournal. pbio.0020162.5d002 (247 KB XLS).

Dataset §3. List of Polymorphic Microsatellites Inferred by Compar-
isons belween the H-Inv ¢DNAs and Genomic Sequences

Found at DOL 10.1371fjournal. pbie.0020162.5d003 (56 KB XLS),

Figure Sl. Prediction of ORFs

(A} Schematic diagram for the prediction of ORFs. This diagram
illustrates the ORF prediction method used on all H-Tnv ¢cDNAs. The
method was based upon the alignment of similarity searches using
FASTY and BLASTX. Gene prediction was carried oul using
GeneMark. Prior to the prediction of ORFs, we judged if a sequence
had any frameshift errors or remaining introns. During ORF
prediction, we corrected those sequence irregularities compultation-
ally. Details of how sequence irregularities were predicted are
described in {B) and (C).

(B) Schematic diagram for prediction of unspliced introns. This
schematic diagram illustrates the prediction method used for
unspliced introns,

{C) Schematic diagram for prediction of frameshift errors. Frameshift
errors were inferred from cDNA-genome pairwise alignment gaps
due o insertion or deletion, exception of multiple of 3 bp, or over 10
bp in either the query ¢cDNA or genome.

(D) The statistics for the predicted frameshifts and unspliced introns,

Found at DOL 10.1371journal. pbio.0020162.5g001 (49 KB PDF),

Figure 82. Scheme of Prediction for Functional Annotation

(A) Schematic diagram for determining a representative transcript
for each locus. The procedure of computational autoannotation is
illustrated. Prior to the human curation of the representative
transcript of each H-Inv cluster, we performed computational
autcannotation.

(B} Schematic diagram for functional prediction of H-Inv proteins.
This schematic diagram illustrates the H-Inv autofunctional annota-
tion pipeline that can determine the most appropriate data source
ID, avoiding the following keywords that suggest proteins without
experimental verification in the description; (1) hypothetical, (2)
similar to, (3) names of ¢cDNA clones {(Rik, KIAA, FL], DKFZ, HSPC,
MGC, CHGC, and IMAGE)} and (4) names of InterPro domain
frequent hitters. :

Found at DOL 10.1371fjournal.pbio.0020162.53002 (34 KB PDF).

Figure 83. Size Distribution of Predicted ORFs

The size distribution of all H-Inv proteins among the five similarity
categories.

Found at DOI: 10.1371/journal pbio.3020162.55003 (24 KB PDF).
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Figure 84. Features of Category Il Proteins

A total of 4,104 H-Inv proteins were classified as Category I based on
sequence similarity to functionally validated proteins. The table and
figure show source species of proteins in public databases to which
the Category Il proteins were similar.

Found at DOT: 10.1371jjournal.pbic.0020162.5g004 (9 KB PDF).

Figure 85. H-Inv KEGG Analysis Results (Images of KEGG Pathways)

The images illustrate the metabolic pathways of KEGG database
based on the EC number assignments to H-Inv proteins.

Found at DOI: 10.1371}journal pbio.0020162.5g005 (47 KB PDF).

Figure 56. Numbers of Representative H-Inv ¢DNAs That Are
Hemologous to Proteins in Each Taxonomic Group

Two thresholds (E < 107°, white bars, and E < 10779, black bars} were
emploved. The “animal” group does not include mammalian species.
The “eukaryote” group represents eukaryotic species other than
anintals, fungi, and plants.

Found at DO 10.1371jjournal.pbio.0020162.5g006 (9 KB PDF),

Figure §7. A Functional Classification of H-Inv Protein Families That
Have Homologs in Each Taxonomic Group

H-Inv protein families were identified by clustering H-Inv proteins
using the single-linkage clustering method. Then, the number of
homologs for each H-Inv protein family was calculated. Mammalian
species are excluded from the “animal” group. “eukaryote” repre-
sents eukaryotic species other than animals, fungi, and plants.

Single-linkage clustering. All of the H-Inv proteins were compared
with themselves by BLASTP and clustered with the thresholds of E-
values of 107 and 107*". The numbers ofsinfglewn families detected
were 11,890 and 13,238 at the E-value of 107 and 167, respectively.

Found at DOI: 10.13715journal pbio.0020162.5g007 (49 KB PDF).

Figure 88, A Sample View of the H-Invitational Database (H-InvDDB;
hupiiwww.h-invitational jph)

A FLcDNA (BC003551) is shown with its detailed annotations, e.g.,
gene structure, functional annotation, ORF predictions, protein
structure prediction by GTOP, et¢, The H-InvDB has links to other
internal databases (red boxes) such as a genome map viewer (G-
integra) and gene expression library (H-Angel). Green boxes show
internal viewers for the resulis of clustering (Clustering Viewer
showing results by H-Inv, STACK, TIGR, UniGene, etc), the
prediction of subcellular localization (TOPOViewer showing results
of TMHMM, SOSUI, TargetP, and Psortll), and the disease-related
information (Diseaselnfo Viewer linking o OMIM and GenAtlas).
The H-InvDB also has links to many external public databases (black
boxes), including DDBJ/EMBLIGenBank, RefSeq, UniProt/Swiss-Prot
and TrEMBL, Genew, InterPro, 3D Keynote, Ensemb], GeneLynx,
LocusLink, PubMed, LIFEdb, dbSNP, GO, and GTOP, and to
homepages by original data producers of FLcDNA clones and
sequences (blue boxes), including the Chinese National Human
Genome Center (CHGC), the Deutsches Krebsforschungszentrum
{DKFZ/MIPS), Helix Research Institute (HRI), the Institute of Medical
Science at the University of Tokyo (IMSUT), the Kazusa DNA
Research Institute (KDRI), the Mammalian Gene Collection (MGCI
NIH), and the FL] project.

Found at DOL 10.1371fournal.pbio.0020162.5g008 (2,650 KB PDF).

Figure 89. H-Inv Annotation Viewers

(A) G-integra: A genome mapping viewer.

(B) SOUP Locus annotation viewer.

(C) SOUP cDNA annotation viewer.

(D) SMO Viewer: The similarity, motif, and ORF information viewer.

Found at DOI: 10.1371fjournal.pbio.0020162.5g00% (2,022 KB I'DF).

Table §1. Gene Structure

{A) Gene structure of the cDNAs.

(B) The frequencies and varicties of repetitive sequences found in the
c¢DNAs, A list of the 20,899 loci representing ¢cDNAs that Repeat-
Masker showed contained repetitive elements.

(C) The positions (3° UTR, ORF, and 3' UTR} of repetitive sequences
in the protein-coding ¢DNAs. A total of 1,863 ¢cDNAs contained
repetitive sequences in their ORF, of which 549 had repetitive
sequences within their most probable ORF. Repetitive sequences
appeared in 2,240 and 5401 cDNAs in their 8 UTRs and 3" UTRs,
respectively,
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Found at DOT: 10.1371jjournal.pbic.0020162.5t001 (20 KB PDF).

Table $2. CAI and Codon Usage

(A) CAl was measured for all H-Inv proteins. CAI is 2 measure of
biased patterns for synonymous codon usage (http:iibiobase.dk/
embossdocsicaihtml).

(B) Codon usage in predicted ORFs of H-Inv proteins. Total tri-
nucleotide frequencies (forward strand) for the sequences of each
species are shown. Nonredundant proteome datasets for nonhuman
species were obtained from the following sites: fly (Drosophila
melanogaster; hitp:fiflybase bio.indiana.eduf), worm {(Caenorhabditis ele-
gans; htipiiwww.wormbase.orgl), budding yeast (Saccharomyces cerevisiae;
hup:liwww.pasteur.frfexterne), fission yeast (Schizosaccharomyces pombe;
httpliwww.sanger.ac.ukf), plant (Arabidopsis thaliana, http:limips.gsf.def
projfthalfindex.html), and bacteria (Escherichia coli K12; ftp:fifip.ncbi.
nih.govigenbank/genomes/Bacteria/Escherichia__coli__K12/).

Found at DOL 10.1371fournal. pbio.0020162,51002 (20 KB PDF).

Table 83. Tissue Library Origins of H-Inv Proteins

The resulis of classification into five similarity categories for each of
ten tissue classes.

(A) Numbers of H-Inv proteins.

(B) Histogram.

Found at DOL 10,1371 fjournal.pbio, 002016251003 (10 KB PDF).

Table 54. The InterPro IDs Identified in H-Inv Proteins

The top 40 InterPro IDs identified in H-Inv proteins and proteins
from other species are listed for all types (A) and for each type of
family, domain, and repeat (B-D). Analyses were conducted by
InterPro ver. 3.1. Nonredundant proteome datasets of other species
were obtained from the following sites: fly (Dresophila melanogaster,
hitp:fiflybase.bio.indiana.eduf), worm (Caenorhabditis elegans; hutp:l
www.wormbase.orgf), budding yeast (Saccharomyces cerevisias, hitpl!
www‘pasleur.fr.'exlerne), fission yeast (Schizosaccharomyces pombf: htep:#
www.sanger.ac.ukf), plant {Arabidopsis thaliana; http:fmipsgsf.de/projf
thalfindex heml), and bacteria (Escherichia coli K12; ftp/iftp.ncbinih.
govigenbank/genomes/Bacteria/Escherichia__coli_K12/).

Found at DOI: 10.137journal. pbio.0020162.5t004 (36 KB PDF).

Table $5. GO Term Assignment to H-Inv Proteins

(A) Molecular function.
(B) Cellular component.
(C) Biological process.

Found at DOL 10.1371fjournal.pbio.0020162.51005 {74 KB PDF).

Table 86. List of Newly Assigned Human Enzymes (32 H-Inv Proteins)

All these 32 H-Inv proleins were newly assigned enzyme numbers
with the support of the KEGG pathway. These enzyme assignments
were previously unrepresented in Homo safiiens.

Found at DOIL: 10.1371jjournal.pbio.0020162.5t006 (33 KB PDF).
Table §7. A Functional Classification of Representative H-Inv cDNAs
That Have Homologs in Other Species

(See also Figure 6.)

Found at DOL 10.1371fjournal.pbic.0020162.5t007 (3 KB PDF).

Table $8. Basic Statistics for UTR Sequences Analyzed
Found at DOL 10.1371journal pbio 002016251008 (8 KB PDF).

Table §9. UTR Replacements in Primates and Rodents

One hundred and forty-seven UTR replacements distributed among
different species were detected.

Found at DOI: 10.137 1 fjournal.pbio.0020162.5t009 (9 KB PDF).

Table $10. List of the Databases and Software Used in the H-Inv
Project

Found at DOL 10.1371fjournal.pbio.0020162.5t010 (31 KB PDF).

Protocol S1. A Detailed Functional Annotation Based on Protein
Modules

Found at DOL: 10.1371fjournal.pbio.0020162.5d004 (25 KB PDF).
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ABSTRACT

DBTSS (http://dbtss.hgc.jp) was originally con-
structed based on a collection of experimentally
determined TSSs of human genes. Since its first
release in 2002, it has been updated several times.
First, the amount of stored data has increased sig-
nificantly: e.g. the number of clones that match both
the RefSeq mRNA set and the genome sequence
has increased from 111 382 to 190 964, now covering
11234 genes. Second, the positions of SNPs in
dbSNP were displayed on the upstream regions of
contained human genes, Third, DBTSS now covers
other species such as mouse and the human
malaria parasite. It will become a central database
containing data for many more species with oligo-
capping and related methods. Lastly, the database
now serves for comparative promoter analyses: in
_ the current version, comparative views of potentially
orthologous promoters from human and mouse are
presented with an additional function of searching
potential transcription-factor binding sites, which
are either conserved or diverged between species.

INTRODUCTION

The knowledge of exact transcriptional start sites (TSSs) of
genes is valuable in many ways: it makes the prediction of
translational start sites more accurate; it can be used for
exploring sequence determinants of TSSs; and it makes the
analysis of upstream regulatory regions (promoters) more
precise. In principle, information of a TSS is obtained by
mapping the comresponding transcript onto the genome
sequence. Nevertheless, it is widely known that many
mRNA sequence data stored in public databases, lack
information about their 5" ends because of the difficulty in
obtaining full-length cDNAs. Thus, even after the completion
of human genome sequencing, it is not easy to locate TSSs
systematically. To overcome this problem, we have developed
a method to construct full-length enriched cDNA libraries
using a cap selection technique, the oligo-capping method, and
have been systematically collecting full-length cDNA data

DOBJ/EMBL/GenBank accession nos*

with this method [(1); T.Ota et al. submitted]. Initial computa-
tional characterization of human TSSs has been carried out
(2,3) and a database [DataBase of Transcriptional Start Sites
(DBTSS)] containing the TSS information of 7889 human
genes has been constructed (4). In this report, we summarize
the updates of DBTSS since its first release, including its new
departure as a basis of comparative promoter analyses,

NEW FEATURES

Compared with its initial version, the current DBTSS (version
3) has been upgraded in at least five ways. First, the number of
processed one-pass human cDNA clones has increased
significantly (from 217402 to 400225). Since one of the
important findings from our TS$ analysis was that the TSS
position of a gene is not always fixed but rather often
fluctuates for ~50 bp on average (3), the distribution of TSS
positions should become clearer as the number of mapped
c¢DNA clones increases, As always, we constructed a so-called
RefFull sequence set (11234 sequences) by extending the
5"-end sequences of RefSeq mRNA sequences (5), if neces-
sary. On average, 6042 sequences were extended by 71.6 bp.
At the genomic level, the average difference between 5'-ends
of two data sets becomes 4396 bp because of internal introns.
Thus, it is clear that our data make promoter analysis of human
genes much easier. For more details of the statistics of the
DBTSS, see the Statistics section of the DBTSS web page.
Second, to facilitate promoter analysis of human genes, we
mapped the positions of single nucleotide polymorphisms
{SNPs) stored in a public database, dbSNP (5), on the
-[000:4200 region of each representative TSS for each human
gene (a sample output is shown in Fig. 1). These SNPs are
candidates of functional regulatory SNPs (rSNPs) that affect
the promoter activity. We also plan to add SNP data from
other sources. In DBTSS, it is also possible to enlist the name
of genes located within a specified distance from each SNP.
The third, and probably the most important, upgrade of
DBTSS is that it now supports data from multiple species. To
date, we have constructed many full-length cDNA libraries of
various species upon requests from many researchers. In
addition, large-scale collections of cDNAs determined using a
related method by Yoshihide Hayashizaki's group are also
publicly available (6,7). In the current version, we added the

*To whom comespondence should be addressed. Tel: +81 3 5449 5343; Fax: +81 3 5449 5416; Email: ysuzuki@ims.u-tokyo.ac.jp

*BP192706-BP383670
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Figure 1. Example of the output of a human gene including the correspondence with a mouse gene, gene position in the chromosome, comparison with
Ensembl and RefSeq data, SNP positions and graphical representations of one-path cDNA clones.

data of 2490 clones of Plasmodium falciparum, the human
malaria parasite (8) and 580 209 full-length cDNA sequences
of Mus musculus (7). The number of Ref-full members for
mouse is 6875 (for more details, see Y.Suzuki et al,
submitted). We will add data for other species whenever we

get the agreement. They include data for Caenorhabditis
elegans, chimpanzee, macaque, Cyanidioschyzon melorae
(unicellular red alga), zebrafish and sorghum.

The remaining two novel features will be explained in the
next section,
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Figure 2. A comparative view of human and mouse promoters. (a) Global view with potential transcription factor binding sites. Locally similar sequence
segments are shown in boxes and the correspending boxes are represented by the same number (e.g. ‘0"). (b) More detailed view around the corresponding TSSs.

PROMOTER COMPARISON AND SEARCH OF
CIS-ELEMENTS

The fourth novel feature of the DBTSS (version 3) is that it
provides users with comparative views of human and mouse
promoters that are probably orthologous. The potentially
orthologous gene set was obtained from the LocusLink
database (5) and our own sequence comparison. As a result,
promoters of 3324 gene pairs can now be displayed. In

each pair, locally similar sequence segments were detected
by a local alignment program, LALIGN (9) and their
correspondences are shown graphically (Fig. 2).

The fifth novel feature is a function for locating positions
similar to known transcription-factor binding sites, which are
stored in the TRANSFAC database (10). More specifically, we
support TRANSFAC Public-based search (for searches using
TRANSFAC Professional, which is a commercial version,
users should follow its condition of use, which are shown in



our web page). To reduce the number of potentially spurious
hits, users can choose various levels of cut-off values and
target regions/strands. Moreover, it is also possible to restrict
hits within conserved regions between the two species. It is
also possible for users to enlist gene names that specify
combinations of the above conditions: e.g. genes that harbor
both potential binding sites of factors A and B on their
upstream regions could be selected with arbitrary cut-off
values. With this function, the DBTSS can now be regarded as
a platform of systematic promoter analyses.

DBTSS is available at http://dbtss.hgc.jp/ and will continue
to expand, incorporating our in-house data and others.
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Sequence Comparison of Human and Mouse Genes
Reveals a Homologous Block Structure
in the Promoter Regions
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Comparative sequence analysis was carried out for the regions adjacent to experimentally validated transcriptional
start sites [T55s), using 3324 pairs of human and mouse genes. We aligned the upstream purative promoter
sequences over the I-kb proximal regions and found that the sequence conservation could not be further extended
at, on average, 50 bp upstream positions of the TSSs. This discontinuous manner of the sequence conservation
revealed a “block™ structure in about one-third of the putative promoter regions. Consistently, we also observed that
G+C content and CpG frequency were significantly different inside and outside the blocks. Within the blocks, the
sequence identity was uniformly &5% regardless of their fength. About 90% of the previously characterized
transcription factor binding sites were located within those blocks. In 46% of the blocks, the 5’ ends were bounded
by interspersed repetitive elements, some of which may have nucleated the genomic rearrangements. The length of
the blocks was shortest in the promoters of genes encoding transcription factors and of genes whose expression
patterns are brain specific, which suggests that the evolutional diversifications in the transcriptional modulations
should be the most marked in these populations of genes.

[Supplemental material is available online at www.genome.org., The sequence data from this study have been
submitted to DDB} under accession nos. BP192704-BP383670.}

As fellow mammals, humans share many physiological, anatomi-
cal, and metabolic parallels with mice (Nadeau and Taylor 1984).
However, there are striking differences between the two species
as well, that is, alterations in size, shape, and longevity. Above
atl, humans but not mice have developed highly complex neural
systems in the brain. It has Iong been supposed that the genetic
basis for these similarities/differences lies, at least in part, in al-
terations in the expression of genes rather than changes in the
functions of their encoded protein products (King and Wilson
1975; Tautz 2000). Differential regulation of gene expression
seems a likely explanation for many differences between humans
and mice. Between humans and mice, many of the protein func-
tions themselves have been shown to be comparable (Boguski
2002). To understand the molecular machinery that makes hu-
mans distinct from mice, the features in the transcriptional net-
works that are unique to humans should be identified. On the
other hand, if the mechanisms that constitute the basic frame-
work of the genetic network are to be delineated, the investiga-
tion should be focused on the features that are shared between
humans and mice,

However, only limited knowledge has been accumulated
about how and to what extent the transcriptional modulatory
mechanisms are conserved or divergent between human and
mouse genes. Although there are pioneering studies phylogeneti-
cally comparing the genomic sequences involved in transcrip-
tional regulations (for reviews, see Ureta-Vidal et al. 2003; Wray
et al, 2003), our understanding of the comprehensive systems of
transcriptional regulation is still at a very primitive stage. To
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address this issue, it is essential to enrich our basic knowledge of
the molecular mechanisms underlying the regulation of the tran-
scription of each gene.

One of the most important regulatory steps for transcription
is the initiation step. For many genes, it has been shown that the
transcription level is regulated by controlling the efficiency of
the formation of the RNA polymerase 1l pre-initiation complex
(Mitcheil and Tjian 1989; Roeder 1996). The DNA sequence just
adjacent to the transcriptional start sites (TSSs) plays an impor-
tant role in the regulation. This region is called the promoter, and
several cis-regulatory sequence elements are embedded in it.
These cis-acting elements are recognized by general transcription
factors (GTFs), various kihids of transcription regulatory factors
{TFs), or other protein factors, When these proteins are recruited
to the promoter, they accelerate/inhibit the formation of the
preinitiation complex through direct interaction or by changing
the conformation of the docking platform (Novina and Roy
1996). To understand the molecular mechanisms of such tran-
scriptional regulation, it is essential to identify and characterize
what kinds of cis-elements are embedded within the promoters
and what kinds of TFs are recruited onto the promoters (http://
www.epd.isb-sib.ch; Eukaryotic Promoter Database; and http://
www.gene-regulation.com/; TRANSFAC; Praz et al. 2002; Kel et
al. 2003).

With the near completion of the human and mouse genome
sequencing projects (http://genome.ucsc.edu/downloads.htmi;
UCSC Genome Browser; Lander et al. 2001; Venter et al. 2001;
Waterston et al. 2002), the basic materials to start genome-wide
analyses of promoters have become available. Because the pro-
moters are located proximal to or overlapping with the TSSs and
because the 5' ends of full-length cDNA sequences correspend to
the T3S, it is possible to retrieve the putative promoter sequences

Genome Research 1711
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(called “putative promoter regions” [PPRs] hereafter) from large
volumes of genomic sequences by combining the information
about genomic DNA and full-length cDNAs,

We previously developed a method to construct full-length
cDNA libraries and have been collecting full-length cDNAs
(Carninci and Hayashizaki 1999; Suzuki and Sugano 2003). So
far, we have accumulated 400,225 human and 580,209 mouse
c¢DNAs (http://fantom.gsc.riken.go.jp/; FANTOM), from a wide
variety of tissues and cultured cells (Kawai et al. 2001; Okazaki et
al, 2002; Waterston et al. 2002). Based on the data for these
full-length ¢DNAs, in the present study we were able to deter-
mine the exact positions of their TSSs on the genomic sequences
and retrieve the PPR sequences for 8793 human and 6875 mouse
RefSeq genes (hitp://dbtss.hge.jp/; DBTSS; and http://www.ncbi.
nlm.nih.gov/RefSeq/; RefSeq). Of these, 3324 promoters could be
paired with each other between mutually 1:1 homologous genes
(Statistics of the data set used in the present study are summa-
rized in Supplemental data Table 1; for further details refer to
Suzuki et al. 2004}, This collection of PPR sequences enabled us,
for the first time, to precisely distinguish which parts of the ge-
nomic sequences correspond to the exonic regions, TSSs, and
upstream regions, Here we report our first large-scale comparative
sequence analyses of PPRs between human and mouse genes.

RESULTS

Sequence Comparison of Promoters Between Human
and Mouse Genes
We aligned the PPR sequences of 3324 pairs of human and mouse
genes over the regions proximal to the TSSs, from -1 kb to +200
bp (the TSS was designated as 0). The sequence identities calcu-
lated for these regions were 46% on average. Consistent with a
previous report (Waterston et al. 2002}, the average sequence
tdentity was the highest in the —100-bp to +100-bp region, and
it decreased as the distance from the T3Ss increased (Fig. 1A).
For the alignment, we used the sequence alignment pro-
gram LALIGN (Huang et al. 1992), because it is a relatively simple
local alignment program that is robust against gaps (a typical
example of the results is shown in Supplemental data Fig. 1). We

also used CLUSTALW (Thompson et al, 1994), which is one of
the most pepular global alignment programs, However,
CLUSTALW was inappropriate for our purpose. When
CLUSTALW was used for the alignment, a relatively short gap
disturbed the overall alignment in many cases (data not shown).

We further examined the sequence alignments and found
that the aligned sequences did not always cover the entire 1-kb
upstream region. Very frequently, the sequence alignments dis-
appeared at particular positions within the 1-kb regions, which
made the aligned parts look like “blocks” (a typical example is
iflustrated in Supplemental data Fig. 1), The boundary of the
block was defined as the most distal aligned region according to
the result of LALIGN, The observed patterns of gradually decreas-
ing average identities mainly accounted for the difference in the
frequency of the blocks covering the corresponding regions (Fig.
1B). The average length of the blocks was 510 bp (Fig. 2A). The
sequence identity inside the blocks was uniformly around 65%
irrespective of the block’s length (Fig. 2B,C). The overall se-
quence similarities of the upstream sequences were mainly de-
pendent on the length of the blocks. We performed similar
analyses using different parameters for gap-opening penalties
and gap-extension penalties. We observed essentially the similar
results unless the effects parameter changes resuited in disrup-
tion of the alignments themselves (for further details, see Supple-
mentat data Fig. 2).

We also examined whether this discontinuous manner of
the sequence conservation was specific to the PPRs using the
sequences of the nongenic regions. Positional information of the
putative syntenic regions of the human and mouse genomes
were obtained from UCSC Genome Browser and those regions at
least 100 kb apart from the so-called Ensembl regions were
selected (http://genome.ucsc.edu/goldenPath/14nov2002/
database/; Ensembl; and http://www.ensembl.org/; Ensembl).
Using the distal sequences (—1 kb to 200 bp) of those putative
“homologous” regions, a similar analysis was performed. As
shown in Figure 2D, the discontinuity of the sequence conserva-
tion was also observed in the nongenic regions throughout the
genome {for further details on these homelogous regions in the
nongenic regions, see Supplemental data Fig. 3).
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Block Structure in the Promoters
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shown. (B) Relation between length of the block and the average sequence identity within it, (C} Relation between percentile position within the block
and the average sequence identity, (D) Alignment of the nongenic sequences using LALIGN. The sequences ranging from —1 kb to + 200 bp of the
putative syntenic regions located in nongenic regions as in UCSC genome browser were aligned and the frequencies of the aligned nucleotides were
calculated at each of the positions. Vertical line represents the frequency of the nucleotide at the indicated position being located within the block. (Note
that the vertical axis in Figure 1 represents the frequency of the sequence “identity™).

Sequences Around the Distal Regions

of the Block Structure

We examined why the sequence alignments could not be further
extended at the edge of the blocks. It was rare that the alignments
were terminated at the positions of sequence gaps (incomplete-
ness in the genome sequencing} in either the human or mouse
genomes. In humans, 31% of the boundaries were flanked by
interspersed repetitive elements (Table 1). Of these, 16% corre-
sponded to Alu elements, which are primate-specific repetitive
elements (Mitchell and Tjian 1989; Deininger and Batzer 2002).
Similarly, in mice, insertion of repetitive elements was observed
for 20% of the boundaries, of which 8% were B1 elements, which
are Afu superfamily ¢lements in rodents. Taken together, in 46%
of the blocks, repetitive elernents were found at the boundaries in
either the human or mouse genome, For this population, it is
possible that the sequence alignments were disrupted because
the repetitive elements were inserted into otherwise continuous
regions. It was possible that LALIGN could not allocate “gaps” to
them in the alignments. To address this issue, we excised the
repetitive elements and generated the sequence alignments
again. Still, we could not identify sequence similarity signifi-
cantly greater than 30% in essentially any case. This is similar to
the results obtained from the analyses of the remaining 54% of
the edges of the blocks. In either case, the sequences outside of
the blocks seemed completely lost from the corresponding parts
of the counter genomes.

Sequences Are Conserved in a Block Manner

in the Promoters

To determine whether the observed block structures were derived
from algorithmic artifacts of LALIGN, we aligned the PPR se-
quences using another type of sequence alignment program,

SSEARCH (Smith and Waterman 1981; Pearson 1996). This pro-
gram is based on the simple Smith-Waterman algorithm and
gives the most precise alignments, though it is computationally
expensive. Using the SSEARCH alignments, we again observed
the similar block structures, and the sequence identities sharply
dropped just outside the blocks. In these cases, the results were
robust against changes of the parameters, as is the case for
LALIGN {also see Supplemental data Fig. 4).

When a similar analysis was performed using the sequences
around the 5'-end boundaries of the second excns (note that
PPRs were defined as the regions upstream of the first exons), the
SSEARCH scores dropped sharmply at the 5 ends of the exons (Fig.
3). Thus, the boundaries of the block structures were overlapped
with the exon-intron boundaries in these cases. The boundaries
between exonic and intronic sequences can be considered as
transition points from the regions where most of the sequences
play biologically significant roles to the regions where most of
the sequernces are biologically less relevant. Similasly, it can be
suggested that, in the promoters, most of the biologically signifi-
cant elements should be embedded inside rather than outside the
blocks. It was alsc significant that such discontinuity in the se-
quence conservation has frequently been observed in the proxi-
mal regions of both the boundaries of the blocks in the PPRs and
the exon-intron boundaries.

Differences in G+C Content and CpG Frequency
Between the Sequences Inside and Qutside the Blocks
We compared the G+C contents and the frequencies of the di-
nucleatides, CpG, between the sequences inside and outside the
blocks (Table 2). Promoters are frequently associated with the
G+C-rich regions with increased frequency of the CpG (Cross
and Bird 1995). For humans, when the sequences of 200 bp
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