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Modern biomedical research greatly benefits from large-scale genome-sequencing projects ranging from studies

of viruses, bacteria, and yeast to multicellular organisms, like Caenorhabditis elegans. Comparative genomic studies

offer a vast array of prospects for identification and functional annotation of human ortholog genes. We

presented a novel comparative proteomic approach for assembling human gene contigs and assisting gene

discovery. The C. elegans proteome was used as an alignment template to assist in novel human gene

identification from human EST nucleotide databases. Among the available 18,452 C. elegans protein sequences,

our results indicate that at least 83% (15,344 sequences) of C. elegans proteome has human homologous genes,

with 7,954 records of C. elegans proteins matching known human gene transcripts. Only 11% or less of C. elegans

proteome contains nematode-specific genes. We found that the remaining 7,390 sequences might lead to

discoveries of novel human genes, and over 150 putative full-length human gene transcripts were assembled

upon further database analyses.

[The sequence data described in this paper have been submitted to the GenBank data library under accession

nos. AF132936–AF132973, AF151799–AF151909, and AF152097.]

Over the past decade, important advances in large-

scale DNA sequencing have dramatically changed the

scope of biologic research and computation biology.

Complete genome sequences of viruses, bacteria, and

yeast have been obtained (Fleischmann et al. 1995; Fra-

ser et al. 1995; Goffeau et al. 1996), as has information

about the composition of the entire genome, gene

structure, gene regulation, and gene product functions

of these model organisms (Dujon 1996). The recent

completion of the C. elegans genome has marked an-

other milestone as the first completed genome from a

multicellular organism (The C. elegans Sequencing

Consortium 1998). Many important findings will be

generated by data mining through the whole 97 MB

genome sequences of this nematode (Chervitz et al.

1998). Another extraordinary and crucial genome se-

quencing project is the Human Genome Project (HGP),

formally proposed in 1993, and which started large-

scale DNA sequencing in 1997 (Collins and Galas 1993;

Olson 1993; Watson 1990). The goal of identifying all

human genes could be achieved by the year 2003 or

sooner (Collins et al. 1998). Biomedical investigators

will soon face new challenges in the post-genome era

once all human genes have been identified and char-

acterized through the HGP. Genes affecting human

diseases and biology will be easily identified and com-

prehensively studied (Rawlings and Searls 1997). In ad-

dition, comparative analysis between completed ge-

nomes from various organisms will provide a better

overview regarding the origin of life, phylogenomics,

and functional genomics (Tatusov et al. 1997). Critical

information on important motifs and functions of pro-

tein or on more complex genetic circuitry will be re-

vealed by such comparative genomics.

Expressed sequence tags (ESTs) are nucleotide se-

quences generated from single-pass cyclic deoxyribo-

nucleic acid (cDNA) sequences of the ends of randomly

selected clones from many different cDNA libraries

(Adams et al. 1991). The global nucleic acid databases,

such as GenBank, as of 1999 contained over one billion

bases in more than three million sequence entries, in-

cluding more than three million entries of ESTs in

dbEST (Boguski et al. 1993). This is a rich resource for

biomedical investigations involving gene identifica-

tion and characterization (Aaronson et al. 1996; Miller

et al. 1997). Bioinformation tools are being established

to access this enormous amount of data and to extract

functional and tissue-specific expression information

(i.e., data mining) (Pietu et al. 1999). Molecular clon-

ingin silico is becoming a primary procedure for many

laboratories to assemble full-length mRNA sequences

from dbEST following the identification of novel gene

fragments (Marchese et al. 1999; Rossi et al. 1997; Tao
3Corresponding author.
E-MAIL wenlin@ibms.sinica.edu.tw; FAX 886–2–2782–9142.

Methods

10:703–713 ©2000 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/00 $5.00; www.genome.org Genome Research 703
www.genome.org



et al. 1999). New human genes might also be identified

by searching EST databases with query sequences of

xenolog origins—we use the term “comparative gene

identification” (CGI) for such an approach in this ar-

ticle. However, there are still limitations inherent from

dbEST, which greatly reduce the effectiveness of such

an approach. Sequencing errors can result from many

of these methodologies due to automated-sequencing

methods and difficult templates, limitations on read-

able lengths of sequence, alternatively spliced tran-

scripts, and occasionally preprocessed mRNA or ge-

nomic DNA fragment contamination in cDNA librar-

ies. Gene transcripts are often fragmented and not

easily assembled into one continuous contig by using

nucleotide sequences as the primary alignment basis,

such as UniGene (Boguski and Schuler 1995; Schuler

1997) and HGI (Adams et al. 1995; White and Kerla-

vage 1996) databases. Therefore, a new strategy is nec-

essary to eliminate nucleotide sequence errors.

During evolution, protein primary sequences and

structures are often better conserved across species

than are nucleotide sequences (Eisen 1998). This is

largely due to the degeneracy in the genetic codon us-

age and confinement on protein functional domains

in primary sequences and tertiary frameworks (Gish

and States 1993). Ortholog genes from distantly related

species have often been discovered by protein se-

quence alignments, but not by nucleotide sequences

(Tatusov et al. 1997; Yuan et al. 1998). Therefore, our

CGI approach is beneficial, because it provides a better

alignment scaffold with protein sequence queries. In

this study, we propose to use the completed C. elegans

proteome as a template to assist human gene identifi-

cation and further EST dataset reductions. We use the

available C. elegans protein sequences (proteome) iden-

tified through the C. elegans genome project. With the

available 18,452 protein sequences analyzed, 7,954 se-

quences matched known human genes; ∼3,000 se-

quences were less informative; and the remaining

7,390 sequences might lead to identification of novel

human genes. Indeed, further analysis of these 7,390

sequences has thus far identified 150 novel human

full-length gene transcripts, verifying the effectiveness

of this comparative gene identification approach.

Results

Dataset Reductions and Error-corrections by CGI

Identification of ortholog genes provides important in-

formation about the functional and structural conser-

vation within these orthologs throughout evolution.

The concept of comparative gene identification (CGI)

has been previously used by many laboratories to

search for orthologous genes once a particular gene of

interest has been identified in another species. Instead

of evaluating one gene at a time, we used the available

C. elegans genome protein sequences (proteome) as a

scaffold for identifying novel human genes. A similar

approach was previously used to identify Drosophila-

related human ESTs with functional significance, al-

though the number of genes examined was smaller

than entire proteome of C. elegans in this study (Banfi

et al. 1996, 1997).

We created a Java-based computer program to au-

tomatically perform TBLASTN (BLAST version 2.0.4)

searches against HGI datasets (release 3.3) and for

analysis of these data. The TBLASTN algorithm was

originally designed for comparing protein sequence (C.

elegans proteome in this study) queries against trans-

lated nucleotide databases (dbEST; HGI; UniGene-

human). The main feature of our approach utilizes pro-

tein sequences as scaffolds to align and correct dbEST

entries. It is well known that dbEST entries often con-

tain errors from many sources (such as errors associated

with autosequencing methods). These mistakes pre-

vent the proper joining of two EST entries into a com-

plete contig by nucleotide-based assembly programs.

In addition, frame-shifting insertion or deletion of se-

quences often generates incorrectly translated prod-

ucts and thus greatly affects gene discovery and func-

tional annotations of ESTs through database interroga-

tions. Our CGI approach can be used in an endeavor to

correct some of these problems.

One example of the error correction potential of

the CGI approach is illustrated in Fig. 1a. A C. elegans

protein sequence of 264 amino acids (GenBank Acces-

sion number AF022982) was used as an initial query to

search the HGI database obtained from The Institute

for Genome Research (TIGR). This protein sequence

matched one HGI entry—THC195430. In the original

blast search report, two different reading frames

matched this C. elegans query with a high degree of

similarity (62% and 67%). One reading frame ended at

position 502 of THC195430 and matched amino acid

residue 159 of the C. elegans query protein (Fig. 1b). On

the other hand, a second reading frame started at

position 502 and matched amino acid residue 160 of

the nematode protein (Fig. 1b). Therefore, this ap-

proach identified a possible error at position 502 of

THC195430, consistent with a possible deletion or in-

sertion of one or two bases at position 502. To verify

this, the region around position 502 was evaluated and

compared with the human dbEST database. One EST

entry (X84715) was indicated among several possible

matches. This match was used to correct the reading

frame by inserting a carboxy nucleotide at position 502

(Fig. 1c), creating a continuous translatable reading

frame, which more effectively matched the C. elegans

query protein.

In several cases, two separated THC entries were

linked by a C. elegans protein scaffold and the gap se-

quences were determined by performing reverse-
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transcription-polymerase chain reaction (RT-PCR) ex-

periments with primers designed from each THC entry

(Fig. 1d). Nevertheless, it is invaluable to have the pos-

sible reading frame identified, which is essential for

further error correction attempts. Our CGI approach

offers a powerful solution to assemble fragmented ESTs

by providing putative translation reading frames. It is

possible to discover sequencing errors even in a single

EST entry as illustrated in Fig. 1a. This

represents a novel approach in compar-

ing and correcting dbEST errors and in

performing gene identification on the

proteome scale. Therefore, gene identifi-

cation is accelerated by further EST data-

base reduction. In addition, functional

annotation of the gene product is accel-

erated,because the CGI approach only fo-

cuses on the coding region by using pro-

tein sequences as initial queries. This

gene identification effort should prove to

be beneficial to the HGP.

Comparative Gene Identification

with C. elegans Proteome

We used 18,452 C. elegans protein se-

quences of the Wormpep dataset (blast

server version) as the initial query set to

search against TIGR/HGI database con-

taining 234,460 entries. TBLASTN pro-

gram was selected to compare protein

queries against DNA databases and de-

faulted BLAST parameters were used to

obtain high-stringency search results. All

search data were stored in a specially de-

signed FileMaker Pro database, referred

to as IBMS (Integrated Bioinformatics

Management System) as shown in Fig. 2.

This database was designed for better or-

ganization and easy manipulation of

gene sequences and integration of vari-

ous biological functional information.

There were different layouts designed to

store basic information (Fig. 2), nucleo-

tide and translated protein information,

the original C. elegans query protein in-

formation, and final translated product

BLASTP search results. The final contig

assembly information of each CGI gene

was recorded in the IBMS-CR layout. The

complete IBMS database for CGI genes

can be obtained by request or via anony-

mous ftp at 140.109.41.19. To analyze

BLAST results, we used simplified criteria

to classify C. elegans proteome genes into

several categories based on the first-

matched (often best-matched) THC en-

try. There were 7,954 records of C. elegans proteome

that matched known human gene sequences. Those

records (1,038) with very short peptide lengths (#100

a.a. residues) were rejected and not used as search que-

ries due to sensitivity limitations of the BLAST program

(Oliver et al. 1992). Although short open reading

frames and their gene products do exist in the Esch-

erichia coli and yeast genomes (Andrade et al. 1997;

Figure 1 Illustration of CGI gene identification by error correction and gap closure.
(a and b), A C. elegans protein sequence of 264 amino acids (AF022982) was used in
an initial search against the HGI database. Two different reading frames (frame-1 and
frame-2) in THC195430 matched the C. elegans query. Positions of amino acid resi-
dues on AF022982 are listed in bold, and positions of nucleotide sequences of
THC195430 are underlined. Please note the overlapping nucleotide sequence at
position 502 at both reading frames. (b) The TBLASTN results around position 502.
A high-level of similarity was observed at both reading frames. (c) Upon further
sequence analysis on dbEST, one dbEST entry (X84715) was used to correct the
reading frame by inserting a carboxy nucleotide at position 502 as indicated by the
arrowhead. A continuous translatable reading frame was generated following the
correction. (d) CGI gene identification by a gap closure procedure. In these cases,
two separated THC entries were linked by a C. elegans protein scaffold and the gap
sequences were determined by performing RT-PCR experiments with primers de-
signed from each THC entry.
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Wasinger and Humphery-Smith 1998), one would

need to use different BLAST parameters for their iden-

tification. Our main focus in this study was to generate

full-length continuous contigs by linking fragmented

ESTs. There were 2,070 records that did not produce

informative matches against the HGI database; some of

these proteins could represent genes specific to C. el-

egans. There were 7,390 records matched to THC en-

tries without genotype assignment; these might repre-

sent C. elegans orthologs of novel human genes.

Among these records, 3,456 genes had two or more

uncharacterized THC entries or long BLAST match ar-

eas in the first matched uncharacterized THC entry.

These genes were considered to be unique and novel

gene transcripts in the HGI database. The remaining

3,934 records might be assigned to possible new genes

or members of gene families, which contained ho-

mologous matches to known human genes.

In total, 15,344 out of 18,452 proteins were found

to have matched human THC entries. This indicates

that at least 83% of C. elegans proteome potentially

have human orthologs. This number is much higher

than the reported 36% matches when only 4,979 hu-

man sequences were used for comparison (The C. el-

egans Sequencing Consortium 1998). Our results were

attributed to the much larger human gene transcript

dataset used in our analysis. On the other hand, only

11% or less of the C. elegans proteome contains nema-

tode-specific genes (2,070 out of

18,452 sequences).

These results were similar to

our analyses performed with the

mouse EST data set (MGI). There

were 4,151 records of C. elegans

proteome matched to known

mouse genes; 11,407 records

possible matched novel genes;

and only 1,856 of 18,452 (10%)

genes that might be nematode-

specific when comparing the

mouse database. There were

15,558 out of 18,452 proteins

found to have matched mouse

THC entries. These results indi-

cate that at least 84% of C. el-

egans proteome potentially have

mouse orthologs. The numbers

were remarkably similar to those

presented for HGI searches. Ac-

curate numbers comparing C. el-

egans and human proteomes will

be obtained following the

completion of the HGP in the

near future. Nonetheless, our re-

sults indicated that most of the

C. elegans proteome were con-

served throughout its evolution to human and mouse.

150 Potential Full-length Novel Human Genes

Identified through CGI

One significant advantage of using this CGI approach

is in determining the starting position of a gene tran-

script with high-level conservation between some or-

thologs. Following the establishment of the IBMS C.

elegans database, we first examined the 7,390 C. elegans

Wormpep records for novel full-length human genes.

As expected, most THCs for matching required further

extension of their 58-ends to complete the coding re-

gion. However, some genes were found to have

nonoverlapping THC entries and lacked a middle seg-

ment. These represented excellent opportunities for

validating our CGI approach. If these nonoverlapping

THC entries were derived from a unique gene tran-

script, as suggested by our C. elegans protein scaffold,

we should have been able to close the gap sequence by

an RT-PCR approach as illustrated in Fig. 1d.

We therefore performed gap-closure experiments

to identify gap sequences by designing specific primers

from each end of the gap using THC sequence infor-

mation. We selected twelve genes containing possible

58-end initiation ATG sites and only one gap for assem-

bling full-length transcripts. Eleven out of twelve genes

were successfully amplified with this approach— CGI-

Figure 2 Illustration of IBMS CGI gene database. Following the determination of CGI genes,
more comprehensive analysis was performed to obtain the possible full-length nucleotide
sequences by dbEST searches; to determine the optimum open-reading frame; to search the
UniGene-human database for chromosome localization, tissue distribution, and EST matches;
and a final BLAST analysis to confirm its novelty and protein family annotation. All information
was then stored in a customized FileMaker Pro-based IBMS CGI gene database. Only the basic
layout is shown here. There are different easy-viewing layouts designed to store nucleotide and
translated protein information, the original C. elegans query protein information (possible
ortholog gene), the full-length contig assembly information and the final BLASTP search results.
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1, CGI-2, CGI-5, CGI-7, CGI-13, CGI-17, CGI-19, CGI-

27, CGI-40, CGI-41, CGI-42 (some of these are listed in

Fig. 3). YJ12405 was the only gene that did not yield a

successful product in the gap-closure experiment with

several attempts; this might be due to low or nonex-

pression of this gene in the human gastric cancer cell

line used. Among these genes, CGI-42 was recently re-

ported as the human protein serine/threonine phos-

phatase 4 regulatory subunit (Greller and Tobin 1999).

The CGI-42 gene contains 933 amino acids and com-

pletely matches the reported sequences, further vali-

dating our approach for identifying novel human

genes. More human genes might be identified by this

gap-closure procedure, as well as by the RACE method

to complete their 58-end sequences.

Following the examination of 7,390 records for

full-length human genes, more than 150 candidate

genes were identified: CGI-1 to CGI-151. All CGI gene

information was stored in a custom-built database—

the IBMS CGI database. Complete information for

each CGI gene was stored, including identification and

GenBank accession number, EST expression pattern,

chromosome localization ob-

tained from the UniGene-human

database, nucleotide and protein

sequences, C. elegans ortholog se-

quence, BLASTP results, the puta-

tive protein family annotation,

and the final contig assembly in-

formation. Potential functional

matches were noted f rom

BLASTP search results. There are

many CGI proteins matched to

yeast or C. elegans gene products.

Some of these are related to pro-

karyotic genes, such as Mycobac-

terirum dehydrogenase for CGI-

93. An example of a simple out-

put is illustrated in Fig. 3.

The identification of 150

full-length human genes with

bioinformatic resources in a rela-

tively short period of time could

serve as a contribution to the

HGP. It was not possible to verify

each nucleotide of every CGI

gene identified due to limited

laboratory resources, and there

may be some discrepancies in

nucleotide sequences due to in-

herited errors from EST entries or

single nucleotide polymor-

phisms. For example, CGI-8 and

CGI-71 were discovered later to

be the same transcript with only

three different base insertions in

different regions; this was con-

firmed by a new EST entry. It is

also possible that human CGI

genes contain much longer 58-

end sequences compared with C.

elegans genes, and we might not

have the complete coding region

for CGI genes at that point in our

study. In spite of these reserva-

tions, we are confident that most

CGI genes indeed contain their

Figure 3 Simplified output list of CGI genes used for tissue blot analysis by IBMS database.
They are CGI-1, CGI-2, CGI-7, CGI-13, CGI-17, CGI-19, CGI-27. The full list (CGI-1 to CGI-151)
can be obtained as IBMS database for CGI genes by request or via anonymous ftp at
140.109.41.19.
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full coding regions. Additional comparisons were per-

formed with CGI-1 to CGI-151, excluding CGI-71 as

stated above.

The degree of conservation between CGI genes

and their C. elegans orthologs surpasses our original

expectations. The average protein length of human

CGI genes is 304 amino acids; their C. elegans counter-

parts have an average length of 312 residues. The larg-

est protein from CGI analysis has 933 amino acids and

the shortest has 106 residues. The protein-length dis-

tribution of CGI-1 to CGI-151 is illustrated in Fig. 4a.

The only protein length that lies outside the figure is

CGI-142, which contains only 203 amino acids,

whereas the original C. elegans ortholog is 1,095 amino

acids. However, the CGI-142 sequence matched to that

of the amino-terminal sequence of the C. elegans pro-

tein. We consider this a full-length gene because of its

BLASTP matches to human and mouse hepatoma-

derived growth factors, which are 240

and 237 amino acid residues in length.

These known growth factors also shared

76% similarity with CGI-142 through-

out the protein sequence with a higher

degree of similarity at their amino-

terminal (not shown). Perhaps CGI-142

should be considered a parallel of hu-

man hepatoma-derived growth factor.

Another possibility is that the large

1,095 amino acid C. elegans protein may

be mispredicted or may be generated as

a result of gene restructuring that oc-

curred during evolution.

Following BLASTP analysis under

default conditions (but with the filter

option off), the average matched-residue

number is 255, with the range from 85

to 692 residues (Fig. 4b). This indicates

that close to 84% of the primary protein

framework of individual CGI proteins

(255/304 a.a.) is similar to that of C. el-

egans orthologs. The homology between

human CGI genes and C. elegans genes is

approximately 41% (20% to 71% in

range) and similarity is even more strik-

ing at 59% (34% to 87%), as shown in

Fig. 4c. This high degree of conservation

is another validation of our CGI ap-

proach. It is likely that the high-

stringency default BLAST parameters

used here would lead to identifying CGI

genes with higher similarities. It will be

interesting to use various BLAST settings

in our program for future CGI gene iden-

tifications and to further refine these

comparative evaluations.

Tissue Expression Profiles on Selected

CGI Genes

To demonstrate expression of CGI

genes, hybridization experiments were

performed with a human tissue Master

Blot from CLONTECH (Palo Alto, CA). In

Fig. 5, gap-closure fragments from CGI-

7, CGI-17, and CGI-27 genes (listed in

Fig. 3) were used as probes for hybridiza-

Figure 4 Analyses of human CGI proteins and their original C. elegans protein
queries. (a) Protein length. (b) Matched areas of sequence length. (c) Similarity per-
centage. Analyses were performed for protein length and BLAST results of CGI-1 to
CGI-151 (excluding CGI-71, which is almost identical to CGI-8 with three bases in-
serted). The average length of human CGI genes is 304 amino acids (106∼ 933). C.
elegans proteins have an average length of 312 residues (107∼1160). Matched areas
from BLAST analysis results averaged 255 residues (85∼692). The average homology
percentage is 41% (20%∼71%) and the average similarity percentage is 59%
(34%∼87%).
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tion against human tissue blots. All three genes were

expressed in most tissues. CGI-27 is more abundant in

many tissues compared to CGI-7 and CGI-17, correlat-

ing with its dbEST matches (48 matches vs. 20 matches

for CGI-17). CGI-7 codes for a 503 amino acid protein

similar to a yeast nonsense-mediated mRNA decay pro-

tein. It is expressed more in fetal heart, fetal kidney,

fetal liver, fetal lung, placenta, liver, salivary gland, pi-

tuitary gland, pancreas, stomach, and heart (Fig. 5a).

CGI-17 encodes a 385-residue protein similar to Dro-

sophila pelota protein. It is expressed more abundantly

in fetal kidney, fetal spleen, fetal lung, placenta, lung,

spleen, kidney, and adrenal gland (Fig. 5b). CGI-27

codes for a 297 protein similar to a hypothetical yeast

protein. It is most expressed in testis, thymus, skeletal

muscle, and placenta (Fig. 5c). In summary, these

genes seemed to be ubiquitously expressed. Tissue dis-

tribution prediction based on UniGene information (as

shown in Fig. 3) did not always match well with the

hybridization results. It is likely that coverage of cDNA

libraries in dbEST-human is not comprehensive

enough, although there were more than a hundred li-

braries. Many cDNA libraries were derived from tumor

tissues and cell lines, which may have altered gene ex-

pression patterns. For low abundance transcripts, they

might not be properly represented in the EST libraries

with fewer clones sequenced. Therefore, predicting tis-

sue expression patterns with UniGene information

could be used for reference only. On the contrary, the

numbers of EST entries in dbEST (as listed in Fig. 3)

seemed to reflect better the general expression level of

the identified CGI genes (Fig. 5).

To validate the actual message transcript sizes, we

selected four more gap-closure fragments—CGI-1, CGI-

2, CGI-13, CGI-19 from Fig. 3–for human tissue north-

ern blot analysis, as shown in Fig. 6. CGI-2 encodes a

692 amino acid protein similar to E. coli glucose-

inhibited division protein A. It is expressed primarily

in heart, skeletal muscle, kidney, and liver (Fig. 6a).

CGI-19 is expressed mostly in kidney, liver, and pla-

centa (Fig. 6b); it is related to the human UDP-

galactose transporter-related isozymes. CGI-1, related

to bovine endothelin-converting enzyme-2, codes a

642 amino acid protein. It is expressed in testis, liver,

heart, and thyroid (Fig. 6c). CGI-13 (455 amino acids)

is similar only to a C. elegans protein. It is expressed in

testis, kidney, pancreas, liver, heart, thyroid, spinal

cord, and adrenal gland (Fig. 6d). Overall, our results

confirm the tissue-restrictive expression of these genes.

In addition, the molecular weights of mRNA tran-

scripts also validate the full-length nature of these CGI

genes. The nucleotide sequence lengths (without

polyA tails) of CGI-1 is ∼2.3kb; CGI-2 2.5 kb; CGI-13

2.0 Kb; and CGI-19 1.3 Kb. Only CGI-19 is smaller than

the expected value from northern blots, whereas the

others matched the sizes predicted from northern

blots. An alternative mRNA was noted for CGI-1 (Fig.

6c, upper band), for which the precise mechanism of

generation has yet to be determined. However, we did

observe alternatively transcribed mRNAs in the gap re-

Figure 5 RNA master blot analysis of CGI genes in human tis-
sues. Master tissue blots were hybridized with cloned RT-PCR-
amplified fragments of human CGI genes as indicated. (a) CGI-7.
(b) CGI-17. (c) CGI-27. The exposure time for each blot was 3
days for A, 7 days for B and 20 hours for C. The tissue distribution
on the blot from left to right in order (1–8) was: A, whole brain;
amygdala; caudate nucleus; cerebellum; cerebral cortex; frontal
lobe; hippocampus; medulla oblongata. B, occipital pole; puta-
men; substantia nigra; temporal lobe; thalamus; subthalamic;
nucleus; spinal cord. C, heart; aorta; skeletal muscle; colon; blad-
der; uterus; prostate; stomach. D, testis; ovary; pancreas; pitu-
itary gland; adrenal gland; thyroid gland; salivary gland; mam-
mary gland. E, kidney; liver; small intestine; spleen; thymus; pe-
ripheral leukocyte; lymph node; bone marrow. F, appendix, lung,
trachea, placenta. G, fetal brain; fetal heart; fetal kidney; fetal
liver; fetal spleen; fetal thymus; fetal lung. H, yeast total RNA;
yeast tRNA; E. coli rRNA; E. coli DNA; Poly r(A); human C0t DNA;
human DNA; human DNA.
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gions of CGI-5, CGI-40, and CGI-41 genes (not

shown).

In conclusion, our studies have successfully iden-

tified 150 new human genes through a bioinforma-

tion-based approach to mining the current human EST

databases. This CGI approach provides a new and pow-

erful way for assembling human gene contigs without

de novo sequencing by offering a protein primary se-

quence based scaffold from xenologous proteomes.

Discussion
With completion of the C. elegans ge-

nome project in 1998, biologists now

have a powerful model organism for

studying functions, regulations, and in-

teractions of genes in an entire genome of

higher eukaryotics. Following detailed

bioinformational analysis, enormous

amounts of valuable information on

complete gene sets in constituting multi-

cellular organisms will be revealed and

thus will change our perspective on bio-

medical research (The C. elegans Sequenc-

ing Consortium 1998). Entire gene fami-

lies [such as G proteins (Jansen et al.

1999) and nuclear receptors (Sluder et al.

1999)] can be rapidly identified and ex-

amined in greater detail in C. elegans and

offer a better overview on gene functions

and regulations during development.

With the completion of the HGP in sight,

we will soon be able to perform similar

functional genomic studies with human

gene families. However, we first have to

identify all expressed human genes from

genomic sequences, which is estimated to

be about 5% of the entire genome. This

task will be significant and essential in

the next few years, and a substantial

amount of work is now devoted to gene

prediction (reviewed in Claverie 1997).

Among more than a dozen gene-

prediction bioinformation programs,

none of them claims to be completely ac-

curate. Wrongly predicted genes were re-

ported in the nuclear receptor gene fam-

ily in C. elegans (Sluder et al. 1999). A

combination of several programs has

been proposed to improve the prediction

efficiency and reliability (Lin et al. 1999;

Murakami and Takagi 1998). Nonethe-

less, experimental approaches will con-

tinue to be desirable for final verification

of expressed transcripts.

In addition, predictions of alterna-

tively transcribed messages expressed at

various developmental stages remain im-

possible hurdles to the existing gene prediction pro-

grams. At this point, ESTs represent an alternative and

wealthy resource in assisting gene identification and

annotation in genomic sequences (Bailey et al. 1998).

EST-based gene-indexing projects are extremely useful

in functional genomic studies by providing early gene

discovery and expression profiles (Burke et al. 1998;

Marra et al. 1999). However, nucleotide-based cluster-

ing methods are greatly limited by errors generated in

Figure 6 Northern blot analysis of CGI genes in human tissues. Multiple tissue
blots were hybridized with cloned RT-PCR-amplified fragments of human CGI genes
as indicated. (a) CGI-2. (b) CGI-19. (c) CGI-1. (d) CGI-13. A and C were exposed for
4 days, whereas B and D were exposed for 10 days. Approximately 2 µg poly(A) RNA
from these tissues was loaded in each lane. Tissues are indicated above each lane (BR:
Brain, HE: Heart, S.Mu: Skeletal Muscle, CO: Colon, TH or THYM: Thymus, SP:
Spleen, KI: Kidney, LI: Liver, S.IN: Small Intestine, PL: Placenta, LU: Lung, PBL: Pe-
ripheral Blood Leukocyte, PA: Pancreas, PR: Prostate, TE: Testis, OV: Ovary, ST:
Stomach, THYR: Thyroid, S.CO: Spinal Cord, LY.N: Lymph Node, TR: Trachea, AD.G:
Adrenal Gland, B.MA: Bone Marrow) and the marker sizes are 9.5 kb, 7.5 kb, 4.4 kb,
2.4 kb and 1.35 kb.
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the autosequencing process and others. Our proteome-

based CGI approach offers alternative scaffolds for

identification of possible reading frames and sequence

corrections of ESTs. The most significant contribution

of the present study is the linking of fragmented ESTs

by providing gap closure scaffolds. Another advantage

of this approach is the identification of possible full-

length gene transcripts, which is an important and

challenging task in bioinformation-based in silico

cloning projects. Although it is necessary to verify the

translation initiation sites by experiments, our method

provided a simple, fast, and economical technique to

predict the start site of a translated open reading frame.

In addition to the 150 genes identified here, more full-

length genes could be identified with more EST infor-

mation and with 58-RACE experiments. We assumed

that most highly conserved orthologous genes main-

tain their protein frameworks, including the approxi-

mate length of amino acid residues. It is possible that

some genes acquire or lose functional domains during

evolution (orthologs) and expansion (paralogs), and

consequently the overall size of the encoded protein is

severely changed. Alternatively, CGI could misjudge

the initiation ATG site and the entire coding region of

a transcript. One approach to improve prediction ac-

curacy is to investigate the framework of a particular

protein by adopting phylogenic analysis on conserved

orthologs among completed genomes. This would also

assist functional annotations on the identified human

genes (Wu et al. 1998).

By utilizing UniGene-human and HGI databases,

we reduced much of our efforts with already clustered

consensus sequences. However, authentic nucleotide

sequences of expressed transcripts in cells require vali-

dation by bench work due to existing errors or poly-

morphisms in ESTs. Nucleotide sequences of CGI genes

might not be accurate at a single base level, because we

used mostly ESTs from various libraries. Such single

nucleotide polymorphisms have received much atten-

tion lately and most discoveries regarding gene diver-

sity has been based upon EST information (Buetow et

al. 1999; Cargill et al. 1999; Picoult-Newberg et al.

1999). In the present study, we tried to establish con-

sensus nucleotide sequences out of possible useful ESTs

first, which potentially incorporated different poly-

morphic sites into one gene transcript in some cases.

This issue needs to be resolved by cloning and sequenc-

ing experiments; our main purpose here is to discover

new human genes and obtain authentic nucleotide se-

quences.

Our approach identifies the possible initiation site

of a coding region but does not pinpoint the mRNA

starting position in one transcript. This is extremely

difficult to do for most genes and requires extensive

investigation to confirm the transcription starting

sites. With the completion of HGP, this situation will

be improved. Currently, it is more valuable to identify

the coding regions and elucidate the functions of the

genes. As gene discovery and annotation will be central

to the human genome project in the next few years,

our comparative proteomic CGI approach should serve

as a critical and complementary method for identify-

ing novel human genes through EST databases.

Methods

Query Sequences, Databases, and Blast Searches

The initial query sequence was obtained from the special

Wormpep release for the C. elegans blast server at Sanger Cen-

ter (Hinxton Hall, U.K.); it contained 18,452 protein se-

quences. The HGI data set (release 3.3) and MGI data set (re-

lease 1.0), containing 234,460 and 75,094 entries, respec-

tively, were obtained from TIGR (Rockville, MD). These sets

were formatted for our local blast server. BLAST server pro-

gram (version 2.0.4) was obtained from NCBI and established

locally on our SGI origin 200 server. Default TBLASTN param-

eters were used for analysis (e=10, v=50, b=50, and w=0). Java-

written computer programs, executed on a Sun ultra-1 com-

patible clone, were designed to extract protein sequences

from the original Wormpep data set; perform TBLASTN

searches against the HGI database on our local server; and

extract information from blast reports for subsequent analy-

ses. We initially designed the program with simple rules to

uncover two different THC entries linked by a single C. elegans

protein. Later we modified the program to include long open-

reading frames within one THC entry matched to the C. el-

egans protein as stated below. The programming rules are

briefly summarized here. Because of the limitation on com-

paring short sequences, our program rejected C. elegans pro-

tein sequences with less than 100 amino acid residues. The

program then selected the remaining protein sequences for

TBLASTN search against HGI database. If the first significant

BLAST match contained a gene description, we classified this

query to have a known human ortholog. If the first BLAST

match did not have a description and showed more than 50

matched amino acid residues, we considered this query to

represent a potential novel ortholog gene. The remaining re-

sults were considered as not informative, because they con-

tained no significant BLAST matches or only short matched

areas.

In Silico Cloning

New human genes were manually inspected and full-length

candidates were identified by assembling THC entries and

new dbEST matches with the aid of MacVector software (Ox-

ford Molecular Ltd., Oxford, U.K.). Error corrections manually

within THC entries were necessary for most genes identified

to establish full-length contigs. Automation of this process is

now in progress. Since the C. elegans protein sequence was

utilized as a scaffold in our search, we could identify the cor-

rect reading frame and used other EST matches to verify the

THC sequences. Corrections were made to produce the

matching translation sequences according to the C. elegans

proteins. In some cases, human EST matches did not provide

the necessary information and therefore mouse EST entries, if

available, were used as the secondary scaffold. Mouse ESTs

were also used as cross-references in searching for ATG initia-

tion sites in human CGI genes. Additional database searches

against the UniGene-human database provided information

Gene Identification by Comparative Proteomics

Genome Research 711
www.genome.org



about possible tissue expression patterns and chromosome

localizations. Functional annotations were made by BLASTP

searches against GenBank protein data sets with final full-

length CGI protein sequences. All information was stored in a

FileMaker database program and made available as compact

discs upon requests or through an anonymous ftp server at

140.109.41.19. The nucleotide sequence reported in this pa-

per has been deposited in the GenBank database under acces-

sion no. AF132936 to AF132973, AF151799 to AF151909 and

AF152097.

RT-PCR and Primers for Gap Closure Experiments

Many new genes contained gaps between THC entries or EST

records. Instead of waiting for new EST entries, we used ex-

perimental approaches to identify the sequences within the

gap. Gap closure experiments were performed by a RT-PCR

method to link these separated THC entries together. We se-

lected twelve genes containing only one gap, as well as pos-

sible initiation ATG start sites. Primer pairs were designed

from each end of the gap sequences. The sequences of each

primer are listed below:

CGI-01F: CATCTCCCTGGCTCAGGCTCAC

CGI-01R: CAACCTCCTGAAGCCAGCACTG

CGI-02F: CTTCCTTTGGTGGCATCGGAAAG

CGI-02R: GAGTCAAGTAACATGGCAGCTG

CGI-05F: GCCTCCATTCTAGAGGAAGTG

CGI-05R: GGCAGGTGGATCTGTTTACAG

CGI-07F: TCAACCACCAGGAACTTGG

CGI-07R: CTGGAACTCTATCTGAGTTC

CGI-13F: GGCAGGAGCCTTCCTTACA

CGI-13R: GAAGGAAATGTGTTGGGAC

CGI-17F: CATGAAGCTCGTGAGGAAGAACATCGAG

CGI-17R: GCAGATATGGGCGAGGCCTTC

CGI-19F: GCTGGTACCTTACCTTAGTGCAG

CGI-19R: GGGCCAATCACTGTCTATACAGC

CGI-27F: GATGTCCAACCGAGTGGTCTGC

CGI-27R: CTTCAGTGGACCGTGAGTGCTC

CGI-40F: GTATGAGTTCCCTGAAGGCGTGG

CGI-40R: CAAACGATGCAGAGCAGGGGGATG

CGI-41F: GGGTTGATGGTGAAGAGCATCG

CGI-41R: GTAGAGCCAGGCTGAAGAAGG

CGI-42F: CCTTCACGTTGGGTTCGCCAAGC

CGI-42R: AGTTCTCCTTTCCTCATCAGGGC

We used two pairs of primers for YJ12405 gene but did

not obtain any PCR products.

YJ12405F: CCAACACCTACTCCTACCACAAAG

YJ12405R: GTTTATTTGCCACCTCCGCCTCCT

YJ12405F2: GGGTACTCAGAAGTGATCTACGG

YJ12405R2: CTTCCTTCAGCAGGTGTTC

cDNA was prepared from a human gastric cancer cell line

(Lin et al. 1998). Briefly, reverse transcription was carried out

with 2 µg total mRNA, oligo (dT)15 and Moloney murine

leukemia virus (MMLV) reverse transcriptase obtained from

Promega (Madison, WI). The quality of RT products was ex-

amined by agarose gel electrophoresis and by PCR reaction

with GAPDH-specific primers. The PCR primer pairs were used

to amplify the gap regions. The PCR reactions were conducted

at 94°C for 5 minutes, 35 cycles of 94°C for 15 seconds, 58°C

for 30 seconds, and 70°C for 2 minutes, and final extension

phase at 72° C for 10 minutes with a Perkin Elmer 2400 PCR

thermocycler and Takara Taq polymerase (Shiga, Japan). The

final PCR products were analyzed with 1% agarose gel elec-

trophoresis. The amplified fragments were eluted from the gel

and subcloned into pCR2.1 T/A cloning vector from Invitro-

gen (Carlsbad, CA). Following the cloning procedure, several

clones were randomly selected, purified and their sequence

determined by an ABI 377 autosequencer in our Institute’s

core facility.

Tissue Distribution Analysis

For tissue expression and distribution analysis, multiple tissue

mRNA blots (MTNI-III, and MTN 12 lane) and RNA human

master blots were obtained from Clontech (Palo Alto, CA).

Fragments that were 32P-labeled from verified gap-closure

clones (CGI-1, 2, 7, 13, 17, 19, 27) were used for hybridization

reactions following the recommended hybridization proto-

cols from the supplier.
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