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ARDLY a month goes by without a report that
some new gene for a human disease has been

cloned. Recently, for example, the genes responsible for
ataxia–telangiectasia and early-onset Alzheimer’s dis-
ease were isolated. In the final analysis, such studies al-
ways come down to a DNA sequence and whatever bi-
ologic function (or functions) we can infer from it. In
other words, we may know from genetic-linkage studies
that a particular gene sequence (in mutated form) is re-
sponsible for a disease, but what clues can a DNA se-
quence provide about the precise pathophysiology of
that disease? Overwhelmingly, the answer now lies in a
specialty known as computational biology (sometimes
called “bioinformatics”). The main procedure used in
this field is comparative sequence analysis by data-base
homology searching.

Homology, strictly speaking, means structural simi-
larity due to descent from a common ancestor and is
usually used in an anatomical context, as when one
states, for instance, that the human arm is homologous
to the whale’s fin. In the context of molecular biology,
two DNA (or protein) sequences are said to be homol-
ogous if they are sufficiently similar to suggest that
they are derived from a common ancestral gene and
thus may be similar in function. The alpha and beta
subunits of hemoglobin and myoglobin are all homolo-
gous sequences, for example. When one isolates a new
gene, the very first step in its analysis is a search for
homologues that may shed light on the new sequence
by virtue of inferred structural and biochemical simi-
larities among the gene products. I will present some
specific cases below, but first I will describe the infra-
structure that is necessary to support this activity,
which is carried out thousands of times every day by re-
searchers throughout the world.

There are three main components of homology
searching: public data bases of DNA and protein se-
quences, computer algorithms and programs for search-
ing these data bases, and the Internet, which connects
individual research laboratories to these centralized
data repositories and software tools. GenBank is a
comprehensive data base of DNA and protein sequenc-
es assembled and distributed by the National Center
for Biotechnology Information (NCBI) at the National
Library of Medicine. GenBank (along with its interna-
tional collaborators, the Data Library of the European
Bioinformatics Institute and the DNA Database of Ja-
pan) contains all publicly available information on gene
and gene-product sequences and is updated daily. Gen-
Bank currently contains information on 492,483 DNA

sequences comprising 354 million nucleotide bases and
representing more than 11,000 biologic species. New
human DNA sequences are added to the data base at a
rate of 1500 per day.

A GenBank record consists of not only the DNA se-
quence itself but also a unique identifier (known as the
accession number) and a biologic annotation of the
sequence’s features, such as exons and introns for
genes and coding regions for messenger RNAs. The
annotation includes literature citations, and through
its Entrez system, NCBI provides direct connections to
Medline records, a taxonomy data base, and (when
available) the three-dimensional structures of proteins
encoded by genes. All this information is available on
CD-ROM and over the Internet and World Wide Web.
Access is by electronic mail, file-transfer software
(“anonymous ftp”), and browsing software such as
Netscape Navigator and NCSA (National Center for
Supercomputer Applications) Mosaic. One can search
for a sequence by key words or author’s name. But one
of the most powerful methods is to conduct a homolo-
gy search with the Basic Local Alignment Search Tool
(BLAST).

BLAST is a sophisticated computer program capable
of rapidly detecting even very distant sequence similar-
ities in a statistically rigorous manner. Typically, one
sends a “query sequence” (e.g., a new gene sequence)
over the Internet to NCBI, where powerful computers
compare this sequence with every sequence in Gen-
Bank and report the results, usually within minutes
(Fig. 1). The results consist of a list of matching se-
quences, the statistical significance of the matches, and
alignments between the query and matching data-base
sequences. It is difficult to overestimate the importance
of this technique; it has been used in the analysis of vir-
tually every DNA or protein sequence ever determined.
Homology searching is available at a number of sites
throughout the world; NCBI alone processes approxi-
mately 10,000 search requests daily.

One of the most remarkable facts about homology
searching is that it is capable of detecting relations
among genes that span more than a billion years of mo-
lecular evolution. When a new human gene is cloned, a
GenBank search may identify the corresponding gene
from another species, and chances are good that bio-
chemical information about the nonhuman gene prod-
uct will provide insight into human disease. For exam-
ple, a gene responsible for hereditary nonpolyposis
colon cancer is homologous to a yeast gene encoding an
enzyme that repairs mismatching (mutated) bases in
DNA. This observation resulted from a data-base search
and greatly advanced our understanding of the causes
of cancer. There are many other genes for human dis-
eases that have homologues in yeast (e.g., the genes for
cystic fibrosis and neurofibromatosis type 1), with the
known function of the yeast gene product providing a
crucial insight into the disease. Thus, the real value of
homology searching is that it makes synergistic connec-
tions between disparate research activities for which no
common ground was even suspected.

A recent and dramatic example of this phenomenon
is the successful hunt for the gene responsible for atax-
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ia–telangiectasia. This disorder is characterized by
progressive cerebellar ataxia in early childhood, im-
munodeficiency, and a predisposition to lymphoid tu-
mors and other cancers. Although ataxia–telangiecta-
sia is a rare autosomal recessive disorder, about 2.5
million people in the United States are heterozygous
carriers of the gene for the disease, and these people
have increased radiosensitivity and a dramatically in-
creased risk of several cancers, particularly breast can-
cer in women. When the gene for ataxia–telangiec-
tasia was finally cloned, after an 18-year effort, a
homology search with BLAST revealed in minutes that
the gene is biochemically related to a number of yeast
enzymes (phosphatidylinositol 3-kinases) critical for
cell growth and DNA repair. The search also showed
that the gene product is related to other human pro-
teins that are the intracellular targets for the immuno-
suppressive agents tacrolimus (FK 506) and sirolimus
(formerly called rapamycin). Thus, in a single stroke,

homology searching revealed biochemical explana-
tions for the phenotypes observed in patients with
ataxia–telangiectasia.

The comparison of human genes with those of model
organisms such as bacteria, nematodes, and yeast thus
provides important insights into the pathophysiology of
human disease. For this reason, the Human Genome
Project encompasses the sequencing of genomes for
several such organisms. The genome of the bacterium

 

Haemophilus influenzae 

 

has 1.8 million base pairs of
DNA encoding 1743 genes, and its sequence was re-
ported in July 1995. The genome of the yeast 

 

Saccharo-
myces cerevisiae 

 

is composed of 12.5 million base pairs of
DNA encoding approximately 6000 genes, and the
work on its sequence will be completed by January
1996. The genome of the nematode worm 

 

Caenorhabdi-
tis elegans 

 

contains 100 million base pairs of DNA
encoding approximately 15,000 genes, and the work
on its sequence is scheduled for completion by the

 

Figure 1. Data-Base Homology Searching on the Internet.
Data-base homology searching is carried out more than 10,000 times per day by researchers throughout the world to determine wheth-
er a DNA or protein sequence (the “query sequence”) resembles any previously described genes or gene products. With the use of
electronic mail, World Wide Web browsing software, or other types of client–server computer programs, the query sequence is sent
over the Internet to server computers at the National Center for Biotechnology Information in Bethesda, Maryland. With the use of the
BLAST program, the query sequence is compared with all the sequences in GenBank, and a report of matching sequences is returned
to the sender. The entire process usually takes only a few minutes. In the example shown here, BLAST takes a nucleotide sequence
and, using the genetic code, translates it into a predicted protein sequence before performing the data-base search. The report on the
search aligns the query sequence with matching sequences, to maximize the number of matching letters (nucleotide bases or amino
acid residues). Such alignments also come with P values for the likelihood that these matches could have occurred by chance. In the
case of the ataxia–telangiectasia gene product, the protein matched several yeast proteins with P values in the range of 10
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The example shows an alignment between a region of the ataxia–telangiectasia gene product and another protein, with amino acid

residues indicated by their three-letter codes. Amino acid residues that are identical in the two proteins 

GenBank

Bethesda, Md.

Tel Aviv, Israel

. . . Ile Val Gly Tyr IIe Leu Gly Leu Gly Asp . . .

. . . Val Ile Thr Tyr Ile Leu Gly  Ile   Gly Asp . . .

. . . ATTGTTGGTTACATACTTGGA . . .

Sackler School
of Medicine

Medline

Medline records
from Entrez

Protein-sequence alignment
from BLAST

DNA sequence of the ataxia–telangiectasia gene

World Wide Web

 

are shown in green rectangles.
For a full interpretation of the results of the homology search, it is necessary to examine the literature concerning all biologic aspects
of the matched sequences. This step is conveniently performed over the Internet with the Entrez system, which integrates GenBank
sequences with Medline records, three-dimensional models of protein structures, and other information resources. Entrez uses Inter-
net-based client–server programs and graphic interfaces to provide “point and click” integrated information retrieval on most popular
computer systems. BLAST and Entrez are available free on the World Wide Web at the following address: http://www.ncbi.nlm.nih.gov/.
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end of 1998. The human genome consists of 3 billion
base pairs of DNA encoding approximately 50,000 to
100,000 genes and will be completed sometime be-
tween 2001 and 2005. Consequently, GenBank will con-
tinue to grow exponentially, and gene hunting, with
comparative analysis by data-base homology searching,
will be a mainstay of biomedical research well into the
21st century. Sequence analysis will find new and ex-
panding applications in molecular diagnosis, vaccine
and drug development, and gene therapy.
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IMAGES IN CLINICAL MEDICINE

Images in Clinical Medicine, a weekly 

 

Journal

 

 feature, presents clinically important visual
images, emphasizing those a doctor might encounter in an average day at the office, the
emergency department, or the hospital. If you have an original unpublished, high-quality
color or black-and-white photograph representing such a typical image that you would like
considered for publication, send it with a descriptive legend to Kim Eagle, M.D., University
of Michigan Medical Center, Division of Cardiology, 3910 Taubman Center, Box 0366, 1500
East Medical Center Drive, Ann Arbor, MI 48109. For details about the size and labeling of
the photographs, the requirements for the legend, and authorship, please contact Dr. Eagle
at 313-936-5275 (phone) or 313-936-5256 (fax), or the 

 

New England Journal of Medicine

 

 at
images@edit.nejm.org (e-mail).
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