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Summary: The completion of draft sequences of the human and mouse
genomes offers many opportunities for gene discovery in the field of
immunology through the application of the methods of computational
genomics. One arm of the innate immune system includes the anti-
microbial peptides that protect multicellular organisms from a diverse
spectrum of microorganisms. The b-defensins comprise an important
family of mammalian antimicrobial peptides. To better define the b-de-
fensin gene family, we developed an approach to search genomic data-
bases for conserved motifs present in the b-defensin family using
HMMER, a computational search tool based on hidden Markov models
(HMMs), in combination with the basic local alignment search tool. The
approach was first used to identify candidate second-exon coding re-
gions, and later applied to finding associated first exons. This strategy
discovered 28 new human and 43 new mouse b-defensin genes in five
syntenic chromosomal regions. Within each syntenic cluster, the gene
sequences and organization were similar, suggesting that each cluster pair
arose from a common ancestor and was retained because of conserved
functions. These findings demonstrate an important proof-of-principle
for a genome-wide search strategy to identify genes with conserved
structural motifs. Such an approach may be readily adopted to address
other questions of relevance to immunology.

Introduction

Multicellular organisms have been obliged to develop multifa-

ceted innate and adaptive immune systems to cope with the

challenges to survival originating from microorganisms and

their products. The diversity and breadth of innate immune

mechanisms are in large part conserved in all multicellular

organisms (1). Some basic principles of microbial recog-

nition and response are emerging, and recently, the appli-

cation of computational genomics has played an important

role in extending such observations from model organisms,

such as Drosophila, to higher vertebrates, including humans.

For use in this review, we consider computational genomics

as the application of computer-based algorithms/techniques
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to address genome-scale problems of biological interest.

Computational approaches are now established, and evolving

laboratory technologies allow investigators to ask questions

on a genome-wide scale. Fundamental observations leading

to the identification of receptor families involved in the recog-

nition of key components of microorganisms had their gen-

esis in studies of Drosophila (2–4). The discovery that signaling

cascades activated via the Drosophila Toll gene product induce

the expression of antimicrobial peptides stimulated the search

for similar pathways in mammals (5). The application of basic

local alignment search tool (BLAST)-based searches in ex-

pressed sequence tag (EST) databases yielded a variety of

mammalian Toll-like receptors (TLRs) that are now recog-

nized as key first-response components of the innate immune

system (6). More recently, the identification of mutations in

Drosophila causing loss-of-function phenotypes characterized

inactivation of specific inducible antimicrobial and antifungal

peptides and led to the identification of a novel family of

peptidoglycan recognition proteins (PGRPs) (7–9). Again,

application of the BLAST technique identified human homo-

logs of this new family of microbial pattern recognition re-

ceptors (10, 11). In our current studies of the innate immune

system, we applied techniques of computational genomics to

extend our understanding of the b-defensin family of anti-

microbial peptides through gene discovery (12).

The defensins comprise a family of peptides whose broad-

spectrum antimicrobial activity contributes to innate immune

defenses across a wide range of species (13). Their expression

in groups as diverse as plants, insects and vertebrates suggests

that defensins represent an ancient and conserved mechanism

by which organisms combat infection (14). Three classes of

defensins have been identified in vertebrates. The a-defensins

are expressed in neutrophils as well as macrophages and

Paneth cells of the intestine (15). The q-defensins, which fea-

ture a unique cyclic structure, have only been identified in

leukocytes of rhesus macaques to date (16). The third group,

the b-defensins, are found in many mammalian species as

secreted products of leukocytes and epithelial cells in several

tissues, including the skin (17, 18), tongue (19, 20), gingiva

(19, 20), cornea (21), salivary glands (19), esophagus (20),

intestine (22), kidney (23, 24), urogenital tract (23), and

the respiratory epithelium (25–29; reviewed in 30). b-defen-

sins are a component of the first line of defense against micro-

organisms in the mucosal surfaces of these tissues, sites where

the body interfaces with its environment. In this innate im-

mune role, b-defensins are either constitutively expressed or

induced in response to microbial components or other pro-

inflammatory stimuli (13). In addition to their microbicidal
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properties, increasing evidence suggests a role for some b-

defensins as chemokines for immature dendritic cells and

memory Tcells (31), thus serving as a link between the in-

nate and adaptive immune systems.

The hallmarks of a b-defensin are small size, a high density

of cationic charges and a characteristic six-cysteine motif

(32). They are usually encoded by two exon genes in which

the first exon encodes a hydrophobic leader sequence and the

second exon contains the cysteine motif; the leader sequence

is cleaved from this prepropeptide during processing to pro-

duce a final peptide of around 45 amino acids in length. The

six-cysteine motif, which is present in the mature peptide

sequence, maintains the tertiary structure of the peptide

through threedisulfide bonds, between C1–C5, C2–C4, and

C3–C6 (32). The most typical spacing for this motif is C–X6–

C–X4–C–X9–C–X6–CC, although this pattern may vary slightly

at some positions (with the exception of C5 and C6, which

are invariably adjacent) (12). While this motif is recognizable

in every b-defensin family member, there is little sequence

conservation beyond the six cysteines.

How is it that the b-defensins may have such divergent pri-

mary structures and retain their microbicidal activity? It ap-

pears that the characteristic pattern of disulfide bonds, as de-

termined by the six-cysteine motif, causes the molecule to

assume a conformation in which hydrophobic residues are

concentrated on one surface and cationic charges are concen-

trated on the other (33, 34). The emerging picture suggests

that the cationic surface of this polar b-defensin molecule fa-

cilitates electrostatic interactions with anionic bacterial cell

wall components, while the hydrophobic surface anchors the

peptide in the lipid layers of the cell membrane. Once this

interaction with the bacterial cell wall is established, the pep-

tide may then permeabilize the cell by oligomerizing to form

channel-like pores or through some other mechanism that

disrupts or interferes with the integrity of the cell wall (35–

37). Thus, based on this model, a high degree of primary

sequence conservation seems to be unnecessary for anti-

microbial function as long as the three-dimensional structure

of the peptide is preserved.

To better understand the role that b-defensins play in im-

munity, it is important to identify all members of the b-defen-

sin family. Initially, b-defensin discovery efforts focused on

protein isolation methods to identify novel defensin gene

products. Such techniques, including acid extraction, gel fil-

tration and reverse-phase high performance liquid chromato-

graphy (HPLC), are well suited for isolation of the generally

small and cationic defensins. Using such an approach, bovine

tracheal antimicrobial peptide (TAP) was first purified from
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bovine airway tissue (25), followed by the identification of

13 defensin-like proteins from bovine neutrophils (BNBDs)

(32). Together with TAP, these neutrophil peptides became

the founding members of the b-defensin family, distinguished

from the previously recognized a-defensins by their cysteine

residue spacing and resulting pattern of disulfide bonds. Simi-

lar biochemical approaches were later used to isolate human

b-defensin-1 (HBD-1, gene name DEFB101) from dialysate

hemofiltrate (38) and HBD-2 (DEFB102) and HBD-3

(DEFB103) from skin (17, 18). While several b-defensins were

subsequently isolated from other vertebrate species using

similar protein-based methods, the rate of expansion of the

gene family was accelerated by the introduction of nucleic

acid-based strategies that identified new b-defensin genes

through sequence homology. Numerous studies described the

amplification of new b-defensin genes with polymerase chain

reaction (PCR), using cDNA sequences of known b-defensins

to design PCR primers (39–41). Interestingly, this method

was most frequently successful when the primers used to

amplify a new gene were derived from a b-defensin in a dif-

ferent species rather than from the same species. This finding

suggests that such an approach is more suited to the discovery

of b-defensin orthologs (genes that perform the same func-

tion in different species and would therefore be expected to

share more conserved sequence) than to paralogous b-defen-

sin genes, which perform similar functions within a species

and consequently may show more sequence divergence from

one another. Along similar lines, several groups reported

using nucleic acid hybridization screens at low stringency to

identify new b-defensins, using sequence from known b-de-

fensins across and within species as cDNA probes (39, 42).

The search for new b-defensin genes received a further

boost when it became possible to perform sequence simi-

larity-based searches of protein, cDNA and genomic data-

bases. A new mouse (43) and two rat (44) b-defensin genes

were identified using this approach, through BLAST searches

of the EST database (dbEST). However, a limitation of this

strategy is that the EST database contains only sequences from

genes that are expressed at the time of sample collection. Be-

cause expression of many b-defensins is induced upon stimu-

lation by infection or pro-inflammatory agents, b-defensin

family members are likely to be under-represented in cDNA

databases. In addition, the rapidly growing genomic databases

provide extraordinary resources for efforts to identify new b-

defensin genes. As our gene discovery project began, the b-

defensins were known to colocalize with the a-defensins at

chromosome 8p22-p23 in the human (45). b-Defensin clus-

ters were also identified on mouse chromosome8 (43) and
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rat chromosome16 (44), in regions syntenic to the human

defensin cluster. This genomic organization suggested that the

defensin clusters may have arisen and expanded by duplica-

tion events (45), leading us to hypothesize that analysis of

the genomic sequence in the vicinity of these clusters would

yield additional b-defensin gene family members. This ap-

proach was used to identify human DEFB103 (20), an in-

ducible gene that is not represented in dbEST. Because the

gene is absent from the EST database and is induced under

specific conditions, its discovery illustrates the utility of a

genomic DNA search strategy for identifying those b-defensin

genes that are unlikely to be found using expression libraries

or other expression-based methods.

Given the success of this computational approach and the

observed frequency of duplication within defensin clusters,

we hypothesized that additional b-defensins could be iden-

tified using a similar strategy. We therefore pursued a ge-

nome-wide, iterative computational search strategy to test

this hypothesis. Our approach combined the use of two strat-

egies, BLAST (46) and the hidden Markov model (HMM)

(47). BLAST-based searches enable efficient searching of large

data-sets while incorporating knowledge of amino acid sub-

stitutions. While useful in identifying the presence of specific

genes, or closely related genes (i.e. close relatives in the same

family), the primary drawback of a BLAST-based strategy is

the pairwise nature of the search. At any time, only a single

known sequence can be used as a query. In contrast, HMM-

based searches do not provide incorporation of amino acid

substitutions. However, they offer the ability to perform

model-based searches based upon HMMs derived from

multiple sequence alignments. This enables a ‘broader’ space

to be searched. Typically, the multiple sequence alignment is

refined iteratively using a multiple sequence alignment pro-

gram such as ClustalW (48). To define better the b-defensin

gene family, we adopted a novel genomics approach using

HMMER, a computational search tool based on HMMs (47)

in combination with BLAST.

BLAST-based searches

The initial strategy focused on identifying genomic sequences

coding for possible novel b-defensin second exons. Genomic

search strategies for human gene discovery were applied to

the GenBank NR, HTGS and EST databases using the blastp

and tblastn programs (46), using the tools available on the

National Center for Biotechnology (NCBI) website (http://

www.ncbi.nih.gov/BLAST/). A similar approach was used to

query the Celera mouse genome assembly (http://www.ce-
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lera.com). The queries for the initial search used the amino

acid sequences for the known human defensins (DEFB101,

DEFB102, DEFB103, DEFB104) (17, 18, 20, 38, 49), and two

SPAG11 sequences (50, 51) and the known mouse b-defensins

(Defb1, Defb2, Defb3, Defb4, Defb5, Defb6) (40, 42, 43, 52, 53).

The default search parameters were used in the searches and

any potential hits were curated manually.

Construction of hidden Markov models for the
b-defensin exon motifs

In addition to BLAST-based approaches, a complementary

strategy employed sequence analysis using HMMs (47). The

core human and mouse b-defensin amino acid sequences

containing the six-cysteine motif were sorted according to

their alignments in HMMs built from the set of known defen-

sin motifs. Twelve second-exon, six-cysteine motifs derived

from human and mouse b-defensin sequences were defined

by manual inspection of full-length b-defensin domain se-

quences. These motifs were aligned using ClustalW (48) and

trimmed of extra positions extending on both sides of a 38

amino acid core. These 12 aligned sequences were used as

input for the HMMER 2.1.1 suite of software at Washington

University (http://HMMER.wustl.edu) (47) to build the first

of several HMM b-defensin models. We constructed the first

model using the program hmmbuild and then used hmmcalibrate

to calibrate E-value scores. Three models were built: (i) hu-

man second exon sequences, (ii) mouse second exons, and

(iii) a combined model of human and mouse second exons.

These models were used to search all the contigs of the Uni-

versity of California Santa Cruz Golden Path assembly

(http://genome.cse.ucsc.edu/goldenPath/01apr2001), and

the July 30, 2001 NCBI assembly (ftp://ncbi.nlm.nih.gov/

genomes/H_sapiens) using the hmmsearch program. The as-

semblies, once downloaded to a local file server, were trans-

lated into all six reading frames for searching, as HMMER

does not currently have the native capability to search nucle-

otide databases. The same procedure was followed for all con-

tigs from the mouse genomic sequence that contained b-de-

fensin genes as revealed by BLAST analysis. A Linux cluster

consisting of 16 dual-Pentium-III (550MHz) systems, each

with 2Gbytes of RAM, was used to perform the analysis in

parallel. Default cutoff values were used for filtering the re-

sults of these queries, and we performed postprocessing of

the results (using custom Perl programs) to remove motifs

that did not contain the six-cysteine target motif. For each

novel b-defensin gene identified using the hmmsearch program,

additional iterative BLAST searches were performed against
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the human and mouse databases to identify additional related

sequences and search for expressed sequence tags to confirm

that the sequences are transcribed.

Discovery of novel genomic sequences encoding
b-defensin second exons

An HMM (47) developed from the mature peptide sequences

of known b-defensin genes (HMMER software (47)) was first

used to screen �4Mb of genomic DNA sequence around the

b-defensin locus on human chromosome 8p23-p22 (12).

This search found 11 genes, including the 5 known b-defen-

sin genes (DEFB101–104 and SPAG11) plus 6 b-defensin

homologs (DEFB105–109 and DEFB132P) (12). When these

novel sequences were used as queries in a BLAST search of the

available draft human genomic sequence, another b-defensin

gene, DEFB110, was identified. Interestingly, DEFB110 mapped

to chromosome 6p12, whereas all previously identified hu-

man defensin genes localized to chromosome 8p23-p22 (45,

54). We rebuilt the HMM with a comprehensive set of pre-

dicted peptide sequences from the new genes and used it to

analyze the genomic DNA sequence derived from the bac-

terial artificial chromosome (BAC) clone that contains DEFB10

at the 6p21 locus (GenBank accession number NT_007402).

This analysis revealed four more b-defensin genes (DEFB111–

114) (12). Therefore, the DEFB110–114 genes represented a

second b-defensin gene cluster. Subsequent iterations of the

BLAST/HMMER process identified 15 additional human b-

defensins (DEFB115–129) (12). These genes were mapped to

two sequence contigs, one on chromosome 20q11.1 and one

on chromosome 20p13, and represent two more b-defensin

gene clusters.

To analyze the entire human genome with HMMER, all 31

human a-defensin genes were used for the HMM. This search

revealed 40 more sequences with the potential to encode the

six-cysteine motif. However, in only two cases were the posi-

tion of the cysteines and the cationic charge density consist-

ent with b-defensin genes, DEFB130 and DEFB131 (1). In ad-

dition, these two genes were located on the same BAC clone

that mapped ambiguously to multiple regions of the genome

including chromosome 8p23-p22. As the sequence of this

clone is not contiguous with the 8p23-p22 contigs containing

the known b-defensin locus, it may represent a fifth cluster

in the human genome. Significantly, this HMMER search de-

tected only 13 of the 31 previously identified b-defensin

genes. These results suggest that, like BLAST searches, ge-

nome-wide searches with HMMER alone are not sufficient for
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identifying all b-defensin genes. Further BLAST and HMMER

analyses did not detect additional sequences in the human

genome. In total, this iterative, computational method dis-

covered 28 novel putative human b-defensin genes. An out-

line of the general application of BLAST and HMMER to ident-

ify putative b-defensin coding regions is shown in Fig. 1.

To search for novel b-defensin second-exon motifs in the

mouse genome, this hybrid process was also used to screen

assembled mouse sequence contigs in the Celera database

(55) (Fig. 1). This approach identified 43 new homologs (12)

(Fig. 2) in 5 clusters, on chromosomes 1, 8, 14, and two sep-

arate clusters on chromosome2. Of note, these regions are

syntenic to the regions in the human genome that contain

the b-defensin clusters (http://www.ncbi.nlm.nih.gov/

Fig. 1. A schematic summary of the iterative BLAST/HMMER search strategy used for b-defensin gene discovery in the human and mouse
genomes.

141Immunological Reviews 190/2002

homology), indicating that the syntenic clusters have a com-

mon origin. Supporting this hypothesis, we found the highest

sequence similarity between gene products from syntenic

clusters. Moreover, the order and orientation for many genes

in the syntenic clusters are conserved (Fig. 2). This syntenic

relationship between the human and mouse b-defensin clus-

ters and the conservation of genes within them suggests that

each pair originated from a common ancestral gene cluster

(40, 45). To look for evidence of transcription for these pre-

dicted genes, we performed BLAST searches against the six-

frame translation of the dbEST or performed PCR analysis of

cDNA libraries (J.L.B., B.C.S., P.B.M., unpublished data). At

least one EST was found for 24 human and 23 mouse pre-

dicted genes (Fig. 2), representing all clusters.
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Fig. 2. Genomic structure of the five conserved human and mouse b-defensin gene clusters. Horizontal bars represent assembled genomic
DNA sequence contigs [see Schutteet al. (12) for details] from the indicated human (Hs) and mouse (Mm) chromosomes. Slanted lines denote gaps
in the genomic sequence of known (single) or unknown (double) length. The telomere (Tel) and centromere (Cen) orientation of human DNA
sequence contigs was deduced from the position of genetic markers. The orientation of the mouse DNA sequence contigs was determined from the
alignment of human and mouse gene homologs. Predicted direction of transcription is indicated by the orientation of the arrowheads. For those
genes with confirmation of expression from the EST databases or PCR screening of cDNA libraries, the arrowheads are filled. Genes that mapped
ambiguously are indicated by open squares. The thin lines connect human and mouse genes with highest sequence similarity.

Genomic search for b-defensin first exons

As one method of validating the second exons identified

using the iterative search strategy just described, attempts

were subsequently made to identify their respective first ex-

ons. This was done by building an HMM of the first-exon

amino acid sequence for the known b-defensins. The search

then proceeded in a manner similar to the strategy employed

to identify the second exons. Candidate first-exons were then

required to fall within a 10000 amino acid region upstream

of any second exon identified in the search described earlier.

This search proved significantly more problematic than the

second-exon search due to the relative lack of specificity in

the first-exon amino acid sequence. Table 1 presents a partial

list of the sequences used to build the first-exon model. The

sequences are presented in a multiple-sequence alignment

format to indicate the positionally relevant data. A cursory

examination shows that the information content of the first-

exon sequences is low; they are rich in leucine (51) and
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hydrophobic residues. Assuming equal codon frequencies

throughout the genome, one would expect tens of thousands

of similar subsequences within the human genome sequence.

In agreement with this expectation, the initial first-exon

search returned thousands of candidate first-exons through-

out the genome. After applying the 10000 amino acid restric-

tion, this list of candidate first-exons was reduced to fewer

than 100 candidate first-exons, averaging about two or three

per second-exon. As a final filtering step, only the three best

first-exon candidates were prioritized for validation using

molecular methods.

There are 21 mouse b-defensin second exons for which

Table 1. Translated exon 1 sequences

Gene Sequence

DEFB123 MKLLLLTLTVL LLLSQLTP–––
DEFB126 MKSLLFTLAVFMLLAQLVS–––
SPAG11d MRQRLLPSVTSLLLVALLFPGSS–––
DEFB104 MQRLVLLLA I S LLLYQDLPG–––
DEFB106 MRTFLFLFAVLFFLTP–––
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the corresponding first-exon sequence is known, from EST

database searches or from published literature. Of these, the

HMMER-based search correctly identified 20. The only first

exon not identified was located in an unfinished BAC. Only

200bp were available 5ƒ of the second exon, which was in-

sufficient to identify the first exon. The molecular confir-

mation of the additional candidate human and mouse first

exons identified using HMMER is ongoing.

The computational approaches outlined in this review pro-

vide a proof-of-principle for a novel genome-wide search strat-

egy that identifies genes with conserved structural motifs. This

strategy highlights the complementary nature of the BLAST and

HMMER analysis tools and demonstrates their potential syn-

ergy for mining genomic databases and identifying new mem-

bers of gene families. None of the novel sequences identified

was included in past annotations of the human and mouse ge-

nomes, indicating that they were not previously identified.

Problems of computational gene discovery methods

Several pitfalls await the naı̈ve application of this strategy util-

izing genome-scale searches. These include the inadvertent

selection of models that may span multiple exons and the

use of weak models that detect many false-positive matches.

Perhaps most significantly, however, are the potential ambigu-

ities in the current assemblies of the genome.

Models that span multiple exons cause problems when

HMMER is used with default parameters. By default, a global

alignment is used to align the HMM model to the translated

genome. This can be addressed by using the -f option during

model construction. This allows a model to align partially,

rather than requiring a global alignment to the entire model.

In our analysis, the b-defensin six-cysteine motif was con-

veniently contained within a single exon. This does not

necessarily occur for other recognizable protein domains or

motifs. In such instances, it may be beneficial to implement

a filtering procedure to weight short, strong-identity hits over

longer hits with the same score.

Lack of specificity within a model is another issue that must

be addressed. As shown in Table 1, the first exon model of b-

defensins lacks a strong consensus protein motif. The defining

features are a positively charged amino acid at the second

residue and a leucine-rich stretch of 15–20 amino acids. Such

lack of specificity invariably leads to many false-positive hits

in the genome that will require further curation upon appli-

cation of HMMER. This problem necessitated further modifi-

cations, including the addition of positional requirements for

the first exon search, as described earlier.
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The final issue to be addressed is the potential for problems

arising from unfinished or improperly assembled genomic

sequences. This issue is due in part to the inclusion of many

unfinished BAC sequences, which has a severe impact on

searching with multiexon domains, as regions of sequence

across gaps may or may not be properly ordered or oriented.

In addition, duplicate second exons were identified for several

of the known b-defensins. These duplicates most probably

result from assembly-derived duplications. Clearly, care must

be exercised when using an unfinished sequence in a ge-

nome-wide search strategy. Another concern pertains to the

assembly of the genomic sequences. During assembly, errors

of various types can lead to inaccurate (or confusing) results.

As an example, in the last few genome assemblies there has

been a consistent duplication at the contig level across

chromosomes 4, 8, 11 and 12. This region contains two

putative defensins (DEFB130 and DEFB131). Each successive

genome release reduces the extent of the duplication. In pre-

vious releases, the duplication spanned an entire BAC. Cur-

rently, the duplication is approximately 5kb and no longer

includes chromosome12.

Alternative search strategies

An alternative method to search for other b-defensin gene

family members would be the use of the PSI-BLAST tool suite

(http://www.ncbi.nlm.nih.gov/blast/). PSI-BLAST, a form of

hybrid BLAST and probabilistic model, is used to search a

database with a modified version of the BLAST search algo-

rithm. PSI-BLAST is provided a query (consensus) sequence

and an alignment of additional example sequences (presum-

ably from the same domain or gene family) with which to

create a search model. The alignment is used to bias a stan-

dard substitution matrix (e.g. PAM100, BLOSUM62, etc.) for

each position in the consensus sequence. However, position-

independent gap penalties are used. Hmmbuild (47), on the

other hand, creates a sequential machine model of the align-

ment and, during the search process, is able to account very

accurately for variations in sensitivities to gaps in alignments.

These are very important for cross-species comparisons, in

which gaps between motifs may vary significantly without

altering the underlying primary functional role of the gene/

protein. In addition to differences in the ways in which the

probabilistic nature of the alignment is modeled in PSI-BLAST

and HMMER, the overall procedure employed in our search

used BLAST to selectively identify new members based on the

members added to the ‘family’ in the previous HMMER

search. While PSI-BLAST mirrors aspects of this iterative pro-
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cess, the difference is significant, and in the case of the b-

defensin family, we found the results to differ substantially. In

particular, we were unable to identify all the defensin family

members using PSI-BLAST alone, regardless of which family

member was used as the query sequence.

Subdivision for specificity

One strategy that was particularly successful in identifying b-

defensins was the designing of several models around gene

cluster-specific members. This strategy works, because the b-

defensins within syntenic gene clusters are more similar to

each other than to b-defensins in other chromosomal loci.

Although this strategy typically does not identify members

that could otherwise escape detection, it does score them dif-

ferently. This approach allows rapid identification of probable

novel b-defensins.

Future directions

The discovery of a much larger family of b-defensin genes

provides a new starting point for investigating their role in
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innate immunity. The success in the combined application of

BLAST and HMMER to identify new b-defensin family mem-

bers suggests that similar strategies could be applied to ad-

dress other issues of interest to the field of immunology. The

approach outlined is well suited to search for novel members

of protein families distinguished by a common protein do-

main and for searches across species. We speculate that novel

sequences in other genes families not identified using conven-

tional strategies might be detected using this approach. For

example, such a strategy could be readily applied to search

on a genome-wide scale for novel a- or q-defensin encoding

motifs, additional members of pattern recognition protein

families, or new chemokines (56). Many other tools of com-

putational genomics are also available to address questions of

interest to immunology (57, 58). One example is the use of

expression profiling by microarray hybridization to investi-

gate gene regulation (59, 60). Furthermore, the completion

of the genome sequencing of multiple vertebrate species will

facilitate computational comparative studies of the structures

of key gene families involved in innate and adaptive immun-

ity. Such an analysis may lead to new insights into the con-

served elements in noncoding regions flanking known genes

that are important in gene regulation.
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