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A 1.1-Mb Transcript Map of the Hereditary
Hemochromatosis Locus
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Felipa A. Mapa,1 Theodore Moore,1 Winston Thomas,1

Deborah B. Loeb,1 Cyrus Harmon,2 Zenta Tsuchihashi,1 Roger K. Wolff,1

Randall C. Schatzman,1 and John N. Feder1,4

1Mercator Genetics, Menlo Park, California 94025; 2Department of Molecular and Cell Biology, University
of California, Berkeley, Berkeley, California 94720 USA

In the process of positionally cloning a candidate gene responsible for hereditary hemochromatosis (HH), we
constructed a 1.1-Mb transcript map of the region of human chromosome 6p that lies 4.5 Mb telomeric to
HLA-A. A combination of three gene-finding techniques, direct cDNA selection, exon trapping, and sample
sequencing, were used initially for a saturation screening of the 1.1-Mb region for expressed sequence fragments.
As genetic analysis further narrowed the HH candidate locus, we sequenced completely 0.25 Mb of genomic
DNA as a final measure to identify all genes. Besides the novel MHC class 1-like HH candidate gene HLA-H, we
identified a family of five butyrophilin-related sequences, two genes with structural similarity to a type 1 sodium
phosphate transporter, 12 novel histone genes, and a gene we named RoRet based on its strong similarity to the
52-kD Ro/SSA lupus and Sjogren’s syndrome auto-antigen and the RET finger protein. Several members of the
butyrophilin family and the RoRet gene share an exon of common evolutionary origin called B30-2. The B30-2
exon was originally isolated from the HLA class 1 region, yet has apparently ‘‘shuffled’’ into several genes along
the chromosome telomeric to the MHC. The conservation of the B30-2 exon in several novel genes and the
previously described amino acid homology of HLA-H to MHC class 1 molecules provide further support that this
gene-rich region of 6p21.3 is related to the MHC. Finally, we performed an analysis of the four approaches for
gene finding and conclude that direct selection provides the most effective probes for cDNA screening, and that
as much as 30% of ESTs in this 1.1-Mb region may be derived from noncoding genomic DNA.

[The sequence data described in this paper have been submitted to GenBank under accession nos.
U90543–U90548, U90550–U90552, and U91328.]

Transcript maps have been influential in the posi-
tional cloning of numerous genes, including those
responsible for cystic fibrosis (Rommens et al. 1989),
ataxia telangiectasia (Savitsky et al. 1995), and fa-
milial Alzheimer’s disease (Sherrington et al. 1995).
Two techniques are used primarily to isolate ex-
pressed sequence fragments (ESFs) for the construc-
tion of transcript maps. The direct selection ap-
proach (Lovett et al. 1991) involves the hybridiza-
tion of cDNA fragments to genomic DNA. It is
extremely sensitive and capable of isolating por-

tions of rare transcripts. Exon-trapping (Buckler et
al. 1991; Church et al. 1994) recovers spliced exons
from in vivo-expressed genomic DNA clones and
produces candidate exons without any prior knowl-
edge of the target gene’s expression.

Two additional approaches, sample sequencing
and complete genomic sequencing, use the high-
throughput capabilities of genomic DNA sequenc-
ing and subsequent comparisons of these sequence
data to public databases of expressed sequences.
Sample sequencing attempts to generate a 12 se-
quence coverage across a genomic region by ran-
dom end sequencing of subclones from large-insert
bacterial clones. This compares to 3–102 coverage
needed (depending on the sequencing strategy) to
obtain complete genomic sequence across the same

3These two authors contributed equally.
4Corresponding author.
E-MAIL feder@mercator.com; FAX (415) 617-0883.
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region. Thus, sample sequencing offers a high-
speed, low-resolution screening method for ex-
pressed sequence tags (ESTs) across large regions of
genomic DNA. Complete genomic sequencing in
conjunction with sequence analysis software, like
GRAIL, is a high-resolution method for screening of
expressed sequences. However, it is expensive and
labor intensive. Nevertheless, genomic sequencing
as a tool for gene finding is beginning to make an
impact in positional cloning, for example, the
Werner’s syndrome gene (Yu et al. 1996), and clon-
ing by homology, for example, the Alzheimer’s dis-
ease gene on chromosome 1 (Levy-Lahad et al.
1995).

With a combination of direct selection, exon
trapping, sample sequencing, and complete ge-
nomic sequencing, we performed a saturation
screen for ESFs in a 1.1-Mb region genetically de-
fined to contain the hereditary hemochromatosis
(HH) gene (Feder et al. 1996). In this report, we de-
scribe the resulting transcript map. We identified 12
histone genes and cloned 19 cDNAs, including the
major histocompatilibity complex (MHC) class
1-like HH candidate gene HLA-H. These cDNAs en-
code a broad range of proteins with diverse pre-
dicted structures and functions, including homlogs
for butyrophilin and a sodium phosphate trans-
porter (NPT). We performed preliminary expression
experiments and amino acid comparisons with sev-
eral gene families from this 1.1-Mb region. Struc-
tural comparisons of these genes revealed the con-
servation of an amino acid domain, the B30-2 exon,
in several of the newly discovered genes.

We used this transcript map, and the accumu-
lated genomic sequence of this region, to assess the
efficacy of the four methods for future gene-finding
projects. We analyzed the individual methods for
quality of probes and types of background. We also
examined the issues of genomic resolution and ESF
identification between the sample-sequencing and
complete genomic sequencing approaches. We fur-
ther demonstrated that a sampling strategy com-
bined exclusively with searches of the EST database
remains an insufficient technique by itself for gene
finding because of the high background of genomic
DNA in this database.

RESULTS

Identification of Transcribed Sequences

To clone positionally a candidate gene for HH, ini-
tially we performed direct cDNA selection, exon
trapping, and sample sequencing on chromosome

6p21.3 between the genetic markers D6S2230 and
D6S2237 (Fig. 1). The starting material for these ex-
periments was a 0.9-Mb yeast artificial chromosome
(YAC) y899G1 and a 1.1-Mb large-insert bacterial
clone contig (Lauer et al., this issue).

Direct cDNA selection (DS) experiments were
carried out as previously described (Morgan et al.
1992) by using pooled cDNA made from fetal brain,
liver, small intestine poly(A)+ RNA, and hybridized
to gel-purified y899G1 DNA. Four hundred fifty-six
clones were sequenced and the resulting data
searched by BLAST (Altschul et al. 1990). Those
clones representing repetitive, bacterial, yeast, mi-
tochondrial, and histone sequences were eliminated
from further study as potential HH candidate genes.
The remaining sequences were searched for overlaps
and assembled into 108 unique DS contigs. The
number of clones per DS contig varied from 1 to 22,
and the length of each contig ranged from 250 to
850 bp. Small sequence-tagged site (STS) PCR assays
were developed for each DS contig. Each STS was
mapped to the bacterial clone contig and tested for
its presence in cDNA libraries. Overall, 80% of the
DS contigs mapped to the region and were found in
cDNA libraries. The 20% mapping failure rate is
probably an overestimate, as PCR assays that cross
exon–intron boundaries would be expected to fail
or give larger size products.

Exon-trapping experiments were carried out as
described previously (Buckler et al. 1991; Church et
al. 1994) with minor modifications on the large-
insert bacterial clone contig. Preliminary experi-
ments suggested that to detect rare splice events, 96
trapped products per large-insert bacterial clone
needed to be sequenced (data not shown). There-
fore, 768 potential exons from the 8 large-insert bac-
terial clones trapped were sequenced and the result-
ing data analyzed by BLAST. In addition, each po-
tential exon was searched against a database of the
DS contigs to eliminate redundant sequences. PCR
assays were developed for each of the potential ex-
ons and they were tested for their presence in cDNA
libraries. A total of 48 potential exons (or 6% of the
total trapped) remained after these screening steps.

The identical set of large-insert bacterial clones
were sample sequenced to generate a representative
portion of genomic sequence for the 1.1-Mb region.
A total of 3794 end sequence reactions were run to
achieve the theoretical 12 coverage (see Methods).
These sequences were screened against all available
public databases. Eighty-five percent of these se-
quences contained inserts with no sequence simi-
larity to vector or any known Escherichia coli se-
quence. An additional 1060 end sequence reactions
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were run from the opposite end of the cloning vec-
tor to augment the sequence coverage and prepare
for complete genomic sequencing across selected re-
gions. BLAST searches of all publicly available data-
bases identified portions of 14 histone genes (2 rep-
resenting pseudogenes) and 74 unique ESTs. The
ESTs were cross-referenced against the DS and exon-
trapped databases to eliminate redundancies. Fifty-
eight unique ESTs, representing 39 distinct clones,
remained (Table 1).

Isolation of Full-Length cDNAs and the Transcript
Map Surrounding the HLA-H Gene

A compilation of 195 ESFs from the three ap-
proaches led to the construction of a transcript map
that served as the framework for the isolation of
full-length cDNAs (Fig. 1). Probes that appeared to
be derived from the coding portions of cDNAs,
based on BLASTX searches, were developed for 82

ESFs and the appropriate cDNA libraries were
screened. Nineteen cDNAs were isolated, 17 repre-
senting previously uncloned sequences.

A list of the cloned cDNAs and a comparison of
the methods used to find them are presented in
Table 2. Direct selection identified portions of 14 of
the 18 cDNAs sequences contained within the
boundaries of the template used in the selection,
YAC y899G1. Exon trapping found exons in 15 of
the 19 cDNAs contained within the boundaries of
the large-insert bacterial clone contig. Sample se-
quencing identified 11 cDNAs that had correspond-
ing ESTs in the public databases at the time of this
analysis. The only combination of the three tech-
niques that cloned all 19 cDNAs was direct selection
and exon trapping.

0.25 Mb of Sequence Surrounding the HLA-H Gene

A detailed genetic analysis of the HH gene region

Figure 1 Combination genetic, physical, and transcription map of the HH candidate gene region. The first line
shows the relative positions of selected genetic markers that define the HH region. The bold line below represents
the YAC clone used in the direct selection experiments. The order and positions of the bacterial clones used in the
exon trapping and sample sequencing are indicated under the YAC. The thin bars under the bacterial clones
represents the approximate locations of the subset of ESFs that mapped to the contig. The thicker bars show the
location of a subset of the cDNAs cloned. Two regions are bracketed: the butyrophilin family of genes (BTF), and
the region where complete genomic sequencing was carried out.
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Table 1. ESTs Found by Sample Sequencing Large Insert Bacterial Clones

EST
Bacterial
clone1

Homology
5* BLASTX

Homology
3* BLASTX

Repetitive
element2

Poly(A)+

signal
Genomic
poly(A)>8

cDNA
homology

The bracketed area denotes those ESTs found within the 0.25-Mb region of complete genomic sequence (see Fig. 2).
1pc, b, and p are PAC, BAC and P1 clones, respectively.
2Found by BLASTnr.
3(NA) Sequence not available.
4None reported by BLAST.
5(ZNF) zinc finger.
6(NSH) No significant homologies.
7(BT) Bovine butyrophilin.
8The 38 end was not on sequenced contig.
9Poor EST sequence.
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delineated a 0.25-Mb subregion flanked by the
markers D6S2238 and D6S2241 as the probable lo-
cation of the HH gene (Feder et al. 1996). This sub-
region is within the 1.1 Mb for which we built the
transcript map, and contains four novel genes—
cDNA 37 (histone 2A), cDNA 24 (HLA-H), cDNA 27
(RoRet), and cDNA 22B (NPT3) (Fig. 1).

As a final measure to identify all of the genes,
we performed complete genomic sequencing across
the 0.25-Mb region. We identified a tiling path with
overlapping end sequences from the sample se-
quence database. We then sequenced each 3-kb
clone within the path using randomly selected
transposable elements as platforms for dual-end se-
quencing. These individual clones were assembled
in conjunction with the sample sequences from all

bacterial clones in the region. An additional 2500
sequencing reactions were required to construct the
complete genomic sequence across the 0.25-Mb re-
gion. The resulting sequence (Fig. 2) was analyzed
systematically with BLASTX searches and the GRAIL
1.2 program to identify novel open reading frames
(ORFs). The BLASTX searches did not produce any
novel ESTs or potential coding regions that had not
already been identified by sample sequencing. How-
ever, we were able to map accurately all histones
genes within the 0.25-Mb region. GRAIL 1.2 identi-
fied 29 candidate exons with the designation ‘‘ex-
cellent,’’ the program’s highest degree of confi-
dence. Of 29 candidate exons, 20 were associated
with the genes in the 0.25-Mb region. GRAIL found
at least one exon for each of the genes in this region.

Table 2. Comparison of the Three Gene-Finding Methods Used to Construct the
Hemochromatosis Region Transcript Map

Bacterial clone
cDNA
no. Homology DSa

Exon
trapb

Sample
sequencingc

pc157c3 28 zinc finger 2 1 EST03556
pc157c3 30 nonhistone 1 none yv81d05

yvh07a10
pc157c3 46 ORF 1 yd88g11
pc157c3 20 BT none 3 none
p196e20 21 BTF1 4 5 yn01g05

yg23d08
yg57h09
yu15h03

p196e20 29 BTF3 2 9 ye26g03
yo65f06

p196e20 23 BTF4 4 6 yd17d06
pc45p21 44 BTF5 2 4 ys04h08
pc45p21 32 BTF2 7 3 yg78f10

yn01c05
b13e17 41 genomic? none 1 none
b132a2 43 genomic? none 3 none
b132a2 36 genomic? 1 none none
b132a2 37 histone 2A 3 none ym29g03

yh87a03
b132a2 24 MHC class 1 1 2 ye98g01
b132a2 39 genomic? none 4 none
pc75l14 27 Ro/SSA 3 4 none
b20h20 22B NPT1-like 1 7 yr42a05

yf09g06
b20h20 22E NPT1-like 2 5 none
b136i7 NPT1 NPT1 N/A 3 yp74c05

aNumber of DS contigs found to align with each cDNA. The number of clones contained within a contig and length of the contig
varied.
bNumber of individual exons trapped for each cDNA. Each exon may have been trapped numerous times.
cEST trace identifier numbers.
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It was an excellent tool for elucidating the structures
of the histone genes and the histone-associated
cDNA 37 clone, but it had difficulties predicting the
actual gene structure of the remaining three cDNAs.
Figure 2 displays the positions, the exon and intron
arrangement, and the relative orientation of tran-
scription of the four novel genes within the 0.25-Mb
region. The positions and transcriptional orienta-
tions of the histone genes and ESTs are also shown.

ESTs in the Large-Insert Bacterial Contig

In an effort to account for ESTs that did not associ-
ate with those cDNAs that we had already charac-
terized in the 1.1-Mb region, we analyzed each 38

EST for two characteristics: (1) a recognizable poly-
adenylation signal (Birnstiel et al. 1985); and (2) a
stretch of genomic encoded poly(A) within 10–30
bp 38 of the end of the EST. Of the 39 clones found
in this 1.1-Mb region, 38 end sequence was available
for 30. Of these 30, 14 had recognizable poly(A)+

addition signals, 15 did not, and 1 could not be
determined because of poor sequence quality. Of
the 15 that did not have poly(A)+ addition signals, 9
had stretches of genomic encoded poly(A) within
10–30 bp from the end of the 38 EST sequence. Five
of these 9 clones contained Alu sequences within

their sequence. Therefore, 30% (9 of 30) of the
clones in this region probably arose from oligo(dT)
priming of Alu repeat containing genomic DNA or
unprocessed heterogeneous nuclear RNA tran-
scripts. Of the 15 that did not have poly(A)+ signals,
5 did not associate with genomic poly(A) stretches.
Two of these five were associated with the 38 ends of
cloned cDNAs and probably arose from internal
priming of a mRNA molecule. Of the 14 that did
have poly(A)+ addition signals, 8 were accounted for
in the cDNAs cloned from the region, 2 clones
showed homology to histone genes, and the re-
maining 4 were mapped outside of the 0.25-Mb HH
critical region and were not pursued. An example of
three ESTs clones that were found to be associated
with or near cDNA 37, a histone 2A gene (Fig. 2),
and their partial alignments to their corresponding
genomic sequence (U91328) are shown in Figure 3.
These clones represent three classes of ESTs: in Fig-
ure 3A, an EST clone that corresponds to the actual
end of the cloned cDNA and has a poly(A)+ addition
signal; in Figure 3B, an EST that is associated with a
cloned cDNA but appears to have originated by in-
ternal priming ∼180 bp 58 of the authentic 38 end;
and in Figure 3C, an EST that is neither associated
with coding DNA, nor has a poly(A)+ addition sig-
nal, but aligns 58 to a genomic encoded stretch of

Figure 2 Schematic of the 0.25 Mb of genomic sequence carried out in the HH critical region. Those genes
located on top of the line are transcribed from left to right (centromere to telomere), those below the line are
transcribed from right to left (telomere to centromere). The positions and exon–intron structure of all four novel
genes, cDNA 37, cDNA 24, cDNA 27 (cDNA25 is a smaller variant of cDNA27), and cDNA 22B, are denoted. Two
versions of the gene structure are shown. The longer version represents both the coding and noncoding exons and
the shorter version shows only the coding exons. The positions of the histone genes and the ESTs are also shown.
The asterik denotes a pseudogene. The 0.25 Mb of genomic sequence has been deposited in GenBank (accession
no. U91328). The sequence of the individual cDNAs have also been deposited in GenBank (accession nos: cDNA 37,
U90551; cDNA 24, U60319; cDNA 27, U90547; cDNA 22B, U90544.
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poly(A) (within an Alu repeat). The latter clone was
found to be a spliced product and to align with the
intron of cDNA 37 (see Fig. 2).

Butyrophilin Gene Family

We cloned the human homolog of the bovine bu-
tyrophilin gene (BT) and mapped this gene ∼0.48
Mb centromeric to HLA-H (see Fig. 1). BT is a trans-
membrane protein that constitutes 40% of the total

protein associated with the fat globule of bovine
milk (Jack and Mather 1990). The human homolog
of BT has also been cloned by others using a differ-
ent approach (Taylor et al. 1996). BT is a member of
a gene family with at least five other members re-
siding in this region (see Fig. 1). A comparison of
these proteins is shown in Figure 4. Each of the five
proteins display varying degrees of homology to
BT—BTF1 (cDNA 21), BTF2 (cDNA 32), BTF5 (cDNA
44), and BTF3 (cDNA 29)—are 45%, 48%, 46%, and
49% identical to BT, respectively, whereas BTF4
(cDNA 23), which is more similar to BTF3 (cDNA
29), is only 26% identical. This low degree of iden-
tity to BT is largely attributable to a truncation at
the carboxyl terminus of the protein. The BTF fam-
ily falls into two groups: BTF1 and BTF2, which are
more related to each other than to BT or the other
BTF members, and BTF3, BTF4, and BTF5, which
appear different enough from BT or BTF1 and BTF2
to suggest a common evolutionary origin.

There are three major components of BT—a B-G
immunoglobulin superfamily domain containing
the V consensus sequence (Miller et al. 1991), a
transmembrane region, and a B30-2 exon. These
motifs are found in all of these proteins with the
exception of BTF4 (cDNA 23), which lacks the B30-2
exon by virtue of a carboxy-terminal truncation.
The B30-2 exon is a previously noted feature of the
MHC class 1 region found ∼0.2 Mb centromeric to
the HLA-A gene (Vernet et al. 1993). This exon is
also found in several genes of diverse functions telo-
meric to HLA-A, namely the myelin oligodendro-
cyte glycoprotein (MOG) gene (∼0.2 Mb telomeric to
HLA-A) and the RET finger protein (RFP) gene (∼1
Mb telomeric to HLA-A) (Amadou et al. 1995).

To determine the size of the BTF transcripts and
their expression level in a variety of tissues, we per-
formed Northern blot analysis (Fig. 5A). BTF1 and
BTF2, which are 90% identical, are expressed as a
single major transcript of 2.9 kb. A minor transcript
of 5.0 kb was present in some tissues. (The results for
BTF1 are shown in Fig. 5A.) By Northern blot analy-
sis, BTF1 was observed to be expressed at high levels
in all the tissues tested with the exception of the
lung, liver, and kidney where the expression level
was lower. To expand the number of tissues exam-
ined, RT–PCR experiments were carried out (Fig.
5B). Amplification was observed in all tissues, in-
cluding those observed by Northern blotting to be
expressed at lower amounts, kidney and liver. A
larger size fragment, not observed in the positive
control lane, was presented in all lanes, indicating
possible alternative splicing. Identical results were
obtained with primers for BTF2 (data not shown).

Figure 3 A FASTA alignment (Pearson and Lipman
1988) between three EST clones associated with cDNA
37 and their corresponding genomic DNA (only 90 bp
of the 38 end of each EST are shown). (A) An authentic
EST corresponding to the end of cDNA 37 that pos-
sesses a poly(A)+ addition signal (AATAAA). Note that
the poly(A) tail has not been completely trimmed. (B)
An EST that is associated with the end of cDNA 37, but
does not have a poly(A)+ addition signal and appears
to have arisen by internal priming. The sequence starts
180 bp 58 of the true end of the clone. Analysis of the
sequence trace does not suggest that this sequence
read was excessively trimmed to produce the 180-bp
difference (data not shown). The underlined sequence
immediately 38 to the end of the alignment is an Alu
sequence. (C) An EST that aligns to the intron of cDNA
37 and contains no poly(A)+ addition signal (this EST
sequence was edited from the available sequence
traces files) The alignment begins 5 bp 58 of a stretch of
poly(A) (in italics). The underlined sequence represents
an Alu sequence.
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BTF3, BTF4, and BTF5 were ex-
pressed as three transcripts ranging in
size from 3.3 to 4.0 kb. (The results for
BTF5 are shown in Fig. 5A.) BTF5 was
expressed at moderate levels in all tis-
sues tested, with the exception of the
brain and kidney, where the expres-
sion level was less. RT–PCR experi-
ments indicated that mRNA from the
BTF5 gene could be found in all tissues
tested, including fetal brain and kid-
ney (Fig. 5B). Identical results were ob-
tained with primers from the other
genes in this group (data not shown).

RoRet, a Gene with Similarity to 52 kD
Ro/SSA Autoantigen

Located ∼0.12 Mb telomeric to the
HLA-H gene (see Figs. 1 and 2) is a gene
that has 58% amino acid identity to
the 52-kD Ro/SSA protein, an auto-
antigen that is frequently recognized
by antibodies in patients with systemic
lupus erythematosus and Sjogren’s
syndrome (Anderson et al. 1961; Clark
et al. 1969). This novel sequence also
has 29% amino acid identity to RFP
(Isomura et al. 1992). On the basis of
these two homologies we propose that
this novel gene be called RoRet. Align-
ment of the RoRet amino acid se-
quence to the 52-kD Ro/SSA demon-
strated that a putative DNA-binding
cysteine-rich motif [C-X-(I,V)-C-X(11-
30)-C-X-H-X-(F,I,L)-C-X(2)-C-(I,L,M)-
X(10-18)-C-P-X-C] found at the amino
terminus (Freemont et al. 1991) and
the B30-2 exon located near the car-
boxyl terminus of the 52-kD Ro/SSA
protein are both conserved in RoRet
(Fig. 6A).

Using Northern blots, the RoRet
gene was found to be expressed as two
major transcripts of 2.8 and 2.2 kb and
two minor transcripts of 7.5 and 4.4
kb. Expression was observed in all of
the tissues examined at levels reflec-
tive of the RNA amounts as deter-
mined by b-actin probing. One no-
table exception was the lung, where
the expression appears to be less (Fig.
7A). Low-level expression was also de-

Figure 4 Alignment of the predicted amino acid sequence of the BTF
proteins. Sequences were aligned in a pair-wise fashion using CLUSTAL
to deduce the most parsimonious arrangement and are presented as
such. The ‘‘stars’’ under the alignment represent those amino acids
conserved in all six proteins, the ‘‘dots’’ represent conservative amino
acid substitutions. Boxed are the regions within the proteins that cor-
respond to three conserved motifs: (1) the B-G domain, (2) the trans-
membrane (TM) domain, and (3) the B30-2 exon domain. The se-
quences for all BTF cDNAs have been deposited in GenBank (accession
nos: BTF1, U90543; BTF2, U90550; BTF3, U90548; BTF4, U90546; and
BTF5, U90552).
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tected in small intestine, kidney, liver, and spleen
by RT–PCR (Fig. 7B).

Two Novel Genes with Homology to a Sodium
Phosphate Transporter

A cDNA for a type 1 sodium phosphate transport
(NPT1) protein has been cloned previously and
mapped to 6p21.3 by using a somatic cell hybrid
panel (Chong et al. 1993). We isolated this gene in
our study by exon trapping and sample sequencing,
and mapped it 0.32 Mb telomeric to HLA-H (see
Figs. 1 and 2). Two additional cDNAs were cloned
that show appreciable homology to NPT1 (see Fig.
6B). These genes, NPT3 and NPT4, mapped 0.15 and
0.1 Mb centromeric to the NPT1 gene (see Fig. 1).
The predicted gene products of NPT3 and NPT4 are
extremely hydrophobic, like NPT1, and reflect the

probable location of these
proteins in the plasma mem-
brane. Both proteins also gave
hydrophilicity profiles that
were indistinguishable from
NPT1 (data not shown).

Northern blot analysis re-
vealed that NPT3 and NPT4
have dramatically different
patterns of expression (Fig.
8A). NPT3 was expressed at
high levels as a 7.2-kb tran-
script predominately in muscle
and heart. Lesser amount of
the mRNA were also found in
brain, placenta, lung, liver,
and pancreas. RT–PCR analy-
sis revealed that expression
of the proper size PCR frag-
ment for NPT3 was clearly
present in the small intestine,
kidney, spleen, and testis,
but was absent in fetal brain,
bone marrow, and mammary
gland (Fig. 8B). A smaller
size fragment that may have
arisen because of alternative
splicing was detectable in all
tissues with the exception
of the liver. Although expres-
sion was apparently absent
from the kidney by Northern
blot analysis, it was detectable
by RT–PCR. NPT4, on the
other hand, was expressed
only in the liver and kidney as

a group of transcripts ranging from 2.3 to 1.7 kb
(Fig. 8A). RT–PCR confirmed these results, yet a
small amount of the proper size PCR fragment was
also found in other tissues, notably the small intes-
tine and testis (Fig. 8B). Other tissues showed am-
plification, but the fragments were of larger and
smaller sizes than that produced by the cDNA posi-
tive control.

DISCUSSION

Gene-Finding Methods

We used four methods for gene finding that depend
on separate sets of criteria and resources to ensure
the cloning of all HH candidate genes. We discov-
ered that a combination of three techniques were
needed to identify the 19 cDNAs and 12 histones

Figure 5 Expression analysis of the BTF family. (A) Northern blot analysis of
representative members of the two groups of BTF proteins, BTF1 and BTF5. BTF1
hybridized to all tissues on the blot as a major transcript at 2.9 kb. BTF5 hybrid-
izes to several transcripts ranging between 4.0 and 3.1 kb and displays as a similar
expression profile to BTF1, with the exception of less expression in the brain.
Autoradiography was for 24 hr. The b-actin hybridization shows the variation in
poly(A)+ RNA between the lanes. Autoradiography was for 1 hr. (B) RT–PCR
analysis confirms that the expression of both genes is widespread. Included in the
(+) lane are BTF1 and BTF5 cDNAs as positive controls, the (1) lane represents
the no-DNA control. Amplification using primers for the RFP gene (Isomura et al.
1992) controls for the integrity of the cDNA. All first strand cDNAs were checked
for contaminating genomic DNA amplification by carrying out an identical ex-
periment excluding the reverse transcriptase. In all cases, no amplification was
obtained (data not shown).
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genes in the 1.1-Mb region. Fu-
ture gene-finding projects will re-
quire the scanning of multiple ge-
nomic regions for genes of diverse
function. It would be difficult and
expensive to use saturation screen-
ing across multiple loci with all
four methods. Therefore, we exam-
ined the strengths and weaknesses
of the individual techniques to de-
termine the optimal approach for
future gene-finding projects.

Direct cDNA selection pro-
vided the greatest amount of raw
material from which the tran-
script map was constructed. We
sequenced the fewest clones of
the four techniques (456 DS
clones compared to 768 exon-
trapped clones and 4854 sample-
sequence reactions. An additional
10,000 sequencing reactions
would have been required to com-
plete the genomic sequence
across the 1.1-Mb region), yet we
still accounted for 14 of the 19
cDNAs. The resulting cloned frag-
ments were also more representa-
tive because the input cDNA was
created by random priming, and
the coding portions of cDNAs
were more often recognizable by
BLASTX searches. These data re-
garding the potential type of gene
in the region allowed for a more
efficient prioritization of ESFs for
cDNA screening, and a rapid clas-
sification of cDNAs in the 1.1-Mb
region. Although we did not de-
termine the actual degree of en-
richment obtained with the direct
selection experiment, subsequent
analysis of HLA-H cloning effort
indicates that the enrichment was
sufficient to clone very rare tran-
scripts (Feder et al. 1996). The
sensitivity of the technique led to
the isolation of DNA fragments
(∼15%) that map back to the re-
gion but are not represented in
cDNA libraries. These clones ap-
pear to be either contaminating
genomic DNA in the cDNA pool
or portions of cDNA made from

Figure 6 The predicted RoRet and NPT3 and NPT4 proteins are similar to
the 52-kD Ro/SSA auto-antigen and sodium phosphate transporter protein
NPT1, respectively. (A) Alignment of the predicted amino acid sequence of
the RoRet gene to the 52-kD Ro/SSA auto-antigen protein. The asterisks (*)
under the alignment represent conserved amino acids, the dots represent
conservative amino acid substitutions. The putative DNA-binding cysteine-
rich domain and the B30-2 exon domain are boxed. The sequence of the
RoRet cDNA has been deposited in GenBank, accession no. U90547. (B)
Alignment of the predicted amino acid sequence of the two novel putative
sodium phosphate transport proteins to that of the NPT1. Boxed are four
potential transmembrane domains known to be conserved between human
NPT1 and its rabbit homolog (Chong et al. 1993). The sequences of the
NPT3 and NPT4 cDNAs has been deposited in GenBank, accession nos.
U90544 and U90545, respectively.
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heterogeneous nuclear RNA transcripts. In addition,
one 3.4-kb cDNA clone (cDNA 36) was isolated us-
ing a direct selection probe that appears to represent
genomic DNA based on the fact that its poly(A) tail
is genomic encoded and it does not contain an ORF.
Direct selection failed to isolate a representative of
the BT gene (cDNA 20). The most likely explanation
is that this gene is mainly expressed in a tissue
(breast) not used in the direct selection experiment.
In spite of these problems, we found the probes pro-
duced by direct selection to be optimal in three re-
gards: (1) high percentage of clones having ORFs,
leading to more efficient prioritization; (2) the dis-
tribution of the selected products throughout the
cDNAs, with sequences located near the 58 end of
messages facilitating the isolation of full-length
clones upon cDNA library screening; and (3) highest
ratio of transcripts to number of costly sequencing
reactions.

Exon trapping is also a powerful method for iso-
lating candidate exons from genomic DNA. It allows
for the isolation of potential exons from genomic
DNA without any knowledge of what tissues the
particular gene target may be expressed in. None-
theless, the method is technically demanding and
extra steps must be taken to eliminate background
splice products from further consideration. We used
32P-labeled oligonucleotides and colony hybridiza-

tion to remove exons repre-
senting the common back-
ground splice products (i.e.,
vector–vector and vector–
cryptic splice-site splicing).
The result was that >90% of
the candidate exons sequenced
were of genomic DNA origin.
By sequencing 96 clones per
large-insert bacterial clone for
a total of 768 sequencing reac-
tion, exons were trapped for
15 of the 19 cDNAs isolated
from the 1.1-Mb region, in-
cluding one not cloned by
direct selection, cDNA 20 (BT).
However, in the case of cDNA
24, the HH candidate gene,
and the ultimate target for
this project, the two exons
trapped for this gene were rep-
resented only once out of the
96 sequenced for the bacterial
clone 75l14. Therefore, for this
particular project, the number
of candidate exon clones se-

quenced per large-insert bacterial clone appears to
represent the minimum number.

The number of exons cloned per cDNA ranged
from one to as many as nine. In many instances
(30%), the exon trapped from a cDNA represented a
noncoding portion of the gene. Therefore, exons
could not be evaluated solely on the presence of
ORFs. Many trapped exons (25%) that failed to test
positive in cDNA libraries and thus, were eliminated
from screening presumably arose from cryptic ge-
nomic splice events. However, three exons that are
present in cDNA libraries gave rise to clones (cDNAs
41, 43, and 39) with no ORFs and appear to repre-
sent genomic DNA, based on the fact that their
poly(A) tails are genomic encoded. Thus, both direct
selection and exon trapping produce sequences that
can lead to the cloning of putative noncoding cD-
NAs present in cDNA libraries. Nevertheless, the
only combination of methods to clone all 19 cDNAs
from the 1.1-Mb region was direct selection and
exon trapping.

A sample sequencing strategy scans quickly and
effectively large regions of genomic DNA for ESFs
without the added cost and labor involved in a com-
plete genomic sequencing effort. On the basis of our
study, we estimate that sample sequencing pro-
duced sequence data five times faster at one third
the cost of a complete genomic sequencing effort.

Figure 7 Expression analysis of the RoRet gene. (A) Northern blot analysis of
the RoRet gene. The RoRet cDNA hybridizes to four different transcripts, ranging
from 7.5 to 2.2 kb. Autoradiography was performed for 4 days. The rehybrid-
ization of the blot with a b-actin probe shows the variation in poly(A)+ RNA
between the lanes. Autoradiography was for 1 hr. (B) RT–PCR analysis of the
RoRet gene. Included in the (+) lane is a RoRet cDNA positive control. Weak
amplification of the correct size is observed in the small intestine, kidney, and
liver. The other tissues are negative as is the no-DNA control lane (1). The RFP
primers show the integrity of the DNA.

HEMOCHROMATOSIS LOCUS TRANSCRIPT MAP

GENOME RESEARCH 451

 Cold Spring Harbor Laboratory Press on June 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Sample sequencing alone generated ∼67% sequence
coverage across the 1.1 Mb, identifying 12 of the 19
cDNAs eventually cloned. This sequence informa-
tion can also assist with probe development, exon–
intron boundaries, marker identification, and
physical mapping. In addition, we were able to
identify pieces of all 12 histone genes (and the two
pseudogenes) and ESTs representing three of the
four cDNAs in the 0.25-Mb HH critical region. The
RoRet gene did not have a corresponding EST at the
time when the comparisons were done, yet we de-
veloped probes to this gene because of recognizable
homology between end sequences and the Ro/SSA
gene. Thus, increasing the resolution from sample
sequencing to complete genomic sequencing did
not affect the identification of ESFs in this region.

At present, an exclusive utilization of a genomic
sequencing strategy combined with screening of the
EST database is an inadequate method for gene find-

ing because of the incomplete
and inaccurate nature of the
data in the EST database. In
our study, 11 of the 19 cDNAs
had corresponding ESTs at
the time of analysis, and only
11 of 34 EST clones (32%)
with 58 end sequence (Table
1) appeared to represent cod-
ing portions of cDNAs. In our
efforts to clone all of the
genes in the 0.25-Mb critical
region, we screened six EST
probes that were not associ-
ated with cloned cDNAs
against cDNA libraries made
from the same tissues from
which the ESTs were derived,
and all six failed to produce
clones. Upon completion of
the genomic sequencing in
this region and aligning the
EST sequences to the genomic
sequence, it was determined
that all six ESTs were derived
from noncoding DNA. When
this analysis was extended to
all the ESTs in the 1.1-Mb re-
gion, a total of nine ESTs ap-
peared (9 of 30) to be derived
from noncoding DNA. The
majority of the noncoding
ESTs (7 of 9) are listed as
single clones in UNIGENE,
and thus, do not fall into clus-

ters. One clone is in a cluster of two ESTs, and the
other is not listed in UNIGENE, but is a single clone
in dbEST. Six of the nine noncoding ESTs originate
from the same library (Soares fetal liver spleen). Al-
though the number of ESTs we have analyzed is
relatively small and restricted to a 1.1-Mb region of
the genome, these data suggest that the percentage
of ESTs associated with noncoding DNA could be
higher than previous estimates of 2%–3% (Aaron-
son et al. 1996) and that the majority of these clones
may reside as single isolates in dbEST.

Although the majority of noncoding ESTs in
this region have repetitive DNA at their 38 ends, we
were reluctant to remove them from consideration
based on this factor alone, for many cDNAs, includ-
ing cDNA 24 the eventual HH candidate gene, have
repetitive sequence elements at their 38 ends. We
observed that the presence of a poly(A)+ addition
signal remains the best predictor of an EST clone’s

Figure 8 Expression analysis of the NPT3 and NPT4 genes. (A) Northern blot
analysis of NPT3 and NPT4. NPT3 is expressed at high abundance in the heart and
muscle as a single 8.0-kb transcript. Lesser amounts are found in the other tissues.
The expression pattern of NPT4 is more restricted, being found only in the liver
and kidney as a mixture of transcripts ranging from 2.3 to 1.7 kb. (B) RT–PCR
analysis of the NPT3 and NPT4 genes. Included in the (+) lane are the NPT3 and
NPT4 cDNA positive controls. The NPT3 gene is expressed as the proper size PCR
fragment in the small intestine, kidney, liver, spleen, and testis. A smaller frag-
ment is detected in all tissues with the exception of the liver. The no-DNA control
lane (1) is negative. NPT4 is expressed as the proper size fragment in the small
intestine, kidney, liver, and testis. Larger and smaller size fragments are found in
all other tissues with the exception of the brain. For both genes, these different
size fragments may indicate alternative splice events. The no-DNA control lane
(1) is negative. The RFP primers show the integrity of the cDNA.
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authenticity. A recent study has shown that be-
tween 14% and 34% of ESTs in dbEST are of low
complexity sequence (Aaronson et al. 1996). We
suspect that most of the noncoding ESTs we have
encountered might be removed in the process of
building a higher quality EST database (Aaronson et
al. 1996), and we expect that the percentage of 58

ESTs with coding sequence should increase with the
development and implementation of new normal-
ized cDNA libraries constructed to improve cDNA 58

end representation (Bonalda et al. 1996).
Genomic sequencing approaches are inherently

problematic for finding expressed products because
of the low percent of coding sequence in human
genomic DNA. In the 0.25-Mb HH critical region,
we estimate that 10% of the genomic DNA is cod-
ing. In the 1.1-Mb region, nearly 5000 sampling re-
actions were required to achieve adequate sequence
coverage. An additional 2500 reactions were re-
quired to complete the sequence across the 0.25-Mb
region. Both approaches incur high costs primarily
attributable to sequencing reagents.

Genes in the Hemochromatosis Region

The bovine butyrophilin protein is one of the major
proteins in the membrane layer surrounding the se-
creted milk droplet (Franke et al. 1981). We have
isolated five novel cDNAs that show substantial se-
quence similarity to the BT gene. The expression
pattern of the BTF family members differs from BT
in that they are expressed in other tissues in addi-
tion to being present in the breast. The five cDNAs
fall into two classes, suggesting that they arose from
an early duplication event followed by additional
gene duplications and divergence. Four of the five
cDNAs share motifs found in the BT gene—a signal
sequence, a domain related to the chicken MHC B
blood group system (B-G) antigens, a transmem-
brane region, and the B30-2 exon. BTF4 contains
the first three motifs, yet lacks the B30-2 exon be-
cause of a truncation of the carboxyl terminus. This
exon was isolated originally from the HLA class 1
region and has appeared to ‘‘shuffled’’ into many
genes distal to the MHC, including MOG, RFP, and
BT (Vernet et al. 1993). The role that this exon plays
in these genes and its relationship to the MHC re-
mains unclear. However, a functional comparison
of the B30-2 deficient BTF4 with BTF1, BTF2, BTF3,
and BTF5 may be illustrative in this regard.

The B30-2 exon is also found at the carboxyl
terminus of a completely different gene located 0.5
Mb telomeric to the BTF cluster, the RoRet gene. The

RoRet protein is 58% identical to the 52-kD Ro/SSA
lupus erythematosus and Sjogren’s syndrome auto-
antigen. The 52-kD Ro/SSA gene is located on chro-
mosome 11p15.5 (Frank and Mattei 1994). The
function of the 52-kD Ro/SSA protein, which is part
of a large complex of at least two other proteins, is
unknown. However, the protein has been shown to
bind DNA (Frank et al. 1995), a function that is pre-
sumably imparted by the novel cysteine-rich se-
quence (Freemont et al. 1991) found at the amino
terminus of the protein. This cysteine-rich motif is
also conserved in the RoRet gene. Of obvious inter-
est will be if patients with lupus erythematosus or
Sjogren’s syndrome who have autoantibodies to the
52-kD Ro/SSA protein also have auto-antibodies to
the RoRet gene product and if such antibodies con-
tribute to the cause of these diseases.

NPT1, located at the telomeric end of our con-
tig, is a member of a gene family with two highly
similar genes, NPT3 and NPT4. NPT4 has an expres-
sion pattern similar to NPT1, and therefore, may act
like NPT1 in the renal reabsorption of phosphate.
However, NPT3 is expressed at high levels in muscle
and heart, as well as in the kidney. Therefore, these
two genes are under the control of different regula-
tory elements giving rise to differential patterns of
expression. At present there are two autosomal in-
herited disorders whose genes have not been
mapped that are thought to be caused by defective
reabsorption of phosphate in the proximal tubule of
the kidney (Rasmussen and Tenenhouse 1989).
What role either of these two newly discovered
genes may play in these particular hypophosphate-
mias is awaiting determination.

In summary, we have used four gene-finding
techniques to construct a 1.1-Mb transcript map 4.5
Mb telomeric to HLA-A. We compared the four tech-
niques used in the process of making the map and
conclude that direct cDNA selection is currently the
most efficient procedure for generating raw material
for transcript maps in terms of the quality of probes
produced per number of clones sequenced. By add-
ing exon trapping and sample sequencing, the effi-
ciency of gene isolation increases notably. Using the
transcript map, we identified and cloned a candi-
date gene for hereditary hemochromatosis, HLA-H,
as well as 18 other cDNAs, most representing novel
genes. The data presented here suggest that there
have been duplication events in this region, result-
ing in a family of butyrophilin-like genes and a ho-
molog of the 52-kD Ro/SSA gene that include a
MHC-related domain B30-2. Further study into the
function of these genes should provide insight into
the evolutionary relationship between genes in this
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1.1-Mb region of chromosome 6p21.3 and the
MHC.

METHODS

Direct Selection

Poly(A)+ RNA from fetal brain, liver, and small intestine
(Clontech, Palo Alto, CA) were converted into cDNA using
random primers and a Superscript cDNA synthesis kit (Life
Technologies, Gaithersburg, MD). The cDNA was digested
with MboI and ligated to cDNA MboI linker adapters (Morgan
et al. 1992). Unligated linker adaptors were removed by pas-
sage through cDNA spun columns (Pharmacia, Piscataway,
NJ). Five nanograms of each of the ligated cDNAs were am-
plified using the cDNA MboI S primer (58-CCTGATGCTC-
GAGTGAATTC-38). The amplified products were purified on
S-400 spun columns (Pharmacia, Piscataway, NJ), ethanol pre-
cipitated, and resuspended at 1 µg/µl in TE buffer (10 mM Tris,
1 mM EDTA). Gel-purified YAC y899G1 DNA (a gift from Dr.
A. Gnirke, Mercator Genetics, Menlo Park, CA) was processed
as described (Morgan et al. 1992). The cDNAs were mixed in
equal molar amounts for a total of 3 µg, and blocked with a
mixture of 4 µg Cot-1 DNA (Life Technologies, Gaithersburg,
MD), and a cocktail of Sau3A-digested ribosomal and five dif-
ferent histone plasmid DNAs. The blocked cDNAs were hy-
bridized to biotinylated YAC y899G1 DNA and streptavidin
capture was carried out as previously described (Morgan et al.
1992). After the second round of selection, the eluted cDNAs
were amplified using the cDNA MboI S primer, which in-
cluded a [CUA]4 repeat at the 58 end to facilitate cloning into
a version of pSP72 (Promega, Madison, WI) constructed for
use with uracil–DNA glycosylase cloning (Life Technologies,
Gaithersburg, MD). Recombinants were transformed into
DH5a, 960 clones picked into a 96-well format, and clones
prepped for DNA sequencing using AGTC boiling 96-well
mini-prep system (Advance Genetic Technologies, Gaithers-
burg, MD).

Exon Trapping

CsCl-purified genomic P1, BAC, and PAC DNAs were digested
with BamHI, BglII, PstI, SacI, and XhoI, and 125 ng of each
digest ligated into 500 ng of pSPL3 (Church et al. 1994) (Life
Technologies, Gaithersburg, MD) digested with the appropri-
ate restriction enzyme and phosphatased with CIAP (U.S. Bio-
chemical, Cleveland, OH). One-tenth of the ligation was used
to transform XL1-Blue MRF8 cells (Stratagene, La Jolla, CA) by
electroporation. Nine-tenths of the electroporation were used
to inoculate 10 ml of LB + 100 µg/ml of carbenicillin and after
overnight growth, DNA was prepared using Qiagen Q-20 tips
(Qiagen GmbH, Hilden, Germany). The remaining one-tenth
was plated on LB + 50 µg/ml carbenicillen plates to evaluate
the efficiency on cloning and to test individual clones for the
presence of single inserts. COS-7 cells were seeded at a density
of 1.4 2 105/well in six-well dishes and grown overnight.
One microgram of DNA was transfected using 6 µl of Lipofect-
Ace (Life Technologies, Gaithersburg, MD). Cytoplasmic RNA
was isolated 48 hr after transfection. RT–PCR was carried out
as described (Church et al. 1994) using commercially available
reagents (Life Technologies, Gaithersburg, MD). The resulting
CUA-tailed PCR fragments for each restriction-digested bacte-

rial clone were pooled and UDG cloned into pSP72-U. The
DNA was transformed into DH5a and the cells plated onto
nylon membranes. After overnight growth, duplicates were
made and the DNA hybridized to 32P end-labeled oligonucleo-
tides designed to detect various background products associ-
ated with the pSPL3 vector. One set of filters was hybridized
overnight with the following gel-purified oligonucleotides in
62 SSC aqueous hybridization solution at 42°C: vector–
vector splicing, 58-CGACCCAGCAACCTGGAGAT-38; cryptic
donor-1021, 58-AGCTCGAGCGGCCGCTGCAG-38; and cryp-
tic donor-1134, 58-AGACCCCAACCCACAAGAAG-38. The fil-
ters were washed in 62 SSC, 10 mM NaPPi at 60°C, 30 min,
22.

After overnight autoradiography, nonhybridizing clones
were picked and grown in 250 µl of LB + 100 µg/ml of car-
benicillin in 96-well minirack tubes. The samples were ana-
lyzed by PCR using the secondary PCR primers supplied in the
kit (Life Technologies, Gaithersburg, MD) and those clones
with inserts >200 bp were selected for sequencing.

Sample Sequencing

The minimal set of bacterial clones across YAC y899G1 was
prepped with the Qiagen Maxi-Prep system (Qiagen GmbH,
Hilden, Germany) and CsCl banded. Ten micrograms of DNA
from each bacterial clone was sonicated in a Heat Systems
Sonicator XL and end-repaired with Klenow and T4 polymer-
ase (U.S. Biochemical, Cleveland, OH). The sheared fragments
were size selected between 3 and 4 kb on a 0.7% agarose gel
and then ligated to BstXI linkers (Invitrogen, San Diego, CA).
The ligations were gel purified on a 0.7% agarose gel and
cloned into a pSP72 derivative plasmid vector. The resulting
plasmids were transformed into electrocompetent DH5a cells
and plated on LB–carbenicillin plates. A sufficient number of
colonies were picked to achieve 152 clone coverage. The ap-
propriate number of colonies were selected by the following
equation to generate a 12 sequence coverage: Number of
colonies = size of bacterial clone (in kilobase)/average se-
quence read length (0.4 kb). These colonies were prepped in
the 96-well AGCT system and end sequenced with a mitogen-
associated protein 1 (MAP1) oligonucleotide using standard
ABI Dye Terminator protocols. The oligonucleotide sequence
is 58-CGTTAGAACGCGGCTACAAT-38. The MAP1 sequences
were screened with BLAST against all available public data-
bases. All sequence identities were cataloged and cross-
referenced to the direct selection and exon-trapped databases.

cDNA Library Screening

Superscript plasmid cDNA libraries (brain, liver, and testis)
were purchased from Life Technologies, Gaithersburg, MD.
Colonies were plated on Hybond N filters (Amersham, Arling-
ton Heights, IL) using standard techniques. Insert probes from
direct selection products, exons, and ESTs (IMAGE clones)
were all isolated by PCR followed by purification in low-
melting point agarose gels (FMC, Rockland, ME). The DNAs
were labeled in gel using the Prime-it II kit (Stratagene, La
Jolla, CA). Small exon probes were labeled using their respec-
tive STS PCR primers instead of random primers. Up to five
different probes were pooled in a hybridization. Filters were
hybridized in duplicate using standard techniques. Putative
positives were screened by PCR using the probe’s STSs to iden-
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tify clones. Inserts from positive clones were subcloned into
pSP72 and sequenced.

Northern Blots and RT–PCR Analysis

Multiple tissue Northern blots were purchased from Clontech
and hybridized according the manufacturer’s instructions.
RT–PCR was carried out on random primed first strand cDNA
made from poly(A)+ RNA (Clontech, Palo Alto, CA) using Am-
pliTaq Gold (Perkin Elmer, Foster City, CA). Control reactions
were performed on RNA samples processed in the absence of
reverse transcriptase to control for genomic DNA contamina-
tion.

Genomic Sequencing

The MAP1 sequences from the bacterial clones b132a2,
222K22, and 75L14 were assembled into contigs with the
Staden software package. A minimal set of 3-kb clones were
selected for sequencing by using the MAP2 oligonucleotide
that sits on the opposite end of the plasmid vector. The se-
quence of MAP2 is 58-GCCGATTCATTAATGCAGGT-38. The
MAP2 sequences were entered into the Staden database in
conjunction with the MAP1 sequences to generate a tiling
path of 3-kb clones across the region. These sequences were
also screened by BLAST and all novel sequence identities were
noted. The plasmid 3-kb libraries were transformed concur-
rently in 96-well format into pox38UR. The transformants
were mated subsequently with JGM in 96-well format (Stra-
thmann et al. 1991). All matings of the 3-kb clones within the
tiling path were streaked on LB–carbenicillin–kanamycin
plates and a random selection of 12 colonies per 3-kb clone
were prepped in the AGCT system. We sequenced off both
ends of the transposon with the 121 oligonucleotide (58-
CTGTAAAACGACGGCCAGTC-38, and the REV oligonucleo-
tide, 58-GCAGGAAACAGCTATGACC-38). Each 3-kb clone was
assembled in conjunction with the end sequence information
from all bacterial clones to generate complete sequence across
the region. The genomic sequence was analyzed with BLAST
and the GRAIL 1.2 to identify novel ORFs for gene finding.
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