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A mouse locus called Lgn1 determines differences in macrophage permissiveness for the intracellular replication
of Legionella pneumophila. The only regional candidate genes for this phenotype difference lie within a cluster of
closely linked paralogs of the Neuronal Apoptosis Inhibitory Protein (Naip) gene. Previous genetic and physical
mapping of the Lgn1 phenotype narrowed it to an interval containing only Naip2 and Naip5, suggesting that there
is not complete functional overlap among the mouse Naip loci. In order to gather more information about
polymorphisms among the Naip genes of the 129 mouse haplotype, we have determined the genomic sequence of
a substantial portion of the 129 Naip gene array. We have constructed an evolutionary model for the expansion
of the Naip gene array from a single progenitor Naip gene. This model predicts the presence of two distinct
families of Naip paralogs: Naip1/2/3 and Naip4/5/6/7. Unlike the divergences among all the other Naip paralogs,
the splits among Naip4, Naip5, Naip6, and Naip7 occurred relatively recently. The high degree of sequence
conservation within the Naip4/5/6/7 family increases the likelihood of functional overlap among these genes.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
nos. AF242431-AF242435.]

Macrophages isolated from C57BL/6J and A/J mice ex-
hibit differences in permissiveness for intracellular rep-
lication of L. pneumophila (Yamamoto et al. 1988). This
phenotype difference segregates as a single-gene trait
in crosses between C57BL/6J and A/J and maps to a
locus on distal chromosome 13 (Yamamoto et al. 1991;
Yoshida et al. 1991; Dietrich et al. 1995; Beckers et al.
1995). Detailed physical mapping of this locus, called
Lgn1, reveals that it contains a series of 50 to 80 kb
highly homologous direct repeats and that a cluster of
Naip gene paralogs map inside these direct repeats
(Scharf et al. 1996; Growney et al. 2000).

The region of the human genome that is ortholo-
gous to the mouse Lgn1 region also contains a series of
highly homologous repeated segments. The human
spinal muscular atrophy (SMA) region has what ap-
pears to be an inverted duplication of some 500 kb
(Lefebvre et al. 1995). This amplified genomic segment
contains several transcriptionally active genes, includ-
ing copies of survival motor neuron (SMN); NAIP; gen-
eral transcription factor II H, polypeptide 2 (GTF2H2);
and small EDRK-rich factor 1 (SERF1) (reviewed by
Growney et al. 2000). However, the only gene in com-
mon between the amplified segments from the mouse
and human Lgn1/SMA intervals is Naip/NAIP (Growney
et al. 2000).

The fact that the mouse and human Lgn1/SMA re-
gions both have divergently organized sets of closely

linked repeats indicates that these amplified segments
originated independently in the mouse and human
lineages. This observation begs the question of
whether the amplification of Naip/NAIP in either
mouse or human has any functional significance. Al-
though most of the mouse Naip paralogs are transcrip-
tionally active and encode similar but not identical
proteins, it is not known whether these transcripts pro-
vide redundant or diverse functions (Huang et al.
1999). These questions about the functionality of the
mouse Naip loci are important to the identification of
the Lgn1 mutation because the current critical interval
for the Lgn1 phenotype contains two different tran-
scriptionally active Naip genes (Naip2 and Naip5)
(Growney and Dietrich 2000; Huang et al. 1999).

Mapping and sequence analysis of the mouse Lgn1
interval suggests that the Naip genes have arisen
through a series of several distinct amplification events
emanating from a single ancestral Naip. This model of
the origins of the mouse Naip array relies heavily on
the sequences (Fig. 1A) of a single exon from the clus-
tered Naip paralogs to build a phylogenetic tree
(Growney et al. 2000). A more rigorous basis for deter-
mining the relationships of the mouse Naip genes
would be to compare their entire genomic sequences.

In this paper, we report the complete annotated
sequence of 26f17, a 220-kb bacterial artificial chromo-
some (BAC) clone that contains the three Naip genes
on the centromere-distal side of the array in the 129
haplotype (Naip1, Naip3, and Naip6) (Fig 1A; Growney
et al. 2000). In addition, we present three large anno-
tated fragments of genomic sequence from 9045, a 75-
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kb P1 clone mapping to the central portion of the 129
Naip array (Fig 1A; Growney et al. 2000). Our analysis
of these genomic sequences has provided additional
markers to refine the map of the Lgn1 interval
(Growney and Dietrich 2000) and allowed us to refine
the previously reported model of the origins of the
mouse Naip array.

RESULTS

Genomic Sequence Determination
The 220-kb BAC clone 26f17 was roughly mapped to
the distal side of the Lgn1 region by others (Diez et al.
1997). Subsequent precise mapping of the clone iden-
tified it as an ideal template for sequencing the Lgn1

Figure 1 Map of the 129 mouse Naip array and annotation of the genomic sequences. (A) The map of the 129 mouse Naip array that
was described previously in Growney et al. (2000) is indicated. The named arrows show the position and orientation of the Naip gene
loci. The �Naip regions are pseudogenes that have been deleted for several of the 5� terminal exons. The current critical interval for Lgn1
is indicated above the map (Growney and Dietrich, 2000). The positions of genomic clones with sequence reported in this work (9045
and 26f17) or elsewhere (149m19, Endrizzi et al. 1999) are indicated by bold lines beneath the gene map. The positions of other nearby
genes are indicated to provide context for the map. For Fig. 1B,C, the identification and annotation of Naip gene sequences were
obtained through simple alignments of known Naip cDNA sequences to the genomic fragments (see Methods). The sequences were also
analyzed using Genotator/Genotator Browser (see Methods). The relative orientations of named transcription units, gene exons, and
markers in each clone are shown in these figures. The scale at the bottom is in kb. The arrows represent the direction of transcription of
the genes and the position and size of exons from within the genes are shown by the small numbered lines, except in the case of Gtf2h2,
which has its coding exons indicated, but its 5� and 3� untranslated-region sequences in the mouse are unknown. (B) Annotation of 26f17
(AF242431 and AF242432). The triangle indicates the position of an approximately 7-bp gap in the sequence that cannot be determined
with certainty. (C) Annotation of 9045 (AF242433-AF242435). The triangles indicate the positions of two small gaps (each are ∼500 bp)
in the sequence.
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interval because it covered a large extent of the distal
side of the Naip gene array (Fig 1A; Growney et al. 2000).
Our prior map information about this clone suggested
that it was likely to contain multiple copies of Naip
gene sequences; so we used a tiered strategy for the
sequence assembly (see Methods; Endrizzi et al. 1999).

The final sequence assembly of this clone consists
of two contiguous sequences covering 117,791 bp and
90,650 bp (GenBank accession nos. AF242431 and
AF242432). We could not complete the sequence
across the remaining gap with certainty because it was
composed of a 300-bp simple sequence repeat. We
were able to link the two contiguous sequences using
the polymerase chain reaction (PCR), and our estimate
of the total sequence length (208,448 bp) suggests an
extremely small gap of only 7 bp (Fig. 1B). The two
consensus sequences were derived from 3960 sequenc-
ing reactions, with every base in the consensus repre-
senting data from at least one sequencing reaction on
each strand. The average per-base sequencing redun-
dancy is over fivefold. The sequence assembly was ana-
lyzed extensively for consistency with known restric-
tion digest and PCR amplification patterns from clone
and genomic DNA, indicating that the sequence rep-
resents both the clone and the genomic structure with
fidelity (data not shown).

P1 clone 9045 was identified by us several years
ago and subsequently mapped with precision into the
center of the Naip array (Fig. 1A) in 129 (Scharf et al.
1996; Growney et al. 2000). We chose to sequence this
clone because of its position in the center of the Naip
array because it could reveal significant discrepancies
from our model of the origin of this repeat. We used a
similar strategy for sequence assembly as we did for
26f17.

The final sequence assemblies for 9045 consist of
three contiguous sequences totaling 72,460 bp (Gen-
Bank Accession nos. AF242433–AF242435). The holes
in the sequence represent areas that are difficult to se-
quence because they contain microsatellite sequences.
However, we measured the size of the remaining gaps
in the sequence using PCR and found them to be quite
small (Fig. 1C). The three consensus sequences were
derived from a total of 1355 sequencing reactions and
as with 26f17, every base in the sequence represents
data from each strand. The average per-base sequenc-
ing redundancy is approximately fivefold. The total
size of the known sequence and our estimates of the
gap sizes are in accordance with our estimates of the
size of 9045 from NotI digestion and pulsed field gel
analysis (data not shown).

Discovery and Annotation of Genes in 26f17
and 9045
We have used several methods to discover and anno-
tate genes in our new genomic sequences. Because we

knew that the clones were going to contain Naip gene
loci, the first—and most straightforward—annotation
relied on aligning known Naip cDNA sequences to the
clones (Fig. 1).

Naip Loci in 26f17:
Naip1. The distal-most Naip gene in the cluster,

Naip1, spans 45 kb and has 16 exons, including an
exon 2 in its 5� untranslated region (UTR), which is a
sequence found only in Naip1, Naip3, and Naip2 (see
below; Endrizzi et al. 1999). This gene is transcription-
ally active but has been genetically excluded from the
Lgn1 interval (Yaraghi et al. 1998; Huang et al. 1999;
Growney et al. 2000).

Naip3. Naip3, which spans approximately 65 kb, is
likely to be a nonfunctional gene sequence. We have
never isolated a cDNA corresponding to transcripts
from this locus, and the genomic sequence shows that
the region corresponding to exon 10 of this gene is
completely absent, which likely creates a frameshift if
exon 9 is spliced directly to exon 11 (Huang et al.
1999). As suggested previously, Naip3 is likely to be the
direct progenitor of the so-called fragmentary �Naip
sequences (see below; Growney and Dietrich 2000).

Naip6. As has been seen with the genomic se-
quence of Naip5, this gene sequence, which spans ap-
proximately 35 kb, has only 15 exons and contains a
number of polymorphic marker sequences that char-
acterize members of the central Naip repeat (Endrizzi et
al. 1999; Growney et al. 2000). This gene is likely to be
transcriptionally active because cDNAs from close rela-
tives of this locus have been isolated (Huang et al.
1999). The 3� UTR of these cDNAs contain unspliced
exons from an adjacent �Naip locus. Unfortunately,
our sequence of 26f17 does not extend into the region
where these �Naips should reside. Nevertheless, a
marker called D13Die30, that specifically amplifies
�Naips from genomic DNA, maps proximally to Naip6
(Growney et al. 2000). Furthermore, we have deter-
mined the sequences of �Naip loci from our assembly
of 9045 (see below). The only ortholog of Naip6 con-
tained in the C57BL/6J genome has been excluded
from the Lgn1 interval (Growney and Dietrich 2000).

Naip Loci in 9045:
Naip7. Naip7, which spans approximately 30 kb, has
many similarities to Naip5 and Naip6, including the
number of exons and the presence of repeated micro-
satellite markers characteristic of the central Naip ar-
ray. In addition, it is similar to Naip6 but diverges from
Naip5 in that it has a �Naip juxtaposed at its 3� end. As
we noted for Naip6, it is possible that this gene is tran-
scriptionally active, since cDNAs from a relative of this
locus in another mouse strain have been isolated
(Huang et al. 1999).

�Naips. We have sequenced portions of two differ-
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ent �Naip loci in 9045. From these two partial �Naip
sequences, we discerned two important features. First,
the �Naip loci, which span approximately 20 kb, begin
with an exon 7 that is juxtaposed extremely close to
the exon 16 of the adjacent Naip. Second, the marker
content of the �Naip loci are similar to that of Naip3, as
can be seen by the presence of D13Die36, the size of its
intron 13, and the absence of an exon 10. All these data
point strongly to the possibility that �Naips are re-
cently diverged relatives of Naip3. However, one sig-
nificant difference between Naip3 and the �Naips is
seen in exon 11, which is present in only a fragmentary
form in the �Naips.

In addition to aligning our sequences with cDNAs
known to map into the interval, we subjected them to
a series of homology searches and gene prediction pro-
grams using the Genotator and Genotator-Browser
packages (Harris 1997). We identified only one other
gene in our sequences using this method. Consistent
with prior data, we found sequences from 26f17 hav-
ing significant BLAST homologies to human GTF2H2
sequences (Growney et al. 2000). Because the cDNA
sequence for the mouse ortholog has not been deter-
mined, we aligned the human cDNA to 26f17 and de-

termined the intron-exon structure of the coding por-
tion of the mouse Gtf2h2 gene, but we could not de-
finitively identify the 5� and 3� UTR sequences. For that
reason, we have not numbered the exons of Gtf2h2
that are depicted in Figure 1.

Alignments of Mouse Naip Sequences
Given the sequence relatedness of the mouse Naip gene
loci, it is likely that they all share a single common
progenitor. We have done alignments of the known
mouse Naip sequences in order to shed some light
about the nature of the events that have taken place
since the divergence from a single Naip gene (see Meth-
ods). The data from these alignments is presented in
Figure 2 and Table 1.

Inspection of Figure 2A, in which the alignments
of the Naip genes are represented as a Percent Identity
Plot (PIP), shows that Naip5, Naip6, and Naip7 are ex-
tremely closely related to each other, confirming either
that they are the result of recent gene duplications or
that they are subject to homogenization via gene con-
version. Similarly, Naip1, Naip2, and Naip3 share ex-
tensive alignments with each other, indicating that
they are closely related (Fig. 2A; Table 1). The amount

Figure 2 Percent Identity Plot (PIP) Analysis of Naip Genomic Sequences. The alignments have been generated and drawn as described
in Methods. The figure indicates regions for which there are alignments having >50% identity. Before alignment, the genomic sequences
were masked by RepeatMasker. Interspersed repeats in the mouse sequence are indicated as follows: (white pointed box) L1; (light gray
box) SINE other than MIR; (black box) MIR or LINE2; (dark gray box) all others. Other elements in the sequence are indicated as follows:
(arrows), positions and directions of transcription of known genes in the query sequence; (numbered black rectangles) positions of exons
within the transcription units; (short gray rectangles), position of CpG islands. The figure shows several PIPs between mouse Naip genes.
(A) Comparison of the Naip5 to all the other sequenced Naips, showing the existence of two distinct families of gene loci: Naip1/2/3 and
Naip4/5/6/7. (B) Comparison of Naip3 with the �Naip loci. The elongated gray boxes inside the PIP panels indicate regions in which a
comparison between the two sequences is not possible because one of the sequences ends.
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of alignment and levels of homology among the two
groups of paralogs suggest an early duplication of an
ancestral Naip, leading to the progenitors of what can
be called the Naip1/2/3 and Naip4/5/6/7 families (Fig.
2A; Table 1). Even though we do not have genomic
sequence for Naip4, we have included it in the Naip4/
5/6/7 group based on prior published data demonstrat-
ing a high degree of similarity in marker content
(Growney et al. 2000).

Although the amplification of the Naip5, Naip6,
and Naip7 gene loci seems to be a recent event (as
demonstrated by their extremely high level of se-
quence conservation and their virtually complete
alignment that is broken only by the insertion of in-
terspersed repeat elements), the amplification and di-
vergence of the Naip1, Naip2, and Naip3 loci appears to
have happened longer ago (as suggested by their lower
level of sequence conservation and alignment). Our
analysis of the overall conservation of alignments be-
tween the Naip1/2/3 sequences, suggests that Naip2 di-
verged from Naip1/3 before a more recent split between
Naip1 and Naip3 (Fig. 2A; Table 1).

Our alignments of the Naip3 locus confirmed our
suspicion that the �Naip loci are extremely close rela-
tives of Naip3—No other Naip locus exhibited such ex-
tensive alignment and high level of sequence identity
(Fig. 2B). This suggests that the formation of the �Naip
loci occurred after the split between Naip1 and Naip3.
Similarly, because the structure of the �Naip loci are
identical throughout the central Naip repeat, the for-

mation of the �Naip loci likely occurred before or as
part of the amplifications that created Naip5, Naip6,
and Naip7. We summarized our interpretation of these
data in a model of expansion of the mouse Naip array
in Figure 3.

DISCUSSION
The arrangement of highly related genes in closely
linked clusters is commonly seen in mammalian ge-
nomes. Broadly speaking, these arrays are of two types:
those whose members have acquired important diver-
gent functions and those whose members are redun-
dant in function. Examples of closely linked gene fami-
lies whose members have divergences in function are
seen in the cases of the color-vision genes and the beta-
globins (Nathans et al. 1986; Yokoyama et al. 1993;
Fritsch et al. 1980; Hardies et al. 1984). Similarly, there
are examples of the occurrence of closely linked gene
copies that are redundant in function, such as is seen
in the observed amplification of ribosomal RNA genes
in various organisms and in the cellular aquisition of
resistance to chemotherapeutic agents (Nath and
Bollon 1977; Raymond et al. 1990).

The mouse Naip gene cluster is interesting because
we currently do not know if it represents an example of
functional diversity, functional redundancy having
some important phenotypic consequence or even per-
haps a fixation of an amplification that has no func-
tional impact on the organism. Furthermore, the
mouse Naip cluster is interesting because one of the

Table 1. Comparison of Alignments of Mouse Naip Paralogsa

Naip1b Naip2c Naip3d Naip5e Naip6f Naip7g

align ident align ident align ident align ident align ident align ident

Naip1b — — 36 78 46 82 48 80 37 79 45 77
Naip2c 46 81 — — 34 81 49 75 36 80 44 73
Naip3d 67 80 37 79 — — 46 72 46 78 34 85
Naip5e 27 80 21 76 17 77 — — 63 95 78 94
Naip6f 29 80 22 77 24 80 86 94 — — 100 97
Naip7g 28 80 21 75 15 85 86 96 82 98 — —

aThe genomic sequence for each Naip gene locus was aligned with each other Naip locus (see Methods). The similarities between these
alignments are expressed in terms of the percentage of the gene named in the column head that appears in a local alignment with
the gene named in the row head (column labeled “align”) and of the percentage of sequence identity within those local alignments
(column labeled “ident”). Because of the differences in the overall length of the different Naip genes, it is important for the reader to
confine their comparisons to looking for trends within a column. In this way, one can see the relationships among the different families
of Naip genes. For example, by looking in the Naip1 column, one can see that it most resembles Naip3, because of the extensive
proportion of Naip1 that aligns with Naip3. On this basis, one can also see that Naip1 is more closely related to Naip2 and Naip3 than
it is to Naip5, Naip6, or Naip7. The parameters used in generating the local alignments prohibit little variation in the percent identity
of the alignments. An exception to this is seen in the homologies among the Naip5/6/7 family, in which the percent identities typically
exceed 90%.
bBases 6546-51581 of GenBank no. AF242432.
cBases 68968-128492 of GenBank no. AF131205.
dBases 56706-117791 of GenBank no. AF242431 and 1-2335 of GenBank no. AF242432.
eBases 140365-165807 of GenBank no. AF131205.
fBases 22-34589 of GenBank no. AF242431.
gBases 5565-34032 of GenBank no. AF242433.
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members of this family must play an important role in
determining the permissiveness of macrophages to the
intracellular replication of L. pneumophila (Growney et
al. 2000). In light of these unanswered questions, we
have determined the genomic sequence of substantial
portions of the mouse Naip gene array from 129 in an
attempt to measure the relatedness of all the Naip
genes.

In our analyses of these genomic sequences, we
have definitively ascertained that the mouse Naip gene
cluster can be divided into two families: the Naip1/2/3
family and the Naip4/5/6/7 family. The sequence rela-
tions of the members of these two families suggests
that the Naip4/5/6/7 family members have diverged
from each other relatively recently and may, as a con-
sequence, share more functional relatedness than the
members of the Naip1/2/3 family. However, since the
molecular functions of each of the mouse Naip para-
logs have been incompletely described, the sequence
data alone cannot be used to make definitive statements
about potential similarities or differences in function.

Nevertheless, two lines of additional evidence in-
dicate that the functions of the different mouse Naip
paralogs can be separated from each other. First, the

recent report of a knockout of the Naip1 gene illus-
trates a function of this gene in neuronal survival dur-
ing physiological insult (Holcik et al. 2000). It is un-
clear whether the inability of the other Naip gene para-
logs to compensate for the loss of Naip1 function has to
do with differences in the molecular activity of the
Naip proteins, with an overall diminishment of Naip
function or with some tissue specificity in expression
of the Naip paralogs.

The second line of evidence in favor of divergent
functions of the mouse Naip genes comes from our
knowledge of the genetic map position of the mouse
Legionella susceptibility locus (Lgn1). Lgn1 has been
mapped to an interval that only includes Naip2 and
Naip5, suggesting that the other Naip paralogs cannot
compensate for a mutation in one of these genes
(Growney and Dietrich 2000). Unfortunately, based on
the current information, it is impossible to tell which
of the two remaining candidates is responsible for the
Lgn1 phenotype.

Remaining unanswered is the broader question of
whether the differences in Naip/NAIP gene content in
the mouse and human genomes indicate differences in
gene function between the two species. Based on pre-
viously published data, it seems that there is only a
single human NAIP locus that produces an intact,
translationally competent transcript (Roy et al. 1995).
Unfortunately, critical pieces of information about the
human region are missing or unclear.

For example, while it is well documented that dif-
ferences in the structure of the SMA region exist among
human individuals, only a few haplotypes have been
mapped in detail (Lefebvre et al. 1995; Roy et al. 1995).
The situation is further complicated by the fact that
human genomic libraries consist of clones from at least
two different haplotypes. Given that assembling a sen-
sible map of the mouse Lgn1 region was extremely dif-
ficult in a situation where only one haplotype was be-
ing assembled, the complexity of making a consistent
human map from mixed haplotype libraries presents
even more of a challenge (Growney et al. 2000;
Growney and Dietrich 2000). Indeed, it remains pos-
sible that there is more variation in the number of
functional NAIP sequences among human individuals
than had been previously believed because of the tech-
nical difficulties involved in mapping the region. In
addition, the extent of human variation in permissive-
ness to Legionella replication is currently unknown,
making any cross-species structure-function compari-
sons impossible.

Because of the complexities of mapping and study-
ing the human interval, it seems likely that the mouse
will serve as a springboard for progress into under-
standing the origins and functional diversity of the
Naip array. Not only can the structures of the Naip
array be well described in inbred mouse strains, but we

Figure 3 Model of the Origin of the Naip Gene Array in 129.
The essential features of this model are as follows. First, the single
ancestral Naip gene became duplicated. This duplication may
have occurred due to an unequal crossing over event between
different copies of an interspersed repetitive element. This origi-
nal duplication event is strongly suggested by the sequence simi-
larity profiles between different Naip genes and represents the
ancient split between the Naip1/2/3 and the Naip4/5/6/7 fami-
lies. Second, the proto Naip4/5/6/7 locus becomes flanked by
Naip2 on its centromere proximal side and by Naip1 and Naip3
on its centromere distal side. The mechanisms whereby this oc-
curred are obscure, but the possibilities include additional dupli-
cations of the array via unequal crossing over and deletion or
gene conversion of some of the resulting distal loci. Third, the
origin of the central portion of the Naip array, including the
�Naip loci, occurred much more recently; a model for this is
described elsewhere (Growney et al. 2000).
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and others are making significant progress in elucidat-
ing the functional roles of these genes in a variety of
processes. With regard to identifying the Lgn1 gene, it
is most likely that further comparative sequencing in
search of causative mutations in Naip2 or Naip5 and/or
attempts to complement the phenotype will resolve
the matter. These experiments are currently underway
in our laboratory.

METHODS

Sequencing
The strategy used for determining the sequence of clones that
contain multiple copies of highly related regions was de-
scribed extensively elsewhere (Endrizzi et al. 1999). Here, we
briefly describe the technical aspects to the sequencing.

BAC DNA Isolation
We isolated BAC (26f17) DNA from 100 ml overnight cultures
(LB with 12.5 µg/ml chloramphenicol) following Research
Genetics’ BAC miniprep protocol. We isolated P1 (9045) DNA
from 500 ml overnight cultures (LB with 50 µg/ml kanamy-
cin) using Qiagen’s Large Construct Kit.

Library Construction
We sheared 10 µg of BAC DNA in 50 µl of 1X Mung Bean
buffer (New England Biolabs) using a sonicator and made the
fragment ends blunt by incubating 0.5 µl of Mung Bean
nuclease with the sheared DNA for 30 min at 30° C. We ran
total DNA through a 1% low-melt agarose gel (FMC) in 1X
TAE buffer at 1.5 V/cm for 16 hr alongside a 1 kb DNA ladder
(GIBCO). We excised DNA fragments in the range of 3.5 to 4.5
kb, extracted with buffer-saturated phenol and after ethanol
precipitation, resuspended in 20 µl dH2O. We quantified the
size-selected DNA against a low mass ladder (GIBCO) using an
agarose gel. We ligated 150 ng of blunt-end murine DNA to 50
ng of dephosphorylated, SmaI blunt-cut pUC18 vector (Phar-
macia) at 14° C for 16 hr and used 2 µl of the ligation reaction
for transforming DH5� ultracompetent Escherichia coli cells
(GIBCO).

Sequencing Template Preparation
We picked colonies by hand and inoculated in 96 deep-well
plates containing 1.25 ml of TB plus ampicillin (50 µg/ml
final). Cultures grew at 37° C for 20 hr while shaking at 225
rpm. We isolated plasmids using a 96-well alkali lysis protocol
(Edge Biosystems) and resuspended in 30 µl of 1 mM Tris-Cl.

Sequencing Reactions
We sequenced 500 ng of template using ABI Big Dye termi-
nator chemistry (Perkin Elmer) according to the manufactur-
er’s specifications. We performed the reaction in an MJ Re-
search thermal cycler (PTC-225). We purified reactions with
96-well filter plates (Edge), dried samples in a Speedvac evapo-
rator, and stored the samples at �20° C until resuspending in
loading buffer. We used both an ABI 377 and an ABI 3700 for
detection. We extracted DNA sequences using Bass, Grace,
and Trout (Whitehead/MIT) for ABI 377 data and ABI Data
Collection software (Perkin Elmer) for ABI 3700 data.

Assembly
We imported approximately 4X coverage for each genomic
clone in sequence reads from both ends of 4-kb subclones into

a Gap4 database (Staden 1996). We used an initial threshold
of 5% mismatch for automated assembly. We then manually
removed and reassembled misaligned reads based on our ob-
servations of consistent sequence polymorphisms with the
consensus. Ultimately, this low-level sequence coverage of the
clones yielded a manageable number of contiguous sequences
that were ordered and oriented by linking subclones (Chen et
al. 1993). We isolated the inserts of these subclones and se-
quenced sheared, cloned 500-bp fragments to obtain se-
quence coverage of the gaps.

Long PCR to Obtain Gap-spanning Fragments
We chose primers for long PCR using Primer 0.5 on consensus
sequence from the ends of assembled contiguous sequences
for which we had no linking subclones (Lincoln et al. 1991).
We designed long PCR reactions to cover all possible orders
and orientations of contiguous sequences. We repeated three
reactions for each positive PCR product to eliminate early-
round mutations introduced in any one reaction and pooled
products together for either direct sequencing or library con-
struction.

Confirmation of Sequence
To check the sequence assembly for errors, we compared the
restriction digest pattern of each clone to a virtual digest of
the consensus sequence. In all cases, the predictions were con-
sistent with the digest pattern (data not shown).

Analysis and Annotation of the Sequence

Alignment with Known cDNA Sequences
We assembled sequences of Naip cDNAs (Huang et al. 1999) to
genomic consensus sequence using Sequencher 3.0.

Genotator
After the assembly was complete, we utilized Genotator/
Genotator Browser (Harris 1997) to annotate the final se-
quence with BLAST homologies to the expressed-sequence-
tag and GENPEPT databases, open reading frames, and exons
predicted by the programs Genie, GENSCAN, GRAIL, and
GeneFinder (Kulp et al. 1996; Burge and Karlin 1997; Uber-
bacher and Mural 1991; Solovyev et al. 1994). See the paper by
Endrizzi et al. (1999) for more details.

Alignments with Mouse Paralogous Sequences
Sequences were aligned using a program called Blastz
(Schwartz et al. 2000), which can be run on user-supplied data
at http://bio.cse.psu.edu/. We aligned unmasked sequences
using the default alignment scores (match, 1; mismatch, �1;
gap of length k, �6–0.2k) and the Chaining option, which
forces aligned regions to have the same order and orientation
in the two sequences.

Display of Alignments
For overviews of the alignment results, we used a visual rep-
resentation called the percent identity plot (PIP) (Oeltjen et al.
1997; Hardison et al. 1997; Ansari-Lari et al. 1998). The PIPs,
unlike the traditional representation of these alignments as
dot-plots, lose some of the spatial relationships with one of
the compared sequences but accurately depict the level of
identity at each position in the alignment.
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