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Abstract

The PLUNC family of human proteins are candidate host defense proteins expressed in the upper airways.
The family subdivides into short (SPLUNC) and long (LPLUNC) proteins, which contain domains predicted
to be structurally similar to one or both of the domains of bactericidal/permeability-increasing protein (BPI),
respectively. In this article we use analysis of the human, mouse, and rat genomes and other sequence data
to examine the relationships between the PLUNC family proteins from humans and other species, and
between these proteins and members of the BPI family. We show that PLUNC family clusters exist in the
mouse and rat, with the most significant diversification in the locus occurring for the short PLUNC family
proteins. Clear orthologous relationships are established for the majority of the proteins, and ambiguities are
identified. Completion of the prediction of the LPLUNC4 proteins reveals that these proteins contain
approximately a 150-residue insertion encoded by an additional exon. This insertion, which is predicted to
be largely unstructured, replaces the structure homologous to the 40s hairpin of BPI. We show that the exon
encoding this region is anomalously variable in size across the LPLUNC proteins, suggesting that this region
is key to functional specificity. We further show that the mouse and human PLUNC family orthologs are
evolving rapidly, which supports the hypothesis that these proteins are involved in host defense. Intriguing-
ly, this rapid evolution between the human and mouse sequences is replaced by intense purifying selection
in a large portion of the N-terminal domain of LPLUNC4. Our data provide a basis for future functional
studies of this novel protein family.

Keywords: PLUNC; BPI; rapid evolution; innate immunity

Supplemental material: See www.proteinscience.org

Reprint requests to: Colin D. Bingle, Academic Unit of Respiratory
Medicine, Division of Genomic Medicine, University of Sheffield Medical
School, Sheffield, S10 2JF, UK; e-mail: c.d.bingle @sheffield.ac.uk; fax:
00-44 (0) 114-272-1104; or C. Jeremy Craven, Krebs Institute for Biomo-
lecular Research, Department of Molecular Biology and Biotechnology,
University of Sheffield, Sheffield, S10 2TN, UK; e-mail: c.j.craven@
sheffield.ac.uk.; fax: 00-44 (0) 114-272-8697.

Abbreviations: at, Arabidopsis thaliana; b, bovine; ¢, chicken; cg, Cras-
sostrea gigas (pacific oyster); ci, Ciona intestinalis; t, Trout; cael, Cae-
norhabditis elegans; ec, Equus caballus (horse); h, human; m, mouse; r, rat.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1110/ps.03332704.

Epithelial surfaces are patrolled by numerous molecules that
protect against pathogenic colonization, and that constitute
components of the innate immune system (Martin 2000).
The innate immune response not only provides the first-line
barrier against infection but also determines to which anti-
gens the acquired immune system responds and the nature
of these responses (Fearon and Locksley 1996). Many of the
molecules associated with the innate immune response spe-
cifically interact with and respond to the bacterial surface.
In humans, two of the proteins critical to the mediation of
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signals from Gram-negative bacteria are lipopolysaccharide
(LPS) binding protein (LBP) and bactericidal/permeability-
increasing protein (BPI; Elsbach and Weiss 1998; Fenton
and Golenbock 1998). LBP and BPI, which are structurally
similar (Beamer et al. 1997), both bind LPS from the outer
envelope of Gram-negative bacteria, but are generally con-
sidered to have antagonistic functions. LBP serves to alarm
the host to the presence of minute amounts of LPS, and can
therefore be considered to be proinflammatory, whereas
BPI has been shown to render LPS noninflammatory (Els-
bach and Weiss 1998; Fenton and Golenbock 1998). The
predominance of these pro- and anti-inflammatory path-
ways may ultimately determine the host’s response to bac-
teria, and perturbation of this balance may result in severe
sepsis with concomitant mortality (Elsbach and Weiss 1998;
Martin 2000). The anti-inflammatory and antimicrobial ac-
tivity of BPI has therapeutic applications that are currently
under active development (Levy 2002).

We recently showed that the human PLUNC gene (Bingle
and Bingle 2000) belongs to a family of at least seven genes
located in a 300 kB locus on chromosome 20q11.2 (Bingle
and Craven 2002), and we further showed that the PLUNC
family proteins are predicted to demonstrate significant 3D
similarity to BPI and LBP. We have defined two subgroups
of PLUNC family proteins: the short (SPLUNCI, 2, 3, etc.)
and the long (LPLUNCI, 2, 3, etc.) proteins. “Short” pro-
teins have homology only to the N-terminal domain of BPI,
whereas “long” proteins have homology to both the N- and
C-terminal domains of BPI and LBP. Within this classifi-
cation the protein originally designated hPLUNC becomes
hSPLUNCI. In addition to the predicted structural similar-
ity to LBP/BPI, there are a number of observations that
suggest that PLUNC family proteins may function in host
defense against bacteria. The rat protein, PSP, has been
shown to interact with bacterial membranes (Robinson et al.
1997). hSPLUNCI is present in the antimicrobial fraction
of human nasal secretions (Cole et al. 2002), and has been
shown to be increased in the sputum of patients with chronic
obstructive pulmonary disease (Di et al. 2003). In addition,
PLUNC family proteins are characteristically expressed in
regions of the respiratory tract, oro- and nasopharynx (Wes-
ton et al. 1999; Bingle and Bingle 2000; Le Clair et al. 2001;
Bingle and Craven 2002; Di et al. 2003), which are sites of
significant bacterial load and locations where LBP and BPI
are not significantly expressed, although certain cell lines
from these tissues have been shown to express both proteins
(Dentener et al. 2000; Canny et al. 2002). Host defense
proteins in these regions may be directly bactericidal, they
may be bacteriostatic, or they may play a role in preventing
an inappropriate inflammatory response (Ganz 2002).

Our previous study (Bingle and Craven 2002) was re-
stricted to the human PLUNC family proteins. In this article
we survey the extent to which PLUNC family proteins exist
in other species, and whether the molecular evolution of the

proteins (both at the level of paralogs and orthologs) pro-
vides any clues to their function.

Results

Sequence data

PLUNC family and BPI-related genes in the public data-
bases were identified via BLAST searches using established
PLUNC family and BPI-related genes as queries. On the
basis of analysis of interspecies sequence alignments, gene
structure, computerized gene predictions, and EST data-
bases it was possible to make additional revisions of several
deposited sequences (hLPLUNC3, hSPLUNC3, mLPLUNCI,
mLPLUNC4, rLPLUNC3, rLPLUNC4, rSPLUNCS, rBPI),
predictions of novel genes (mLPLUNC3, mLPLUNCS,
rLPLUNCI, rLPLUNC2, rLPLUNC6, rSPLUNC3), and
prediction of genes that have also been confirmed in recent
or patent database depositions (mBPI, hLPLUNC4). The
relationships among these sequences are summarized in a
phylogenetic tree in Figure 1. Protein sequences, accession
codes, alternative nomenclature, and details of the extent to
which sequences are novel and/or predicted/experimentally
confirmed are available as Supplemental Material. We iden-
tified 12 homologs of the human PLUNC family proteins in
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Figure 1. Unrooted phylogenetic tree of BPI and PLUNC family mem-
bers. The PLUNC family branch of the tree is colored black, and the BPI
branch is in green. Branches with bootstrap values <85% are colored red;
the detailed branching order is uncertain in these regions. Thickened
branches delineate groups of orthologous proteins, as defined in the text.
See Materials and Methods for details of the regions of sequence used to
construct the tree.
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both the mouse and the rat. The coverage in the databases
for other species is much less complete; however, the data-
bases contain four bovine homologs, and one homolog each
for horse and chicken. For the cow proteins, we have in-
cluded those proteins previously identified in the literature
(Wheeler et al. 2002), but ESTs also exist for proteins simi-
lar to LPLUNC2 and LPLUNC4. A number of the plunc
family members that we identified have previously been
described separately, with a varied nomenclature (Poulsen
et al. 1986; Dear et al. 1991; Mirels and Ball 1992; Wheeler
et al. 2002; Andrault et al. 2003). Where the orthology to the
human PLUNC family proteins is clear (see below) we use
our nomenclature for these proteins (Bingle and Craven
2002). Where the orthology is unclear, we maintain the
original names in the literature. A list of alternative nomen-
clatures is provided in Supplemental Material.

In the analyses below we have also included the human,
mouse, rat, and bovine orthologs of the BPI/LBP/CETP/
PLTP proteins, where they exist in the databases, or where
we have been able to make predictions/annotations. To
place our data in the context of the widest possible view of
the BPI family, the collection also includes a range of BPI-
related proteins from diverse species obtained from BLAST
searches. Mouse and rat orthologs of human BPI were not
annotated in the databases prior to our analysis. Using the
human BPI sequence, knowledge of the patterns of exon
sizes in the BPI proteins (see below), the mouse and rat
genome sequences, and the EST databases, it was straight-
forward to predict a novel sequence in mouse and rat that
shared 53% and 55% pairwise amino acid identity, respec-
tively, with human BPI. We confirmed the expression of
BPI in mouse testes and alveolar neutrophils by RT-PCR
(results not shown). The classification of these sequences as
the rat and mouse orthologs of human BPI is discussed
further below.

LPLUNC4 was unique among the PLUNC family pro-
teins that we previously described (Bingle and Craven
2002), as it was not complete at the N-terminal end. To
complete the sequence we identified a series of mouse ESTs
that extended the mouse sequence in the 5’ direction. These
sequences were subsequently mapped onto the mouse and
rat genome sequences to identify the intron/exon arrange-
ment. This information was used to generate a complete
open reading frame for both the mouse and rat genes. Both
predicted proteins contain a signal peptide. This information
was then used to predict the complete human LPLUNC4
gene. The LPLUNC4 gene contains a very small third exon
(63bp) compared to all of the other PLUNC family genes as
well as a large additional exon, which we term exon 3b.
Subsequently, the sequence of human LPLUNC4 was con-
firmed by a complete cDNA sequence (AX283507) within
the patent divison of Genbank. A further alternatively
spliced human LPLUNC4 sequence with an extended third
exon is also found in the patent division (AX283509).
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Identification of orthologous relationships

The completeness of the mouse genome sequence allowed
the definition of the PLUNC family gene locus (Fig. 2). For
the rat, the genomic data are slightly less complete, and
therefore, the exact size of the locus remains to be com-
pletely defined. It appears to be highly similar to that seen
in the mouse. In all three species the PLUNC family pro-
teins have therefore remained in a compact cluster.

From analysis of the phylogenetic tree (Fig. 1), genomic
locus (Fig. 2), and pairwise identity matrices (Supplemental
Material) it was possible to define clear 1:1 orthologs (Wa-
terston et al. 2002) in humans, mice, and rats for LPLUNCI,
LPLUNC2, LPLUNC3, LPLUNC4, LPLUNC6, SPLUNCI,
and SPLUNCS3. These proteins satisfy the requirements of
reciprocal best matches, and the genes are present in closely
similar locations in the loci, taking into account the insertion
of a small number of nonorthologous genes. These defini-
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Figure 2. The organization of the mouse, rat, and human PLUNC family
gene loci. The stippled and black boxes represent “long” (LP) and “short”
PLUNC family proteins (SP). Due to the less complete nature of the rat
genomic sequences in the htgs database (as of December 22, 2002) the
absolute size of the rat locus may be underestimated. The updated human
locus is also presented showing the position of LPLUNC6, XM and BASE
and the partial sequence of the ortholog of LPLUNCS (shown as the white
box), which may represent a pseudogene. The sequence of rLPLUNCS is
a near complete prediction. The gene designated XM represents a predicted
gene (XM_206487), which has definite PLUNC family characteristics but
which we are presently unable to assign to either the Long or Short PLUNC
family proteins due to the lack of expression information and the lack of a
definitive prediction in GENSCAN (Burge and Karlin 1997). Genes con-
tained within brackets are those for which there is no expression informa-
tion in any form. Immediately 5" of the mouse SPLUNC4 gene is a viral
gag gene (gag), which due to its position may block transcription of the
otherwise completely predicted gene. The size bar represents 50 kb. During
our study the cloning and sequencing of human LPLUNC2 and LPLUNC6
was reported (Mulero et al. 2002). In this article the authors designated
these proteins as BPI-like proteins (BPIL) 1 and 3, respectively. The po-
sition of the human BASE gene (Egland et al. 2003) is also shown adjacent
to SPLUNC3.



The PLUNC gene family

tions are further strengthened by the fact that the pairwise
amino acid identity between these orthologs is always
greater than 55%, which contrasts clearly with the typically
much lower similarity observed between paralogs in the
PLUNC family. Orthologs can be identified for SPLUNCS
and LPLUNCS in the mouse and rat only. From a more
subjective assessment of their position in the phylogenetic
tree, bovine members of the LPLUNCI and SPLUNCI
groups were also identified. For the other members of the
PLUNC family the orthology is less clear. mPSP and rPSP
satisfy the criteria for 1:1 orthologs, although they are the
most dissimilar mouse/rat pair in the family, with only 69%
pairwise identity. The human ortholog of these proteins is
potentially hRSPLUNC2 (Emes et al. 2003), but this is not a
clear 1:1 orthology, as hSPLUNC?2 is equally similar to
rSMGB and mSPLUNC4. The similarity of rfSMGB and
mSPLUNC4 is even lower than for mPSP and rPSP, and
rSMGB is only weakly more similar to mSPLUNC4 (44%)
than it is to mPSP (38%). The bovine proteins bSP30a and
bSP30b (Wheeler et al. 2002) are very weakly more similar
to hSPLUNC?2 than to any other protein, but at a level too
low to propose a close orthologous relationship. Likewise,
cTENP is potentially a weak ortholog of the LPLUNC2
proteins. The protein hBASE is discussed further below.
The limited published expression data is consistent with the
orthologous relationships outlined above (Poulsen et al.
1986; Mirels and Ball 1992; Le Clair et al. 2001; Bingle and
Craven 2002; Andrault et al. 2003).

In our current analysis there are two exceptions to the rule
of low pairwise identity between paralogous proteins in the
PLUNC family. The bovine proteins bSP30a and bSP30b
share 83% pairwise amino acid identity, and the proteins
SPLUNCI1 and SPLUNCS share 62% pairwise identity in
the mouse, and 59% pairwise in the rat. Along with the
restricted species distribution of the SPLUNCI and
SPLUNCS genes and their close proximity in the locus, it
appears that SPLUNCI and SPLUNCS have arisen by a
comparatively recent gene duplication that postdates the di-
vergence of the human-rodent lineages.

Using the criteria we describe above for the definition of
the PLUNC family orthologs we would classify mBPI and
rBPI as the true orthologs of human BPI. First, mBPI and
human BPI share 53% amino acid identity, whereas the next
closest human protein is human LBP with which it shares
only 38% identity. The reverse relationship also holds, that
mBPI is the closest murine homolog of human BPI. The
figures are similar for rBPI, and these relationships are re-
flected by the location of mBPI and rBPI in the same branch
of the phylogenetic tree as hBPI. Second, the mBPI and
rBPI genes are located in a region synteneic to that of ABPI,
between the TGM2 and LBP genes (Gray et al. 1993).
cDNA clones of mBPI (AK033770) have recently appeared
in the public databases, along with an automated prediction
for rBPI (XM_230800) of a sequence similar but not iden-

tical to our prediction. Neither of these sequences are an-
notated as orthologs of human BPI, presumably due to the
low sequence similarity, although the genomic location of
mBPI was recently also proposed by Andrault et al. (2003).
Proof that these sequences are the functional counterparts of
hBPI will require further studies.

Patterns of exon sizes

Exon sizes were collated for all the complete mouse, rat,
and human sequences. The sizes of exons for one represen-
tative of each paralog is shown in Figure 3. Between or-
thologous genes, the exon sizes are generally well con-
served (data not shown). As has been previously observed
(Gray et al. 1993), the sizes of exons are well conserved
across the BPI/CETP/PLTP/LBP family, with a small de-
gree of variation in the final exon, which in the case of
CETP may have functional consequences (Bruce et al.
1998). The long PLUNC family genes generally display a
very similar pattern of exon sizes to those of the BPI/CETP/
PLTP/LBP genes, especially for exons 4 to 15. In contrast,
exon 3 is highly variable in size, and LPLUNC4 includes the
additional exon, exon 3b. The short PLUNC family genes
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Figure 3. Conservation of exon sizes in BPI and PLUNC family proteins.
The number of coding nucleotides in the coding exons of BPI and PLUNC
family proteins (exons 2—8 in one domain proteins and exons 2-16 in two
domain proteins) for (A) hBPI, hLBP, hPLTP, and hCETP; (B)
hLPLUNCI1, hLPLUNC2, hLPLUNC3, hLPLUNC4, mLPLUNCS, and
hLPLUNCG6; (C) hSPLUNC1, hSPLUNC2, hSPLUNC3, mPSP, rfSMGB,
mSPLUNC4, mSPLUNCS. For LPLUNCH4, the large additional exon 3b is
shown positioned between exons 3 and 4. For CETP, the two exons that
correspond to exon 5 of BPI have been shown with a combined size of 159
nucleotides.
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preserve the exons sizes for exons 4 to 7 found in the BPI/
CETP/PLTP/LBP proteins and the long PLUNC family pro-
teins. The greatest variation in the short PLUNC family
genes occurs in the first coding exon. The structural conse-
quences of these facts are discussed further below.

Mapping sequences onto BPI

BPI contains two structurally similar, yet highly sequence
dissimilar domains (Beamer et al. 1997). The LPS binding
and bactericidal activity of BPI is conferred by the N-ter-
minal domain, whereas the C-terminal domain is involved
in the opsonic role of the protein (Elsbach and Weiss 1998;
Levy 2002). The long PLUNC family proteins contain both
domains, whereas the short PLUNC family proteins are pre-
dicted to be most similar to the N-terminal domain (Bingle
and Craven 2002).

With the exception of BASE (see below), analysis using
the 3DPSSM 3D-threading server (Kelley et al. 2000) con-
fidently predicted all proteins in this study to share a similar
fold to at least one domain of BPI (data not shown). Fur-
thermore, all proteins, with the exception of BASE and the
two proteins from Arabidopsis thaliana, conserve the cys-
teine pair corresponding to the disulphide bond found in
BPIL

Attempts to thread the complete LPLUNC4 sequence
onto the BPI structure provided a firm alignment to BPI
only beyond residue L.227, corresponding to residue 158 of
BPL 158 lies very close to the boundary of sequence en-
coded by exons 3 and 4 in BPI (Fig. 4A). The 3DPSSM
algorithm was unable to confidently map the residues be-
tween this point and the N terminus onto the BPI structure.
However, the N-terminal portion of the sequence (once the
signal peptide is excluded) was predicted to form a B-strand
and a-helical segment as found at the N-terminal end of the
BPI structure (Beamer et al. 1997). In addition, the sequence
corresponding to the extra exon 3b was not predicted to
form stable secondary structure. We hypothesized that ex-
ons 3 and 3b might encode a largely unstructured insertion
of approximately 150 residues that replaces the 40s hairpin
(in the conventional BPI numbering scheme; see description
of the BPI structure below). Therefore, we used the
3DPSSM algorithm to predict the structure of a modified
form of the hLPLUNC4 sequence in which exon 3b was
deleted. This created a threading that successfully mapped
residues 25-44 onto the N-terminal 20 residues of BPI, at a
similarly high confidence level as the rest of the mapping of
the structure (data not shown). Clear mapping to the BPI
structure resumes at M56 (Fig. 4A). Consistent with the
substantial disruption of structure in the 40s hairpin, the
mapping also predicts the replacement of the 90-103 hair-
pin of BPI by a four-residue loop, as previously also found
for the incomplete LPLUNC4 sequence (Bingle and Craven
2002).
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Figure 4. Sequence comparison of mouse and human LPLUNC proteins.
(A) The 3D structure of human BPI colored to show the region encoded by
exon 2 (purple) and that encoded by exon 3 (white), the remainder of the
N-terminal domain (green), and the C-terminal domain (gold). (B) Locally
averaged human/mouse sequence identity traces overlaid for SPLUNCI,
SPLUNC3, LPLUNCI, LPLUNC2, LPLUNC3, LPLUNC4, and
LPLUNCSG. The trace for LPLUNCH4 is in red; traces for the other proteins
are in black. The average at each sequence position was calculated as a
Gaussian weighted average of neighboring positions. The standard devia-
tion of the Gaussian function used was 15 residues. The colored bars mark
the regions corresponding to the regions colored in (A) mapped to the
residue numbers of LPLUNC4. The thin bar shows the position of the
GL-rich region in the sequence of LPLUNC4. The two horizontal lines
mark the 16th to 83rd percentile ranges of amino acid identity observed in
domain-containing protein regions in a survey of the human and mouse
genomes (Waterston et al. 2002) . Individual traces are available as Supple-
mental Material.

BASE

The BASE gene was recently discovered in a screen for
genes upregulated in breast cancer (Egland et al. 2003). In
normal tissue it is predominantly found in the salivary
gland. The BASE protein is only 179 residues, compared to
a typical size of approximately 250 residues for short
PLUNC family proteins. Analysis of the genomic sequence
indicates that the truncation of this protein arises from a
single nucleotide deletion in exon 6. The resultant frame-
shift generates a stop codon that deletes the whole of the
second major helix, including one of the cysteines in the
otherwise highly conserved disulphide bond. If an extra
nucleotide is inserted into the 5’ end of exon 6, a full-length
BASE_mod gene can be constructed using the remaining
two coding exons, which has approximately 41% identity
over its entire length to equine Latherin. We have cloned
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BASE from salivary gland, confirming that the reported se-
quence is correct (results not shown). The BASE_mod gene
would encode a protein that is predicted by 3DPSSM to
form a fold similar to the other single domain proteins. It is
unlikely, although not inconceivable, that BASE is a folded
protein, because an integral part of the structure has been
deleted. Our hypothesis is that BASE represents a “dying
gene” that is still expressed despite not producing a viable
folded protein product.

Human—mouse sequence comparisons

The identification of orthologous pairs of human and mouse
PLUNC family proteins allowed us to assess the degree and
patterns of sequence conservation in the PLUNC and BPI
families. Two measures were used: (1) sequence wide Ka/
Ks, and (2) locally averaged sequence identity.

Ka/Ks

Ka/Ks (Hughes and Nei 1988) data for the PLUNC fam-
ily and BPI/LBP/PLTP proteins is shown in Table 1. For
domain containing protein regions, the median value for
Ka/Ks in the human/mouse genomes is 0.061, with a range
of 0.015-0.178 at the 16th to 83rd percentiles (Waterston et
al. 2002). Therefore, with the exception of LPLUNC4, for
which the sequence conservation is further discussed below,
all the PLUNC family proteins show substantially elevated
rates of molecular evolution. Similarly elevated values are
observed for BPI and LBP, and also for the functionally
unclassified protein BPIL2 (Mulero et al. 2002).

Locally averaged sequence identity

To determine whether sequence conservation was uni-
form across the sequences, we calculated local pairwise
identity smoothed using a gaussian (standard deviation =
15) moving window for each of the mouse human ortholog
pairs (Fig. 4B).

Table 1. Ka/Ks data for the PLUNC or BPI family proteins for
which mouse/human orthologs exist

Ka Ks Ka/Ks
SPLUNCI1 0.18 0.40 0.46
SPLUNC3 0.25 0.50 0.49
LPLUNCI1 0.28 0.87 0.32
LPLUNC2 0.21 0.49 0.43
LPLUNC3 0.13 0.51 0.26
LPLUNC4 0.08 0.63 0.13
LPLUNC6 0.16 0.72 0.23
BPI 0.36 0.76 0.47
LBP 0.20 0.76 0.26
PLTP 0.10 0.70 0.15
BPIL2 0.19 0.44 0.44

In most sequences the pattern is not signficantly different
from random. In LPLUNC4, however, the pattern is quite
different, as it contains an approximately 200-residue
stretch that is almost totally conserved. This region corre-
sponds to a GL rich region that we have previously com-
mented upon (Bingle and Craven 2002) which is encoded
by the 3’ end of exon 3b, and to the remainder of the
N-terminal domain encoded by exons 4 to 8 and part of
exon 9. In this 200-residue stretch there are only three
amino acid substitutions; thus, this region is under intense
purifying selection (i.e., selection acting to purge muta-
tions).

It was also investigated whether the sequence variability
between human/mouse orthologous pairs mapped to equiva-
lent positions in the 3D structure of BPI for groups of
PLUNC family proteins. No statistically significant cluster-
ing could be detected (data not shown).

Discussion

Structure of the PLUNC/BPI superfamily

Previously (Bingle and Craven 2002) we showed that the
human PLUNC family proteins form a subfamily of a BPI/
PLUNC superfamily. This division was based upon the ge-
nomic colocalization of the PLUNC family genes into a
compact cluster of approximately 300 kB, and upon the
observation that the degree of structural conservation is pre-
dicted to be significantly different in the two families.

Our results here show that clusters of genes orthologous
to the PLUNC family genes are also present in the mouse
and rat genomes, and that a phylogenetic tree robustly clas-
sifies the PLUNC family proteins into a separate branch to
the BPI/LBP/CETP/PLTP proteins (Fig. 1). The proteins
falling into the PLUNC family branch are exclusively from
air-breathing vertebrates, whereas the BPI branch also con-
tains proteins from invertebrates and plants. Definitive
proof that the PLUNC family proteins are restricted to air-
breathing vertebrates will only be possible with the comple-
tion of genome sequences from more diverse species.

In turn, the PLUNC family branch approximately subdi-
vides into two subbranches of long and short proteins (see
below regarding LPLUNCI1 and LPLUNCS). Because we
restricted comparison to a portion of the N-terminal domain,
we can infer that this division in the phylogenetic tree is a
true reflection of detailed amino acid sequence, rather than
a consequence of differences necessitated by the one- or
two-domain nature of the proteins involved. The division of
the tree into short and long branches strongly argues against
the hypothesis that the short and long proteins might form
agonist/antagonist pairs. A similar grouping of the short
proteins is also observed in the genomic locus (Fig. 2).

The structural similarity of the two domains of the long
proteins strongly suggests they arose from a duplication
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event in a one-domain protein. As PLUNC family proteins
are apparently restricted to air-breathing vertebrates,
whereas two domain BPI like proteins in general are found
in a wide range of species (including distant homologs in
plants and worms), it appears the short PLUNC family pro-
teins must have arisen from a comparatively recent deletion
of the C-terminal domain. If this deletion occurred follow-
ing a duplication of a precursor of the LPLUNCI/5 genes,
this would explain the positioning of the SPLUNC genes
between the LPLUNC2/3/4/6 and LPLUNC1/5 genes in the
genomic locus, and the positioning of LPLUNC1/5 proteins
slightly closer to the SPLUNC proteins in the phylogenetic
tree. There is also evidence for a link between LPLUNC1/5
and the SPLUNC genes in the detailed sizes of exons 4-7
(see Supplemental Material).

Rapid molecular evolution of the PLUNC family
proteins supports a role in innate immunity

Very recently it has become possible to perform whole ge-
nome-wide analyses of the evolution of human and mouse
orthologs (Waterston et al. 2002; Emes et al. 2003). Such
analysis has shown that, for instance, 80% of proteins have
a 1:1 ortholog in the corresponding genome, and that do-
main containing orthologs will share on average 81%—99%
(16th to 83rd percentiles) sequence identity (Waterston et al.
2002). The levels of sequence identity between the or-
thologs in the PLUNC family are much lower than this,
being in the range 45%—76% (with the notable exception of
LPLUNCH4 as discussed above). An alternative measure of
the evolutionary pressure on proteins is the Ka/Ks ratio
(Hughes and Nei 1988; Hurst 2002). It has been observed
that an elevated Ka/Ks ratio, and hence rapid molecular
evolution, is a frequent characteristic of proteins involved in
host defense (Hurst and Smith 1999; Waterston et al. 2002;
Emes et al. 2003). The data for the PLUNC family proteins
(Table 1) indicate that this family is evolving more rapidly
than the eight families with the highest median Ka/Ks de-
scribed in Table 13 of Waterston et al. (2002). Six of these
families are involved in host defense and immunity. Thus,
the data are consistent with a role in innate immunity; how-
ever, proteins involved in other functions also exhibit rapid
evolution. For instance, the p450 family of proteins exhibit
elevated Ka/Ks values, and are involved in the metabolism
of toxic compounds. Such a function therefore appears to
necessitate rapid adaptive change (Emes et al. 2003), and a
clearance or transport role is an alternative possible function
for the PLUNC family. More detailed analysis of whether
the elevated Ka/Ks values observed in the PLUNC family
are the result of reduced purifying selection, or of positive
selection at a few sites must await the availability of many
more vertebrate genome sequences.

The clustering of the PLUNC family genes also probably
reflects the rapid evolution of the PLUNC protein family as
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a whole, with gene duplication occurring more rapidly than
gene dispersion. Similarly, the conservation of exon sizes in
the presence of very low paralogous similarities may reflect
the effect of rapid evolution following rather recent paralo-
gous duplications.

LPLUNCH4 displays unique features: An extreme case,
or a new function?

To discuss the unique features of the LPLUNC4 proteins, it
is helpful first to consider some features of the BPI fold
(Fig. 4A). The BPI fold can be described as two distorted
“barrels,” connected by an interdomain 3 sheet (Beamer et
al. 1997). Each barrel is akin to a long thin barrel where two
of the strands are replaced by long a-helices. The break in
the side of the barrel produced by these helices generates the
opening to the lipid binding pockets. The [3-sheet connect-
ing the two barrels comprises a number of strands from each
domain. In each domain, these strands form the first and the
last secondary structure elements in the sequences. The first
two coding exons, exons 2 and 3, encode residues 1-55.
These residues comprise the signal peptide, the first strand
in the interdomain sheet, the first long a-helix, and the 40s
hairpin at the end of the barrel distal to the interdomain
sheet. This hairpin (which we refer to throughout as the “40s
hairpin”) contains a positively charged loop that has been
suggested to be important for the disruption of the phopho-
lipid/divalent cation interactions in the bacterial outer mem-
brane. The role of this loop, however, is not definitively
established, because it has also been proposed to be in-
volved in the LPS neutralizing and antimicrobial roles of
BPI, yet the sequence is moderately well conserved in LBP,
which is neither LPS neutralizing nor directly antimicrobial.
The sequence encoded by exon 4 onwards forms the four
long runs of twisted and somewhat irregular structure that
form the pseudo (-barrel before the second long helix that
then runs into the final strands of the N-terminal domain
that are part of the interdomain 3-sheet. The topology of the
C-terminal domain is similar, although somewhat less regu-
lar.

We previously noted (Bingle and Craven 2002) that al-
though the PLUNC family is predicted to be structurally
similar to BPI, there is predicted to be a diversity of struc-
ture, especially in the tip of the N-terminal domain distal to
the interdomain region. Such diversity is not predicted for
LBP, PLTP, and CETP. The variability in the structure in
this region, coupled with the low sequence identity between
sequences, made it very difficult to predict a clear structural
basis to the variability between sequences. Analysis was
further complicated by the fact that a complete sequence
was not available at that time for hLPLUNCA4.

Starting from the complete sequence of the LPLUNC4
proteins, and the associated exon structure, it iS now pos-
sible to refine the picture of the pattern of variability. As we
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have described above, it appears that a consistent model for
LPLUNCH4 can be constructed by assuming that exons 3 and
3b encode a large unstructured insertion that substantially
replaces the 40s hairpin. Across the LPLUNC family, exon
3 is by far the most variable fully coding exon in terms of
size (Fig. 3B), suggesting that some aspects of the model of
LPLUNCH4 can be extended to the other LPLUNC proteins,
and that the predominant features of variability in the
LPLUNC proteins reside in the nature of the structure in the
region homologous to the 40s hairpin.

In the short PLUNC family proteins the variability ap-
pears to reside instead in exon 2, which encodes the N-
terminal part of the protein. Further analysis is considerably
more difficult, as the nature of the structure in this redun-
dant interdomain 3-sheet region cannot be modeled on BPI.
In SPLUNCI, this variability is so great that there is a
significant difference in the lengths of the human, mouse,
and rat proteins (see Supplemental Material).

This interpretation of LPLUNC4 as a paradigm for the
rest of the LPLUNC proteins is, however, challenged by the
observation that the approximately 200-residue portion of
sequence encoded by the 3’ end of exon 3b and extending
through most of the rest of the N-terminal domain is >97%
conserved between human and mouse, in complete contrast
to all the other sequences in the PLUNC or BPI families
(Fig. 4B). If the enhanced molecular evolution in the
PLUNC family proteins and BPI and LBP proteins is indeed
due to interaction with a rapidly evolving pathogen, then
this effect appears to be completely replaced by extreme
purifying selection in a large part of one domain of
LPLUNCA4.

A second noteworthy feature in the LPLUNC4 sequence
is the GL-rich sequence GLLGGGGLLGDGGLLGGGGVL,
which is encoded by the 3’ end of exon 3b, and is therefore,
positioned just to the C-terminal end of the putative greatly
expanded and unstructured 40s loop. This curious sequence
is not unique to LPLUNC4, as a highly similar sequence
(GLLGSGGLLGGGGLLGHGGVF) is found in hLPLUNC3,
encoded at the end of exon 3. Two smaller GL-rich se-
quences are also found in the SPLUNCI proteins (Bingle
and Craven 2002) and are also encoded by exon 3. The
cDNA for the alternatively spliced variant of hLPLUNC4
encodes an extra GL-rich repeated peptide N-terminal to the
sequence encoded by exon 3b. In this variant, therefore, the
180-residue inserted segment is flanked at either side by
GL-rich regions.

These observations therefore raise the question as to the
functional homogeneity of the PLUNC family proteins.
Does LPLUNC4 simply represent a somewhat extreme case
in a broad spectrum of structural diversity in proteins with
an underlying common function, or has LPLUNC4 evolved
a completely new function? The large insertion and the
unique pattern of conservation might suggest a new func-
tion, whereas the conserved GL-rich region that is also

found in LPLUNC3 suggests a retained functional common-
ality.

Conclusions

In this study we have shown that PLUNC family proteins
exist in a number of species, and that they appear to be
restricted to air-breathing vertebrates. Comparison of the
human and mouse orthologs shows that the family is very
rapidly evolving, which is consistent with involvement in
host defense. Comparison of paralogous proteins shows
that, in the LPLUNC proteins, the size of the second coding
exon (exon 3) is much more highly variable than is the size
of the other exons, and that LPLUNC4 contains an extra
exon (exon 3b) that encodes a putatively unfolded insert of
approximately 150 residues. Exon 3 encodes sequence cor-
responding to the 40s hairpin of BPI, and the variability of
this region may be key to differences in specificity between
the members of the family. In the SPLUNC proteins, the
variability appears to instead reside in the N-terminal se-
quence. LPLUNCH4 is also anomalous compared to the other
PLUNC family proteins, in that the rapid evolution between
the human and mouse sequences is replaced by intense pu-
rifying selection in the majority of the part of the N-terminal
domain that is predicted to be structured. These results pro-
vide a rational framework upon which to base further func-
tional studies of PLUNC family proteins and their potential
role in innate immunity.

Materials and methods

Sequence searches utilized the NCBI blast server (http:/www.
ncbi.nlm.nih.gov/blast), the ensembl server (http://www.ensembl.
org), and the BLAT server (http:/genome.ucsc.edu). Gene pre-
dictions were refinements of inital predictions made using the
GENSCAN server (http://genes.mit.edu/; Burge and Karlin 1997).
The phylogenetic analysis was performed on the amino acid se-
quences using CLUSTAL W (Thompson et al. 1994), which
implements the neighbor-joining method of Saitou and Nei (1987).
A portion of the N-terminal domain was used for the phylogenetic
analysis, comprising residues corresponding to the central residues
56-182 of BPI in pairwise alignments obtained from the threading
analysis performed using 3DPSSM. This choice of residues al-
lowed the comparison of long and short proteins, because it com-
prises the core structure of the domain, while excluding those parts
of the domain that are intimately involved in interdomain contacts.
Furthermore, it excludes the sequence in the extreme N terminus of
the domain that is predicted to be structurally very variable (Bingle
and Craven 2002; and see below), for which definitive alignments
of paralogs are difficult. The essential details of the tree are in-
sensitive to this choice. For instance, the division between the BPI
and PLUNC family branches, and the apparent closer relation-
ship between LPLUNC1 and the SPLUNC proteins is maintained
even if the full length of all sequences is used. The representation
of the tree was created using PHYLIP (Felsenstein 1989) and
adjusted using in-house software. No correction of distances for
multiple substitution was made. Bootstrap values were obtained
from 1000 random samples. Sequence alignments were made us-
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ing CLUSTAL W. For calculation of mouse/human Ka/Ks ratios,
orthologous amino acid sequences were aligned using CLUSTAL
W, and the alignment obtained was transferred to the cDNA se-
quences. Ka/Ks values were then calculated using the yn0O pro-
gram of the PAML package, which implements the method of
Yang and Nielsen (2000). Figure 4A was created using Molscript
(Kraulis 1991), using the coordinates lewf.pdb (Beamer et al 1997).

Electronic supplemental material

Supporting information is available, comprising a PDF file con-
taining a table of accession codes and extra annotation; alignments
of amino acid sequences where our sequence deviates from the
published sequence; protein amino acid sequences; individual
traces as overlaid in Figure 4B; a figure of exon sizes for indi-
vidual proteins for exons 4-7.
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