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Abstract: Lipocalins are involved in a variety of functions including retinol transport, cryptic coloration, 
olfaction, pheromone transport, prostaglandin synthesis, regulation of the immune response and cell 
homeostatic mediation. A full-length cDNA clone (named d-lipo), isolated from the venom gland cDNA 
library of Deinagkistrodon acutus, contained an insert of 664 bp including an open reading frame that 
encodes a lipocalin homologue of 177 amino acids. Comparison of d-lipo and other related proteins revealed 
an overall amino acid identity of less than 21.5%. Primary structures of d-lipo carried three structurally 
conserved regions (SCR) showing homologies to those of lipocalins. The first conserved Cys residue – the 
essential amino acid residue for the catalytic activity and unique to lipocalin-type prostaglandin D synthase 
(L-PGDS) in the lipocalin protein family – was identified in d-lipo at amino acid position 58. Phylogenetic 
tree analysis showed that d-lipo was in-between the large L-PGDS cluster and the small von Ebner’s-gland 
proteins (VEGP) cluster. Moreover, d-lipo gene presented a high-level expression in the venom gland 
and a low-level expression in the brain and its expression was significantly increased under pathological 
conditions, suggesting a possible relationship between d-lipo mRNA expression and the venom gland 
inflammatory disease. This is also the first report of a lipocalin homologous gene identified in the venom 
gland of a snake.
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INTRODUCTION

The lipocalin protein family, one of the 
most remarkable protein families, is extremely 
widespread among bacteria, insects and 
mammals and exhibits extraordinary diversity at 
the level of sequence and function (1). A typical 
lipocalin consists of a 160-180 amino acid peptide 
folded into 8-9 β-strands that form a coffee filter-
like cone with a hydrophobic interior. Lipocalin 
members share low levels of overall sequence 
conservation (approximately 20%), but all share 
tertiary structure similarity containing three 
structurally conserved regions (SCRs) (2, 3). 
Based on the conservation of SCRs, the members 

were divided into two types. A core set of quite 
closely related proteins with three conserved SCRs 
were named kernel lipocalins, whereas a smaller 
number of more divergent sequences with no 
more than two of these three SCRs were named 
outlier lipocalins. The first of the SCRs is shared 
by all lipocalins and can be used as a diagnostic 
of family membership. It has been observed that 
lipocalins were involved in a variety of functions 
including retinol transport, cryptic coloration, 
olfaction, pheromone transport, prostaglandin 
synthesis, regulation of the immune response and 
cell homeostatic mediation (3). 

Lipocalin-type prostaglandin D synthase 
(L-PGDS) is a bifunctional protein that possesses 
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both the ability to synthesize PGD2 and to serve 
as a carrier protein for lipophilic molecules; 
moreover, it is the only enzyme among members 
of the lipocalin protein family. It has been well 
characterized in mammals as a kernel lipocalin 
and three conserved Cys residues in its primary 
structures were identified (4). In a recent study, 
a non-mammalian L-PGDS homologue without 
the catalytic Cys65 residue from zebrafish (Danio 
rerio) was characterized as a carrier protein for 
lipophilic ligands, but not as an enzyme (5). 
L-PGDS mRNAs are dominantly expressed in the 
central nervous system, heart and male genital 
organ (6-8). Von Ebner’s gland protein (VEGP, 
also known as tear lipocalin) is possibly involved 
in taste transduction, in scavenging fatty acids 
and phospholipids from the corneal surface and 
stabilizing the tear film surface interface (9-12). 
The binding of siderophores and the prevention 
of bacterial growth may confer antimicrobial 
properties to VEGP (13). This protein is 
abundantly produced by human lachrymal 
glands, lingual von Ebner’s glands and human 
prostate (9, 14, 15).

Hundred-pace snake (Deinagkistrodon acutus) 
is endemic to southern China (16). In recent years, 
snake breeding was developed for commercial 
purposes (17). Due to frequent venom collection, 
inflammatory diseases in snake venom glands 
often occur and the pathogens are usually 
identified as bacteria. Although purification and 
gene expression of snake venom components 
have been extensively studied, there is no report 
on lipocalin homologue in snake venom glands 
(18-21). Herein, the molecular cloning of a full-
length cDNA encoding a lipocalin homologue 
(d-lipo) in Deinagkistrodon acutus venom gland is 
reported, as well as the phylogenetic relationships 
among d-lipo and known homologues from other 
species. The mRNA expression patterns of d-lipo 
gene in various tissues from healthy snakes and 
others with inflamed venom gland (IVG) were 
determined.

MATERIALS AND METHODS

Materials
Healthy and IVG Deinagkistrodon acutus were 

purchased from Yiwu Snake Research Institute, 
Yiwu city, Zhejiang province, China. All the 
primers were custom synthesized by Shanghai 
Sangon Biological Engineering Technology & 

Services Co., Ltd (Shanghai, China). RNAiso 
reagents, Oligotex-dT30, RNA PCR kit (AMV) 
ver. 3.0 and cDNA library construction kit were 
purchased from TaKaRa Ltd. (Kyoto, Japan). 
Other chemicals were of analytical reagent. 

RNA Isolation and cDNA Library Construction
Total RNA was extracted from the venom 

gland of a healthy Deinagkistrodon acutus using 
RNAiso reagents. mRNA was obtained using 
Oligotex-dT30 and TaKaRa cDNA library 
construction kit according to the manufacturer’s 
protocols as previously reported (22). 

Obtaining the cDNA Clones Encoding the 
Lipocalin Homologue

A random set of 283 clones were partially 
sequenced by the ABI Prism 3773 DNA® sequence 
(Applied Biosystems, USA) and BLASTP 
search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
was used to identify the lipocalin homologue. 
The positive clones were subsequently amplified 
using T7 and T3 primers of the pA3neo vector. 
The longest insertion was then auto-sequenced 
in both directions to obtain the complete cDNA 
sequence.

Construction of Phylogenetic Tree and 
Sequence Analysis on Lipocalin Gene

The cleavage site of signal peptides was 
predicted by SignalP 3.0 software program 
(http://www.cbs.dtu.dk/services/SignalP/) (23). 
A multiple alignment was performed by using 
the ClustalW program (Amplicon Ltd.) (24) and 
displayed by BioEdit Sequence Alignment Editor 
(Tom Biosciences Ltd.) (25). A phylogenetic tree 
was constructed using the reference amino acid 
sequences of animal lipocalins by the neighbor-
joining method and displayed by TreeView 
software (Michael Eisen Software Ltd.). Accession 
numbers of used sequences are: hundred-pace 
snake, AM889305; platypus (Ornithorhynchus 
anatinus), XM_001515029; chicken (Gallus gallus) 
L-PGDS, NM_204259; spotted green pufferfish 
(Tetraodon nigroviridis), CAAE01014601; tropical 
clawed frog (Xenopus tropicalis), BC118854; 
African clawed frog (Xenopus laevis), X84414; 
giant toad (Bufo marinus), X67952; horse (Equns 
caballus), XM_001498160, and human (Homo 
sapiens) VEGP, X62418, and human L-PGDS, 
M61901; mouse (Mus musculus) L-PGDS, 
X89222; rat (Rattus norvegicus) VEGP, X52016, 
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and rat L-PGDS, NM_013015; zebrafish (Danio 
rerio) L-PGDS, NM_213634.

d-lipo Gene Expression Pattern Analysis
Fifty nanogram of total RNA from the venom 

gland, brain, heart, kidney, liver, intestine and 
spleen of healthy and IVG snakes was purified using 
RNAiso regents. RT-PCR was done using the RNA 
PCR Kit (AMV) Ver.3.0 with primers d-lipo(+): 
5’- TCATGGATATGTTCACGCCAC -3’ and 
d-lipo(-): 5’- ATATATCTTCTGTGGGGAGG -3’. 
As an internal PCR control, a pair of degenerate 
primers actindF(+): 5’-ACXAAYTGGGAYGAYA 
TGGARAA-3’ and actindR(-): 5’- GCRTAXCC 
YTCRTAXATXGGXAC -3’ (R = A and G; Y = T 
and C; X = A, T, C and G) were designed and used 
to amplify a fragment of housekeeping β-actin 
gene. PCR was done in a Mastercycler thermal 
cycler (Eppendorf Ltd., Germany): one cycle of 
four minutes at 94°C; 30 cycles of 40 seconds at 
94°C, 30 seconds at 60°C, and one minute at 72°C; 
and a final extension at 72°C for ten minutes. 
Successful amplification of fragments of the 
expected size was confirmed by electrophoresis 
through 1% (w/v) agarose gels. 

RESULTS

Cloning and Sequence of the Snake Gland 
d-lipo mRNA

After BLASTP search using partial sequences, 4 
out of 283 clones showed low sequence similarity 
to some sequence encoding members of lipocalin 
family and shared > 99% nucleotide identity among 
themselves. The longest clone was completely 
sequenced. The full-length cDNA clone was 664 
base pair (bp) in size, containing an open reading 
frame of 531bp. The predicted d-lipo had 177 
amino acid residue (19.8 kDa) was comparable 
in size to that of the lipocalin homologues from 
other species. The d-lipo cDNA clone has an ATG 
initiating codon at nucleotide 31-33, followed by 
a hydrophobic sequence, characteristic of a typical 
signal peptide sequence. The predicted cleavage 
site was most likely between amino acids 18 and 
19 (VQA/NE). This suggests that d-lipo could be 
secreted in the mature form after cleavage. The 
3’UTR of d-lipo cDNA was 100 bp long. 

Sequence Analysis 
D-lipo was most similar to a sequence 

(XM_001515029) from platypus with 21.5% 

amino acid identity. It had 20.9% amino acid 
identity to a human VEGP and 18.0% to a chicken 
L-PGDS. The deduced amino acid sequence of 
d-lipo was aligned with the related sequences 
from other organisms (Figure 1). Previous work 
has analyzed the conservation of sequence and 
structure in the lipocalin protein family (3). The 
common core characteristic of the lipocalin fold 
is dominated by three large structurally conserved 
regions (SCRs): SCR1, SCR2 and SCR3. d-lipo 
also had similar three regions (Figure 1) although 
the sequence was more variable, suggesting it was 
a distant member of the lipocalin protein family.

It was reported that mammalian L-PGDS 
contain three conserved Cys residues in their 
primary structures. The first Cys residue at amino 
acid position 65 in rat and mouse L-PGDS was 
identified as the essential amino acid residue 
for the catalytic activity, being conserved in all 
mammalian L-PGDS and unique to L-PGDS in 
the lipocalin protein family as it has never been 
found in other lipocalins (3, 26, 27). The d-lipo 
contained a Cys residue at amino acid position 58, 
corresponding to the essential amino acid residue 
for prostaglandin D synthase (PGDS) activity 
in mammals. However, sequences of platypus, 
human VEGP, rat VEGP, horse, spotted green 
pufferfish and zebrafish L-PDGS homologue, 
had no corresponding Cys residue (Figure 1). 
The other two Cys residues (Cys89 and Cys186 in 
the rat L-PGDS) are essential for disulfide bond 
formation, and these residues were conserved in 
all L-PGDS, rat and human VEGP, and in platypus 
lipocalin homologue, except in horse (Figure 1). 

Phylogenetic tree analysis on amino acid 
sequences of the d-lipo homologues was carried 
out. Some significant clusters were identified. 
Sequences from African clawed frog, tropical 
clawed frog and giant toad were tightly grouped 
and formed a small cluster with L-PGDS of 
chicken. L-PGDS of zebrafish and a sequence 
from spotted green pufferfish formed another 
small cluster. L-PGDS of mouse, rat and human 
grouped tightly and formed the third small 
cluster. These three small clusters formed a 
large “L-PGDS” cluster which was similar to 
that previously reported, and the phylogenetic 
relationships between those proteins coincided 
well with the evolutionary relationships of 
their organisms (5). VEGP of rat, human and 
a sequence from horse formed a small “VEGP” 
cluster, whereas d-lipo of hundred-pace snakes 
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Figure 1. Multiple alignment of predicted amino acid sequences of hundred-pace snake lipocalin with the 
homologous sequences from some animals using ClustalW program and displayed by BioEdit Sequence 
Alignment Editor. Shading threshold was > 70%, similar residues are marked as gray shadow, identical 
residues as black shadow and alignment gaps as “–”. The Cys residues essential for L-PGDS activity in 
mammals are shown by a closed circle, and the two Cys residues required for the disulfide-bond formation 
are indicated by closed squares below the alignment. Three SCRs are indicated below the alignment. 
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Figure 2. Phylogenetic tree analysis on amino acid sequences of some homologues related to d-lipo using 
ClustalW program. The values at the forks indicate the percentage of trees in which this grouping occurred 
after bootstrapping the data with 1000 replicates (shown only when > 60%). The scale bar shows the 
number of substitutions per base.

grouped with a sequence of platypus, both were 
between the “L-PGDS” cluster and the “VEGP” 
cluster (Figure 2).

d-lipo Gene Expression Pattern
In order to examine d-lipo gene expression 

pattern in different tissues, RT-PCR analysis 
was performed using total RNA from the venom 
gland, liver, spleen, kidney, brain, heart and 
intestine of hundred-pace snakes. A 300 bp 
fragment (the expected size) of d-lipo gene was 
amplified from the samples of the venom gland 
and brain, while nothing could be amplified from 
the other tested tissues (Figure 3). The mRNA 
expression of d-lipo gene from venom gland 

samples of IVG snakes was significantly increased 
when compared to that of healthy snakes. In 
addition, little changes were observed in brain 
samples and nothing in other tested tissues 
(Figure 3). A 281 bp fragment (the expected size) 
of β-actin gene was successfully amplified from 
all tissue tested. Ratio of optic density (ROD) of 
d-lipo to β-actin was 1.17 in the venom gland of 
healthy snakes, while 17.22 in that of IVG snakes. 
ROD of d-lipo to β-actin in the brain of healthy 
and IVG snakes were 0.31 and 0.33, respectively. 
Therefore, d-lipo mRNA in the venom gland of 
hundred-pace snakes was increased by up to 15-
fold under inflammatory condition.
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DISCUSSION

In the present study, a full-length cDNA 
clone encoding a lipocalin homologue (d-lipo) 
from hundred-pace snake venom gland was 
sequenced. The predicted d-lipo is 177 amino 
acids long with a signal sequence of 18 amino 
acids in its N-terminus. It is the first report of 
a gene encoding a lipocalin homologue in the 
venom gland of a snake.

Lipocalin family proteins show conserved 
folding patterns and carry three structurally 
conserved regions (SCRs), which are thought 
to play an important role in receptor binding 
(2, 28). Primary structures of d-lipo carried 
SCRs showing homologies to those of lipocalins 
(Figure 1). The result indicates that d-lipo is to 
be considered a member of the lipocalin protein 
family. Moreover, d-lipo is similar to a sequence 
of platypus with 21.5% amino acid identity. 

Multiple alignments showed that d-lipo 
contained the conserved first Cys residues 
which are essential for the catalytic activity of 
mammalian L-PGDSs and unique to L-PGDS 
in the lipocalin protein family, which suggests 
a relationship between d-lipo and L-PGDS (4). 
Expression profiles of hundred-pace snakes 
were different from other known lipocalins. The 
present results showed that d-lipo gene presented 
a high-level expression in the venom gland and a 
low-level expression in the brain, which does not 
agree with previous studies that demonstrated 
high-level expression of animal L-PGDS genes in 

the brain and heart (4, 5). Mammalian VEGP is 
highly expressed in the human lachrymal gland, 
von Ebner’s gland and prostate (9, 14, 15). 

It is known that snake venom gland has 
evolved from salivary glands, therefore d-lipo was 
likely to be originally related to VEGP. The tissue 
expression profiles suggested that d-lipo was 
related to both mammalian L-PGDS and VEGP 
in some measure. Phylogenetic tree analysis 
showed some evidences for the classification of 
d-lipo. Since all known L-PGDS homologues of 
fish, bird, amphibian and mammals fall into the 
“L-PGDS” cluster, homologues of reptiles would 
be most likely to be placed in this cluster, if it 
existed. However, d-lipo was in-between, it did 
not fall into either the large “L-PGDS” cluster 
or the small “VEGP” cluster, indicating that it 
is possibly a atypical L-PGDS. The origin and 
evolutionary relationship of d-lipo, L-PGDS 
and VEGP would be an interesting matter to be 
further studied.

Multiple alignments showed that d-lipo contain 
three conserved Cys residues that correspond 
to those of mammalian L-PGDS, indicating a 
possible catalytic activity on producing PGD2, 
which was involved in numerous physiological 
and pathological events. Mammalian VEGP 
is possibly involved in taste transduction (9, 
10). Since the snake venom gland is extremely 
specialized for producing venom, d-lipo was 
not likely to have a role in taste transduction. 
The intracellular protection of enzymes and 
membranes against the detergent effects of fatty 

Figure 3. RT-PCR analysis of d-lipo mRNA expression in various tissues of healthy and IVG hundred-pace 
snakes. (1) A control reaction without RNA template. β-actin amplification was included as internal control. 
The size of the products is shown on the right.
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acids has been postulated as a role for intestinal 
fatty acid binding proteins; therefore, d-lipo may 
have the intracellular protection of enzymes and 
membranes against the surface-active properties 
of free fatty acids and other molecules that are 
generated in the venom gland itself (29). 

Some lipocalins, such as α1-acid-glycoprotein 
and neutrophil gelatinase-associated lipocalin 
(NGAL), have been implicated at one stage or 
another of pathophysiological events such as 
acute systemic inflammation (30). Recently, 
complexes of matrix metalloproteinase-9 (MMP-
9) with NGAL were found in the urine obtained 
from breast cancer patients and the data suggested 
a possible role for NGAL in the protection of 
MMP-9 against autolysis (31). It was known that 
snake venom metalloproteinases are relevant in 
the pathophysiology of envenomation, being 
responsible for local and systemic hemorrhage 
frequently observed in the victims (32). 
Nevertheless, whether d-lipo posses a role in 
the protection of venom metalloproteinases 
remains unknown. The binding of microbial 
siderophores confers antimicrobial activity to 
VEGP, α1-microglobulin, and NGAL (13, 33, 
34). Our study on IVG snakes showed that d-lipo 
mRNA in venom glands of hundred-pace snakes 
was significantly increased under pathological 
conditions, suggesting a possible relationship 
between d-lipo mRNA expression and the venom 
gland inflammatory disease.

The cDNA sequence of the lipocalin gene in the 
venom gland of hundred-pace snakes reported 
herein was deposited in the EMBL/GenBank/
DDBJ database (accession number AM889305).
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