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a b s t r a c t

Yeast two-hybrid (Y2H) screens were used to test for interactions between leukocyte cell-derived che-
motaxin 2 (LECT2) and a liver cDNA expression library of ayu, Plecoglossus altivelis. Of the 9 independent
interacting clones identified, 7 were identical and closely related to transferrin (Tf) genes of fish, while
the other two were related to c-type lectin genes. The interaction between ayu Tf (aTf) and ayu LECT2
(aLECT2) was confirmed by in vitro co-immunoprecipitation of the two proteins. Y2H assays using
different parts of the two proteins showed that the segment aTf185–289 was not involved in the
interaction with mature aLECT2, while the transit peptide of aLECT2 couldn’t interact with entire aTf.
Computer analysis revealed that aTf185–289, which contained two iron binding residues, Tyr197 and
His253, was located at the N-terminus of aTf N-lobe. Strong interactions were also determined between
LECT2 and Tf from the same animal, such as croceine croaker, Larimichthys crocea and mouse, Mus
musculus. However, no cross-species interactions were determined. Based on published data, the
Tf–LECT2 interaction is suggested to be most possibly involved in the body’s defense against infection.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Leukocyte cell-derived chemotaxin 2 (LECT2) was firstly isolated
from the culture fluid of the human T cell line SKW-3 with
neutrophil chemotactic activity [1]. Human LECT2 is a 16-kDa basic
protein with three intramolecular disulphide bonds, expressed
preferentially in the liver in a constitutive manner and secreted into
the bloodstream [2]. Proteins homologous to LECT2 have been
isolated in many vertebrates in addition to humans, such as bovine
(Bos taurus) [2], mouse (Mus musculus) [3], carp (Cyprinus carpio)
[4], rainbow trout (Oncorhynchus mykiss) [5], chicken (Gallus gallus)
[6], zebrafish (Danio rerio) [7] and croceine croaker (Larimichthys
crocea) [8]. Current evidence suggests that LECT2 may be a multi-
functional protein, involved in cell growth, differentiation, damage/
repair process and autoimmune response [9–12].

Ayu (Plecoglossus altivelis) is an important cultured freshwater
fish in Japan and China. However, diseases, especially infectious,
have occurred frequently and limited production efficiencies and
food quality of this economically important fish [13]. Recently, ayu
bacterial diseases have been posing a serious threat to cultured ayu
in Mainland China. Resistance to infectious diseases will improve
ayu production efficiency, but cellular and molecular processes
x: þ86 574 87600167.
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involved in disease resistance are poorly understood in this species.
Recently, studies on the immune response in some fish showed that
LECT2 transcripts were significantly increased after bacterial
infections, shedding new light on the function of this gene in fish
[7,8]. In this paper, we present data showing that LECT2 interacts
with Tf in a species-specific manner.
2. Materials and methods

2.1. Experimental animals

Ayu fish were purchased from a commercial farm in Huangtan
Reservoir, Ningbo city, China. Croceine croaker fish were purchased
from Ningbo Hai-wan Marine Breeding Center, Xiangshan city,
China. Mice were purchased from Zhejiang Academy of Medical
Sciences, Hangzhou city, China.
2.2. Cloning the complete cDNA sequence of aLECT2 gene

A random set of 287 clones from ayu liver cDNA library [14]
were selected for PCR screening. A degenerate primer dL(þ): 50-
GTXTAYGCXCCXTTYGAYGT-30 (X¼A, T, C, G; Y¼ T, C) was designed
from the consensus sequences that code for the conserved amino
acid residues Val-Tyr-Ala-Pro-Phe-Asp-Val in fish LECT2. After PCR
amplification using dL(þ) and T7, positive clones were partially
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Table 1
Interactions (negative, �; positive, þ) determined from yeast two hybrid experiments between different regions of the aTf and aLECT2. Human lamin C is included as a non-
specific control.

aTf

1–693 1–339 1–158 159–339 340–693 340–471 472–693 1–184 290–693 185–289

aLECT222–156 þ þ þ � þ þ þ þ þ �
aLECT21–21 � � � � � � � � � �
lamin C � � � � � � � � � �

Table 2
Interactions (negative, �; positive, þ) determined from yeast two hybrid experi-
ments between Tf and LECT2 proteins from ayu, croceine croaker and mouse.
Human lamin C is included as a non-specific control.

ayu Tf croceine croaker Tf mouse Tf

ayu LECT2 þ � �
croceine croaker LECT2 � þ �
mouse LECT2 � � þ
lamin C � � �
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sequenced and analyzed by BLASTP (http://www.ncbi.nlm.nih.gov/
blast/). The longest clone was completely sequenced.

2.3. Sequence analysis

The cleavage site of signal peptides was predicted by the SignalP
3.0 program (http://www.cbs.dtu.dk/services/SignalP/). Multiple
alignment was done using ClustalW (http://clustalw.ddbj.nig.ac.jp/).
Phylogenetic and molecular evolutionary analyses were conducted
using MEGA version 4 [15].

2.4. Construction of the bait plasmid pGBKT7–aLECT2 for Y2H

A primer pair was designed to amplify the complete aLECT2
gene. Restriction sites for NdeI and BamHI (underlined) were
created at the 50-ends respectively of the upstream (aLect2(þ): 50-
GGAATTCATGAAAGCAGCTGTTTATCTGT-30) and downstream
(aLect2(�): 50-GGGATCCTCAGAAGTACTTGGTGGGGT-30) primers, to
facilitate subsequent directional cloning of the aLECT2 gene into the
pGBKT7 vector (Clontech). The correct orientation of the insert in
the pGBKT7–aLECT2 plasmid was verified through sequencing.

2.5. Construction of the ayu liver cDNA library for Y2H

Total RNAs were extracted from healthy ayu liver tissue using
RNAiso reagents and mRNA was obtained using Oligotex-
dT30<super> (TaKaRa). cDNA library for Y2H was then constructed
as described in the Matchmaker� Library Construction & Screening
Kits User Manual (Clontech), and double-strand cDNA and
pGADT7-Rec vector were co-transformed into Saccharomyces
cerevisiae AH109.

2.6. Screening the cDNA library by yeast mating

pGBKT7–aLECT2 was transformed into S. cerevisiae Y187 and the
cDNA library for Y2H was screened by yeast mating according to the
manufacturer’s protocols. Plasmids were prepared from positive
clones and used to transform Escherichia coli strain JM109. Plasmids
were recovered from yeast using the Yeastmaker Yeast Plasmid
Isolation kit (Clontech), then transformed into E. coli strain DH5a on
LB agar plates containing ampicillin. Recovered plasmids were
purified and sequenced. Diploids were plated on triple dropout
medium (low stringency selection), and positives were re-plated
onto quadruple dropout plates (high stringency) containing X-a-gal.
The target gene was subsequently reinserted into the pGADT7
vector and the Y2H assay was repeated. All the positive interactions
were re-tested using yeast mating to eliminate false positives.

2.7. In vitro co-immunoprecipitation

Plasmids pGBKT7–aLECT2 and pGADT7–aTf were purified using
the Promega Wizard� Plus SV DNA Isolation System (Promega)
according to the manufacturer’s protocols. Then the aLECT2 and aTf
were produced in vitro using the TNT T7 Coupled Reticulocyte
Lysate System (Promega) and labeled with Transcend� tRNA
(Promega) according to the manufacturer’s protocols. The two
biotinlyated translation products c-Myc–aLECT2 and HA–aTf were
allowed to interact and were co-immunoprecipitated with protein
A using the Matchmaker� Co-IP Kit (Clontech). After electropho-
retic separation and transfer to the nitrocellulose membrane, the in
vitro co-immunoprecipitation was detected using the Transcend�
Non-Radioactive Translation Detection System (Promega). c-Myc–
aLECT2 immunoprecitated with anti-HA was used as control.

2.8. Identification of the regions involved in aLECT2–aTf interaction

Ten segments of the aTf gene were amplified and inserted into
the pGADT7 vector respectively (Table 1). The aLECT2 gene was
divided into two and each was inserted into the pGBKT7 vector
(Table 1). These plasmids were then used to identify the regions
involved in aLECT2–aTf interaction by Y2H assay.

2.9. Identification of LECT2–Tf interaction in other animals

The LECT2 and Tf genes were amplified by PCR using specific
primers, which were designed based on published sequences of
croceine croaker (AM709638 for LECT2, AM709639 for Tf) and mouse
(NM_010702 for LECT2, NM_133977 for Tf). LECT2 and Tf genes were
inserted into the pGBKT7 vector and the pGADT7 vector, respectively,
and Y2H assays were done as described previously (Table 2).

3. Results

3.1. Sequencing and characterization of ayu LECT2 gene

A random selected 287 clones were used for PCR detection tests.
After PCR amplification using primers dL(þ) and T7, 8 out of 287
clones gave positive results and partial sequence analysis showed
that they shared>99% nucleotide identity amongst themselves. The
longest clone was completely sequenced. The complete cDNA
sequence of ayu LECT2 (aLECT2) gene (FM253748) was 547 nucle-
otides in length excluding the poly(A) tail. The ORF was predicted to
produce a protein of 156 amino acids with MW 17.0 kDa and, by
comparison with related proteins, this includes a transit peptide of
21 amino acids at its N-terminus. Phylogenetic tree analysis showed
that aLECT2 grouped tightly with the fish LECT2, and seemed to
be closer to that of rainbow trout (AF271114) (Fig. 1). Currently
accepted relationships were reflected in the phylogenetic tree of
LECT2 sequences (Fig. 1). The transit peptides of premature LECT2
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human: NM_002302
common chimpanzee: XM_517944

rhesus monkey: XM_001111039
dog: XM_531913

cattle: NM_174380
mouse: NM_010702

rat: NM_001108405
gray short-tailed opossum: XM_001366934

carp:AB027192
zebrafish : NM_001048055

ayu: FM253748
rainbow trout: AF271114

pufferfish: CAAE01014623

croceine croaker: AM709638
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Fig. 1. Phylogenetic analysis of the amino acid sequences of animal LECT2 using Neighbor-Joining method. The values at the forks indicate the percentage of trees in which this
grouping occurred after bootstrapping the data (1000 replicates; shown only when >60%). The scale bar shows the number of substitutions per base.
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were most variable not only in the length but also in the sequences
(Fig. 2). N-terminus of mature LECT2 was relatively variable and
other regions were quite conserved (Fig. 2).

3.2. Sequencing and characterization of ayu Tf gene

Using expressed aLECT2 as bait in Y2H screens, 9 independent
interacting clones were identified after two separate screenings of
Fig. 2. Predicted amino acid sequence of ayu LECT2 aligned with the homologous sequence
residues are marked as gray shadow, identical residues as black shadow and alignment gap
an ayu cDNA expression library (2.5�106 independent clones).
Each clone could induce the two reporter genes, allowing growth
on quadruple dropout plates and expression of a-galactosidase
activity. Sequencing showed that 7 of the 9 clones were partial
sequences from a Tf gene, while the other two were partial
sequences from a c-type lectin gene (data not shown). Subse-
quently, the complete cDNA sequence of aTf gene (FM875933) was
determined. It was 2246 nucleotide long excluding the poly (A) tail.
s from other animals using ClustalW program. Threshhold for shading is >70%, similar
s as ‘‘-’’. Transit peptides are underlined.
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The ORF was predicted to produce a protein of 693 amino acids
with MW 75.9 kDa and, by comparison with related proteins, aTf
structure also consisted of two homologous lobes (termed the N-
and C-lobes) connected by a short peptide linker (hinge region)
(Fig. 3). The iron-coordinating residues in the N- and C-lobes of Tfs
Fig. 3. Predicted amino acid sequence of ayu Tf aligned with the homologous sequences
residues are marked as gray shadow, identical residues as black shadow and alignment gaps
are strictly conserved, consisting of an aspartic acid, two tyrosines
and a histidine [16]. In the aTf sequence, iron-coordinating residues
were Asp73, Tyr101, Tyr197 and His 253 in the N-lobe, whereas
they were Asp393, Tyr431, Tyr526 and His594 in the C-lobe (Fig. 3).
Multiple sequence alignment showed that the amino acid sequence
from other animals using ClustalW program. Threshhold for shading is >70%, similar
as ‘‘-’’. Iron-coordinating residues are marked as ‘‘*’’. Segment aTf185–289 is underlined.
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of C-lobe was more conserved than that of N-lobe (Fig. 3). Phylo-
genetic tree analysis showed that aTf grouped tightly with other
fish Tf, and seemed to be closer to that of bastard halibut
(Paralichthys olivaceus) (AF219997) (data not shown).

3.3. Interactions between aLECT2 and aTf

The interaction between aLECT2 and aTf was confirmed by in
vitro co-immunoprecipitation of the two proteins expressed from
the TNT T7 Coupled Reticulocyte Lysate System. Proteins of the
expected sizes of 18.6 kDa (c-Myc–aLECT2) and 77.4 kDa (HA–aTf)
were obtained, but were not detected in the control (Fig. 4).

3.4. Dissection of the aLECT2–aTf protein interaction

Y2H assays using different parts of the two proteins (Table 1)
showed that the segment aTf185–289 was not involved in the
interaction with mature aLECT2, while the transit peptide of aLECT2
couldn’t interact with entire aTf (Table 1). Computer analysis
revealed that the segment aTf185–289, which contained two iron
binding residues, Tyr197 and His253, was located at the N-terminus
of aTf N-lobe (Fig. 3).

3.5. LECT2–Tf interactions in other animals

Y2H assays were used to examine the interactions between
LECT2 and Tf in other animals. Just as in ayu, strong interactions
were observed between LECT2 and Tf from the same species, but
not from different species (Table 2).

4. Discussion

Y2H is a useful method to identify proteins that interact with
a protein of interest. One of the most appealing features of the yeast
two-hybrid system is that the identification of an interacting
protein implies that at the same time the corresponding gene is
cloned [17]. In the present study, an interaction between aLECT2
and aTf was identified using such an assay. LECT2–Tf interactions
were also determined in croceine croaker and mouse (Table 2).
However, no cross-species interactions were determined. To the
best of our knowledge, this is the first report demonstrating that
a protein interacts with LECT2.

Tf is the protein molecule that functions as the iron transporter
by sequestering iron from the blood thereby maintaining low levels
of free iron and delivering at the place where it is required. Tf
transports and delivers iron into cells via interactions with its
receptor, transferrin receptor (TfR). In the context of the immune
response, iron-related metabolism is tightly controlled in activated
lymphocytes as well as in cells of the innate immunity. Depletion of
iron could inhibit the maturation of dendritic cells (DCs) [18]. It was
indicated that the uptake of iron during DCs development and
maturation is mediated by a strong expression of iron-uptake
molecules such as TfR [19]. Most recently, cells that resemble DCs,
which appear to form resident populations within the spleen and
anterior kidney of fish, were also found in three salmonid species
including rainbow trout, brook trout (Salvelinus fontinalis) and
Atlantic salmon (Salmo salar) [20]. It was reported that the LECT2
mRNA in zebrafish liver was induced by up to 1000-fold upon
infection by Aeromonas salmonicida and Staphylococcus aureus,
suggesting that LECT2 might serve as a positive acute-phase protein
(APP) in fish [7]. Serum Tf, which is usually considered to be
a negative APP in most mammalian species [21], reacts as a positive
APP in chicken [22]. Considering the leukocyte cell-derived activity
of LECT2, it was assumed that the interaction between LECT2 and Tf
reported here might play a role in the maturation of DCs upon
microorganism infections.

Acquisition of Tf-bound iron by bacteria is important for their
infection of animals [23]. Bacteria could produce a siderophore
which has a superior binding power to that of the host iron-
containing materials, and literally strip the iron out of these
molecules [23]. To combat the effectiveness of the siderophores,
animals may synthesize specific proteins to bind and nullify their
action. LECT2 is possibly one such protein because of the strong
interaction between LECT2 and Tf.

Recently, LECT2 was reported to be a direct target gene of
Wnt/b-catenin signaling in the liver [24], and capable of



Fig. 4. Colorimertric (BCIP/NBT) analysis of aLECT2 co-immunoprecipitates with aTf. 1,
c-Myc–aLECT2 immunoprecipitated with anti-HA; 2, co-immunoprecipitates of the
biotinylated HA-aTf and c-Myc–aLECT2. The sizes of the HA and c-Myc epitope tags
were 1.5 and 1.6 kDa, respectively. The positions of protein size markers (kDa) are
shown on the left.
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functioning as a Wnt signaling pathway repressor [25]. Internal-
ized Wnts transit was known to be partially through the Tf
recycling pathway [26]. Wnt signaling pathway describes
a complex network of proteins most well known for their roles in
embryogenesis and cancer, but also involved in normal physio-
logical processes in adult animals [27]. Therefore, it would be
interesting to make clear the relationship between LECT2–Tf
interaction and Wnts transit.

The role of LECT2 in vivo is unclear although it is involved in
many biological processes [1,2,9–12]. Our results reveal that
LECT2 interacts with Tf in a species-specific manner, and such
interaction may widely exist in animals. Therefore, its interacting
protein Tf whose functions and mechanics have been well iden-
tified renders a functional clue about LECT2, but more studies are
needed.
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