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Abstract LIM domain proteins are important regulators in cell growth, cell fate determination, cell
differentiation and remodeling of the cell cytoskeleton by their interaction with various structural proteins,
kinases and transcriptional regulators. Using molecular biology combined with in silico cloning, we have
cloned the complete coding sequence of pig LIM and the cysteine-rich domain 1 gene (LMCD1) which
encodes a 363 amino acid protein. The estimated molecular weight of the LMCDL protein is 40,788 Da with
a pl of 8.39. It was found to be highly expressed in both skeletal muscle and cardiac muscle. Alignment
analysis revealed that the deduced protein sequence shares 86%, 91% and 93% homology with that of its
human, mouse and rat counterparts, respectively. The LMCD1 protein was predicted by bioinformatics
software to contain a novel cysteine-rich domain in the N-terminal region, two LIM domains in the
C-terminal region, nine potential protein kinase C phosphorylation sites, seven casein kinase 11 phosphorylation
sites, a tyrosine kinase phosphorylation site, seven N-glycosylation and N-myristoylation sites and a single
potential N-glycosylation site, which is similar to the protein’s human counterpart. Phylogenetic tree was
constructed by aligning the amino acid sequences of the LIM domain from different species. In addition, four
base mutations were detected by comparing the sequences of Large White pigs with those of Chinese
Meishan pigs. The G294A mutation site was confirmed by polymerase chain reaction-single-strand
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conformation polymorphism analysis. Its allele frequencies were studied in five pig breeds.

Key words

LIM domain proteins are defined as proteins having a
double zinc fingers motif with a consensus amino acid
sequence C-X,-C-X g p5-H-X,-C-X,-C-X5.55-C-X,-C,
(where C represents cysteine, and X represents other amino
acids) [1]. They are important regulators in cell growth,
cell fate determination, cell differentiation and remodeling
of the cell cytoskeleton [2]. Bespalova and Burmeister [3]
isolated the human complete LMCD1 coding region and
mapped this gene to 3p26-p24 by radiation hybrid mapping.
Then the mouse LMCD1 gene was mapped to the central
region of chromosome 6 [3]. The predicted 365-amino acid
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LMCDL1 protein contains a cysteine-rich domain in the
N-terminal region and two LIM domains in the C-terminal
region. It also has several potential phosphorylation and
N-myristoylation sites and a single potential N-glycosylation
site. Northern blot analysis detected a major 1.7 kb LMCD1
transcript in most of the human adult and fetal tissues
tested, with highest expression in skeletal muscle. Little or
no LMCD1 expression was found in fetal brain and liver,
or in adult brain, liver, thymus, small intestine, or peripheral
blood [3]. Recently, Ota et al. [4] and Strausberg et al.
[5] have isolated the human complete LMCD1 cDNA
sequence, which contains six exons and five introns.
Furthermore, LIM protein was validated to have action on
the control of muscle genes [6]. The presence of LIM
domains in the LMCD1 gene implies it may be involved in
skeletal muscle protein-protein interactions [1,7,8].
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Therefore, the LMCD1 gene was selected as a candidate
gene for pig meat quality traits.

Materials and Methods

Tissue and blood samples

The tissue samples (heart, liver, lung, kidney, spleen,
longissimus dorsi muscle, fat, stomach and small intestine)
were collected from Large White, Landrace and Chinese
local breed Meishan pigs at Jingping Pig Station (Huazhong
Agricultural University, Wuhan, China).

The blood samples of Yorkshire, Landrace and Chinese
local breed Meishan pigs were collected from Jingpin Pig
Station. The Chinese local breeds Exi Hei and Wannanhua
pigs were from scattering farms in Enshi Municipality
(Enshi, China) and Anhui Province, respectively.

Total RNA extraction and genomic DNA isolation

Total RNA was extracted from different tissues with a
Trizol kit (Gibco, Carlsbad, USA). In case where the
samples were seriously contaminated with genomic DNA,
DNase | treatment on the total RNA was carried out before
first-strand cDNA synthesis.

Genomic DNA was isolated from the blood samples of
Yorkshire, Landrace, Meishan, Exi Hei and Wannanhua
pigs using phenol/chloroform extraction and ethanol
precipitation [9].

Primer design

A number of pig expressed sequence tags (ESTS) were
initially identified using the cDNA sequence of human
LMCD1 (GenBank accession No. NM_014583) by running
a Blast search against the GenBank “EST-others”
databases. Two ESTs (GenBank accession No. BF198782
and BF442878) were assembled into one contig with
Sequencher 4.14 software. Primer L1 (forward, 5'-AGC-
CTCTGTCTAAGAAGCAAA-3'; reverse, 5'-CACGGGCT-
GCTTCTCCTT-3") was designed by the contig. Primer
L2 (forward, 5'-CTCCAAGTATTCCACCCTCACA-3',
locating the contig; reverse, 5'-CCTCAGGATGGCCT-
TAGCAC-3', locating the EST) was designed by the contig
and the EST (GenBank accession No. C94730). The
structure of the amplified sequence covers the coding re-
gion and all the exons. Primer L3 (forward, 5'-CCTG-
GAAGATGATCGGAAAA-3'; reverse, 5-TGATGGTGT-
CAAAGGTGGGA-3") was designed by the porcine
LMCD1 gene sequence (GenBank accession No.
AY821789) which we had submitted. L3 was used to

validate the correctness of mutation sites obtained by
single-strand conformation polymorphism (SSCP) analysis
of polymerase chain reaction (PCR) products.

Primers were designed with Primer 5.0 (http://www.
premierbiosoft.com).

Reverse transcription (RT)-PCR

Primary cDNA synthesis was processed in a final
volume of 25 ul containing 5xreaction buffer (5 ul), 1 ug
of total RNA from certain tissue as the template, 0.5 mM
of each dNTP, 25 U of RNasin (40 U/ul), 2 ul of 10 uM
oligo(dT,5) and 200 U of M-MuLV reverse transcriptase
(200 U/ul; Promega, USA).

PCR amplification was carried out in a final volume of
25 ul containing standard 1xPCR buffer with Mg? and
1 U Taq polymerase (Biostar International, Toronto,
Canada), 0.8 mM of each dNTP, 10 pmol of each primer
and 1.0 ul of first-strand cDNA product as the template.
The PCR conditions were as follows: denaturation at 94 °C
for 3 min; 94 °C for 50 s, 57 °C for 45 s for L1 (or 62 °C
for 50 s for L2), 72 °C for 50 s, 35 cycles; and an additional
extension step at 72 °C for 10 min.

Cloning of PCR products and sequencing

The PCR products were fractionated on 1.5% (W/V)
agarose gel, and selected bands were purified using a gel
extraction kit (Sangon, Shanghai, China). The purified PCR
products were ligated into the pGEM-T vector (Promega)
and transformed into DH5a competent cells. Bacteria were
grown in LB-ampicillin agar. Cloned PCR products were
sequenced by Sangon.

MRNA expression analysis

The tissue distribution of pig LMCD1 mRNA was
determined by semiquantitative RT-PCR [10,11]. The
house-keeping gene glyceraldehydes-3-phosphate dehydro-
genase (GAPDH) was used as an internal control on the
template level. Primers for GAPDH amplification were:
forward, 5'-ACCACAGTCCATGCCATCAC-3'; reverse, 5'-
TCCACCACCCTGTTGCTGTA-3'. The primer for
LMCD1 was L1.

PCR was carried out in a final volume of 25 ul as above.
The conditions for PCR were in the exponential phase of
amplification, as judged by the use of different
concentrations of cDNA template, which provided a direct
correlation between the amount of the amplification
products obtained and RNA template abundance in the
samples: denaturing at 94 °C for 4 min; 94 °C for 50 s, 57 °C
for 45 s and 72 °C for 50 s, 28 cycles; and an additional
extension step for 10 min at 72 °C. To validate the results,
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we repeated the RT-PCR three times.
Prediction and analysis of putative LMCD1 domain

The cDNA sequence prediction was conducted with
GenScan software (http://genes.mit.edu/GENSCAN.html).
Sequence similarity analysis in GenBank was performed
using the Blast 2.1 search tool (http://www.ncbi.nlm.nih.
gov/blast/). ClustalW software (http://www.ebi.ac.uk/
clustalw/) was used for alignment of multiple sequences.
Phylogenetic and molecular evolutionary analyses were
conducted using MEGA 3.1 software [12]. To predict the
biophysics characteristics of the putative protein of
LMCD1, software on the ExXPASy Proteomics Server
(http://au.expasy.org/) was used. The prediction and
analysis for the protein structural domain and functional
site were performed using Prosite software (http://www.
expasy.org/prosite/). The 3-D structure of the putative
protein conserved domain was analyzed using the 3-D
Conserved Domain Architecture Retrieval Tool of Blast
(http://www.ncbi.nlm.nih.gov/blast/).

SSCP analysis [13,14]

L3 amplified DNA product (amplification procedure was
the same as L1 except for the anneling temperature was
60 °C) was mixed with four volumes of formamide load-
ing dye [98% formamide, 0.3% bromophenol blue and
xylene cyanol (Sangon), 10 mM EDTA and 7% glycerin
(Sunbiotech, Beijing, China)], then denaturized at 98 °C
for 10 min, loaded onto a non-denaturing gel [12%
acrylamide/bisacrylamide (29/1, W/W), 1xTBE (25 mM
Tris, 25 mM boric acid, 0.5 mM EDTA)] containing 5%
glycerol (Sunbiotech), and subject to electrophoresis at
4°C, 5 W for 10-25 h, depending on the size of the PCR
product analyzed and the gel composition. The gels were
processed by silver staining.

Results

RT-PCR, cloning of PCR products and sequencing

Amplified cDNA products were fractionated on 1.5%
(W/V) agarose gel, and clear amplified bands of primer L1
and L2 were obtained. RT-PCR products were cloned into
vector pGEM-T and sequenced. Sequencing results
showed that the sizes of the L1 and L2 PCR products
were 479 bp and 945 bp, respectively (Fig. 1).

MRNA expression analysis
Fig. 2 shows that LMCD1 mRNA was present at high

(A)

100—

Fig. 1 Reverse transcription-polymerase chain reaction
products of each pig breed using primers L1 and L2 respectively
(A) Primer L1 amplified products in various breeds. (B) Primer L2 amplified
products in various breeds. M, DL2000 marker; 1 and 2, Meishan; 3 and 4, Large
White; 5, Landrace.
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Fig. 2 Reverse transcription-polymerase chain reaction
analysis of porcine LMCD1 expression in different issues
GAPDH, glyceraldehydes-3-phosphate dehydrogenase.

levels in the Longissimus dorsi muscle and heart, and at
medium levels in the lung, kidney and spleen. The LMCD1
MRNA expression level was low in fat and in the stomach,
and lower in the liver and small intestine. All expression
patterns were, on the whole, in accordance with the results
of adult human LMCD1 mRNA expression [3].

Nucleotide sequence analysis

The sequences amplified by primers L1 and L2 were
assembled into a 1216 bp sequence with Sequencher 4.14
software. This sequence was identified and similarity
aligned by running a BlastN search against the GenBank
“nr” databases. The analysis revealed that the sequence
contains the complete coding sequence of LMCD1. It was
then submitted to the GenBank database with the accession
number AY821789. The porcine LMCD1 nucleotide
sequence shared high homology with those of four species
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by Blast analysis: mouse (86%), pan troglodytes (91%),
rat (82%) and human (89%). Comparative analysis revealed
that there was a six-base deletion in the coding sequence
of porcine LMCD1 which results in a two-amino-acid
deletion in the porcine protein, compared with that of the
human gene at position 825-830 (GenBank accession No.
14277673).

Four putative base substitutions (G294A as shown in
Fig. 3, C385T as shown in Fig. 4, A748G and A1099G)
were detected in the exon region by comparing sequences
of Large White, Landrace and Meishan pig breeds. A748G
substitution changes a codon for Alanine into a codon for
Threonine.

Prediction and analysis of protein structural domain
and functional site

Similarity comparison for the amino acid sequence of
the LMCD1 gene in four species is shown in Fig. 5. The
amino acid sequence of porcine LMCD1 shares 86%
identity with that of human, 91% with that of mouse and
93% with that of rat. The amino acid sequence of LMCD1

TR ACCE6EG
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shares significant identity with those of mouse Tesl,
mouse Tes2, human LMOG6, and human triple-L1M domain
protein [3]. Based on the above results, Tesl, Tes2 and
several kinds of LIM domain proteins were collected to
construct a combined phylogenetic tree by Neighbor-
Joining method and Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) using MEGA 3.1 software
(http://www.megasoftware.net/), as shown in Fig. 6.
Results revealed that porcine LMCD1 has a closer genetic
relationship with mouse and rat LMCD1 than with that of
human. All of the LIM domain proteins and the Tes1 and
Tes2 genes have a similar location in the phylogenetic tree,
only their bootstrap values are different. These results
validate the correctness of the current classification of
the LIM domain protein.

Primary structure analysis revealed that the molecular
weight of the putative LMCDL protein is 40.788 kDa and
its theoretical pl is 8.39. Topology prediction showed
there was a novel cysteine-rich domain in the N-terminal
region and two idiocratic LIM domain structural sequences
in the C-terminal region, but no transmembrane helices
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Comparison of alleles G and A for porcine LMCD1 gene
(A) Allele G. (B) Allele A.
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Comparison of alleles C and T for porcine LMCD1 gene

(A) Allele C. (B) Allele T.
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Mouse 60
Rat MAKVAKDLNPRVQKMSLIGQQQSAR 60
Pig MAKVAKDLNPGVAKMST 5QQ0SAR 60
Human  MAKVAKDLNPGVKKMSLIGQLQSARGVACL GCKGTCSGHEPHSWRKTCKSCKCSQEDHCLT 60

x: o LRk skekek koK
Mouse  SDLDDDRKIGRLLMDSKYATLTARVKGGDGIRTYKRNRMIMTNP TATGKDPTEDTITYER 120
Rat SDLEDDRK I GRLLMDSKYATLTARVKGGDG LRI YKRNRMIMTNPIATGKDPTEDTITYEW 120
Pig SDLEDDRKTGRLLMDSKYSTLTARVKGGDGTRT YKRNRUTMINPTATGKDPTFDTITYEW 120
Human  SDLEDDRKIGRLLMDSKYSTLTARVKGGDGIRTYKRNRMIMTNPTATGKDPTEDTITYEW 120
kK%K :
Mouse APPGVTQKLGLQYMELTPKERQPV RRRQLMHQLPTYDQDPSRCRGLVENELK 180
Rat APPGVTQKLGLQYMELTPKEKQPVI[GTEGALYRRRQLMHQLPTYDGDPSRCRGLVENALK 180
Pig APPGVTQKI G1.QYNELTPKEKQPVIIGTEGAYIYRRRQIMHAT PTYDADPSRCRGLLESHILK 180
Human  APPGVTQKLGLQYMELTPKEKQPVIGTEGAFYRRRQLMHALPTYDQDPSRCRIGLLENELK 180
o Dk, kekk
Mouse  AMBEFVKHYKSEALGVGEVALPGQGGLPKEENKTQEKPEGTETTAPTTNGSLGDPSKEVE 240
Rat AMBEFVKQYKSEALGVGEVALPGQGGLPKEENKTQEKPEIGTETTAPTINGSLGDPSKEVE 240
Pig VMEEFVKQYKSEALGVGEVALPGQGGLPKEEGKQQEKPEGAETAAPTANGSLGDPSK B 238
Human  LMEEFVKQYKSEALGVGEVALPGQGGLPKEEGKQQEKPEGAETTAATTNGSLSDPSKEVE 240
. Lk kR okkskeksk, skekekk 3k
Mouse  YVCELCKGAAPVDISPVVYADRAGYSKQWHPTCFQCTKCSEPLIVDLIYFWKDGAPWCGRHY 300
Rat YVCELCKGVAPADSPVVYADRAGYSKQWHPTCFLCIKCSEPLVDLIYFWKDGAPWCGRHY 300
Pig YVCELCKGVAPADSPVVYSDRAGYSKQWHPACFVCAKCSEPLIVDLIYFWKDGAPWCGRHY 298
Human  YVCELCKGAAPPDSPVVYSDRAGYNKQWHPTCFVCAKCSEPLIVDLIYFWKDGAPWCGRHY 300
Ckek : . sk sk
Mouse  CESVRPRCSGCDEITFSEDYQRVEDLAWHRKHFTCEGCEQLIJSGRAYTVTKGQLLCPTCS 360
Rat CESLRPRCSGCDEI IFSEDYQRVEDLAWHRKHFTCEGCEQLIISGRAYTTTKGQLLCPTCS 360
Pig CESI.RPRCSGCDEI IFSEDYQRVEDLAWHRKHFVCEGCEQQIIGGRAYIITKGQLLCPTCS 358
Human  CESLRPRCSGCDELIFAEDYQRVEDLAWHRKHFVCEGCEQLLJSGRAYIVTKGQLLCPTCS 360
sfolesk | : : *.
Mouse KSKRS 365
Rat KSKRS 365
Pig KSKRT 363
Human KSKRS 365
ek

Fig. 5 Alignment of the protein encoded by LMCD1 in mouse, rat, pig and human
The putative boundaries of known structural domains, including the LIM domain, LIM zinc-binding domains, N-myristoylation sites, N-glycosylation site and several
phosphorylation sites. Bold text, LIM domains; square brackets, LIM zinc-binding domains; boxed text, N-myristoylation sites for LMCD1; dotted underline, protein
kinase C phosphorylation sites; grey highlight, casein kinase Il phosphorylation sites; wavy underline, tyrosine kinase phosphorylation site; dashed underline, N-

glycosylation site; wavy double underline, tyrosine sulfation site. *, identical residues identified by the ClustalW program; . and :, similar residues identified by the

ClustalW program.

[15,16]. Nine potential protein kinase C phosphorylation
sites, seven casein kinase Il phosphorylation sites, a
tyrosine kinase phosphorylation site, seven N-glycosylation
and N-myristoylation sites and a single potential N-
glycosylation site were also found by prediction (Fig. 6),
similar to the structure of human LMCD1 [3]. Based on
the single potential N-glycosylation site in the protein, it

can be inferred that the LMCD1 protein may be a
glycoprotein.

The putative domain of the protein encoded by porcine
LMCD1 and the 3-D structure of the conserved domain
of this putative protein are shown in Figs. 7 and 8,
respectively. From these two figures, we can find two
LIM zinc-binding domains and a PET domain that is

http://www.abbs.info; www.blackwellpublishing.com/abbs
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(65) 59|Lrat LMCD1 NM_001008562

(79) 8gmouse LMCDI1 NM_144799
(100) 100’{[

pig LMCD1 NM_001008692
human LMCD1 NM_014583
mouse LMO4 NM_010723
human CRIPT NM_001311
human CRIP2 NM_001312
human LMK1 NM_002314
rat LMO6 NM_001014110
(L00) loouhuman LMO6 NM_006150
(91) 93/cow LMO6 NM_001014886

(29) 33

human TES| NM_004405
mouse LMO6 NM_175097

(100) 100 mouse TES1 NM_207176

(73) 47 L Human TES2 AK_021575
mousc TES2 NM_011570
(45)35 human CSRP1 NM_004078
(100) 100 ’human CSRP3 NM_003476
(100) 100 L mouse CSRP3 NM_013808
14 12 10 08 06 04 02 00
Fig. 6 Phylogenetic tree for several LIM domain proteins

A Neighbor-Joining and Unweighted Pair Group Method with Arithmetic mean
(UPGMA) tree was constructed using MEGA 3.1 software. Numbers out of the
parentheses are the UPGMA bootstrap values; numbers in parentheses are the
neighbor-joining bootstrap values.

1 50 100 150 200 250 300 363
———
PET LIM
Fig. 7 Putative domain of the protein encoded by porcine
LMCD1

suggested to be involved in protein-protein interactions,
which further validates the correctness of the current
classification of the putative LMCD1 protein.

Table 1
in five pig breeds

Fig. 8 3-D structure of the putative conserved domain of
porcine LMCD1 analyzed by 3-D conserved domain architecture
retrieval tool of blast

SSCP analysis

The correctness of the G294A substitute was confirmed
by PCR-SSCP. The size of the primer L3 PCR product
was 164 bp. The PCR-SSCP results are shown in Fig. 9.
The distribution of the polymorphism in five different pig
breeds is given in Table 1. We can conclude that only
allele G was found in Large White and Landrace pigs. >
analysis of three genotypes in different pig populations
showed that the frequency of genotype was significantly
different (x°=128.1200>y? o), P<0.01) in Large White,
Landrace, Meishan, Exi Hei and Wannanhua pigs.

AA GG AG AG
el -3 T

Fig. 9 Results of polymerase chain reaction-single-strand
conformation polymorphism analysis of porcine LMCD1 fragment

Distribution of polymerase chain reaction-single-strand conformation polymorphism genotype and allele frequencies

Breed Number Genotype A allele frequency G allele frequency
AA AG GG

Landrace 48 0 0 48 0.00% 100.00%

Large White 28 0 0 28 0.00% 100.00%

Meishan 45 21 22 2 71.11% 28.89%

ExiHei 45 2 12 31 17.78% 82.22%

Wannanhua 13 0 2 11 7.69% 92.31%
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Discussion

Muscle LIM protein is composed of two neighboring
LIM domains and a glycine-rich domain [6,17]. It is an
important regulator in the development of skeletal muscle
and cardiac muscle. According to the current classification
of LIM domain proteins, LMCD1 belongs to the group 3
proteins, which contain one or more LIM domains at the
C-terminal region [3]. This gene family is characterized
by idiocratic LIM domains and a conserved cysteine-rich
motif mostly expressed in musculature [3,8].

When a correct gene has been identified, there may be
more than one polymorphism within that gene. Polymor-
phism in the coding sequence that does not change the
amino acid (synonymous mutation) is unlikely to have an
effect on phenotype [18,19]. Two clues are used to predict
whether or not a non-synonymous polymorphism will
affect phenotype. First, a mutation that causes a radical
change in the amino acid is more likely to affect the
properties of the protein than a conservative amino acid
substitution. Second, amino acids that are conserved across
species are likely to be needed for protein function, so
mutations that change them are likely to affect phenotype
[19,20]. Because of SNPs (single nucleotide polymorphisms)
have high density and stability in genomes. They were
widely used in the identification of a functional gene and
location of quantitative trait loci (QTL) SNP occurring in
the coding region of a gene (cSNP) maybe belong to QTL
to affect the level of gene expression and the protein
structure, so taking cSNP as a marker would be more
available for maker-assisted selection [14,21]. In our study,
three cSNPs were detected by aligning the cDNA se-
quences of different porcine breeds, and the correctness
of the G294A substitute was validated by PCR-SSCP. In
addition, the distribution of three genotypes, based on the
G294A substitute, was studied in five pig breeds. The re-
sults showed that allele A did not exist in Large White and
Landrace pigs, which may have been affected by long-
term breeding and selection or the limited number of ani-
mals in this study. It may also be that allele A has a special
function that affects porcine meat quality. Further studies
must be conducted to confirm whether this site can be
regarded as a molecular marker or not.

Bioinformatics analysis showed the LMCD1 protein was
highly conserved among the different species in this study.
Some potential functional sites predicted in pig LMCD1
were also found in human LMCD1. These results offer
some evidence to further understand the function of porcine
LMCDL1. Two means that constructing phylogenetic tree

have different substitution models resulted in dissimilar
bootstrap values, all LIM domain protein genes have a
similar location in the two trees, which further validates
the correctness of the classification of the LMCD1 gene.

This is the first report on the LMCD1 gene in pig. We
have obtained its complete coding sequence; we will
continue our research to obtain its full-length sequence,
then carry out a functional analysis. Like other LIM domain
proteins with predominant expression in skeletal muscle,
the LMCD1 protein might be involved in protein-protein
interactions during muscle development and remodeling
[1,3,8], so further research based on these primary results
is needed.
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