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Abstract. Familial hypercholesterolemia (FH) is a genetic 
disease mainly caused by mutations in the low density lipo-
protein receptor (LDL-R) gene. However, FH-like phenotypes 
may also arise from mutations occurring in other genes, the 
products of which normally interact with the LDL receptor. 
Although several FH-associated proteins have been discov-
ered, many FH-like phenotypes cannot be linked to mutations 
in already characterized genes, suggesting the existence of 
other genes still to be identified, the mutations of which may 
be directly linked to the FH disorder. In order to identify new 
putative LDLr interactors possibly involved in its internaliza-
tion and/or sorting, the cytoplasmic tail of the receptor was 
used as ‘bait’ in a two-hybrid assay. We identified an 85-amino 
acid protein able to bind the LDLr intracellular domain 
through the last 14 C-terminal amino acids. The novel protein 
is probably derived from the translation of an alternative open 
reading frame of the human MT2A gene.

Introduction

The LDL receptor (LDL-R) is the founding member of a larger 
class of related transmembrane receptors. These proteins 
combine three types of extracellular modules in different 
arrangements to carry out a wide range of physiologic func-
tions, both as transport proteins and receptors/co-receptors in 
signal transduction cascades.

LDLr is the protein primarily responsible for the cell 
uptake of cholesterol-carrying particles from the blood. 
Human mutations that prevent LDL clearance lead to familial 

hypercholesterolemia (FH), an autosomal dominant disorder 
characterized by elevated plasma LDL-cholesterol levels and 
an increased risk of atherosclerosis (1,2). 

Three additional genes involved in LDL metabolism 
encode interactors of LDL-R and give rise to FH phenotypes. 
Familial defective apolipoprotein B-100 (FDB) is a syndrome 
clinically similar to FH caused by a few mutations in the gene 
encoding apolipoprotein B-100 (Apo-B100), which compro-
mises the ability of the corresponding protein to interact with 
LDL-R. 

A co-dominant form of hypercholesterolemia, autosomal 
dominant hypercholesterolemia type 3 (HCHOLA3), was 
recently described and was found to result from mutations in 
the gene encoding pro-protein convertase subtilisin kexin 9 
(PCSK9), a protease of the subtilisin-like convertase family, 
which destroys low density lipoprotein receptors in the liver 
and thereby controls the level of LDL in plasma (3,4). Finally, 
increasing evidence indicates the existence of a recessive 
form of severe hypercholesterolemia, phenotypically similar 
to homozygous FH but not linked to the LDL-R gene. This 
disorder, autosomal recessive hypercholesterolemia (ARH), 
is caused by mutations in the ARH gene, which encodes an 
adaptor protein required for normal LDL receptor-mediated 
endocytosis in hepatocytes (5-7).

Notably, PCSK9-mediated degradation of the LDL-R does 
not take place on the cell surface. Rather, the PCSK9-mediated 
degradation of the LDL-R appears to occur intracellularly, 
even when endocytosis through clathrin-coated pits is blocked 
by hypertonic medium (4). This finding suggests the existence 
of a novel ARH-independent pathway for LDLr internaliza-
tion, which may involve unknown proteins. 

The LDL-R gene family has traditionally been regarded 
as a class of constitutively recycling cell surface receptors 
mediating the endocytosis and lysosomal delivery of different 
ligands. In addition, lipoprotein receptors play important roles 
as activators of intracellular signaling cascades. Recently, the 
cytoplasmic adaptor or scaffold protein disabled-1 (DAB1) and 
FE65 were reported to interact with the cytoplasmic tails of 
certain LDL receptor family members (8,9), thus connecting 
transmembrane receptors with endocytosis machinery and 
supporting the assembly of multi-protein complexes involved 
in signaling pathways. All these functions are likely mediated 
by protein-protein interactions, most of which are not yet 
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known. In order to gain new insights regarding LDL-R inter-
actors, we investigated the existence of unknown proteins able 
to bind the LDL-R cytoplasmic domain using both genetic 
(two-hybrid assay) and biochemical (co-immunoprecipitation 
assay) approaches (10,11).

Materials and methods

Bait plasmid construct. The cDNA portion which encodes 
the LDL receptor whole cytoplasmic domain (LDL-R/CD) 
was amplified using the following primers: 5'-GAATTC 
CTATGGAAGAACTGGCGGC-3' and 5'-GTCGACGCAGAT 
GTTCACGCCACGTC-3'. 

The 159-bp product was cloned as an EcoRI-SalI fragment 
into the EcoRI-SalI sites of the pGBKT7 2-µ TRP marked 
vector (Clontech, UK), downstream of the Gal4 DNA binding 
domain to produce a Gal4BD-LDL-R/CD fusion protein. The 
expression used by the vector contains the ADH1 promoter, 
an SV40 T-antigen nuclear localization sequence, the c-myc 
epitope tag and the Gal4BD (residues 1-147). The final 
construct was verified by nucleotide sequencing.

Prey plasmid constructs. MT2AaORF cDNA was subcloned 
into the NdeI/XhoI sites of the pGADT7 2-µ LEU2 marked 
vector (Clontech, UK) downstream of the Gal4 DNA activa-
tion domain to produce a Gal4AD-MT2AaORF fusion 
protein. The pGADT7 vector contains the ADH1 promoter, an 
SV40 T-antigen nuclear localization sequence, the hemagglu-
tinin (HA) epitope and the Gal4AD (residues 768-881). 
MT2AaORF C-terminal deletion constructs were generated 
by PCR amplification using the following primers: 5'-CTATT 
CGATGATGAAGATACCCCA-3' (forward primer); 5'-ATA 
CTCGAGTGCAGGAGTCACGGCGG-3' (reverse, for the 
Gal4AD-MT12 construct); 5'-ATACTCGAGCCTGGGCACT 
TGGCACAG-3' (reverse, for the Gal4AD-MT46 construct); 
5'-ATACTCGAGTACATCTGGGAGCGGGG-3' (reverse, for 
the Gal4AD-MT71 construct). 

The three products were independently cloned into the 
NdeI/XhoI site of the pGADT7AD vector, previously linear-
ized with the same enzymes. All of the constructs were 
verified by nucleotide sequencing. 

description of the yeast strains. Two different Saccharomyces 
cerevisiae yeast strains were used in this study. AH109 strain: 
MATa trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, 
LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2 
URA3::MEL1UAS-MEL1TATA-lacZ MEL1. Y187 strain: MATα, 
ura3-52, his3-200, ade2-101, trp1-90, leu2-3, 112, gal4Δ, 
gal80Δ, met-, URA3::MEL1UAS-MEL1TATA-lacZ MEL1.

Yeast transformation and the two-hybrid assay. Saccharomyces 
cerevisiae host strains AH109 MATa and Y187 MATα were 
grown at 30˚C in YPD medium for 18 h and utilized for BD 
and AD fusion construct transformations, respectively, using 
the LiAc procedure as suggested by the supplier (Clontech 
Yeast Protocols Handbook, UK). Appropriate SD medium 
plates, SD/-Trp or SD/-Leu, were used to select AH109 MATa 
Gal4BD-LDL-R/CD-expressing trasformants and Y187 MATα 
Gal4AD-MT2AaORF-, Gal4AD-MT12-, Gal4AD-MT46- and 
Gal4AD-MT71-expressing transformants, respectively.

The GAL4BD-LDL-R/CD fusion protein was used as 
bait for screening a human liver Matchmaker Gal4 yeast two-
hybrid library (Clontech). Cells were allowed to mate at 30˚C 
for 24 h in 2X YPDA/Kan 50 µg/ml as described in the manu-
facturer's instructions, and the mating mixture was plated 
on the appropriate SD medium (SD/-Ade/-His/-Leu/-Trp). 
Colonies grown on selective media and scored as positive 
for an interaction with the LDL-R/CD were tested for MEL1 
reporter gene expression using SD/-Ade/-His/-Leu/-Trp plates 
containing X-α-Gal 40 µg/ml. Moreover, the α-galactosidase 
units were determined in a spectrophotometer assay by 
recording the OD410 value in the presence of PNP-α-Gal solu-
tion, as suggested by the manufacturer. Positive clones were 
analyzed by PCR using AD vector-specific primers, and were 
directly sequenced.

production of tagged proteins. 35S-methionine-labelled 
MT2AaORF HA-tagged and LDL-R/CD c-myc-tagged 
proteins were produced by in vitro translation from 
pGADT7-MT2AaORF and pGBKT7-LDL-R/CD constructs, 
respectively, using the TnT coupled Reticulocyte Lysate 
Systems (Promega). Transcription/translation reactions were 
performed in 50 µl using 1 µg DNA template in the presence 
of 1 unit of T7 RNA polymerase (Promega) and 2 µl (35S) 
methionine (>1,000 Ci/mmol at 10 mCi/ml) (GE Healthcare-
Amersham) for 1.5 h at 30˚C. 

Physical interaction of MT2AaORF with the cytoplasmic 
domain of the LDL receptor. Labelled MT2AaORF 
HA-tagged and LDL-R/CD c-myc-tagged proteins (10 µl 
each) were mixed together and incubated at room temperature 
for 1 h. One microgram of either the anti-c-Myc monoclonal 
antibody or anti-HA-Tag polyclonal antibody (Clontech) were 
added into two separate reactions. In parallel, MT2AaORF 
HA-tagged (10 µl) and LDL-R/CD c-myc-tagged (10 µl) 
proteins were incubated with 1 µg of anti-c-Myc monoclonal 
antibody and anti-HA-Tag polyclonal antibody (Clontech), 
respectively, as negative controls, to evaluate antibody speci-
ficity. After a 1-h incubation, 3 µl of PBS-washed Protein A 
beads were added, and adequate mixing was ensured. Protein 
A beads were washed 5 times with wash buffer as recom-
mended by the supplier, and were finally resuspended in 20 
µl SDS-PAGE loading buffer. Bound proteins were eluted and 
denatured under reducing conditions by heating the beads 
at 80˚C for 5 min, and were then analyzed by SDS-PAGE. 
The dried gel was finally exposed to X-ray film (Amersham 
Hyperfilm MP) overnight at room temperature. 

Results

Two-hybrid screening assay. In order to identify novel inter-
actors of the LDL receptor cytosolic domain (LDL-R/CD), we 
used the Gal4 system-based yeast two-hybrid assay method 
(12). A Matchmaker Gal4 human liver cDNA library, made 
in the pACT2 AD vector, was screened with the C-terminal 
intracellular domain (from amino acid 788 to 839) of the 
human LDL receptor (LDL-R/CD). To this end, a recombi-
nant construct was prepared as described in the Materials and 
methods and introduced into the Saccharomyces cerevisiae 
host strain AH109 in order to stably express LDL-R/CD in 
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yeast, as a fusion protein with the GAL4 DNA-binding domain 
(from amino acid 1 to 147). We verified that the production of 
the fusion product did not affect mating efficiency, and evalu-
ated the intrinsic transcription activation of the reporter genes 
(data not shown). 

The two-hybrid assay was performed by the yeast ‘mating 
protocol’ using the AH109-MATa GAL4BD-LDL-R/CD 
fusion protein-expressing cells and the Y187-MATα cells, 
pre-transformed with the human cDNA liver library. The 
mating mixture was seeded on plates containing either leucine 
and tryptophan-lacking (non-selective) medium or adenosine, 
histidine, tryptophan and leucine-lacking (selective) medium. 
Screening of 1x106 independent library clones allowed iden-
tification, on selective media, of 350 diploid clones, which 
scored positive for an interaction with LDL-R/CD and were 
characterized by different degrees of mel1 reporter gene 
activation. The AD plasmids were recovered from diploid 
cells, and the inserts were sequenced: 108 independent insert 
sequences (31% of the total colonies) showed full homology 
with the human metallothionein 2A cDNA (NM_005953) in 
a BLAST search at the National Center for Biotechnology 
Information, whereas the remaining low frequency clones 
were classified as probable false positives. However, upon 
analyzing the amino acid sequence of the isolated fusion 
proteins, we realized that none of the clones encoded the 
expected MT2A protein. Since yeast can tolerate transla-
tional frameshifts, an ORF in the wrong reading frame may 
correspond to the protein responsible for the interaction. To 
verify this, we cloned the cDNA insert in the right frame for 
MT2A and determined whether the ADE2, HIS3 and MEL1 
reporters remained active in the presence of the GAL4BD-
LDL-R/CD fusion bait protein. Diploid cells were seeded 
both onto SD/-Leu/-Trp plates to gain positive controls, and 
onto SD/-Ade/-His/-Leu/-Trp plates to investigate reporter 
gene activation. No viable diploid cells were observed on 
the selective media, indicating that the protein responsible 
for the interaction with LDL-R/CD is encoded by an alter-
native reading frame of the MT2A gene, which we named 
MT2A alternative ORF (MT2AaORF). The specificity of the 
LDL-R/CD-MT2AaORF interaction in the yeast two-hybrid 
assay was confirmed by transformation of the positive prey 
cDNA clone into yeast AH 109 cells, together with vectors 

expressing the GAL4 DNA-binding domain (GAL4BD) alone 
or the GAL4BD-LDL-R/CD. Only yeast cells containing the 
Gal4AD-MT2AaORF and the GAL4BD-LDL-R/CD plasmids 
displayed an interaction phenotype, giving rise to the reporter 
gene activation, whereas the empty GAL4BD was negative in 
these control transformation assays (data not shown).

MT2AaORF interacts with LDL-R/CD in vitro. To verify 
the interaction between LDL-R/CD and MT2AaORF at the 
biochemical level, co-immunoprecipitation experiments 
were performed. Full-length MT2AaORF was subcloned 
into a vector allowing the T7 promoter-driven expression of 
MT2AaORF as a radiolabelled HA-tagged fusion protein by 
an in vitro coupled transcription-translation reaction. The 
HA-MT2AaORF (13.7 kDa) was then mixed with a 7.6-kDa 
c-Myc epitope-tagged LDL-R/CD (c-Myc-LDL-R/CD), 
obtained by means of the in vitro transcription-translation 
reaction. The protein mixture was incubated with either an 
anti-c-Myc polyclonal or an anti-HA monoclonal antibody 
in two separate reactions, and the immune complexes were 
analyzed by autoradiography after SDS-PAGE (Fig. 1). The 
anti-c-Myc monoclonal antibody was found to immunopre-
cipitate not only c-Myc-LDL-R/CD but also the radiolabelled 
HA-MT2AaORF (Fig. 1, lanes 1 and 2); on the other hand, 
the anti-HA polyclonal antibody was able to immunopre-
cipitate not only HA-MT2AaORF but also the radiolabelled 
c-Myc-LDL-R/CD (Fig. 1, lanes 3 and 4), while no cross 
immunoreactions were observed (Fig. 1, lanes 5 and 6). Since 
both antibodies were able to immunoprecipitate both proteins, 
we deduced that MT2AaORF is indeed capable of interacting 
with LDL-R/CD, in accordance with the data obtained by the 
yeast two-hybrid assay.

In silico MT2AaORF characterization. Proteomics computa-
tional tools were applied to find out and characterize potential 
structures or domains of the MT2AaORF. Formal queries 
regarding the protein sequence with popular domain detection 
algorithms (Pfam, SMART, ELM and Interproscan, ExPASy 
proteomics server of the Swiss Institute of Bioinformatics) 
(13-16) predicted that the 85-aa MT2AaORF protein has a 
molecular mass of 8.46 kDa and contains at least three puta-
tive functional domains: i) an alanine-rich region profile (aa 
5-66), ii) a proline-rich region (aa 3-45) organized in three 
SH3 docking sites (aa 3-9, aa 6-12, aa 39-45), and iii) a β‑ 
and γ-crystallin domain (aa 77-85) folded into a Greek key 
motif which includes an SH2-PTB docking site (aa 82-85) 
(Fig. 2A).

MT2AaORF-LDL-R/CD interaction. In order to identify the 
protein region/domain responsible for the interaction with the 
LDL-R/CD, three deletion clones were constructed, each of 
which lacks different portions of the C-end. To accomplish  
this, suitable modified primer pairs were utilized to amplify 
three different regions of the MT2AaORF cDNA, which, 
after cloning and translation, gave rise to truncated peptides 
of 71, 46 and 12 aa, respectively (the amino acid sequences 
of these deleted proteins are provided in Fig. 2B). The three 
PCR products were then inserted into the vector pGADT7, 
in frame with the sequence which encodes the GAL4 acti-
vation domain. The constructs were respectively named: 

Figure 1. Co-immunoprecipitation of MT2AaORF and LDL-R/CD by either 
anti-c-Myc (α-Myc) monoclonal antibody or anti-HA tag polyclonal antibody 
(α-HA). The immunoprecipitates were analyzed by SDS-PAGE. Lane  1: 
LDL-R/CD immunoprecipitated with α-Myc; Lane 2: mix of LDL-R/CD 
and MT2AaORF, immunoprecipitated with α-Myc; Lane 3: mix of LDL-R/
CD and MT2AaORF, immunoprecipitated with α-HA; Lane 4: MT2aORF 
immunoprecipitated with the α-HA; Lane 5: LDL-R/CD immunoprecipi-
tated with α-HA; Lane 6: MT2AaORF immunoprecipitated with α-Myc.
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i) Gal4AD-MT12, which includes only two SH3 docking sites 
at the N-terminus; ii) G al4AD-MT46, which contains the 
entire proline-rich region, organized into three SH3 docking 
sites, and iii) Gal4AD-MT71, which lacks the SH2 docking 
site contained in the Greek Key motif. The constructs and the 
original pACT2AD-MT2AaORF were transformed into the 
Y187 MATα cells and tested in a direct two-hybrid assay with 

the GAL4BD-LDL-R/CD fusion protein-expressing AH109-
MATa cells. After mating and plating the diploid cells onto 
selective media, we observed that none of the deleted clones 
produced colonies on selective media, while the full length 
MT2AaORF clone showed an interaction phenotype able to 
activate the reporter genes (Fig. 3). These results strongly 
suggested that the MT2AaORF binding site is located 
in the 14 C-terminal residues of the protein and that the 
MT2AaORF-LDL-R/CD interaction is supported by the SH2 
ligand functional site class.

Discussion

In the present study, the yeast two-hybrid assay, based on the 
mating approach, was used to identify putative proteins capable 
of interacting with the cytoplasmic domain of the LDL receptor 
(LDL-R/CD). We identified 108 recombinant clones, all of 
which contain the same MT2A gene alternative reading frame 
previously reported in the literature as CES1/MT2A (GenBank 
M26637.1) (17). The encoded protein is able to interact with 
the LDL-R/CD. The MT2AaORF-LDL-R/CD interaction, 
identified by a genetic approach, was also confirmed at the 
biochemical level by co-immunoprecipitation assays.

The MT2AaORF encodes an 85-amino acid-long protein, 
the sequence of which is shown in Fig. 2B (upper row). When 
used as a query in diverse domain detection algorithms for 
a computational analysis, the novel protein showed different 
putative functional sites. At least four putative protein-protein 
interaction sites spanning the whole amino acid sequence 
were recognized. In particular, in silico analyses, performed 
at SIB, revealed in the C-end of the protein some motifs 
distantly related to protein/protein interaction motifs, such 
as a generic motif for glycosylation (aa 72-77) and a target 
site for phosphorylation (aa 73-79). A more interesting motif 
(aa 82-85) belongs to the SH2 ligand-binding functional site 
class. SH2 and PTB domains are small protein modules, 

  A

  B

Figure 2. Summary of the putative features of the MT2AaORF (85 aa) as indicated by Expasy proteomic tools (A), and amino acid sequence of the truncated 
fusion proteins encoded by the subclones obtained by amplification of three different regions of the cDNA (B). Numbers indicate amino acid positions with 
respect to the full-length protein (85 aa).

  A

  B

  C

  D

Figure 3. Growth of yeast diploids on SD selective (-hys, -leu, -trp) (S) and 
non-selective media (-leu, -trp) (NS) after mating. (A) pGBKT7-LDL-R/CD 
x pACT2-MT2AaORF. (B) pGBKT7-LDL-R/CD x pACT2-MT71. (C) pGB-
KT7-LDL-R/CD x pACT2-MT46. (D) pGBKT7-LDL-R/CD x pACT2-MT12.
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used as key building blocks in the pathways, which allow 
intracellular transduction of extracellular signals to different 
compartments of the living cells. Although both domains 
were initially identified as modules that recognize phospho-
rylated tyrosines, subsequent studies indicated that only SH2 
binding to their target proteins is strictly regulated by tyrosine 
phosphorylation, whereas most PTB domains constitutively 
bind to their (non-phosphorylated) targets (18).

In the present study, the yeast two-hybrid system was 
also used to identify and map the MT2AaORF region, which 
directly interacts with the LDL-R/CD. The assays performed 
with C-terminal progressive deletion constructs of MT2AaORF 
as prey suggested that the last 14 C-terminal amino acid resi-
dues of the protein, which include an SH2-PTB docking site, 
are responsible for the interaction with LDL-R/CD.

Finally, although none of the already characterized 
motifs known to interact with the LDLr internalization signal 
(FDNPVY) were identified in the MT2AaORF, our results 
confirmed that the LDL-R uses different internalization path-
ways depending on the ligand (19-21). 

Notably, a subtilisin/kexin cleavage site was present in 
the protein, together with the SH2-PTB functional site. This 
finding could provide new insights into LDL-R regulation. 
PCSK9, a subtilisin/kexin family member, is indeed known 
to bind LDL-R, thus promoting its degradation via the ARH 
adaptor function, a protein that contains a PTB motif (22).

Evidence was reported by other authors that PCSK9-
mediated LDL-R degradation may occur without ARH 
involvement, thus suggesting the existence of a novel 
ARH-independent pathway for PCSK9 activity on LDL-R (4). 

In light of the present results derived from genetic, biochem-
ical and bioinformatic studies, a functional and physiological 
role of MT2AaORF can be suggested, possibly related to its 
putative involvement in LDL-R internalization and degrada-
tion, as suggested by its ability to interact with the cytoplasmic 
domain and, in particular, with the SH2, PTB motif.

The possibility of an in vivo MT2AaORF involvement in 
the LDL-R pathway, if further confirmed, also allows consid-
eration of MT2AaORF as a novel pharmacological target in 
FH therapy. 
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