
MOL 16451 

 1

mTLD ALTERS SUBCELLULAR LOCALIZATION, INTERNALIZATION  

AND SIGNALING OF α1A-ADRENERGIC RECEPTORS 

 

Qi Xu, Ning Xu, Tan Zhang, Hui Zhang, Zijian Li, Feng Yin, Zhizhen Lu, Qide Han, Youyi 

Zhang* 

Institute of Vascular Medicine, Peking University Third Hospital and Key Laboratory 

of Molecular Cardiovascular Sciences, Ministry of Education, Beijing, China 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Molecular Pharmacology Fast Forward. Published on May 11, 2006 as doi:10.1124/mol.105.016451

 Copyright 2006 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 11, 2006 as DOI: 10.1124/mol.105.016451

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 16451 

 2

Running title: Interaction of α1A-AR with mTLD 

Corresponding author: 

Youyi Zhang 

Institute of Vascular Medicine, Peking University Third Hospital 

No.49 Huayuan North Road  

Haidian District, Beijing 

P.R.China 100083  

Tel: 86-10-82802306 

Fax: 86-10-82802306 

Email: zhangyy@bjmu.edu.cn 

Counts: 

Total 30 Pages, 8 figures, 35 references, 2 supplementary data, 163 words in the 

Abstract, 428 words in the Introduction, 1265 words in the Discussion. 

 

ABBREVIATIONS: AR, adrenergic receptor; mTLD, mammalian Tolloid; FRET, 

fluorescence resonance energy transfer; GPCR, G-protein-coupled receptor; GST, 

glutathione S-transferase; angiotensin II type 1 receptor, AT1R. 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 11, 2006 as DOI: 10.1124/mol.105.016451

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 16451 

 3

Abstract 

In present study, we identified the CUB5 domain of mammalian Tolloid (mTLD) as a 

novel protein binding to α1A-adrenergic receptor (α1A-AR) using yeast-two hybrid 

system. Whereas CUB5 did not couple to either α1B-AR or α1D-AR. Amino acids 

322-359 (aa322-359) of α1A-AR were determined as the major binding region for 

CUB5. The direct interaction between α1A-AR cytoplasmic tail and CUB5 was 

discovered by GST pull-down assay. We confirmed the interaction of mTLD with 

α1A-AR in HEK 293 cells by immunoprecipitation, immunofluorescence and 

fluorescence resonance energy transfer (FRET). Although mTLD did not affect the 

density and affinity of receptors in crudely prepared membranes from HEK 293 cells 

stably expressing α1A-AR, it altered the subcellular localization of the receptors 

significantly. Moreover, mTLD reduced the level of cell surface α1A-ARs, delayed the 

initial rate of agonist-induced receptor internalization, and facilitated agonist-induced 

calcium transient. Collectively, we have demonstrated that mTLD interacts with 

α1A-AR directly, alters the subcellular localization of receptor, and influences 

agonist-induced α1A-AR internalization and calcium signaling. 
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Introduction 

α1-adrenergic receptors (ARs) are G-protein-coupled receptors (GPCRs) that 

respond to norepinephrine and epinephrine. α1-ARs can be classified into at least 

three subtypes termed α1A, α1B and α1D, according to their ligand specificity, and 

their amino acid sequences. Although the three α1-AR subtypes all couple to the 

Gq/11 signalling pathway, they have distinct functional roles in mediating vascular 

smooth muscle contraction and cardiomyocyte hypertrophy (Autelitano and 

Woodcock, 1998; Grupp et al., 1998; Zhu et al., 1997). 

As the largest family of membrane proteins, GPCRs respond to extracellular 

stimulations and convert them to intracellular signals. In general, this transduction is 

defined as that ligand binding changes the conformation of receptor’s intracellular 

region, which induces the interaction of receptor with heterotrimeric G-proteins and the 

ultimate dissociation of Gα and Gβγ subunits. These activated subunits can stimulate 

and/or inhibit a variety of intracellular effectors. A large number of intracellular 

molecules other than G-proteins (non-G-proteins), could also interact with GPCR, 

mediate the intracellular response or regulate the receptor’s state, distribution and 

function (Brzostowski and Kimmel, 2001; Hall et al., 1999; Heuss and Gerber, 2000).  

It has been shown that ARs associate with several non-G-proteins. Majority of 

them were identified for β2-AR, such as βARK, β-arrestin, AKAP79/150, NHERF and 

eIF-2B (Cong et al., 2001; Fraser et al., 2000; Hall et al., 1998; Klein et al., 1997; 

Menard et al., 1997), only a few proteins are reported to interact with α1-AR. Among 

them, the µ2 subunit of the AP2 clathrin adaptor complex specifically interact with 

α1B-AR (Diviani et al., 2003), while tissue transglutaminase II (Gh) and gC1q-R 
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interact with α1B and α1D-AR (Chen et al., 1996; Pupo and Minneman, 2003). nNOS 

was supposed to interact with α1A-AR previously, but found interact with all three 

subtypes of α1-AR and β1, β2-ARs (Pupo and Minneman, 2002). To date, no 

interacting proteins has been identified specifically for α1A-AR, the most important 

and efficient subtype of α1-AR (Zhong et al., 2001; Zhong and Minneman, 1999).  

Recently, CUB5 domain, a segment of mammalian Tolloid (mTLD) (Takahara et 

al., 1994), has been identified as α1A-AR coupling protein by our group (Xu et al., 

2003). In the present study, we have further explored the interaction of α1A-AR and 

mTLD. Specifically, we investigated the differential interactions of CUB5 domain to 

three α1-AR subtypes, and the region of α1A-AR which binding to CUB5 domain. We 

also assessed this interaction by glutathione S-transferase (GST)-α1A-AR fusion protein 

pull-down assay, immunoprecipitation, immunofluorescence and fluorescence 

resonance energy transfer (FRET). Moreover, the effects of mTLD on pharmacological 

property, localization and signalling of α1A-AR were also investigated in this study.  
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Materials and Methods 

Plasmid DNAs--Flag-tagged human α1A, α1B, α1D-AR and C terminus truncated 

α1A-AR in mammalian expression vectors, PDT-α1A, α1B, α1D and α1ACT, and 

GST-tagged α1A-AR cytoplasmic tail, GST-α1A, were generous gifts from Dr. Kenneth 

P. Minneman. The cDNA sequence encoding the α1B, α1D-AR cytoplasmic tail and 

various fragments of the α1A-AR carboxyl terminus were generated by PCR and cloned 

into pGBKT7 with EcoRI and BamHI sites (supplementary data). PCR reactions were 

carried out using high fidelity pfx DNA polymerase (Invitrogen, Carlsbad, CA).  

cDNA encoding human mTLD (P13497) was obtained from Invitrogen. For 

mammalian cell expression, PCR products were subcloned into pcDNA3.1 (+) with 

NheI and XhoI sites to generate pMT, and other HA-tagged PCR products were also 

subcloned into pcDNA3.1 (+) with NheI and PmeI sites to generate pMT/HA 

(supplementary data). The cDNA of No.3 prey encodes aa867-986 of mTLD was 

subcloned into pcDNA3.1 (+) with ECoRI and BamHI sites to generate HA tagged 

pcP3HA as we described previously (Xu et al., 2003). Constructs EGFP-α1A expressing 

fused EGFP/α1A-AR were made by cutting α1A-AR cDNA with its flank EcoRI and 

BamHI restriction sites from PDT-α1A and then cloned back into the EGFP-C2 

expression vector. All constructs were confirmed with Prism 3700 DNA automatic 

sequencer (Applied Biosystems Inc., Foster City, CA). 

Yeast two-hybrid—We used Pretransformed MATCHMAKER two-hybrid system 

(CLONTECH, Mountain View, CA) to perform the screening. Yeast Saccharomyces 

cerevisiae strain AH109 and Y187 were used as the host for the in vivo interaction 

studies. Yeast two-hybrid analysis was carried out as described in Clontech’s user 
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manual. PGAACT, a bait plasmid containing α1A-AR aa322-466 was transformed into 

yeast strain AH109 by the LiCl/PEG method and mating with human brain cDNA 

pretransformed yeast strain Y187. Plasmids of preys were isolated from the positive 

colonies using the Zymoprep Yeast Plasmid Minipreparation Kit (Zymo Research, 

Orange, CA) and sequenced with Prism 3700 DNA automatic sequencer.  

β-Galactosidase activity was used to test interactions between different fusion 

proteins. Briefly, both bait and prey plasmids were transformed into the yeast strain 

Y187, then β-galactosidase activities were measured by colony-lift filter assay and 

liquid β-galactosidase assay with O-nitrophenylglycoside (Merck & Co., Inc., 

Whitehouse Station, NJ). 

GST pull-down assay--MagneGST™ Pull-Down System (Promega, San Luis Obispo, 

CA) was used for direct interaction assays between α1A-AR and mTLD. GST-α1A-AR 

cytoplasmic tail fusion proteins or GST proteins were lysed from 1 ml bacterial culture, 

and immobilized on MagneGST™ Particles. Transcription/translation of aa867-986 of 

mTLD was undertaken in vitro using TNT T7 Quick Coupled transcription/translation 

reactions Master Mix. Binding reactions were performed in 200 µl binding/wash buffer 

(4.2 mM Na2HPO4, 2 mM KH2PO4, 140 mM NaCl, 10 mM KCl, pH 7.2) for 1 hour at 

room temperature. Particles were washed 5 times with the same buffer, and bound 

proteins were analyzed by immunoblotting.  

Cell line, culture and transfection-- HEK293 cells were obtained from ATCC and 

cultured in glutamine-containing high-glucose DMEM supplemented with 10% fetal 

bovine serum, 1 mM sodium pyruvate, 100 mg/ml streptomycin and 100 U/ml 

penicillin at 37°C under a 95% air/5% CO2 atmosphere. HEK293 cells stably 
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transfected PDT-α1A were also cultured in the same conditions except that 200 mg/ml 

geneticin was added. Lipofectamin 2000 (Invitrogen) was used in all transfection 

experiments. 

Coimmunoprecipitation assay-- HEK293 cells were transfected and cultured for 48 h. 

Immunoprecipitation was performed as described previously (Vazquez-Prado et al., 

2000) with minor modifications. Briefly, cells were washed with icy-cold PBS and 

lysed for 1 hour on ice in lysis buffer (10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM 

EDTA, 1% Triton X-100, 0.05% sodium dodecyl sulfate) supplemented with 50 mM 

sodium fluoride, 100 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 20 

mg/ml aprotinin, 20 mg/ml leupeptin and 100 mg/ml phenylmethylsulfonyl fluoride. 

Cell lysates were centrifuged at 12,700 g for 15 minutes and the supernatants were 

incubated overnight at 4°C with the anti-Flag M2 affinity resin (Sigma-Aldrich, Inc.) or 

anti-c-myc antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) plus protein G 

resin (Sigma-Aldrich, Inc.). After four washes with lysis buffer without protease 

inhibitors, the immune complexes were denatured by boiling in 2 × loading buffer, and 

analyzed by immunoblotting. Anti-α1A-AR antibodies (Santa Cruz Biotechnology, Inc., 

Santa Cruz, CA), anti-mTLD antibodies, and Supersignal West Pico Chemiluminent 

(Pierce Biotechnology, Inc., Rockford, IL) were used to detect proteins. 

Immunofluorescence and fluorescence resonance energy transfer (FRET)--HEK293 

cells were plated on glass coverslips and co-transfected with EGFP-α1A and pMT/HA. 

Twenty-four hours after transfection, cells were fixed in 4% formaldehyde for 10 

minutes and permeated with 0.1% Triton X-100 for 10 minutes. The fixed cells were 

incubated with anti-HA monoclonal antibodies (Santa-Cruz, 1:100 dilutions) overnight 
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at 4°C and then with a TRITC-conjugated anti-mouse antibody (Molecular Probes, 

1:200 dilution) for 1 hour. The distributions of α1A-AR and mTLD were examined with 

a confocal laser scanning Leica TCS SP2 (Wetzlar, Germany) microscope system with 

a 40x immersion objective lens. Fluorescence of TRITC was then excited continuously 

for 5 minutes to bleach the TRITC signal irreversibly. Images of the EGFP fluorescence 

were acquired before and after photobleaching. The extent of FRET was assessed by 

calculating the ratio of the EGFP fluorescence before (DA) and after (D) photobleaching, 

using the equation, E = D/DA. Nine to ten cells from three individual experiments were 

selected, and the D/DA of intracellular areas was averaged.  

Radioligand Binding--HEK293 cells stably transfected PDT-α1A were plated in 10-cm 

dishes and transfected with pcDNA3.1/LacZ or pMT. Forty-eight hours after 

transfection, cells were washed with PBS (pH 7.6) and harvested. After centrifugation 

and homogenization with a Polytron, cell membranes were collected by centrifugation 

at 20,000 g for 20 minutes, and resuspended in PBS. Radioligand binding sites were 

measured by saturation analysis of specific binding of the α1A-AR antagonist 

radioligand 125I-BE (15-500 pM). Nonspecific binding was defined as binding in the 

presence of phentolamine at 100 µM.  

Whole-cell ELISA assay--HEK293 cells stably transfected with PDT-α1A were plated 

in poly-D-lysine-coated 24-well plates, and transfected with pcDNA3.1/LacZ or pMT. 

Forty-eight hours later, cells were incubated with DMEM containing phenylephrine (10 

µM) for 0-60 minutes at 37°C. The transfected cells were then fixed in 2% 

formaldehyde for 10 minutes without permeating the cells. Changes in surface receptor 

density were subsequently determined by ELISA, taking advantage of the FLAG-tag in 
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α1A-AR. Cells were labeled with the anti-FLAG M2 antibody (Sigma-Aldrich, Inc., 

1:1000 dilution) followed by anti-mouse antibody (Jackson ImmunoResearch, West 

Grove, PA, 1:1000 dilution). Antibody labeling was detected by incubation with 

O-phenylenediamine (Sigma-Aldrich, Inc.), and absorbance was read at 490 nm. 

Intracellular calcium measurement-- PDT-α1A stably transfected HEK293 cells were 

transfected with pcDNA3.1/LacZ or pMT. Twenty-four hours after transfection and a 

further 8 hours of serum starvation, cells were loaded with calcium indicator, fluo-4AM 

(Molecular Probes, Carlsbad, CA), as previously described (Wang et al., 2001). 

Fluorescence was visualized by Zeiss LSM510 confocal microscope (Oberkochen, 

Germany) equipped with an argon laser (488 nm) and 40×, 1.3NA oil immersion 

objective lens. Images were acquired at sampling rates of 10 s/image, and 

phenylephrine (10 µM) was added after the first 3 images were acquired. The digital 

images were analyzed with IDL image-processing software (ver5.4). Four to Five cells 

were selected, and the average fluorescent density of intracellular areas was measured 

to indicate calcium level. All the data were normalized by fluorescent density before 

stimulation. 

Statistical analysis--All data are presented as means ± SE. Data obtained from 

radioligand binding and ELISA assay were analyzed with an unpaired t-test or analysis 

of variance (ANOVA) followed by unpaired t-test. P < 0.05 was considered significant.
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Results 

mTLD CUB5 domain interacts with α1A-AR via Yeast Two-hybrid Assay--To identify 

proteins interacting with α1A-AR, we screened a human brain cDNA library, using the 

yeast two-hybrid assay with the cytoplasmic tail (aa322-466) of α1A-AR as bait. Over 2 

× 107 colonies were screened and positive colonies were identified by monitoring the 

activation of reporter gene HIS3, ADE2 and MEL1. Plasmids containing prey cDNA 

from each positive colony were isolated and sequenced. Of the nine positive colonies 

obtained, six prey plasmids were identified. As shown in Fig. 1A, the cDNA of No.3 

prey encodes aa867-986, the CUB5 domain, of protein mTLD. 

We then determined whether CUB5 domain could also interact with other subtypes of 

α1-AR in yeast two-hybrid system. We found that only yeast cells transformed with 

CUB5 cDNA constructs and cytoplasmic tail of α1A-AR cDNA constructs showed an 

obvious activation of reporter gene β-galactosidase, which was consistent with the 

yeast two-hybrid screening results. No such interaction was detected between the 

CUB5 domain and cytoplasmic tail of either α1B-AR or α1D-AR (Fig. 1B).  

Amino acid residues 322-359 of α1A-AR are important for interaction with 

CUB5--As mentioned above, the whole cytoplasmic tail of α1A-AR was used as bait 

in the yeast two hybrid screen. To localize the CUB5 domain interaction on α1A-AR 

C-terminus, a series of truncations of α1A-AR cytoplasmic tail, illustrated in Fig 2, were 

screened against CUB5 domain. Both X-Gal colony-lift filter assay and liquid 

β-galactosidase assay yielded similar results (Fig. 2). Truncations of the carboxyl end 

of α1A-AR were quite tolerated, displaying positive interactions with CUB5. Only a 

small fragment, containing residues 360-398, did not interact with CUB5. Truncations 
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from the amino terminus of the α1A-AR cytoplasmic tail narrowed the region for 

interaction with CUB5 domain to residues 322-359. 

Association of mTLD with α1A-AR in vitro and vivo—To examine whether mTLD can 

directly interact with α1A-AR, purified GST-α1A-AR-cytoplasmic-tail fusion proteins 

from bacterial cells and in vitro synthesized CUB5 domains were subject to GST 

pull-down assay. The bound proteins were fractionated by SDS-PAGE and detected by 

Western blotting. As shown in Fig. 3, the CUB5 domains bound to 

GST-α1A-AR-cytoplasmic-tail fusion proteins but not to GST alone.  

To confirm the interaction between α1A-AR and mTLD in vivo, α1A-AR and mTLD 

were transiently expressed in HEK293 cells, lysed, and immonoprecipitated by their 

antibodies, respectively. In immunoblots of cell lysate, bands corresponding to α1A-AR 

(~50 kDa) and mTLD were revealed by their respective antibodies in transfected but 

not in untransfected cells (Fig. 4). Immunoprecipitating α1A-AR with anti-Flag M2 

affinity resin resulted in co-immunoprecipitation of mTLD, as revealed by the specific 

~150 kDa band detected in immunoprecipitates of co-transfected cells. This band was 

not present in immunoprecipitates from HEK293 cells expressing α1A-AR or mTLD 

alone. Conversely ， reverse immunoprecipitating mTLD also showed 

co-immunoprecipitation of α1A-AR (Fig. 4). Thus in HEK293 cells, mTLD interacted 

specifically with α1A-AR. 

Similarly, in HEK293 cells transiently expressing α1A-AR and CUB5 domain, 

immunoprecipitating α1A-AR with anti-Flag M2 affinity resin also resulted in 

co-immunoprecipitation of CUB5 (Fig 4C). Moreover, the co-immunoprecipitated 

CUB5 by C terminus truncated α1A-AR was less than 5% of that by full-length α1A-AR, 
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confirming that the binding to CUB5 domain mostly contributed by C terminus of 

α1A-AR. 

Co-localization and association of HA-tagged mTLD and α1A-AR--To characterize 

the mTLD–α1A-AR association in vivo, EGFP-fused α1A-AR and HA tagged mTLD 

were transfected into HEK293 cells allow the subcellular localization of these proteins 

to be determined using an immunofluorescence assay. As shown in Fig. 5, in cells 

expressing EGFP-fused α1A-AR alone, fluorescence was observed both on the cell 

surface and intracellularly (Fig. 5A), which was consistent with previous reports 

(Chalothorn et al., 2002). Strikingly, when mTLD and α1A-AR were co-expressed, the 

subcellular localization of α1A-AR was significantly altered. The EGFP fluorescence 

signal of α1A-AR accumulated predominantly in certain cytoplasmic compartments 

co-localizing with mTLD (Fig. 5, B, C and D). However, if the cells were stimulated 

with 10-5 M phenylephrine for 5 minutes before fixation, co-localization of α1A-AR 

with mTLD was evident on the cell surface and the cytoplasmic compartment, although 

the fluorescence signal of α1A-AR was still concentrated in the cytoplasm (Fig. 5, E, F 

and G). To validate if a direct interaction happens between these two molecules, FRET 

between EGFP-fused α1A-AR (donor fluorescence) and immunofluorescence stained 

mTLD (acceptor fluorescence) was measured by acceptor photobleaching method. As 

shown in Fig. 5H, in the absence of mTLD, EGFP signal declined 16.9±3.6 % after 5 

minutes continuous activation of TRITC signal, as EGFP fluorescence could also be 

excited and inactivated during the process. Whereas, in the presence of mTLD, the 

fluorescence of the donor in the cells increased 26.7±5.4 % after photobleaching of 
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acceptor fluorescence, which indicated a tight intermolecular association between 

α1A-AR and mTLD in HEK 293 cells. 

mTLD changes the number of cell surface receptors and the time course of 

internalization--To verify the finding of subcellular localization of α1A-AR in 

immunofluorescence assay, we compared the number of cell surface α1A-AR in 

HEK293 cells stably transfected with PDT-α1A in the presence or absence of mTLD 

(Fig. 6A) using whole-cell ELISA assays. As shown in Fig. 6B, the presence of mTLD 

reduced the number of cell surface α1A-AR by 44±6% (P < 0.001, n = 8) compared with 

cells transfected with a control vector, pcDNA3.1/LacZ. In addition, we examined the 

time-course of α1A-AR internalization in response to phenyephrine (10 µM). As shown 

in Fig. 6C, in the control group (pcDNA3.1/LacZ transfected), there was a rapid 

agonist-induced internalization of cell surface receptor with a 63±2% (n = 8) reduction 

after 1 h; in the mTLD group, the time-course of α1A-AR internalization was somewhat 

delayed. The number of cell surface receptors initially increased after 5 minutes of 

agonist stimulation, and decreased by 58±5% (n = 8) between 5 and 60 minutes of 

agonist exposure. 

mTLD does not alter density and affinity of α1A-AR--To study the effect of mTLD on 

the pharmacological properties of α1A-AR, crude membranes were prepared from HEK 

293 cells expressing α1A-AR with and without concomitant expression of mTLD. The 

density and affinity of α1A-AR binding sites were then determined by saturation 

analysis of the specific binding of the antagonist radioligand 125I-BE. As shown in Fig. 

7, the presence of mTLD had no effects on the density of α1A-AR. There was no 

significant difference in Bmax between LacZ co-expressing and mTLD co-expressing 
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groups (1030±65 vs. 1048 ±119 fmol/mg, respectively, both n = 4). Furthermore, there 

was no significant difference in the affinity of α1A-AR to the radioligand 125I-BE in the 

presence of LacZ or mTLD (272±26 vs. 352±69 pM, respectively, both n=4). These 

results indicated that the interaction of mTLD with α1A-AR does not affect the 

pharmacological properties of the receptor, although mTLD pulled considerable 

receptors into intracellular compartment. 

Effect of mTLD on agonist-induced changes of intracellular calcium 

concentration--To further understand the influence of mTLD on α1A-AR signaling 

function, the dynamics of intracellular Calcium concentration ([Ca2+]i) in response to 

α1A-AR activation was examined with a calcium indicator, fluo-4. In α1A-AR and LacZ 

co-transfected cells, we detected a sharp, high-amplitude and phasic [Ca2+]i change 

approximately 2-3 minutes after 10 µM phenylephrine stimulation (Fig 8A, C). The 

calcium transient diminished slowly and displayed an exponential decay with a time 

constant of 4.5 minutes (Fig 8D). In contrast to LacZ co-transfected control cells, in the 

presence of mTLD, the phasic [Ca2+]i response was initiated immediately after receptor 

activation. However, the maximum amplitude of the [Ca2+]i response was relative 

smaller (Fig 8B, C), only about 58% of control group, although the attenuation of the 

calcium transient was also shown as exponential decay with a time constant of 4.6 

minutes (Fig 8E). We also studied the effect of mTLD on intracellular calcium response 

to angiotensin-II type 1 receptor (AT1R) and β1-AR activation. Quantification of 

[Ca2+]i demonstrated that in response to β1-AR activation, intracellular calcium 

increased slowly, and progressively (Supplementary data, Fig A). Intracellular calcium 

in response to AT1R activation occurred immediately after receptor activation 
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(Supplementary data, Fig B). In both experiments, calcium response was not affected 

by mTLD. 
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Discussion 

Using techniques for detecting protein-protein interactions, such as protein overlay, 

yeast two-hybrid, phage display and surface plasmon resonance, increasing number of  

GPCR-associated intracellular partners have been discovered. The intracellular 

carboxyl-terminus cytoplasmic domain is one of the popular regions mediating 

receptor-non-G protein interactions (Cong et al., 2001; Fraser et al., 2000; Hall et al., 

1998). The interactions of GPCRs with various cellular proteins are likely to mediate or 

regulate the intracellular signaling of receptor, providing explanation for the distinct 

functions by close-related subtypes within the same family.  

However, there are few reports about coupling of α1A-AR with non-G-proteins. In 

this study, aa 867-986 of mTLD, which locates in the CUB5 domain of mTLD 

(Takahara et al., 1994), was idetified as an α1A-AR-interacting protein. We confirmed 

the interaction of full-length mTLD with α1A-AR in HEK293 cells, and showed that the 

presence of mTLD alters the localization, agonist-induced internalization and calcium 

signaling of α1A-AR, without affecting its pharmacological properties and intracellular 

signaling function. 

In this study, the ability of the CUB5 domain to bind to two other α1-AR subtypes 

was also investigated. Results indicated that the CUB5 domain specifically interacts 

with the C tail of α1A-AR, but not that of α1B and α1D-AR. This may arise from the poor 

homology in this region (less than 10%) among the three subtypes (Weinberg et al., 

1994). Our results also indicated that a discrete sequence in the cytoplasmic tail of 

α1A-AR, as demonstrated by the tight binding activity of aa322-359 and halved binding 

ability of aa399-467, interacted with the CUB5 domain. 
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To date, the function of the CUB domain remains poorly understood. Some 

investigators proposed that CUB domains may involve in protein-protein interactions 

(Bond and Beynon, 1995). Recent studies shed some lights on this field, for instance, 

the CUB1 domain of mTLD was critical for secretion, CUB2 domain was essential for 

the enzyme activity of the protein (Hartigan et al., 2003), and in the present studies, 

CUB5 domain was identified to bind to α1A-AR. 

Our results demonstrated that α1A-AR not only interacted with the CUB5 domain 

directly, but also associated with full-length mTLD as well. As the longer spliced 

variant of BMP-1 (Kessler et al., 1996; Takahara et al., 1994), mTLD and BMP-1 share 

702 identical amino acids, but mTLD has additional one EGF-like domain and two 

CUB domains, including the CUB5 domain. To date, most studies on mTLD or BMP-1 

have concentrated on identifying their substrates. mTLD (or BMP-1) is able to cleave 

several precursors of extracellular matrix proteins including procollagens, biglycan, 

prolysyl oxidase and the chain of laminin-5 (Amano et al., 2000; Colombo et al., 2003; 

Sasaki et al., 2001; Scott et al., 2000). Little has been know about intracellular function 

of either mTLD or BMP-1. Only one study showed that intracellular BMP-1 is first 

synthesized as an inactive pro-BMP-1 and stored in the endoplasmic reticulum and 

early Golgi compartment (Leighton and Kadler, 2003). Because of the high homology 

with BMP-1, we hypothesized that mTLD may be processed in a similar manner as 

BMP-1. It is tempting to speculate that mTLD may be synthesized as an inactive form 

and stored in the endoplasmic reticulum and early Golgi compartments prior to 

secretion. Therefore, the intracellular abundance of mTLD made it possible to interact 

with α1A-AR inside the cells. According to a recent study (Morris et al., 2004), α1A-AR 
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internalizes constitutively, and the surface receptor density is maintained by receptor 

recycling. This led to the speculation that an internal pool of α1A-ARs that recycles to 

allow for continuous agonist-induced signaling. In the same study, this constitutive 

trafficking was shown to be partially blocked by the Golgi-disturbing agent monensin, 

implying that the Golgi system is also a potential trafficking system. However, it 

remains unclear whether mTLD is involved in α1A-AR’s trafficking through the Golgi 

system. 

Using laser scanning confocal microscopy and whole-cell ELISA assay, we showed 

that α1A-AR localized on the cell surface and intracellular compartment in HEK293 

cells, an observation consistent with earlier studies (Chalothorn et al., 2002; Hirasawa 

et al., 1997). In mTLD and α1A-AR co-transfected HEK293 cells, the interaction 

between α1A-AR and mTLD induced the internalization and accumulation of receptors. 

Moreover, mTLD influence the time-course of α1A-AR internalization following 

agonist exposure. In the absence of mTLD, there was a rapid agonist-induced 

internalization of cell surface receptor, a finding in agreement with previous studies in 

HEK293 cells (Chalothorn et al., 2002). In the presence of mTLD, the time-course of 

α1A-AR internalization in response to agonist was different. The number of cell surface 

receptors initially increased during the first 5 minutes of agonist stimulation and then 

decrease by 58% by 60 minutes. Therefore, the results were consistent with the 

internalization pattern of α1A-AR in rat-1 fibroblast cells (Price et al., 2002). Price et al 

observed that while the number of cell surface wild type α1-AR showed little increase 

in the early stages of agonist stimulation, the number of carboxyl terminus truncated 

mutant α1-AR T348 increased significantly during the same period. Given that 
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fibroblasts express mTLD naturally, while there was no mTLD expression at the 

mRNA level in HEK293 cells (data not shown), and considering our results that amino 

acid residues 322-359 are the primary binding region to CUB5 domain of mTLD, the 

conflicting results of α1A-AR internalization from different groups are expected. The 

naturally expressed mTLD participates in the internalization of α1A-AR in fibroblasts, 

similar to what we observed in mTLD-transfected HEK293 cells. Partial deletion of the 

receptor’s cytoplasmic tail would expose the primary binding region and tighten the 

interaction of mTLD and α1A-AR, thereby enhancing the influence of mTLD on the 

localization of α1A-AR would also be enhanced.  

On the other hand, phosphorylation, desensitization, internalization, and 

down-regulation of the receptor in response to agonist exposure would occur within 

seconds to hours following stimulation. Whereas arrestins have been implicated in 

mediating the internalization of a variety of GPCRs, the effects of β-arrestin on α1A-AR 

are not clear. gC1q-R is a cellular protein that interacts with α1B and α1D-AR, and 

regulates the cellular localization and expression of α1B-AR. Thus it is interesting that 

mTLD expression alters the subcellular localization and internalization of α1A-AR as 

shown in the present study. 

Our results suggest that mTLD did not alter the density or affinity of α1A-AR, 

although it altered the subcellular localization of the receptor. Thus, receptor 

internalization does not alter the conformation of α1A-AR, or at least does not alter the 

conformation of the ligand-binding region. It has been reported that α1D-ARs mainly 

localize intracellularly in a perinuclear orientation (Chalothorn et al., 2002), and that 

this fraction of the receptors can still respond well to agonist stimulation (McCune et al., 
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2000; Waldrop et al., 2002). Therefore, it is possible that internalized α1A-AR is still 

localized in certain intracellular membrane structures and preserves the receptors 

structure and ligand binding properties. 

Interestingly, we observed an enhanced intracellular calcium response to α1A-AR 

activation in the presence of mTLD, although the time course of calcium transient 

decay was not altered. In addition, the effect of mTLD on intracellular calcium 

response to α1A-AR activation was not observed on two other GPCRs, AT1R and 

β1-AR. Although the physiological mechanism of calcium signaling flux remains to be 

investigated, it seems clear that mTLD plays an important role in the early response of 

α1A-AR to agonist by ensuring a rapid reaction following receptor activation. 

In conclusion, we have demonstrated that mTLD is a novel and specific 

intracellular partner of α1A-AR, and the interaction of these two proteins influences the 

localization, internalization and calcium signaling function of α1A-AR. The precise 

mechanism of mTLD’s effects on α1A-AR is an important target for further 

investigation. 
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Legends for Figures  

 

Fig. 1 A summary of the interaction between CUB5 and α1A-AR receptor 

cytoplasmic tail in the yeast two-hybrid system.  

A) Schematic map of mTLD, with the CUB5 domain shown. A yeast two-hybrid assay 

identified aa 867-986 of mTLD (encompassing the CUB5 domain, aa865-931) as a 

potential partner for the cytoplasmic tail of α1A-AR.  

B) Colony-lift filter assay (X-Gal) indicates that CUB5 only interacts with the 

cytoplasmic tail of α1A-AR, but not that of α1B-AR and α1D-AR. In this assay, yeast 

cells transformed with the CUB5 cDNA construct and the PGAACT construct turn blue 

(++) in 3 hours after incubation at 30°C on filters, indicating activation of the reporter 

gene β-galactosidase. In contrast, yeast cells transformed with CUB5 cDNA constructs 

and PGABCT/PGADCT remained white after 12 h. 

 

Fig. 2 Schematic diagram showing the interaction between CUB5 domain with 

truncated α1A-AR constructs as determined using the yeast two-hybrid assay.   

A series of deletion truncations of α1A-AR cytoplasmic tail constructs were 

co-transfected into Y187 with cDNA of the CUB5 domain. Black block: primary biding 

region, grey block: subsidiary biding region, white, non-biding region. 

The interactions were tested using both X-Gal colony-lift filter assay and liquid 

β-galactosidase assay with O-nitrophenylglycoside. Results from the colony-lift filter 

assay are classified as followings, +++: Turned blue in 1 hour after incubation at 30°C 

on filters, ++: Turned blue in 3 h, +: Turned blue in 5 h, −: color unchanged after 12 h. 
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In the liquid β-galactosidase assay, results are the mean ± S.E. of four independent 

experiments. 

 

Fig. 3 Direct interaction of the CUB5 domain with α1A-AR cytoplasmic tail 

GST or GST-α1A-AR-cytoplasmic-tail fusion proteins were purified from 1 ml 

bacterial cultures; HA tagged CUB5 domains were synthesized in vitro. Then GST or 

GST-α1A-AR-cytoplasmic-tail fusion proteins (60 µg) and CUB5 domains (60 µg) were 

added together and subjected to GST pull-down. Bound proteins were analyzed by 

immunoblotting with anti-α1A-AR antibodies (upper panel), anti-GST (middle panel) 

and anti-HA (lower panel). 

 

Fig. 4 Binding of mTLD and α1A-AR in transfected HEK293 cells as shown by 

immunoprecipitation.  

HEK293 cells transfected with PDT-α1A and/or pMT were lysed, and 500 µg total 

proteins were immunoprecipitated with anti-FLAG M2 affinity resin (A) or anti-c-myc 

antibody plus protein-G resin (B). Cell lysates (50 µg) and immunoprecipitates were 

immunoblotted with anti-mTLD (upper panel) or anti-α1A-AR antibodies (lower 

panel).  

C, HEK293 cells transfected with PDT-α1A or PDT-α1ACT and pcP3HA were lysed, and 

500 µg total proteins were immunoprecipitated with anti-FLAG M2 affinity resin. Cell 

lysates (50 µg, upper panel) and immunoprecipitates (middle and lower panels) were 

immunoblotted with anti-HA, anti-FLAG or anti-α1A-AR antibodies.  
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Control: non-transfected HEK293 cells; α1A: HEK293 cells transfected with PDT-α1A; 

C: HEK293 cells transfected with pcP3HA; α1A + C: HEK293 cells co-transfected with 

PDT-α1A and pcP3HA; α1ACT+ C: HEK293 cells co-transfected with PDT-α1ACT and 

pcP3HA; T: HEK293 cells transfected with pMT; α1A + T: HEK293 cells 

co-transfected with PDT-α1A and pMT. The results are representative of three 

independent experiments.  

 

Fig. 5 Co-localization and FRET of α1A-AR and mTLD in transfected HEK293 

cells.  

Images were taken of fixed HEK293 cells using a confocal laser scanning microscope 

system. Expressing EGFP-α1A-AR individually (A); Co-expressing the EGFP-α1A-AR 

and mTLD/HA (B, C, D); Co-expressing the EGFP-α1A-AR and mTLD/HA, and 

incubated with 10 µM phenylephrine for 5 minutes (E, F, G). mTLD was detected using 

an anti-HA monoclonal antibody and an anti-mouse TRITC-conjugated antibody. 

Images were taken after excitation at 488 nm for EGFP (A, B, E) or 543 nm for TRITC 

(C, F). Merge (D, G) represents the superimposition of the EGFP and TRITC images. 

Bars, 20 µm. The results shown are representative of observations of three independent 

transfection experiments. (H) Quantitative analysis of the FRET efficiency. Nine to ten 

cells from three individual experiments were selected, and the D/DA value of 

intracellular areas was averaged. 

 

Fig. 6 mTLD changes the number of cell surface α1A-AR and internalization in 

response to phenylephrine 
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HEK293 cells expressing α1A-AR were transfected with pcDNA3.1/LacZ or pMT (A). 

48 hours later, cells were incubated without (B) or with phenylephrine (C) for 

5-60 minutes at 37°C. Then transfected cells were fixed and changes in surface receptor 

density were subsequently determined by whole-cell ELISA. Data are mean ± S.E. of 

eight independent experiments, each performed in duplicate and normalized to surface 

receptor density of control group (B) or untreated cell (C). 

 

Fig. 7 mTLD does not alter the pharmacological properties of α1A-AR.  

HEK293 cells expressing α1A-AR were transfected with pcDNA3.1/LacZ or pMT. 

Membranes were collected 48h after transfection. Radioligand binding sites were 

measured by saturation analysis of specific binding of the α1A-AR antagonist 

radioligand 125I-BE (15-500 pM). Nonspecific binding was defined as binding in the 

presence of phentolamine (100 µM). Results are the mean ± S.E. of four independent 

experiments. There was no significant difference in Bmax and KD between LacZ 

co-expressing and mTLD co-expressing groups. 

 

Fig. 8 Time course of intracellular calcium in response to PE stimulation in the 

presence of LacZ or mTLD  

HEK293 cells expressing α1A-AR were transfected with pcDNA3.1/LacZ (A) or pMT 

(B). Twenty-four hours after transfection, cells were starved with serum-free media for 

8 hours. Intracellular Ca2+ was visualized by confocal microscopy using the Calcium 

indicator, fluo-4. Phenylephrine was added to stimulate α1A-AR (final concentration 10 

µM) after 3 images were acquired. (A) A sharp, high-amplitude and phasic [Ca2+]i 
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change was observed 2-3 minutes after receptor activation in the control group (LacZ); 

(B) A phasic [Ca2+]i response occurred immediately after receptor activation in the 

presence of mTLD; (C) Quantification of [Ca2+]i demonstrated that maximum calcium 

transient of the mTLD group was smaller than control group; (D, E) The calcium 

transient reductions in control and mTLD group display a similar exponential decay 

with a time constant of 4.5 minutes and 4.6 minutes, respectively. 
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