
Biochemistry and Biophysics Reports 23 (2020) 100784

2405-5808/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

HM1.24/BST-2 is constitutively poly-ubiquitinated at the N-terminal amino 
acid in the cytoplasmic domain 

Keiko Fujimoto *,1, Sanae Nakashima 1, Shotaro Uchida , Riham N.S. Amen , Yuji Ishii , 
Yuko Hirota , Yoshitaka Tanaka ** 

Division of Pharmaceutical Cell Biology, Graduate School of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi, Fukuoka, 812-8582, Japan   

A R T I C L E  I N F O   

Keywords: 
HM1.24/BST-2/CD317/Tetherin 
Ubiquitination 
Glycosylphosphatidylinositol (GPI) 

A B S T R A C T   

HM1.24 (also known as BST-2, CD317, and Tetherin) is a type II single-pass transmembrane glycoprotein, which 
traverses membranes using an N-terminal transmembrane helix and is anchored in membrane lipid rafts via a C- 
terminal glycosylphosphatidylinositol (GPI). HM1.24 plays a role in diverse cellular functions, including cell 
signaling, immune modulation, and malignancy. In addition, it also functions as an interferon-induced cellular 
antiviral restriction factor that inhibits the replication and release of diverse enveloped viruses, and which is 
counteracted by Vpu, an HIV-1 accessory protein. Vpu induces down-regulation and ubiquitin conjugation to the 
cytoplasmic domain of HM1.24. However, evidence for ubiquitination site(s) of HM1.24 remains controversial. 
We demonstrated that HM1.24 is constitutively poly-ubiquitinated at the N-terminal cytoplasmic domain, and 
that the mutation of all potential ubiquitination sites, including serine, threonine, cysteine, and lysine in the 
cytoplasmic domain of HM1.24, does not affect the ubiquitination of HM1.24. We further demonstrated that 
although a GPI anchor is necessary and sufficient for HM1.24 antiviral activities and virion-trapping, the deleted 
mutant of GPI does not influence the ubiquitination of HM1.24. These results suggest that the lipid raft locali-
zation of HM1.24 is not a prerequisite for the ubiquitination. Collectively, our findings demonstrate that the 
ubiquitination of HM1.24 occurs at the N-terminal amino acid in the cytoplasmic domain and indicate that the 
constitutive ubiquitination machinery of HM1.24 may differ from the Vpu-induced machinery.   

1. Introduction 

HM1.24, also known as BST-2, CD317, and Tetherin, is a type II 
transmembrane protein that is highly expressed on myelocytes and 
tumor cells derived from B and T cell lymphocytes and is also present in 
activated lymphocytes [1–4]. In addition to myeloma cells, increased 
expression of HM1.24 has also been documented in a wide variety of 
invasive solid tumor cell lines [5], in pancreatic ductal adenocarcinomas 
[6], and in pancreatic endocrine tumors [7]. HM1.24 has also been also 
identified as an interferon-induced cellular restriction factor that in-
hibits the release of enveloped viruses from the cell surface. Since then, 
much of the research on HM1.24 has been directed towards exploration 
of its antiviral function. 

HM1.24 is composed of an N-terminal cytoplasmic domain followed 
by a transmembrane domain, a large extracellular domain containing 

two possible N-glycosylation sites and a coiled-coil domain, and a gly-
cosylphosphatidylinositol (GPI) attached to the C-terminus [8]. Thus, 
HM1.24 is anchored in lipid rafts at the cell surface via a C-terminal GPI, 
however, the transmembrane domain near the N-terminus lies outside 
the lipid rafts [8]. Such a highly unique dual-anchor topology of HM1.24 
is critical for its antiviral activity [9]. 

We have previously shown that HM1.24 localizes to the cell surface 
and the trans-Golgi network and/or recycling endosomes, and is inter-
nalized from lipid rafts on the cell surface in a clathrin-dependent 
manner with a dual tyrosine motif (YxY; x represents any amino acid) 
[10]. Moreover, a humanized anti-HM1.24 monoclonal antibody (AHM) 
was rapidly internalized from the cell surface in a clathrin-dependent 
manner, and the internalized AHM was subsequently delivered to, and 
degraded in, late endosomes/lysosomes, indicating that part of HM1.24 
is also transported to late endosomes/lysosomes, and degraded [11]. A 
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previous study demonstrated that a significant fraction of HM1.24 in 
HeLa cells is constitutively degraded with relatively rapid turnover 
rates, and which is mediated via ESCRT (endosomal sorting complex 
required for transport)-dependent sorting steps [12]. The ESCRT ma-
chinery is involved in the sorting of ubiquitinated membrane proteins 
into the intralumenal vesicles of multivesicular endosomes and their 
lysosomal degradation [13]. Viral protein u (Vpu), a protein encoded by 
HIV-1, counteracts an antiviral activity of HM1.24, which leads to 
downregulation of HM1.24 from the cell surface and enhanced 
ESCRT-mediated lysosomal degradation of HM1.24 [14,15]. Vpu in-
duces ubiquitination and downregulation of HM1.24 [16]. The N-ter-
minal cytoplasmic domain of HM1.24 contains several potential 
ubiquitination sites, such as two lysines (at positions 18 and 21 from the 
N-terminus), two serines (positions 3 and 5 from the N-terminus), a 
threonine (position 4 from the N-terminus), and two cysteines (positions 
9 and 20 from the N-terminus) (see Fig. 1). Tokarev et al. demonstrated 
that mutations of all these potential ubiquitination sites in the cyto-
plasmic domain of HM1.24 abrogates Vpu-mediated ubiquitination 
[17]. By contrast, it has been shown that all these potential ubiquiti-
nation sites are not involved in Vpu-dependent HM1.24 ubiquitination, 
suggesting the possibility that tyrosine and/or N-terminus amino acid 
are ubiquitinated [18]. Thus, the site of HM1.24 that undergoes ubiq-
uitination is still a matter of debate. So far, much of the research on 
ubiquitination in HM1.24 has been conducted under Vpu expression. In 
addition to antiviral activity, however, HM1.24 has a wide range of 
biological activities including cell signaling, immune modulation, and 
malignancy [16]. Moreover, ubiquitination regulates diverse cellular 
functions, including protein degradation, cell division, differentiation, 
protein trafficking, and signal transduction [19]. Therefore, elucidation 
of the ubiquitination mechanism of HM1.24 in the steady state is ex-
pected to lead to a better understanding of the physiological functions of 

HM1.24. In this study, we aimed to identify the constitutive ubiquiti-
nation site of HM1.24. 

2. Materials and methods 

2.1. Cell culture 

HeLa and NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s 
medium (GIBCO Invitrogen) supplemented with 10% fetal bovine serum 
(GIBCO Invitrogen), 2 mM glutamine, and 1% penicillin-streptomycin in 
humidified 95% air and 5% CO2 at 37 �C. In transfection experiments, 
the cells were plated onto 35 mm dishes the day before transfection. 

2.2. Antibodies 

Rabbit polyclonal antibodies to HM1.24 were raised against gluta-
thione S-transferase (GST) fusion protein of the extracellular domain 
corresponding to amino acid residues 49–162 [10]. Mouse monoclonal 
antibodies to FLAG (M2) were purchased from Sigma-Aldrich. 

2.3. Constructs and transfection 

Human HM1.24 cDNA [10] in the mammalian expression vector 
pcDNA3.1 (Invitrogen, Groningen, the Netherlands) were used as tem-
plate for the amplification of the DNA fragments by polymerase chain 
reaction (PCR). PCRs were performed using Pfu DNA polymerase 
(Toyobo, Osaka, Japan) or YieldAce DNA polymerase (Stratagene, La 
Jolla, CA, USA) according to manufacturer’s instructions. The compo-
nent parts of each chimeric DNA were joined by the splicing of overlap 
extension (SOE) method, as previously described [20]. All deletion 
mutants of HM1.24 were also constructed by SOE method, as previously 

Fig. 1. Ubiquitination of HM1.24. (A) HeLa cells were transiently transfected with 3xFLAG-Ub or 3xFLAG-UbG76V expression vector. Cells were lysed 36h post- 
transfection, and HM1.24 was immunoprecipitated using anti-HM1.24 antibody. Ubiquitination of HM1.24 was assessed by Western blot analysis of the immuno-
precipitates (IP) with anti-FLAG antibody. Western blot analysis of cell lysates (Input) with anti-HM1.24 or anti-FLAG antibody was performed to assess the levels of 
expressions of HM1.24 and ubiquitinated HM1.24. (B) Schematic representation of the N-terminal cytoplasmic and transmembrane domain-deletion mutant (HM1.24 
ΔNT). (C) NIH3T3 cells were co-transfected with 3xFLAG expression vector and HM1.24 WT, HM1.24 ΔNT, or empty vector. Ubiquitination of HM1.24 mutants was 
determined as described in the legend to Fig. 1A. Asterisk and arrowhead represent the mature form of WT and ΔNT, respectively. 
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described [10]. Other mutants of HM1.24 were made using the Quik-
Change site-directed mutagenesis kit (Stratagene, Cedar Creek, TX). All 
HM1.24 constructs were ligated within BamHI and Xba I sites in the 
mammalian expression vector pcDNA3.1. Transfections were carried out 
with FuGENE6 (Roche Molecular Biochemicals) according to the man-
ufacturer’s instructions. After 36 h, the cells were used for immuno-
precipitation or pull-down experiments. 

2.4. Immunoprecipitations 

NIH3T3 cells were co-transfected with wild-type (WT) or mutants 
HM1.24 and 3xFLAG-ubiquitin (Ub) or 3xFLAG-UbG76V. 36 h after 
transfection, cells were harvested with SDS solution [10 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, and 1% SDS] and boiled for 5 min. Cell ex-
tracts were the diluted 10-fold with lysis buffer [50 mM Tris-HCl, pH 
7.5, containing 150 mM NaCl, 5 mM EDTA, and 1% (v/v) Triton X-100], 
supplemented with a protease inhibitors mixture containing E64d, leu-
peptin, and pepstatin A (Peptide Institute) and 20 mM N-ethylmaleimide 
(Calbiochem) to minimize deubiquitination during extract preparation. 
Cell lysates were centrifuged for 10 min at 10,000�g, and supernatants 
were mixed with an antibody to the HM1.24 bound to protein A- 
Sepharose (Amersham Biosciences). Immunoprecipitates were subjected 
to SDS-polyacrylamide gel electrophoresis and followed by 
immunoblotting. 

2.5. western blotting 

Cell lysates and immunoprecipitates were subjected to SDS- 
polyacrylamide gel electrophoresis under reducing conditions. Immu-
noblot analysis was performed as previously described [21]. 

3. Results 

3.1. HM1.24 is ubiquitinated at a N-terminal cytoplasmic domain 

HeLa cells that are constitutively expressing HM1.24 were trans-
fected with a plasmid encoding 3xFLAG-Ub or 3xFLAG-Ub G76V, a 
mutant which lacks conjugation activity. HM1.24 was immunoprecipi-
tated from the cell lysates with an anti-HM1.24 antibody and subjected 
to Western blotting with anti-FLAG antibody to detect ubiquitinated 
HM1.24. Lipid raft-associated proteins have the characteristic of resis-
tance to solubilization by nonionic detergent, such as Triton X-100 [22]. 
We have previously demonstrated that effective solubilization of 
HM1.24 was achieved with 1% SDS (10). In this study, therefore, cells 
were lysed by boiling in 1% SDS and then HM1.24 was immunopre-
cipitated. This procedure enables not only effective solubilization of 
HM1.24 from the membrane, but also dissociation of other 
Ub-conjugated proteins noncovalently associated with HM1.24. There-
fore, it is thought that most, if not all, of FLAG-tagged Ub-positive bands 
detected in immunoprecipitates of HM1.24 are derived from ubiquiti-
nated HM1.24. As shown in Fig. 1A, although HM1.24 revealed a mo-
lecular mass of approximately 30–36 kDa (Fig. 1C), ubiquitinated forms 
of HM1.24 were observed as high-molecular-weight smears, ranging 
from 48 to 200 kDa, in the cells expressed 3xFLAG-Ub, but not 3xFLA-
G-Ub G76V, thereby indicating that HM1.24 is polyubiquitinated via 
the carboxy group of the C-terminal glycine residue of Ub, which is 
essential for generating a covalent isopeptide bond with substrate [23]. 

We next examined whether the N-terminal cytoplasmic domain of 
HM1.24 is ubiquitinated. To this end, both the N-terminal cytoplasmic 
tail and the subsequent transmembrane domain-deleted mutant 
(HM1.24ΔNT), illustrated in Fig. 1B, was transiently co-expressed with 
3xFLAG-Ub in NIH3T3 cells and immunoprecipitated from extracts 
using the anti-HM1.24 antibody. We have previously demonstrated that 
HM1.24ΔNT mutant exclusively localizes as a membrane-associated 
form on the cell surface (10). HM1.24 WT expressed in NIH3T3 was 
observed as a mature form, with broad bands with molecular masses 

ranging from 26 to 30 kDa and a 23 kDa precursor form, which represent 
the mature and precursor forms, respectively [17]. The observed dif-
ference in molecular weight of HM1.24 expressing endogenously in 
HeLa cells and exogenously in NIH3T3 cells is considered to be due to 
differences in processing of asparagine-linked oligosaccharides [17], 
and also may reflect differences in the ubiquitination patterns of 
HM1.24 observed between HeLa cells (Fig. 1A) and NIH3T3 (Fig. 1C). As 
shown in Fig. 1C, a smear of bands migrating similar to the ubiquitinated 
forms of HM1.24 expressing in HeLa cells was observed when HM1.24 
WT was transiently expressed in NIH3T3 cells. On the other hand, 
HM1.24ΔNT expressing in NIH3T3 cells was ~5 kDa smaller than WT by 
deletion of the cytoplasmic and transmembrane domains, and was not 
ubiquitinated (Fig. 1C). These results indicate that HM 1.24 is poly-
ubiquitinated at the N-terminal cytoplasmic region and/or trans-
membrane region. 

Since the transmembrane domain also contains a conventional Ub 
acceptor lysine residue (position 47), we constructed a mutant, HM1.24 
(K47R), in which the lysine residue within the transmembrane region 
was replaced with an arginine residue (Fig. 2A). HM1.24 K47R was 
transiently co-expressed with 3xFLAG-Ub in NIH3T3 cells and immu-
noprecipitated with anti-HM1.24 antibody. Subsequent Western blot 
analysis using anti-FLAG antibody showed that the HM1.24 (K47R) 
mutant was also found to undergo ubiquitination (Fig. 2B). These results 
therefore suggest that HM1.24 is polyubiquitinated in the N-terminal 
cytoplasmic domain. 

3.2. Ubiquitin is conjugated to the N-terminal amino acid of HM1.24 

The site within the N-terminal cytoplasmic domain of HM1.24 that 
undergoes ubiquitination still remains controversial. We sought to 
determine the ubiquitination site within the N-terminal cytoplasmic 
region of HM1.24. In addition to conventional Ub acceptor, lysine, Ub 
can be also conjugated to cysteine and serine or threonine residues [24, 
25]. To examine involvement of these potential ubiquitination sites, we 
created two mutants; HM1.24ΔN deleted the N-terminus 12 amino acids 
including two serines, a threonine, and a cysteine, and HM1.24K18, 
21R/C20A substituted two lysines (positions 18 and 21) and a cysteine 
(20) with arginines and an alanine, respectively (Fig. 2C). As shown in 
Fig. 2D, ubiquitination was detected in both HM1.24ΔN and 
HM1.24K18,21R/C20A as in WT. These results suggest that lysine, 
serine, threonine, and cysteine residues within the N-terminal cyto-
plasmic domain of HM1.24 do not participate in ubiquitin-conjugation 
to HM1.24. 

3.3. GPI anchoring of HM1.24 is not a prerequisite for its ubiquitination 

We have previously shown that the C-terminal GPI anchor of HM1.24 
is the predominant domain that determines localization in lipid raft 
[10]. However, GPI-anchor-deleted mutant (HM1.24ΔGPI) had little 
influence on the ubiquitination (Fig. 3). Thus, these results indicate that 
localization of HM1.24 in lipid raft is dispensable for the 
ubiquitin-conjugation. Conversely, HM1.24ΔGPI was mainly detected 
as a 30 kDa mature form, thereby demonstrating that HM1.24ΔGPI is 
more effectively processed to mature form, compared to WT. Moreover, 
since HM1.24ΔGPI was also shown to undergo ubiquitination in a 
similar manner to WT (Fig. 1C), we further created mutants; deleted or 
substituted ubiquitination potential amino acids present in the cyto-
plasmic and transmembrane domains of HM1.24ΔGPI to analyze the 
ubiquitination site of HM1.24, as illustrated in Fig. 3A. The results 
indicate that all ubiquitination potential amino acids present in the 
N-terminal cytoplasmic and the transmembrane domains are not 
involved in the ubiquitination of HM1.24. Finally, we produced the 
mutant HM1.24ΔNΔGPI K18,21R/C20A/T45A/K47R, which combined 
all the deletions and mutations of potential ubiquitination sites (Fig. 4A) 
and evaluated its ubiquitination by comparison with HM1.24ΔGPI and 
HM1.24ΔNΔGPI. In cells co-expressed each mutant with 3xFLAG-Ub, 
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ubiquitination was observed in all mutants (Fig. 4B). These results were 
further corroborated by reciprocal coimmunoprecipitation experiments, 
using antibodies against 3xFLAG (Fig. 4C). In particular, the result that 
the mutant of HM1.24ΔNΔGPI K18,21R/C20A/T45A/K47R was ubiq-
uitinated in spite of the absence of all potential ubiquitination sites 
supports our conclusion that HM1.24 is ubiquitinated at the N-terminal 
amino acid of the cytoplasmic domain. It should be noted that in all cells 
expressing each mutant, the non-ubiquitinated form was also 
co-immunoprecipitated by the anti-FLAG antibody (see asterisks in 
Fig. 4C). As HM1.24 exists as a disulfide linked dimer, which is mediated 
by three cysteine residues in the extracellular domain [26], this result 
suggests that; at least part of non-ubiquitinated or deubiquitinated 
HM1.24 forms dimers with the ubiquitinated HM1.24, and that lipid raft 
localization by GPI-anchor addition is not essential for dimer formation 
of HM1.24. 

4. Discussion 

In the present study we show that HM1.24 undergoes constitutive 
ubiquitination at the N-terminal cytoplasmic domain. We further map-
ped the site within the cytoplasmic domain that is available for the 
ubiquitination of HM1.24 by substituting and/or deleting potential 
ubiquitination sites. Although HM1.24 has many potential ubiquitina-
tion sites, including two serines, one threonine, two cysteines, and two 
lysines, within the cytoplasmic domain, our results show that mutation 

or deletion of all of these sites individually or in combination had no 
effect on the ubiquitination of HM1.24. Therefore, we conclude that Ub 
conjugation to the cytoplasmic domain of HM1.24 occurs at only one 
restricted site, the N-terminus amino acid. We further demonstrated that 
although a GPI anchor is necessary and sufficient for HM1.24 antiviral 
activities and virion-trapping [9], the deleted mutant of GPI did not 
influence the ubiquitination of HM1.24. This suggests that the lipid raft 
localization of HM1.24 is not a prerequisite for the ubiquitination. 

To date, most of the studies concerning the ubiquitination of HM1.24 
have been performed using cells expressing Vpu. The ubiquitination 
sites of HM1.24 induced by Vpu indicate that serine and threonine 
residues [17] or tyrosines, cysteines, or the N-terminal methionine res-
idue [18] could function as potential Ub acceptor sites in the cyto-
plasmic domain of HM1.24. On the other hand, like Vpu, Kaposi’s 
sarcoma-associated herpesvirus (KSHV) also counteracts HM1.24 [27]. 
KSHV encodes two immunomodulatory MARCH E3 Ub ligases, K3 and 
K5 [20]. K5 specifically ubiquitinates a lysine residue at position 18 in 
the cytoplasmic domain of HM1.24 [27]. These differences in ubiquiti-
nation sites of HM1.24 might reflect the action of an alternative Ub 
conjugation mechanism induced by virus infection. Moreover, viruses 
that have evolved strategies to counteract the antivirus function may 
ubiquitinate HM1.24 via a different ubiquitination mechanism from that 
under constitutive conditions. Indeed, it has been demonstrated that 
Vpu of human HIV-1 does not hijack the constitutive ubiquitination 
machinery of HM1.24 [12]. 

Fig. 2. Ubiquitination of HM1.24 occurs at the N-terminal amino acid. (A) Schematic representation of the N-terminal 12 amino acids-deleted mutant (HM1.24ΔN), 
and lysines-to-arginines and cysteine-to-alanine mutations introduced in the cytosolic domains of HM1.24. Amino acid number and sequence abbreviated in single 
letter code from start to end of each domain, and substituted amino acids are shown on bottom of each sequence. (B) NIH3T3 cells were co-transfected with 3xFLAG 
expression vector and HM1.24 WT, as well as each mutant, or empty vector. Ubiquitination of HM1.24 mutants was determined as described in the legend to Fig. 1A. 
Asterisk and arrowhead represent the mature form of WT and K47R and ΔNT, respectively. (C) Schematic representation of the lysine-to-arginine mutation intro-
duced in the transmembrane domains of HM1.24 to generate the HM1.24 K47R construct. (D) Schematic depiction of the domain structure of LGP85 and LGP107 
chimeras. Each domain of LGP85 and LGP107 is shown in red and white, respectively. The nomenclature indicates as follows: N, N-terminal signal sequence; L, 
luminal domain; T, transmembrane domain near to the C-terminus; C, C-terminal cytoplasmic tail. NIH3T3 cells were co-transfected with 3xFLAG expression vector 
and each HM1.24 WT, K47R mutant or empty vector. Ubiquitination of HM1.24 chimeras was determined as described in the legend to Fig. 1A. Asterisk and 
arrowhead represent the mature form of WT, DNT, and K18,21R/C20A and ΔNT, respectively. 
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In addition to the potential ubiquitination sites mentioned above, the 
cytoplasmic domain of HM1.24 contains two methionine residues: one is 
an N-terminus and the other is positioned 13 from the N-terminus. 
Indeed, HM1.24 is expressed as a long or short isoform that lacks 12 
amino acids from the first methionine [28]. Our data show that 
HM1.24ΔN, the short isoform, is ubiquitinated as well as the long iso-
form (WT). Moreover, mutation of all potential ubiquitination sites in 
the cytoplasmic domain of HM1.24ΔN did not affect its ubiquitination. 
Collectively, these results suggest that Ub is conjugated to the ε-NH2 
group of the N-terminal amino acid of HM1.24. Although the two iso-
forms have distinct sensitivities to vial antagonists and activation of 
NF-κB signaling [28], our results indicate that such different biological 
functions between two isoforms cannot be explained by the ubiquiti-
nation alone. 

We cannot completely rule out the possibility that mutation of one or 
more potential Ub acceptor sites may enable Ub attachment to other 

sites, as suggested by previous studies [29]. Interestingly, using an 
monoclonal antibody against the C-terminal 13 amino acids of Ub left on 
ubiquitinated peptides after LysC digestion, Akimov et al. have recently 
identified approximately 63,000 unique ubiquitination sites mapped on 
9200 distinct proteins [30]. It should be noted that among them 104 
proteins underwent N-terminal ubiquitination, in which the ubiquiti-
nated peptide was derived from the N-terminally ubiquitinated long 
isoform, but not the short, of HM1.24. In this case, the ubiquitin was 
attached to the first methionine of the long form. Altogether, our find-
ings demonstrate that HM1.24 is constitutively polyubiquitinated at the 
N-terminal methionine residues. 
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