
Contents lists available at ScienceDirect

Immunology Letters

journal homepage: www.elsevier.com/locate/immlet

The use of BirA-BAP system to study the effect of US2 and US11 on MHC
class I heavy chain in cells

S. Gauthamia, Deepak Kumara, K.S.R. SivaSaib, Nagendra R. Hegdea,⁎

a Ella Foundation, Genome Valley, Turkapally, Shameerpet Mandal, Hyderabad, 500078, India
b Sreenidhi Institute of Science & Technology, Yamnampet, Ghatkesar, Hyderabad, 501301, India

A R T I C L E I N F O

Keywords:
Protein turn-over
BAP tagging
Biotinylation
MHC
HCMV

A B S T R A C T

Biotinylation has been extensively used for antibody tagging, affinity-based purification, and in protein/DNA-
protein interaction studies. Here we describe the use of biotinylation to study the turn-over of proteins in cells.
We use the prokaryotic biotin ligase (BirA) to biotinylate the human leukocyte antigen (HLA)-A2 (A2) heavy
chain (HC), which was engineered to contain a biotin acceptor peptide (BAP). Controlled availability of biotin in
combination with visualization using streptavidin-conjugated peroxidase made it possible to detect biotinylated
BAP-A2. Further, we exploited the effects of human cytomegalovirus (HCMV) unique short (US) proteins US2
and US11 on the turn-over of BAP-A2 HC. The full-length BAP-A2 HC and its mutants lacking either the cytosolic
tail (tail-less) or both the transmembrane and cytosolic regions (soluble) were expressed via recombinant ade-
noviruses (rAd). The effect of US2, US11 and a control HCMV protein US9, also expressed via rAd, on each of the
BAP- A2 forms was assessed. Experiments using this system showed that US2 and US11 cause proteasome-
mediated degradation of full-length BAP-A2 HC but only US2 could cause degradation of tail-less BAP-A2. The
results demonstrate that the technique of biotinylation can be used to study protein turn-over in cells.

1. Introduction

Understanding homeostatic mechanisms has far reaching implica-
tions for illuminating pathways of disease pathogenesis and points of
interdiction. The process of protein synthesis, modification, trafficking
and degradation are dynamic and necessary to maintain cell home-
ostasis. Protein homeostatic processes are also important for obligate
intracellular parasites such as viruses, which manipulate several cel-
lular processes to their advantage. Indeed, interaction of viral proteins
with cellular components have been instrumental in revealing several
cell biological events and associated mechanisms [1–3].

The human cytomegalovirus (HCMV) unique short (US) proteins
US2 and US11 have contributed greatly to the understanding of protein
fate, especially the pathways of cellular protein quality control. Both of
these proteins have been shown to direct the major histocompatibility
complex (MHC) Class I heavy chain (HC) to be retrotranslocated from
the endoplasmic reticulum (ER) to the cytoplasm for subsequent de-
gradation by proteasomes [4,5]. US2 associates with the newly

synthesized HC in the ER, and drives the retrotranslocation of the HC
into the cytosol by utilizing the cellular translocon, ubiquitination and
dislocation machineries [6–8]. The HC is then deglycosylated by the
cytosolic N-glycanase before it is targeted to the proteasome for de-
gradation, and inhibition of proteasomal activity results in the accu-
mulation of deglycosylated intermediates of HC in the cytosol [6,9].
US11 employs a similar strategy but appears to usurp different cellular
machineries than that of US2 [1,10–13]. By contrast, the HCMV US9
has been shown not to affect the MHC Class I HC biosynthesis or
turnover [14].

Biosynthesis, trafficking and turn-over of proteins is typically stu-
died using radiolabeling methods, fluorescent tags or other tags/mar-
kers. Here we describe a method based on utilization of the biotinyla-
tion system to study protein turn-over using the prokaryotic biotin
ligase (BirA) and the biotin acceptor peptide (BAP) tag. BirA biotiny-
lates the protein of interest tagged with BAP. By restricting the avail-
ability of biotin, a limited pool of the BAP-tagged protein undergoes
biotinylation and the turn-over of these tagged proteins can be studied.
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We used the well-illustrated model of HCMV US2- and US11-mediated
degradation of the MHC Class I protein, Human Leukocyte Antigen-A2
(A2), to study protein turn-over in cells stably expressing BirA. In the
presence of US2 or US11, BAP-A2 was degraded, and the process of
degradation was proteasome-dependent. Thus, the BirA/BAP system
may be used to study the turn-over of specific, tagged proteins in cells.

2. Material and methods

2.1. Plasmids and DNA constructs

The gene coding for the prokaryotic biotin ligase (BirA) was am-
plified from the genomic DNA of E. coli, fused with an HA-tag at the 3′
end and cloned into pcHis, a modified pcDNA vector. The biotin ligase
thus expressed was localized to the cytosol and hence was designated as
the cytBirA. BirA was localized to the ER (designated ERBirA) by in-
cluding a calreticulin (CRT) signal peptide at the N-terminal end, and
an ER retention signal, KDEL, at the C-terminus in addition to the HA-
tag [15]. The genes coding for the wild-type A2 (A2), the tail-less A2
(A2ΔCT) and A2 lacking both the transmembrane and cytosolic do-
mains (A2ΔTMCT) were cloned into the adenovirus shuttle plasmid
pDC515 (io) (Microbix Biosystems Inc., Canada) from an earlier
plasmid (a kind gift from Prof. David Johnson, Oregon Health and
Science University, Portland). A sequence coding for the 16 amino acid
biotin acceptor peptide (BAP) tag with glycine-serine (GS) linkers on
either ends (GSGLNDIFEAQKIEWHEGSG) [16] was included after the
nucleotide sequences encoding the signal sequence of each protein. The
BAP-A2ΔCT mutant has a deletion of all but four amino acids in the
cytosolic domain, similar to the one described earlier [17], and BAP-
A2ΔTMCT was truncated at the end of the sequence coding the luminal
domain. The genes coding for HCMV US proteins US2, US9 and US11
were also cloned into the plasmid pDC515 (io).

2.2. Cells

The human embryonic kidney cells, HEK-293 and 293IQ (Microbix
Biosystems Inc., Canada), were maintained in minimum essential
medium (MEM) (Gibco, USA). The ERBirA and cytBirA cells were
generated by stably transfecting the HEK-293 cells with the pcHis-
ERBirA or the pcHis-cytBirA plasmids respectively, using poly-
ethylenimine (PEI) (Sigma-Aldrich, USA). The cells were re-plated 48 h
post-transfection under histidinol selection. Stable transfectants were
maintained in Dulbecco’s MEM lacking histidine (USBiological, USA).
All media were supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA) and penicillin-streptomycin (Gibco, USA). For propa-
gating and maintaining ERBirA and cytBirA cells, the medium was also
supplemented with 0.3 mM histidinol (Sigma-Aldrich, USA).

2.3. Antibodies and reagents

The monoclonal antibodies against an epitope of influenza virus
hemagglutinin (HA-tag) and glyceraldehyde-3- phosphate dehy-
drogenase (GAPDH) were obtained from Sigma-Aldrich, USA. Antibody
against calnexin was obtained from Cell Signaling Technology, USA.
The antibodies W6/32 and BB7.2 were a kind gift from Prof. David
Johnson (Oregon Health and Science University, Portland). The anti-
body W6/32 recognizes assembled MHC Class I HLA-A, -B, and -C
molecules [18] and BB7.2 is a conformation-dependent antibody spe-
cific for HLA-A2 [19]. Horse radish peroxidase (HRPO)-conjugated
secondary antibodies (anti-mouse, anti-rabbit) as well as streptavidin
were obtained from Sigma-Aldrich, USA.

2.4. Recombinant adenovirus (rAd) generation

The AdMax™ Hi-IQ system (Microbix Biosystems Inc., Canada) was
used to generate the various rAd viruses. Briefly, the gene of interest

was cloned into the shuttle plasmid pDC515 (io) and transfected along
with the genomic plasmid, pBHGfrtΔE1, E3FLP into 293IQ cells. A
flippase-mediated site-specific recombination between the plasmids
results in the generation of rAd vectors expressing the genes of interest.
Using this system, the genes coding for BAP-A2WT, BAP-A2ΔCT, BAP-
A2ΔTMCT, US2, US9 and US11 were expressed via rAd vectors. Tissue
culture infective dose-50 (TCID50) of the rAd viruses was determined
using the 293IQ cells.

2.5. Cell fractionation

Fractionation of ERBirA and cytBirA cells was performed as de-
scribed previously [20]. Briefly, 107 cells were trypsinized and washed
twice with ice-cold phosphate buffered saline, pH 7.2 (PBS). Cell pellets
were lysed in 0.02% digitonin (Calbiochem, USA) in 1 mL of PBS
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Al-
drich, USA) and 1X protease inhibitor cocktail (Sigma-Aldrich, USA),
and incubated on ice for 20 min. The lysates were then centrifuged at
18,000g at 4 °C for 20 min. The supernatant (cytosolic fraction) was
collected and the pellet (membrane fraction) was resuspended in 1 mL
of PBS containing 1% Nonidet P-40 (NP-40) (USBiological, USA) sup-
plemented with protease inhibitors.

2.6. Infection and pulse-chase

The ERBirA and cytBirA cells were infected with a multiplicity of
infection (MOI) of 5 (i.e., 5 TCID50/cell) of the indicated rAd viruses.
Eighteen hours post infection (hpi), the cells were pulsed with 50 μM
biotin (Sigma-Aldrich, USA) for 2 min. Excess biotin was removed by
washing the cells twice with 1X PBS and the biotinylated proteins were
chased for the indicated times. Proteasome activity was inhibited by
using 2 μM epoxomicin (Peptide Institute, Japan) for 2 h prior to pulse
as well as throughout the chase period. Dialyzed FBS (depleted of
biotin) was used during infection and pulse-chase.

For studies involving the evaluation of the turn-over of A2 and its
mutant forms, the ERBirA cells were co-infected with the rAdBAP-A2 or
rAd expressing mutant BAP-A2 and the rAdUS2, rAdUS11 or rAdUS9
viruses, followed by the same procedures as described above.

2.7. Immunoprecipitation, SDS-PAGE and western blotting

Following biotin pulse and chase, the cells were lysed in 50 mM
Tris, 100 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate (DOC)
(USBiological, USA), 1 mM PMSF, 1X protease inhibitor cocktail, and
10 mM N-ethyl maleimide (NEM) (Sigma-Aldrich, USA). The lysates
were frozen at −80 °C until further use.

The cell lysates were thawed on ice, subjected to centrifugation at
15,600g for 20 min at 4 °C, and the supernatant was collected. For
immunoprecipitation, the lysates were incubated with the appropriate
antibodies for 1 h at 4 °C. The antigen-antibody complexes were cap-
tured by adding protein A-agarose beads (Invitrogen, USA) and in-
cubating at 4 °C for 1 h with continuous mixing. Separately, the lysates
were subjected to immunoprecipitation with streptavidin-agarose
beads, and incubated at 4 °C for 1 h with continuous mixing. Then, the
protein A or the streptavidin beads were washed 4–5 times by re-
suspending in a buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 0.1% NP-40, 0.5% DOC, 1 mM PMSF and 1X protease inhibitor
cocktail followed by brief centrifugation at 4 °C. The protein A-agarose
beads were boiled in SDS-PAGE loading buffer to elute the precipitated
proteins. The procedure for elution of the biotinylated proteins bound
to streptavidin beads was adapted as described previously [21]. Briefly,
the beads were resuspended in 1X PBS containing 8 M urea, 2% SDS
and 3 mM biotin and incubated at room temperature for 15 min. This
was followed by boiling the samples for 10 min at 95 °C and another
5 min after addition of the SDS-PAGE loading buffer.

All samples were subjected to SDS-PAGE and blotted on to
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polyvinylidene fluoride (PVDF) membrane (Millipore, USA). Fish ge-
latin blocking reagent (Amresco, USA) in PBS containing 0.1% Tween-
20 was used for blots to be probed with streptavidin-conjugated HRPO,
which was also diluted in 1X PBS containing 0.1% Tween-20. For all
other antibody treatments, 5% skimmed milk powder (SMP) in PBS was
used as a blocking agent and the antibodies were diluted in 3% SMP in
PBS. The blots were analyzed by probing with appropriate antibodies,
and signals were detected using the enhanced chemiluminescence
(ECL) kit (Pierce, USA).

3. Results and discussion

Both in vitro and in vivo biotinylation methods have found diverse
applications in the field of protein and cell biology [22,23]. Our un-
successful attempt with a commercially available biotinylation kit led
us to modify the highly sensitive prokaryotic system described by Petris
and co-workers [15] to assess the turn-over of tagged proteins in a cell.
We established the system by expressing the BirA protein stably in HEK-
293 cells, and by tagging the MHC Class I protein HLA-A2 with the BAP
sequence. Since our aim was to study the turn-over of proteins, we used
the HCMV US proteins, US2 and US11, which cause accelerated turn-
over of Class I proteins by exploiting the cellular pathways of protein
quality control.

The BirA-BAP system is a prokaryotic system involved in post-
translational biotinylation of proteins. The BirA protein has a dual
function of biotin ligase and that of the repressor of the BirA gene.
Biotinylation of proteins is mediated by attachment of biotin to BirA,
resulting in formation of a holoBirA complex. The biotin carboxyl
carrier domain (BCCP) of acetyl CoA carboxylase accepts the biotin
from holoBirA [24], which recognizes the BAP tag and covalently at-
taches the biotin molecule to the lysine residue in the tag. Biotinylation
has been utilized in purification of proteins (owing to the high affinity
of biotin for streptavidin), to tag antibodies [25] and to generate tagged
recombinant viruses [26]. We describe the use of the biotinylation
system to study turn-over of proteins in cells.

3.1. Construction of ERBirA, cytBirA and BAP-tagged A2

Based on the cellular compartment to be targeted to, the BirA gene
was cloned with the HA-tag alone for expression in the cytosol, or with
a CRT signal sequence at the N-terminus and the HA-tag and ER re-
tention sequence, KDEL, at the C-terminus for localizing it to the ER
[15]. The compartmentalization of BirA allows biotinylation of BAP-
tagged proteins in specific cellular locations. For this study, we tagged
the human MHC Class I molecule A2 and its tail-less and soluble mutant
forms. The BirA and the BAP-tagged A2 constructs are shown in Fig. 1A
and B, respectively.

3.2. Establishment and characterization of stable cell lines expressing BirA

The HEK-293 cells were transfected with pcHis-cytBirA or pcHis-
ERBirA, and stable clones were derived under histidinol selection. BirA
expression was confirmed by western blotting using anti-HA antibody
(data not shown) and clones expressing maximum protein in the cytosol
or the ER, respectively, were used for further experiments.

To determine the compartmentalization of the BirA protein ex-
pressed in ERBirA and cytBirA cell lines, equal cell numbers (107 cells)
of each were fractionated into cytosolic and membrane fractions, and
probed with various antibodies. ERBirA was observed exclusively in the
membrane fraction (Fig. 2A, lane 1), which is marked by the detection
of ER-resident protein calnexin (Fig. 2B, lanes 1 and 3), whereas cy-
tBirA was localized to the cytosolic compartment (Fig. 2A, lane 4). G-
APDH partitioned predominantly to the cytosolic fraction; however, a
fraction of it was also associated with the membrane (Fig. 2C, compare
lanes 1 and 3 with lanes 2 and 4). The detection of BirA in the mem-
brane or cytosolic fraction was indicative of its localization to the

specific cellular compartment.

3.3. Does BAP-A2 attain a proper conformation?

It was possible that the addition of a BAP-tag and subsequent liga-
tion of biotin could affect the folding the A2. To test this, we infected
ERBirA cells with rAdBAP-A2, and immunoprecipitated BAP-A2 by
using conformation-dependent antibodies, BB7.2 and W6/32, which
recognize a region within the α2 domain of HLA-A2 and the assembled
HLA-A, −B or −C molecules, respectively. The immunoprecipitated
species were then detected by blotting with streptavidin-HRPO.
Biotinylated BAP-A2 was recognized by both W6/32 and BB7.2 (Fig. 3,
lanes 2 and 3). Parallely, the biotinylated BAP-A2 was pulled down
using streptavidin agarose beads. The detection of a band corre-
sponding to the protein precipitated by W6/32 and BB7.2 indicated the
presence of biotinylated BAP-A2 (Fig. 3, lane 4). These im-
munoprecipitation and blotting experiments showed that the inclusion
of the BAP-tag at the N-terminus of A2 did not alter its conformation,
and that biotinylated BAP-A2 attained native structure.

3.4. The BirA-BAP system can be used to study US2-mediated MHC protein
turn-over

The wealth of information available for US2- and US11-mediated
HC degradation makes this system an excellent model to study protein
turn-over. To assess if the BirA protein is functional in the compartment
where it is expressed, and to evaluate the effects of US2 and US11 on A2
HC using the BirA-BAP system, the ERBirA and cytBirA cells were co-
infected with rAdBAP-A2 and rAdUS2 in the presence or absence of the
proteasomal inhibitor epoxomicin. In the ERBirA cells, BAP-A2 was
predominantly observed in its glycosylated form in both epoxomicin
treated and untreated cells in the absence of US2 (Fig. 4, lanes 1- 4).
Upon infection with rAdUS2, deglycosylated BAP-A2 was rescued in
cells treated with epoxomicin (Fig. 4, lanes 7 and 8). The deglycosy-
lated BAP-A2 was not detected in rAdUS2-infected cells treated with the

Fig. 1. Components of the BirA-BAP system. A. BirA was targeted to the ER by including
an N-terminal calreticulin (CRT) signal peptide (SP) and a C-terminal KDEL sequence.
BirA destined to be expressed in the cytosol was cloned as such. A C-terminal HA tag was
included in both ERBirA and cytBirA for immunodetection. B. An N-terminal BAP-tag was
included between the native SP and the protein coding region of A2, A2 lacking the
cytosolic tail (A2ΔCT) and A2 lacking both transmembrane and cytosolic regions
(A2ΔTMCT). L denotes the luminal domain of the protein.
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vehicle, dimethyl sulfoxide (DMSO) (Fig. 4, lanes 5 and 6), suggesting
dislocation and eventual degradation of BAP-A2 in the absence of
epoxomicin. In cytBirA cells, the glycosylated form of BAP-A2 was
comparatively less biotinylated (Fig. 4, lanes 9 and 10) since BirA was
localized to the cytosolic compartment. A faint signal corresponding to
the size of deglycosylated BAP-A2 was observed in cells treated with

epoxomicin, and could possibly indicate the normal turn-over of the
protein (Fig. 4, lanes 11 and 12). The noteworthy increase in the signal
of BAP-A2 in rAdUS2-infected cells, and more importantly the in-
creased amount of the deglycosylated intermediate of BAP-A2 (Fig. 4
lanes 15–16) was suggestive of BAP-A2 dislocation and its subsequent
biotinylation in the cytosolic compartment. Our results from cell frac-
tionation experiments and the expression of BAP-A2 in ERBirA and
cytBirA cells demonstrate that BirA was localized to and functional in
the targeted compartments, and that the process of dislocation and
degradation could be studied using this system.

In addition, BAP-A2 was subjected to EndoHf treatment to ascertain
its glycosylation status. We observed that biotinylated BAP-A2 was
susceptible to EndoHf, indicative of its translocation into the ER.
Biotinylation did not affect the ability of US2 or US11 to target BAP-A2
to proteasome for degradation. However, biotinylated BAP-A2 re-
mained sensitive to EndoHf for up to 180 min of chase (data not
shown), suggesting delayed maturation. This was similar to earlier
observations of impeded movement of A2 when tagged with enhanced
green fluorescent protein (eGFP), dihydrofolate reductase (DHFR), he-
magglutinin epitope (HA) or tandem affinity purification (TAP) tag
[27–30]. The eGFP- or TAP-tagged A2 was found to be reactive to the
W6/32 antibody, but degraded with delayed kinetics in comparison to
endogenous HC [27,30]. On the other hand, the DHFR-tagged HC did
not attain resistance to EndoHf even up to 180 min of chase, and ex-
hibited slower dislocation in US11-expressing cells when compared to
cells expressing US2 [28]. Nevertheless, these studies using tagged
proteins have been crucial in elucidating some aspects of ER to cytosol
dislocation of A2.

3.5. Effect of US2 and US11 on wild-type A2

The HCMV US2 and US11 proteins target the HC for degradation via
the proteasomes [4,12]. To explore the possibility of using the BirA-BAP
system to study this, the effect of HCMV US2, US11 or US9 on BAP-A2
was assessed in ERBirA cells. In rAdUS2-infected cells, the deglycosy-
lated protein was observed in DMSO-treated cells and was rescued in
the presence of the proteasome inhibitor (Fig. 5, compare lanes 1 and 2
with lanes 3 and 4). In case of rAdUS11-infected cells, deglycosylated
protein was observed only when cells were treated with epoxomicin,
indicative of its degradation in the absence of the inhibitor (Fig. 5,
compare lanes 5 and 6 with lanes 7 and 8). The dislocation or accu-
mulation of the deglycosylated protein was not as evident in rAdUS9-
infected cells and we presume it to be the normal turn-over of BAP-A2

Fig. 2. ERBirA and cytBirA are localized to their respective cellular compartments. ERBirA or cytBirA cells (107) were lysed with 0.02% digitonin, and membrane (denoted M) and
cytosolic (denoted C) fractions were subjected to immunoblotting for HA (panel A), calnexin (CXN, panel B) or GAPDH (panel C) with the respective antibodies. IB, immunoblot.

Fig. 3. BAP-tagged A2 attains native conformation. ERBirA cells were infected with
rAdBAP-A2. The cells were harvested 18 h later, biotinylated for 10 min and then lysed in
1% NP-40 and 0.5% DOC. Lysates were analyzed directly (lane 1) or immunoprecipitated
using the antibodies W6/32 or BB7.2 (lanes 2 and 3, respectively), or streptavidin-agarose
(lane 4). Proteins eluted from beads were detected using streptavidin-HRPO. The panels
separated by the line are from the same blot from which the intervening lanes containing
duplicate samples were removed. IP, immunoprecipitation.
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(Fig. 5, lanes 9- 12). Our results support the fact that US2 and US11
mediate the dislocation of the HC from the ER to the cytosol and target
it for proteasomal degradation, whereas US9 does not affect the HC
turn-over. The effect of US2 and US11 on HC has been reported earlier
[4,6,12], and we were able to replicate the same using the BirA-BAP
system.

3.6. The differential effects of US2 and US11 on mutant forms of A2

The effect of US2 on A2 lacking the cytosolic tail (A2ΔCT) has been
debatable. While it was earlier reported that the deletion of the CT
made A2 impervious to the effects of US2 [17], a later study suggested
that the CT deletion mutant remained a target for US2-induced dis-
location and degradation [31]. We therefore generated a tail-less mu-
tant of BAP-A2, BAP-A2ΔCT, and assessed the effect of US proteins on it
using the BirA-BAP system. Lysates obtained post-infection with

rAdBAP-A2ΔCT and rAdUS2, rAdUS9 or rAdUS11 were analyzed by
immunoblot assay. Upon inhibition of the proteasomal activity, we
observed that BAP-A2ΔCT was readily dislocated, with the appearance
of the deglycosylated intermediate in the presence of US2. This was
evident as visualized by the loss of deglycosylated protein in DMSO-
treated cells and rescue of the same in cells treated with epoxomicin
(Fig. 6, compare lanes 1 and 2 with 3 and 4). On the other hand, the
effect of US11 on the mutant was similar to that reported earlier
[17,32] i.e., it failed to cause dislocation of A2ΔCT (Fig. 6, compare
lanes 5 and 6 with 7 and 8). US9 too did not affect the turn-over of the
mutant (Fig. 6, compare lanes 9 and 10 with 11 and 12).

We consistently observed the deglycosylated intermediate in the
absence of epoxomicin as well (data not shown). This could possibly
suggest a higher turn-over of the mutant in the presence of US2. It is
also possible that the higher sensitivity of the biotinylation system
enabled us to detect the deglycosylated protein in the absence of the

Fig. 4. ERBirA and cytBirA are functional in their targeted cellular compartments. ERBirA or cytBirA cells were infected with rAdBAP-A2 or in combination with rAdUS2. The infected
cells were harvested and treated with 2 μM epoxomicin or vehicle control for 2 h. The cells were then pulsed with 50 μM biotin for 2 min, and chased for up to 120 min in the presence or
absence of epoxomicin. The lysates were blotted with streptavidin-HRPO. The glycosylated (+CHO) and deglycosylated (−CHO) BAP-A2 are indicated.

Fig. 5. BAP-A2 is targeted for proteasomal degradation by US2 and US11. ERBirA cells were infected with rAdBAP-A2 in combination with rAdUS2, rAdUS9 or rAdUS11, and biotin pulse-
chase was performed as in Fig. 4. The lysates were probed with streptavidin-HRPO to detect biotinylated BAP-A2. The glycosylated (+CHO) and deglycosylated (−CHO) BAP-A2 are
indicated.
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inhibitor. Thus, our study supports the observations of Barel et al. [31]
which showed that A2 lacking the cytosolic tail was degraded in a
proteasome-dependent manner by US2.

The effect of US proteins on BAP-A2ΔTMCT was also studied. The
expression levels of BAP-A2ΔTMCT did not differ among rAdUS2-,
rAdUS11- or rAdUS9-infected cells, thus indicating its failure to be
targeted for degradation by US2 or US11 (Fig. 7). The inability of US2
to degrade BAP-A2ΔTMCT is probably not due to the lack of interaction
between the proteins, since a bacterially expressed soluble A2 and US2
lacking the predicted signal peptide and also the TMD have been shown
to be associated in vitro [33]. This supports the argument for the re-
quirement of critical residues of the TM domain of A2 for the recruit-
ment of membrane-associated dislocation factors by US2 [8].

3.7. Summary

To establish the in cyto biotinylation system, we generated 293 cells
stably expressing bacterial BirA. The BAP-tagged protein HLA-A2

expressed via a rAd virus was stable and attained native conformation
as assessed by immunoprecipitation with epitope-specific antibodies.
Further, the BAP-tagged A2 was susceptible to the effects of both US2
and US11 as observed by the degradation or rescue of the deglycosy-
lated intermediate in the absence or presence, respectively, of the
proteasomal inhibitor. The cytosolic domain truncation mutant was
also susceptible to the effect of US2 but not US11. The A2 mutant
lacking both the cytosolic and TM domains remained unaffected by
both US2 and US11.

4. Conclusion

The effect of US proteins on MHC Class I HLA-A2 using the BirA-BAP
system demonstrates that the system is simple and yet highly sensitive
to study turn-over of proteins in cells. We believe that the BirA-BAP
system could be further modified in combination with the use of protein
synthesis inhibitors to study the turn-over of nascent proteins. The
sensitivity of the biotinylation system combined with the ease of

Fig. 6. BAP-A2ΔCT is susceptible to proteasome-mediated degradation by US2 but not US11. ER BirA cells were co-infected with rAdBAP-A2ΔCT and rAdUS2, rAdUS9 or rAdUS11.
Biotinylation assay and immunoblotting were performed as described in Fig. 5. The glycosylated (+CHO) and deglycosylated (−CHO) BAP-A2 are indicated.

Fig. 7. US2 and US11 do not alter the stability of BAP-A2ΔTMCT. ERBirA cells were infected with rAdBAP-A2ΔTMCT and rAdUS2, rAdUS11 or rAdUS9. Biotinylation assay and
immunoblotting were performed as described in Fig. 5. * denotes non-specific band.
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handling should make it an attractive method to study protein turn-
over.
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