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The lumenal FOS identified are therefore distinct in their 
production and regulation compared to FOS produced by 
the conventional route of misfolded glycoproteins directly 
removed from the ER. The production of such lumenal FOS 
is indicative of a novel degradative route for cellular glyco-
proteins that may exist under certain conditions.
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Introduction

During N-glycoprotein biosynthesis, preassembled oli-
gosaccharide moieties are transferred en bloc from a 
dolichol-linked precursor onto asparagine side-chains of 
newly-synthesised polypeptide chains at the lumenal face 
of the endoplasmic reticulum (ER) membrane [1]. These 
N-linked oligosaccharides are transferred in the form of 
Glc3Man9GlcNAc2 and become subjected to recognition 
and processing by a variety of ER- and Golgi-resident fac-
tors that assist protein folding and assembly, mediate anter-
ograde and retrograde flow of secretory cargo and trigger 
ER-associated degradation (ERAD) [2].

The ERAD is a cellular pathway that targets misfolded 
proteins, as well as improperly-assembled multimeric com-
plexes of the endoplasmic reticulum for translocation into 
the cytosol, ubiquitination and subsequent hydrolysis by the 
proteasome [3]. The ERAD targeting presumably occurs 
through a variety of mechanisms, depending on the nature 
of the substrate as well as the localisation of the misfolded 
region [4]. For glycoproteins, the consensus route is cur-
rently thought to involve demannosylation by ER or Golgi 
mannosidases, interactions with EDEM1–3 (which could 
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also function as mannosidases themselves), followed by OS-
9/XTP3-B-mediated delivery of the substrate to the Hrd1 
ubiquitination complex through the interaction with a mem-
brane-spanning adaptor protein, SEL1L [5–7]. The Hrd1 is 
an E3 ubiquitin ligase that has been additionally shown to 
mediate retrotranslocation of substrate polypeptides [4, 8]. 
Glycoproteins degraded in this manner have their glycan 
portion released prior to the proteasomal destruction in the 
cytosol by a peptide: N-glycanase (PNGase) [9]. As a result, 
free oligosaccharides (FOS) are produced. The latter have 
been employed as markers of ERAD [10–13]. The FOS 
analysis provides both qualitative and quantitative insight 
into glycoprotein degradation in the ER on a global cellu-
lar level, as opposed to studies limited to a single ERAD 
substrate, whether endogenous or recombinantly expressed.

The FOS produced by PNGase initially bear two GlcNAc 
residues at the reducing terminus [9, 14]. The cytosolic path-
way for FOS catabolism in normal conditions involves rapid 
processing by endo-β-N-acetylglucosaminidase (ENGase), 
which removes the terminal GlcNAc residue, resulting in a 
mono-GlcNAc form of FOS [14, 15]. This is trimmed by a 
cytosolic neutral α-mannosidase (NAM, MAN2C1) and sub-
sequently transported into the lysosome for further hydroly-
sis to monosaccharides [15]. It is likely that the cytosolic 
FOS degradation pathway provides a feedback mechanism 
to modulate ERAD, since overexpression of NAM has been 
shown to increase the rate of glycoprotein degradation [16].

Processing of nascent glycoproteins by ER glucosidases 
I and II is required for interaction with calnexin (CNX) or 
calreticulin (CRT), ER-resident lectin chaperones that bind 
monoglucosylated forms of glycoproteins to facilitate fold-
ing [17]. Consequently, inhibition of ER glucosidases results 
in the inability of glycoproteins to engage with CNX/CRT, 
which in turn leads to increased rates of protein misfold-
ing and ERAD [17]. As a result, glucosylated FOS are pro-
duced in cells treated with glucosidase inhibitors [10, 12].  
The latter are processed in the cytosol to the end form of 
Glc3Man5GlcNAc1 (and slowly to Glc3Man4GlcNAc1) [10]. 
However, glucosylated FOS are unable to access the lyso-
some, resulting in their cytosolic accumulation [18, 19]. The 
use of the ER glucosidase imino sugar inhibitor N-butyl-
deoxynojirimycin (NB-DNJ) has demonstrated that the 
generation of glucosylated FOS is both dose- and treatment 
time-dependent [10].

In the majority of mammalian cell lines, inhibition of ER 
glucosidases does not result in a complete loss of degluco-
sylating capability. Apart from its role in the folding process 
described above, removal of glucose residues is required for 
further biosynthetic processing of N-glycans in the Golgi 
apparatus [20, 21]. Golgi-resident endomannosidase provides  
a backup mechanism for deglucosylation of glycoproteins 
escaping the ER prior to complete removal of glucose resi-
dues from their asparagine-linked oligosaccharides [22]. 

Importantly though, endomannosidase-mediated deglu-
cosylation in the Golgi can also precede ERAD [11].  
Consequently, FOS analysis in the presence of glucosidase 
inhibitors underestimates ERAD in endomannosidase-pos-
itive cell lines, since endomannosidase-catalysed degluco-
sylation results in rapid processing of FOS and their eventual 
destruction in the lysosome [15, 23]. We, therefore, sought 
to establish a deglucosylation-incompetent cellular model to 
further explore the mechanisms of ERAD using FOS analy-
sis. To this end, we hereby employ NB-DNJ-treated Madin-
Darby bovine kidney (MDBK) and Chinese hamster ovary 
(CHO)-K1 cells, both of which have been previously shown 
to lack endomannosidase activity [24]. Using these model 
systems, we show that in contrast to endomannosidase-pos-
itive cells, MDBK and CHO-K1 cells treated with NB-DNJ 
accumulate glucosylated FOS in the ER lumen in addition 
to cytosolic species. These lumenal FOS are derived from 
glycoproteins and as the glucose-bearing forms are unable 
to be transported to the cytosol and merge with the catabolic 
pathway for cytosolic FOS, in agreement with previous data 
[9, 15]. We further demonstrate that glucosylated lumenal 
FOS constitute a novel marker for ERAD occurring via an 
alternative route that appears to be partially independent 
from the pathway in which cytosolic FOS are produced.

Materials and methods

Materials

Tissue culture media were from Gibco/Invitrogen, (Paisley,  
UK) or Sigma (Gillingham, UK). The AnalaR and HPLC 
grade solvents were from VWR International. The pcDNA3-
NAM was a gift from Prof. Pirkko Heikinheimo and Elina 
Kuokkanen (University of Helsinki, Finland). The pcDNA3-
α1AT and pcDNA3.1(-)-EDEM1 were a gift from Dr. John 
Christianson (University of Oxford, UK). The CHPV was 
a gift from Dr. Anthony Marriott (University of Warwick, 
UK). All other reagents were from Sigma, unless otherwise 
stated. Water was Milli-Q™ grade.

Inhibitors

The N-butyldeoxynojirimycin (NB-DNJ) was provided by 
Celltech (Slough, UK). Thapsigargin (TG), Z-VAD-fmk, 
Q-VD-OPh, MG132 and ALLN were all supplied by Sigma 
(Gillingham, UK). The N-butylated azepane 1 (NBA1) was 
a gift from Dr. Yves Blériot (UPMC, Paris, France).

Cell culture

The HL60 and MDBK cells were cultured in RPMI medium 
containing 10 % foetal calf serum, 2 mM l-glutamine and 
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1 U/ml penicillin and 1 μg/ml streptomycin (Invitrogen). 
The CHO-K1 and BHK-21 cells were cultured in DMEM 
containing 10 % foetal calf serum, 1 U/ml penicillin and 
1 μg/ml streptomycin.

Free oligosaccharides analysis

Cells were cultured to high density (1 × 107 cells/ml) prior 
to growth in fresh medium containing NB-DNJ at varying 
concentrations as described previously [10]. The FOS were 
extracted, labelled with 2-anthranilic acid (2-AA) and puri-
fied using lectin-affinity chromatography before separation 
by NP-HPLC as described [25].

Removal of 0.5 M methyl α-d-mannopyranoside prior  
to enzyme digests

When enzyme digests of the ConA-Sepharose-purified 
2-AA-labelled oligosaccharides were required, 0.5 M methyl 
α-d-mannopyranoside was removed using a 1 ml (25 mg) 
PGC column (Thermo Electron, Runcorn, UK). The column 
was pre-equilibrated with 1 ml methanol followed by 1 ml 
water and 1 ml acetonitrile containing 0.1 % trifluoroacetic 
acid (TFA) and finally 2 × 0.5 ml water. After sample load-
ing the column was washed with 2 × 0.5 ml water before 
elution with 2 ml 50 % acetonitrile containing 0.1 % TFA. 
No loss of FOS was observed.

Concentration of fluorescently-labelled FOS

Free, unconjugated 2-AA was removed following phase 
splitting using ethyl acetate. Essentially, 2-AA-labelled sam-
ple (1 ml in water) was added to 1.5 ml of ethyl acetate and 
vortexed before separating into two phases by centrifugation 
at 3,000g for 5 min. The upper phase was removed and a 
further 1.5 ml ethyl acetate was added and separation was 
repeated. Following a further addition of ethyl acetate, the 
lower phase was removed and dried. The sample was then 
resuspended in 30 μl water before a preparative run by HPLC 
to allow isolation of individual peaks for further analysis.

Digitonin extraction of cytosol

Madin-Darby bovine kidney cells were grown, treated and 
harvested as described above. Cell pellets were washed in 
PBS and resuspended in cold (4 °C) PBS containing 10 μg/ml  
digitonin (optimal concentration determined empirically). 
Samples were then incubated at 4 °C for 10 min under gen-
tle agitation, followed by centrifugation at 1,000g, 4 °C, 
for 5 min. Supernatants were then removed. Pellets were 
resuspended in water and lysed by sonication (Branson 
sonifier, set. 3, 50 % duty cycle, 20 bursts, on ice). Equiv-
alent volumes of post-digitonin treatment supernatants 

and lysed pellets were then subjected to FOS analysis or 
immunoblotting.

Enzyme digests

The following enzyme digests were performed on the com-
plete FOS populations and individually isolated peaks. The 
enzymes used were α-glucosidases I and II (purified from 
rat liver) [26, 27], α-1,2 linkage-specific mannosidase (puri-
fied from Aspergillus saitoi) and broad specificity jack bean 
α-mannosidase (purified from jack bean meal). Following 
enzyme treatment, all digests were centrifuged through 
a 10,000 molecular weight cut off filter (pre-washed with 
150 μl of water) at 7,000g for 45 min to remove protein 
before HPLC analysis.

Matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry

Positive-ion MALDI-TOF mass spectra were recorded with 
a Micromass TofSpec 2E reflectron-TOF mass spectrometer 
(Waters-Micromass (UK) Ltd., Manchester, UK) fitted with 
delayed extraction and a nitrogen laser (337 nm). The accel-
eration voltage was 20 kV; the pulse voltage was 3,000 V; 
and the delay for the delayed extraction ion source was 
500 ns. The FOS, individually isolated by HPLC, were dried 
and resuspended in 100 μl of water. A 1 μl aliquot of each 
was mixed with 1 μl of a 50 mg/ml solution of 2,5-dihy-
droxybenzoic acid (2,5-DHB) in acetonitrile and placed on 
the MALDI target and allowed to air dry. The samples were 
re-crystallised from ethanol prior to analysis. The m/z scale 
was calibrated using a 2-AA-labelled dextran hydrolysate 
ladder standard.

Protein synthesis rate determination

The [3H]-leucine was added to the cell culture medium at 
1 μCi/ml at the beginning of the incubation period. Cell 
monolayers were washed with 2 × 1 ml PBS followed by 
2 × 1 ml ice-cold 10 % (v/v) perchloric acid (PCA)/2 % 
(w/v) phosphotungstic acid (PTA) followed by 2 × 1 ml ice 
cold ethanol. Plates were dried for 30 s at 80 °C. Sodium 
hydroxide (0.5 ml of 0.5 M solution) was added to dried cells 
and left at room temperature overnight. Aliquots (2.5 μl) 
were taken for a bicinchoninic acid (BCA) protein assay, 
and 250 μl samples were taken for radioactivity determina-
tion. Protein assay was carried out using the BCA Assay Kit 
(Sigma, UK), according to the manufacturer’s instructions.

Antibodies

The following antibodies were used: goat polyclonal anti-
α1-antitrypsin, biotin conjugate (Abcam), goat polyclonal 
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anti-NAM (Santa Cruz Biotechnology), mouse polyclonal 
anti-β-actin (Abcam), mouse monoclonal to BiP/GRP78 
(BD Biosciences). Goat anti-mouse IgG (Abcam) and mouse 
anti-goat IgG (Santa Cruz Biotechnology) HRP conjugates 
were used as secondary antibodies for immunoblotting.

Transfection of plasmids

Cells were seeded into 6-well plates at the densities of 
0.3 × 106 cells/well. The following day, plasmids were  
transfected using polyethylenimine (PEI, Polysciences Inc.).  
Media were replaced with 4 ml serum-free DMEM. The 
PEI was mixed with DNA (3 μg DNA per well) at the P:N 
ratio of 1:14 in a NaCl solution (150 mM) and incubated at 
room temperature for 10 min. The resulting mix (400 μl) 
was added dropwise to the wells. Cells were then incubated 
for 4 h at 37 °C, after which foetal calf serum was added 
(10 % final concentration). Compound treatment was started 
in fresh medium following an overnight incubation. For  
α1-antitrypsin expression, cells were grown in 225-cm2 
flasks, and the protocol was adjusted proportionally. In 
this case, media were not replaced post-transfection, and 
compound treatment was started immediately in serum-free 
medium.

Virus purification

The BHK-21, CHO-K1 or MDBK cells were infected with 
Chandipura virus (CHPV) in serum-free medium. At 4 h 
post-infection, media were replaced with complete media 
supplemented with FCS and the appropriate compounds. 
Viral media were collected following incubation for 24 h 
and clarified by low-speed centrifugation (2 × 600g, 
10 min). Viral particles were precipitated by adding 1/3 vol-
ume of a buffer containing PEG-6000 (final concentration 
6 %, w/v) and NaCl (final concentration 0.5 M) and incu-
bating the media overnight at 4 °C without agitation, fol-
lowed by centrifugation (2,000g, 15 min). The pellets were 
resuspended in 5 ml PBS and sonicated to disrupt clumps 
(Branson sonifier, set. 1, 50 % duty cycle, 5 bursts, on ice), 
then centrifuged again (2,000g, 15 min). Supernatants were 
loaded on a 30/60 % (w/v, PBS) sucrose cushion and cen-
trifuged at 100,000g for 1 h. Viral bands were collected and 
diluted >10-fold with PBS, filtered through a 0.22 μm filter 
to remove residual clumps and subjected to ultracentrifuga-
tion (100,000g, 2 h) to obtain a purified viral pellet.

Immunopurification

Biotinylated anti-α1AT IgG (1 mg) was immobilised on 
streptavidin-agarose resin (Thermo Sci., UK) following 
manufacturer’s instructions. The CHO-K1 cells were tran-
siently transfected with pcDNA3-α1AT as described above. 

Four days post-transfection, media were harvested, clarified 
by centrifugation (600g, 10 min) and passed through the 
IgG column by gravity flow. Following three washes with 
10 ml PBS, α1AT was eluted using 0.1 M glycine–HCl, pH 
2.8, neutralised by adding 2.5 M Tris–HCl (pH 8.0) and 
concentrated using Amicon protein concentrators (10 kDa 
molecular weight cut-off).

Glycan analysis of purified glycoproteins

Purified CHPV or immunopurified α1AT were resolved by 
SDS-PAGE, under reducing conditions followed by transfer 
to PVDF membranes which were then stained with Coomassie  
Blue (0.1 % w/v in 30 % methanol (v/v), 7 % glacial acetic 
acid (v/v) in water) for 15 min, and destained in 50 % meth-
anol (v/v), 10 % glacial acetic acid (v/v) in water, followed 
by a wash in water. Membranes were then air-dried, and 
the bands corresponding to the proteins of interest cut out 
and subjected to a digest by peptide: N-glycanase F (NEB), 
at 5,000 U/ml following manufacturer’s instructions, in a 
total volume of 100 μl for 24 h. Supernatants containing 
released oligosaccharides were dried, resuspended in 30 μl 
water and subjected to fluorescent labelling and HPLC 
analysis.

Western blotting

Following SDS-PAGE of crude cell lysates, proteins were 
transferred to PVDF membranes, which were then blocked 
in 5 % (w/v) non-fat dry milk in PBS supplemented with 
Tween 20 0.2 % (v/v) at 4 °C overnight. Primary and second-
ary antibodies were diluted in blocking buffer and incubated 
for 1–2 h, followed by washing in PBS supplemented with 
0.05 % (v/v) Tween 20. The ECL substrate (GE Healthcare) 
was used for detection.

Pulse-chase analysis

The FCS was extensively dialysed against PBS and used 
throughout. The CHO-K1 cells were pretreated with NB-
DNJ (1 mM) for 16 h, followed by a 30 min incubation in 
DMEM (minus glucose) containing 1 % (v/v) FCS, 1 mM 
NB-DNJ. Cells were then pulsed using the same medium 
containing 200 μCi/ml [3H]-mannose with or without 
MG132 (10 μM) for 15 min, followed by a chase in com-
plete medium containing 10 % FCS, 2 mM cold mannose 
and 1 mM NB-DNJ, also with or without MG132. At the 
indicated time points, cells were washed with ice-cold PBS, 
harvested by scraping on ice and centrifuged at 4 °C to 
obtain a cell pellet that was then frozen on dry ice. The FOS 
were extracted as described above, N-linked oligosaccha-
rides bound to protein were released using peptide: N-gly-
canase F (NEB), at 5,000 U/ml following manufacturer’s 
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instructions and lipid-linked oligosaccharides were obtained 
following acid release as published [28]. Depending on the 
experiment, whole pools of glycans or individual HPLC 
peaks were collected, and the radioactivity associated with 
pools or peaks was measured. For short-term FOS and pro-
tein-bound N-linked oligosaccharide analysis, glycan levels 
in each experiment were normalised to the levels of total 
cellular FOS at the 4 h time point.

Results

ER α-glucosidase inhibition reveals production  
of glucosylated ER-located FOS species

Following α-glucosidase inhibition in HL60 cells, the major 
FOS species that can be detected by normal-phase high 

performance liquid chromatography (NP-HPLC) is Glc-

3Man5GlcNAc1, as a result of the export of glucosylated 
glycoproteins into the cytosol by the ERAD pathway. The 
FOS are released from the glycoprotein by cytosolically 
located PNGase and the free glycans are rapidly processed 
by ENGase (endo-β-N-acetylglucosaminidase), followed by 
NAM (neutral α-mannosidase) to Glc3Man5GlcNAc1 (and 
slowly to Glc3Man4GlcNAc1) [10]. However, in some cell 
lines, most notably in those deficient in Golgi endoman-
nosidase activity (MDBK and CHO-K1 cells) [24], an addi-
tional major peak was observed at 10.12 GU (glucose units) 
(Fig. 1a).

The additional major free glycan detected following a 
24 h NB-DNJ treatment in MDBK and CHO-K1 cells was 
isolated following NP-HPLC separation and sequenced 
using a series of enzyme digests, including α-glucosidases 
I and II, Aspergillus saitoi α-mannosidase (α-1,2-specific) 

Fig. 1  Major lumenal free 
oligosaccharide accumulates 
in cells following deglucosyla-
tion blockage. a NP-HPLC 
analysis of 2-AA-labelled FOS 
isolated from HL60 or MDBK 
cells following treatment 
with NB-DNJ for 24 h. Cells 
were harvested either imme-
diately after treatment (24 h) 
or following incubation for 
additional 24 h in the absence 
of NB-DNJ (24 h + recovery). 
Dashed lines indicate posi-
tions of Glc3Man5GlcNAc1 
(G3M5N1) or Glc1–3Man7Glc-
NAc2 (G1–3M7N2). Arrow-
head indicates the position of 
Man7GlcNAc2. The NP-HPLC 
profiles are representative of 
experiments carried out and 
are not drawn to the same 
scale of fluorescent intensity. 
b Immunoblotting of BiP and 
NAM in equivalent fractions 
of either pellet (P) or superna-
tant (S) following treatment of 
MDBK cells with either PBS or 
digitonin solution. c Structure 
of the Glc3Man7GlcNAc2 FOS. 
Labelled lines indicate linkage 
types. d NP-HPLC analysis of 
2-AA labelled FOS extracted 
from cells fractionated as in b
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and jack bean α-mannosidase (α1,2/3/6-specific), in addi-
tion to MALDI-TOF (matrix-assisted laser desorption/
ionisation time-of-flight) MS (mass spectrometry) analysis. 
This species was determined to be Glc3Man7GlcNAc2 with 
the structure shown in Fig. 1c. In addition to the described 
Glc3Man7GlcNAc2 peak, an increase in Glc1–2Man7Glc-
NAc2 species was detected (Fig. 1a), which was likely due 
to incomplete ER α-glucosidase inhibition.

The presence of an intact GlcNAc2 core suggests that the 
accumulating glycans are not cytosolically localised since 
Glc1-3Man7GlcNAc2 FOS are substrates for rapid process-
ing by ENGase. We speculated that the GlcNAc2-bearing 
FOS could be localised to the ER. Indeed, free glucosylated 
glycans in the ER are unable to exit to the cytosol since 
these species are not substrates for the FOS transporter [23].

To address the hypothesis on the ER localisation of 
Glc3Man7GlcNAc2, we carried out NB-DNJ treatment in 
MDBK cells for 24 h as previously, followed by removal 
of the inhibitor from the growth medium and recovery for 
a further 24 h. The FOS were then extracted and analysed 
as before (Fig. 1a). Glc3Man7GlcNAc2 was shown to be 
reduced by 75 % after a 24 h recovery period and com-
pletely absent after 72 h (data not shown). The reduction 
in detectable species suggests that either the Glc3Man7Glc-
NAc2 is cleared by bulk flow through the secretory pathway 
following inhibitor removal or, more likely, by deglucosyla-
tion following exposure to ER-localised glucosidases I and 
II. Consistent with the latter proposal, a Man7GlcNAc2 FOS 
species (GU = 7.87) was observed after inhibitor removal 
(Fig. 1a). The glycan was purified and structurally charac-
terised by MS as the deglucosylated form of Glc3Man7G-
lcNAc2. The Glc2Man7GlcNAc2 glycan was also reduced 
following glucosidase inhibition recovery. It is noteworthy 
that following deglucosylation, FOS become substrates for 
the ER–cytosol FOS transporter, which makes them accessi-
ble for further hydrolysis by the cytosolic enzymes ENGase 
and NAM, and eventually lysosomal hydrolases [9]. There-
fore, direct comparison of the amounts of glucosylated and 
deglucosylated lumenal FOS is difficult.

To further confirm the lumenal location of Glc3Man7G-
lcNAc2, digitonin extraction of cytosolic FOS was carried 
out. Extraction of the cytosolic fraction was confirmed by 
immunoblotting for NAM, using BiP as the protein marker 
for the lumenal fraction (Fig. 1b). The FOS analysis showed 
that over 90 % of the Glc3Man7GlcNAc2 species was found 
in the pellet following extraction with the non-ionic deter-
gent digitonin (Fig. 1d). It is important to note that the digi-
tonin extraction alone does not exclude the possibility of 
Glc3Man7GlcNAc2 accumulating in a cellular compartment 
other than ER lumen. However, combined with the fact that 
following inhibitor recovery Glc3Man7GlcNAc2 is deglu-
cosylated to Man7GlcNAc2, the data strongly suggest ER 
lumenal accumulation of the FOS species.

Glc3Man7GlcNAc2 species is produced from glycoproteins 
by ER-localised PNGase activity

The α-glucosidase inhibition in endomannosidase-deficient 
cell lines results in the build-up of an ER-localised trigluco-
sylated FOS species. Although the glycan appears following 
α-glucosidase inhibition it is possible that it has not been 
generated from a glycoprotein. The PNGase responsible for 
deglycosylation is believed to be active in the cytosol only 
after translocation of the protein targeted for proteasomal 
degradation. To elucidate the origin of the Glc3Man7Glc-
NAc2 FOS, a PNGase-specific inhibitor, Z-VAD-fmk, was 
utilised [29]. The MDBK cells were treated with NB-DNJ 
(1 mM) in the presence or absence of the PNGase inhibi-
tor, Z-VAD-fmk (30 μM), for up to 8 h (Fig. 2a). The FOS 
analysis revealed that following treatment with Z-VAD-
fmk, no effect on the levels of Glc3Man5GlcNAc1, a product 
of ERAD [10], was observed. However, the accumulation of 
Glc3Man7GlcNAc2 was significantly reduced. In addition to 
inhibiting PNGase, Z-VAD-fmk is a known caspase inhibi-
tor. We, therefore, employed a related caspase inhibitor, 
Q-VD-OPh, which does not inhibit PNGase activity, to ver-
ify the specificity of the observed effect of Z-VAD-fmk. As 
expected, Q-VD-OPh (30 μM) did not affect the accumula-
tion of either Glc3Man5GlcNAc1 or Glc3Man7GlcNAc2 in 
NB-DNJ-treated cells (Fig. 2a). We, therefore, conclude that 
the Glc3Man7GlcNAc2 FOS was derived from glycoprotein 
in the ER, suggesting lumenal exposure of glucosylated pro-
teins to a PNGase-like activity. Indeed, this agrees with the 
previously proposed existence of a lumenal PNGase [30].

The lack of effect on the levels of Glc3Man5GlcNAc1 fol-
lowing PNGase inhibition is interesting but not completely 
surprising since it has been previously demonstrated that 
in the presence of a PNGase inhibitor, the deglycosylation 
and subsequent proteolysis of glycoproteins such as MHC 
class I is not prevented unless a proteasomal inhibitor is 
also present [29]. On the other hand, inhibition of proteas-
omes itself is known to decrease the levels of glycoprotein-
derived cytosolic free oligosaccharides [31]. The empirical 
observation is that in the presence of a PNGase inhibitor and 
ALLN, a reduction in ERAD and lumenal FOS is observed. 
The hydrolysis of a deglycosylated substrate by the proteas-
ome could be compromised by the burden ERAD substrates 
produced after glucosidase inhibition. The ER-stress related 
mechanisms or some feedback inhibition of ubiquitinated 
substrates may be responsible and further insight is being 
explored by experiment. It would seem premature to present 
any mechanism at this stage other than that of proteasome 
involvement.

Data supporting the glycoprotein origin of glucosylated 
FOS species was obtained using puromycin to inhibit protein 
synthesis. During a 24 h incubation of inhibitor at 1 μg/ml  
in CHO cells, the generation of Glc3Man5GlcNAc1 and 
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Glc3Man7GlcNAc2 FOS was reduced by greater than 60 
and 90 %, respectively, compared to untreated cells (Sup-
plemental Fig 1).

Consequently, MDBK cells were treated as before for 8 h 
with Z-VAD-fmk and NB-DNJ in the presence of a protea-
some inhibitor, calpain inhibitor I (ALLN), at 10, 25, 50 and 
100 μM. We first verified that treatment with the PNGase 
and proteasome inhibitors did not reduce overall rates of pro-
tein synthesis. The amount of [3H]-leucine incorporation was 
measured over the period of 8 h with a cocktail of inhibitors 
(Fig. 2b). Radioactive amino acid incorporation was stand-
ardised to cellular protein concentration and showed that, 

even in the presence of the cocktail of inhibitors at the high-
est concentration (1 mM NB-DNJ, 30 μm Z-VAD-fmk and 
100 μM ALLN), the differences were not significant. The 
FOS were then extracted and analysed (Fig. 2c). As previ-
ously, we observed that the combination of Z-VAD-fmk and 
NB-DNJ only reduced the level of the Glc3Man7GlcNAc2, 
species. By contrast, further addition of ALLN reduced the 
level of both glucosylated FOS in a concentration-dependent 
manner, with greater than 80 % reduction in Glc3Man7Glc-
NAc2 at the highest ALLN concentration administered.

In order to further confirm the connection between ERAD 
and Glc3Man7GlcNAc2 accumulation in NB-DNJ-treated 

Fig. 2  Accumulation of Glc3Man7GlcNAc2 is sensitive to PNGase 
and proteasome inhibitors. a MDBK cells were treated with 1 mM 
NB-DNJ in the presence (+inhibitor) or absence (−inhibitor) of 
Z-VAD-fmk or Q-VD-OPh (both: 30 μM). Cells were harvested at 
the times indicated, FOS were extracted and fluorescently labelled 
prior to analysis by NP-HPLC as described in the text. Cellular levels 
of Glc3Man5GlcNAc1 and Glc3Man7GlcNAc2 are plotted as a func-
tion of treatment time for each inhibitor. b [3H] leucine incorporation  

in MDBK cells treated with NB-DNJ (1 mM) in the presence or 
absence of Z-VAD-fmk (30 μM) and varying amounts of ALLN for 
8 h. Differences were not significant (p > 0.05; n = 3). c Levels of 
Glc3Man5GlcNAc1 and Glc3Man7GlcNAc2 treated as in b, per cent 
to levels of the respective FOS following treatment with NB-DNJ 
alone. Results in all plots and histograms are mean ± SEM (n = 3). 
For panel c: **p < 0.01, ***p < 0.001 (two-tailed unpaired Student’s 
t tests)
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cells, we studied the kinetics of lipid-linked oligosaccha-
ride release in parallel with the production of protein-linked 
and free oligosaccharides (Fig. 3). Following a 15-min pulse 
with [3H]-mannose, the level of dolichol-linked oligosac-
charides decreased steadily, with the full discharge occur-
ring between 30 and 60 min (Fig. 3a). The specificity of the 
analysis was confirmed by including a tunicamycin-treated 
control at the zero time point (Fig. 3a, inlet). The kinetics of 
oligosaccharide discharge from the dolichol precursor corre-
lated strongly with those of intracellular protein glycosyla-
tion, which reached its peak at approximately 30 min and 
decreased slowly (Fig. 3b), most likely due to glycoprotein 
secretion. Neither lipid-linked oligosaccharide release, nor 
N-linked glycan accumulation were significantly affected 
by treatment with the potent, cell-permeable proteasome 
inhibitor, MG132. However, when cellular FOS were ana-
lysed under the same conditions, the effect of proteasome 
inhibition was striking (Fig. 3c). While in cells treated with 
NB-DNJ alone total FOS began to accumulate immediately 
after the pulse and continued to build up even after 4 h, in 
MG132-treated cells the pattern of FOS accumulation mir-
rored that of N-linked oligosaccharides, i.e., peaking at 
30 min with a gradual drop to pulse levels by 4 h (Fig. 3c). 
At the same time, the secretion of glucosylated FOS into the 
culture medium remained unaffected following proteasome 
inhibition (Fig. 3d). These observations suggested the pres-
ence of two distinct populations of FOS: “early”, building 
up between 0 and 30 min, unaffected by proteasome inhi-
bition and secreted into the medium, and “late”, accumu-
lating mainly from 60 min onwards, MG132-sensitive and 
retained in the cells. Further FOS analysis demonstrated 
that the former group comprises mainly Glc3Man9GlcNAc2 
(almost immediately after the pulse) and Glc3Man8GlcNAc2 
(Fig. 3e–f), which are then presumably demannosylated to 
Glc3Man7GlcNAc2, [explaining a subtle peak at approxi-
mately 120 min in MG132-treated cells (Fig. 3f)] and 
secreted into the medium (Fig. 3d). At the same time, the 
FOS species dominant after a 24 h NB-DNJ treatment, i.e., 
Glc3Man5GlcNAc1 and Glc3Man7GlcNAc2, were found in 
the “late” MG132-sensitive population of FOS (Fig. 3e–f). 
Their levels continued to increase rapidly for 8 h, followed 
by a near-plateau (Fig. 3g). Levels of Glc3Man7GlcNAc2 
decrease slightly between 8 and 24 h (Fig. 3h), mainly due 
to residual glucosidase activity mediating its deglucosyla-
tion to Glc1–2Man7GlcNAc2 (data not shown). We postulate 
that the distinction between “early” and “late” FOS and 
their differential sensitivity to proteasome inhibition reflects 
the two origins of glucosylated FOS, i.e., dolichol-derived 
and glycoprotein-derived. However, since the former appear 
to be transient and secreted into the medium at the same rate 
as the bulk of the glycoprotein flow (Fig. 3b–c), whereas 
the latter continue to accumulate for the duration of the 
24 h NB-DNJ treatment in our experiments (Fig. 3g), the 

contribution of lipid-derived FOS to the total pool of free 
glycans is likely to be negligible. The reasons for cellular 
retention of ERAD-derived but not lipid-derived lume-
nal FOS, is unclear. One explanation for such distinction 
could be in compartmentalisation of ERAD as suggested by 
Lederkremer’s group [2]. Spatial separation of glycosyla-
tion and degradation could potentially account for differen-
tial behaviour of the identical free glycan molecules derived 
from different sources.

We therefore conclude that despite its lumenal localisa-
tion, free Glc3Man7GlcNAc2 is generated from glycopro-
teins by a PNGase-like activity, and the production of the 
glycan is linked to proteasome function in the same way 
as that of Glc3Man5GlcNAc1. Taken together, these findings 
strongly suggest that glucosylated lumenal FOS are mark-
ers of an ERAD route characterised by deglucosylation that 
necessarily precedes retrotranslocation.

Level of ER-localised glycan release is dependent on Golgi 
to ER transportation

Thapsigargin (TG) is a sesquiterpene lactone that inhib-
its the ATP-dependent calcium sequestration by the Ca2+/
Mg2+ ATPase, causing a decrease in the level of calcium 
in the ER lumen. The TG is also an inhibitor of the sarco-
endoplasmic reticulum Ca2+ ATPase (SERCA) [32, 33]. 
The SERCA inhibition increases Ca2+ removal from the 
ER to the cytosol. The TG is also thought to be an inhibi-
tor of retrograde transport (ERGIC-ER) but not anterograde 
transport (ER-ERGIC and Golgi) [34]. Since the accumu-
lation of Glc3Man7GlcNAc2 appeared to correlate with the 
deficiency in Golgi endomannosidase activity, we reasoned 
that the pathway leading to the production of lumenal FOS 
could be dependent on ER-Golgi-ER recycling of substrate 
glycoproteins and, hence, be sensitive to the inhibition of 
retrograde transport. Indeed, certain ERAD substrates have 
been suggested to require cycling to the Golgi and then  
retrograde transport to the ER to occur before the substrate 
is targeted for ERAD [35–37].

To this end, we assessed the effect of TG on the produc-
tion of Glc3Man7GlcNAc2. We first verified, that follow-
ing a 24 h treatment, the concentrations of TG used did not 
significantly alter the rate of protein synthesis in MDBK 
cells by measuring [3H]-leucine incorporation (Supplemen-
tal Table 1). Next, cells were incubated with NB-DNJ for 
24 h both in the absence and presence of TG, FOS analysed 
as described above, and the levels of Glc3Man7GlcNAc2 
measured in proportion to those of cytosolic FOS (Glc3 

Man5GlcNAc1) (Fig. 4a, b). It was revealed that following  
treatment with TG, levels of Glc3Man7GlcNAc2 were reduced 
significantly compared to those in cells incubated with NB-
DNJ only. The effect of TG was concentration-dependent 
and significant at a concentration of 0.1 μM, which did not 
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Fig. 3  Biphasic production 
of FOS in NB-DNJ-treated 
CHO-K1 cells. a quantitation 
of lipid-linked oligosaccharide 
discharge. Cells were pulsed 
with 3H-mannose for 15 min, 
followed by chase in media 
containing NB-DNJ with 
or without MG132, for the 
periods indicated. Total LLO 
levels after the pulse with or 
without tunicamycin are shown 
in the inlet. b quantitation of 
protein-linked glycans as in a. 
c quantitation of total cellular 
FOS. d quantitation of total 
FOS secreted into the culture 
medium. e–f quantitation of 
individual cellular FOS. Cells 
treated with NB-DNJ with (e) 
or without (f) MG132 were 
pulsed and chased as in a, FOS 
purified, fluorescently labelled, 
followed by the purification of 
individual peaks by prepara-
tive HPLC and radioactivity 
quantitation. Glycans in b–f are 
normalised to the control total 
FOS value at 240 min chase 
in each experiment. g kinetics 
of long-term FOS accumula-
tion in NB-DNJ-treated cells. 
h same for Glc3Man5GlcNAc1 
and Glc3Man7GlcNAc2. Cells 
were treated as in a, followed 
by a chase for the time periods 
indicated
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cause any detectable decrease in Glc3Man5GlcNAc1. The 
results were, therefore, consistent with the assumption that 
lumenal FOS production is dependent on retrograde Golgi-
ER recycling of ERAD substrates. Similar results were 
obtained using endomannosidase-deficient CHO-K1 cells 
and an alternative retrograde transport inhibitor, brefeldin A 
(results not shown). Cells treated with brefeldin at 0.1 μg/ml 
showed a 50 % decrease in the ratio of Glc3Man7GlcNAc2 
to Glc3Man5GlcNAc1 despite a more apparent reduction in 
protein synthesis, compared to TG treatment, as measured 
following [3H]-leucine incorporation.

A series of experiments was carried out to elucidate the 
mechanism by which thapsigargin affects FOS. First, to 
investigate the effect of TG in the presence of endoman-
nosidase, FOS analysis was carried out in BHK-21 cells 
that have been previously shown to contain a highly active 
form of endomannosidase [24] (Fig. 4c). The BHK-21 cells 
were treated with cycloheximide for 8 h to allow complete 

processing of FOS already present in the cells, followed by 
a 24 h treatment with or without TG together with NB-DNJ 
and NBA1, a cytosolic mannosidase inhibitor employed 
to minimise cytosolic degradation of FOS [38]. Following 
treatment with TG and NB-DNJ, the levels of the Glc3Man1, 
a characteristic tetrasaccharide product of Golgi endoman-
nosidase [39], were increased dramatically compared to the 
cells in the absence of TG (Fig. 4d). At the same time, we 
observed a decrease in the levels of glucosylated ConA-
bound FOS, which contributed to a decrease in total FOS. 
However, the levels of non-glucosylated FOS were not 
altered significantly. We, therefore, speculated that since 
the levels of Glc3Man1 increase in TG/NB-DNJ-treated 
BHK-21 cells, glycoproteins in the secretory pathway are 
subjected to more extensive processing by the enzymes in 
the Golgi apparatus, including endomannosidase. This was 
in agreement with the known ability of TG to inhibit ret-
rograde transport to the endoplasmic reticulum. The levels 

Fig. 4  Glc3Man7GlcNAc2 accumulation is dependent on Golgi-
ER transport. a NP-HPLC analysis of FOS extracted from MDBK 
cells treated with NB-DNJ in the presence (+TG) or absence (−TG) 
of thapsigargin (0.5 μM). Arrowheads indicate positions of Glc3 
Man5GlcNAc1 (G3M5N1) or Glc3Man7GlcNAc2 (G3M7N2).  
b Levels of Glc3Man7GlcNAc2 normalised to those of Glc3Man5 
GlcNAc1 in MDBK cells treated with NB-DNJ (1 mM) with or 
without TG in varying concentrations. Values are presented in per 
cent to treatment with NB-DNJ only. c NP-HPLC analysis of 2-AA-
labelled ConA-binding FOS in BHK-21 cells incubated with (+TG) 
or without(−TG) thapsigargin, as well as with NB-DNJ and NBA1. 
Groups of peaks are structurally annotated on the diagram. Arrow-
heads indicate positions of Glc3Man5GlcNAc1 (G3M5N1) or  

Glc3Man7GlcNAc2 (G3M7N2). d Quantitation of total, glucosylated 
and non-glucosylated ConA-binding FOS and Glc3Man1 (non ConA-
binding) oligosaccharide in BHK cells incubated with (+TG) or with-
out (−TG) thapsigargin as described above. e NP-HPLC analysis of 
FOS extracted from HL60 cells treated with NB-DNJ in the presence 
(+Glc-IFG) or absence (−Glc-IFG) of an endomannosidase inhibi-
tor (1 mM). f Levels of Glc3Man7GlcNAc2 (G3M7N2), Glc3Man5 
GlcNAc1 (G3M5N1) and Glc3Man1 (G3M1) in HL60 cells treated 
with NB-DNJ with or without Glc-IFG. Results in all histograms are 
mean ± SEM (n = 3). For panels b, d and f: *p < 0.05, **p < 0.01, 
***p < 0.001 (panel a: single-sample Student’s t tests, panels d and f: 
two-tailed unpaired Student’s t tests)
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of glucosylated FOS as well as the total free oligosaccha-
rides produced decreased, concomitant with the increase 
in Glc3Man1. Since the levels of deglucosylated FOS did 
not compensate for the decreased production of glucose-
bearing species, we concluded that TG has a “bottleneck” 
effect on the retrograde trafficking of ERAD substrates from 
the post-ER compartments, limiting the rate of glycoprotein 
retrieval, which additionally contributes to their increased 
residence time in the ERGIC/Golgi and, therefore, process-
ing by the corresponding enzymes.

Although the concentrations of thapsigargin employed in 
the described experiments did not cause significant alterations 
in cell viability, the rates of protein synthesis or the glycosyla-
tion state of secreted proteins (see below), and, furthermore, 
the data on BHK-21 FOS supported the inhibition of retro-
grade transport following thapsigargin/NB-DNJ cotreatment, 
a more direct confirmation of the dependence of Glc3Man7G-
lcNAc2 accumulation on Golgi-to-ER transport was sought. 
Since previous observations suggested correlation between the 
detectable levels of lumenal FOS and deficiency in endoman-
nosidase activity, HL-60 cells were subjected to a cotreatment 
with NB-DNJ and α-Glc-1,3-isofagomine (Glc-IFG), a sig-
nificantly more potent inhibitor of endomannosidase in vitro 
and in cells [40] than either α-Glc-1,3-deoxymannojirimycin 
or α-Man-1,3-deoxymannojirimycin, previously synthesised 
[41]. Following a 24 h incubation with the compounds, the lev-
els of both Glc3Man5GlcNAc1 and Glc3Man7GlcNAc2 were 
elevated (Fig. 4e, f), supporting the previously demonstrated 
ability of endomannosidase to deglucosylate ERAD substrates 
on a global level [11]. However, the levels of lumenal FOS 
were elevated to a much greater extent than cytosolic species 
(Fig. 4e). Inhibition of endomannosidase in cells was con-
firmed by a dramatic drop in the levels of Glc3Man1 (Fig. 4f).
While it has been previously shown that overexpressed 
endomannosidase affects the levels of both Glc3Man5Glc-
NAc1 and Glc3Man7GlcNAc2, [11], the data presented hereby 
demonstrate that endogenous endomannosidase preferentially 
deglucosylates glycoproteins to produce lumenal FOS.

Although Glc-IFG is the most potent in vitro endoman-
nosidase inhibitor available to date [40], its Golgi acces-
sibility is yet to be determined. We, therefore, cannot be 
certain of the level of inhibition of endomannosidase in  
Glc-IFG-treated HL60 cells. However, the observed effects of 
Glc-IFG/NB-DNJ co-treatment on lumenal FOS and Glc3Man1  
production were significant, and we, therefore, conclude that 
the lumenal production of Glc3Man7GlcNAc2 is correlated 
with increased exposure to enzymes in the ERGIC/Golgi.

Glycosylation state of secreted proteins is unaffected by 
thapsigargin treatment

We sought to confirm that the TG-dependent reduction in 
the levels of Glc3Man7GlcNAc2 in CHO-K1 and MDBK 

cells is limited to free oligosaccharides rather than reflect-
ing a change in the composition of protein-linked carbo-
hydrates (for instance, by inhibiting demannosylation). For 
this purpose, we analysed N-linked glycans on the Chan-
dipura virus (CHPV) glycoprotein and α1-antitrypsin fol-
lowing glucosidase inhibition. The CHPV contains one 
glycoprotein [42] (Supplemental Fig. 2) and bears close 
homology to the vesicular stomatitis glycoprotein, a clas-
sic model for studying the secretory pathway [43, 44]. The 
α1-antitrypsin is a secretory glycoprotein which has been 
recently shown to require Golgi-to-ER retrograde trans-
port prior to secretion [45]. In BHK-21 cells, no qualita-
tive changes of the glycoprotein N-linked oligosaccharides 
were observed for CHPV and α1-antitrypsin, indicating that 
the endomannosidase-mediated deglucosylation pathway 
fully compensates for glucosidase inhibition following NB-
DNJ treatment (Fig. 5). However, in NB-DNJ treated CHO-
K1 and MDBK cells, the glycans of both CHPV glycopro-
tein and α1-antitrypsin were almost exclusively composed 
of Glc3Man7GlcNAc2 N-linked oligosaccharide confirming 
the absence of endomannosidase activity in these cells. 
Importantly, the glycan composition of both glycoproteins 
analysed was unaltered following treatment of these cell 
lines with TG (Fig. 5).

We; therefore, conclude that the TG-dependent decrease 
in free Glc3Man7GlcNAc2 oligosaccharide is not due to 
qualitative changes in protein-linked oligosaccharides, but 
more likely due to a change in the amount of Glc3Man7Glc-
NAc2 released from degraded glycoproteins.

Cytosolic but not lumenal FOS-producing ERAD  
is affected by cytosolic mannosidase

Recent reports suggest that the cytosolic neutral 
α-mannosidase (NAM) may have a role in ERAD. Over-
expression of cytosolic mannosidase has been shown to 
have a stimulatory effect on glycoprotein degradation as 
well as the expected increase of the rates of free oligo-
saccharides processing [16]. Since the alternative path-
way we have identified appeared, at least initially, to be 
confined to the endoplasmic reticulum, we asked if the 
effect of cytosolic mannosidase on ERAD was limited to 
the cytosolic FOS-producing route rather than non-selec-
tively affecting protein glycosylation, folding and ERAD 
targeting. We used NBA1, an inhibitor of cytosolic man-
nosidase [38], in conjunction with NAM overexpression 
in CHO-K1 cells (Fig. 6a). We verified the antagonistic 
effects of NAM inhibition and overexpression by analys-
ing FOS in mock-/NAM-transfected cells over increasing 
concentrations of NBA1. As expected, NBA1 caused a 
concentration-dependent increase in larger (Man5 to Man9) 
oligomannosidic FOS structures (Fig. 6b), which was 
attenuated following overexpression of NAM (Fig. 6c). 



2810 D. S. Alonzi et al.

1 3

Having confirmed this model for studying the role of 
NAM in manipulating FOS, we performed similar experi-
ments under conditions where glucosidases were inhib-
ited. Following a 48 h treatment with NB-DNJ, the major 
GlcNAc1-bearing oligosaccharides in the CHO-K1 FOS 
profile were composed of Glc2–3Man4–5GlcNAc1 (Fig. 6d). 
A peak at GU = 9.06 contained several glucosylated  
oligosaccharides, both GlcNAc1- and GlcNAc2-terminat-
ing, as well as Man9GlcNAc1–2 and, therefore, was not used 
for quantitation. The NBA1 caused a significant decrease in 
the relative levels of Glc2–3Man4–5GlcNAc1. This decrease 
was not compensated for by an increase in higher-mannose 
species (Fig. 6d, e). The effect of NBA1 on Glc3Man7Glc-
NAc2, however, was insignificant. Moreover, the effect of 
NBA1 on the GlcNAc1-terminating glucosylated FOS was 
partially rescued by overexpressing NAM in the treated 
cells, whereas the relative levels of Glc3Man7GlcNAc2 
were not altered significantly. We; therefore, conclude that 
the production of free Glc3Man7GlcNAc2 oligosaccharide 
is not accessible to the cytosolic mannosidase, further 
demonstrating the presence of a FOS generation pathway 
independent from cytosolically-orientated proteasomal 
degradation of glycoproteins.

Lumenal FOS accumulation is unaffected by EDEM1 
overexpression

The current view on ERAD attributes a major role in marking 
glycoproteins for degradation to EDEM1–3 (ER degradation 
enhancing mannosidase-like). Initially regarded as lectins 
binding to misfolded glycoproteins [35], EDEM factors as 
well as their yeast homologue Htm1p are now increasingly 
viewed as major modulators of ERAD targeting via specific 
mannose trimming of substrate glycoproteins, which serves 
as a signal for downstream factors such as OS-9 and XTP3-B 
(Yos9p in yeast) [5, 46, 47]. The latter appear to deliver the 
substrate to large membrane-associated complexes mediat-
ing dislocation, unfolding, ubiquitination, deglycosylation 
and transfer to the proteasome. Of these complexes, the most 
well studied is the complex comprising Hrd1 (Hrd1p) and 
SEL1L (Hrd3p) alongside a number of additional factors [8].

Overexpression of EDEM1 has been previously shown to 
enhance ERAD [48–50]. We, therefore, asked whether this 
enhancement would be reflected in the production of either 
type of FOS generated in our model. The EDEM1 of murine 
origin was overexpressed in CHO-K1 cells treated with NB-
DNJ, and the levels of glucosylated FOS were compared 

Fig. 5  Thapsigargin effect on the glycosylation state of secreted pro-
teins. a NP-HPLC analysis of fluorescently labelled PNGase-released 
CHPV glycoprotein oligosaccharides. Virus was produced in BHK-21 
(1–4), MDBK (5–8) or CHO-K1 (9–12) host cells, untreated (1, 5, 
9) or treated with NB-DNJ (2, 4, 6, 8, 10, 12) and/or TG (3, 4, 7, 8, 
11, 12). Arrows and dotted lines indicate the position of Glc3Man7G-
lcNAc2 on the chromatograms. b HPLC analysis of α1-antitrypsin 

glycosylation. CHO-K1 cells were transiently transfected with an 
α1-antitrypsin-encoding plasmid and incubated for 96 h in control 
conditions (1) or in the presence of NB-DNJ (2, 4) and/or TG (3, 4).  
Secreted α1-antitrypsin was immunopurified, its glycans released 
using PNGase and fluorescently labelled. Arrow and dotted line indi-
cate the position of Glc3Man7GlcNAc2 on the chromatograms
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to those in mock-transfected cells (Fig. 7a). The levels of 
Glc2–3Man4–5GlcNAc1 were significantly increased, indicat-
ing an upregulation of the ERAD pathway leading to cyto-
solic FOS, consistent with the assumption that these species 
are produced as part of the conventional EDEM/OS-9/Hrd1-
dependent glycoprotein degradation route.

At the same time, the levels of glucosylated GlcNAc2-
terminating FOS (Glc3Man7GlcNAc2) were unaffected 
(Fig. 7b). We, therefore, conclude that the pathway lead-
ing to the accumulation of lumenal FOS is not sensitive to 
EDEM1 overexpression. The observed differences further 
highlight the deviation of the lumenal FOS-producing path-
way from the established properties of conventional ERAD.

Discussion

In the present study, we have employed free oligosac-
charides analysis as a means to dissect the pathways for 

ER-associated glycoprotein degradation in mammalian 
cells. A deglucosylation-incompetent model (endomannosi-
dase-negative cells treated with glucosidase inhibitors) has 
been employed to separate and stabilise the cellular pools 
of FOS generated at different cellular locations. Using this 
approach, we have identified a novel population of glyco-
protein-derived FOS that accumulated in the ER lumen, as 
opposed to previously characterised [10] cytosolic oligosac-
charides that are produced as part of conventional ERAD 
following glycoprotein dislocation across the ER membrane. 
The retention of glucose residues on the FOS in our model 
system is critical for the analysis due to the perturbation in 
FOS trafficking caused. In particular, glucosylated FOS fail 
to get transported to the lysosome or traverse the ER/cytosol 
membrane, therefore, accumulating in the respective sub-
cellular locations of origin [23].

In an attempt to characterise the degradation route lead-
ing to the production of lumenal FOS, we have identified 
several features of the pathway: (1) increased post-ER 

Fig. 6  Cytosolic mannosidase activity affects conventional ERAD 
but not the alternative degradation pathway. a Immunoblot dem-
onstrating overexpression of NAM in transfected CHO-K1 cells.  
b Analysis of fluorescently labelled FOS extracted from mock-trans-
fected CHO-K1 cells incubated for 48 h with 0, 25 or 50 μM NBA1. 
FOS were separated using HPLC, peak areas quantified, and the cor-
responding amounts plotted in pmol per 1 mg total protein against the 
number of mannose residues in each species. c Total amounts of FOS 
in mock- or NAM-transfected CHO-K1 cells treated with increas-
ing concentrations of NBA1, plotted in pmol per mg total protein.  

d NP-HPLC analysis of fluorescently labelled FOS extracted from 
mock- or NAM-transfected CHO-K1 cells, treated with NB-DNJ 
(1 mM) and with or without NBA1 (50 μM). Peaks were identi-
fied and structurally annotated as shown in Supplemental Table 2. 
e Relative quantities of Glc2–3Man4–5GlcNAc1 and Glc3Man7Glc-
NAc2, per cent to total FOS. Results in all plots and histograms are 
mean ± SEM (n = 3). For panels b, c and e: *p < 0.05, **p < 0.01, 
***p < 0.001 (panel a: one-way ANOVA, panels c and e: two-tailed 
unpaired Student’s t test)
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residence time/processing of the glycoprotein substrates, 
directly demonstrated by employing an endomannosidase 
inhibitor in endomannosidase-positive cells, which caused 
an upregulation of lumenal but not cytosolic FOS produc-
tion. Increased exposure of lumenal FOS-producing sub-
strates to post-ER compartments was additionally supported 
by the sensitivity of Glc3Man7GlcNAc2 to thapsigargin 
treatment; (2) lack of sensitivity to EDEM1 overexpression, 
which upregulates traffic through the conventional ERAD 
route; (3) lack of sensitivity to the overexpression of NAM, 
an ERAD-enhancing cytosolic mannosidase [16], which 
upregulates production of cytosolic FOS in an enzymatic 
activity-dependent manner.

The above findings led us to propose the following 
model (Fig. 8). Following treatment with NB-DNJ, glucosi-
dases (ER Gls) are unable to remove glucose residues from 
protein-linked carbohydrates, resulting in the production 
of Glc3Man7–9GlcNAc2 (G3M7–9N2) forms. Misfolded/

unassembled proteins that are predominantly retained in 
the ER become subject to the EDEM-mediated degradation 
route (1), which identifies ERAD substrates and targets them 
to the membrane-associated ubiquitination and retrotrans-
location machinery such as the Hrd1/SEL1L complex (2) 
[2]. Following retrotranslocation, the glycoprotein is degly-
cosylated by a PNGase-dependent mechanism prior to pro-
teasomal degradation (3), resulting in cytosolic FOS. The 
latter are then processed first by ENGase and then NAM, 
resulting in highly demannosylated, GlcNAc1-bearing, glu-
cosylated structures, e.g., Glc3Man5GlcNAc1 (G3M5N1). 
By contrast, a separate population of misfolded/unassem-
bled glycoproteins is less stringently retained in the ER 
following glucosidase inhibition. In most cell lines, such 
substrates are deglucosylated by Golgi-resident endoman-
nosidase (Endoman), but in CHO-K1 and MDBK cells 
post-ER deglucosylation does not occur (5). If retrogradely 
targeted to the ER, the described population of ERAD 

Fig. 7  EDEM1 overexpression upregulates the production of cyto-
solic but not lumenal FOS. a HPLC analysis of fluorescently labelled 
FOS extracted from mock- or EDEM1-transfected CHO-K1 cells, 
treated with NB-DNJ (1 mM). Peaks were identified and structurally 

annotated as shown in Supplemental Table 2. b Relative quantities of 
Glc2–3Man4–5GlcNAc1 and Glc3Man7GlcNAc2, per cent to total FOS. 
For panel b, results in the histogram are mean ± SEM. *p < 0.05

Fig. 8  Proposed model for the 
lumenal- and cytosolic FOS-
producing ERAD pathways. See 
explanations in the text
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substrates is more likely to undergo lumenal deglycosyla-
tion (7). The enzyme responsible is currently unknown, 
although lumenal PNGase activity has been previously 
characterised, and treatment with a PNGase inhibitor nega-
tively affects the production of lumenal FOS. The deglyco-
sylated glycoprotein is then likely targeted for retrotranslo-
cation (8). The lumenally-generated free glycans are either 
already processed by upstream-acting ER/Golgi man-
nosidases, or get trimmed by ER-resident mannosidase(s) 
following release from glycoproteins, to the end form of 
Glc3Man7GlcNAc2 (G3M7N2) (9). Due to the persistence 
of glucose residues on lumenal FOS, they are unable to 
escape into the cytosol as part of their catabolic route. This 
is opposed to FOS in endomannosidase-positive cells, that 
are produced downstream of Golgi-localised deglucosyla-
tion and, therefore, do not accumulate in the ER [11].

By employing FOS analysis coupled with blocked deglu-
cosylation in mammalian cells, we have identified a novel 
trafficking pathway that precedes ER-associated degrada-
tion of glycoproteins. Although certain features of this path-
way have been established, several open questions remain. 
It is currently unclear whether the substrates undergoing 
both the conventional cytosolic FOS-producing and the 
novel lumenal FOS-producing pathways represent different 
glycoproteins, or rather different populations of the same 
glycoproteins. Furthermore, although current evidence sug-
gests the role for Golgi trafficking in predisposing ERAD 
substrates for the lumenal FOS route, the mechanisms of 
such targeting are unclear.

The biological significance of the existence of an alter-
native ERAD pathway dependent on Golgi recycling of 
glycoproteins is an additional question that arises from our 
findings. Although undisputed in yeast [36, 51, 52], post-
ER quality control has not been unequivocally demon-
strated in mammalian cells. It has been speculated that the 
absence of Golgi-localised folding checkpoints in higher 
eukaryotes arose from increasing complexity of quality 
control in the ER [53]. The presently demonstrated path-
way could hypothetically depend on post-ER glycoprotein 
sorting and therefore represent a route for identification of 
misfolded ER-escaping glycoproteins in mammalian cells. 
Whether rudimentary or functional in vivo, this pathway 
would be induced by employing glucosidase inhibitors, 
since in these conditions calnexin-mediated ER retention 
of substrate glycoproteins would be alleviated. The promi-
nence of the lumenal FOS pathway in NB-DNJ-treated 
CHO-K1/MDBK cells could, therefore, be partially a con-
sequence of glucosidase inhibition itself. Nevertheless, the 
existence of a recycling route leading to a separate deg-
radation mechanism poses interest from the evolutionary 
viewpoint, particularly in light of the hypothetical post-ER 
quality control.
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