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catalyzes the first mannose trimming step in
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ABSTRACT

Sequential mannose trimming of N-glycan (ManoGIcNAc, -> MangGlcNAc, ->
Man;GlcNAcy) facilitates endoplasmic reticulum-associated degradation of misfolded
glycoproteins (gpERAD). Gene knockout experiments in human HCT116 cells have suggested
that EDEM2 carries out the first step. However, it was previously shown that purified EDEM?2
exhibited no al,2 mannosidase activity toward ManoGIcNAc; in vitro. Here, I found that
EDEM?2 was stably disulfide-bonded to TXNDCI11, an endoplasmic reticulum protein
containing five thioredoxin (Trx)-like domains. C558 present outside of the mannosidase
homology domain of EDEM2 was linked to C692 in Trx5, which solely contains the CXXC
motif in TXNDCI1. This covalent bonding was essential for mannose trimming and
subsequent gpERAD in HCT116 cells. TXNDC11 gene disruption leads to the loss of EDEM2
mannosidase activity and significant delay in gpERAD. EDEM2 showed altered protein
conformation and increased degradation in the absence of its stable association with TXNDCI11.
Furthermore, EDEM2-TXNDCI11 complex purified from transfected HCT116 cells converted
ManyGlcNAc> to MangGIcNAc: isomer B(M8B) in vitro. The present study establishes the role
of EDEM2 as an initiator of gpERAD and represents the first clear demonstration of in vitro

mannosidase activity of EDEM family proteins.



ABBREVIATIONS

AspN: Endoproteinase Asp-N

CHX: Cycloheximide

CNX: Calnexin

CRT: Calreticulin

DTT: Dithiothreitol

EDEM: ER degradation enhancing alpha mannosidase like protein
EndoH: Endoglycosidase H

ER: Endoplasmic Reticulum

ERAD: ER-associated degradation

FDR: False discovery rate

HCD: Higher-energy collision dissociation
HPLC: High-performance liquid chromatography
Htmlp: Homologous to mannosidase |

MHD: Mannosidase homology domain

Mns 1: Alpha 1,2 mannosidase I

NEM: N-Ethylmaleimide

ODS-column: Octadecyl-silica- column

OS-9: Osteosarcoma amplified 9

PA-MO: Pyridylaminated M9

PITCh: Precise Integration into Target Chromosome
PSM: Peptide spectrum match

RT-PCR: Reverse transcription polymerase chain reaction
TAP: Tandem affinity purification

TCA: Trichloroacetic acid
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INTRODUCTION

Quality control (QC) is a critical step to ensure the proper assembly and specification in every
manufacturing process. Pre-designed quality control screening is implied in every product
human manufacture for humankind on planet earth. For every defective product we produce,
we either try to repair it or, if that does not happen, discard it. Nature also follows the same
system of sophisticated quality control screening to maintain the proper functioning of life
processes. The cell, the basic building block of life, makes sure of its quality control in every
step of DNA, RNA and protein synthesis.

In the case of proteins, quality control occurs during the steps of transcription,
translation, folding and assembly. A protein must achieve its native conformation to surpass
the final QC check points. In the endoplasmic reticulum (ER), misfolded proteins that cannot
be brought back to their native state are recognized, ubiquitylated and targeted to the cytoplasm
for proteasome degradation. These processes are collectively termed ER-associated
degradation (ERAD) (Tsai et al., 2002).

In general, the ERAD pathway can be divided into four different steps: substrate
recognition and targeting to the retro-translocation machinery; protein transport across the ER
membrane and ubiqutilation; release of the substrate from the ER membrane into the cytosol;
and degradation of the substrate (Fig 0.1) (Xie and Ng, 2010; Smith., et al 2011; Brodosky,
2012).
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Fig. 0.1: Major steps of ERAD. In step 1, misfolded proteins are recognized and unfolded by
ER chaperones and targeted to the translocon. Bacterial toxins probably adopt the same
mechanism for unfolding. In step 2, polypeptides are moved through the channel.
Polyubiquitylation (Ub,) occurs when the polypeptide chain becomes exposed in the cytosol.
In step 3, polyubiquitylated polypeptides are extracted from the ER membrane into the cytosol.
In step 4, polypeptides are degraded by the proteasome (Tsai et al., 2002).



The ERAD pathway deals with different substates; hence, depending on the type of misfolded
lesion, ERAD is classified into three pathways, ERAD-L (ERAD of substrates with misfolded
lesions within the ER lumen), ERAD-C (cytoplasm), or ERAD-M (membrane) (Fig. 0.2)
(Brodosky, 2012).
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Fig 0.2: Major pathways of ERAD. ERAD-L: deals with substrates containing luminal
folding lesions (yellow star). ERAD-M: deals with substrates containing a membrane-
embedded folding lesion (yellow star). ERAD-C: deals with substrates containing cytosolic
folding lesions (yellow star).



ERAD-L deals with the clearance of both glycosylated (gpERAD-L) and non-glycosylated
(non-gpERAD-L) misfolded proteins from the lumen. The majority of nascent polypeptides
that are translocated into the ER lumen are attached to the GlcsMangGlcNAc, sugar moiety at
an Asn residue, which is not only important for ensuring the proper topology but is also
essential for their ERAD if they are unable to gain their native conformation. During the folding
process of glycoproteins, the terminal three glucose residues are trimmed by glucosidase I and
IT sequentially to form MangGIcNAc, (Kamiya et al., 2012). In higher eukaryotes, the UDP-
glucose glucosyltransferase (UGGT) repeatedly add glucose residues to ManoGlcNAc>. The
mono-glucosylated glycoprotein is specifically recognized by two lectin chaperones, calnexin
and calreticulin, and retained its localization in the ER until it gets folded (Fig 0.3). In gpERAD,
the recognition of misfolded glycoproteins requires this N-linked glycan (ManyGlcNAc,) and
protein determinant (Hammond et al., 1994; Ware et al., 1995; Hebert et al., 1995; Spiro et al.,
1996).
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Fig 0.3: The calnexin/calreticulin cycle. Calnexin and calreticulin assist the folding of
glycoproteins in the ER. Monoglucosylated (GlciManoGIcNAc>) glycoprotein can interact
with calnexin and calreticulin. Both chaperones associate with the thiol-disulfide
oxidoreductase ERp57 or PDIs. Glucosidase II mediates cleavage of the remaining glucose
which terminates the interaction with calnexin and calreticulin. Upon their release, correctly
folded glycoproteins can exit the ER. On the other hand, non-native glycoproteins are
substrates for the UDP-glucose: glycoprotein glucosyltransferase (UGGT), which adds a single
glucose back onto the glycan and thereby promotes re-association with calnexin and
calreticulin.
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The recognition of misfolded glycoproteins in yeast gpERAD has been extensively studied. In
this process, sequential mannose trimming from ManoGIcNAc, to Man;GlcNAc; plays a
crucial role (Molinari, 2007; Hosokawa et al., 2010a; Kamiya et al., 2012). Briefly, in the first
step, Mnslp, an al,2-mannosidase, catalyzes the conversion of ManoGIcNAc, (M9) to
MangGlcNAc isomer B (M8B); and al,2-mannosidase Htmlp catalyzes the second step,
conversion of M8B to Man;GIcNAc: isomer A (M7A) with the al,6-mannose exposed. M7A
oligosaccharides are recognized by lectin Yos9p for subsequent retro-translocation to cytosol
and degradation (Fig.0.4A) (Quan et al., 2008)

In mammalian ER, mannosidase I (ERmanl) is considered to be the sole homolog of
Mnsl. In contrast, Htm1p has 3 homologues, namely EDEM1, EDEM2, and EDEM3. The
actual function of these proteins in mammalian gpERAD has remained elusive. According to
the previous model, the mammalian gpERAD is initiated by ERmanl, which converts M9 to
MS8B (Gonzalez et al., 1999; Hosokawa et al., 2003). EDEM1 or EDEM3 then carry out the
second step of M8B to M7 conversion (Hosokawa et al., 2003, 2010b; Hirao et al., 2006;
Olivari et al., 2006). However, gene knockout studies of the mammalian homologues in
chicken DT40 cells and human HCT116 cells indicated that EDEM2 initiates the gpERAD in
mammals by trimming M9 to M8B and this M8B is further converted to M7A, primarily by
EDEM3 and partly by EDEM1 (Ninagawa et al., 2014). M7A is further recognized by lectin
proteins OS9 and XTP3B for retro-translocation to cytosol (van der Goot, 2018) (Fig 0.4 B).
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Fig 0.4: Current models of yeast and mammalian gpERAD. (A) In yeast, high-mannose-
type oligosaccharide attached to asparagine (GlcsManoGIcNAc2, G3MD9) is first trimmed to M9
by glucosidases Gls1 and Gls2. M9 is trimmed to M8B by Mns1p and M8&B is trimmed to M7A
by Htm1p. G1M9 is recognized by lectin chaperone Cnelp for folding, whereas M7A exposing
al,6-mannose is recognized by lectin Yos9p for subsequent degradation. (B) In mammals,
G3MO is trimmed to M9 by glucosidase I (GI) and glucosidase II (GII), homologues of yeast
Glsl and Gls2, respectively. GIM9 is recognized by lectin chaperones calnexin (CNX) and
calreticulin (CRT), homologues of yeast Cnelp, for folding. In two rate-limiting steps of the
mammalian gpERAD, M9 is trimmed to M8B by EDEM2, and M8B is trimmed by EDEM1
and EDEM3 to Man7.sGlcNAc2, which is recognized by lectin proteins OS-9 and XTP3B,

homologues of yeast Yos9, for degradation (Ninagawa et al., 2014).
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However, the confirmation of these homologues as true mannosidases can be achieved by
checking their mannosidase activity in vitro. It was previously reported that recombinant
EDEM?2 purified from HEK293 cells showed no mannosidase activity towards pyridylamine
(PA)-tagged ManyGlcNAc: or PA-tagged MangGlcNAc; in vitro (Mast et al., 2005). Hence,
the mannosidase activity of EDEM?2 remains in debate.

Interestingly, studies on the mannosidase activity of Htm1p revealed the role of PDI-
like proteins in its mannosidase activity. Htm1p is stably disulfide-bonded to Pdilp, a protein
disulfide isomerase, via the C-terminal domain (Clerc et al., 2009; Sakoh-Nakatogawa et al.,
2009). The association of Pdilp leads to introduction of a disulfide bond between C65 and
C445 in the Mannosidase Homology Domain (MHD) for its mannosidase function (Sakoh-
Nakatogawa et al., 2009). The Htm1p-Pdilp complex was able to convert M8B to M7 in vitro
(Gauss et al., 2011). Recently, Yu et al. showed the importance of an oxidoreductase, ERp46,
on EDEM3 mannosidase activity (Yu et al., 2018). In this regard, it is possible that EDEM?2
also requires a PDI-like partner protein to function as an active mannosidase.

Recent genome-wide CRISPR/Cas9-mediated forward genetic screening in human
cells showed the importance of a type Il transmembrane protein containing thioredoxin
(TXNDCI11) for gpERAD (Timms et al., 2016). It was shown that TXNDCI11 exhibits the
reductase activity required for the degradation of various gpERAD substrates, such as CD30,
TCRa and NHK (null Hong Kong variant of al-proteinase inhibitor), but not for degradation
of non-gpERAD substrates. Mass spectroscopic analysis revealed that TXNDC11 can interact
with the EDEM proteins EDEM2 and EDEM3 (Timms et al., 2016).

13



RESULTS
Sequence analysis between EDEM2 and Htm1p

I checked the sequence similarity between EDEM2 and its yeast homologue Htmlp with
particular regard to the cysteine residues. The analysis revealed that the important cysteines of
the MHD domain (C65 and C445) in Htmlp were strictly conserved in EDEM2 (C65 and
C408) (Fig.1A, shown with black bars). Additionally, the C-terminal cysteine in Htm1p (C579),
which was found to be important for the stable association with Pdilp (Sakoh-Nakatogawa et
al., 2009), was also conserved in EDEM2 (C558) (Fig. 1A, shown in red color and Fig. 1B).
Sequence comparison showed that the conserved cysteine residues in the MHD domain are a

common feature in all EDEMs (Fig. 1C).
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Figure 1: Sequence comparison between EDEM2 and Htm1p

(A) Structures of human EDEM2 and yeast Html1p are schematically shown with cysteine
residues (C) highlighted together with their positions (black bars underneath C indicate
conserved cysteine residues, whereas white bars over C indicate non-conserved cysteine
residues). The red and yellow boxes denote the signal sequence and mannosidase homology
domain (MHD), respectively. (B) Sequence comparison around the four cysteine residues
conserved between EDEM?2 and Htm1p (marked in red color) is shown below (asterisk and
colon indicate identical and similar amino acid, respectively). (C) Sequence comparison
between the EDEM homologues EDEM1, EDEM2 and EDEM3. The conserved cysteines
between the homologues are highlighted in red (asterisk and colon indicate identical and

similar amino acid, respectively.

15



Evaluation of cysteine residues present in EDEM2 for its mannosidase activity.

I intended to check the role of cysteines present in EDEM2 for its mannosidase activity.
EDEM2 has eight cysteine residues, of which five are located in the MHD domain and the
remaining three are in the C-terminal region. By using mutated primers, [ mutated each cysteine
of EDEM2 to an alanine and checked their activity of mannose trimming from ERAD-L
substrate mCD3-3-ATM-HA, which has three N-glycosylation sites. In the absence of EDEM2
(EDEM2-KO), mCD3-5-ATM-HA showed slower migration due to the inability of the first
mannose trimming. The migration difference disappeared after removal of N-glycans by
treatment with endoglycosidase (EndoH) (Fig. 2A). Co-expression of Flag-tagged EDEM2 WT
and each cysteine mutant with mCD3-6-ATM-HA in EDEM2-KO cells recovered mannose
trimming defect, except in the case of three cysteine mutants, namely C65A, C408A and
C558A. T used a catalytic-inactive mutant, E117Q as control (Fig. 2B). Degradation assay using
cycloheximide chase clearly showed that mCD3-3-ATM-HA degradation is significantly
delayed in the trimming defective cysteine mutants, similar to the case with EDEM2-KO cells

(Fig. 2C).
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Figure 2: Requirement of cysteine residues present in EDEM2 for its mannosidase

activity.

(A) Cell lysates were prepared from WT and EDEM2-KO cells expressing mCD3-6-ATM-HA
by transfection, treated with (+) or without (-) EndoH, and analyzed by immunoblotting using
anti-HA antibody. mCD3-6-ATM-HA* denotes deglycosylated mCD3-5-ATM-HA. (B) Cell
lysates were prepared from WT and EDEM2-KO cells expressing WT or one of the various
cysteine mutants of 3x Flag-tagged EDEM2 together with mCD3-3-ATM-HA by transfection,
and analyzed by immunoblotting using anti-HA and anti-EDEM?2 antibodies. E117Q is an
enzymatically inactive mutant of EDEM2. (C) Cycloheximide chase was conducted to
determine the degradation rate of mCD3-3-ATM-HA in WT and EDEM2-KO cells expressing
WT or one of the three cysteine mutants of 3x Flag-tagged EDEM2 by transfection, and
analyzed by immunoblotting using anti-HA antibody (n=3). Quantified data are shown on the

right. *P<0.05, **P<0.01.
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Interaction of EDEM2 with thioredoxin family proteins.

I checked the interaction of EDEM2 with its partners, especially thioredoxin-containing
proteins. I performed an immunoprecipitation (IP) experiment using transiently expressed
EDEM2(WT)-3xFlag, EDEM2(C65A)-3xFlag, EDEM2(C408A)-3xFlag, and
EDEM2(C558A)-3xFlag in EDEM2-KO cells and subjected the immunoprecipitates to
immunobloting with anti-PDI, anti-TXNDCI11, or anti-ERp72 antibodies. I found that both
PDI and TXNDCI11 interacted with EDEM2. In addition, the C558 A mutation disrupted the
binding of EDEM2 with TXNDCI11, whereas PDI interaction was unaffected by the mutation
(Fig. 3A, reducing). I noticed that in the non-reducing gel, the immunoprecipitates reacted with
anti-TXNDC1 1antibody in a higher molecular weight band (~225KDa) in the WT, C65A, and
C408A versions of EDEM2 protein but not in the case of C558A mutants (Fig. 3A, non-
reducing). The higher molecular weight band of C65A, and C408A mutants in non-reducing
SDS-PAGE in the IP experiment showed a difference in migration compared to the WT (Fig.
3A, non-reducing). To check whether this difference in migration was due to the defect in N-
glycan trimming, I conducted the same experiment using WT cells. The results still showed
the difference in migration between WT and C65A and C408A versions of the protein,
indicating that it is due to the change in the conformation of the complex due to cysteine
mutation (Fig. 3B, non-reducing).

Interestingly, both a monomer and higher molecular weight band were detected in non-
reducing SDS-PAGE, which specifically reacts with anti-TXNDC11 antibody but not with
anti-PDI antibody (Fig. 3C). Together, these results indicate that EDEM?2 stably interacts with
TXNDCI1 via disulfide bond formation through the C558 cysteine residue.
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Figure 3: Interaction of EDEM2 with thioredoxin family proteins

(A) Cell lysates were prepared from EDEM2-KO cells expressing WT or one of the three
cysteine mutants of 3xFlag-tagged EDEM2 by transfection and subjected to
immunoprecipitation using anti-Flag antibody. Aliquots of cell lysates (Input) and
immunoprecipitates {IP(Flag)} were subjected to SDS-PAGE under reducing and non-
reducing conditions, and analyzed by immunoblotting using anti-TXNDC11, anti-PDI, anti-
ERp72, and anti-Flag antibodies.
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Figure 3 continued.

(B) Cell lysates were prepared from HCT116 WT cells expressing WT or one of the three
cysteine mutants
immunoprecipitation using anti-Flag antibody. Aliquots of cell lysates (Input) and
immunoprecipitates {[P(Flag)} were subjected to SDS-PAGE under reducing and non-
reducing conditions, and analyzed by immunoblotting using anti-TXNDC11 and anti-Flag

of 3xFlag-tagged EDEM2 by transfection and

antibodies.
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(C) Cell lysates were prepared from WT and EDEM2-KO cells, subjected to SDS-PAGE under
reducing and non-reducing conditions, and analyzed by immunoblotting using anti-EDEM?2
(a), anti-PDI (b) and anti-TXNDCI11 (c¢) antibodies. § denotes high molecular weight forms of
EDEM?2 and TXNDCI11. Open triangle indicates a non-specific band.
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Construction of TXNDC11-KO in HCT116 cell line

As C558A mutation in EDEM2 leads to its loss of interaction with TXNDC11, and loss of
mannosidase activity, I thought that TXNDC11 might play some important role in maintaining
the mannosidase activity of EDEM2. To evaluate this, I disrupted the TXYNDCII gene in
HCT116 cells using CRISPR/Cas9-based Precise Integration into Target Chromosome
(PITCh). I targeted the exon one region of the gene with puromycin-resistant gene flanked by
the left and right arms of TXNDC11 gene as well as guide RNA target sites (Fig. 4A).

After co-transfection with both targeting vector and gRNA vector, I screened 34
colonies which showed puromycin resistance and chose two independent clones having
insertion of puromycin-resistant gene at the target site (Fig. 4D). However, sequencing analysis
of the inserted region from the genomic PCR products showed that Cas9 cleaved the targeting
vector on only one side (upstream of the left arm in the case of KO#1 or downstream of the
right arm in the case of KO#2); therefore, the whole targeting plasmid vector was integrated
into the exon one region in one allele of both clones (Fig. 4B and C). The results also indicated
that partial fragments of the targeting vector were inserted into exon one in another allele (Fig.
4B and C). Nevertheless, the inserts disrupted the expression of TXNDCI11 at both mRNA and
protein levels (Fig. 4E and F).

A
N o o o A > o O X NV
2 X K & &F ¥ Fer «F &
TXNDC11 -
7 B
Pie o I \\\\ < 2883
20 N Fr.C I‘i
§ /// /// \\ \\ 2884 00\\0\\ Fr.B
el 2 Y S FrAl—— P 299113651
ik ’ - PITCh
o 1 L
;PITCh gRNA target Site#

pX330A-TXNDC11-PITCh1x2

pCRIS-Puro(4656bp) (8989bp)

Figure 4: Construction of TXNDC11-KO in HCT116 cell line

(A) Strategy of the CRISPR/Cas9-based PITCh method to target exon 1 of the TYNDCI1 gene
is shown.
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Figure 4 continued.

(B) Structures of the TXNDC11 locus in TXNDC11-KO#1 cells are schematically shown. (C)
Structures of the TXNDCII locus in TXNDCI11-KO#2 cells are schematically shown. (D)
Genomic PCR was carried out to confirm recombination. Primers for lanes 1, 2 and 3 are
753Fw and 1708Rv, TgFw and 1831Rv, and 730Fw and TgRv, respectively. (E) Total RNA
was prepared from WT and two TXNDCI11-KO cells, and subjected to RT-PCR to amplify
cDNA corresponding to full length TXNDCI11 and GM130. (F) Cell lysates were prepared
from WT and two TXNDC11-KO cells, and analyzed by immunoblotting using anti-TXNDCI11

and B-actin antibodies.
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pCAG-EG-TXNDC11-FP

pCAG-EG-TXNDC1-FP+
pX330A-TXNDC11-

Evaluation of Cas9 activity remained in TXNDC11-KO cells.

To rule out the possibility of Cas9 activity remained in newly constructed TXNDC11-KO cells,
I cloned the target region of TXYNDC11 gene into the pCAG-EGxxFP vector. In this vector, the
enhanced green fluorescent protein (EGFP) gene is split into two inactive fragments containing
overlapping homologies (Clavel et al.,1986). In cells, cleavage at the TXNDC11 target site by
Cas9 initiates single strand annealing and generates an active EGFP gene. Co-transfection of
the pCAG-EG-TXNDCI11-FP and pX330A-TXNDCI1-PITChx2 vectors lead to enhanced
EGFP fluorescence (Fig. 5SA, B and C). However, the sole transfection of pCAG-EG-
TXNDCI11-FP vector did not lead to EGFP fluorescence, indicating that there was no
significant Cas9 activity remained in either of the TXNDC11-KO cells (Fig. 5A, B and C).

A B

WILDTYPE TXNDC11 KO#1

pCAG-EGxxFP pCAG-EGxxFP

pCAG-EG-TXNDC11-FP

pCAG-EG-TXNDC11-FP+
pX330A-TXNDC11-
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TXNDC11 KO#2
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pX330A-TXNDC11-
PITCh1x2

Figure 5: Evaluation of Cas9 activity remained in TXNDC11-KO cells.
(A), (B), (C). WT and two TXNDC11-KO cells were transfected with pCAG-EGxxFP pCAG-

EG-TXNDCI11-FP or both pCAG-EG-TXNDCI11-FP and pX330A-TXNDCI11-PITChx2
vectors, and observed for EGFP fluorescence using confocal microscopy after 48h.
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TXNDC11-EDEM2 complex is essential for gpERAD

The immunoblotting clearly showed that higher molecular weight forms of EDEM2 completely
disappeared in both TXNDC11-KO cells (Fig. 6A). Co-expression of Flag-tagged TXNDC11
and Myc-his-tagged EDEM?2 lead to reappearance of the higher molecular weight bands which
were specific to both anti-EDEM2 and anti-TXNDCI1 antibodies (Fig. 6B). Both the
TXNDCI11-KO cells showed the defect in mannose trimming of mCD3-6-ATM-HA (Fig. 6C).
This defect was restored by the external co-expression of Flag-tagged TXNDC11 with mCD3-
0-ATM-HA (Fig. 6C). Moreover, similarly to EDEM2-KO cells, the degradation of mCD3-6-
ATM-HA was significantly delayed in TXNDCI11-KO#1 and TXNDCI11-KO#2 cells in
contrast to WT cells (Fig. 6E). It was shown that the degradation of endogenous ATF6a, a type
I transmembrane glycoprotein in the ER, was initiated by EDEM2-mediated mannose
trimming (Ninagawa et al., 2014). The degradation of ATF6a was also delayed in both
TXNDCI11-KO cells as compared to WT cells (Fig. 6D). N-glycan profiling showed that M9
oligosaccharide was markedly accumulated in TXNDC11-KO cells, comparably to that in
EDEM2-KO cells (Fig. 6F and G). Thus, these results collectively indicate that the EDEM?2-

TXNDCI11 complex is involved in first mannose trimming, and is vital for gpERAD initiation.
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Figure 6: TXNDC11-EDEM2 complex is essential for gpERAD

(A) Cell lysates were prepared from WT, EDEM2-KO, and two TXNDCI11-KO cells,
subjected to SDS-PAGE under reducing and non-reducing conditions, and analyzed by
immunoblotting using anti-EDEM2 and anti-TXNDCI11 antibodies. (B) Cell lysates were
prepared from WT, EDEM2-KO, and TXNDCI11-KO#1 cells expressing 3x Flag-tagged
TXNDCI1 or both 3xFlag-tagged TXNDCI11 and Myc-tagged EDEM2 by transfection,
subjected to SDS-PAGE under non-reducing conditions, and analyzed by immunoblotting

using anti-EDEM?2 and anti-TXNDCI11 antibodies.
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Figure 6 continued.

(C) WT and EDEM2-KO cells were transfected with the plasmid to express mCD3-6-ATM-
HA. Two TXNDCI11-KO cells were also transfected with the plasmid to express mCD3-6-
ATM-HA together with (+) or without (-) the plasmid to express 3xFlag-tagged
TXNDCI1(WT). Cell lysates were then prepared, treated with (+) or without (-) EndoH, and
analyzed by immunoblotting using anti-HA antibody. (D) Cycloheximide chase was conducted
to determine the degradation rate of endogenous ATF6a in WT, EDEM2-KO and two
TXNDCI11-KO cells, and cell lysates were analyzed by immunoblotting using anti-ATF6a

)
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=
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antibody (n=3). Quantified data are shown on the right.
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Figure 6 continued.

(E) Cycloheximide chase was conducted to determine the degradation rate of mCD3-5-ATM-
HA in transfected WT and two TXNDC11-KO cells, and cell lysates were analyzed by
immunoblotting using anti-HA antibody (n=3). Quantified data are shown below. (F) Isomer
composition of N-glycans prepared from total cellular glycoproteins of WT, TXNDC11-KO#1,
TXNDCI11-KO#2 and EDEM2-KO cells is shown. (G) Oligosaccharides obtained in (A)
whose contents in TXNDC11-KO#1, TXNDC11-KO#2 and EDEM2-KO cells exceeded those
in WT cells are displayed with the increase over WT (%).

28



TXNDC11 uses alternative translation to produce its membrane and soluble versions.

TXNDCI1, a type Il transmembrane protein, has a single transmembrane domain (TMD) at
the N- terminus followed by five thioredoxin (Trx)-like domains and a coiled coil domain. It
also has ten predicted N-glycosylation sites (Fig. 7A).

Immunoblotting showed that TXNDCI11 is always detected as a doublet band in SDS-
PAGE and both bands are N-glycosylated (Fig. 7B). We noticed that the TXNDC11 bands
migrated more slowly in EDEM2-KO cells than in WT and that this difference disappeared
after treatment with EndoH (Fig. 7B). The protein sequence of TXNDCI11 showed two
methionine residues (M1 and M58) at the N-terminus just before the TMD (Fig. 7A). As the
DNA sequence around both M1 (catGtaATGt) and M58 (ttcctcATGG) resembles the Kozak
consensus sequence for translational initiation (gccReccATGG), I sought the possibility that
translation started at two methionine residues. To pursue this possibility, I mutated M1 and
M358 to alanine and transfected the mutated plasmid into TXNDC11-KO cells separately. The
band pattern in the immunoblot clearly showed that the M1A mutant had only one, which is
longer version, and that M58A also had only a single band with shorter version (Fig. 7C). Both
forms can stimulates the EDEM2 mannosidase activity, as mCD3-6-ATM-HA migrated faster
in TXNDC11-KO cells expressing M1A and M58A with mCD3-3-ATM-HA, similarly to the
case of WT TXNDCI1 (Fig. 7D).

I have performed freeze and thaw experiment followed by centrifugal fractionation to
separate the membrane and soluble portions of whole lysates. The results clearly showed that
the M58A mutant is a membrane version of TXNDCI11, similarly to calnexin, and that the
MI1A mutant is the soluble protein (Fig. 7E). Thus, membrane and soluble versions of
TXNDCI1 are produced by alternative translation initiation. This suggests that TMD acts as a
relatively weak signal peptide for M1A. SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/)
predicted that the probability for functionality of the TMD as a signal peptide is between 0.6
and 0.7 and that the probability for its cleavage at the C-terminus of A87 is approximately 0.5
(Fig. 7F). I therefore constructed the ASP (lacking amino acids from A59 to A87; see Fig. 7A)
and A87F (having the probability for functionality of the TMD as a signal peptide and the
probability for its cleavage of less than 0.4 and approximately 0.1, respectively; Fig. 7F)
mutants in the M1A mutant and introduced them into TXNDC11-KO cells separately. M1A-
ASP was synthesized as an unglycosylated cytosolic protein, as expected (Fig. 7G). M1A-A87F
moved slightly slower than M1A before and after EndoH treatment during reducing SDS-
PAGE (Fig. 7G) and M1A-A87F was mostly a calnexin-like membrane protein (Fig. 7H). I
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concluded that M1A becomes a soluble protein if it is cleaved by signal peptidase and that

MIA uncleaved by chance remains as a M58A-like membrane protein.
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Figure 7: TXNDC11 uses alternative translation to produce its membrane and soluble
versions.

(A) Structure of human TXNDCI11 containing the TMD, five Trx domains, and coiled coil
domain is schematically shown. q denotes potential N-glycosylation sites. The positions of the
two initiation methionines are also shown. (B) Cell lysates prepared from WT and EDEM2-
KO cells, treated with (+) or without (-) EndoH, and analyzed by immunoblotting using anti-
TXNDCI1 antibody. (C) Cell lysates were prepared from TXNDC11-KO cells expressing WT,
MI1A or M58A mutant of 3x Flag-tagged TXNDC11 by transfection, treated with (+) or without
(-) EndoH, and analyzed by immunoblotting using anti-Flag antibody. (D) Cell lysates were
prepared from TXNDC11-KO cells expressing mCD3-5-ATM-HA together with the WT, M1A,
or M58A mutant of 3x Flag-tagged TXNDCI11 by transfection, and analyzed by
immunoblotting using anti-TXNDCI11 and anti-HA antibodies.
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(E) Cell lysates were prepared from WT and TXNDCI11-KO cells expressing the M1A or
MS58A mutant of 3x Flag-tagged TXNDCI11 by transfection, and subjected to repeated freezing
and thawing. An aliquot of total membrane fraction (T) and resulting supernatant (S) and
precipitate (P) were analyzed by immunoblotting using anti-TXNDC1 1, anti-calnexin and anti-

calreticulin antibodies. (F) SignalP-5.0-mediated prediction of the probability for functionality

of the TMD as a signal peptide (broken line) and the probability for its cleavage by signal
peptidase (solid line) of M1A (upper) and M1A-A87F (lower). (G) Cell lysates were prepared

from TXNDC11-KO cells expressing M1A, M1A-A87F, or M1A-ASP mutant of 3x Myc-His-

tagged TXNDCI11 by transfection, treated with (+) or without (-) EndoH, and analyzed by

immunoblotting using anti-TXNDC11 antibody. (H) TXNDC11-KO cells expressing M1A or
M1A-A87F mutant of 3x Myc-His-tagged TXNDC11 by transfection were analyzed as in (C).
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Requirement of cysteine residues of TXNDC11 for EDEM?2 mannosidase activity

A previous report suggested the possibility of reductase activity of TXNDC11, in which C692
and C695 present in the CxxC motif of the active thioredoxin 5 domain were important for its
function (Timms et al., 2016). I decided to explore in more detail the importance of cysteines
in TXNDCI11 for its function in regard to EDEM?2 mannosidase activity.

TXNDCI11 contains 24 cysteine residues (Fig. 8A). To identify the important cysteines
involved in TXNDC11 function, I mutated each cysteine residue to serine, co-expressed with
mCD3-3-ATM-HA, and checked the migration pattern of mCD3-3-ATM-HA. The results
showed that there were five important cysteines (highlighted in red color), C165, C172, C380,
C574 and C692, and that their mutation to serine lead to slower migration of mCD3-6-ATM-
HA, indicating that these cysteines are essential for TXNDCI11 function in terms of EDEM2
activity (Fig. 8B). Interestingly, the cysteine present in the CxxS motif (C137) and one of the
two cysteines in the canonical CxxC motif (C695) did not seem to be important, as their

mutation to serine did not change the migration of mCD3-5-ATM-HA (Fig. §B).
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Figure 8: Requirement of cysteine residues of TXNDC11 for the EDEM2 mannosidase

activity.

(A) Structure of human TXNDCI1 is schematically shown with cysteine residues (C)
highlighted together with their positions. (B) Cell lysates were prepared from WT and
TXNDCI11-KO cells expressing WT or each cysteine mutant of 3x-Flag-tagged TXNDCI11
together with mCD3-6-ATM-HA by transfection, and analyzed by immunoblotting using anti-

HA and anti-TXNDCI11 antibodies.
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TXNDC11 stably interacts with EDEM?2 via C692 residue present in the canonical Trx5
domain.

To identify which cysteine of TXNDCI11 is important for inter-disulfide bond formation with
C558 of EDEM2, I co-transfected each cysteine mutant with Myc-his tagged EDEM2 in
TXNDCI11-KO cells. Non-reducing SDS-PAGE followed by immunoblotting analysis showed
that disulfide-mediated higher molecular weight complex formation was disrupted in cells
expressing the Flag-tagged C692S of TXNDC11 with Myc-his-tagged EDEM2 (Fig. 9A, third
panel). This result was further confirmed by immunoprecipitation in cells expressing WT or
one of the three cysteine mutants present in the Trx1 and Trx5 domains of TXNDCI11 (Fig.
9B). Consistent with the defect in complex formation, the C692S mutant expressed in
TXNDCI11-KO cells did not restore in vivo EDEM2 mannosidase activity (Fig.9C) as well as
gpERAD of mCD3-6-ATM-HA, in contrast to WT or C137S, C695S version of TXNDC11
(Fig. 9D).
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Figure 9: TXNDC11 stably interacts with EDEM2 via the C692 residue present in the

canonical Trx5 domain.

(A) Cell lysates were prepared from WT, EDEM2-KO, and TXNDC11-KO cells expressing
WT or one of various cysteine mutants of 3x Flag-tagged TXNDC11 together with Myc-tagged
EDEM?2 by transfection, subjected to SDS-PAGE under non-reducing conditions, and analyzed
by immunoblotting using anti-TXNDC11 and anti-EDEM?2 antibodies.
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Figure 9 continued.

(B) Cell lysates were prepared from TXNDC11-KO cells expressing WT or one of the three
cysteine mutants of 3x Flag-tagged TXNDCI11 and subjected to immunoprecipitation using
anti-Flag antibody. Aliquots of cell lysates (Input) and the immunoprecipitates {IP(Flag)} were
subjected to SDS-PAGE under reducing conditions and analyzed by immunoblotting using
anti-EDEM2 and anti-TXNDCI1 antibodies. (C) Cell lysates were prepared from WT,
EDEM2-KO, and TXNDC11-KO cells expressing WT or one of the three cysteine mutants of
3x Flag-tagged TXNDCI11 together with mCD3-5-ATM-HA by transfection and analyzed by
immunoblotting using anti-HA and anti-TXNDCI11 antibodies. (D) Cycloheximide chase was
conducted to determine the degradation rate of mCD3-3-ATM-HA in WT and TXNDC11-KO
cells expressing WT or one of the three cysteine mutants of 3x Flag-tagged TXNDCI11 by
transfection, and cell lysates were analyzed by immunoblotting using anti-HA antibody (n=3).
Quantified data are shown on the right.
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EDEM?2 exists in different conformation in the absence of stable binding with TXNDC11

It is important to know how TXNDC11 helps maintaining the mannosidase activity of EDEM2.
Immunoblotting analysis showed there was a lower amount of EDEM2 monomer in
TXNDCI11-KO cells (Fig. 6A, reducing). However, in quantitative RT-PCR, the level of
EDEM?2 mRNA was not affected by the TXNDC11 knock out (Fig. 10A). The similar level of
spliced XBPI mRNA in WT and TXNDC11-KO cells indicated that there was no ER stress
induction in the absence of TXNDCI11 (Fig. 10A). The cycloheximide chase experiment
suggested that in contrast to WT cells, the endogenous EDEM?2 degradation was enhanced in
TXNDCI11-KO cells (Fig. 10B). Importantly, the higher molecular weight forms of EDEM?2
present in the WT cells were more resistant to trypsin digestion than the EDEM2 monomer
present in TXNDC11-KO cells (Fig. 10C). This suggests that EDEM2 attains a different
conformation with and without TXNDCI1.
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Figure 10: EDEM2 exists in a different conformation in the absence of stable binding
with TXNDC11

(A) Quantitative RT-PCR was conducted to determine the levels of endogenous EDEM?2
mRNA (a) using the two primer sets indicated as well as spliced XBPI mRNA (b) relative to
the level of GAPDH mRNA in WT and two TXNDCI11-KO cells (n=3). (B) Cycloheximide
chase was conducted to determine the degradation rate of EDEM2 in WT and TXNDC11-KO

cells. The cell lysates were prepared and analyzed by immunoblotting using anti-EDEM?2
antibody.
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Figure 10 continued.

(C) Cell lysates were prepared from WT and TXNDC11-KO#1 cells, treated with the indicated
amount of trypsin at 4°C for 15 min, subjected to SDS-PAGE under reducing and non-reducing
conditions, and analyzed by immunoblotting using anti-EDEM2 antibody. The band with the

open triangle denotes a non-specific protein which serves as a control for trypsin digestion.
Quantified data are shown at the bottom.

Evaluation of disulfide formation of EDEM2 in WT and TXNDC11-KO cells
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Previous study suggested that the redox activity of TXNDCI11 is important for ERAD function
(Timms et al., 2016). As TXNDCI11 forms a stable complex with EDEM2, I decided to check
the effect of TXNDC11 on EDEM2 oxidative state, especially the bond between C65 and C408
in the MHD. I treated the lysates from WT, TXNDC11-KO and EDEM2-KO cells with NEM
to modify free cysteines, followed by DTT incubation to reduce the disulfide-bonded cysteines,
and then incubation with DNA-maleimide. The immunoblotting after maleimide modification
showed five EDEM2-specific bands with different molecular weights indicating that the
chemical modification was not uniform (Fig. 11A). However, the topmost EDEM2 specific
band in WT - in contrast to TXNDC11-KO cells - suggested the possible C558 maleimide
modification (Fig. 11 A). Nevertheless, there was no difference in band pattern other than C558
maleimide modification, suggesting that TXNDCI11 does not affect the oxidation state of
EDEM2.

To evaluate the C65-C408 disulfide bond formation, I wanted to perform mass
spectrometric analysis by focusing on peptides containing C65 and C408. To this end, I co-
expressed Flag-tagged TXNDCI11(M1A) with WT or the C558A mutant of tandem affinity
purification (TAP)-tagged EDEM2 in EDEM2-KO cells. I also expressed TAP-EDEM2 WT
in TXNDC11-KO cells. The purification methods were described later. To prepare the samples
for mass spectrometric analysis, I performed negative staining under non-reducing conditions,
followed by gel cutting of specific bands corresponding to EDEM2 monomer and EDEM?2-
TXNDCI11 complex (Fig.11 B). To generate peptide fragments, trypsin-mediated digestion in
gel was performed, and the reaction products were then treated with endoproteinase Asp-N.
The final peptide fragments were subjected for further analysis. The results showed that the
majority of EDEM2- and TXNDC11-specific peptides were in the 6 portion of the gel (Fig.
11C). Although there were many peptides which contained C65 and C408, no peptide was
detected in which C65 and C408 were disulfide bonded (Fig. 11 D and E).
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Figure 11: Evaluation of disulfide formation of EDEM2 in WT and TXNDC11-KO cells

(A) Cell lysates from WT, EDEM2-KO and TXNDCI11-KO cells were precipitated with TCA
and solubilized by sonication. The samples were incubated with (+) or without (-) NEM for 30
min at 37°C and then treated with (+) or without (-) DTT. The DTT were removed by TCA
precipitation and the pellet was solubilized by sonication. Aliquots of final samples were treated
with (+) or without (-) DNA-Maleimide for 30 min at 37°C and subjected to SDS-PAGE. The
DNA tag was removed by incubating the gel under UV for 15 min followed by immunoblotting
using anti-EDEM?2 antibody. (B) EDEM2-KO and TXNDC11-KO cells were transfected with
the indicated plasmids and subjected to purification by the TAP system as described later (Fig.
12A). Samples eluted from the beads by digestion with TEV protease were subjected to non-
reducing SDS-PAGE and negative-staining. The highlighted portions of the gel were dissected
and used for mass-spectrometry analysis.
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Figure 11 continued.

(C) Quantification of EDEM2- and TXNDCI1-specific peptides detected by mass
spectrometry. (D) Quantification of C65-and C408-specific peptides of EDEM?2 detected by
mass spectrometry. (E) Representation of predicted possible peptide containing C65 and C408
linkage theoretically, which was not detected in the peptide analysis. Ca denotes cysteine
carbamidomethyl by IAA.
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Purification of EDEM2-TXNDC11 complex

To determine in vitro mannosidase activity of EDEM2-TXNDCI11 complex, it is important to
obtain a sufficiently purified complex. I co-expressed Flag-tagged TXNDC11(M1A) with WT
or C558A mutant of TAP-tagged EDEM2 in EDEM2-KO cells. TAP-tag contains 2x
immunoglobulin binding site of protein A, 2xTEV protease recognition site and 6xMyc. At 48
h after transfection, TAP-EDEM2 was collected from cell lysates by adding IgG sepharose
beads, followed by elution of TAP-free 6xMyc-EDEM2 by digestion with TEV protease (Fig.
12A). I confirmed the purity using silver staining after reducing SDS-PAGE (Fig. 12B). The
presence of TXNDC11 and EDEM2 was confirmed by immunoblotting with anti-EDEM?2 and
anti-TXNDCI11 antibodies (Fig. 12C). TXNDCI11(M1A)-3xFlag was purified with WT but not
with C558A EDEM2 (Fig. 12B). Because a marginal amount of TXNDC11(M1A)-3xFlag was
detected in the eluate of C558 A EDEM2 (Fig. 12C), TXNDC11 might physically associate with
EDEM?2 even in the absence of disulfide bonding, albeit only slightly.
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Figure 12: Purification of EDEM2-TXNDC11 complex

(A) Schematic representation of purification strategy of EDEM2-TXNDCI11 complex.
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(B) EDEM2-KO cells were untransfected (-) or transfected (+) with the indicated plasmids and
subjected to purification using IgG Sepharose beads. Samples eluted from the beads by
digestion with TEV protease were subjected to reducing SDS-PAGE and silver-staining. (C)
The amounts of 6xMyc-EDEM?2 and TXNDC11(M1A)-3xFlag in samples for in vitro assay
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were checked by immunoblotting using anti-EDEM2 and anti-TXNDC11 antibodies.
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In vitro mannosidase activity of EDEM2-TXNDC11 complex

Equal amounts of purified EDEM2-TXNDC11(M1A) complex and EDEM2-C558A were
incubated with pyridylaminated M9 (PA-M9) for various times. The results clearly showed
that EDEM2-TXNDCI11 complex extensively removed the mannose from PA-M9 and
converted it to PA-M8 (Fig.13A). In contrast, EDEM2-C558A only marginally converted PA-
MO to PA-MS (Fig. 13A). I collected the M8 peak and further analyzed its isomer form using
an ODS-column. The M8 peak was determined to be the M8B isoform (Fig. 13B).
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Figure 13: In vitro mannosidase activity of EDEM2-TXNDC11 complex

(A) PA-M9 was incubated with samples as indicated for 4 h (a), 12 h (b) and 24 h (c), and then
analyzed by HPLC (amide column) for mannose contents. (B) The M8 peak obtained in (A)
after incubation with WT EDEM?2 was analyzed by HPLC (ODS column) for isomer
identification. Green, yellow, and purple peaks indicate the elution positions of MSA, M8&B,
and M8C, respectively. The asterisk observed during analysis of the M8 peak denotes a
fluorescent peak unrelated to oligosaccharides.
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DISCUSSION

Sequential mannose trimming is critical for endoplasmic reticulum-associated degradation of
misfolded glycoproteins (gpERAD). It was previously thought that trimming from M9 to M8B
is conducted solely by ERmanl and that M8B is further trimmed by ERmanl or EDEM1/3
(Avezov et al., 2008; Hosokawa et al., 2010). However, gene knockout experiments in human
HCT116 cells have revealed that EDEM?2 is required for the first step, and EDEM3 and
EDEMI are required for the second step (Ninagawa et al., 2014). ERmanl knockout in chicken
DT40 cells leads to increase in various types of B branch oligosaccharides but ERmanl
knockout-cells still can proceed gpERAD. ERmanl appears to trim the outermost mannose of
the B branch randomly regardless of the number of mannose residues, rather than specifically
convert M9 to M8B. It was also reported that endogenous ERmanl is localized in the Golgi
apparatus (Pan et al., 2011). Nonetheless, the above findings based on gene knockouts
contradict the results of previous biochemical analyses. For example, it was reported that
recombinant EDEM2 did not show mannosidase activity toward M9 and M8 in vitro (Mast et
al., 2005). Thus, the lack of in vitro evidence of EDEM2 mannosidase activity must be solved
to establish the mechanism of mammalian gpERAD.

My present study showed the vital role of the three cysteines in EDEM2 for its
mannosidase activity. C65 and C408 in the MHD are strictly conserved in EDEM1, EDEM3
and yeast Htmlp (Fig 1). This evidence suggests that the architecture of the MHD in
mannosidase enzymes must have been conserved in evolution from yeast to mammals. It was
previously shown that, these conserved cysteines play an important role in the mannosidase
activity of Htmlp (Sakoh-Nakatogawa et al., 2009). It was shown that the disulfide bond
between the conserved cysteine residues, C83 and C442, in EDEM3 is mediated by ERp46 (Yu
et al., 2018). ERp46 is disulfide-bonded to either C83 or C442 via its CxxC motif (Trx3) to
form a high molecular weight complex (Yu et al., 2018). However, either C83S or C442S
mutation eliminated the high molecular weight band, because this complex formation must be
transient prior to disulfide formation between C83 and C442, which is required for
mannosidase activity.

In this study, I showed that both mutations of C65 and C408 to alanine lead to defects
in EDEM2 mannosidase activity and degradation of ERAD substrate CD3-5-TM-HA (Fig 2).
This suggests that C65 and C408 are likely to be linked by intramolecular disulfide bonding.
As EDEM?2 is associated with PDI (Fig 3A), the disulfide bond between C65 and C408 is likely

to be catalyzed by PDI. However, the collision-induced dissociation (CID) mass spectrometry
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(MS)/MS method of mass spectrometry analysis was not able to detect peptides in which C65
and C408 disulfide-bonded (Fig 11). The advanced mass spectrometric analysis, such as
electron-transfer dissociation (ETD)/CID combined fragmentation method (Guan et al., 2018),
is necessary for further confirmation of the disulfide bond formation between C65 and C408.

In EDEM2, I found that the C-terminal cysteine, C558, has an essential role in
mannosidase activity and gpERAD (Fig 2B and C). EDEM2 uses this cysteine to form a stable
intermolecular disulfide bond with the C692 present in the Trx5 domain of TXNDCI11. The
C558A mutant of EDEM2 and the C692S mutant of TXNDC11 did not rescue the defects in
mannose trimming and degradation of CD3-3-TM-HA in EDEM2-KO and TXNDCI11-KO
cells, respectively (Fig 2 and Fig 9).

Immunoblot showed that both EDEM2 and TXNDC11 mainly exist as a hetero dimer
with each other as the monomer forms of EDEM2 and TXNDC11 are less abundant compared
to their complex form (Fig 3C). Gene knockout studies of TXNDCI11 clearly indicate the
importance of a stable heterodimer association between TXNDC11 and EDEM2; disruption of
TXNDCI1 gene leads to the defect in EDEM2 mannosidase activity and degradation of
gpERAD substrates such as ATF6a and CD3-5-TM-HA is significantly delayed in TXNDC11-
KO cells (Fig 6). Most importantly, this stable association with TXNDCI11 is essential for
EDEM?2 to catalyze M9 to M8 in vitro (Fig 13). In the absence of TXNDC11, EDEM2 shows
altered conformation and its degradation is enhanced, suggesting the significance of complex
formation for structure of EDEM2 to express mannosidase activity (Fig 10B and C). These
results demonstrate that TXNDCI11 is an essential component in gpERAD and that it functions
as a partner of EDEM?2.

TXNDCI1 is a thioredoxin-domain-containing transmembrane protein which is
localized in the ER. I and Timms et al. detected TXNDC11 as a doublet band in SDS-PAGE
(Timms et al., 2016). They also checked the possibility of alternative translation initiation of
TXNDCI1 from the M58 residue but found that M58A is still detected as a doublet band. They
concluded that the doublet band may be due to partial cleavage of the signal peptide. My
detailed mutational study with Endo H treatment clearly suggests that detection of
TXNDCl11as a doublet band is due to alternative translation initiation from the Met 58 residue
(Fig 7). I therefore speculate that the doublet band found by other researchers may be due to
de-glycosylation of a full length TXNDCI1. I identified the significant importance of this

alternative translation initiation. TXNDC11 uses alternative translation to produce membrane
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and soluble versions (Fig 7). Further detailed study is necessary to clarify whether the soluble
and membrane forms of TXNDC11 have distinct roles in gpERAD.

TXNDCI1 contains a CxxS motif in the thioredoxin 1 domain and a CxxC motif in the
thioredoxin 5 domain. Timms et al. purified the thioredoxin 5 domain and showed its reductase
activity in vitro, however, they ruled out the possibility that TXNDCI11 function as a reductase
of ERAD substrates: the degradation of cysteine mutant of NHK (NHK C/S) is impaired
similarly to wild-type NHK in TXNDCI11-depleted cells. By detailed mutational analysis, |
found that TXNDCI1 uses C692 in the CxxC motif to stably interact with EDEM2. The
mutations of other cysteines do not affect the heterodimer formation with EDEM?2. Since
TXNDCI1 uses one of its catalytic residues to interact with C-terminal C558 of the EDEM2,
it seems that the reductase function of the TXNDCI1 is not applicable at least to EDEM?2.
Moreover, by mutation analysis I found that mutations to serine of the other cysteine residues
of TXNDCI11 —namely C165, C172, C380, and C574 — lead to the defect in EDEM2 mannose
trimming (Fig. 8B). Perhaps these cysteine residues form intramolecular disulfide bonds with
each other, which are important for TXNDC11 to function as a partner of EDEM?2.

Recently, Lederkremer and collogues performed a comparative study for mannosidase
activity of ERmanl, EDEM1 and EDEM2. They showed in vitro that immunoprecipitated
ERmanl efficiently trimms M9 to M8, but that EDEM1 and EDEM2 have very weak trimming
activities toward M8B (Shenkman et al., 2018). They also noticed that both PDI and TXNDCI11
are associated with EDEM2 and EDEMI. They immunoprecipitated EDEM2 using HA
antibody, from HEK?293 cells expressing HA-tagged EDEM?2 and Flag-tagged TXNDC11 and
incubated the immunoprecipitates with denatured vitellogenin or free N-glycans released from
vitellogenin but they fail to show EDEM?2’s mannosidase activity in vitro. They appeared to
transfect HEK293 cells with HA-tagged EDEM?2 cDNA (described as EDEM2-HA) and full-
length TXNDCI11 cDNA tagged with Flag at the N-terminus (described as Flag-TXNDCI11).
Accordingly, translation is initiated from the methionine located immediately upstream of the
Flag-tag, resulting in detection of TXNDCI11 as a single band, namely as a transmembrane
protein, similarly to the M58A mutant protein. Therefore, they might not have been able to
obtain sufficient amount of EDEM2-TXNDCI11 complex in supernatant after lysis. In marked
contrast, in the present study, I co-expressed TAP-EDEM2 and the soluble form of TXNDCI11
(TXNDC11 M1A) and successfully purified a soluble complex of EDEM2-TXNDC11 which
extensively trimms PA-M9 to PA-M8B.

In conclusion, the present study clearly demonstrates the mannosidase activity of

EDEM2 towards free oligo saccharides in vitro, and that this effect is even clearer than the case
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of yeast Htm1p. Hence, the present study represents the first clear demonstration of in vitro
activity amongst EDEMs family proteins and the notion that EDEM2 catalyzes the first
mannose trimming step and thereby initiates gpERAD is now firmly supported by genetic and

biochemical analyses.

51



MATERIALS AND METHODS

Reagent type or | Designation Source or Identifier Additional

resources reference information

Cell line colorectal ATCC HCT116 Authenticated

(Homo carcinoma by ATCC and

Sapiens) Mycoplasma
tested

Recombinant p3xFlag-CMV- | Sigma-Aldrich

DNA reagent 14

Recombinant pcDNA3.1- ThermoFisher

DNA reagent MycHis

Antibody anti-TXNDCI11 | Abcam Cat#: WB (1:500)
(Rabbit ab188329
monoclonal

Antibody anti-EDEM2 Novusbio Cat#: NBP2- WB (1:500)
(Rabbit 37921
polyclonal)

Antibody anti-HA Recenttec Cat#: WB (1:1000)
(Rabbit R4-TP1411100
polyclonal)

Antibody anti-calnexin Enzo Life Cat#: ADI- WB (1:1000)
(Rabbit Sciences SPA-865
polyclonal)

Antibody anti-PDI Enzo Life Cat#: ADI- WB (1:1000)
(Rabbit Sciences SPA-890
polyclonal)

Antibody anti-ERp72 Enzo Life Cat#: ADI- WB (1:1000)
(Rabbit Sciences SPA-720
polyclonal)

Antibody anti-calreticulin | Enzo Life Cat#: ADI- WB (1:1000)
(Rabbit Sciences SPA-600
polyclonal)

Antibody anti-Flag Sigma Cat#: F3165 WB (1:1000)
(Mouse IP (2.5ul)
monoclonal)

Antibody anti-f3-actin Wako Cat#: 017- WB (1:2000)
(Mouse 24573
monoclonal)

Antibody Anti-human Haze et al., WB (1:1000)
ATF6a (Rabbit | 1999
polyclonal)
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Construction of plasmids

Recombinant DNA techniques were performed according to standard procedures (Sambrook
et al., 1989) and the integrity of all constructed plasmids was confirmed by extensive
sequencing analyses. Site-directed mutagenesis was carried out using mutated primers.
p3xFlag-CMV-14 expression vector (Sigma) and pcDNA3.1-MycHis expression vector
(ThermoFisher) were used to express a protein (EDEM2 or TXNDCI11) tagged with 3xFlag
and c-Myc at the C-terminus, respectively. pPCMV-SP-TAP-EDEM2 was constructed based on
pCMV, pcDNA3.1-SP-2xProA-2xTEV-6xMyc and pCMV-EDEM?2-3xFlag using an
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs). SP denotes a signal
peptide. The ERAD-Ls substrate mCD3-3-AM-HA was the kind gift of Maurizio Molinari at
the Institute for Research in Biomedicine, Switzerland. pCAG-EG-TXNDC11-FP vector was
constructed by inserting the target region of ZXNDC1 ] gene into a pCAG-EGxxFP (Addgene)

vector by restriction digestion and ligation.

Cell culture, transfection and N-glycan profiling

HCT116 cells (ATCC CCL-247) were cultured in Dulbecco’s modified Eagle’s medium
(glucose 4.5 g/liter) supplemented with 10% fetal bovine serum,2 mM glutamine, and
antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin) at 37°C in a humidified 5%
C0O2/95% air atmosphere. Transfection was performed using mainly polyethylenimine (PEI)
max (Polyscience) and partly Lipofectamine 2000 (Invitrogen) according to the manufacturers’
instructions. Pyridylamination and structural identification of N-glycans of total cellular
glycoproteins were performed as described previously (Horimoto et al., 2013; Ninagawa et al.,
2014). EndoH was obtained from Calbiochem; cycloheximide from Sigma; MG132 from
Peptide Institute; and trypsin from Nacalai Tesque. Trypsin digestion of cell lysates was carried

out as described previously (Ninagawa et al., 2015).

Immunological techniques

Immunoblotting analysis was carried out according to the standard procedure (Sambrook et al.,
1989) as described previously (Ninagawa et al., 2011). Chemiluminescence obtained using
Western Blotting Luminol Reagent (Santa Cruz Biotechnology) was detected using a LAS-
3000mini Luminolmage analyzer (Fuji Film). Rabbit monoclonal anti-TXNDCI11 antibody
was obtained from Abcam. Rabbit polyclonal anti-EDEM?2 antibody was obtained from
Novusbio; and anti-HA from Recenttec. Rabbit polyclonal anti-Calnexin, anti-PDI, and anti-
ERp72 antibodies were obtained from Enzo Life Sciences. Anti-Flag antibodies were obtained

from Sigma. Mouse monoclonal anti-B-actin antibody was obtained from Wako. Anti-human
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ATF6 antibody was produced previously (Haze et al., 1999). Immunoprecipitation was
performed using anti-Flag antibody and protein G-coupled Sepharose beads (GE Healthcare).
Beads were washed with high salt buffer (50 mM Tris/CL, pH 8.0, containing 1% NP-40 and
150 mM NaCl) twice, washed with PBS, and boiled in Laemmli's sample buffer.
CRISPR/Cas9-based PITCh system

TXNDC11 gene knockout was done as previously described (Sakuma et al., 2016). Briefly, the
oligonucleotides 5’-caccGCAGCGCGCAGCCGAGCGCCA-3’ and 5’-
2aacTGGCGCTCGGCTGCGCGCTGC-3’ to express gRNA for cleavage of exon 1 of the
TXNDCI1 gene (lower case letters denote cohesive ends for ligation) were annealed and
inserted into the Bpil site of pX330A-1x2 (Addgene). The Bsal fragment of pX330S-2-PITCh
to express PITCh gRNA (Addgene) was inserted into the resulting vector to create pX330A-
TXNDCI11-PITCh1x2 (Fig. 3A). The 5 forward primer 5’-
ccgcegttacatagcatcgtacgegtacgtgtitgge AGCTGCTCTGCGGGGCCGTG-
ccggatccggeccgetageacgtattta-3’ corresponding to the PITCh gRNA target site (5°-side lower
case letters), the left arm of the TXNDC11 gene (upper case letters) and the vector sequence
(3’-side  lower case letters), as well as the 3° reverse primer 5’-
acgcgtacgtgtttgge AGGAGCAGCGCGCAGCCGAGcegcegccttaagtcgacaag-3° corresponding to
the PITCh gRNA target site (5’-side lower case letters), the right arm of the TXNDC11 gene
(upper case letters) and the vector sequence (3’°-side lower case letters) were used to amplify
the region containing the puromycin-resistant gene but not the EGFP gene in pCRIS-PITChv2-
FBL followed by infusion reaction to create pCRIS-Puro (Fig. 3A). HCT116 cells were
transfected with pX330A-TXNDC11-PITCh1x2 and pCRIS-Puro using PEI-max and screened

for puromycin resistance.

Genomic PCR

Homologous recombination in HCT116 cells was confirmed by genomic PCR using a pair of
primers 753Fw: 5’>-CTACAGCGGTGTCAAGGTTCCAAGTAT-3’ and 1708Rv: 5°-
AAGTGACAGGTCCACCCCTAGTGACTC-3’, 730Fw: 5’-
AGACTACAGCGGTGTCAAGGTTCCAAGTAT-3" and 1831Rv: 5°-
TTAGATCAATGAGTGCGGGAATTCTAAAAG-3’, and TgFw: 5°-
AGTATGACAGGAAAAACTTCCATTTTAGTG-3’ and TgRv: 5°-
TATTAGGTCTGAAGAGGAGTTTACGTCCAG-3".
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RT-PCR

Total RNA prepared from cultured cells (~5 x 10°cells) by the acid
guanidinium/phenol/chloroform method using ISOGEN (Nippon Gene) was converted to
cDNA using Moloney murine leukemia virus reverse transcription (Invitrogen) and random
primers. The full-length open reading frame of TXNDCI11 and GAPDH was amplified using
PrimeSTAR HS DNA polymerase (Takara Bio) and a pair of primers, 5'-
GGAATTCGGTCGGAATGCGGAGGCCGCGGC-3' and 5'-
TCGGTCGACTTAGTCTGTCCTGTTCTCCTT-3/, for TXNDCI11 and 5’-
ATTCCATGGCACCGTCAAG-3’ and 5’-GATCTCGCTCCTGGAAGATG-3’ for GAPDH,

respectively.

Quantitative RT-PCR

Total RNA extracted as above was subjected to quantitative RT-PCR analysis using the SYBR
Green method (Applied Biosystems) and a pair of primers, namely 778Fw: 5’-
GGAGAGCCGGTCAGATATCG-3’ and 838Rv: 5’-CCACTTGCCAGTGAGCACAT-3’ as
well as 1036Fw: 5’-CCAGTCCTTGGAGGCCTACTG-3> and 1105Rv: 5’-
GGTCCTCATGGCATTGTCAAT-3’ for EDEM?2 mRNA, Fw: 5’-
CTGCTGAGTCCGCATCAGGT-3’ and Rv: 5’-GAGTCAATACCGCCAGAATCCA-3’ for
spliced XBPI mRNA, and Fw: 5-ATTCCATGGCACCGTCAAG-3’ and Rv: 5’-
GATCTCGCTCCTGGAAGATG-3’ for GAPDH mRNA.

Repeated freezing and thawing

TXNDCI11-KO cells in 10-cm dishes were collected 16 h after transfection in 1 ml of PBS
containing protease inhibitor cocktail and MG132, and centrifuged at 5,000 rpm for 3 min.
The pellets were re-suspended in 600 pl of PBS containing protease inhibitor cocktail and
MG132, quickly frozen in liquid nitrogen, and then quickly thawed in a water bath at 37°C.
This freezing and thawing cycle was repeated 10 times. After centrifugation at 1,000 x g for
10 min, the supernatant was collected, subjected to further 5 cycles of freezing and thawing,
and centrifuged at 1,000 x g for 10 min. Half of the supernatant was used as total membrane
fraction (T). The second half of the supernatant was centrifuged at 40,000 rpm for 30 min at
4°C to collect supernatant (S) and pellets (P).

DNA-Maleimide modification assay

Modification of cysteines in EDEM2 was performed using a protein redox state monitoring kit
according to the manufacturer’s protocol (SulfoBiotics) (Hara et al., 2013). Briefly, NEM
treated with lysates from WT, TXNDC11-KO and EDEM2-KO cells were TCA-precipitated
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and then washed with acetone. The samples were dried and then solubilized using a sonicator.
The soluble samples were further treated with DTT to reduce the disulfide bonded cysteines,
followed by TCA precipitation, washing, and sonication as described before. From the final
solubilized samples, 4 pul was used for DNA-maleimide modification. Initially, 4 pl of reaction
buffer A was added to protein-shifter. Then, 4 pul of sample was mixed with the above reaction
by pipetting. Finally, 4 pl of reaction buffer B was added to the solution and mixed properly.
The reaction was incubated at 37°C for 30 min. The incubated samples were electrophoresed
with reducing SDS-PAGE and the gel were incubated under UV for 15 min to remove the
DNA-tag prior to western blot.

Purification of EDEM2

EDEM2-KO cells plated on 15 cm dishes were simultaneously transfected with TAP-EDEM?2
and TXNDC11(M1A)-3xFlag. Forty-eight hours later the cells were lysed in lysis buffer {50
mM MES, pH 7.5, containing 150 mM NaCl, 1% CHAPS, and EDTA-free protease inhibitor
cocktail (Roche)}, and centrifuged at 9,500 g for 30 min at 4°C. The resulting supernatant was
filtrated through a low protein binding syringe filter (Merck) and rotated for 8 h at 4°C after
the addition of IgG Sepharose beads (GE Health Care). The beads were collected by
centrifugation at 3,000 rpm for 1 min at 4°C, washed twice briefly and then washed overnight
with wash buffer (50 mM MES, pH7.5, containing 400 mM NacCl, 0.1% CHAPS and EDTA-
free protease inhibitor cocktail). The beads were incubated with 200 U of AcTEV protease
(Invitrogen) in TEV buffer (50 mM MES, pH7.5, containing 150 mM NaCl) for 24 h at 4°C,
and then centrifuged briefly. The resulting supernatant was concentrated using an Amicon
Filter (10 kDa cut off, Millipore) by centrifugation at 4,000 g for 1h at 4°C. During
concentration the buffer was changed to 50 mM MES, pH7.5, containing 150 mM NaCl and 5
mM CaCl,, by 3 additions to the filter.

Sample processing for proteome analysis

In-gel digestion was performed according to a protocol (Shevchenko et al., 2006). Briefly, gel
pieces (IAA-treated) were dehydrated with 500 pl of 100% ACN and incubated at room
temperature for 15 min, after which the ACN was discarded. The remaining ACN solution was
evaporated under reduced pressure using a SpeedVac. Proteins were digested with trypsin
(Promega) (1.7 pg) in 50 mM ABC (ammonium bicarbonate) and incubated for 30 min on ice,
followed by additional incubation at room temperature for 90 min. 100 ul of 50 mM ABC was
added to each sample, and the samples were incubated at 37°C for 16 h. Next day, 100 pl of
AspN (1.7 pg) in 50 mM ABC was added to each sample and incubated at 37°C for 3 h. The
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peptides were transferred to a fresh tube. Peptides were extracted from the gels using 150 pl of
3% TFA, 30% ACN (incubated for 5 min with gentle shaking), followed by 200 ul of ACN
(incubated for 5 min with gentle shaking). The extracted peptides were transferred to a
corresponding fresh tube, and the sample solution was evaporated using SpeedVac at 55°C for
1.5 h. Peptides were desalted with SDB-XC StageTips prior to LC/MS/MS analysis
(Rappsilber et al., 2007).
Mass Spectrometric analysis
Nano-scale reversed-phase liquid chromatography coupled with tandem mass spectrometry
(nanoLC/MS/MS) was performed with an Orbitrap Fusion Lumos mass spectrometer (Thermo
Fisher Scientific), connected to a Thermo Ultimate 3000 RSLCnano pump and an HTC-PAL
autosampler (CTC Analytics) equipped with a self-pulled analytical column (150 mm length X
100 pum 1.d.) (Ishihama et al., 2002) packed with ReproSil-Pur C18-AQ materials (3 um, Dr.
Maisch GMBH). The mobile phases consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid
and 80% acetonitrile. Peptides were eluted from the analytical column at a flow rate of 500
nl/min by altering the gradient: 5-10% B in 5 min, 10-40% B in 15 min, 40-100% B in 1 min
and 100% for 4 min. The Orbitrap Fusion Lumos instrument was operated in data-dependent
mode with a full scan in the Orbitrap followed by MS/MS scans for 3 sec using higher-energy
collision dissociation (HCD). The applied voltage for ionization was 2.4 kV. The full scans
were performed with a resolution of 120,000, a target value of 4x10° ions and a maximum
injection time of 50 ms. The MS scan range was m/z 300—-1,500. The MS/MS scans were
performed with a 15,000 resolution, a 5x10* target value and a 50 ms maximum injection time.
The isolation window was set to 1.6 and normalized HCD collision energy was 30. Dynamic
exclusion was applied for 20 sec.

All raw datasets were analyzed and processed by MaxQuant (v1.6.5.0) (Cox J et al.,
2008). Default settings were employed. Search parameters included two missed cleavage sites
and variable modifications such as methionine oxidation, protein N-terminal acetylation and
cysteine carbamidomethyl. The peptide mass tolerance was 6 ppm and the MS/MS tolerance
were 20 ppm. The database search was performed with Andromeda (Cox et al., 2011) against
the UniProt human database (downloaded on 2019-4) with common contaminants and enzyme
sequences. False discovery rate (FDR) was set to 1% at the peptide spectrum match (PSM)
level and at the protein level. For protein quantification, the total summed intensity of the

peptides was used. A minimum peptide count required for protein quantification was set to two.
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In vitro mannosidase assay

PA-labeled free oligosaccharides were purchased from Takara Bio. Approximately 90 ng of
purified WT and C558 A mutant of EDEM2 were incubated with 50 uM PA-M9 in a total
volume of 45 pl of assay buffer (50 mM MES, pH 7.5, containing 150 mM NaCl and 5 mM
CaCly) for 4 h, 12 h, or 24 h at 37°C. The reaction was stopped by boiling for 5 min. The
samples were evaporated, dissolved with 20 ul of 70% (v/v) acetonitrile, and analyzed using a
TSK-gel Amide-80 column (Tosoh) for mannose contents. Identification of N-glycan
structures was based on their elution positions on the column and their molecular mass values
compared  with  those of  PA-glycans in the GALAXY database
(http://www.glycoanalysis.info/galaxy2/ENG/index.jsp) (Takahashi et al., 2003). The M8 peak

from the WT sample was collected, evaporated, dissolved with 20 ul of water, and analyzed

using a Shim-pack HRC-octadecyl silica column (Shimadzu) for isomer identification.
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