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ABBREVIATIONS

BSA: bovine serum albumin

CHX: cycloheximide

CMV: cytomegalovirus

Con A: Concanavalin A

DKO: double-knockout

DIW: deionized water

Dox: doxycyclin

EDEMI1: ER degradation enhancer, mannosidase a-like 1
ENGase: endo-[3-N-acetylglucosaminidase

ERAD: endoplasmic reticulum-associated degradation
ER SP: endoplasmic reticulum signal peptide

fOSs: free oligosaccharides

Fuc: fucose

Gal: galactose

GAPDH: glyceraldehyde 3-phosphate dehydrogenase
GFP: green fluorescent protein

Glc: glucose

Gn2: glycans baring two GIcNAc at the reducing end
HRP: horseradish peroxidase

LAMPI: lysosomal-associated membrane protein 1
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LC-ESI MS: Liquid chromatography—electrospray ionization mass spectrometry
LC3: microtubule-associated protein light chain 3
Man: mannose

Man2C1: cytosolic a—mannosidase

MEF: mouse embryonic fibroblast

NeuSAc: N-Acetylneuraminic acid (sialic acid)
NHK: misfolded null Hong Kong al-antitrypsin
Ngly1(PNGase): peptide:N-glycanase

PBS: phosphate-buffered saline

PFA: paraformaldehyde

PVDF: polyvinylidene difluoride

TCRa: T cell receptor a chain

RIPA buffer: radioimmunoprecipitation assay buffer

RTAA: non-toxic mutant of ricin A subunit

RTAAm: monoglycosylated non-toxic mutant of ricin A subunit
SDS-PAGE: sodium dodecyl sulfate- polyacrylamide gel electrophoresis
Sialyl fOSs: sialyloligosaccharides (sialylated free oligosaccharide)
TBS-T: Tris-buffered saline with Tween20

TNE buffer: Tris-NaCI-EDTA Buffer

WT: wild type



SUMMARY

In eukaryotes, a large portion of the secretory and membrane proteins that synthesized in
the ER are modified with asparagine-linked glycans (NV-glycans). The covalent attachment
of glycans on proteins results in changes in their physicochemical properties, as well as

physiological properties.

The molecular details of the biosynthetic pathway of N-glycans in mammals have been
well-clarified. Dolichol-linked precursors for N-glycans are assembled at the ER
membrane and transferred to Asn residues of the consensus sequence (Asn-Xaa-Ser/Thr,
Xaa#Pro) in nascent polypeptides. The N-glycosylated proteins, or N-glycoproteins that
acquired the correct folding state with the aid of various ER lumenal chaperones, are
transported to their respective destinations via vesicular trafficking. Within the secretory
pathway, the N-glycans are extensively remodeled from high mannose-type glycans to
complex-type glycans that often play central roles in regulating bioactivity or stability of

glycoproteins.

In contrast to the N-glycan biosynthesis, molecular mechanism for N-glycan degradation
has not yet been fully understood even in mammalian cells. For instance, it has long been
believed that lysosomes are the predominant organelle to break down all kinds of
macromolecules including N-glycoproteins. However, recent studies revealed a novel

non-lysosomal glycan degradation pathway occurring in the cytosol, whilst the quality
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control machinery in the ER was being clarified. The ER lumen possesses quality control
system that ensures only correctly folded proteins to exit the ER to their destinations,
while those misfolded ones would be retrotranslocated to the cytosol for proteasomal
degradation. The latter process was often called as ER-associated degradation (ERAD).
During the ERAD process, a cytosolic peptide:N-glycanase (PNGase), which cleaves
glycans from glycoproteins, initiates the non-lysosomal degradation of N-glycans by
releasing free oligosaccharide (fOSs) in the cytosol. The released fOSs are then further
processed by the action of cytosolic endo-B-N-acetylglucosaminidase (ENGase) that
removes a single GIcNAc residue from the reducing end on the fOSs, as well as the
cytosolic a-mannosidase Man2C1 before the remaining fOSs could be transported to the
lysosomes for their degradation into monomeric sugars. In addition to this cytosolic
glycan degradation, recent study in our lab indicated unknown functions of basal
autophagy in the catabolism of complex type free glycans. These findings have shed light
on the importance of non-lysosomal compartments in glycan degradation. However,
detailed mechanisms underlying the non-conventional glycan degradation pathways

remains largely elusive.

The purpose of my study is to elucidate the biological importance and molecular
mechanisms of these glycan/glycoprotein degradation pathways. In the first chapter, I
aim to clarify the physiological role of the cytosolic PNGase which works in the initial
step of the non-lysosomal degradation pathway. This study is extremely important

because growing number of patients showing multiple symptoms have been identified
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harboring mutations in NGLYI (a gene encoding an orthologue of human cytosolic
PNGase), while the development of therapeutic treatments is hindered due to the limited
knowledge on the underlying mechanisms of the phenotypes caused by the mutation of
NGLYI gene. Gene-knockout mice studies in our lab have revealed that the abrogation of
Nglyl (mouse PNGase) causes embryonic/perinatal lethality. Surprisingly, this lethality
was rescued by an extra knockout of a gene encoding the cytosolic ENGase, clearly
indicating that the presence of ENGase in Nglyl™~ mouse causes the lethal phenotype. To
provide the mechanistic insight into the ENGase-caused lethality in Nglyl™~ mice, 1
utilized mouse embryonic fibroblast (MEF) cells derived from various knockout mice,
and tried to analyze the activity of ENGase on glycoproteins in the Nglyl~~ MEF cells.
Using a plant-derived glycoprotein for ERAD substrate, dysregulation of ERAD was
shown in NglyI™~ MEF cells while normal ERAD was observed in wild type, Engase™",
and Engase”’ Nglyl”’~ MEF cells. Moreover, a deglycosylating activity of ENGase
toward a model ERAD substrate was confirmed in the absence of Nglyl, and the
ENGase-generated N-GIcNAc containing proteins formed stable aggregates in Nglyl ™'~
MEF cells. Collectively, this study underscores the functional importance of Ngly1 in the
ERAD process and provides a potential mechanism underlying the phenotypic
consequences of a newly-emerging genetic disorder caused by mutation of human

NGLY] gene.

In the second chapter, I aim to clarify how basal autophagy regulates the degradation of

complex type free oligosaccharides. Recent observations in our lab showed that
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sialyloligosaccharides, which are normally generated and degraded in the lysosomes,
considerably accumulated in the cytosol of cells lacking Atg5, a molecule essential for
autophagosome formation. Sialin, a sialic acid transporter in the lysosome membrane,
was suggested to be somehow involved in the accumulation of sialic acid containing
fOSs in Atg5~"~ MEF cells. To better understand the underlying mechanisms, I examined
the level of sialin molecule upon inhibition of autophagy, and the results clearly showed
the increase of sialin proteins upon the inactivation of autophagy process, indicating the
specific regulation of sialin by the autophagy. While the detailed mechanisms still remain
to be clarified, my results clearly showed the relationship between autophagic process

and stability of sialin protein.

The observations in my thesis study underscore the biological importance of the novel
non-lysosomal compartment in glycan degradation, and expanded our current knowledge

of the non-conventional glycoprotein degradation pathways.



INTRODUCTION

Glycans are sugars (saccharides) or sugar chains (oligosaccharides) that covalently
attached to proteins/lipids or otherwise exist as a ‘free’, unconjugated form.
Glycosylation is one of the most ubiquitous post-translational modifications of proteins in
all domains of life, i.e. the eukarya, bacteria and archaea. The covalent attachment of
glycans on proteins resulted in changes in their physicochemical properties, such as
solubility or heat stability, as well as physiological properties, such as bioactivity or intra-
or intercellular distribution. Different glycosylations have been identified according to the
nature of the linkage to the aglycone; among them, the N-glycosylation or asparagine-

linked glycosylation is one of the most well-studied forms of protein glycosylation.

Biosynthesis of N-glycoproteins

In eukaryotes, most of the secretory and membrane proteins are synthesized in the
ER, and a large portion of these proteins are modified with N-glycans during or after their
protein translation. In the ER of mammalian cells, dolichol-linked glycans comprising of
fourteen sugars (GlcsManoGIcNAc,), namely the N-glycan precursor, is assembled at the
ER membrane and transferred to the Asn residue in the N-glycosylation consensus
sequence (Asn-Xaa-Ser/Thr, Xaa#Pro) of a newly synthesized peptide by the action of
oligosaccharyltransferase. The protein modified with N-glycans, designated hereafter as
N-glycoproteins, would acquire proper folding in the ER, and be

transported to their final destinations via the vesicular transport, with the major
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population going from the ER through Golgi to plasma membrane. By the action of Golgi
glycosidases and glycosyltransferases, the N-glycans are extensively remodeled from high
mannose-type glycans, that are mainly composed of mannose (Man) and N-
acetylglucosamine (GIlcNAc), to complex-type glycans, which contain sialic acids

(Neu5Ac) and galactose in addition to Man and GIcNAc"*°. (Figure 1)
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Figure 1. The biosynthesis of N-glycoprotein of a secretory protein. The dolichol-
linked Glc;Man,GIcNAc, is assembled in the ER membrane and transferred to a nascent
protein in the ER lumen (a). After folding of the protein and trimming of Glc and Man
(b), a ManGIcNAc, glycan modified protein is transported to the Golgi (¢). The Golgi
mannosidases trim the glycan to MansGIcNAc, and various glycosyltransferases added
different sugars to the glycan including NeuSAc and Gal while passing through the
secretory pathway (d, e, and f).



The conventional N-glycoprotein degradation in the lysosomes

The lysosomes have been recognized as the most important organelles for the
cellular catabolism including glycoproteins. Two pathways work to deliver components
to the lysosomes®, both of which involves the engulfment of the substrates by a newly
formed membrane and diffusion with lysosomes before the lysosomal degradation: an
endocytosis process that delivers the plasma membrane proteins as well as the extra-
cellular components™ ¢ (Figure 2), and an autophagy process that delivers cytosolic
components”® (Figure 3). The autophagy process has been recognized as the self-eating
process for the renewing of the intracellular components including large organelles.
Recent studies also suggests the importance of autophagy for the proper function of

9,10
lysosomes™ .

Plasma membrane

Cytosol Lysosome Endosome

Figure 2. Degradation of a glycoprotein through endocytosis. An endosome engulfs
the glycoprotein (a) and the endocytosed vesicle fuses with lysosome (b) where it is
broken down into monomeric sugars and amino acids. Most of the complex type glycans
are believed to be degraded through this pathway.
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Figure 3. The process of macroautophagy (autophagy). A double-membrane structure
called ‘isolation membrane’ in the cytosol engulfs a portion of the cytosolic components
to form autophagosome (a); lysosomes (pink circle) fuses with the outer membrane of
autophagosome (b) to form autolysosome and degrades the engulfed components
including the inner membrane of autophagosome (c).

For N-glycoproteins that delivered to the lysosomes, proteases and various
glycosidases with the characteristic acidic pH for optimal activity work bidirectionally on
glycoproteins, initiated by digesting the polypeptide from the protein site, followed by
dissociation of single sugars from both the non-reducing and the reducing ends in a well
characterized order (Figure 4). The lysosomal catabolism of glycoproteins plays such
important roles that mutations in glycan-degrading enzymes in the lysosomes often result

in detrimental effects as are shown by some of the lysosomal storage diseases'" > °.

10



Non-reducing end Peptide

———————

a~-Fucosidase

d d B-Hexosaminidase a
o-Sialidase p-Hexosaminidase P 0]
| ) Chitobiase g
I I p-Mannosidase' 2
I el 1 O
l —
I : ! o
1 : A
I IS
| | )
I | —-— : %
BT ARDE
L 2 : £

| |
| |
b !
|

o-Mannosidase b
| d Aspartyl
p-Galactosidase glucosaminidase
c

Figure 4. The lysosomal degradation of N-glycoprotein. (a) The degradation of the
glycoprotein was initiated by the digestion of the polypeptide. And followed by (b) the
removal of the terminal fucose (Fuc) by a-fucosidase; and (c¢) the cleavage between Asn
and the proximal GIcNAc by an enzyme called aspartylglucosaminidase; and (d) the
degradation of sugars from both the reducing and non-reducing ends, with chitobiase for
the removal of the first GIcNAc from the reducing end, and the cleavage by a-sialidase,
B-galactosidase, B-hexosaminidase and o-mannosidase in the non-reducing end in a
sequential manner, with the last step by p-mannosidase. Lysosomal storage disease that
caused by mutations in each glycosidases (except for chitobiase) have been identified® '*.

The non-conventional catabolic pathway for N-glycans/N-glycoproteins in the

cytosol
The free oligosaccharides (fOSs) generated in the cytosol
While the well clarified biosynthesis as well as the lysosomal degradation of N-

glycans/N-glycoproteins are carried out within the endomembrane systems, the molecular
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mechanism for the generation of free N-glycans in the cytosol, which is segregated from
the endomembrane system or extra-cellular environment by the lipid bilayer, is largely
unknown.

In the cytosol of mammalian cells, high mannose-type free glycans were
suggested to be generated from the ER/ER membrane by two pathways, a putative
pyrophosphatase that releases glycans from dolichol linked glycans in the ER membrane
to generate phosphorylated free glycans (Figure 5 a)'>'; and Gn2 type glycans that are
generated from the dolichol-linked glycan precursor by an unclarified mechanism and are

17, 18
718 However, the

transported to the cytosol by an unknown transporter (Figure 5 b)
catabolism pathway for these free glycans is not known until recently. Recent studies of
our lab has indicated a novel non-lysosomal degradation pathway in the cytosol for N-
glycans that is released from the glycoproteins by a cytoplasmic deglycosylating enzyme,
i.e. peptide:N-glycanase (PNGase or Ngly1) (Figure 5 ¢)'* 22" 2%,

The major free glycans identified in the cytosol are high mannose type glycans
originated from the ER. Recent attempts of our lab to clarify the catabolism pathway of
these cytosolic free glycans, however, led to the observation of accumulated sialyl
complex type glycans in the cytosol of autophagy defective cells'’, suggesting an

unknown regulating mechanisms for the degradation of complex-type glycans that I

would discuss in the second part (Figure 5 g).
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Figure 5. The non-conventional degradation pathway for N-glycans. Free glycans in
cytosol of mammalian cells are mainly generated through three pathways. (a),
phosphorylated free glycans are generated from a putative pyrophosphatase. (b), Gn2
glycans that generated in the ER are transported to the cytosol through an unknown
transporter. (c), glycans that generated from the protein by the deglycosylating enzyme
PNGase. The released glycan are further cleaved by two cytosolic enzymes, ENGase (d)
and Man2C1 (e), and are processed into MansGIlcNAc before its transport to the
lysosomes for final digestion. The pathway discribed in a-e are collectively referred as
‘non-lysosomal degradation pathway’. Besides the high mannose type glycans, sialyl
complex type glycan are released from the lysosomes by an unknown mechanism in
certain conditions(g). In this thesis study, the ENGase mediated deglycosylation has been
identified to be the forth pathway (h).

The non-lysosomal degradation pathway in the cytosol

The deglycosylating enzyme PNGase (peptide:N-glycanase; peptide-N'-(N-acetyl-
B-D-glucosaminyl) asparagine amidase; EC 3.5.1.52) hydrolyzes the p-aspartyl
glycosylamine bond of N-glycopeptides/glycoproteins™. This enzyme was first

discovered in almond®** and subsequently in bacteria®, and these enzymes have been
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widely used as a tool reagent to analyze structures/functions of N-glycans on
glycoproteins.

The cytosolic PNGase, first identified in mammalian cells*®?’, has been shown to
be a well-conserved enzyme throughout the eukaryotes™. Following the action of
cytosolic PNGase, the free glycans released from the protein would further be trimmed
by a cytosolic endo-p-N-acetylglucosaminidase (ENGase) that cleaves GIcNAc from the
reducing termini of the released fOSs, followed by the action of a cytosolic a-
mannosidase Man2Cl1, and processed glycans would finally be transported to the
lysosome mainly as a MansGIcNAc by an unknown oligosaccharide transporter on the
lysosomal membrane. The glycan transferred into lysosomes are finally digested into

. . 21, 29, 30, 31, 32, 33
mono-sugars in lysosomes (Figure 5 d, e, f)"> = "> 7> ">

. These cytosolic glycan
processing enzymes constitute the process called the ‘non-lysosomal degradation

pathway’ for N-glycans, that is distinct from the conventional lysosomal degradation

pathway.

ER-associated degradation pathway for N-glycoproteins

As the biosynthesis and conventional degradation of N-glycoproteins are all
carried out within the vesicular systems, which is segregated from the cytosol by a lipid
bilayer, it was initially very hard for scientists to understand when the localization of the
mammalian PNGase was first predicted to be in the cytosol’*. However, later the
clarification of an ER-associated degradation (ERAD) made perfect sense on the

cytosolic occurrence of the PNGase (see below).

14



The ERAD constitutes one of the quality control machineries that ensures only
functional proteins to exit ER to their destinations via vesicular transport. During the
ERAD process, misfolded proteins that consistently failed to acquire correct folding state
would first be extracted from the ER lumen to the cytosol, a process called
retrotranslocation (Figure 6, a and b), and would be targeted for proteasomal degradation
(Figure 6 d)**. The cytosolic PNGase, which now has an access to these glycoproteins, is
believed to play critical roles for the ERAD of glycoproteins by removing glycans from

misfolded glycoproteins (Figure 6 ¢)'” >,

ER Cytosol

YL. i?’m _j PﬁGase(Nglyn
@ = — =g 4,

Figure 6. The ER-associated degradation pathway for N-glycoproteins. An N-
glycosylated protein that constantly fails to fold properly (a) would be eliminated from
the ER via ER-associated degradation pathway. A misfolded glycoprotein is transported
to the cytosol (b), deglycosylated and targeted for proteasomal degradation(c and d).
While the released fOSs would be further trimmed to MansGlcNAc through the non-
lysosomal degradation pathway before transported to lysosomes as indicated in Figure S.

The biological significance of PNGase in different species varies a lot, for

animals especially mammals, PNGase plays important biological roles according to
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recent reports by us and others. In Caenorhabditis elegans®, and Drosophila
melanogaster’’, the PNGase mutant has been shown to exhibit peripheral nervous system
defect and severe developmental delay, respectively. While in our unpublished knockout
mice studies, the deletion of mouse PNGase orthologue, Nglyl, is embryonic/perinatal
lethal (Fujihira ef al., unpublished observation). Moreover, recent exome analysis
identified patients with NGLYI mutation, so far twenty three patients have been identified
with four deceased at early ages, showing multiple clinical features including
developmental delay, abnormal tear productions, and liver malfunction®®*’. However, it
still remains unclear how the absence of the deglycosylation enzyme causes these severe
phenotypes, which also make it difficult to search for an efficient therapeutic method.

In this thesis, I focused on the novel glycan/glycoprotein degradation pathway.
In the first part, my study was motivated by the surprising finding in our knockout mice
study, showing that the extra knockout of the downstream glycan-processing enzyme,
ENGase, rescued the lethality caused by Nglyl-knockout (Fujihira et al., unpublished
observation). The puzzling results suggested that ENGase may not merely work on free
glycans. My study utilizing mouse embryonic fibroblast cells and a model ERAD
substrate gives the evidence that the cytosolic ENGase could cleave glycans from a
model glycoprotein for ERAD and generate N-GlcNAc-modified proteins, and this action
was proven to be especially evident in the absence of PNGase. In the second part, my
study was based on the observation that lysosomes may release sialyloligosaccharides,
i.e. the sialic acid containing complex type free glycans, to the cytosol when the

formation of autophagosome is blocked, and the sialic acid transporter sialin was
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suggested to be somehow involved in the release of sialyloligosaccharides. I aim to
analyze the regulation of sialin by autophagy, and my result showed that sialin was
stabilized during the autophagy deficiency, suggesting specific regulation of this
lysosomal membrane transporter by autophagy.

This thesis study expanded our current knowledge of the non-conventional
glycoprotein degradation pathways, while future studies must be awaited for detailed

mechanisms.
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Chapter 1. Functional studies of the cytosolic deglycosylating enzymes
in mammalian cells

ABSTRACT

The cytoplasmic peptide:N-glycanase (PNGase; Nglyl in mice) is a deglycosylating
enzyme involved in the ER-associated degradation (ERAD) process. This enzyme has
been shown to be indispensible for mammals, while the precise role of Nglyl in the
ERAD process remains unclear. In this chapter, to investigate the functional importance
of PNGase in the ERAD, I used mouse embryonic fibroblast (MEF) cells, and showed
that the ablation of Nglyl causes the dysregulation of the ERAD process. Interestingly,
not only delayed degradation but also the deglycosylation of a misfolded glycoprotein

—/=

was observed in Nglyl™™ MEF cells. The unconventional deglycosylation reaction was
found to be catalyzed by the cytosolic endo-f3-N-acetylglucosaminidase (ENGase),
generating aggregation-prone N-GIcNAc proteins. The ERAD dysregulation in cells
lacking Nglyl was restored by the additional knockout of Engase. This study underscores
the functional importance of Nglyl in the ERAD process and provides a potential

mechanism underlying the phenotypic consequences of a newly emerging genetic

disorder caused by mutation of the human NGLY1 gene.
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INTRODUCTION
Endoplasmic reticulum-associated degradation (ERAD) constitutes one of the

quality control mechanisms for newly synthesized proteins in the ER. The ERAD process
involves a series of events including aberrant domain recognition, ubiquitination,
translocation from the ER to the cytosol, and degradation by proteasomes. Numerous
lines of evidence point to the existence of an ERAD system dedicated to N-linked
glycoproteins; in this system, specific N-glycan structures dictate the folding status of

client glycoproteins™ *

. Once glycoproteins in the ER Ilumen are targeted for
degradation, they are retrotranslocated into the cytosol where the 26S proteasome plays a
central role in their degradation®. During the degradation process, N-glycans are removed

40,41,42

by the action of the cytoplasmic peptide:N-glycanase (PNGase)

Activity of the cytoplasmic PNGase was first described in mammalian cells***,
and the gene encoding cytoplasmic PNGase (PNGI in yeast; Nglyl/NGLYI in
mice/human) is widely distributed throughout eukaryotes®. The functional importance of
cytoplasmic PNGase in the ERAD process is evident in yeast****>*. On the other hand,
the suppression of Nglyl gene expression by small interference RNA in mammalian cells
resulted in a reduced deglycosylation of T cell receptor a subunit (TCRa)) or MHC class 1
heavy chain, while no significant delay in their degradation was observed**. Moreover,

Z-VAD-fmk, a pan-caspase inhibitor, was shown to inhibit cytoplasmic PNGase activity

in vivo but it did not impede the degradation of MHC class I heavy chain®. Consequently,
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the functional importance of the cytoplasmic PNGase remains elusive in mammalian

cells.
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Figure 2.1 Schematic representation of the ENGase and Nglyl (PNGase) cleavage
sites on N-linked glycans.

PNGase-mediated deglycosylation generates free oligosaccharides in the
cytosol”. Recent evidence suggests that a novel non-lysosomal degradation pathway
exists for these cytosolic free glycans™. This degradation process involves cytosolic
endo-B-N-acetylglucosaminidase (ENGase)’" *. While the ENGase is believed to be
involved in the catabolism of cytosolic free oligosaccharides, recent evidence shows that
it can deglycosylate glycoproteins in vivo to generate N-GlcNAc-bearing proteins in
Arabidopsis thaliana™, raising the possibility that this enzyme may also act as a

deglycosylation enzyme for misfolded glycoproteins in the cytosol** (Figure 2.1).
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Recently, patients harboring mutations on the NGLY! gene, an orthologue of the
cytoplasmic PNGase in mammalian cells”, have been described®® *’. While this
observation emphasizes the functional importance of this protein in mammalian cells,
mechanistic insight into the phenotypic consequences of these patients remains
unclarified. In this chapter, I established an ERAD model substrate, RTAAm, and
demonstrated that the delay in its degradation was evident in Nglyl”~ MEF cells.
Interestingly, the delay was canceled by additional gene knockout of ENGase. The
degradation of RTAAm in double-knockout cells remains proteasome-dependent, clearly
indicating that the presence of an N-glycan on RTAAm did not affect the efficiency of
proteasomal degradation. Moreover, the occurrence of N-GlcNAc-modified RTAAm in
Nglyl™~ MEF cells was identified by MS analysis, demonstrating that the ENGase-
mediated deglycosylation of an ERAD substrate can indeed occur in vivo. Interestingly,
the N-GIcNAc protein was shown to form stable, mild detergent-insoluble protein
aggregates. This study propose the critical function of N-glycans, maintaining the
conformation/solubility of the cognate proteins destined for proteasomal degradation in

the cytosol.

21



RESULTS

Establishment of RTAAm as an Nglyl-dependent model glycoprotein ERAD substrate
in mammalian cells
In order to provide insight into the functional significance of Nglyl in the
glycoprotein ERAD processes in mammalian cells, I aimed to establish a model ERAD
substrate that could be degraded in an Ngly1-dependent fashion. Since previously our lab
has established the ricin A chain non-toxic mutant (RTAA) as the first Pngl (yeast
PNGase)-dependent ERAD substrate in yeast™*, I examined whether this protein could
also be degraded by a similar mechanism in mouse embryonic fibroblast (MEF) cells. To
target RTAA to the N-glycosylation pathway, an ER-targeting signal peptide and an ER
retention signal was introduced to the N- and C-terminus of RTAA, respectively (Figure
2.2A). RTAA has two potential N-glycosylation sites at N10 and N236 (Figure 2.2A),
with the N10 site almost exclusively occupied by N-glycan in yeast”. To avoid any
potential deglycosylation by Nglyl or ENGase, RTAA was expressed in
Nglyl " Engase”’~ double knockout (DKO) MEF cells and was analyzed by western
blotting. As shown in Figure 2.2B, three bands corresponding to di-glycosylated (g2),
mono-glycosylated (gl), and non-glycosylated (g0) RTAA were detected. To clarify
which of the potential glycosylation sites were utilized, mutants for each N-glycosylation
site were generated (N10Q and N236Q mutant; Figure 2.2A). As shown in Figure 2.2B,
essentially no N-glycosylation was observed for the N10Q mutant, whereas N236Q is

expressed mainly as a mono-glycosylated form. As expected, N10Q/N236Q mutation
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resulted in the absence of glycosylated forms (Figure 2.2B). These results clearly suggest
that N10 of RTAA is the main N-glycosylation site in mammalian cells, which is
consistent with the case in yeast. For the following experiments, I utilized the mono-

glycosylatable RTAAN236Q mutant (RTAAm) to simplify the N-glycosylation pattern.
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Figure 2.2 Asnl0 of RTAA is mainly glycosylated when expressed in mouse
embryonic fibroblast (MEF) cells. (A) Schematic representation of RTAA and its
mutants used in this study. ER SP, ER signal peptide; KDEL, Lys-Asp-Glu-Leu amino
acid sequence for the ER retrieval signal. N, consensus N-glycosylation site in RTAA.
(B) Western blot analysis of various RTAA mutants. Extracts of Nglyl™"Engase™”
double knockout (DKO) MEF cells expressing RTAA, RTAANI10Q),
RTAA(N236Q)/RTAAm, RTAA(N10Q/N236QQ) were analyzed. g2: diglycosylated
RTAA, gl: mono-glycosylated RTAA, g0: nonglycosylated RTAA.

When protein translation was inhibited for 3 h by a cycloheximide treatment, the

amount of RTAAm in wild type (WT) MEF cells was clearly decreased (Figure 2.3,
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lanes 1 and 2). Moreover, the degradation of RTAAm was inhibited by addition of MG-
132, a proteasome inhibitor (Figure 2.3, compare lanes 2 and 4). Furthermore,
proteasome inhibition resulted in an increase in the g0 form of RTAAm, indicating the
deglycosylation of RTAAm (Figure 2.3, compare lanes 3 and 4). The deglycosylation of
glycoprotein ERAD substrates is often observed upon treatment of mammalian cells with

54,55, 56, 57,58,

roteasome inhibitors -0 Taken together, these results show that, as in the
p g

case of yeast** RTAAm is degraded by proteasomal activity and therefore can serve as
y g yp y

an ERAD model substrate in mammalian cells.

WT/RTAAM
- — + +
CHX 0 3 0 3Time(h)

g1>-_.-—
gob W ——

1 2 3 4

Figure 2.3. RTAAm serves as an ERAD substrate in mouse embryonic fibroblast
(MEF) cells. Effect of cycloheximide and MG-132 on the stability of RTAAm. Each lane
contains a cell extract from approximately 5x10*cells. Cell extracts were subjected to
western blot analysis and RTAAm was detected using anti-V5 antibody.
g0-RTAAm is generated and stabilized in Nglyl "~ MEF cells

Next, I expressed RTAAm in MEF cells derived from WT, Engase_/_, Nglyl - ,
and DKO mice and carried out western blotting analysis to compare the relative ratios of
the g0/g1 forms of RTAAm. In DKO MEEF cells only ~10% of RTAAm was detected as a
g0 form (Figure 2.4A, lane 4). As DKO MEF cells do not have deglycosylating enzymes

in the cytoplasm, the g0 form RTAAm observed in DKO MEF cells must represent the
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nonglycosylated form. Interestingly, when RTAAm was expressed in Ngly/”~ MEF
cells, the proportion of the g0 form (Figure 2.4B, column 3, 35+9%) was significantly
higher than in DKO MEF cells (Figure 2.4B, column 4, 10+3%). Furthermore, it was
noted that the g0 proportion in Ngly!/ " MEF cells was comparable to that in WT
(Figure 2.4B, column 1, 26+x10%) and Engase_/ ~ (Figure 2.4B, column 2, 29+10%)
MEEF cells. These data strongly suggest that the deglycosylation of RTAAm can occur
independently of Ngly1 activity (Figure 2.4A; quantitative data in Figure 2.4B).

To examine the stability of RTAAm in MEF cells, RTAAm was expressed in
MEF cells and a cycloheximide-decay experiment was carried out. The results clearly
showed that, RTAAm in Nglyl = MEF cells was significantly stabilized (¢,,> 3 h)
compared to WT (¢,,=1.4+0.7 h), Engase_/_ (t,,=1.0+£0.2 h), or DKO MEF cells
(t,,=1.420.5 h) (Figures 2.4C and D). The cytoplasmic PNGase-dependent ERAD of
RTA-derived protein was consistent with observations in Saccharomyces cerevisiae ***.
However, it was noted that the g0 form of RTAAm was substantially accumulated in
Nglyl™~ MEF cells, which is in sharp contrast to S. cerevisiae pngIA cells, where the gl
form of RTAA is predominantly accumulated***. While the degradation of RTAAm in

DKO MEF cells was as efficient as in WT MEF cells, its degradation remains

proteasome-dependent (Figure 2.4E).
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Figure 2.4. Nglyl”~ caused delayed degradation of RTAAm. (A) Western blot
analysis of RTAAm expressed in WT, Engase™”, Nglyl”~, and DKO MEF cells. Cell
extracts from 5x10* cells (WT), 3.3x10" cells (Engase™), 1.5x10*cells (Nglyl™") and
2x10* cells (DKO) in each lane were analyzed after transfection with
pEF/RTAAN236Q/V5-myc/ER. (B) Quantification of the g0 form of RTAAm in the four
MEEF cells. The data and error bars represent the average + SD from seven independent
samples. *: p<0.05; **: p<0.01; by Student’s #-test. (C) Cycloheximide chase assay of
RTAAm in different MEF cells. Each lane contains approximately 5x10*cells and RTAA
expression was detected using anti-V5 antibody following separation by SDS-PAGE. (D)
(top) Quantification of RTAAm (gl plus g0 form). The data and error bars represent the
average + SD from at least three independent experiments. The amount of RTAAm at the
zero time point for each cell type was set to 1. (middle and bottom) Relative quantitation
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of gl (middle) and g0 (bottom) form of RTAAm in WT, Nglyl™~ and Engase™" cells.
The amount at the zero time point for each cell type was set to 1. (E), Effect of MG-132
on the stability of RTAAm in WT, Nglyl™~, and Engase”’~ and DKO MEF cells. Each
lane contains a cell extract from approximately 5x10* cells.

Moreover, inhibiting lysosomal degradation did not cause a delay in the
degradation of RTAAm (Figures 2.5A and B). These results suggest that the presence of
N-glycans on RTAAm did not result in impairment in its proteasomal degradation.

In sharp contrast to the case with RTAAm, non-glycosylated RTAAm, which is
also stabilized by MG-132 treatment and therefore can be regarded as another
ERAD/proteasome substrate, was shown to be degraded in Nglyl”~ MEF cells as
efficiently as in WT MEF cells (Figures 2.5C and D). This result indicates that the
proteasome activity itself is not likely to be impaired in Nglyl™ cells. Possible
secondary effects due to a defect of Ngly1 to influence the experimental results, however,

cannot be excluded at this point.
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Figure 2.5. Characterization of RTAAm degradation in various MEF cells. (A)
Effect of various lysosomal inhibitors and MG-132 on the degradation of RTAAm in
DKO MEF cells. Cells transiently expressing RTAAm were reseeded to ~60% (5x10°
cells) confluence on 6-cm dishes and the inhibitors were added at 48 h after transfection.
Each lane contains approximately 5% 10" cells. Upper, Western blotting of RTAAm in the
presence of reagents and cycloheximide for 3 h before cell extraction. Lower, a Western
blotting of GAPDH as a loading control. (B) Quantitation of RTAAm shown in (A). (C)
Cycloheximide-chase assay of RTAA(N10D/N236Q) (nonglycosylated RTAA) in WT
and Nglyl™~ MEF cells . (D) Quantitation of data shown in (C).

ENGase generates N-GlcNAc-modified RTAAm, which forms RIPA insoluble
aggregates in MEF cells lacking Nglyl

As S. cerevisiae does not contain cytoplasmic ENGase®"®" %, It was assumed
that in Nglyl "~ MEF cells cytoplasmic ENGase generates the g0 form of RTAAm and

that the remaining GlcNAc modification on RTAAm results in its stability. To evaluate
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whether cytoplasmic ENGase is directly involved in deglycosylation, I co-expressed
ENGase and RTAAm in DKO MEF cells. As shown in Figure 2.6A, the amount of the
g0 form of RTAAm was significantly higher in DKO MEF cells expressing ENGase,
when compared with control (GFP-expression; Figure 2.6A, compare lanes 1 and 2).
Interestingly, the major fractions containing g0 RTAAm formed by ENGase-expression
were not solubilized in mild detergent (RIPA buffer), indicating the formation of a RIPA
insoluble aggregate (Figure 2.6A, lane 6). In sharp contrast, the majority of the gl form
was observed in the RIPA soluble fraction (Figure 2.6A, lanes 3 and 4). These results
support the contention that ENGase is involved in the deglycosylation of RTAAm and

can generate an aggregation-prone g0 form of RTAAm.
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Figure 2.6. Identification of the N-GlcNAc modification on RTAAm. (A) Co-
expression of RTAAm with ENGase results in formation of the RIPA-insoluble g0 form
of RTAAm. ENGase and RTAAm were co-expressed in DKO MEF cells. RTAAm and
GFP co-expressing cells were used as a transfection control. Cell extracts were obtained
by resuspending cells in SDS-PAGE sample buffer (lane 1 and 2; Total), or RIPA buffer
(lane 3 and 4, RIPA soluble); the RIPA-insoluble fractions were solubilized using SDS-
PAGE sample buffer (lane 5 and 6, RIPA insoluble). RTAAm (upper panel) was
visualized using anti-V5 antibody, while expression of ENGase (middle panel) was
confirmed using anti-FLAG antibody and GFP (bottom panel) was confirmed using anti-
GFP antibody. (B) Silver staining pattern of immunopurified RTAAm in Ngly/~~ MEF
cells. Lane 1, immunoprecipitated sample; lane 2, immunoprecipitated sample followed
by Endo-H (Roche) treatment. Asterisk, antibody heavy chain (upper) and light chain
(lower). (C) (Experiment performed by Dr. Naoshi Dohmae, Dr. Takehiro Suzuki
(Collaboration Unit, RIKEN)) MS/MS spectrum of 1354.68 corresponding to a doubly
charged tryptic peptide ion containing HexNAc. The mass vale of y17-y16 implies that

Asn10 was modified by a HexNAc.
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To further confirm the reaction product of ENGase, N-GIcNAc-modified
RTAAm was characterized using mass spectrometry. Nglyl”~ MEF cells stably
expressing RTAAm were treated with MG-132 for 3 h to maximize the yield of RTAAm.
Proteins were solubilized in SDS-PAGE sample buffer, and RTAAm was
immunopurified from the lysate. As shown in Figure 2.6B, both the g0 and gl forms of
RTAAm were identified, and the position of g0 on SDS-PAGE was identical to the
authentic Endo H-treated sample (lane 2). The g0 band of the untreated sample (lane 1)
was subjected to nanoflow LC-ESI mass spectrometry (Performed by Dr. Naoshi
Dohmae, Dr. Takehiro Suzuki (Collaboration Unit, RIKEN)). It was found that the
peptide fragment corresponding to the N-GIcNAc-modified tryptic peptide
(QYPIINFTTAGATVQSYTNFIR + HexNAc; see Figure 2.7A for the complete
RTAAm sequence) was detected at around 25.3 min in both the g0 band of the sample
and the Endo H-treated authentic GIcNAc-RTAAm sample (Figure 2.7B; top panel). The
exact distribution pattern of isotopic ions for the peptide (top panel) was also very similar
to the control (Figure 2.7B; bottom panel). Furthermore, the parent ion equivalent to the
N-GlcNAc peptide was subjected to MS/MS analysis and attachment of a HexNAc
residue on the N10 residue was confirmed (Figure 2.6C). Taken together, we can safely
conclude that formation of N-GIcNAc modified RTAAm by the action of ENGase can be,
at least to some extent, attributed to the occurrence of the g0 form of RTAAm in Nglyl ™'~

MEEF cells.
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Figure 2.7. Chemical identification of N-GlcNAc peptide from RTAAm. (A) Amino
acid sequence of RTAAm. Sequence from the 1* amino acid of the mature RTA was
shown. The bold font sequence indicates the predicted peptide after trypsin digestion
containing the NI10 consensus N-glycosylation site (underlined). Note that Q236,
originally a second N-glycosylation site, is now located at 231* residue due to the 5
amino acid-deletion to form non-toxic RTAA mutant. (B) (Experiment performed by Dr.
Naoshi Dohmae, Dr. Takehiro Suzuki (Collaboration Unit, RIKEN).) PRM
chromatogram of the QYPIIN(HexNAc)FTTAGATVQSYTNFIR peptide. Targeted ms2
product ions corresponding to y8 (1028.517), y12 (1356.691), y16 (1776.892), and y17
(2094.014) at 20 ppm mass tolerance were summed by intensity. The y8, y12, y16, and
y17 product ions were extracted from ms2 mass spectra of doubly charged parent ion at
1354.68. Top: QYPIIN(HexNAC)FTTAGATVQSYTNFIR peptide detected from the g0
form of RTAAm. Bottom: authentic QYPIIN(GIcNAc)FTTAGATVQSYTNFIR peptide
from Endo-H treated sample. Lower panel, nanoflow-LC mass spectra of the eluted
peptide in SIM mode; top, exact isotopic pattern of the triply charged ions of m/z 903.46
(mass value of the theoretical triply charged QYPIIN(HexNAc)FTTAGATVQSYTNFIR
peptide monoisotopic ion is 903.45) observed from the g0 band; bottom, the isotopic
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pattern of the authentic QYPIIN(GIcNAC)FTTAGATVQSYTNFIR peptide from an
Endo-H treated sample.

Reactivity of ENGase towards misfolded glycoproteins is distinct among the possible
substrates

It was noted that both g0 and gl forms of RTAAm were shown to be stabilized
in Nglyl~~ MEF cells (Figure 2.4D). No significant increase in the g0 form during the

~~ MEF cells, even in the presence of

chase period, however, was observed for Nglyl
MG-132, suggesting that ENGase-mediated deglycosylation is not as efficient as Ngly1-
mediated deglycosylation (Figures 2.8A and B). In sharp contrast, an increase in the g0

form during the 3 h-chase was evident upon MG-132 incubation in WT MEF cells

(Figure 24E; Figures 2.8A and B).
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Figure 2.8. Cycloheximide chase assay of RTAAm in different MEF cells in the
presence of MG-132. (A) Cells transiently expressing RTAAm were reseeded to ~60%
(5x10° cells) confluence on 6-cm dishes. CHX (final concentration, 50 pg/mL) and MG-
132 (final concentration, 5 uM) were then added to cells at 48 h after transfection. Each
lane contains approximately 5x10*cells and RTAA expression was detected using anti-
V5 antibody following separation by SDS-PAGE. (B) Quantitation of RTAAm (g0 and
total) shown in (A). The total amount of RTAAm observed at zero time point was set to
1.

To obtain deeper insights into the generality of the ENGase-mediated
deglycosylation of ERAD substrates, the deglycosylation status of other glycoprotein
ERAD model substrates, such as the T Cell Receptor o subunit (TCRa) or the null Hong
Kong variant of al-antitrypsin (NHK), was examined. As shown in Figures 2.9A and B,
in both cases the formation of a deglycosylated protein was evident, especially in the
presence of the proteasomal inhibitor, MG-132 (Figure 2.9A lane 4; Figure 2.9B lane 8
at the position of the red arrows) in WT MEEF cells, but with less efficiency compared to
the case of RTAAm (Figures 2.4A and B). Deglycosylated bands were not observed for
DKO MEEF cells, clearly indicating that they were most likely formed by the action of
Nglyl and/or ENGase. Interestingly, a protein band corresponding to deglycosylated
TCRa was observed for Engase”™ and WT MEF cells, while it was not observed for
Nglyl™ MEF cells, suggesting that Nglyl is the predominant deglycosylating enzyme
for TCRa. On the other hand, the presence of deglycosylated NHK was clearly observed
in Nglyl”~ and WT MEF cells, while it was somewhat less obvious in Engase”’~ MEF
cells (Figure 2.9B). In the presence of MG-132, the ratio of deglycosylated/total proteins

was found to be similar between WT, Nglyl™~, and Engase”~ MEF cells, implying that
34



both enzymes act on NHK with similar efficiency (Figures 2.9C). Collectively, these
results imply that the susceptibility of misfolded glycoproteins towards cytoplasmic

PNGase/ENGase is distinct among the possible substrates.
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Figure 2.9. Detection of ENGase-mediated deglycosylation using model ERAD
substrates. Cell transiently expressed with ERAD substrates were cultured with or
without MG-132 for 3 h. (A) Western blotting of T cell receptor a subunit (TCRa) in
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different MEF cells. Lanes 1 to 3, the confirmation of the deglycosylated TCRa in WT
MEEF cells. The red arrow indicates the position of deglycosylated TCRa. The occurrence
of deglycosylated TCRa. was evident in WT and Engase™~ MEF cells (lanes 4 and 5), but
it was not detected in Ngly/™"~ and DKO MEEF cells (lanes 6 and 7). (B) (upper) Western
blotting of the null Hong Kong (NHK) variant of al-antitrypsin in different MEF cells.
Lanes 1 to 3, the confirmation of the deglycosylated NHK in WT MEF cells. Red arrows
indicate the position of the deglycosylated NHK. The occurrence of deglycosylated NHK
in WT and Nglyl™~ MEF cells were evident with or without MG-132 treatment (lanes 4,
6, 8 and 10), while its occurrence is only apparent in Engase”~ MEF cells only when
cells were incubated with MG-132 (lane 9). (lower) Short exposure of the same gel
shown in upper panel. (C) Quantitation of the ratio of deglycosylated/total protein shown
in (A) and (B). N.D.: not detected.

Higher levels of cytosolic N-glycoproteins were observed in Nglyl " Engase” double
KO MEF cells

While the deglycosylation of RTAAm by ENGase occurs in Nglyl " MEF cells,
it is not clear whether such deglycosylation could also proceed in endogenous substrates.
Accordingly, cytosolic glycoproteins were detected by lectin staining using Concanavalin
A (Con A) in different MEF cells in the presence of MG-132. While little difference in
Con A staining between WT, Nglyl ™ and Engase”’~ MEF cells was found, significantly
higher levels of Con A-stained bands were observed for the cytosolic fraction of DKO
MEF cells (Figure 2.10). Most of the Con A-stained bands disappeared in the case of
PNGase F-treated samples, suggesting that the Con A-positive signals are derived from
N-glycoproteins.  Collectively, these findings indicate that ENGase-mediated

deglycosylation may occur on ERAD substrates more frequently than originally thought.
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Figure 2.10. Con A staining of cytosolic extracts from WT, Nglyl™”~, and Engase™~
and DKO MEF cells. Each lane contains 5 pg of cytosolic proteins. Lanes 1 to 4,
cytosolic extraction of the four cell lines, lanes 5 to 8, PNGase F treated samples. Con A:
lectin staining using Con A; Amido black; protein staining of the same membrane using
Amido black.

Formation of Radioimmunoprecipitation assay buffer-insoluble RTAAm is more
pronounced in MEF cells expressing ENGase

While accumulation of the g0 form RTAAm in the RIPA-insoluble fraction
(RIF) was observed in ENGase-expressing DKO MEEF cells, it was not certain whether
this phenomenon is specifically caused by ENGase in cells lacking Nglyl. 1 therefore
performed RIPA-extraction of RTAAm from the WT, Engase’~, Nglyl ", and DKO

MEEF cell lines. As shown in Figure 2.11A, the RIPA-insoluble g0 form was observed in
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Nglyl™~ MEF cells, as well as in WT and Engase””~ MEF cells. However, the proportion
of the g0 form of RTAAm in RIF was significantly higher in Nglyl”~ MEF cells
(91+£7%) compared with other cells (Figure 2.11B). Moreover, the proportion in WT
MEF cells (69+5%) was also found to be significantly higher when compared with
Engase”” MEF cells (29+10%) (Figure 2.11B). These results strongly suggest that the
formation of the RIPA insoluble aggregate is more prominent in cells expressing

cytoplasmic ENGase.
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Figure 2.11. Non- or de-glycosylated RTAAm are mainly recovered from RIPA
insoluble fractions. (A) Separation of RIPA-soluble and RIPA-insoluble RTAAm in
WT, Engase””, Nglyl”~,and DKO MEF cell lines. Cells expressing RTAAm were
extracted with SDS-PAGE sample buffer (lane 1, Total), RIPA buffer (lane 2, RIPA
soluble), and the RIPA-insoluble fraction was solubilized with SDS-PAGE sample buffer
(lane 3, RIPA insoluble). For each sample, an extract equivalent to ~5x10° cells was
loaded. (B) Quantitation of RIPA-insoluble g0 in WT, Engase™"~, and Nglyl™ cells. RIF:
RIPA-insoluble fraction. Data represents average + SD of at least three independent
samples. *: p<0.05; **: p<0.01 by Student’s 7-test.
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RIPA-insoluble aggregates are stabilized in Nglyl "~ MEF cells

As RTAAm is stabilized specifically in Nglyl”~ MEF cells during
cycloheximide-decay analysis (Figures 2.4C and D), we speculated that in Ngly/~~ MEF
cells, the RIPA insoluble RTAAm aggregate is sequestered from proteasomal
degradation. To address this issue, a cycloheximide-decay experiment of RTAAm was
performed using WT, Nglyl”~ and Engase”~ MEF cells, with RIPA soluble and
insoluble fractions separated at 0, 1.5, and 3 h. As shown in Figures 2.12A and B, the
accumulation of g0 RTAAm in RIPA insoluble fraction of Nglyl”~ MEF cells was
evident, when compared with Engase”™ or WT MEF cells. This result implies that
deglycosylation by ENGase may change the soluble glycosylated RTAAm into an
aggregated g0 form. In contrast, we did not find an increase in the level of the RIPA
insoluble g0 form in WT or Engase”’~ MEF cells (Figures 2.12A and B). These results
indicate that the RIPA insoluble g0 form of RTAAm formed in Nglyl™~ MEF cells is
highly stable, while other g0 forms, i.e. nonglycosylated or PNGase-deglycosylated

RTAAm, did not appear to be stabilized.
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Figure 2.12. RIPA-insoluble proteins are stabilized in NglyI”~ MEF cells. (A)
Cycloheximide chase assay of RIPA soluble/insoluble RTAAm in WT, Nglyl =, and
Engase™™ MEF cells. Cells expressing RTAAm were chased using cycloheximide for the
indicated time intervals. The RIPA soluble (lanes 1 to 3) and RIPA insoluble extracts
(lanes 4 to 6) were assessed. For each sample, extracts equivalent to 5x10*cells were
loaded. (B) Time course analysis of gl and g0 levels in WT, Nglyl™~, and Engase "
MEEF cells. Data represents average + SD of three independent samples.

Non-glycan form RTAA easily gets aggregated and stabilized in the cell

As the shown in Figure 2.12 and Figure 2.13, the g0-RTAA in Engase”~ MEF cells,
which is speculated to be generated by Nglyl, has less tendency to get aggregated and
stabilized compared to the ENGase-generated N-GIcNAc modification containing gO-
RTAA in Nglyl”~ MEF cells, it is questioned whether the N-GIcNAc¢ modification

causes the aggregation. To verify this, an RTAA mutant was constructed by changing the
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remaining Asn N-glycosylation site to Asp in RTAAm, which has the same amino acid
sequence with the RTAAm after the deglycosylation by PNGase. Another non-glycan
mutant of RTAA, RTAA(N10Q/N236Q) with both Asn N-glycosylation sites changed to
Gln, was also constructed to examined if there is any difference caused by the amino acid
sequence. The clearance of the both mutants in RIPA-soluble and RIF fraction was
detected in Nglyl”~ MEF cells. As shown in Figure 2.13, it is likely that RTAA is
intrinsically prone to form aggregates which could be recovered in the RIF as long as
there was no glycans attached to the protein (upper, lanes 7-9). It is therefore speculated
that regardless of the presence of N-GIcNAc, aggregation of RTAA may impair the

proteasomal degradation.
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Figure 2.13 the expression of non-glycan form RTAA in Nglyl '~ MEF cell also
causes the RIF aggregation which slowered the clearance of the protein. (A)
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Cycloheximide chase assay of RIPA soluble/insoluble RTAAm/N10D and
RTAAm/N10Q in Nglyl™~ MEF cells. Cells expressing RTAA mutant were chased
using cycloheximide for the indicated time intervals. The RIPA soluble (lanes 4 to 6)
and RIPA insoluble extracts (lanes 7 to 9) were assessed. For each sample, extracts
equivalent to 5x10*cells were loaded. (B) Time course analysis of g0 levels in the
RIPA insoluble fraction. Data represents average + SD of three independent samples.
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DISCUSSION

Since the identification of the gene encoding the cytoplasmic PNGase **, several
reports have demonstrated that this enzyme is indeed involved in the glycoprotein ERAD
process’ > 434347 48,34, 5,36, 37, 38,39, 60,6163 'N[ore recently, the in vivo deglycosylation has
been detected by a very sophisticated assay system, using a model ERAD substrate that
exhibits fluorescence in a deglycosylation-dependent manner®. It was also reported that
the EDEM1 protein, a key component of the glycoprotein ERAD process, was stabilized
upon the inhibition of cytosolic PNGase, implying that the EDEMI may be the
endogenous substrate for the PNGase®. No critical evidence, however, has been provided
in terms of the biological significance of PNGase-mediated deglycosylation during the
ERAD process in mammalian cells, as inhibition of PNGase activity did not cause the
impairment of deglycosylation of EDEMI. In this study, we show in mammalian cells
that Nglyl is important for preventing ERAD substrates from forming mild detergent-
insoluble aggregates. Using a new model ERAD substrate RTAAm, ENGase was shown
to act on misfolded glycoproteins in MEF cells lacking Ngly1, resulting in the generation
of aggregation-prone N-GIcNAc modified proteins. Moreover, aggregates containing N-
GlcNAc modified proteins were found to be significantly stabilized in Ngly!”~ MEF
cells. Our results clearly indicate the functional importance of Nglyl in the ERAD

process, and further indicate a detrimental effect of ENGase, especially in the absence of

Ngly1, on proper glycoprotein ERAD (Figure 2.14). It should also be noted that, based
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on our current findings, to unequivocally confirm the action of Nglyl on ERAD
substrates in vivo, detecting deglycosylation by SDS-PAGE is not sufficient, and the
introduction of negative charge(s) into the core peptide (i.e. the conversion of
glycosylated Asn to Asp) should be independently confirmed, using methods such as
isoelectoric focusing™-**.

To date, the direct action of cytoplasmic ENGase on glycoproteins has not been
unequivocally demonstrated in mammalian cells. However, there is experimental
evidence showing the intracellular occurrence of N-GIcNAc proteins, i.e. potential

: . . : 66, 67, 68
cytoplasmic ENGase reaction products, in murine synapses®” *"

. It was also clearly
shown that at least some of the N-GIcNAc proteins are formed by the cytoplasmic
ENGase activity in plants®’. These results indicate that formation of N-GIcNAc proteins
by ENGase may not be a rare event in cells. We therefore speculate that the action of
ENGase may only be detrimental to a subset of glycoprotein ERAD substrates, especially
in cells lacking Ngly !, thereby causing the formation of stable N-GIcNAc proteins.

A recent study has shown that the innermost GIcNAc on N-glycans may
contribute to glycoprotein stability by forming stabilizing interactions between the
GlIcNAc and carrier proteins®. Therefore one can speculate that N-GlcNAc proteins may
somehow affect the tertiary structure surrounding the glycosylation region and may lead
to inefficient degradation by the proteasome. On the other hand, our study clearly showed
that the tendency to be recovered in a RIPA-insoluble fraction is a general feature of

nonglycosylated or deglycosylated RTAAm, when compared with the N-glycosylated

form (Figure 2.11A). This phenomenon may reflect the fact that, at least for RTAAm,
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attachment of a hydrophilic N-glycan may be critical in maintaining the solubility of the
carrier protein. Consistent with this hypothesis, it is of interest to note that RTAAm
degradation in Nglyl _/_Engase_/ - DKO MEF cells is as efficient as in wild type, whereas
its degradation remains to be proteasome-dependent. These observations further support
the idea that, at least for RTAAm, the efficiency of proteasomal degradation appears to be
normal for N-glycan-containing proteins (which probably retain their solubility), even in
the absence of Nglyl.

In Engase’”~ MEF cells, it was found that minimal aggregate-formation is
observed for the g0 form of RTAAm (most likely the product of Ngly1l). These results
imply that, under physiological conditions, Nglyl-mediated deglycosylation and
proteasomal degradation may be tightly coupled, so that the deglycosylated proteins
undergo proteolytic degradation without forming aggregates. However, once this
regulation is lost in Ngly! " MEF cells, detrimental aggregates may form. It should also
be noted that, except in Nglyl "~ MEF cells, RIPA-insoluble RTAAm does not seem to
accumulate over time during cycloheximide decay experiments, implying that cells can
somehow manage the aggregation-prone g0 forms, except the N-GIcNAc RTAAm
formed by the action of ENGase. The proportion of the RIPA insoluble RTAAm g0 form
appears to be considerably higher in WT MEF cells in comparison with Engase ’~ MEF
cells (Figures 2.11A and B), suggesting that ENGase-catalyzed deglycosylation may
occur in WT MEF cells. However, this does not cause a delay in RTAAm degradation
(Figures 2.4 C and D), indicating that ENGase activity did not affect the overall

efficiency of glycoprotein ERAD in WT MEF cells. It is therefore conceivable that the
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effect of ENGase towards glycoprotein ERAD substrates is somehow more pronounced
in the absence of Nglyl.

While Pngl mutants in budding yeast®™ or in plants’® did not show any significant
phenotypic consequences, more recent studies suggests that PNGase orthologue may play

29,35,71,72 . .
337172 Recent exome analysis studies

important physiological roles in other eukaryotes
have identified human patients with mutations in the NGLYI gene’®*’. These patients
exhibited multiple symptoms that include developmental delay, multifocal epilepsy,
involuntary movement, abnormal liver function, and absent tears. Currently, it is unclear
how this observation correlates with our current finding, i.e. compromised degradation of
RTAAm caused by the RIPA insoluble aggregates in Ngly! "~ MEF cells. However, if the
formation/aggregation of N-GlcNAc proteins could somehow be related to the various
symptoms in NGLYI patients, it is tempting to speculate that inhibition of ENGase

activity may serve as a therapeutic target for patients carrying mutations in the NGLY1

gene.
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Figure 2.14. Schematic representation of ENGase-mediated formation of N-GlcNAc
proteins in Nglyl™~ cells. (Left) In Nglyl+ cells, misfolded proteins like RTAAm are
deglycosylated predominantly by Nglyl and are degraded efficiently by the proteasome;
(Right) In the absence of Nglyl, ENGase acts on some portion of unfolded glycoproteins
and makes N-GIcNAc proteins. Too much occurrence of N-GIcNAc proteins somehow
causes detrimental effects on cells, possibly by an intrinsic toxicity of protein aggregates
and/or impairment of intracellular signaling pathways involving O-GlcNAc.
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EXPERIMENTAL PROCEDURES

Preparation of MEF's
MEF cells were established from fetuses of the Nglyl *Engase™ mice with a C57BL/6
congenic background (>96% isogenic for all MEF cells used) by Dr. Yoko Funakoshi

(Glycometabolome Team), and the detailed procedure is described elswhere”.

Cell cultures

MEEF Cells were cultured in Dulbecco’s modified Eagle’s medium (Nacalai Tesque Co.)
supplemented with 10% fetal bovine serum and antibiotics (100 units/mL penicillin G,
100 ng/mL streptomycin; Nacalai Tesque Co.) at 37°C in humidified air containing 5%

CO,.

Construction of plasmids

The GFP-encoding plasmid pEGFP-N1 was obtained from Clontech (Mountain View,
CA). pcDNA-TCRo-HA was a generous gift from Dr. Yukiko Yoshida (Tokyo
metropolitan institute of medical science)’®’. pCMV-Tag4-NHK was a kind gift from
Dr. Nobuko Hosokawa (Kyoto University)”, and C-terminal V5-tag was added by site-
directed mutagenesis using the following primers; NHK/pCMVVS5-forward; 5°-
CCTCTCCTCGGTCTCGATTCTACGTAGCTCGAGGATTACAAGGATGACG-3’,
and NHK/pCMVVS5-reverse, 5’-
ACCGAGGAGAGGGTTAGGGATAGGCTTACCTGCACGGCCTTGGAGAG-3’.
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Ricin non-toxic A subunit RTA cDNA* was cloned into an ER retention plasmid
pEF/myc/ER (Invitrogen) between the Sal I and Not 1 sites to establish
pEF/RTAA/myc/ER. To construct pPEF/RTAA/V5-myc/ER, a V5 tag was added before
the myc tag at the Not I cleavage site by amplifying the pEF/RTAA/myc/ER plasmid
using the V5-forward, 5’-
CTAACCCTCTCCTCGGTCTCGATTCTACGGCCGCAGAACAAAAAC-3’, and V5-
reverse, 5’-GGAGAGGGTTAGGGATAGGCTTACCCCGTTTGATCTCGAGAAACT-
3’ primer pairs. Plasmids pEF/RTAAN10Q/V5-myc/ER, pEF/RTAAN236Q/V5-myc/ER,
pEF/RTAANI10QN236Q/V5-myc/ER, and pEF/RTADNI10DN236Q/V5-myc/ER with
point mutations on N10, N236, or both sites were generated from pEF/RTAA/VS5-
myc/ER using the following primer pairs: N10Q-forward, 5-
AAACAATACCCAATTATACAATTTACCACA-3’, N10-reverse, 5-
TGGGTATTGTTTGGGGAATATCTG-3’ for the N10Q mutation, and N236Q-forward,
5’-GACGTCAAGGTTCCAAATTCAGTGTGTACGA-3’, N236Q-reverse, 5-
GAACCTTGACGTCTTTGCAGTTGAATTGGA-3" for the N236Q mutation, and
N10D-forward; AAACAATACCCAATTATAGACTTTACCACA and N10-reverse; 5°-
TGGGTATTGTTTGGGGAATATCTG-3’ for N10D mutation. Total RNA was isolated
from cells using the Qiagen RNEasy kit (Qiagen) from wild type MEF cells, and mouse
cDNA was prepared from the total RNA using a SuperScript III RT kit (Invitrogen)
according to the manufacturer’s protocol. For construction of pcDNA3.1/ENGase/FLAG-
His, ENGase cDNA was amplified using the following primers: ENGase-forward 5’-

TATCCAGCACAGTGGCAGTCATGGAGACCTCGT-3* and ENGase-reverse 5°-
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GTCGTCATCCTTGTAATCCTGAGGGACCGAGAAGAG-3’. The pcDNA3.1/V5-His
backbone was amplified by pcDNA3.1-forward 5-
AAGGATGACGACGATAAGCGTACCGGTCATCATCAC-3’, and pcDNA3.1-reverse
5’-GCCACTGTGCTGGATATCT-3’. These two DNA fragments were combined using
an In-fusion HD cloning Kit (Clontech) according to the manufacturer’s instructions. The
FLAG peptide was divided into two parts and included on the ENGase-reverse primer
and pcDNA3.1-forward primer, so that the V5 tag in the original pcDNA3.1/V5-His was
replaced by a FLAG tag. All of the sequences were confirmed using PCR-based dideoxy
termination methods using BigDye version 3.1 and a 3100 DNA sequencer (Applied

Biosystems).

Plasmid transfection

Cells were transfected with plasmids using FuGENE HD transfection reagent (Roche
Applied Sciences, Indianapolis, IN) according to the manufacturer’s instructions. Briefly,
5%10° cells were seeded 12-16 h before transfection, and 1.5 pg plasmid/4.5 pL
transfection reagent was mixed in 150 pL opti-MEM (Invitrogen) and incubated for 25
min before addition to the cultures. For co-transfection, 1 pg plasmid/3 pL transfection
reagent was used for each plasmid. All the transiently transfected cells were incubated for
48 h before harvesting for analysis. For stable expression, Nglyl~~ MEF cells transfected
with pEF/RTAAN236Q/V5-myc/ER were maintained in medium supplemented with 0.8
mg/mL G418 (Nacalai Tesque Co.) for 7 days, and antibiotic resistant clones were

isolated and RTAAm expression was confirmed using western blotting.
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Cycloheximide chase assay

Cells transiently transfected with pEF/RTAAN236Q/V5-myc/ER were equally divided
into six dishes 24 h after transfection (at 60% confluence), 50 ug/mL cycloheximide
(Sigma, St. Louis, MO) was added to the cultures 48 h after transfection and the cells
were collected at the indicated times. To inhibit proteasomal degradation, MG-132
(Peptide Institute Inc., Osaka, Japan) was added at final concentration of 5 uM upon

addition of cycloheximide.

Cell lysis and western blotting

Cells were washed twice with PBS(-) buffer and dissolved in SDS-PAGE sample buffer
(6.25 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 2.5% f-mercaptoethanol, 0.005%
bromophenol blue) unless specified. For the isolation of RIPA buffer insoluble fractions,
cells were lysed in RIPA buffer (25 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA,
0.1% SDS, 1% TritonX-100, 0.5% sodium deoxycholate, 1 x compete protease inhibitor
cocktail, 1 mM Pefabloc). After centrifugation at 15,000 x g at 4°C for 15 min, the
supernatant was collected as the RIPA buffer soluble fraction, and the pellet collected as
the RIPA buffer insoluble fraction, which were dissolved in SDS-PAGE sample buffer
for SDS-PAGE and western blotting. For detecting RTAA, samples were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore) and were incubated with anti-

VS5 antibody (Invitrogen; 1:5,000 in 5% skim milk/TBS-T), washed, and then incubated
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with horseradish peroxidase (HRP)-conjugated anti-mouse IgG secondary antibody (Cell
Signaling; 1:5,000 dilution). ENGase expression was detected using an anti-FLAG
antibody (Sigma; 1:5,000 dilution) and anti-mouse IgG secondary antibody as described
above. GFP was detected using an anti-GFP antibody (Invitrogen; 1:5,000) and anti-
rabbit IgG (Cell Signaling; 1:5000 dilution) and the bands were detected by Immobilon
Western Reagents (Millipore) and visualized using a FUJIFILM LAS-3000 mini, and the

band intensity was quantitated using a MultiGauge V2.2 image reader.

Effect of MG-132 and lysosomal inhibitors on degradation of RTAAm in DKO MEF cells

For the detection of proteasome-dependent degradation of RTAAm, DKO MEF cells
expressing with RTAAm were evenly seeded to 6 dishes 24 h after the transfection of the
plasmid, cycloheximide was added 24 h after the transfection, and cycloheximide was
also co-incubated with the following reagents for 3 hours; 10 mM NH,CI (Nacalai
Tesque Co.), 100 uM chloroquine (Sigma), the mixture of 2 pg/mL leupeptin (Peptide
Institute Inc.) and 2 pg/mL pepstatain (Peptide Institute Inc.), or 5 uM MG-132 for 3 h

before harvesting cells for analysis.

Extraction of the cytosolic proteins

Cells were collected after incubating with MG-132 for 4 h, washed three times with PBS,

and resuspended with 800 puL of TNE buffer (25 mM Tris-HCI pH 7.4, 150 mM NacCl,
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0.5 mM EDTA, 1x complete protease inhibitor cocktail (EDTA-free; Roche Applied
Science), 1 mM Pefabloc (Roche Applied Science)), followed by homogenization in a
motor-driven Potter-Elvehjem homogenizer. Debris was then cleared by centrifugation at
15,000 x g for 15 min at 4 °C, and the supernatant was further centrifuged at 100,000 x g
for 60 min at 4°C to obtain the cytosol (supernatant) fraction. The protein amount was
confirmed by Bio-rad protein assay kit with BSA as a standard, and 5 pg of the cytosolic

protein was loaded for the Amido balck/Concanavalin A-staining analysis.

Amido black staining of the membrane and Concanavalin A (Con A) blotting

Cytosol fractions obtained as described above were separated by SDS-PAGE and
transferred to a PVDF membrane before the blotting. The membrane was washed by
deionized water (DIW) to get rid of the transfer buffer, and stained with amido black
(0.5% amido black (Wako, Japan), 25% isopropanol, 10% acetic acid) for 6 s, followed
by washing with DIW for 5 min to remove the excess dye. The image of the stained
membrane was taken by a FUJIFILM LAS-3000mini, and the stained dye on the
membrane was removed by washing with TBS-T buffer for 30 min. The destained
membrane was further blocked with 10% BSA (Sigma) at 4°C overnight, and incubated
with Con A-HRP (J-OilMills, Tokyo, Japan) for 6 h at 4°C. The membrane was then
washed and the bands were detected by Immobilon Western Reagents (Millipore) and
visualized using a FUJIFILM LAS-3000mini. For control of the ConA staining, same
amount of each sample was denatured with 1% SDS and 0.25% [(3-mercaptoethanol at
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100°C for 5 min, and incubated with PNGase F (Roche Applied Science) at 37°C for 4 h

to remove the N-glycans.

Immunoprecipitation and mass spectrometry

Nglyl”~ MEF cells stably expressing RTAAm were incubated in 5 uM MG-132
containing medium for 3 h, harvested and whole lysate from 4x107 cells was prepared in
1 mL of SDS-PAGE sample buffer. The extract recovered was diluted 10-fold with RIPA
buffer and subjected to immunoprecipitation with 5 pL of mouse anti-V5 antibody
(Invitrogen) and 50 pL of protein A agarose beads (GE Healthcare). Prior to the
incubation with the antibody, incubation with protein A agarose beads was carried to pre-
clear the samples. with After overnight rotation at 4°C, the beads were washed five times
with RIPA buffer and the immunoprecipitated samples were separated by SDS-PAGE,
and the bands on the SDS-PAGE gel were visualized using a silver stain MS kit (Wako

Pure Chemical Industries) according to the manufacturer’s instructions.

The mass spectrometry was performed by Dr. Naoshi Dohmae, Dr. Takehiro Suzuki
(Collaboration Promotion Unit, RIKEN Global Research Cluster) and the detailed
procedure is described elsewhere”. Briefly, the band corresponding to RTAAm g0 was
excised from the gel, and digested with sequencing grade TPCK-trypsin (Worthington
Biochemical Co.) in 30 pL of digestion buffer (10 mM Tris-HCl, 0.05% decyl glucoside,
pH 8.0) at 37°C for 12 h. The digest mixture was separated using a nanoflow LC (Easy

nL.C, Thermo Fisher Scientific) on an NTCC analytical column (C18, ®0.075 x 100 mm,
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3 wm, Nikkyo Technos Co., Ltd.) and subjected on-line to a Q-Exactive mass

spectrometer (Thermo Fisher Scientific)™.
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Chapter 2. The involvement of autophagy in the catabolism of cytoslic
free glycans

ABSTRACT

Macroautophagy plays a critical role in catabolizing cytosolic components via lysosomal
degradation. Recent findings from our lab indicate that basal autophagy is required for
the efficient lysosomal catabolism of sialyloligosaccharides, and that the down regulation
of sialin, a lysosomal transporter of sialic acids can cause a significant delay in the
cytosolic accumulation of such glycans. This chapter shows that the sialin protein level
was increased when the autophagy process was inhibited. This effect appears to be
specific to sialin, since the amount of LAMPI1, another lysosomal membrane protein,
remains constant under the same conditions. My results suggest that autophagy may
regulate the stability of sialin, and it could lead to the cytosolic accumulation of

sialyloligosaccharides in autophagy-defective cells.

57



INTRODCTION
The autophagy has been widely recognized as an important process for

maintaining cellular homeostasis by delivering cytosolic components to lysosomes for
degradation. It plays important roles in various processes such as self renewal,
starvation/stress adaption, anti-bacteria invasion, and antigen-presentaion’. The
autophagy has been divided into three classes, macroautophagy, microautophagy, and
chaperone mediated autophagy. Among them, the macroautophagy is the major form and
has been most extensively studied. During the macroautophagy process, a portion of the
cytoplasm including soluble materials or organelles become sequestered within an
isolation membrane to form double-membrane vesicles called ‘autophagosomes’, which
later fuse with lysosome to form ‘autolysosomes’ for the final degradation of the contents
within the autophagosomes®”’. Herein, the macroautophagy is referred to autophagy for
simplicity.

Autophagosome formation involves multiple, complex processes. Since the
identification of the first autophagy related yeast gene Atgl** ™, the mechanism
responsible for the formation of autophagosomes has been extensively studied” ™.
Autophagy could be easily induced by a number of stimuli, including starvation or
cellular stress. On the other hand, cellular components are also continuously catabolized
by autophagy under normal, non-induced conditions, and this basal autophagy has been
recognized as being critical for intracellular clearance’.

It is well known that the glycosylation of proteins plays roles in various cellular

phenomena in mammalian cells, including protein folding, the subcellular transport of
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proteins, cell-cell interactions and development®*'. In terms of the biosynthetic pathway
for N-glycosylation, which is one of the common forms of glycosylation of proteins,
almost all of the steps are now well understood. However, there are still outstanding
questions that remain to be solved in terms of aspects of the degradation of N-
glycoproteins. In particular, the non-lysosomal pathway for the degradation of proteins
has not been well characterized. For instance, the intracellular accumulation of sialylated
oligosaccharides derived from N-glycans have been observed in various cells and

tissues82, 83,84,85

, while the catabolic pathway for these glycans remains unknown.
Recently in our lab, the attempts to clarify the catabolic pathway for
glycoconjugates in mammalian cells has revealed the importance of basal autophagy in
preventing the accumulation of sialyloligosaccharides in the cytosol'’. Moreover, it was
found that sialin, a lysosomal sialic acid transporter, was involved in the accumulation of
sialyl fOSs in the cytosol by unknown mechanisms, as evidenced by the fact that the

suppression of sialin expression resulted in a significant reduction in the levels of

cytosolic sialyloligosaccharides' (Figure 3.1).
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Figure 3.1. (Modified from ref. 10) Proposed mechanism for regulation of sialin-
dependent export of sialyl-fOSs from the lysosome. A sialin molecule was shown to be
involved to export sialyl-fOSs out of the lysosomes. (left) Complex type glycans
including sialy-fOSs are degraded in the lysosomes in wild type cell with normal
autophagy. An unknown regulator is possibly interacted with the sialin molecule to
inhibit the export of the sialyl-fOSs to facilitate its degradation in the lysosomes. (right)
Autophagy deficient cell loses such regulation, so that sialyl-fOSs may export out of the
lysosome before its degradation.

The lysosomal membrane possesses various transporters for the export of degradation
products formed within the lysosomes. As an anion transporter that exports sialic acid out
of lysosomes, sialin was initially identified and has been widely studied due to the
occurrence of sialic acid-storage disease that are caused by mutations in this gene*>®. A
wide range of substrates of sialin have been reported, including other anionic sugars, such

as iduronic acid or glucuronic acid* as well as aspartate and glutamate® *. It has also

been proposed that sialin is responsible for the synaptic or vesicular uptake of N-acetyl-
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aspartylglutamate in neuronal cells”. Moreover, the structure-function study of sialin
showed that a point mutant of sialin causes a dramatically different effect on the affinity
as well as transport rate for sialic acid and glucuronic acid”'. All of these reports point to
a broad substrate specificity, as well as complex regulation, of this molecule under
diverse conditions. The detailed mechanism responsible for how sialin is regulated by

autophagy, however, remains to be elucidated.
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RESULTS

Sialin is a multi-glycosylated membrane protein
To investigate the regulation of sialin by the autophagy process, m5-7 mouse
embryonic fibroblast (MEF) cells was utilized. In these cells, the expression of A7g5, a
gene essential for autophagosome formation, could be conditionally suppressed by the
addition of doxycyclin (Dox)”. To detect the sialin molecule, mouse sialin with a V5 tag
at the C-terminus was constructed. A previous study showed that the similar C-terminal
tag of human sialin had negligible effect on its localization or its function”. In mammals,
sialin is a multi-transmembrane protein containing seven consensus sequences for N-
glycosylation, and human sialin was shown to be highly N-glycosylated”. Consistent
with this observation, a western blotting analysis showed a diffuse band at a molecular
mass of approximately 80 kDa, suggesting that the mouse sialin protein is also highly N-
glycosylated (Figure 3.2A).
Since the heterogeneity in the size of proteins makes it difficult to quantitate the
sialin content through western blotting analysis, the cell extracts were subjected to a
PNGase F treatment prior to western blotting. As sialin-V5 was found to be unstable
under prolonged incubation at 37°C (data not shown), the cell extracts were treated with
PNGase F for different periods of time in order to find an optimal condition for the
deglycosylation reaction. Sialin-V5 was shifted to a discrete band at a molecular mass of
around 40 kDa after the PNGase F treatment (Figure 3.2B). To confirm that this band

shift was not caused by degradation of the protein, a cell extract without PNGase F
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treatment was subjected to a parallel incubation (Figure 3.2B, lanes 5-8), and no
significant change in the staining pattern was observed. However, as the amount of
detectable sialin-V5 was reduced after an incubation longer than 6 h (Figure 3.2B and
data not shown), the PNGase F treatment was terminated after 4 h, to detect/quantitate the

sialin-V5 proteins.
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Figure 3.2. Sialin-VS5 is expressed as a highly N-glycosylated protein in m5-7 MEF
cells. (A) Western blotting analysis of sialin-V5 in m5-7 cells. Left, m5-7 cells
expressing GFP (control); right, m5-7 cells expressing sialin-V5. The protein was
detected by anti-V5 antibody. Actin was used as the loading control. (B) Lanes 1 to 4,
western blotting pattern of sialin after PNGase F treatment for 0, 2, 4, and 6 h at 37 °C;
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lanes 5 to 8, 37 °C incubation of the samples for 0, 2, 4, 6 h without addition of PNGase
F. Sialin-CHO: glycosylated sialin, dg-sialin: deglycosylated sialin.

Sialin is stabilized under inhibition of autophagy

Having established a quantitation method for determining the amount of sialin-V5
proteins, the change in the amount of sialin was examined upon inhibition of the
autophagy process. To this end, m5-7 cells expressing sialin-V5 were treated with Dox
for the indicated times. The amount of sialin-V5 was increased upon the Dox treatment,
suggesting that the protein level of sialin is, in fact, regulated by autophagy (Figure 3.3A,
left, first panel). Interestingly, the levels of another lysosomal membrane protein,
LAMPI, remained relatively constant during this treatment (Figure 3.3A, left, second
panel). The impairment of autophagy process was confirmed by the disappearance of the
LC3-1I band (Figure 3.3A, left, third panel)”. Quantitation of each protein clearly
indicated that sialin levels were increased upon impairment of the autophagy process

(Figure 3.3A, right).
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Figure 3.3. Sialin levels are increased upon the inhibition of autophagy, while
amount of GFP expressed under the CMV promoter remained unchanged. (A) Left,
sialin and LAMPI1 expression in m5-7 cells treated with Dox (to shut down the
expression of Atg5 protein critical for autophagosome formation) for 0, 1, 2, and 3 days.
GAPDH was used as a loading control, and the defect of autophagosome formation was
confirmed by the disappearance of LC3-II band. Right, quantification of the data shown
in left. (B) Left, the expression of GFP, LC-3 and GAPDH in m5-7 cells under Dox-
treatment for O, 1, 2 and 3 days. Right, quantification of the data shown in left. Data was
the relative amount of each protein normalized by the amount of GAPDH, and the protein
amount of day 0 was set to 1. Error bars, S.D. from five independent experiments. *, p
<0.05; **,p <0.01, student’s t-test.
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Because the sialin-V5 that I detected was exogenously expressed using the
cytomegalovirus (CMV) promoter, it is still possible that the result could be an artifact
for the protein expressed by the CMV promoter. To evaluate this possibility, GFP was
expressed under the CMV promoter in m5-7 cells and the amount of GFP upon Dox
treatment was examined. GFP protein expression was not increased at all under the same
Dox treatment, suggesting that the increase in sialin protein levels under conditions of
autophagy deficiency was not due to a general effect for proteins expressed under the

CMV promoter (Figures 3.3B).

Morphological change of lysosomes was not observed upon shut-off of autophagy
Since the above findings clearly show that sialin levels are increased upon the
inhibition of autophagy, the question arises as to whether such a change would affect the
overall morphology of the lysosomes. To answer this question, m5-7 cells treated with or
without Dox were fixed and LAMP1, a commonly used lysosomal marker, was stained
with an anti-LAMP1 antibody. The inhibition of autophagy in the cells was confirmed by
the disappearance of the LC3-II band (Figure 3.4A). The findings show that the overall
morphology of lysosomes was not significantly changed, implying that the autophagic
regulation of lysosomal protein is restricted to only a subset of proteins and does not

influence the overall morphology of lysosomes (Figure 3.4B).
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Figure 3.4. The morphology of lysosomes was not drastically altered upon the
inhibition of autophagy. (A) Western blotting of m5-7 cells treated with (left), or
without (right) Dox for 5 days. (B) Immunostaining of lysosomes with or without Dox
treatment. m5-7 cells were treated with or without Dox for 5 days, followed by the
staining with anti-LAMP1 antibody. Nuclei: DAPI (4’,6-diamidino-2-phenylindole;
blue), lysosomes: LAMPI (green). Scale bar, 10 um.

67



DISCUSSION

It has long been believed that autophagy is a process for delivering unwanted components
for recycling. On the other hand, an emerging body of evidence shows the autophagy
process can govern/control the function of lysosomes in diverse ways®. Previous study in
our lab also showed that the basal autophagy process is critical for the normal lysosomal
catabolism of sialyloligosaccharides, while the underlying mechanism responsible for this
remains unclarified. My study provide convincing evidence to show that sialin protein
levels are increased when the autophagy process is inhibited. It could be concluded that
this effect is specific to sialin, since a corresponding increase was not observed for (1)
LAMPI, another lysosomal membrane protein nor (2) GFP, a control protein expressed

under the same CMV promoter.

The fact that the sialin in this study was not expressed by an endogenous promoter
suggests that the increase in sialin protein levels under autophagy deficiency is most
likely regulated at a protein level, i.e. in a post-translational manner. (Figure 3.5) The
issue how an increase in the level of sialin has an impact on the catabolism of
sialyloligosaccharides remains to be clarified. One obvious possibility is that, when the
amount of sialin on lysosomal membranes is increased, the substrate specificity of sialin
may somehow be affected, thus resulting in the premature release of
sialyloligosaccharides, putative degradation intermediates, into the cytosol in autophagy-

defective cells. Another more remote possibility is that, since autophagy is an important
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process in clearing damaged lysosomes® *°, an autophagy-deficiency may lead to a
malfunction of this process, leading to both an increase in sialin proteins and the release
of sialyloligosaccharides into the cytosol, or in a defect in recovering these fOSs from the
cytosol, for which these two events may not necessarily be correlated with each other.
Nevertheless, the cytosolic accumulation of oligosaccharides in autophagy-defective cells
exhibits a strict glycan specificity for sialylated oligosaccharides (i.e. not all-types of
glycans were accumulated upon the inhibition of autophagy), implying that the effect is
not merely due to an impaired lysosomal function. The findings also show that, under the
experimental conditions employed in this study, no drastic change in the morphology of
lysosomes was detected, suggesting that the effect is very specific to a subset of proteins,
including sialin. Future studies will be needed to provide more insights into the
connection between the increase of sialin levels and the accumulation of

sialyloligosaccharides in the cytosol upon inhibiting the autophagy process.
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Figure 3.5. Proposed model for catabolism of sialyl-fOSs by autophagy process. The sialin
molecule is stabilized upon the autophagy shut-off, thus resulted in a increased export of sialyl-fOSs
to the cytosol before its degradation in the lysosomes.
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EXPERIMENTAL PROCEDURES

Cell cultures

MEF m5-7 cells (Atg5 Tet-off plasmid in Atg5~~ background) were generously provided
by Dr. Noboru Mizushima (The University of Tokyo, Japan). Cells were cultured in
Dulbecco’s modified Eagle’s medium (Nacalai Tesque Co.) supplemented with 10% fetal
bovine serum and antibiotics (100 units/mL penicillin G, 100 ng/mL streptomycin;
Nacalai Tesque Co.) at 37°C in humidified air containing 5% CO,. Where indicated, 100

ng/mL doxycyclin (Dox, Sigma) was added to the culture medium.

Plasmid constructions

The GFP-encoding plasmid pEGFP-N1 was obtained from Clontech (Mountain View,
CA). For the construction of pENTR-sialin, mouse cDNA was prepared from total RNA
isolated from wild type MEF cells using Qiagen RNEasy kit (Qiagen), and the RNA was
reverse-transcribed with random hexamers using a SuperScript III RT kit (Invitrogen)
according to the manufacturer’s protocol. Sialin cDNA was then amplified from the
mouse total cDNA by the following primers:  Sialin-forward  5°-
CACCATGAGGCCCCTGCTTCGGG-3 and Sialin-reverse 5-
GTTTCTGTGTCCGTGGTGGTC-3’; and the amplified DNA fragment was cloned into
the entry vector of the Gateway system, pENTR™/D-TOPO (Invitrogen). DNA
sequences of the constructs were confirmed using PCR-based deoxy termination methods

using BigDye ver. 3.1 and the ABI 3100 DNA Sequencer. To generate a vector
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expressing C-terminal V5 epitope-tagged mouse sialin, the cDNA cloned into the entry
vector was transferred into the destination vector (pcDNA™6.2/V5-DEST; Invitrogen)

via LR clonase II reactions (Invitrogen) according to the manufacturer’s instructions.

Plasmid transfection

Cells were transfected with plasmids using the FuGENE HD transfection reagent (Roche
Applied Sciences, Indianapolis, IN) according to the manufacturer’s instructions with
optimized conditions. Briefly, 5x10° cells were seeded at a 6-cm dish 12-16 hours before

transfection, and 1.5 ug of plasmids and 4.5 uL of transfection reagent was mixed in 150

uL opti-MEM (Invitrogen) and incubated for 25 minutes before adding to the cultures.

Cell lysis and western blotting

Cells were washed with PBS buffer (Nacalai Tesque Co.), and lysed in RIPA buffer (25
mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 1% TritonX-100, 0.5%
sodium deoxycholate, complete protease inhibitor cocktail (Roche Applied Sciences), 1
mM Pefabloc (Roche Applied Sciences)). After clearing the cell extracts at 15,000xg at
4°C for 15 min, the supernatant was collected and was dissolved in SDS-PAGE sample
buffer (6.25 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 2.5% f-mercaptoethanol,
0.005% bromophenol blue) before being applied for SDS-PAGE. For the deglycosylation

of sialin, samples lysed in RIPA buffer, were treated with PNGase F (Roche) for the

indicated times at 37°C before the addition of the SDS-PAGE sample buffer. After
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separating the proteins by SDS-PAGE and transferring them to PVDF membranes
(Millipore), the samples were subjected to western blotting analysis. For the detection of
sialin, the membrane was incubated with an anti-V5 antibody (Invitrogen; 0.2 ug/mL),
washed, and then incubated with an HRP-conjugated horse anti-mouse IgG secondary
antibody (Cell Signaling; 1:5,000 dilution). LAMP1 was detected using an anti-LAMP1
antibody (Abcam; 0.2 ug/mL) and an HRP conjugated goat anti-rabbit IgG secondary
antibody (Cell signaling; 1:5,000 dilution). GAPDH was detected using an anti-GAPDH
antibody (Millipore; 1:5,000 dilution) and anti-mouse IgG (Cell Signaling; 1:5,000
dilution). Actin was detected using anti-actin antibody (Sigma; 0.15 ug/mL), and HRP
conjugated anti-mouse IgG (1:10,000 dilution). Proteins of interest were detected by
Immobilon Western Reagents (Millipore) and visualized using a FUJIFILM LAS-
3000mini instrument (Fujifilm Co., Tokyo Japan). The band intensity was quantitated

using a MultiGauge V2.2 image reader (Fujifilm Co., Tokyo Japan).

Immunofluorescence analysis

Cells grown on cover glasses (12-mm diameter) in a 24-well plate were washed with PBS
pre-warmed at 37°C, and fixed with 3% paraformaldehyde-PBS (PFA, Nacalai Tesque
Co.) for 20 min. The cells were washed with PBS and excess PFA was quenched by
adding 50 mM NH,CI for 10 min. After removing the NH,Cl and washing with PBS, the
cells were permeabilized by treatment with 50 ug/mL digitonin (Wako) for 10 min, they
were washed, and then incubated in blocking buffer (1% BSA (Sigma) dissolved in PBS)

for 30 min. Cells were incubated for at least 1 h with an anti-LAMP1 primary antibody
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(Abcam, 2.5 ug/mL) in blocking buffer, washed with PBS and incubated with Alexa
Fluor 488-conjugated goat anti-rabbit secondary antibody (Invitrogen, 2 ug/mL) in the
same buffer for 1 h, washed with PBS and rinsed with water. The cells on the cover
glasses were air dried and mounted on glass slides with MOWIOL (Kuraray Co. Litd,
Tokyo, Japan). For the staining of the nucleus, 4'6-diamidino-2-phenylindole
(Invitrogen) was added together with the secondary antibody at a concentration of 10
ug/mL. Fluorescent images were acquired with a laser scanning confocal microscopy
(FV500) (Olympus, Tokyo Japan) by a 60 x objective oil lens. The images were
processed using FV10-ASW 4.0 viewer. Experiments were carried out at room

temperature unless noted otherwise.
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