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Abstract

A cytoplasmic peptide:N-glycanase has been implicated in the proteasomal degradation of newly synthesized misfolded glyco-

proteins that are exported from the endoplasmic reticulum to the cytosol. Recently, the gene encoding this enzyme (Png1p) was

identified in yeast and shown to bind to the 26S proteasome through its interaction with a component of the DNA repair system,

Rad23p. Moreover, a mouse homologue of Png1p (mPng1p), which has an extended N-terminal domain, was found to bind not

only to the Rad23 protein, but also to various proteins related to the ubiquitin/proteasome pathway. An extended N-terminus of

mPng1p, which is not found in yeast, contains a potential site of protein–protein interaction called the PUB/PUG domain. The

PUB/PUG domain is predicted to be helix-rich and is found in various proteins that may be involved in the ubiquitin/proteasome-

related pathway. This review will discuss the consequence of the deglycosylation reaction by peptide:N-glycanase in cellular pro-

cesses. In addition, the potential importance of the PUB/PUG domain for the formation of a putative ‘‘glycoprotein-degradation

complex’’ will be discussed.

� 2003 Elsevier Science (USA). All rights reserved.

Keywords: PUB/PUG domain; UBA domain; UBX domain; Peptide:N-glycanase

Secretion of proteins is an essential biological process

in virtually all types of cells. In eukaryotes, proteins that

go through the secretory path are transported into the

endoplasmic reticulum (ER) through a protein channel

(translocon) during or immediately following transla-
tion. Subsequently, these proteins acquire the correctly

folded state and, in some cases, subunit structure in the

ER with the aid of various lumenal chaperones such as

BiP or protein disulfide isomerase, and eventually exit

the ER by vesicular transport to their respective desti-

nations. However, if these proteins are unable to guide

folding to the correct state, the cell eliminates them. The

system utilized to maintain the quality of proteins is
generally called the ‘‘quality control system’’ [1].

The quality control machinery for secretory proteins

has the capacity to differentiate unfolded or misfolded

proteins from correctly folded proteins in the ER.

Misfolded proteins are retained in the ER and eventu-

ally degraded by the mechanism called ‘‘ER-associated

degradation’’ [2]. It is now clear that this degradation

process does not occur in the ER. Subsequent to the
retro-translocation of the defective proteins or glyco-

proteins from the ER to the cytosol, degradation pro-

cess occurs in the cytosol and involves the proteasome.

Further characterization of this quality control system

may be medically important, since human genetic dis-

eases such as autosomal dominant neurohypophyseal

diabetes insipidus, a1-antitrypsin (A1Pi Z type) or

polyglutamine diseases [spinobulbar muscular atrophy
(SBMA)] are probably caused by the toxic effects of the

misfolded protein or aggregates, which are believed to

accumulate due to the deficiency in the level of degra-

dation machinery in the cytosol [3,4].

The last several years have seen an explosion of

information about proteins that interact with the
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proteasome and may play important regulatory roles in
cellular processes as diverse as the cell cycle, DNA ex-

cession repair, and destruction of misfolded protein and

glycoproteins. One of the molecules that interact indi-

vidually with the proteasome in the cytosol is peptide:N-

glycanase (PNGase). This enzyme is the subject of this

review.

Cytoplasmic PNGase: its connection with proteasomal

degradation

PNGase is a deglycosylating enzyme that has been

suggested to be linked to proteasome-dependent degra-

dation for misfolded glycoproteins that are translocated

from the ER to the cytosol [5–8]. Recently the gene

encoding this enzyme (PNG1) was identified in yeast,
and orthologues of the gene product (Png1p) were found

widely distributed in higher eukaryotes [9]. The Png1p

orthologues found in higher eukaryotes turned out to

have extended sequences at both the amino- and the

carboxy-termini of the common central core ([9]; see

Fig. 1), implying that this enzyme may have acquired

these extensions during evolution of these organisms.

Quite recently, Rad23 protein was identified as a
PNGase-binding protein in yeast [10]. Evidence has

shown that a fraction of the Rad23 protein (Rad23p)

binds to the 26S proteasome through the Rad23p N-

terminus ubiquitin-like (UbL) domain [11]. In fact, the

physical interaction of Png1p with the 26S proteasome

occurs in a Rad23p-dependent manner in yeast [10]. The

formation of a Rad23p–Png1p complex was found to be

distinct from the well-established Rad23p–Rad4p com-
plex required for DNA repair [10]; both complexes were

found to involve binding to the C-terminal domain of

Rad23p [10,12]. In addition, recent evidence showed

that the UBA domain of Rad23p actually binds to

ubiquitin/multiubiquitin [13–17]. These observations

suggest that Rad23 may serve an ‘‘escort’’ function to

connect the 26S proteasome with other proteins and

thereby control the stability and/or the functions of
these proteins.

Deglycosylation vs. proteolysis: which comes first?

Given the fact that PNGase can be physically as-

sociated with the 26S proteasome, it is not unreason-

able to envisage that prior to the precessive proteolysis
by the proteasome, the deglycosylation may occur as

in the case of deubiquitinaton [18,19]. One pitfall of

this assumption, however, is the fact that neither the

biochemically purified mammalian cytoplasmic PNG-

ase nor the purified yeast Png1p acts on intact gly-

coprotein substrates in vitro [9,20], in spite of the

abundant evidence that deglycosylation can occur on

glycoproteins in vivo [8]. Perhaps there is a yet un-
known component(s) that facilitates the deglycosyla-

tion of glycoproteins by cytoplasmic PNGases. Now

that the physical interaction of Png1p and the 26S

proteasome is evident, the 19S proteasome complex is

one of the obvious candidates that aid the unfolding

of glycoprotein substrates [21–23]. Alternatively it is

also possible that functional PNGase is located in

proximity to the ‘‘dislocon,’’ the site where glycopro-
teins are dislocated from the ER lumen into the cy-

tosol, so that PNGase may be able to act on proteins

which are readily unfolded while they pass through the

protein channel. A final possibility is that PNGase or

complex containing this enzyme can recognize and

bind to the carbohydrate chain of unfolded proteins in

the cytosol, but that it only deglycosylates the glyco-

peptides formed by proteasomal proteolysis of the
glycoproteins. In this case, deglycosylation should

come after the proteolysis (Fig. 2). So far the order

of the proteolysis and the deglycosylation processes

in the cytosol have not yet been determined in any

system.

Deglycosylation of misfolded glycoproteins: a double-
edged sword?

While the notion that bulky N-glycan chains on

misfolded glycoproteins might impair the efficient ac-

tion by the proteasome sounds reasonable, it would be

important to note that, in some cases, PNGase-action

can in fact be disadvantageous to cells. It has been

known that when cells are overloaded with misfolded
proteins they are accumulated as inclusion bodies

(aggresomes [24]) in the cytosol. Similar proteinaceous

aggregates can be seen in various neuropathies [25]. In

the case of the cystic fibrosis transmembrane regulator

(CFTR) [24] or the prion protein (PrP) [26], ‘‘non-

glycosylated’’ species were notably enriched when

these proteins were accumulated in the cytosol. Al-

though it remains to be determined if these are the
genuine ‘‘unglycosylated’’ species which were never

glycosylated in the ER or they had been glycosylated

but then deglycosylated in the cytosol by the action of

PNGase, it would be safe to say that aglyco-form of

misfolded proteins, compared with their glycosylated

counterparts, will be subjected to the exposure of

hydrophobic amino acid residues to the aqueous en-

vironment of the cytosol and subsequent aggregation.
Thus, if the ‘‘unglycosylated species’’ are formed by

the action of PNGase, the action of this enzyme could

promote the accumulation of aggregates of misfolded

proteins. Since it is proposed that the Scrapie-form of

the prion protein (PrPSc) may arise de novo due to the

compromised action of the proteasome in the sporadic

and the familial forms of the prion diseases [26], one
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can speculate that inhibition of PNGase action could

be a potential therapeutic target for control of this

devastating disease.

PNGase action on misfolded proteins, nevertheless,
could also serve a useful function. For instance, there

is an evidence to suggest that cytoplasmic deglycosy-

lation by PNGase is involved in the formation of

a melanoma-specific antigenic peptide derived from

tyrosinase, a key enzyme for melanogenesis [27]. Ty-

rosinase is known to be subjected to deglycosylation

by PNGase during proteasomal degradation [28,29].

When the amino acid sequence of antigenic peptide
was analyzed, it was found that a single amino acid

conversion occurs on the peptide compared with the

deduced amino acid sequence; that is, Asn in the rec-

ognition sequence (Asn–X–Ser/Thr) is changed to Asp

[27]. The antigenic (Asp)-peptide sensitizes the tyrosi-

nase-specific cytotoxic T lymphocytes (CTL) at a

100-fold lower concentration than the equivalent Asn-

peptide [27]. This result can be explained if the action
by PNGase during proteasomal degradation of tyros-

inase in myeloma cell produces a change in se-

quence (Asp-peptide) from that which is encoded by

the genome. Accidentally or not, this change would be

advantageous for CTL-mediated recognition of the

cancer cells as abnormal.

PUB/PUG domain: a potential protein–protein inter-

action domain

Recently the PUB/PUG domain was identified as a
novel sequence motif within the N-terminal region of

Png1p from vertebrates and insects [30,31]. This do-

main (amino acid residues 35–80 in mouse) is highly

homologous across the species (mouse vs. human,

100% identical; mouse vs. Fugu, 82% identical, 10%

similar; and mouse vs. fruit fly, 36% identical, 17%

similar). Based on a secondary structure prediction, the

PUB/PUG domain is predicted to have 4a-helices
based on secondary structure prediction. Our pre-

liminary experimental evidence shows that the PUB/

PUG domain is important in the binding of the

mPng1p to a wide variety of ubiquitin/proteasome

pathway-related proteins [8,32]. Those proteins include

the mouse homologue of Rad23p (mHR23B), a 19S

proteasome subunit S4 (Rpt2p), ubiquitin, a hypo-

thetical protein, which has 1 UBA and 1 UBX domain
(Y33K), and autocrine motility factor receptor, which

has a RING finger motif [33] and a CUE domain [34],

both of which are implicated in the ubiquitination re-

action. Interestingly, all of the interactions except that

of Rad23p orthologue utilize the N-terminal domain of

mPng1p [8,32]. These facts may reflect an evolutionary

change whereby addition of an N-terminal extension

to Png1p, including the PUB/PUG domain, allows
mPng1p to control various regulatory protein–protein

interactions for proteasome-mediated glycoprotein

degradation.

Fig. 1. Schematic representation of Png1p homologues: TG, trans-

glutaminase-like domain [42,43], which includes catalytic triad for

Png1p [8,44]; ScPng1p, Saccharomyces cerevisiae Png1p; mPng1p,

mouse Png1p; and AtPng1p, Arabidopsis thaliana Png1p.

Fig. 2. The alternative route for misfolded glycoprotein degradation

PNGase action on misfolded glycoproteins in the cytosols is either

prior to (A) or after (B) degradation by the proteasome.

Fig. 3. Schematic representation of ‘‘glycoprotein degradation com-

plex.’’ The addition of an N-terminal extension of mouse Png1p in-

cluding the PUB domain may be an evolutionary change which allows

mouse Png1p to form ‘‘a glycoprotein degradation complex.’’
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Glycoprotein degradation complex: a specialized platform
for glycoproteins?

The functional importance of the PUB/PUG domain

in proteins is not yet proven. It is noteworthy, however,

that some of the proteins that have PUB/PUG domains

were found to have either a UBA or a UBX domain, a

sequence motif present in multiple enzyme classes in the

ubiquitin-related pathway [35]. This, together with our
recent observations [32], implies that the acquisition of

the PUB/PUG domain by animal Png1p may have

resulted in its ability to directly bind to the 26S

proteasome.

Recent studies suggest that both UBA and, most

likely, UBX domains function as protein–protein inter-

action domains [13–17,36–40]. We hypothesize that the

PUB/PUG domain, as proposed for UBA or UBX do-
main, may also serve as a protein–protein interaction

domain. One can readily envision that, together with

UBA or possibly UBX domains, the PUB/PUG domain

can generate a number of protein–protein interaction

networks in many cellular processes including the

ubiquitin–proteasome pathway. In this case, the acqui-

sition of PUB/PUG domain may result in the formation

of a ‘‘glycoprotein-degradation complex’’ in order to
facilitate a series of reactions such as retro-transloca-

tion, ubiquitination, deglycosylation, deubiquitination,

and degradation of proteins at one cellular site (Fig. 3).

Demonstration of the occurrence as well as the charac-

terization of these complexes would be the next logical

step to validate this hypothesis. In this connection, the

recent finding of the lectin–ubiquitin ligase, Fbx2, in-

volved in ER-associated degradation is very interesting
[41]. Since it is likely that Fbx2 represents a glyco-

protein-specific ubiquitin ligase, it is tempting to spec-

ulate that this dual-functional protein might also be a

member of the ‘‘scavenger factory’’ that retrieves the

building blocks (sugars and amino acids) of defective

glycoproteins.
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