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Abstract

N -glycosylation in the endoplasmic reticulum (ER) consists of the transfer of a pre-assembled
glycan conserved among species (GlczMangGIcNAc,) from a lipid donor to a consensus sequence
within a nascent protein that is entering the ER. The protein-linked glycans are then processed by
glycosidases and glycosyltransferases in the ER producing specific structures that serve as
signalling molecules for the fate of the folding glycoprotein: to stay in the ER during the folding
process, to be retrotranslocated to the cytosol for proteasomal degradation if irreversibly
misfolded, or to pursue transit through the secretory pathway as a mature glycoprotein. In the ER,
each glycan signalling structure is recognized by a specific lectin. A domain similar to that of the
mannose 6-phosphate receptors (MPRs) has been identified in several proteins of the secretory
pathway. These include the beta subunit of glucosidase Il (Gll), a key enzyme in the early
processing of the transferred glycan that removes middle and innermost glucoses and is involved
in quality control of glycoprotein folding in the ER (QC), the lectins OS-9 and XTP3-B, proteins
involved in the delivery of ER misfolded proteins to degradation (ERAD), the gamma subunit of
the Golgi GIcNAc-1-phosphotransferase, an enzyme involved in generating the mannose 6-
phosphate (M6P) signal for sorting acidic hydrolases to lysosomes, and finally the MPRs that
deliver those hydrolytic enzymes to the lysosome. Each of the MRH-containing proteins
recognizes a different signalling N-glycan structure. Three-dimensional structures of some of the
MRH domains have been solved, providing the basis to understand recognition mechanisms.
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1) N-glycosylation

One third of the proteins synthesized by eukaryatic cells will be part of the secretory
pathway. Proteins enter this pathway through the endoplasmic reticulum (ER), either co- or
post-translationally. Once in the ER, proteins acquire their native tertiary structure,
oligomerize and undergo post-translational modifications such as signal peptide removal,
disulfide bridge formation, proline isomerization and N-glycosylation. Almost 70 % of the
proteins of the secretory pathway are N-glycosylated [1]. N-linked glycosylation is a protein
modification specific to asparagine residues whose basic features have been known for
many years [2]. However, in recent years the surprising discovery was made that N-
glycosylation occurs not only in Eukaryotic cells but also in Bacteria and Archaea [3].
During N-glycosylation in eukaryotic cells a glycan (Figure 1A) is transferred by the
translocon-associated oligosaccharyltransferase complex (OST) to the Asn residue in the
consensus sequence Asn-X-Ser/Thr, in which X cannot be Pro [4]. This consensus sequence
is N-glycosylated co-translationally as the nascent polypeptide emerges into the ER lumen
through the translocon [5], although in some cases N-glycosylation may occur post-
translationally [6]. N-glycans are then modified in the ER and the Golgi complex by removal
and addition of different sugar residues to produce a high variety of structures.

N-glycosylation is one of the most relevant post-translational protein modifications. First, N-
glycans have key roles in molecular recognition events, and due to their diverse composition
they increase the cell’s proteome. Second, N-glycans may change the biophysical behavior
of glycoproteins by increasing protein solubility, reducing aggregation, and influencing the
folding process by modulating the local conformational preferences of the glycosylated
sequence [7]. Third, immediately after their transfer to proteins, N-glycans are modified by
several ER-resident glycosylhydrolases and glucosyltransferases and the resulting glycans
serve as signals to indicate the folding status and the fate of a glycoprotein within the cell.
Specific glycan structures are recognized by lectins that participate in cycles of quality
control during glycoprotein folding in the ER (QC), in the retro-translocation to the cytosol
of terminally misfolded proteins to be degraded by the ubiquitin-proteasome system (ERAD,
for ER-associated degradation), or in the sorting of mature proteins to the different
compartments in the secretory pathway [8, 9].

a) Biosynthesis of Dol-PP-oligosaccharides

The N-glycosylation pathway initiates with the transfer of a pre-built glycan that in most
eukaryotic cells has the composition GlczMangGIcNAc, (G3M9) [10] from a dolichol-P-P
derivative to the consensus sequence Asn-X-Ser/Thr of nascent proteins. The biosynthesis of
this precursor starts in the cytosolic side of the ER membrane, where nucleotide-activated
sugars (UDP-GIcNAc, GDP-Man) serve as substrates for different glycosyltransferases
coded by alg (for asparagine-linked glycosylation) genes that act in an ordered manner to
produce a MansGIcNAc,-Dol-PP precursor. This precursor is then translocated across the
ER membrane where four mannoses and three glucoses are added from Dol-P-Man or Dol-
P-Glc substrates in the luminal side of the ER membrane. The order of addition of each
monosaccharide is depicted in Figure 1A [11]. Although the G3M9 structure of the glycan
that is transferred during N-glycosylation is conserved in animal, plant and fungal species,
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protozoans transfer unglucosylated glycans to proteins during N-glycosylation
(MangGIcNAc, (M9) in Trypanosoma, Man;GIcNAc, (M7) in Critidia and MangGIcNACc;
(M5) in Leishmania are some examples) [12, 13].

b) Transference of glycans to proteins by the OST complex

OST transfers the glycan G3M9 en bloc to proteins as soon as the glycosylation consensus
sequence emerges from the luminal side of the ER at a distance of 12—-13 amino acids from
the ER membrane [5]. The presence of an emerging Asn-X-Ser/Thr sequence at the
appropriate distance is not sufficient for N-glycosylation. There is evidence suggesting that
this covalent modification is produced in sequons that are less prone to acquire a secondary
structure quickly or are located in a flexible region of the polypeptide, (i.e., loop and turn
regions) [11, 14]. In addition, N-glycosylation at noncanonical Asn-X-Cys sequences has
been reported in mammals, yeast and plants [15-17]. In budding yeasts and mammals, OST
is a multisubunit protein bearing one catalytic subunit (STT3) and seven-eight regulatory
subunits that is associated in many eukaryotic systems not only with the translocon, but also
with the ribosome [18]. In these organisms, OST transfers G3M9 about 10- to 25-fold faster
than M9. Mutant cells unable to elongate Dolichol-PP-M9 (alg mutants) exhibit
underglycosylation of sequons. This, in turn, produces deleterious effects on the proper
folding of many glycoproteins [11, 19]. Several variants of a human disease called
Congenital Disorder of Glycosylation type | are due to the underglycosylation of proteins
[20]. As mentioned above, nonglucosylated oligosaccharides are the natural glycan
transferred in some protozoan species [13]. Their OST (as well as in Bacteria and Archaea),
however, consists of only the catalytic subunit STT3 and has broader spectra of specificity
for the glycan to be transferred [21].

2) Processing in the ER of the protein-linked oligosaccharides

The half-life of the G3M9 form of the protein-bound oligosaccharide has is very short, as its
outermost glucose (residue n in Figure 1) is immediately removed by glucosidase | (Gl)
after the transfer of the oligosaccharide to the polypeptide nascent chain, thus forming
GlcoMangGIecNAC, (G2M9) (Figure 1B). Gl is a type 1l membrane al,2 exoglucosidase
associated with the translocon complex in close proximity to OST that belongs to the
glycosyl hydrolase family 63 [22]. The remaining two glucoses of the protein-linked G2M9
are removed by glucosidase 11 (GlI), an ER soluble a(1,3) glucosidase belonging to the
glycosyl hydrolase family 31. GII possesses a dual activity, successively trimming middle
(Glcal,3Glc bond, GlI first cleavage) and innermost (Glcal,3Man bond, Gl second
cleavage) glucoses (residues I and m in Figure 1), thus generating Glc;MangGIcNAc,
(G1M9) and M9 [1, 23]. In addition, the GIM9 glycan structure may be produced in the ER
by the activity of a soluble UDP-Glc:glycoprotein glucosyltransferase (UGGT) that adds a
glucose (residue I, Figure 1B) only if the protein moiety of the glycoprotein has not yet
acquired its native tertiary structure [24—26]. Finally, one or more mannoses may be
removed from the N-glycan by ER-resident mannosidases, ER a-mannosidase | and EDEM
(Mns1 and Htm1 in Saccharomyces cerevisiae), which progressively remove terminal al,2-
bonded mannose residues of the B arm and the C arm (residues i and k in Figure 1B)
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generating demannosylated species bearing 8, 7, and in some cases 6 mannose units (M8
isomer B, lacking terminal mannose i of arm B; M7 and M6) [27-29].

What signal(s) is triggered by each glycan structure produced in the ER by the activity of
Gl, Gll, UGGT and ER-mannosidases that impacts protein maturation and sorting? As it
will be discussed in the following section, specific N-glycan structures are recognized by
QC, ERAD or secretory pathway sorting machineries.

3) Quality control of glycoprotein folding in the endoplasmic reticulum

Protein folding is a complex process and there are several mechanisms in eukaryotic cells to
ensure that proteins acquire their native conformation, and protein N-glycosylation is one of
them. Each glycan structure generated by a specific glycosidase or glucosyltransferase in the
ER provides information that determines the fate of the glycoprotein. The glycan G3M9 is
recognized and transferred to proteins by OST during the N-glycosylation reaction. This
glycan is deglucosylated immediately after its addition to proteins: the glycan G1M9 formed
by the successive action of Gl and GlI is recognized by lectins/chaperones of the ER,
calnexin (CNX), a membrane protein, and calreticulin (CRT) its soluble homologue (Figure
2). This interaction facilitates protein folding by preventing aggregation of folding
intermediates and by favoring interaction with ERp57 (a protein disulfide isomerase which
forms a complex with CNX) that results in proper disulfide bridge formation. This
interaction also prevents an early exit from the ER of intermediates and misfolded
glycoproteins [1]. Once deglucosylated by GlI’s second cleavage reaction, M9-bearing
glycoproteins can no longer interact with CNX or CRT, and depending on its folding status
the glycoproteins may then be re-glucosylated by UGGT or continue their transit through the
secretory pathway. If not yet completely folded, molten globule structures and hydrophobic
surfaces are recognized by UGGT on M9-bearing glycoproteins and the same G1M9
structure is formed again [26, 30]. Cycles of deglucosylation by GllI, interaction with CNX
or CRT, and re-glucosylation by UGGT (CNX/CRT cycles) continue until the protein is
folded and continues its way through the secretory pathway (Figure 2).

If the folding process is too slow or fails, one or more mannose residues are removed by ER-
resident mannosidases (residues i and k, Figure 1B). Mannose trimming generates ligands
for two al,6-linked mannose-binding lectins, OS-9 and XTP3-B. These lectins facilitate the
transport of misfolded glycoproteins across the ER membrane for degradation [31-33].
However it was reported recently that unlike OS-9, XTP3-B did not enhance the degradation
of misfolded glycoproteins but instead protected misfolded proteins bearing M9 glycan
structures from degradation [34]. As it will be discussed below, Gl activity is reduced upon
reduction in mannose content in the B and C arms of the glycan while UGGT activity is not,
thus providing an opportunity for slow-folding/misfolded glycoproteins to re-enter the
CNX/CRT cycles [35, 36] (Figure 2). It is unknown whether the G2M9 structure triggers a
signal, but the recent discovery of Malectin, a membrane protein that recognizes the
disaccharide Glcal,3Glc moiety of this glycan, suggests a possible function for this
intermediate in the ER retention of G2M9-misfolded glycoproteins upon ER stress [37, 38].
Accordingly, it was recently shown that Malectin preferentially associates with misfolded
glycoproteins and inhibits their secretion [39].
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4) Glucosidase I

GllI plays a key role in the quality control of glycoprotein folding within the ER. First, the
removal of the middle glucose residue in G2M9-bearing glycoproteins catalyzed by GII’s
first cleavage step generates monoglucosylated species able to interact with CNX and/or
CRT; second, Gl removal of the innermost glucose in G1M9-glycoproteins liberates their
association with CNX/CRT allowing exiting from QC and finally, Gll is also responsible for
the removal of the glucose added by UGGT (Figure 2). Gl is a soluble ER heterodimer
whose subunits are tightly but non-covalently bound. The heterodimeric nature of GIl was
initially described by Helenius and co-workers when a 100-120 KDa polypeptidic chain
from rat liver (Glla) reported previously to bear the catalytic activity was unable to be
separated from a smaller, uncharacterized polypeptide chain (GIIf) using conditions close to
denaturation [40]. Gl heterodimeric composition was also demonstrated genetically using
strains of Schizosaccharomyces pombe (a fission yeast that displays a QC mechanism
similar to that of mammalian cells) lacking either Glla or GIIf coding genes. Microsomes
purified from both strains were completely devoid of GlI trimming activity in vitro toward
the glycan G1M9, demonstrating that both subunits were required for Gl full activity. In
vivo studies showed, however, that although mutants lacking Glla formed only G2M9
glycans bound to proteins after a 15 minute-labeling indicating that Gl activity was
completely abolished, small amounts of G1M9 were formed in the ER of mutants lacking
GIIB, thus confirming the catalytic role of Glla subunit [41].

Glla is conserved in divergent organisms including yeast, mammals, parasites and plants
[40-44]. This subunit bears the (G/F)(L/1/V/M)WXDMNE) consensus sequence of the
active site of family 31 glycosyl hydrolases. Mutation of aspartic acid or glutamic acid of
this sequence completely abolishes the enzymatic activity of GllI [45]. GlI has a nearly
neutral pH optimum, no cation requirements and is inhibited by 1-deoxynojirimycin (DNJ),
castanospermine and bromoconduritol [46]. Recently, N-alkylated DNJ inhibitors of GlI
have been developed and evaluated for their antiviral effect in cells upon dengue virus
infection [47]. It has been proposed that the kinetics of the first glucose cleavage mediated
by Gl (formation of GIM9) is much faster than the second glucose cleavage reaction
(formation of M9) [46, 48]. This rate differential would increase the life-time of the
monoglucosylated species able to interact with CNX and CRT, even in the absence of
UGGT activity as occurring in a few organisms as S. cerevisiae [49]. Other work suggests,
however, that the different kinetics of the first and second GlI-trimming reactions may not
be significative at the high protein concentrations present in the ER lumen [50].
Interestingly, Glla subunit was recently proposed as a potential novel cancer biomarker as it
was reported to be frequently overexpressed in human lung tumor tissues and exhibited a
stress response similar to p53 [51].

a) Substrate specificity of GlI

GlI activity has been determined using two types of substrates: small artificial analogues
such as p-nitro phenyl-a-D-glucopyranoside (pNPG) or N-glycans (G2M9, G1M9 and
derivatives such as methotrexate (MTX)-linked glycans) [23, 40, 41, 52, 53]. GlI
heterodimer and isolated Glla subunit activities toward pNPG were similar. However, the
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dramatically reduced activity of the isolated Glla subunit toward N-glycans compared to the
Glla/Gl1IB heterodimer prompted the study of the role of GIIf subunit in N-glycan
deglucosylation by Glla [54, 55]. The roles of GlIp subunit will be reviewed in the
following sections.

Several years ago it was determined that the GlI deglucosylation activity in vitro toward
high mannose N-glycans decreased dramatically when the mannose content of the B- or C-
arm of the glycan was reduced [35]. Later, it was shown that the order of rat liver GlI
deglucosylation initial velocities of MTX-conjugated substrates was GIM9-MTX =
G1M8B-MTX (lacking terminal mannose i of arm B, Figure 1A) > G1IM8C-MTX (lacking
terminal mannose k of arm C) > G1IM7-MTX (lacking terminal mannose residues i, k of
arms B and C, Figure 1A), suggesting that the outermost mannose of the C-arm of the
glycan was involved in substrate recognition by GlI [53]. More recently, the in vivo activity
of GIl was analyzed in S. pombe mutant cells in which the biosynthesis of the Dolichol-PP
glycan was interfered by mutating one or more alg genes. The transferred glycans were
G2M9, G2M7 (lacking mannoses j and k of arm C), G2M6 (lacking mannose i of arm B and
mannoses j and k of arm C) or G2M5 (lacking mannoses h and i, of arm B and mannoses j
and k, of arm C) in the different mutants (Figure 1A) [36]. The cells were pulse-labelled and
the glycan pattern produced after 15 min in the presence of dithiotreitol (to avoid
glycoprotein exiting from the ER) was analyzed. Measurement of the relative proportion of
di-glucosylated, monoglucosylated and unglucosylated species (G2M9, G1M9 and M9;
G2M7, GIM7 and M7; G2M6, G1M6 and M6; and G2M5, G1M5 and M5) showed that the
in vivo activity of GII was progressively reduced as the mannose content of B and C arms
decreased. Because in vivo GlI activity toward M6 was observed to be even lower than that
observed toward M7, this indicates that not only is the outermost mannose of arm C
important for GlI heterodimer activity, but also the outermost mannose of arm B, although
to a less extent. Surprisingly, the in vivo activity of UGGT was not dependent on
glycoprotein mannose content. These results suggested that upon demannosylation of slow
folding glycoproteins, the relative activities of GIl and UGGT would shift the equilibrium
toward the monoglucosylated forms that are able to interact with CNX, giving yet another
chance for slow-folding demannosylated proteins to enter the QC cycles and fold properly
(Figures 1 and 2) [36].

b) Glucosidase Il beta subunit

The study of GIIp subunit has been the object of increasing interest as polycystic liver
disease, an autosomal dominant disorder characterized by the appearance of fluid-filled
cysts in the liver and an increased liver volume may develop in individuals bearing
mutations in GIIf gene. This gene is also known as hepatocystin, PRKCSH or protein kinase
C substrate 80H-K [56-59]. It was postulated that defective quality control of proteins in
patients with PRKCSH disrupts hepatic homeostasis. However, the precise molecular
mechanisms of the outcome of the disease are not known. Recently it was shown that the
knockdown of hepatocystin induces autophagy through a mammalian target of rapamycin
(mTOR)-dependent pathway [60].
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GIIp subunit is a 50-70 kDa polypeptide non-covalently bound to Glla subunit [40]. GIIp
bears a signal peptide sequence to deliver proteins into the ER and a canonical ER retention/
retrieval signal HisAspGluLeu at its C-terminus [40, 41]. In some species it may contain one
or two EF hand Ca** binding domains and a glutamic acid-rich motif. Absolutely conserved
among GlIps is a C-terminal domain homologous to the mannose 6-phosphate receptor
(MPR) lectin domain (MRH) [61]. Another GIIf conserved domain (G2B domain) is
involved in Glla-GIIp interaction [36, 62, 63] (see Figure 3). GIIf has been suggested to be
responsible for Glla folding, maturation or stability in mammals, heterodimer localization in
the ER (Glla lacks any known ER retention signal), and/or enhancing Glla N-glycan
processing rates [40, 41, 54, 55, 63-67].

i. Role of GlIf on Glla folding, maturation or activity—Although it was initially
suggested that GI1f3 was necessary for proper Glla folding or stability [66, 67], work of
Trombetta et al. showed that G1I subunit could be specifically proteolyzed from GllI
heterodimer without loosing activity toward the small substrate analogue pNPG [68]. A
more recent work showed that the same GlIf-proteolyzed preparation was unable to trim
G2M9 or G1IM9 physiological substrates of Gll, demonstrating a key role of GIIf subunit in
N-glycan trimming [54]. Total cell extracts of mutant S. pombe cells lacking endogenous
GIIp were active towards pNPG, indicating that GIIf is not required for Glla folding or
maturation. However, in vivo trimming of G2M9 and G1M9 of ER folding proteins was
severely delayed in those mutants, thus confirming that G11f subunit was required for N-
glycan trimming by GlI [41, 54]. Accordingly, Wilkinson et al. showed that Glla subunit
was as stable alone as in the heterodimer in S. cerevisiae [63]. Watanabe et al. also
demonstrated in vitro that GIIj3 was not required for pNPG processing in Aspergillus oryzae
[55]. In summary, all recent evidence leads to the conclusion that GIIf is not involved in
Glla folding, maturation, stability or in the activity toward pNPG (at least in S. pombe, S.
cerevisiae and in A. oryzae), but that it is involved in N-glycan trimming by GlI.

ii. Role of GlIp on Gl localization within the ER—GII has been shown to be present
in the ER lumen [69]. This localization correlates well with that of UGGT and CRT [70]
also involved in QC. However, Glla subunit lacks in its sequence any known ER
localization signal. As GIIp of fungal and mammalian cells bear the canonical C-terminal
XAspGluLeu-like retention/retrieval sequence of ER resident soluble proteins, it was
proposed that GIIf is responsible for the heterodimer subcellular localization due to its tight
interaction with Glla [40, 41]. Removal of the HisAspGluLeu signal of human GIIj
increased Glla secretion in COS7 cells [67]. In agreement with these studies, a reduced ER
amount of Glla was present in microsomal fractions of S. pombe cells lacking GIIp. Glla
ER levels could be recovered to those of wild-type cells when the ValAspGluLeu C terminal
signal present in GIIB was added to Glla [54]. Although there is a consensus opinion
attributing to GIIB the role of retaining Glla catalytic subunit in the ER, one or more
unknown ER localization mechanisms seem to be operating as well. For instance, a normal
ER localization of GIIp occurred in cells in which the GIIf ValAspGluLeu C terminal
sequence was occluded by a YFP tag [54]. In S. cerevisiae, GIIf localized to the ER
although it does not display any known retention/retrieval sequence [63]. Moreover, in S.
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pombe cells lacking GIIB, Glla content was still between 20-50 % of that of wild type cells,
suggesting that also Glla may bear another unknown ER localization signal [54].

iii. Role of GlIB on N-glycan trimming—The newest role proposed for GIIB subunit in
the QC is that of being a lectin that enhances Glla-mediated N-glycan trimming both in vivo
and in vitro [54, 55, 63]. Work of Deprez et al. showed that the association of GIl with a
single-glycan-bearing protein was independent of its hydrolytic activity, but that trimming
of the middle glucose by GlI (residue n in Figure 1A) only occurred efficiently when a
second glycan was present in the polypeptide chain. The authors proposed that the second
glycan would bind to the MRH domain present in GII subunit and this would change the
conformation of the protein, thus activating Glla [64]. Wilkinson et al. showed later that S.
cerevisiae mutants lacking G1Ip subunit were defective in the processing of
monoglucosylated glycans [63]. A more recent work by Stigliano et al. showed that S.
pombe cells lacking GIIf completely abolished in vitro trimming of glucose units from both
G2M9 and G1M9. Moreover, microsomes of S. pombe cells in which Glla content was
normal (cells lacking both endogenous Glla and GIIf and expressing Glla with a
ValAspGluLeu retention signal) showed an activity towards pNPG similar to that of wild
type cells while no in vitro activity was observed when N-glycans were used as substrates.
Also, G2M9 and G1M9 trimming was severely delayed in vivo demonstrating that GIIf is
required for efficient N-glycan trimming by GlI [54]. Similar conclusions were made by
Watanabe et al. using microsomes of A. oryzae lacking GIIp and assaying activity towards
N-glycans in vitro [55]. Olson et al. were able to express and purify for the first time
recombinant full length GIIf subunit. This preparation was able to recover in trans the
activity toward G1M9 of microsomes of S. pombe cells expressing only Glla in the ER [71].
The observation that GIIp is required to efficiently trim N-glycans and that it bears a MRH
domain similar to that of MPRs prompted the authors to propose that the GIIp MRH domain
is responsible for N-glycan recognition by GlI.

c) The role of GlIp MRH domain on N-glycan recognition by GlI and its influence in QC

Mannose 6-phosphate Receptor Homology (MRH) domains were first described in the two
MPRs responsible for delivering lysosomal acid hydrolases from the trans Golgi network
(TGN) to endosomal compartments in mammalian cells, but they are also present in a few
resident proteins of the ER and Golgi: the G1Ip subunit of Gll, the lectins OS-9 and XTP3-B
(involved in ERAD), and the gamma subunit of the Golgi GIcNAc-1-phosphotransferase
(generates the M6P signal recognized by MPRs) [61] (Figure 4). GlIp, OS-9 and XTP3-B
are ER resident proteins and GIcNAc-1-phosphotransferase and MPRs localize to the Golgi
apparatus, with the MPRs recycling between TGN, endosomes and plasma membrane. Two
of these proteins are associated in a complex with known enzymatic activity, Gl and
GIcNAc-1-phosphotransferase, whereas the others are lectins in the secretory pathway.

The observation that GIIp bears an MRH domain lead to the hypothesis that the MRH
domain mediates N-glycan recognition by Gl [54, 55, 65, 72]. This hypothesis is supported
by experiments showing that the N-glycan trimming rates carried out by GlI in vitro [53, 54]
and in vivo [36] were decreased significantly upon hydrolysis of mannose residues from the
B and C arms of the N-glycan, indicating that GII MRH domain acts as a lectin that binds
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mannose in arms B and/or C but not in arm A. Using frontal affinity chromatography, Hu et
al. showed direct binding of the isolated recombinant human Gl MRH domain forming a
tetramer to high mannose N-glycans coupled to 2-aminopyridine [72]. Stigliano et al.
showed that MRH domain-containing proteins with mutations in the conserved amino acids
known to be critical for the interaction between MPRs and mannose residues of lysosomal
acid hydrolases (“MRH binding pocket signature motif” that includes amino acids Gln, Arg,
Glu, Tyr, see Figures 6 and 7) [73, 74] abolished the G2M9 and G1M9 hydrolysis activity
by Gll in vitro and sharply decreased the deglucosylation of those glycans in vivo without
affecting the GIIf ER localization or Glla-GlIf interaction [54]. Olson et al. showed that the
isolated MRH domain can compete with full-length GIIf for N-glycan binding. Moreover,
surface plasmon resonance analyses (SPR) of purified MRH domain mutated in those same
amino acids proposed to be in the binding pocket showed a decreased binding affinity to
high mannose glycoproteins [71].

These findings demonstrate that the MRH domain is indeed responsible for N-glycan
recognition by GlIB, and a model was proposed for GIIp MRH domain enhancement of Glla
activity: upon binding mannose in the B and/or C arms of the glycan, the MRH domain
positions the arm A of the glycan to be near the catalytic site of Glla (Figure 3) [54]. This
model was an alternative model to that previously proposed by Deprez et al. in which the
basal activity of Glla catalytic site bound to a glycan would be activated by a
conformational change produced upon binding of a second glycan in the same glycoprotein
to the G1If MRH domain [64]. The 3D structure of GIIf MRH domain was solved by NMR
spectroscopy and revealed that the amino acids that constitute the “signature motif” for
MRH-containing proteins are positionally conserved in the binding pocket. The model for
GIIB enhancement of Glla activity was refined and it was proposed that those amino acids
bind to the C arm of the glycan [71]. The refined model and the structure of GIIf MRH
domain will be discussed below.

As GlI activity in vivo progressively decreases upon demannosylation in B and/or C arms of
slow folding/misfolded glycoproteins while UGGT does not, it was proposed that GIl would
act as a regulator of the permanence of such species in the ER [36]. In the absence of GII,
the sensitivity of GlI toward N-glycan mannose content is lost. Moreover, when GII
subunits containing mutations in the key amino acids of MRH binding pocket are expressed
to replace the endogenous GIIf, the same loss of mannose sensitivity was observed,
indicating that G1I subunit’s MRH domain was responsible for sensing the mannose
content of N-glycans. This observation confers Gl MRH domain a key role in quality
control of glycoprotein folding in the ER [36] (Figure 2).

5) Other MRH domain-containing proteins in the secretory pathway

As mentioned above, in addition to the f-subunit of glucosidase 11, two other resident ER
proteins with MRH domains participate in the quality control of glycoprotein folding, OS-9
and XTP3-B. 0S-9 and XTP3-B differ from GIIf in that they are not a regulatory subunit of
a glycosidase. Rather, they serve as lectin sensors in an ubiquitin ligase complex to screen
glycoproteins for entry into a retro-translocation process across the ER membrane that
ultimately leads to their proteasomal degradation in the cytosol. Several proteins with MRH
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domains are also present in post-ER compartments and serve complementary roles: the -
subunit of GIcCNAc-1-phosphotransferase which generates a M6P tag on newly synthesized
acid hydrolases in the Golgi and the recycling receptors, CD-MPR and CI-MPR, that route
M6P-tagged acid hydrolases to the lysosome (Figure 4).

The ER resident protein, OS-9, was originally identified as a protein upregulated in human
osteosarcomas [75]. The human OS9 gene (alternate notation is ERLEC2) encodes a 667-
residue glycoprotein and has a single MRH domain near its N-terminus (Figure 4A). Unlike
the yeast ortholog, Yo0s9p, mammalian OS-9 does not contain an ER retention signal. Yo0s9
is a dimer, and the ~170-residue dimerization domain, which is adjacent to the C terminus of
the MRH domain, has been crystallized [76].

Much of the studies have been conducted on either the human or S. cerevisiae form of this
ER lectin, with many, but not all, of the results being consistent between both species. OS-9
associates with a HRD1-SEL 1L ubiquitin ligase complex, although the glycan dependence
of OS-9’s interaction with SEL1L remains controversial [31, 33, 77]. OS-9 functions late in
the quality control process of glycoprotein folding and plays a key role in determining
whether a glycoprotein is targeted for proteasomal degradation (Figure 2). The MRH
domain is essential for this process as it recognizes specific N-glycans on misfolded
glycoproteins (reviewed in [78]). Both OS-9 and Yo0s9p bind truncated N-glycans containing
a terminal Manal,6Man sequence on arm C (residue k, Figure 1B and Figure 5) which
serves as a glycan degradation signal [28, 31, 79]. However, Yo0s9p, but not OS-9, binds to a
Man3sGIcNAc, glycan containing a terminal Manal,6Man sequence [80]. Taken together,
these studies indicate that entry of misfolded glycoproteins into ERAD requires trimming of
the outermost al,2-linked mannose residue on arm C, with OS-9’s MRH domain serving as
the specific carbohydrate sensor.

0S-9 may play multiple roles in ERAD. Y0s9p has been reported to bind misfolded
polypeptides [81]. In addition, recent studies have shown that Yos9p functions to retain
misfolded proteins in the ER independent of the glycan degradation signal, even when
proteasomal degradation is inhibited [82]. Although more studies are needed to fully
understand OS-9’s role(s) in the ER, these studies implicate OS-9 in multiple steps of the
ERAD process.

XTP3-B, or Erlectin, is an ER luminal protein. The human ERLEC1 gene encodes a 483-
residue glycoprotein that contains two MRH domains. Unlike the CI-MPR, the two MRH
domains are not contiguous but are separated by 96 residues of unknown function (Figure
4A). Early studies revealed a difference in the activity of the two MRH domains. Only the
C-terminal MRH domain was able to bind Kremen2, a co-receptor involved in early
Xenopus development [83]. Subsequent studies indicate that human XTP3-B’s C-terminal
MRH domain functions in ERAD by recognizing N-glycans on SEL1L of the HRD1-SEL1L
ubiquitin ligase complex [77, 84]. Consistent with the earlier report, only the C-terminal
MRH domain was active and was shown to bind glycans containing a terminal
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Manal,6Man sequence on arm C [84] (Figure 5). The common feature of binding truncated
N-glycans containing a terminal Manal,6Man sequence suggests that XTP3-B and OS-9
have similar functions in ERAD.

A recent report by Fujimori et al. offers a different view of XTP3-B’s function and glycan
specificity [34]. Consistent with previous studies, endogenous XTP3-B was found
associated with the HRD1-SEL1L membrane-bound ubiquitin ligase complex. However,
XTP3-B’s lectin activity was required for its interaction with an ERAD substrate, not
SEL1L. Frontal affinity chromatography analyses demonstrated interaction with a M9
glycan (Figure 5), but not with a known substrate for OS-9 (M7 isomer A lacking mannose
residues i and k, see Figure 1B). XTP3-B inhibited the degradation of M9-containing
glycoproteins as opposed to OS-9 which enhances the degradation of misfolded
glycoproteins. Taken together, these studies implicate a protective, rather than degradative-
promoting, role for XTP3-B due to its ability to prevent the premature degradation of newly
synthesized glycoproteins bearing M9 glycans [34]. Clearly more studies are needed to
rectify these apparent discrepancies in the function and glycan specificity of XTP3-B. In
addition, XTP3-B and OS-9 may have a broader role in quality control in that they have
been shown to interact with nonglycosylated proteins [85].

c) GIcNAc-1-Phosphotransferase y-Subunit and lysosomal enzyme targeting

Lysosomes carry out the degradation and recycling of macromolecules that are delivered to
them via endocytic, phagocytic, and autophagic pathways. The activity of lysosomes is
dependent upon the acquisition of a robust army of hydrolytic enzymes: these acidified
organelles contain over 60 soluble acid hydrolases that degrade a diverse array of proteins,
lipids, and glycans [86]. The selective delivery of newly synthesized acid hydrolases to
lysosomes involves modification of their N-glycans with a unique tag, M6P. In the cis Golgi,
UDP-N-acetylglucosamine:lysosomal enzyme N-acetylglucosamine-1-phosphotransferase
(GlcNAc-1-phosphotransferase; EC 2.7.8.17) adds GIcNAc-1-phosphate to the C-6 hydroxyl
group of selected mannose residues (5 out of the 9 mannoses can become phosphorylated) to
form a phosphodiester, M6P-GIcNAc [87-90]. Following this modification, N-
acetylglucosamine-1-phosphodiester a-N-acetylglucosaminidase (EC 3.1.4.45), may act to
remove GIcNAc in the TGN to reveal a phosphomonoester, M6P, that serves as a high
affinity ligand for the CD-MPRs and CI-MPRs (see below) [91-95].

GIcNAc-1-phosphotransferase acts as the initial filter in this process by distinguishing the
~60 acid hydrolases from among the 1,000’s of proteins traveling through the secretory
pathway and marking their N-glycans with M6P-GIcNAc. GIcNAc-1-phosphotransferase is
an ayPoy2 heterohexamer produced by two genes. GNPTAB encodes a 1256-residue o/
precursor that is a type 111 membrane protein with its N and C termini facing the cytosol
[96]. The site-1 protease in the Golgi catalyzes the cleavage of the precursor between
residues Lys928 and Asp929 to generate the mature membrane proteins (a type Il a-subunit
and a type | B-subunit), and this processing event is required for its optimum activity [97,
98]. The a/B subunits contain the catalytic activity and binding site for lysosomal enzymes
[90, 96]. Recent studies have shown that the DNA methyltransferase-associated protein
(DMAP) domain of the a subunit acts to specifically recognize acid hydrolases [99], a
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recognition event that was previously shown to involve conformation-dependent regions
containing two or more lysine residues that must have a defined orientation relative to each
other and to the N-glycan chain [100-103].

The GNPTG gene encodes the non-catalytic 305-residue y subunit. The y subunit is a
soluble glycoprotein that contains a single MRH domain near its N-terminus (Figure 4A)
and can form disulfide-linked dimers [104]. The y subunit appears to regulate the activity of
GIcNAc-1-phosphotransferase, including analyses of a patient with a mutation in the
GNPTG gene [105] and studies of human macrophages, which lack M6P on their proteins,
in which the vy subunit undergoes proteolysis and fails to form a complex with the a/
subunits [106]. In a recent study by Qian et al., in vivo and in vitro studies were used to
evaluate the role of the y subunit. In mice lacking the y subunit, approximately one third of
the acid hydrolases were phosphorylated at levels similar to that observed in wild-type
animals while the remainder required the v subunit for optimal phosphorylation [107]. These
studies demonstrate that the y subunit enhances the activity of the a/p subunits toward a
subset of the enzymes. Further analyses showed that, although GIcNAc-1-
phosphotransferase can add one or two GIcNAc-P residues to a high mannose glycan on an
acid hydrolase, the addition of the second GICNAc-P is stimulated by the presence of the y
subunit [107]. It is interesting to note that the order of addition is not random: the first
GIcNAC-P is almost always added to a mannose on the 6’ arm (i.e., arm C) of the glycan
whereas the second GIcNAc-P is added to a mannose on the 3’ arm (i.e., arm A or arm B) of
the glycan [108]. Because the MRH domain of the y subunit contains the four residues
critical for carbohydrate recognition (Figure 4B and see below), the notion that the y-subunit
binds high mannose N-glycans and orients the glycan near the catalytic a/p subunits has
been proposed [107] and may resemble the GIIp MRH domain-mediated enhancement of
Glla activity in Gll. This hypothesis awaits validation because binding of the y subunit to
high mannose glycans has not been directly demonstrated.

Given the key role GIcNAc-1-phosphotransferase plays in the biogenesis of lysosomes, it is
not surprising that it is critical for normal human development as mutations in the GNPTAB
gene cause the pediatric lysosomal storage disease mucolipidosis Il (MLII, or I-cell disease)
and MLIII alpha/beta, whereas mutations in the GNPTG gene cause a milder form of
mucolipidosis, MLII1 gamma. MLII patients typically die prior to their teenage years from
cardiovascular dysfunction as a result of the progressive storage of undigested material in
the lysosomes of fibroblasts found in heart valves, endocardium, myocardium, and the
perivascular region [109]. Unlike the majority of lysosomal storage diseases that affect a
single enzyme in a catabolic pathway, cells from MLII/III patients secrete multiple newly
synthesized acid hydrolases because the enzymes are unable to be modified with M6P and
be recognized by MPRs.

d) The P-type lectins, CD-MPR and CI-MPR

The P-type lectins, CD-MPR and CI-MPR, are among the most extensively characterized
lectins in the secretory pathway (for reviews see [110-112]). The MPRs are the only two
members of the P-type lectin family and are unique in their ability to bind phosphomannosy!l
residues. The only known function of the CD-MPR is targeting newly synthesized acid
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hydrolases to the lysosome, whereas the CI-MPR is a multifunctional protein that interacts
with several different ligands, including M6P-tagged acid hydrolases as well as the non-
M6P-containing proteins insulin-like growth factor 2 (IGF-2) [113, 114], plasminogen [115,
116], and urokinase-type plasminogen activator receptor [117, 118]. Transgenic mice
lacking the CD-MPR are viable [119]. In contrast, CI-MPR-deficient mice have high serum
levels of IGF-2 and the oversized embryos usually die perinatally, a phenotype that can be
partially rescued in mice lacking both CI-MPR and IGF-2 [120]. Analyses of fibroblasts
derived from mice lacking a single MPR or both MPRs indicate that CD-MPR and CI-MPR
complement each other in their acid hydrolase targeting capabilities, as expression of one
MPR cannot completely compensate for the absence of the other [121].

MPRs are dimeric type | membrane proteins. CD-MPR encoded by the M6PR gene has an
~160-residue extracytoplasmic region containing a single MRH domain [122, 123]. In
contrast, CI-MPR encoded by the IGF2R gene contains a large, ~2300-residue
extracytoplasmic region with 15 contiguous MRH domains, three of which bind
carbohydrate (domains 3, 5 and 9) (reviewed in [110, 114]). The 13" MRH domain of the
CI-MPR differs from all other MRH domains characterized to date in that it has an inserted
sequence: a 48-residue fibronectin type Il repeat located near the C-terminal region of the
domain [113, 124, 125] (Figure 4A). MPRs recycle between endosomes, TGN, and the
plasma membrane during their lifetime (reviewed in [126]). MPRs carry newly synthesized
M6P-tagged acid hydrolases from the TGN to late endosomal compartments. Optimal ligand
binding by these receptors occurs at pH ~6.4, with dissociation from their cargo occurring in
the acidic environment of the late endosome [127-132]. The soluble acid hydrolases are
packaged into clathrin-coated vesicles that bud from the TGN, shed their coat and fuse with
late endosomes. The acid hydrolases enter into lysosomes, whereas the receptors return to
the TGN to acquire more cargo or move to the plasma membrane where the CI-MPR, but
not the CD-MPR, can endocytose exogenous ligands.

MPRs recognize a heterogeneous population of soluble acid hydrolases in the TGN. This
diversity arises from: 1) the number (>50) of different acid hydrolases that exist in
monomeric or oligomeric forms, 2) the number and spacial positioning of N-glycans on each
hydrolytic enzyme, 3) the presence of one or two phosphomannosyl residues that can be a
phosphomonoester (M6P) or a phosphodiester (M6P-GIcNAc), 4) the location of the
phosphomannosyl residue at one of five different positions in the glycan chain, and 5) the
size of the phosphorylated N-glycan that can vary in its mannose content [87, 88, 133, 134].
To understand how MPRs can efficiently transport this diverse population of acid
hydrolases, SPR analyses using acid hydrolases containing phosphomonoesters or
phosphodiesters and a solid phase binding assay using a novel phosphorylated glycan array
were performed with truncated forms of the MPRs [135-137]. These studies showed that the
CD-MPR and MRH domains 3, 5, and 9 of the CI-MPR each recognize a distinct repertoire
of phosphorylated glycans [136, 137] (Figure 5). A major difference between the MPRs is
that the CI-MPR, but not the CD-MPR, can bind phosphodiester-containing glycans (Figure
5) [128, 136]. Both MRH domains 3 and 9 of the CI-MPR recognize phosphomonoesters.
MRH domain 9 interacts with glycan structures M6 to M9 bearing one or two
phosphomonoesters (Figure 5). In contrast to MRH domain 9 and the CD-MPR, MRH
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domain 3 is unable to bind glycans containing a single phosphate on the terminal a.1,2-
linked mannose of arm C (residue k in Figure 1A; Figure 5). Unlike MRH domains 3 and 9,
MRH domain 5 of the CI-MPR recognizes a wide range of phosphodiester-containing
glycans, and no significant binding to glycans containing phosphomonoesters is observed
(Figure 5) [135, 137]. Internalization of M6P-GIcNAc-containing, but not M6P-containing,
acid hydrolases was observed in fibroblasts expressing a mutant CI-MPR that lacked
functional M6P binding sites in MRH domains 3 and 9, indicating that MRH domain 5
functions in the context of the full-length receptor to deliver phosphodiester-containing
enzymes to the lysosome [138]. Furthermore, the observation that transgenic mice
expressing only M6P-GIcNAc-containing acid hydrolases have a normal phenotype [139]
indicates that the CI-MPR, due to its unique capacity to bind M6P-GIcNAc-containing
ligands, rescues these mice from the severe ML-I1-like phenotype observed in mice deficient
in GIcNAc-1-phosphotransferase activity. The unique glycan specificities of these three
MRH domains allows the CI-MPR to bind a structurally diverse population of
phosphorylated N-glycans found on acid hydrolases, and supports previous in vitro [132,
140] and in vivo [121, 141-143] studies which show that the CI-MPR is more efficient than
the CD-MPR in delivering acid hydrolases to lysosomes.

6) Structure of the MRH domains of GlIg, OS-9 and MPRs
a) MRH Fold

The three-dimensional structures of the extracytoplasmic MRH domain of the CD-MPR
[144, 145] and eight (domains 1, 2, 3, 5, 11, 12, 13, 14) out of the 15 MRH domains of the
CI-MPR are known and have the same fold [138, 146—150]. The crystal structure of human
0S-9 MRH domain [151] and the recent solution structure of S. pombe GIIf MRH domain
[71] demonstrate the conservation of the MRH fold in proteins that do not bind
phosphorylated mannose residues (Figure 6, top panel). The MRH fold is a flattened nine-
stranded B-barrel comprising two antiparallel p-sheets (31-$4 and 5-p9, with B9 interjecting
between 37 and (38) oriented orthogonally over each other. GIIf and OS-9 have a compact p-
barrel structure due to their lack of ~20 amino acids present at the N-terminus of the CD-
MPR and CI-MPR domain that form either an a-helix or two to three short B-strands. GIIf
MRH domain contains only two disulfide bonds in contrast to the three (0S-9, CD-MPR,
CI-MPR domain 5) or four (CI-MPR domains 3 and 9) disulfide bonds found in the other
glycan-binding MRH domains.

b) Conservation of a signature motif for mannose Binding

The CD-MPR was the first MRH domain to be crystallized and its three-dimensional
structure solved in the presence of M6P revealed the presence of four residues, GlIn, Arg,
Glu, and Tyr, that contact the 2-, 3-, and 4-hydroxyl groups of the mannose ring and now
serve as a signature motif for mannose recognition by an MRH domain [144, 145].
Structure-based sequence alignments of the MRH domains of the MPRs, GIIf, OS-9, XTP3-
B and vy subunit of GIcNAc-1-phosphotransferase show all four signature motif residues
(GIn, Arg, Glu, and Tyr) are found in only three (domains 3, 5, and 9) out of the fifteen
MRH domains of the CI-MPR, which are the only MRH domains of the CI-MPR known to
have carbohydrate binding activity, as well as in GIIf, OS-9, both MRH domains of XTP3-

Curr Protein Pept Sci. Author manuscript; available in PMC 2016 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Alessio and Dahms

Page 15

B, and the v subunit of GIcCNAc-1-phosphotransferase (Figure 4B) [152]. Mutagenesis
studies of these residues verified their essential role by showing that replacement of any of
the signature motif residues results in: 1) a dramatic decrease in binding affinity of the
MPRs for acid hydrolases [73, 74, 135, 153], 2) inhibition of GlI activity [54, 71, 72], 3)
inhibition of glycan binding and degradation of ERAD substrates by OS-9 [31, 154] 4)
inhibition of XTP3-B’s interaction with an ERAD substrate [34] or component of the
ubiquitin ligase complex [77].

c) Carbohydrate binding pockets

The architecture of the MRH domain binding pocket has adapted to accommaodate its
preferred carbohydrate ligand. Although the length, positioning and residues of loops C and
D differ between the MRH domains, these regions, along with the nearly identical position
of the four essential residues (GlIn, Arg, Glu, and Tyr) (Figure 7), play an important role in
ligand binding (Figure 6, bottom panel). In contrast to the residues that interact with the
mannose ring, the residues involved in binding the phosphate moiety by the MRH domains
of the MPRs are not conserved (Figure 4B).

CD-MPR is ideally designed to bind a phosphomonoester. The longer length of loop D plus
the position of loop C results in a binding pocket that in the CD-MPR (Figure 6) tightly
surrounds the phosphate moiety, leaving no room in the pocket for a GICNAc moiety of a
phosphodiester. Only the CD-MPR requires divalent cations for optimal ligand binding [74,
127, 155]. A conserved aspartic acid residue (Asp103) in loop C of CD-MPR confers cation-
dependence of ligand binding [74]. These mutagenesis studies indicate that a Mn?* cation in
the binding pocket shields the negative charge of Asp103, thereby permitting high affinity
binding of the CD-MPR to the phosphate moiety of M6P [144, 145]. In contrast, MRH
domain 5 of CI-MPR has a short D loop and lacks a disulfide bond that tethers loops C and
D together in the other MRH domains (Figure 6). The resulting shape of the pocket, along
with a characteristic Tyr residue (Figure 4B) responsible for M6P-GICNAc recognition,
allows for the unique architecture that allows CI-MPR’s MRH domain 5 to accommodate a
GIcNACc residue. The openness of the pocket of CI-MPR’s MRH domain 3 is intermediate
between MRH domain 5 and CD-MPR, and consistent with the observation that MRH
domain 3 can recognize M6P-methyl phosphodiester, but not the more bulky M6P-GIcNAc
[131].

Because OS-9 is found in the ER, it is not surprising that its binding pocket is optimized to
interact with high mannose-type glycans. Asp182 and Leu183, which are found in loop C of
0S-9 (Figure 4B) and are missing in the other binding pockets, interact with the terminal
mannose ring (residue j in Figure 1A) [151]. It is predicted that the negatively charged
Asp182 would electrostatically repel the negatively charged phosphate group of M6P,
thereby preventing OS-9 from interacting with phosphorylated glycans. Furthermore, when
MB6P is modeled into the binding pocket of OS-9, the phosphate moiety cannot fit into the
binding pocket. In contrast to Tyr residues found in the other MRH domains (Figures 4B
and 6), OS-9 has a Trp residue (Trp118) that is proposed to confer the Manal,6Man linkage
specificity observed for this lectin.
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GIIp exhibits the most shallow binding pocket of the MRH domains (Figure 6, bottom
panel). This finding is consistent with G11B’s ability to recognize glycoproteins containing
either high mannose, phosphomonoesters or M6P-GIcNACc diesters with similar affinity
[71]. Thus, S. pombe GIIp differs from human OS-9 which binds mannose but not M6P [79].
It should be noted that the current solution structure of GIIp was obtained in the absence of
ligand [71], and therefore additional structural studies are needed to determine whether the
positioning of loops C and/or D will change significantly in the presence of a bound glycan.
Unique to GIIp, a conserved Trp residue (Trp409) is present in loop C (Figure 4B) that is
required for optimal GlI activity [71]. Two models have been proposed for the influence of
Trp409 on GlI activity (Figure 3). In the first model (Figure 3A), the mannose-binding
essential residues GIn384, Arg414, Glu433, Tyr439 form a pocket which binds arm C of the
glycan, while residue Trp409 interacts with arm B. This bidentate interaction allows the
glucose-containing arm A to be juxtaposed to Glla’s catalytic site. In the second model
(Figure 3B), Trp409 interacts with other regions of the a or f-subunit, thereby influencing
its affinity for N-glycans. These models imply that removal of mannoses by ER
mannosidases will reduce both binding of the glycan and GlII activity [36, 71]. Additional
studies are needed to discriminate between these two models.

d) MRH domain interactions stabilize the carbohydrate binding pocket

The crystal structure of the dimeric CD-MPR reveals that the dimer interface is extensive
and consists of the two p5—39 sheets [144]. The CD-MPR differs from other lectins in that it
is dynamic and its quaternary structure undergoes significant changes upon
phosphomannosyl binding [156-158]. Importantly, these studies show that the binding
pocket is stabilized by intersubunit salt bridges, including those between loop D of one
subunit and the N-terminal a-helix of the other subunit. MRH domain 3 of the CI-MPR is
stabilized by very different interactions. The crystal structure of the CI-MPR’s N-terminal
three MRH domains reveals a compact structure, with the three domains contacting each
other mainly through their loops and linker regions [148, 149], rather than via their § sheets
as observed for the CD-MPR. These contacts stabilize the carbohydrate binding pocket of
MRH domain 3, as evidenced by a construct encoding MRH domain 3 alone that is unable
to interact with phosphorylated acid hydrolases with high affinity [159]. Together these
studies suggest that MRH domains 1-3 form a compact, structural unit within the full-length
CI-MPR. A construct encoding CI-MPR’s MRH domain 5 alone binds phosphodiesters with
a lower affinity than a construct encoding MRH domains 5-9 [137], suggesting that other
MRH domains interact and stabilize the carbohydrate binding site within MRH domain 5.

The MRH domain of GIIB, OS-9, and vy subunit of GIcNAc-1-phosphotransferase exists as a
single MRH domain within a significantly larger polypeptide, whereas XTP3-B houses two
non-contiguous MRH domains separated by ~95 residues (Figure 4A). Additional studies
are needed to determine if these MRH domains require specific interactions with other
regions of the protein to generate a high affinity carbohydrate binding site. Although Yos9p
is a dimer, its dimerization region maps to a site other than its MRH domain [76]. This
dimerization domain of Yo0s9p is located adjacent to the C-terminus of the MRH domain and
exhibits an ap-roll architecture. Because the MRH domain of OS-9 and the dimerization
domain Yo0s9p were crystallized independent of each other, it is not know whether a flexible
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linker joins these two domains of the protein together as beads on a string or facilitates
extensive interactions between these two domains tightly in the intact protein.

7) Perspectives

In recent years, much progress has been made in elucidating the role of N-glycans in
regulating the quality control of glycoprotein folding in the ER and in targeting newly
synthesized acid hydrolases to lysosomes. However, the complexity and heterogeneity of the
substrates involved and the highly dynamic nature of these processes leave many important
questions unanswered. Did the MRH fold first appear in resident ER proteins as recognition
modules for nascent peptides bearing high mannose-type glycan chains, and subsequently
evolve to accommodate new glycan modifications (i.e., phosphorylation) in the Golgi? How
does the MRH domain of Gl enhance glucosidase I1’s activity? Does the MRH domain of
the v subunit of GIcNAc-1-phosphotransferase enhance the catalytic activity of GIcNAc-1-
phosphotransferase toward a select subset of acid hydrolases? Because structural studies of
XTP3-B and GIcNAc-1-phosphotransferase are lacking, the prediction that their MRH
domains adopt the MRH fold requires validation. Is the lack of lectin activity of XTP3-B’s
N-terminal MRH domain due to the presence of a stretch of ~45 highly charged residues
(i.e., Lys and Glu) not found in other carbohydrate-binding MRH domains? Rather than bind
carbohydrate, can XTP3-B’s N-terminal MRH domain serve as a protein-protein interaction
domain similar to the CI-MPR’s MRH domain 11 that binds the polypeptide IGF-2? How
are the three carbohydrate-binding MRH domains of the CI-MPR oriented with respect to
each other in the dimeric structure of the receptor? How flexible is the linker region between
each of the 15 contiguous MRH domains of the CI-MPR, and can this flexibility impact
multivalent interactions with a heterogeneous population of acid hydrolases by altering the
spatial arrangement of the three carbohydrate-binding MRH domains? Clearly, MRH
domains play a key role in the recognition of specific N-glycan structures and define the fate
of glycoproteins in the secretory pathway. However, additional studies are required to fully
elucidate the functional roles of the MRH domains in this diverse family of MRH domain-
containing proteins in the secretory pathway.
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Figure 1. Processing of N-glycansin the ER
A. Oligosaccharide GlcgMangGIcNAc, (G3M9) is transferred to Asn residues on nascent

polypeptides by oligosaccharyltransferase. Lettering a—n indicates the order of addition of
the monosaccharides during in vivo synthesis of the Dolichol-PP-GlcsMangGIcNAC,
precursor. Arm A, B and C indicate the oligosaccharide branch. During biosynthesis
residues a—g are added on the cytosolic face of the ER membrane from nucleotide-sugar
precursors, while residues h—n are added from Dol-P-Glc or Dol-P-Man precursors after the
oligosaccharide has flipped across the membrane. B. After glycan transfer to proteins,
Glucosidase | (GI) removes glucose n, Glucosidase Il (GII) removes glucose m and I, and
UDP-Glc:glycoprotein glucosyltransferase (UGGT) adds glucose I. ER mannosidases may
remove mannosel and k. Monoglucosylated N-glycans are able to interact with ER lectins
calnexin (CNX) and/or calreticulin (CRT). ER mannosidase | (ERManl) (MNSI in yeasts)
acts as a timer of permanence of glycoproteins in the ER and removes residue | generating
M8B. Subsequently, ERManl or other ER mannosidases (probably EDEM in mammals or
Htm1lin yeasts) may remove residue k, generating M7. Demannosylated glycans constitute
the ERAD signal. Dotted lines are used to indicate that GlI activity is reduced toward
demmanosylated species.
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Figure 2. Quality control of glycoprotein folding in the endoplasmic reticulum, ERAD and
sorting in the secretory pathway

The glycan G3M9 transferred to proteins during N-glycosylation is immediately trimmed by
glucosidases Gl and GIl. Monoglucosylated species generated by Gl may interact with
lectin/chaperones CNX or CRT, thus facilitating folding, preventing aggregation and
providing a mechanism for ER retention of misfolded species. A second cleavage by Gll
liberates glycoproteins from the CNX/CRT anchor. This is a check point in the secretory
pathway: if the proteins have acquired their native conformation, they can continue to transit
through the secretory pathway to their final destination. If not yet properly folded, UGGT
adds a glucose unit to allow another round of interactions between misfolded glycoproteins
and lectin/chaperones. GllI is also responsible for the removal of the glucose added by
UGGT. Cycles of deglucosylation and reglucosylation catalyzed by the opposing activities
of UGGT and GlI continue until the glycoproteins acquire their native tertiary structure,
thereby allowing their transit to their final destination. Misfolded/slow-folding species are
characterized by ER mannosidase(s) (ERManl/EDEM)-catalyzed N-glycan
demannosylation. OS-9 recognizes Mana 1,6Man on the trimmed C arm and facilitates
entry of misfolded glycoproteins into the ERAD pathway where the misfolded glycoproteins
exit the ER and are degraded by the proteosome in the cytosol. A decrease in N-glycan
mannose content significantly diminishes in vivo Gll-mediated deglucosylation rates but
does not affect in vivo UGGT-mediated glucosylation, thus increasing the possibility of
displaying monoglucosylated structures able to interact with CNX/CRT for longer time
periods, and providing one more chance to escape from ERAD. If the final destination of a
glycoprotein is the lysosome (as for acidic hydrolases), a M6P tag is added by UDP-N-
acetylglucosamine:lysosomal enzyme GIcNAc-1-phosphotranfserase (PT) and the N-
acetylglucosamine-1-phosphodiester a-N-acetylglucosaminidase (UCE) in the Golgi. M6P
receptors (CD-MPR and CI-MPR) recognize this tag and concentrate these proteins in
clatrin-coated vesicles that bud from trans Golgi network. MRH domain-containing proteins
present in GIIB subunit, OS-9, PT vy subunit and CD-MPR or CI-MPR are indicated.
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A Glc O Man [ GIcNAc

Figure 3. Proposed modelsfor Gl1 MRH domain-mediated enhancement of N-glycan
deglucosylation
Gl is a heterodimer composed of a Glla catalytic and a Gl regulatory subunit. GIIj

enhances GlI deglucosylation activity towards both G2M9 and G1M9 through its MRH
domain. Upon binding mannose units in the B and/or C arms of the glycan, the GI1 MRH
domain presents bonds to be cleaved to the Glla catalytic site (star). GIIf also provides the
retention/retrieval signal for proper ER localization of the heterodimer (—ValAspGluLeu
(VDEL) in S. pombe). G2B domain is involved in Glla-GlI interaction. Residues GIn-384,
Arg-414, Glu-433, Tyr-439 (QREY) form the binding pocket that is the “signature motif”
for MRH domain-containing proteins. There are two possible models for the role of Trp-409
in Gl activity: In (A) mannose-binding essential residues GIn-384, Arg-414, Glu-433,
Tyr-439 form a pocket which binds arm C of the glycan, while residue Trp-409 (W)
interacts with arm B. This bidentate interaction allows the glucose-containing arm A to be
juxtaposed to Glla’s catalytic site. In (B) Trp-409 interacts with other regions of the -
subunit and influences its affinity for N-glycans. These models suggest that removal of
mannoses by ER mannosidases will reduce both the binding of the glycan and GlI activity.
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Figure 4. A) Schematic diagram of human MRH domain-containing proteins
The location of the MRH domains (blue) is shown. The CI-MPR contains 15 contiguous

MRH domains, with MRH domain 13 containing a 48-residue fibronectin type Il (Fnll)
insert (gray). The CD-MPR and CI-MPR are type | integral membrane proteins and the
location of the single transmembrane domain is shown by a vertical hatched bar. The
number of amino acids in each protein, including the N-terminal signal sequence that is not
shown, is indicated. The oligomeric state of the protein is listed (note: the oligomeric state of
human OS-9 has not been established). GIIf is the non-catalytic subunit of the heterodimeric
glycosidase, glucosidase I1, a resident protein of the ER. OS-9 and XTP3-B are also resident
proteins of the ER. The y-subunit of GIcNAc-1-phosphotransferase is the non-catalytic
subunit of this hexameric glycosyltransferase localized to early Golgi compartments. CD-
MPR and CI-MPR constitutively recycle between TGN, endosomes and plasma membrane.
ER = endoplasmic reticulum, TGN = trans Golgi network. B) Structure-based sequence
alignment. Structure-based sequence alignment of the MRH domains of bovine CD-MPR
(A27068), domains 3, 5 and 9 of the bovine CI-MPR (A30788), human Gl § subunit
(CAA04006), human GIcNAc-1-phosphotransferase y subunit (Q9UJJ9), the N- and C-
terminal MRH domains of human XTP3-B (NP_056516), and human OS-9 (BAA24363).
GII B subunit, 0S-9, XTP3-B, and GIcNAc-1-phosphotransferase y subunit contain all four
essential residues for M6P recognition (GIn, Arg, Glu, and Tyr), which are shaded in red.
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The WW motif of OS-9 is boxed in orange. Y679, which is present in the binding pocket of
domain 5, is boxed in blue. The residues known to bind the phosphate group in the CD-MPR
(D103, N104, H105) and CI-MPR MRH domain 3 (S386) are boxed in red. The conserved
tryptophan residue in loop C of GlI B subunit is boxed in green. Residues in OS-9 predicted
to prevent binding of the phosphate moiety of M6P (D182, L183) are boxed in green. The
cysteine residues are shaded in yellow. The secondary structural elements of CD-MPR and
OS-9 are shown, with dark blue arrows representing the B-strands and the green line
representing an a-helix. Location of loops C and D are shown. PTy = GIcNAc-1-
phosphotransferase y subunit, Erl1 = XTP3-B N-terminal MRH domain, Erl2 = XTP3-B C-
terminal MRH domain
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Figure 5. Summary of glycan specificity of the MRH domain-containing proteins
Top panel, Binding of glucosidase Il f-subunit (GI1B), OS-9, and XTP3-B to high mannose-

type glycans is shown. The glycan binding specificity of XTP3-B remains unresolved, with
recent studies indicating a preference for M9 glycan (asterisk-labeled bar) wheras other
groups report binding to M5, M6 and M7 glycans. GIcNAc-1-phosphotransferase vy
subunit’s ability to interact with specific glycan structures has not yet been determined.
Bottom panel, Binding of MPRs to phosphorylated glycans. The CD-MPR and each of the
three carbohydate binding domains of the CI-MPR recognize different populations of
phosphorylated glycans. For simplicity, only the M6P (P) containing glycans are shown,
with the phosphorylated mannose residue highlighted. M6P-GIcNAc-containing glycans
have the identical structure, except with a phosphodiester at the analogous position as the
phosphomonoester. Domains 1-3 and 9 preferentially bind M6P-containing glycans (grey
bars), whereas domain 5 binds only M6P-GIcNAc-containing glycans (open bar). Both
MPRs are unable to bind a M7 glycan containing a phosphomannosyl residue on the B (1,3
linked mannose h) or C (a1,6 linked mannose j) arm. Residues are labeled as in Figure 1A:
glucose (blue triangles), mannose (green circles) and GIcNAc (blue squares).
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Figure 6. Comparison of the structures of the MRH domains
Top, Ribbon diagram of the MRH domains of S. pombe GIIf (orange, solution structure,

PDB ID: 2LVX), human OS-9 (gray, crystal structure, PDB ID: 3AIH), bovine CD-MPR
(magenta, crystal structure, PDB ID: 1C39), bovine CI-MPR MRH domain 3 (green, crystal
structure, PDB ID: 1SZ0), bovine CI-MPR MRH domain 5 (blue, solution structure, PDB
ID: 2KVB). Disulfide bridges are shown in yellow, N and C termini are boxed, -strands are
numbered from the N to C terminus, and loops C and D are labeled. Bottom, Close-up view
of the carbohydrate binding sites are shown below the respective ribbon diagram. The four
essential residues for mannose binding are shown along with the proposed linkage-sensing
Tyr or Trp. Molecular surfaces are shown in gray over the ribbon diagram. Carbohydrate
ligands are depicted as ball-and-stick. Structures solved in the presence of a bound ligand
(Manal,6Manal,6Man for OS-9, pentamannosyl phosphate for CD-MPR, M6P for CI-
MPR MRH domain 3) are shown in yellow. Modeled ligands are depicted in gray (mannose
for GIIB, methyl-M6P-GIcNAc for CI-MPR MRH domain 5) and are placed in the binding
pocket based on superimposition of the four essential residues with a known MRH domain
structure containing a bound ligand.
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Figure 7. Close-up view of the carbohydrate binding pocket
Overlay of the four essential residues (GlIn, Arg, Glu, Tyr) of S. pombe GIIf (orange, PDB

ID: 2LV X), human OS-9 (gray, PDB ID: 3AIH), bovine CD-MPR (magenta, PDB ID:
1C39), bovine CI-MPR MRH domain 3 (green, PDB ID: 1SZ0), bovine CI-MPR MRH
domain 5 (blue, PDB ID: 2KVB). Disulfide bridges are shown in yellow and loops C and D
are labeled.
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