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A quality control system in the endoplasmic reticulum (ER)
efficiently discriminates polypeptides that are in the process of
productive folding from conformers that are trapped in an aber-
rant state. Only the latter are transported into the cytoplasm and
degraded in a process termed ER-associated protein degrada-
tion (ERAD). In the ER, an enzymatic cascade generates a spe-
cific N-glycan structure of seven mannosyl and two N-acetylglu-
cosamine residues (Man,GIcNAc,) on misfolded glycoproteins
to facilitate their disposal. We show that a complex en-
compassing the yeast lectin-like protein Htm1 and the oxi-
doreductase Pdil converts MangGlcNAc, on glycoproteins into
the Man,GlcNAc, signal. I vitro the Htm1-Pdil complex pro-
cesses both unfolded and native proteins albeit with a prefer-
ence for the former. In vivo, elevated expression of HTM 1 causes
glycan trimming on misfolded and folded proteins, but only
degradation of the non-native species is accelerated. Thus, mod-
ification with a Man,GIcNAc, structure does not inevitably
commit a protein for ER-associated protein degradation. The
function of Htm1 in ERAD relies on its association with Pdil,
which appears to regulate the access to substrates. Our data sup-
port a model in which the balanced activities of Pdil and Htm1
are crucial determinants for the efficient removal of misfolded
secretory glycoproteins.

In the endoplasmic reticulum (ER),® most secretory proteins
are modified with Glc;ManyGIcNAc, oligosaccharides on spe-
cific asparagine residues (1, 2). The attachment of these so-
called N-glycans supports the folding of polypeptides, as they
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define regions that are later exposed at the protein surface and
promote the interaction with lectin-type chaperones. During
protein maturation, a cascade of glucosidases followed by the
mannosidase Mns1 trims the N-glycans by successive removal
of terminal glucose and mannose moieties to generate a
MangGlcNAc, structure (2, 3). In yeast this type of oligosaccha-
ride is found on most mature glycoproteins by the time they are
released from the ER (4). However, not all proteins successfully
attain their native conformation. Mutations within the coding
region, environmental stress as well as non-stoichiometric syn-
thesis of protein subunits give rise to aberrantly folded polypep-
tides that are targeted by an ER protein quality control system.
In a process referred to as ER-associated protein degradation
(ERAD), aberrant conformers are transported back into the
cytosol, where they are degraded by 26S proteasomes (5-7).
Central to this system is the HRD ubiquitin ligase, a membrane-
embedded protein complex that binds misfolded proteins via
its ER-luminally exposed subunits and then ubiquitylates them
in the cytosol (8 -10).

N-Glycan processing plays an essential role in ERAD.
Enzymes of the ER quality control system trim oligosaccha-
rides on misfolded glycoproteins, thereby generating a
unique Man,GIcNAc, structure (Man,_,GIcNAc, in mam-
malian cells) that displays a terminal «1,6-linked mannose on
its C-branch (2). Proteins that expose both unstructured
regions typically found on malfolded polypeptides and the
Man,GlcNAc, glycan are recognized by the Hrd3 and Yos9 (in
mammals: SellL and OS9) subunits of the HRD ligase, which
triggers their dislocation into the cytosol (11-16). Because gly-
can demannosylation appears to occur rather slow, this process
is thought to delimitate the maturation phase, which protects
folding intermediates from degradation (2, 3).

Sequence comparison identified the ER-luminal protein
Htm1 (homologous to ER mannosidase 1) as a member of the
glycosylhydrolase family 47. The deletion of HTMI causes a
significant delay in glycoprotein ERAD suggesting that this pro-
tein promotes the conversion of MangGlcNAc, glycans into
Man,GlcNAc, structures (17-19). In addition, three mamma-
lian Htm1 orthologues, EDEM1-3, were implicated in support-
ing glycoprotein ERAD by demannosylation of N-glycans (20—
28). A more recent study reports on the glycan-trimming
activity of a purified protein complex containing Htm1 and the
protein disulfide isomerase Pdil (29). However, due to experi-
mental restraints, a conclusive proof of a mannosidase activity
of Htm1 is still missing.
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TABLE 1
Yeast strains used in this study
Strain Relevant genotype Reference/source

YAKO013 TEF(NatNT2)-HtmI1-D279N-TEV-ProtA-HIS6(HIS), prcl-1 This study
YAKO020 AhtmI:HIS, Pdil-3xHA-HDEL(TRP), prcl-1 This study
YAKO51 TEE(KanMX)-Htm1, Pdi-HA-HDEL(TRP), prcl-1 This study
YAKO052 TEF(KanMX)-Htm1, Pdi-HA-HDEL(TRP), Ahrdl1::hph, prcl-1 This study
YAKO054 TEF(KanMX)-Htm1, Erg3—13Myc(TRP), prcI-1 This study
YAKO068 TEF(KanMX)-Htm1, Erg3—13Myc(TRP), Ahrd1::LEU, prcl-1 This study
YAKO097 TEF(KanMX)-Htm1, Aprc1:LEU This study
YAK190 Pdil-3xHA-HDEL(TRP), Htm1-13xmyc(HIS), prel-1 This study
YAK206 TEF2(natNT)-Htm1F632L-TEV-ProtA-7HIS(HIS), prcl-1 This study
YAK207 TEF2(natNT)-Htm1Y633S-TEV-ProtA-7HIS(HIS), prcl-1 This study
YAK210 Erg3—13xmyc: (TRP1), htm1A749::HIS, prcl-1 This study
YAK211 Erg3—13xmyc: (TRP1), htm1A760::HIS, prcl-1 This study
YAK212 Erg3—13xmyc: (TRP1), htm1A780::HIS, prcl-1 This study
YAK213 Erg3—13xmyc: (TRP1), htm1A792::HIS, prcl-1 This study
YCHO012 Ahtm1:HIS3, prcl-1 57

YCHO030 Htm1I-13xmyc-(HIS), prcl-1 19

YCH132 Pdil-3xHA-HDEL(TRP), prcl-1 This study
YCH137 Pdil-3xHA-HDEL(TRP), htm1A749::13xmyc(HIS), prcl-1 19

YCH175 htm1AS582::13xmyc (HIS3), Pdil-3xHA-HDEL (TRP1), prci-1 19

YCH432 Htm1-TEV-ProtA-HIS7(HIS), prcl-1 This study
YCH444 TEF(kanMX)-Htm1-TEV-ProtA-HIS7(HIS), prcl-1 This study
YCH473 AhtmI:Trp, Aprcl:LEU2 This study
YCHG616 htm1A780—13xmyc:HIS, Pdil-3xHA-HDEL(TRP), prcl-1 This study
YCH618 htm1A760—13xmyc::HIS, Pdil-3xHA-HDEL(TRP), prcl-1 This study
YCH626 htm1A792—13xmyc:HIS, Pdil-3xHA-HDEL(TRP), prcl-1 This study
YJU037 Ahrd1::TRPI, prcl-1 58

YJu047 Ahrd1::TRPI1, Aprcl:LEU2 This study
YJU049 Aprel:LEU2 This study
YLJ002 Erg3—13xmyc(kanMX), prcl-1 57

YLJ048 AhtmI:HIS3, Erg3—13xmyc(kanMx), prcl-1 57

YTX140 prel-1 59

The mammalian EDEMs and Htm1 share mannosidase ho-
mology domains of high sequence similarity. Unique to Htm1
and other fungal homologues is a large carboxyl-terminal
domain, which is required for the interaction to Pdil (19, 30).
Pdil is one of the most abundant proteins in the yeast ER and is
essential for cell viability (31-34). This oxidoreductase pro-
motes the formation of native disulfide bonds in polypeptides
but also mediates the reduction and isomerization of aberrant
disulfide bridges (35, 36). Furthermore, mammalian ortho-
logues of Pdil exhibit chaperone activity even toward proteins
that do not form disulfide bridges (36-38). Notably, protein
disulfide isomerases both from yeast and mammals directly
assist in the unfolding as well as the export of ERAD-client
proteins from the ER (39-41).

In this study we conclusively show both in vitro and in vivo
that Htm1 in complex with Pdil trims MangGlcNAc, on glyco-
proteins to a Man,GlcNAc, structure. This enzymatic activity
relies on the association of Htm1 with Pdil and is per se not
delimitated to misfolded clients. However, binding of Htm1 to
Pdil seems to direct the demannosylating enzyme toward a
defined set of polypeptides; the low amount of Htm1 relative to
Pdil appears to restrict the activity of Htm1 toward misfolded
proteins. Our findings suggest that processing by Htm1 does
not ultimately induce ERAD of a glycoprotein but rather raises
the efficiency of this process.

Experimental Procedures

Yeast Strains and Media—All Saccharomyces cerevisiae
strains used were haploid descendants of DF5 (genotype:
MATa/a trpl-1(am)/trpl-1(am) his3-A200/his3-A200 ura3-
52/ura3-52 lys2-801/lys2-801 leu2-3,-112/leu2-3,-112) that
were generated following standard protocols for transforma-
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tion or crossing and are listed in Table 1. Polymerase chain
reaction (PCR)-based techniques were employed to construct
strains harboring deletions or expressing carboxyl-terminal
epitope-tagged variants of the given genes from their chromo-
somal locus (42—44). Genomic mutations were introduced by
replacing the gene of interest with the L/RA3 gene and subse-
quent exchange of the latter against a PCR product harboring
the desired mutation (45).

Plasmids—To generate plasmid pAK002, a fragment encod-
ing Htm1-13xMyc from yeast strain YCH154 was amplified by
PCR with primers 5'-GTACTCGAGGAGCGACCTCATAC-
TATACCTG-3" and 5'-TTGTCGACTGGCGACTCTATCT-
CACCATGG-3' and cloned into pRS415 via the Sall/Xhol re-
striction sites. Plasmids pAK020 and pAKO021 originate from
site-directed mutagenesis of pAK002 with the primers 5'-CTA-
GAACCTGGATTGTATAACCGGTGGTCCAATC-3" and
5'-GATTGGACCACCGGTTATACAATCCAGGTTCTAG-
3" (pAK020) or 5'-CTAGAACCTGGATTTTCTAACCGG-
TGGTCCAATC-3" and 5'-GATTGGACCACCGGTTAGAA-
AATCCAGGTTCTAG-3" (pAK021). CPY* and unglycosyl-
ated CPY*0000 encoded by the prcI-1 gene on pRS316 were
kind gifts from Dieter H. Wolf (46). To generate pDS030
(CPY*ACys), prcl-1 was PCR-amplified from genomic DNA
of YTX140 and cloned into pRS413 via EcoRI/Xhol
(pDS002) followed by site-directed mutagenesis of 11
codons encoding cysteines. Point mutations were intro-
duced into the plasmid-encoded HTM1 gene with the Pfu
Ultra™ DNA-Polymerase (Agilent Technologies) according
to the instructions of the QuikChange® site-directed
mutagenesis kit (Agilent Technologies). Plasmid pCH016
(19) was used to modify the PDI1 genomic locus for the
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expression of HA epitope-tagged Pdil with an HDEL-ER
retrieval signal (Pdi-HA).

Antibodies—Monoclonal anti-CPY antibodies were pur-
chased from Life Technologies (A6428, clone 10A5B5) or
Abcam (ab34636). Monoclonal anti-Pdil are commercially
available from Pierce (MA1-10032, clone 38H8). The antibody
against Sec61 is described elsewhere (47). Monoclonal antibod-
ies specific for the HA epitope (H9658, clone HA-7) and the
Myc epitope (M5546, clone 9E10) as well as the secondary
HRP-coupled antibodies directed against mouse IgGs (A9044)
or rabbit IgGs (A0545) were purchased from Sigma.

Protein Analysis—SDS-PAGE, silver staining, and immuno-
blotting was done following published protocols (48). Bulk
microsomal glycoproteins were visualized with concanavalin
A coupled to horseradish peroxidase (ConA-HRP; Sigma
#1.6397). Proteins were blotted onto a nitrocellulose membrane
(Pall Gelman Laboratory), which was blocked overnight in PBS
with 2% Tween 20 and then incubated with ConA-HRP in
ConA buffer (50 mm Tris, pH 7.5, 0.1% SDS, 1 mm MgCl,, 2 mm
CaCl,, 1 mm MnCl,, 0.5 M NaCl). The membrane was washed
five times with ConA buffer, and proteins were detected via
enhanced chemiluminescence.

Radioactive Pulse-Chase Analysis—Pulse-chase experiments
were performed as described elsewhere (10). In brief, cells were
radiolabeled with *°S Protein Labeling Mix (PerkinElmer Life
Sciences #NEG072007) followed by a chase period with an
excess of unlabeled amino acids. Aliquots were taken at the
indicated time, and after cell lysis the proteins of interest were
immunoprecipitated. CPY*-, CPY*ACys-, and Pdi-HA-con-
taining samples were treated with N-glycosidase F (Roche
Applied Science #11365177001) to simplify quantification.
Bulk glycoproteins were isolated with ConA-coupled Sephar-
ose (GE Healthcare). Samples were separated by SDS-PAGE,
and quantification was done using phosphorimaging (Typhoon
FLA9500; GE Healthcare).

Cycloheximide Decay Assay—In short, protein synthesis in
cells was blocked by the addition of 0.33 mg/ml cycloheximide
to the medium, and aliquots were taken at the indicated times.
After cell lysis the samples were analyzed by SDS-PAGE and
immunoblotting. A detailed description can be found in Bagola
et al. (49).

Purification of Htm1—25,000 A, yeast cells were disrupted
in 400 ml of A200 buffer (0.2 M NaCl, 0.1 m Tris, pH 7.5, 2 mm
CaCl,, 1 mm MgCl,, 1 mMm PMSF) by vigorous shaking with
glass beads. After low speed centrifugation (1000 X g, 10 min,
4 °C) the microsomes were recovered from the supernatant by
high speed centrifugation (18,000 X g, 30 min, 4 °C). The pellet
was suspended in lysis buffer (0.4 M NaCl, 50 mm Tris, pH 7.5, 2
mMm CaCl,, 1 mm MgCl,, 1% CHAPS, 1 mm PMSE), and after 30
min of incubation the lysate cleared by centrifugation (18,000 X
g,30min, 4 °C). Htm1-TPH7 was isolated from the supernatant
with 4-ml Talon® beads (Clontech Laboratories, Inc.). After
3—4h of incubation, beads were washed twice with lysis buffer,
once with A200 supplemented with 0.1% SDS and once with
A200 containing 1% CHAPS. Htm1-TPH7 was eluted with 10
ml elution buffer (0.2 M imidazole, pH 7.0, 0.2 M NaCl, 1%
CHAPS). The eluate was diluted 1:3 with 20 mwm Tris, pH 7.5,
0.2% CHAPS, and 2% glycerol and loaded on an ANX Sepharose
SASBMB
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4 Fast Flow column (GE Healthcare). Bound material was
eluted by a gradient (0.1-0.8 M NaCl) on an AKTA SMART
FPLC (Amersham Biosciences). Fractions containing Htm1l
were dialyzed overnight against GSH buffer (0.1 m Tris, pH 8.0,
65 mm NaCl, 1 mm CaCl,, 1 mm MgCl,, 0.1% CHAPS, 1 mm
GSH, 0.2 mM GSSQG). Protein concentrations were determined
by measuring adsorption at 280 nm on a NanoDrop2000
(Thermo Scientific).

In Vitro Demannosylation of RNase B—0.5 mg of RNase B
(Sigma, #R7884) was dissolved in 50 ul of 0.1 M Tris, pH 8.0
(native RNase B) or 50 ul of freshly prepared urea buffer (5 m
urea, 0.1 m Tris, pH 8.0, 20 mm DTT, reductively denatured
RNase B) and incubated for 1 h on ice and 37 °C, respectively.
The buffer was exchanged to 0.1% acetic acid using desalting
columns (Thermo Scientific #89882). Demannosylation was
performed by incubating 60 ug of Htm1-Pdil with 0.5 mg of
native or denatured RNase B in GSH buffer (0.1 m Tris, pH 8.0,
65 mm NaCl, 1 mm CaCl,, 1 mm MgCl,, 0.1% CHAPS, 1 mm
GSH, 0.2 mm GSSG) at 28 °C for 15 h in a volume of 360 ul.
0.05% SDS was included in the reaction buffer in some experi-
ments. 140 mm NaCl and 5.5 mm N-ethylmaleimide was added,
and Htm1-TPH7/Pdil was removed by the addition of Talon®
beads. After incubation for 4 h at room temperature, beads
were removed, and the supernatant was dialyzed against 50 mm
NH,HCO,, pH 8.0, overnight. Next, B-mercaptoethanol was
added to a concentration of 10%, and samples were incubated at
95 °C for 20 min followed by 20 min at 20 °C. N-Glycans were
cleaved from RNase B by treatment with 2.5 units of N-glyco-
sidase F (Roche Applied Science #11365193001) for 68 h at
37 °C followed by evaporation of the solvent in a SpeedVac.
Cleanup of neutral oligosaccharides was performed via Supel-
clean™ ENVI-Carb™ SPE columns (Sigma #57109-U
SUPELCO) as described (50), and samples were dried and dis-
solved in 10 ul of H,O.

Mass Spectrometric Analysis of Glycans—Quantification of
glycans was performed on a matrix-assisted laser desorption/
ionization time of flight mass spectrometry (MALDI-TOEF-
TOF) instrument (AB SCIEX TOF/TOF 5800; Applied Biosys-
tems, Framingham, MA) equipped with an Nd:YLF laser (349
nm) operating at a frequency of 1000 Hz. 2,5-Dihydroxybenzoic
acid (15 mg/ml in 0.3% TFA in acetonitrile/water (6:4, v/v))
served as the matrix. Samples were prepared by mixing 1 ul of
the glycan solution with 1 ul of matrix solution. From the
resulting mixture, 1 ul was applied to the sample plate, and
samples were dried in air at 24 °C. Analysis was performed in
the positive ion mode, and oligosaccharides were detected as
cation adducts. For each spectrum 8000 consecutive laser shots
were accumulated. Forty spectra (200 shots each) of one spot
measured at different positions were averaged. Mass spectra
were manually analyzed with the Data Explorer Software
(Applied Biosystems). For each spectrum a baseline correction
was conducted, and a noise filter smooth was performed using
Gaussian Smooth with a filter width of 15.

Preparation of Microsomes—Depending on the experiment
50 or 100 Ay, logarithmically growing cells were harvested,
washed with water including 1 mm PMSF, and disrupted with
glass beads in 0.4 ml or 1 ml of A200 (0.2 M NaCl, 0.1 m Tris, pH
7.5,2 mm CaCl,, 1 mm MgCl,, 1 mm PMSE). After the addition
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of 1 ml of A200, debris was removed by centrifugation (1000 X
g 10 min, 4 °C), and microsomes were prepared by a further
centrifugation step of the supernatant (20,000 X g, 20 min,
4-°C).

Preparation of Bulk Glycoproteins—Microsomes were pre-
pared from 50 Ay, logarithmically growing cells. The pellet
was dissolved in 1 ml of lysis buffer (50 mm Tris, pH 7.5, 0.2 M
NaCl, 2 mm CaCl,, 1 mm MgCl,, 0.5% Nonidet P-40, 1 mm
PMSF) and incubated for 30 min on ice. Lysates were cleared by
centrifugation (20,000 X g, 20 min, 4 °C), and glycoproteins
were detected as described above.

Release of Oligosaccharides from Microsomes—Microsomes
were prepared from 100 A, logarithmically growing cells. The
pellet was resuspended in 0.1 ml of denaturing buffer (50 mm
Tris, pH 7.5, 1% SDS, 1 mm PMSE), incubated on ice for 10 min,
diluted 1:10 with 50 mm Tris, pH 7.5, 1.1% Triton X-100, 165
mM NaCl, 5.5 mm EDTA, 1 mm PMSF, and incubated on ice
again for 30 min. After centrifugation (20,000 X g, 20 min, 4 °C)
1% B-mercaptoethanol and 3 ul of N-glycosidase F (Roche
Applied Science #11365177001) was added to the supernatant
followed by incubation for 24 h at 37 °C. The samples were
dried and purified as described elsewhere (50).

Fluorescent Labeling of Glycans—Free oligosaccharides were
fluorescently labeled with 2-anthranilic acid as described (51).

Analysis of Glycans—2-Anthranilic acid-labeled oligosaccha-
rides were separated over a 4.6 X 150 LudgerSep™ N2 amide
column (Ludger, Abington, UK) via normal-phase high perfor-
mance liquid chromatography (HPLC). Analysis was done on
an Ultimate 3000 chromatography system (Dionex, Thermo
Scientific) consisting of a FLM-3100 separation module and a
FLD 3100 fluorescence detector (Aextinction = 330 nm,
Aemission = 420 nm). Solvent A was composed of 50 mm
ammonium formate, pH 4.4, in filtered double distilled H,O;
solvent B was acetonitrile. The gradient started with 65% B,
which was reduced over 22 min to 54% followed by a reduction
over 2.5 min to 0%. After 2 min the column was brought to the
starting condition of 65% B over 4 min before the next run was
started. The column temperature was 40 °C, a flow rate of 1
ml/min was used, and samples were injected via an autosampler
in a 65% acetonitrile solution. Data were collected and analyzed
using the Chromeleon7-Software (Thermo Scientific).

Native Immunoprecipitation—Microsomes were prepared
from 50 A, logarithmically growing cells. The pellet was dis-
solved in 1 ml of lysis buffer (50 mm Tris, pH 7.5, 0.2 M NaCl, 2
mMm CaCl,, 1 mm MgCl,, 0.5% Nonidet P-40, 1 mm PMSF) and
incubated for 30 min on ice. Lysates were cleared by centrifu-
gation at 20,000 X g for 20 min, and epitope-tagged proteins
were precipitated with specific antibodies coupled to protein A
Sepharose beads (GE Healthcare) at 4 °C overnight. Beads were
washed 3 times with 1 ml of lysis buffer, and bound proteins
were eluted with SDS sample buffer before analysis by SDS-
PAGE and immunoblotting.

Results

Overexpression of HIMI1 Promotes Processing of N-Linked
Glycans—The forced expression of EDEM1 or -3 increases the
electrophoretic mobility of aberrant glycoproteins, suggesting
enhanced demannosylation of these polypeptides (21, 25, 28).
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We wanted to determine whether Htm1, the yeast homologue
of the EDEMs, causes similar effects when overexpressed in
cells. To this end we modified the chromosomal locus of the
HTM1 gene by homologous recombination to allow the expres-
sion of Protein A-7His epitope-tagged Htm1 under the control
of the strong, constitutive TEF promoter (42, 43). The corre-
sponding protein product was termed Htm1-TPH7. Addition-
ally, we generated a yeast strain expressing Htm1-D279N-
TPH7, a variant of Htm1-TPH7 that is unable to support the
turnover of misfolded glycoproteins (19). Inmunoblotting con-
firmed that the TEF promoter-driven constructs dramatically
elevates the cellular amounts of Htm1l-TPH7 and Html-
D279N-TPHY (Fig. 1A).

In extracts from cells that overexpressed Htm1-TPH7, we
noticed that CPY*, a mutant variant of carboxypeptidase Y,
which fails to adopt its native conformation and is, therefore,
retarded in the ER, migrated significantly faster in denaturing
polyacrylamide gels than CPY* from wild-type cells or cells that
express Htm1-TPH?7 from its endogenous promoter (Fig. 1B,
upper part). By contrast, overexpression of Htm1-D279N-
TPH?7 did not increase the electrophoretic mobility of CPY*.
Unexpectedly, however, we also observed faster migration of
the ER-resident proteins Pdil and Htm1 when Htm1-TPH7
was expressed under the control of the TEF promoter (Fig. 1B,
lower part). Analysis of the N-glycan profile of Htm1 variants
isolated from S. cerevisiae confirmed that the gain in electro-
phoretic mobility was caused by an elevated amount of
Man,GlcNAc, glycans on overexpressed Htm1-TPH7 com-
pared with overexpressed Htm1-D279N-TPH7, which pre-
dominantly carried Man,GIcNAc, and MangGlcNAc, oligo-
saccharides (Fig. 1C). This indicates that elevated protein levels
of Htm1-TPH7 enhance demannosylation of both aberrant and
properly folded proteins in the ER. Concordantly, the mobility
of other glycoproteins, which were detected by the lectin
ConA-HRP, increased upon overexpression of Htm1-TPH7
(Fig. 1D). When we examined the spectra of N-glycans, cleaved
from bulk microsomal proteins by HPLC analysis we observed
higher amounts of Man,GIcNAc, glycans in yeast cells with
higher levels of Htm1-TPH7 but not of Htm1-D279N-TPH7
(Fig. 1E). Those Man,GlcNAc, structures most likely originate
from native proteins, as structurally defect polypeptides are
rapidly degraded and, therefore, should account only for a small
fraction of the cell’s protein population. Although we cannot
exclude that Htm1 demannosylates glycoproteins during fold-
ing when they expose similar structural features as terminally
misfolded proteins, these data suggest that overexpressed
Htm1 processes glycans on misfolded as well as native proteins.

Overexpression of HTM1 Accelerates Degradation of Mis-
folded Glycoproteins —Does the enhanced trimming of man-
nose residues change the stability of glycoproteins? We moni-
tored the turnover of the ERAD substrates CPY* and Erg3-Myc
in wild type and cells that were either deleted for HTM1I
(Ahmtl) or that overexpressed Htm1-TPH7 or Htm1-D279N-
TPH?7. Radioactive pulse-chase analyses revealed a faster deg-
radation of both proteins in cells containing elevated amounts
of Htm1-TPH7 in comparison to wild type (Fig. 2, A and B).
Forced expression of the catalytically inactive Htm1-D279N-
TPH?7 variant, on the other hand, significantly delayed CPY*
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FIGURE 1. Overexpression of HTM1 accelerates the electrophoretic mobility of several glycoproteins. A, microsomes from wild-type or cells expressing
the indicated Htm1 variants from the endogenous promoter or the TEF promoter (1 ) were analyzed by immunoblotting (/B) with horseradish peroxidase-
conjugated a-mouse antibody (a-mouse-HRP) to detect Protein A-tagged Htm1. Detection of Sec61 with a specific antibody served as loading control is shown.
B, electrophoretic mobility of indicated glycoproteins was assayed as in A. C, Htm1-TPH7 and Htm1-D279N-TPH7 were purified from S. cerevisiae expressing
either Htm1 variant from the TEF promotor. N-Linked glycans were released with PNGase F, fluorescently labeled with 2-anthranilic acid, and analyzed by
normal-phase HPLC. The fluorescence intensity (arbitrary units) is plotted against the retention time on the column. Note the different scales of the ordinate.
Man7, Man8, and Man9 refer to Man,GIcNAc,, MangGIcNAc, and MangGIcNAc,, respectively. D, electrophoretic migration of bulk glycoproteins was deter-
mined as in B. Bulk glycoproteins were visualized with concanavalin A coupled to HRP (ConA-HRP). The outmost right lane shows a sample treated with PNGase
F before the addition of sample buffer to verify detection of glycoproteins. < marks glycoproteins with apparent changes in electrophoretic mobility in
Htm1-TPH7 overexpressing cells. WB, Western blot. E, microsomal proteins from the indicated yeast strains were treated with PNGase F to release N-linked
glycans. The oligosaccharides were analyzed as in C. Man7, Man8, and Man9 refer to Man,GIcNAc,, MangGIcNAc,, and ManyGlcNAG,, respectively. (1) labels
samples in which HTM1 was overexpressed from the TEF promoter. Note the different scales of the ordinate.

breakdown. Notably, we did not observe stronger degradation
of unglycosylated CPY*0000 (Fig. 2C) and thus were able to
demonstrate that overexpressed HTMI exclusively stimulates
proteolysis of glycoproteins. The turnover of native, ER-resi-
dent glycoproteins like Htm1-TPH7 and Pdi-HA was not accel-
erated in Htm1-TPH7-overexpressing cells either, although
these proteins displayed increased electrophoretic mobility on
gels (Fig. 2, D and E). Furthermore, breakdown of bulk glyco-
proteins was only marginally enhanced upon forced expression
of Htm1-TPH7, as determined in a radioactive pulse-chase
assay and precipitation of glycoproteins with ConA-Sepharose
beads (Fig. 2, Fand G). Based on these results we concluded that

JUNE 3,2016-VOLUME 291-NUMBER23 . SASBMB

oligosaccharide processing alone does not suffice to trigger gly-
coprotein disposal but, rather, facilitates this process.

A Complex of Htm1 and Pdil Converts MangGIlcNAc, Gly-
cans to Man ,GIcNAc, in Vitro—So far an enzymatic activity of
Htm1 has only been verified by using a crude mixture of pro-
teins isolated from yeast cells as substrate (29). We, therefore,
aimed to establish an in vitro assay with purified components to
investigate the catalytic propensities of this enzyme in more
detail. To this end we isolated Htm1-TPH7 and Htm1-D279N-
TPH?7 to near purity from yeast cell extracts employing metal
affinity chromatography followed by separation on an anion
exchange column (Fig. 3A4). In silver-stained gels, an additional
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FIGURE 2. Overexpression of HTM1 increases degradation of misfolded glycoproteins. A and B, turnover of CPY* (A) and Erg3-Myc (B) was analyzed by
pulse-chase experiments in the specified yeast strains. Representative autoradiographs are shown. * indicates an unspecifically precipitated protein. & marks
co-precipitated Protein A-tagged Htm1 variants. C, D, and E, the stability of unglycosylated CPY*0000 (C), overexpressed Htm1-TPH7 and Htm1-D279N-TPH7
(D), or Pdi-HA expressed from the endogenous promoter (E) was determined as in A. F, representative autoradiograph of radioactively labeled bulk glycopro-
teins that were precipitated from lysates of the indicated yeast strains with ConA-coupled Sepharose. G, quantification of F. A-E and G, except for B, where n =
2 graphs represent mean values of at least three independent experiments, and the S.D. is given. ( 1) indicates the overexpression from the TEF promoter.

protein with a molecular mass of about 50 kDa was detectable
in the Htm1-D279N-TPH7 sample, which was identified as
UDP-glucose pyrophosphorylase by mass spectrometry. This
protein is located in the yeast cytosol and hence represents
most likely a contamination of the sample.

Furthermore, we found a protein with an apparent molecular
mass of 58 kDa in both purifications. Mass spectrometric anal-
ysis revealed that this signal originated from protein disulfide
isomerase Pdil, which forms a tight complex with Htm1 (19, 29,
30). Even when Htm1-TPH7 and Htm1-D279N-TPH7 were
purified in a buffer containing 0.1% of the denaturing detergent
sodium dodecyl sulfate (SDS) and 400 mMm sodium chloride,
significant amounts of Pdil were detected in the samples.
Application of yet harsher buffer conditions, which may have
facilitated dissociation of this protein complex, most likely
would have affected the folding of Htm1 and rendered the pro-

12200 JOURNAL OF BIOLOGICAL CHEMISTRY

tein inactive. For this reason, we used the Pdil containing prep-
arations of Htm1-TPH7 and Htm1-D279N-TPH7 for our in
vitro analysis.

First, we were interested if the purified Htm1 variants display
mannosidase activity toward a misfolded glycoprotein. There-
fore, we incubated chemically denatured RNase B in absence or
presence of either Htm1-TPH7/Pdil or Htm1-D279N-TPH7/
Pdil. Because Htm1 and Pdil are glycosylated, Talon® beads
were added to all samples at the end of the reaction to remove
the Htm1-Pdil complexes. Next, we cleaved the N-glycans
from the remaining RNase B with peptide:N-glycosidase F
(PNGase F). Salt and proteinaceous material was subsequently
withdrawn from the samples by passing them through a non-
porous graphitized carbon column (52). The oligosaccharides
were then analyzed by MALDI-Tof-MS (Fig. 3B), which allows
the reliable quantification of neutral glycans (53). When per-
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FIGURE 3. A complex of Htm1 and Pdi1 converts ManzGlcNAc, glycans to Man,GIcNAc, in vitro. A, Htm1-TPH7 and Htm1-D279N-TPH7 were isolated from
S. cerevisiae by metal affinity chromatography followed by separation over an anion exchange column. The purified proteins were analyzed by SDS-PAGE and
silver staining. The asterisk indicates UDP-glucose pyrophosphorylase that co-purified with Htm1-D279N-TPH7. B, representative mass spectra of the [M +
Na]* ions of N-linked glycans from RNase B; denatured RNase B was incubated without Htm1-TPH7/Pdi1, with Htm1-TPH7/Pdi1, or with Htm1-D279N-TPH7/
Pdi1. After removal of Htm1-TPH7/Pdi1 or Htm1-D279N-TPH7/Pdi1, glycans of RNase B released by PNGase F were analyzed by MALDI-MS. The corresponding
Man,GlcNAc, oligosaccharide of each peak is indicated as Man5, Man6, Man7, Man8, and Man9, respectively. C, the amount of each glycan as determined by
the peak areas in experiments (B) was set in relation to the total amount of oligosaccharides. Three independent experiments were quantified, and the S.D. is
shown. D, MS spectrum obtained as in B after conducting the in vitro assay with Htm1-TPH7/Pdi1 only. Note that even with a highly reduced scale of the y-axis

no glycans from Htm1 or any other source were detected.

formed in the absence of RNase B, the assay did not yield detect-
able amounts of N-glycans, which confirms that the samples
were not contaminated with oligosaccharides derived from
Pdil, Htm1, or other sources (Fig. 3D). Only when RNase B was
present in the assay, the MS spectrum showed five evident
peaks that correspond to the [M+Na] ™ ions of the following
RNase B-derived oligosaccharides: Man;GlcNAc, (m/z =
1257), ManGlIcNAc, (m/z = 1419), Man,GIcNAc, (m/z =
1582), MangGlcNAc, (m/z = 1744), and Man,GIcNAc,

SASBMB
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(m/z = 1904). The relative amounts of all mannose forms have
been calculated from the MS signals and represent the average
of three independent experiments (Fig. 3C). Our approach
allows the faithful quantification of the N-glycans on RNase B,
as the relative glycan composition of the sample containing
only RNase B perfectly matched published data (54). Compared
with the control, the relative distribution of individual mannose
forms remained unchanged after incubation of RNase B with
Htm1-D279N-TPH7/Pdil. Strikingly, the addition of Htm1-
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FIGURE 4. Htm1-Pdi1 preferentially processes non-native substrates. Demannosylation of native and reductively denatured RNase B was measured as in
Fig. 38 but without the addition of SDS to the reaction buffer. A, representative MS spectra of the [M + Na]™ ions of N-linked glycans from either native RNase
Bincubated without or with Htm1-TPH7/Pdi1 or reductively denatured RNase B incubated with Htm1-TPH7/Pdi1p. B, relative quantification of RNase B-derived
glycans from A. Three independent experiments were quantified, and the S.D. is given.

TPH7/Pdil to the reaction caused a significant reduction of
MangGlcNAc, from 9.8% to 4.8%, whereas the fraction of
Man,GlcNAc, and Man GlcNAc, increased from 3.6% to 7.9%
and 25.7% to 27.8%, respectively. These transformations in the
glycan spectrum were exclusively observed in samples incu-
bated with Htm1-TPH7/Pdil. Therefore, fragmentation of the
glycans during the MALDI-MS analysis or glycan processing by
enzymes that were unspecifically co-purified does not contrib-
ute to the conversion of MangGlcNAc, to Man,GlcNAc, and
MangGlcNAc,. The oligosaccharides on RNase B comprise
three structurally diverse isomers of MangGlcNAc, (54). Most
likely only one of those serves as a substrate for Htm1 (19), and
therefore, only a subset of the ManyGlcNAc, pool was con-
verted to Man,GlcNAc,. Our results show that Htm1-TPH7/
Pdil isolated from yeast cells exhibits mannosidase activity,
which can be quantified by MALDI-Tof-MS.

Htm1-Pdil Preferentially Demannosylates Non-native Proteins—
Our in vivo data suggest that Htm1-TPH?7 targets not only mis-
folded polypeptides but also proteins that have obtained their
native conformation. To assess if the complex of Htm1 and Pdil
distinguishes between folded and non-native polypeptides, we
compared Htm1-TPH7-dependent processing of native RNase
B and its denatured form in the in vitro assay. The previous in
vitro reactions contained 0.05% SDS to prevent refolding of the
chemically misfolded RNase B. We now omitted this reagent
and monitored the processing of native RNase B and RNase B
that was pretreated with urea and a reducing agent to disrupt its
folding. Also under these conditions Htm1-TPH7/Pdil pro-
cessed the MangGlcNAc, glycan of denatured RNase B to the
Man,GlcNAc, form, albeit at a reduced rate (Fig. 4, A and B;
compare the ratios of MangGlcNAc, and Man,GlcNAc, in
Figs. 3B and 4B). The ability of Htm1-TPH7/Pdil to trim gly-
cans on native RNase B that had not been exposed to the dena-
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turing reagents was even more compromised when compared
with the denatured form (Fig. 4, A and B). Thus, Htm1-TPH7/
Pdil appears to prefer glycoproteins that have not obtained
their native conformation over fully folded polypeptides as
demannosylation substrates.

Binding of Htm1 to Pdil Is Required for ERAD—We wanted
to illuminate the contribution of the protein disulfide isomer-
ase to the demannosylation reaction. Htm1 forms a tight com-
plex with Pdil, which seems to support the structural integrity
of the mannosidase (19, 29). Consistently, this complex did not
dissociate during the purification procedure under near physi-
ological conditions. The carboxyl-terminal domain of Htm1l
comprises 278 amino acids that are required for the interaction
with Pdil (19). Expression of an Htm1l variant lacking this
domain delays degradation of CPY*, and its overexpression
does not promote increased glycan processing (19). This indi-
cates that the mannosidase homology domain alone does not
suffice to support ERAD. To characterize the binding of Htm1
to Pdil in more detail, we generated yeast strains expressing
chromosomally encoded carboxyl-terminal truncations of
Html (Htm1A582-Myc, Htm1A749-Myc, Htm1A760-Myc,
Htm1A780-Myc, and Htm1A792-Myc) in addition to Pdi-HA.

We then immunoprecipitated Pdi-HA from microsomal
extracts prepared under non-denaturing conditions and mon-
itored the amount of co-precipitated Htm1-Myc by immuno-
blotting. Compared with the wild type, reduced amounts of the
truncated Htm1 variants were co-purified with Pdi-HA (Fig.
5A). Even the deletion of only four amino acids at the very
carboxyl terminus affected the ability of Htm1 to interact with
the protein disulfide isomerase. In agreement with a former
study, the association with Pdi-HA was completely lost in cells
expressing Htm1A582-Myc (19) (Fig. 5A). Although some of
the truncations still retained residual binding to Pdi-HA, all
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FIGURE 5. Binding of Htm1 to Pdi1 is required for ERAD. A, Pdi-HA was
precipitated under non-denaturing conditions from cell lysates of yeast
strains expressing Htm1-Myc or the indicated truncated variants. The pro-
teins were detected by immunoblotting using the given antibodies. Band C,
degradation of CPY* (B) or Erg3-Myc (C) was analyzed by pulse-chase experi-
ments in the given yeast strains. Graphs represent the mean values of at least
three independent experiments (CPY* and Erg3-Myc in Ahtm1isn = 2),and
the S.D. is given.

those variants of Htm1 completely failed to support turnover of
the ERAD substrates CPY* and Erg3-Myc, as determined in
pulse-chase experiments (Fig. 5, B and C). Thus, our data indi-
cate that the function of the Htm1 carboxyl-terminal domain
goes beyond the mere binding of Pdil. However, the association
with Pdil is absolutely required for the activity of Html in
ERAD.

Pdil Binding-deficient Mutants of HtmI—As predicted by
computational sequence analysis of Htm1, the region between
Lys-582 and Pro-647, which is required for binding to Pdil (19),
appears to be unstructured with the exception of an «-helix
encompassing amino acids Pro-630 and Trp-636. To elucidate
the contribution of this domain to the Html function, we
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replaced phenylalanine 632 by leucine or tyrosine 633 by serine
and monitored these Htm1 variants for their ability to interact
with Pdil. The Myc-tagged versions of both mutant proteins
are stably expressed in yeast cells as determined in a cyclohex-
imide decay assay (Fig. 6A4). Compared with wild type we found
substantially reduced amounts of Htm1-Y633S-Myc and even
less Htm1-F632L-Myc in immunoprecipitates of Pdi-HA (Fig.
6B). Likewise, both Htm1 variants affected ERAD in a different
manner. Cells expressing Htm1-Y633S-Myc displayed minor,
yet significant defects in CPY* turnover, whereas degradation
of the model substrate was impaired in Htm1-F632L-Myc-ex-
pressing yeasts to a similar extent as observed in an HTMI
deletion strain (Fig. 6C). These results confirm that binding of
Html to Pdil is crucial for the function of Htm1 in ERAD.

Next, we were interested if Htm1-F632L-TPH7 and Htm1-
Y633S-TPH7 exhibited demannosylation activity. To this end,
we overexpressed Htm1-TPH7, Htm1-D279N-TPH7, Htm1-
F632L-TPH7, and Htm1-Y633S-TPH?7 in yeast cells and ana-
lyzed the migration pattern of CPY* in those strains on dena-
turing gels (Fig. 6D). The electrophoretic mobility of CPY* in
cells overexpressing Htm1-Y633S-TPH7 was comparable with
that of the Htm1-TPH7-overexpressing control, indicating that
the Htm1-Y633S mutant is catalytically active. By contrast, ele-
vated levels of Htm1-F632L-TPH?7 or the catalytically inactive
Htm1-D279N-TPH?7 variant did not modify the mobility of
CPY*. In accordance with this result, a slight but significant
increase in the amount of Man.,GlcNAc, was detectable in the
bulk glycan spectrum of cells overexpressing Htm1-Y633S-
TPH?7 but not in cells that contained higher levels of Htm1-
F632L-TPH? (Fig. 6E).

Obviously, the ability of Htm1 to support degradation of
ERAD substrates is directly linked to its proficiency in glycan
processing, which in turn depends on the binding to Pdil.
Because mutant versions of Htm1 that are impaired in their
interaction with Pdil are stable, an association of Htm1 to the
protein disulfide isomerase is most likely not required to main-
tain its structural integrity but, rather, regulates the catalytic
activity of the enzyme.

Htm1 Affects the Turnover of a Cysteine-free Substrate—How
does Pdil stimulate the function of Htm1 for glycan trimming?
Because Pdil interacts with immature proteins to promote the
formation of disulfide bridges, we wondered whether the
isomerase presents polypeptides with unpaired cysteines to
Html. In pulse-chase analyses we monitored the turnover of
plasmid-encoded CPY*, a protein containing 11 cysteines and a
version of this ERAD substrate in which all cysteine residues
where substituted by serines (CPY*ACys) in wild-type-,
AhtmI-, or HTM1-overexpressing yeast strains. In cells deleted
for HTM1 the degradation of CPY* and CPY*ACys was
affected, suggesting that even cysteine-free proteins can be tar-
geted by Htm1 (Fig. 7, A and B). Still, Pdil was shown to pro-
mote the folding of disulfide bond-free substrates in a chaper-
one-like manner (36-38). Notably, overexpression of HTMI
accelerated the degradation of CPY* but not of the cysteine-free
variant. Thus, our data demonstrate that the impact of Htm1 on
the turnover of cysteine-free substrates is lower than on pro-
teins containing cysteines. Such polypeptides most likely inter-
act more tightly or frequently with Pdil during disulfide bridge
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FIGURE 6. The enzymatic activity of Htm1 requires binding to Pdi1. A, stability of chromosomally expressed Htm1-Myc or plasmid borne Htm1-Myc,
Htm1-F632L-Myc and Htm1-Y633S-Myc was analyzed by cycloheximide decay assays. Sec61 visualized with specific antibodies served as loading control. B,
Pdi-HA expressed from its endogenous locus was precipitated under non-denaturing conditions from lysates of the indicated yeast strains. Htm1-Myc variants
were expressed chromosomally or from plasmids in Ahtm1 strains. Precipitates were subjected to immunoblotting with the indicated antibodies. C, turnover
of CPY* was measured by radioactive pulse-chase analysis in wild-type or HTM1-deleted yeast strains harboring plasmid-borne Htm1-Myc, Htm1-F632L-Myc,
or Htm1-Y633S-Myc. Graphs represent the mean values of at least fourindependent experiments, and the S.D. is given. D, microsomes prepared from the given
yeast strains were subjected to immunoblot analysis to monitor the electrophoretic mobility of CPY*. E, microsomes from indicated yeast strains were
solubilized and treated with PNGase F. The released glycans were fluorescently labeled with 2-anthranilic acid and analyzed via normal-phase HPLC. The
fluorescence intensity in arbitrary units is plotted against the retention time on the column. Note the different scales of the ordinate. Man7, Man8, and Man9
represent Man,GIcNAc,, MangGIcNAC,, and Man,GIcNAC,, respectively. D and E, ( 1) indicates overexpression of HTM1 constructs from the TEF promoter.

rearrangements, which in turn will increase their probability of
being processed by Htm1.

Discussion

A bipartite signal triggers ERAD of aberrantly folded glyco-
proteins (11-13, 55); Hrd3, a component of the HRD ligase,
binds surface-exposed hydrophobic patches of unfolded pro-
teins in the ER lumen and recruits such conformers to the ubiq-
uitin ligase Hrdl. Associated with Hrd3 is the lectin Yos9,
which identifies a terminal a1,6-linked mannosyl residue in the
N-glycans of these polypeptides and thereby contributes to sub-
strate recognition. Combined, both processes facilitate efficient
degradation of malfolded glycoproteins. In the present study we
demonstrate by in vitro as well as in vivo experiments that a
protein complex comprising the mannosidase Htm1 and the
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protein disulfide isomerase Pdil generates the specific glycan
structure recognized by Yos9.

By taking advantage of a well defined substrate in our in vitro
assays we were able to conclusively show that Htm1 in complex
with Pdil converts MangGlcNAc, on glycoproteins into
Man,GlcNAc, structures. Previous work investigated isolated
Htm1 under less well defined conditions by studying glycan
processing in total cell extracts (29). This approach did not
exclude that the activity of Htm1 requires additional compo-
nents or co-factors. Our experimental setup also enabled us to
determine the performance of the mannosidase under varying
conditions. Interestingly, the activity of Htm1-Pdil does not
appear to be restricted to aberrantly folded glycoproteins; we
observed that the mannosidase trims glycans on both dena-
tured and native RNase B, albeit with a slight preference for the
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FIGURE 7. Htm1 affects the turnover of a cysteine-free substrate. A, turn-
over of plasmid-borne CPY* in cells deleted for PRCT encoding endogenous
CPY was monitored in radioactive pulse-chase experiments. B, as in A, except
that cysteine-free CPY* (CPY*ACys) served as substrate. Aand B, two indepen-
dent experiments were quantified, and the S.D. is shown. ( 1 ) indicates over-
expression from the TEF promoter.

misfolded form. Consistently, increased glycan processing in
cells overexpressing HTM I was not confined to malfolded pro-
teins; yet whereas the enhanced activity of Htm1 on aberrant
glycoproteins accelerated their degradation, it had no impact
on the stability of properly folded polypeptides or on non-gly-
cosylated ERAD substrates.

Our results show that Htm1’s function in ERAD depends on
its interaction with Pdil. By expressing Htm1 variants that har-
bored truncations or amino acid substitutions in the carboxyl-
terminal part of Htm1, we were able to dissociate the Htm1-
Pdil complex in yeast. This allowed us to monitor Htm1l
activity in the absence of bound Pdil without expressing
mutant forms of Pdil that may impair oxidative folding in gen-
eral. Pdil-L313P, which was previously used to separate Htm1
from Pdil, not only affects the glycosylation status of Htm1,
indicative of a mislocalization of this enzyme to the Golgi com-
partment, but also induces Hrd1-dependent ERAD of Htm1l
(29). Despite recent findings that certain amino acid substitu-
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tions in the carboxyl-terminal part of Htm1 affect the general
folding of the protein (30), all of our truncation constructs as
well as the mutant variants Htm1-F632L and Htm1-Y633S
turned out to be stable.

If an association with Pdil is not a prerequisite to maintain
the structural integrity of Htm1 but is still required for the
function of the mannosidase in ERAD, what is the role of the
protein disulfide isomerase in the complex? Given the function
of Pdil in the maturation of unfolded polypeptides, it is con-
ceivable that the oxidoreductase confines the activity of Htm1
toward distinct clients. Thus, Htm1l may predominantly
demannosylate glycoproteins that associate with Pdil during
their folding attempts. Because the cellular amount of Pdil
vastly exceeds that of Htm1 (31, 56), only a small number of the
Pdil molecules are complexed with Htm1. Glycoproteins that
rapidly obtain their native conformation associate only briefly
with folding enzymes like Pdil. In consequence, interactions of
those proteins with Htm1 are unlikely to occur. By contrast,
polypeptides that fold less efficient repeatedly bind to Pdil and
are thereby more likely subjected to demannosylation by Htm1.
Concordantly, we observed demannosylation of properly
folded proteins only in cells overexpressing HTM 1. Most prob-
ably these proteins were more often exposed to the now highly
abundant Htm1-Pdil complexes during their maturation.

We also found that the turnover of a malfolded glycoprotein
devoid of cysteines, CPY*ACys, in HTMI-deleted cells is
affected to a much lesser degree than the degradation of cys-
teine containing CPY*. Accordingly, overexpression of HTM1I
exclusively accelerated the turnover of CPY*. Obviously, CPY*
is the preferred substrate of Pdil for disulfide bond rearrange-
ments, which in turn increases its susceptibility to Htm1-me-
diated glycan processing. The shorter half-life of CPY*ACys in
wild-type cells might result from a more loosely conformation
due to a complete lack of disulfide bridges, which could facili-
tate recognition by the ERAD machinery or the translocation
into the cytosol.

During their maturation polypeptides expose structurally
disordered regions, which allows association not only with
chaperones like BiP and Pdil but also with ERAD components
such as Hrd3. Slowly folding proteins and polypeptides trapped
in non-native conformations will engage more frequently in
such interactions, thereby increasing the likelihood to be
processed by the ERAD machinery. The Html-generated
Man,GlcNAc, glycan supports the interactions of proteins
with Hrd3 by binding to the Hrd3-associated lectin Yos9. This
enhances the chance of a protein to be subjected to ERAD. In
line with this, we and others noticed that glycosylated ERAD
model substrates are substantially faster processed than mole-
cules that share the same polypeptide backbone but lack glycan
residues (12, 46, 57). Importantly, an interaction with Yos9
alone does not suffice to trigger ERAD of a malfolded protein.
Why should an ER quality control system based on glycan pro-
cessing be required to proficiently detect aberrant conformers
of glycoproteins? Disulfide bridge formation facilitates the par-
tial folding of polypeptides, which probably renders the identi-
fication of malfolded species solely based on features of the
peptide backbone fairly inefficient. Thus, we suggest that the
stochastic demannosylation by Htm1 generates an additional

JOURNAL OF BIOLOGICAL CHEMISTRY 12205

9T0Z ‘9 8UNL UO UIZIPS A 82N3R [0 A N1 WNIUSD-YonIgqRa-Xe N 1 /610°0g [ mmmy/:dny wouy papeo jumoq


http://www.jbc.org/

Demannosylation by Htm1 Accelerates ERAD

signal that compensates the poor binding of aberrantly folded
glycoproteins to ERAD receptors and thereby stimulates their
degradation.
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