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Quantification of tunicamycin-induced protein
expression and N-glycosylation changes in yeast}

Haopeng Xiao, Johanna M. Smeekens and Ronghu Wu*

Tunicamycin is a potent protein N-glycosylation inhibitor that has frequently been used to manipulate
protein glycosylation in cells. However, protein expression and glycosylation changes as a result of tunica-
mycin treatment are still unclear. Using yeast as a model system, we systematically investigated the cellular
response to tunicamycin at the proteome and N-glycoproteome levels. By utilizing modern mass spectro-
metry-based proteomics, we quantified 4259 proteins, which nearly covers the entire yeast proteome. After
the three-hour tunicamycin treatment, more than 5% of proteins were down-regulated by at least 2 fold,
among which proteins related to several glycan metabolism and glycolysis-related pathways were highly
enriched. Furthermore, several proteins in the canonical unfolded protein response pathway were up-regu-
lated because the inhibition of protein N-glycosylation impacts protein folding and trafficking. We also com-
prehensively quantified protein glycosylation changes in tunicamycin-treated cells, and more than one third
of quantified unique glycopeptides (168 of 465 peptides) were down-regulated. Proteins containing down-
regulated glycopeptides were related to glycosylation, glycoprotein metabolic processes, carbohydrate pro-
cesses, and cell wall organization according to gene ontology clustering. The current results provide the
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Introduction

Glycosylation is a prevalent protein modification in eukaryotic
cells that plays essential roles in regulating protein folding,
trafficking and stability." Aberrant glycosylation is frequently
related to human disease, including cancer and infectious
diseases.”™ In eukaryotic cells, N-glycosylation typically
begins with the synthesis of the dolichol-linked precursor
oligosaccharide (GleNAc,ManyGlc;), followed by en bloc trans-
fer of the precursor oligosaccharide to newly synthesized pep-
tides in the endoplasmic reticulum (ER).">' Then the
oligosaccharide is further trimmed and modified by many
enzymes in the Golgi apparatus.’® The pathway for N-glycosyla-
tion synthesis is conserved from yeast to mammalian cells."®
Although yeast primarily contains high-mannose glycans
which differ from those in mammalian cells,'® it can still be
used as an excellent model system to study protein
N-glycosylation."”
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first global view of the cellular response to tunicamycin at the proteome and glycoproteome levels.

Tunicamycin (TM), a glucosamine-containing antibiotic,
blocks N-linked glycosylation by inhibiting the formation of
the N-acetylglucosamine-dolichol-phosphate intermediate and
thus traps cells in the G1 phase of the cell cycle."” TM was
originally isolated and utilized for its antiviral activity by sup-
pressing viral glycoprotein synthesis and membrane genesis."®
Now tunicamycin is extensively used for protein N-glycosyla-
tion manipulation. In yeast, the presence of TM has been
reported to disrupt the formation of the external glycoprotein
invertase, acid phosphatase, and cell wall mannan.® Although
the mechanism responsible for TM-initiated inhibition of
protein N-glycosylation has long been appreciated, a compre-
hensive and quantitative analysis of the affected proteome and
glycoproteome in cells has yet to be conducted.

In recent years, MS-based proteomics methods have
become increasingly powerful to systematically study protein
expression and modification changes in complex biological
samples.>* > However, it is still challenging to investigate low-
abundance proteins, which requires effective fractionation or
other sample preparation.**”*” Furthermore, the global analy-
sis of glycoproteins in complex biological samples is extraordi-
narily difficult because of the high heterogeneity of glycans
and low abundance of many glycoproteins.*® Enrichment of
glycopeptides and the generation of a common mass tag on
glycosylation sites are required prior to MS analysis. In our
recent study, based on a common feature of glycans, i.e. mul-
tiple hydroxyl groups in each glycan, boronic acid-based
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enrichment was used to effectively enrich glycopeptides in
yeast whole cell lysates.*® By incorporating this enrichment
method, it is possible to comprehensively quantify protein
glycosylation changes with quantitative proteomics.

Using yeast as a model system, we systematically investi-
gated the cell response to TM at the proteome and N-glyco-
proteome levels. We quantified 4259 proteins, which nearly
covers the entire yeast proteome. Many proteins related to
several glycan metabolism and glycolysis-related pathways
were down-regulated in TM-treated cells. We also globally
quantified protein N-glycosylation changes as a result of the
TM treatment. Among down-regulated glycoproteins, those
related to glycosylation, glycoprotein metabolic processes,
carbohydrate processes, and cell wall organization were highly
enriched. The current results clearly demonstrate that there
are dramatic protein expression and N-glycosylation changes
resulting from the tunicamycin treatment.

Experimental section
Yeast strains, SILAC labeling, and TM treatment conditions

Yeast (Saccharomyces cerevisiae) cells were seeded in “heavy”
(Lys® (**Ce and '°N,); Arg® (*Cs) Cambridge isotopes) or
“light” (Lys’, Arg°) media (synthetic complete medium with
lysine and arginine drop-out) and cultured overnight. Tunica-
mycin (TM) (Cayman Chemicals) stock solution (10 mg mL™")
was prepared by dissolving TM in dimethyl sulfoxide (DMSO).
When the cell population had undergone more than ten dou-
bling times and reached the exponential growth phase (OD =
0.3 at 600 nm), TM (2 pg mL™") was added into the “heavy”
media while the “light” cells were treated by the same amount
of DMSO as a vehicle control. After treatment for three hours,
cells were harvested and mixed at a 1:1 ratio based on
measured protein concentrations.

Cell lysis, protein extraction and digestion

Cells were washed twice with deionized water, pelleted by cen-
trifugation at 4000g for 5 minutes, and then resuspended in
lysis buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid (HEPES) pH = 7.6, 150 mM NaCl, 0.5% sodium deoxy-
cholate (SDC), 20 U mL™" benzonase, and 1 protease inhibitor
tablet per 10 mL buffer). Cell lysis was performed using a Mini-
Beadbeater (Biospec), three 30 second cycles at maximum
speed, with 2 minute pauses on ice in between each cycle.
Lysates were then centrifuged at 15000g for 10 minutes and
the resulting supernatant was transferred into a new tube. The
protein concentration was measured by a bicinchoninic acid
(BCA) assay (Pierce) and proteins were subjected to disulfide
reduction with 5 mM dithiothreitol (DTT) (56 °C, 25 minutes)
and alkylation with 14 mM iodoacetamide (RT, 20 minutes in
the dark). Detergents were removed by methanol-chloroform
protein precipitation. The purified proteins were digested with
10 ng puL~"' Lys-C (Wako) in buffer containing 50 mM HEPES
pH = 8.6, 1.6 M urea, and 5% ACN, at 31 °C for 16 hours, fol-

Analyst

View Article Online

Analyst

lowed by further digestion with 8 ng pL.™" Trypsin (Promega) at
37 °C for 4 hours.

Peptide separation, fractionation, and glycopeptide
enrichment

Protein digestions were acidified by the addition of trifluoroa-
cetic acid (TFA) to a final concentration of 0.1%, followed by
centrifugation to remove the precipitate. Then peptides were
desalted using a tC18 Sep-Pak cartridge (Waters). Purified pep-
tides were aliquoted into two portions: ~0.5 mg for protein
analysis and a ~8 mg for glycosylation analysis. For protein
analysis, lyophilized peptides were fractionated into 20 frac-
tions by high pH reversed-phase high-performance liquid
chromatography (HPLC) with a 40 minute gradient of 5-55%
ACN in 10 mM ammonium acetate (pH = 10), and then
desalted again using stage-tips. For glycosylation analysis, the
separation and enrichment of glycopeptides was carried out by
utilizing the covalent interaction between boronic acid and
glycans containing multiple hydroxyl groups, as described pre-
viously.>® Peptides were directly subjected to glycopeptide
enrichment without HPLC fractionation (the enriched glyco-
peptide sample was separated into three fractions during the
later stage-tip step). Briefly, the peptide mixture was dissolved
in 200 mM ammonium acetate buffer (pH = 10), and incu-
bated with boronic acid-conjugated magnetic beads at 37 °C
for 1 h. The beads were then washed five times with the
binding buffer to remove non-specifically bound peptides. Glyco-
peptides were eluted by incubating the beads in a solution con-
taining acetonitrile, water, and trifluoroacetic acid at a respective
ratio of 50:49:1 for 30 minutes at 37 °C. Eluates were desalted
using tC18 Sep-Pak cartridges and lyophilized overnight.

PNGase F treatment for glycopeptides

Glycopeptides were deglycosylated with five units of peptide-N-
glycosidase F (PNGase F, Sigma-Aldrich) in 100 pL buffer con-
taining 50 mM NH,HCO; (pH = 9) in heavy-oxygen water
(H,'®0) for 3 h at 37 °C.*>*" The reaction was quenched by
adding formic acid (FA) to a final concentration of 1%. Pep-
tides were further purified via stage-tip and separated into
3 fractions using 20%, 50% and 80% ACN containing 1% HOAc.

LC-MS/MS analysis

All purified and dried peptide fractions were dissolved in a
solvent containing 5% ACN and 4% FA, and a fraction of each
sample was loaded onto a microcapillary column packed with
C18 beads (Magic C18AQ, 3 pm, 200 A, 100 pm x 16 cm,
Michrom Bioresources) by a Dionex WPS-3000TPLRS autos-
ampler (UltiMate 3000 thermostatted Rapid Separation Pulled
Loop Wellplate Sampler). For protein analysis, peptides were
separated by reversed-phase liquid chromatography using an
UltiMate 3000 binary pump with a 90 minute gradient of
4-30% ACN containing 0.125% FA. For the enriched glyco-
peptide samples, a 110 minute gradient of 3-25%, 8-38%, or
10-50% ACN with 0.125% FA was used for each of the three
fractions, and the detailed LC gradients are in Table S-1-3.F
Peptides were detected with a data-dependent method**** in a

This journal is © The Royal Society of Chemistry 2016
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hybrid dual-cell quadrupole linear ion trap - Orbitrap mass
spectrometer (LTQ Orbitrap Elite, ThermoFisher, with Xcalibur
3.0.63 software). For each cycle, one full MS scan (resolution:
60 000) in the Orbitrap (10° AGC target) was followed by up to
20 MS/MS in the LTQ for the most intense ions. The selected
ions were excluded from further sequencing for 90 seconds.
Tons with single or unassigned charges were not selected for
MS/MS scans. Maximum ion accumulation times were
1000 ms for each full MS scan and 50 ms for MS/MS scans.

Database search and data filtering

Raw mass spectra were converted into mzXML format, and
then searched using the SEQUEST algorithm (version 28).**
The following parameters were used during the search:
10 ppm precursor mass tolerance; 1.0 Da product ion mass tol-
erance; fully digested with trypsin; up to three missed clea-
vages; fixed modifications: carbamidomethylation of cysteine
(+57.0214); variable modifications: oxidation of methionine
(+15.9949), "0 tag on asparagine (+2.9883, for glycosylation
analysis), heavy lysine (+8.0142) and heavy arginine (+6.0201).
The target-decoy method*>*® was employed to determine the
false discovery rate (FDR). Linear discriminant analysis (LDA)
was then performed to control the quality of peptide identifi-
cations using parameters such as XCorr, charge state and pre-
cursor mass accuracy,”” which is also similar to the previous
report.*® Peptides fewer than seven amino acid residues in
length were considered unreliable and deleted. Peptide spec-
tral matches were filtered to a <1% FDR. For protein analysis,
the peptide-level FDR was calculated based on all identified
peptides. For glycoprotein analysis, the dataset was restricted
to glycopeptides when determining FDRs for glycopeptide
identification.*>*® Furthermore, an additional protein-level
filter was applied in each dataset to reduce the protein-level
FDRs (<1%) for proteins and glycoproteins. Consequently the
FDRs at the peptide level were much less than 1%.

Glycosylation site localization and peptide quantification

We used ModScores to assign glycosylation sites and measure
the confidence of their localizations.*>>" The ModScore soft-
ware considers all possible glycosylation sites in a peptide and
uses the presence of experimental fragments unique to each
site to determine the actual glycosylation site and calculates a
ModScore value based on the binominal probability P (Mod-
Score = —10 x log;o(P)). We considered ModScore >13 (P < 0.05)
as confidently localized. If the same peptide was quantified
several times, the median heavy-to-light (H/L) value was used
as the peptide abundance change. For peptides used for pro-
teome analysis, we required that either its heavy or light
isotope peak had a signal-to-noise ratio (S/N) greater than 3. If
the S/N of the heavy peak was less than 3, then we required
that the light peak had an S/N great than 5, and vice versa. Two
criteria were applied for glycosylation site quantification: (1)
the quantified glycopeptide must contain only one glycosyla-
tion site; (2) the site must be confidently localized with a Mod-
Score >13.

This journal is © The Royal Society of Chemistry 2016
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Results and discussion
Tunicamycin treatment and glycoprotein enrichment

Tunicamycin has been widely used to model specific types of
stress that affect protein folding in the ER.>>*® However, the
protein abundance changes in tunicamycin-treated cells have
remained unexplored on a large scale. Our first aim was to
study the proteome changes resulting from the TM treatment.
Because TM is known to inhibit the formation of the N-acetyl-
glucosamine-dolichol-phosphate intermediate and thus pre-
protein  N-glycosylation, we also systematically
investigated N-glycoproteome alterations in TM-treated yeast
cells. Since many membrane proteins are known to be glyco-
sylated, 0.5% sodium deoxycholate (SDC) was added into the
lysis buffer to increase membrane protein extraction. As a
detergent, SDC can disrupt and dissociate many types of
protein interactions, and also increase the solubility of mem-
brane proteins. After cell lysis, protein extraction and purifi-
cation, 0.5 mg of digested peptides were separated into 20
fractions using high-pH reversed phase liquid chromatography
(Fig. 1). In combination with further separation under acidic
conditions during on-line LC-MS/MS analysis, two-dimen-
sional orthogonal separation can minimize peptide peak
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Fig. 1 Experimental procedure for the global analysis of proteins and
N-glycoproteins in TM-treated yeast cells vs. untreated cells.
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overlap and boost the identification of low-abundance
proteins.

Two technical challenges must be overcome to globally
study protein N-glycosylation by using MS-based proteomics
techniques: the low expression levels of many glycoproteins,
and the heterogeneity of glycan structures. Therefore an
effective enrichment method and an efficient approach to
generate a common tag on glycosylation sites for subsequent
database searching are required. Based on one common fea-
tures of glycoproteins, i.e. glycan structures bearing multiple
hydroxyl groups, we globally enriched glycoproteins and/or
glycopeptides through the universal boronic acid-cis diol reco-
gnition.>® Boronic acid was immobilized onto magnetic beads
to capture glycopeptides, and the reversible nature of the
covalent interactions between boronic acid and diols made it
possible to release glycopeptides (after the removal of non-
specifically bound peptides) for further analysis. After enrich-
ment, peptides were treated with PNGase F in heavy-oxygen
water (H,'®0) to remove N-glycans, which converted
asparagine (Asn) to aspartic acid (Asp) containing heavy
oxygen and created a mass shift of +2.9883 Da.>**> Heavy
oxygen on Asp allows us to easily distinguish authentic
N-glycosylation sites from those caused by deamidation occur-
ring in vitro and in vivo. PNGase F treatment time was shor-
tened to only 3 hours to minimize possible deamidation from
non-glycosylation sites that occurs during the PNGase F clea-
vage process.
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Examples of peptide and glycopeptide identification and
quantification

In order to accurately quantify the protein expression and
glycosylation changes, an Orbitrap mass spectrometer with
high resolution and mass accuracy (Thermo hybrid
LTQ-Orbitrap Elite MS) was used in this study. Fig. 2 shows
examples of peptide and glycopeptide identifications and
quantifications. Both peptides are from the protein PDI1
(YCL043C), which is a disulfide isomerase essential for the for-
mation of disulfide bonds in secretory and cell-surface pro-
teins, and may unscramble non-native disulfide bonds. In
addition, it participates in the processing of unfolded protein-
bound MangGlcNAc, oligosaccharides to Man,GlcNAc,,
thereby promoting degradation in unfolded protein response
(http://www.yeastgenome.org). This protein was determined to
be up-regulated by 2.6 fold in TM-treated yeast cells, possibly
as a result of TM interrupting the proper glycosylation of
various proteins, and unfolded or misfolded proteins accumu-
lating in the ER. Heavy isotope peaks of the peptide
GLMNFVSIDAR are shown to be more than twice as intense as
the light peaks in Fig. 2(a).

In TM-treated yeast cells, the glycosylation site N425 on this
protein was down-regulated by 2.5 fold. The tandem mass
spectra corresponding to the identification of the glycopeptide
R@LAPTYQELADTYAN*ATSDVLIAK#  (@-heavy  arginine,
#-heavy lysine and *-glycosylation site) is shown in Fig. 2(b);
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RLAPTYQELADTYAN*ATSDVLIAK
131417
1315.17
50% R@LAPTYQELADTYAN*ATSDVLIAK#
’ 1321.69
1321.19
11si6s 1322.19
1322.69
0 | L | ‘ ‘ |
1312 1314 1316 1318 1320 1322 1324
m/z
100% ,  Ye4 YaaY22Y21Y20/19Y18Y17Y 16 Y18/14/13/12Y1¥10Y9 Y Y7 Y6 Vs Ya Y3 Y2 Y1
RaJL[a[p[T[v]Q[E L [A[o]T[v[ANTR[T[S [O[V]L ]t [a]K¢
by bz by by bs bg by bg bab1oby1b12b13b14b15P16D17D1ab19b20b21b22b23b24
2 XCorr=5.04
50%

400 600 800 1000 1200 1400 1600 1800 2000
m/z

Fig. 2 Examples of full and tandem mass spectra of peptides. (a) The full and (c) tandem mass spectra of the peptide GLMNFVSIDAR and (b) the full
and (d) tandem mass spectra of the glycopeptide RLAPTYQELADTYAN*ATSDVLIAK. Both peptides are from the protein PDI1. (c) and (d) demonstrated
that the two peptides were confidently identified with high XCorr values. (@-heavy arginine, #-heavy lysine, *-glycosylation site).
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this glycopeptide was confidently identified with an XCorr of
5.04 and a ModScore of 1000. The two ratios of peptides and
glycopeptides from the same protein are excellent examples of
differential protein expression and glycosylation changes
resulting from the TM treatment. Several other glycosylation
sites (N82, N117, N155 and N174) on this protein were also
down-regulated (Table S-7).

Global analysis of protein abundance changes

After protein samples were fractionated into 20 samples, they
were measured using an online LC-MS system. With these
powerful MS-based proteomics techniques, we were able to
confidently quantify 4259 yeast proteins (Table S-4t), which
nearly covered the entire yeast proteome.’*>” Moreover, 95% of
quantified glycoproteins were also quantified in the proteome
experiments (Fig. 3(a)). Due to their low abundances, seven
glycoproteins were not identified in proteome analysis without
efficient glycosylation enrichment. The protein abundance
change distribution is shown in Fig. 3(b) and most protein
abundances did not have marked changes. Overall, 400 pro-
teins were up-regulated while 226 proteins were down-regu-
lated by at least 2 fold in TM-treated yeast cells. We then
clustered them separately according to biological process or
pathway using the Database for Annotation, Visualization, and
Integrated Discovery 6.7 (DAVID 6.7).>® Several glycan metabo-
lism pathways, including starch and sucrose metabolism, fruc-
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Fig. 3 Protein quantification results. (a) The overlap between proteins

and glycoproteins quantified in this work. (b) The ratio distribution of
quantified proteins.
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Fig. 4 Clustering of up- and down-regulated proteins in tunicamycin-
treated cells. (a) Enriched pathways for up-regulated proteins. (b)
Enriched biological processes among down-regulated proteins.

tose and mannose metabolism, the pentose phosphate
pathway, and glycolysis-related pathways were significantly
enriched among up-regulated proteins (Fig. 4(a)). This
phenomenon may be due to excess glycans present in cells as
a result of protein glycosylation inhibition by TM. We have
quantified the majority of the proteins involved in the canoni-
cal unfolded protein response pathway,> including Eroil
(YML130C), an essential oxidoreductase that produces di-
sulfide bonds in the ER, which was up-regulated by 5.2 fold.
Other related proteins, including Hrd3 (YLR207W), Gen2
(YDR283C), and Irel (YHR079C), had increased abundances of
1.7, 1.6, and 1.8 fold, respectively.

For down-regulated proteins, ribosome and RNA proces-
sing-related biological processes were notably enriched, which
meant that protein translation was reduced. This correlates
very well with previous studies in the literature.®®®" For
example, Steffen et al. found that ribosomal deficiency protects
yeast cells against ER stress, which was a result of many
secretory proteins getting trapped in the ER due to the inhi-
bition of their glycosylation. The treatment of the ribosomal
protein gene deletion strains with TM showed significant ER
stress resistance.®® In addition, protein transportation between
the Golgi and plasma membrane was also attenuated. Cell wall
integrity and stress response component 4 (Wsc4) is a protein
that participates in protein transportation to the membrane,
and cell wall biogenesis and degradation, and its expression
was reduced to 6.6% as a result of a drug treatment. The dra-
matic down-regulation of this protein suggests that cell wall
formation may be impacted in the TM-treated cells because
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protein N-glycosylation regulates protein folding and traffick-
ing and here it was inhibited by TM. Therefore, cell wall pro-
teins could not be transported to the cell wall.

Site-specific glycoprotein identification

The common tag generated by PNGase F deglycosylation in
heavy-oxygen water (H,'®0) allowed the global and site-specific
identification of protein N-glycosylation. As shown in Fig. 2(b),
fragments in the tandem mass spectrum enabled us to confi-
dently localize protein glycosylation sites. A total of 448 glyco-
sylation sites were identified in the current experiment
(Table S-51). Here we assessed the confidence of site locali-
zations with the calculation of ModScore values, which take all
possible glycosylation sites in a peptide into account and uses
the existing experimental fragment ions unique to each site to
determine the actual glycosylation site.*>***° For instance, two
possible glycosylation sites located next to each other without
adequate fragment ions to distinguish them will result in a
low Modscore. A ModScore greater than 13 represents a
P value less than 0.05, which we considered to be well-loca-
lized. Fig. 5(a) shows that the majority of the glycosylation site
identified in this experiment are well-localized, and 68.5% of
identified sites even have a ModScore larger than 19 (corres-
ponding to a P value less than 0.01).

Many proteins carried multiple N-glycosylation sites
(Fig. 5(b)) and more than 30 proteins contained at least five
glycosylation sites. For example, a total of 15 glycosylation sites
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were identified from the protein Rax2 (YLR084C). Rax2 is
required for the maintenance of the bipolar budding pattern,
and is involved in selecting bud sites.®® It was reported that
Rax2 is a glycosylated type I membrane protein, with its long
N-terminal domain in the extracellular space.®® In TM-treated
yeast cells, Rax2 was down-regulated by 2.07 fold while its four
singly glycosylated peptides were down-regulated with ratios of
0.45, 0.46, 0.51, and 0.51, respectively.

We further investigated the correlation between the number
of identified glycosylation sites and the glycoprotein length
(Fig. 5(c)). It seems plausible that longer proteins could carry
more glycosylation sites which would allow a greater number
of glycosylation sites to be identified. When we plotted the
number of glycosylation sites as a function of the protein
length, there was no significant correlation between the two.

Next we considered whether protein and glycoprotein
identifications in this work were biased for highly abundant
proteins. Based on the number of copies (abundances) of yeast
proteins reported in the literature,** we plotted the abundance
distribution of proteins and glycoproteins identified here with
the protein abundance distribution from the literature in
Fig. 5(d). The x-axis represents the number of protein mole-
cules per cell, and the y-axis shows the percentage of proteins.
Despite all three protein datasets having similar distributions
over various amounts of protein molecules, we quantified a
considerable amount of proteins and glycoproteins that were
not quantified by the tandem affinity purification (TAP)
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Fig. 5 The results of site-specific N-glycosylation identification. (a) The ModScore distribution for the identified glycosylation sites. (b) The number
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and quantified in this work.
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Fig. 6 The ratio distribution of glycopeptides and glycoprotein cluster-
ing. (a) Ratio distribution of the quantified glycopeptides. (b) Clustering
of the down-regulated glycoproteins according to biological processes.

coupled to immune-detection method in the literature.®” This
means that modern MS methods are very sensitive and can
detect proteins with very low abundances. In addition, the
median length of glycoproteins identified in this experiment is
581 amino acid residues, while the yeast whole proteome
(http://www.yeastgenome.org/) has a median of 359 amino acid
residues. This suggested that glycoproteins are generally
longer than other proteins, although the number of N-glyco-
sylation sites on each protein is not always relevant to the
protein length.

Table 1 Down-regulated glycosylation sites involved in the high-mannose type N-glycan biosynthesis pathway (P = 1.2 x 10

View Article Online

Paper

Quantification of glycopeptides and singly-glycosylated
peptides

In this work, a total of 465 unique glycopeptides were quanti-
fied, among which more than one third (162 glycopeptides)
were down-regulated by more than 2 fold, while only 40 glyco-
peptides were up-regulated (Table S-61). These results are
agreeable with the known glycosylation inhibition effects of
TM. The distribution of glycopeptide abundances is shown in
Fig. 6(a). Glycopeptides are not expected to be up-regulated as
a result of tunicamycin treatment, however this could occur
because some N-acetylglucosamine-dolichol-phosphate inter-
mediates still exist in cells for a short period after treatment,
or if the corresponding parent proteins are up-regulated. For
instance, the glycopeptide R.TPLVAWGAGLNK#PVHNPFPVSD-
N*YTENWELSSIK#.R has an up-regulation ratio of 2.01, while
the corresponding protein YKL165C were up-regulated 3.47
fold. The regulation ratio for this peptide is determined to
be 0.58 after calibration. Meanwhile, peptide K.
SPVETVSDSLQFSFNGN*QTK  (2.34 fold) from protein
YDRO55W (4.65 fold) has a ratio of 0.50 after calibration. Here
we only treated cells for three hours, but more glycopeptides
are anticipated to be down-regulated if cells are treated for a
longer time.

Glycoproteins containing down-regulated glycopeptides
were clustered according to biological processes using DAVID
6.7 (Fig. 6(b)). The glycosylation, glycoprotein metabolic pro-
cesses, carbohydrate processes, and cell wall organization were
highly enriched. Compared to proteome analysis results, these
more directly reflect the primary impact of inhibiting protein
N-glycosylation by TM in yeast cells. Interestingly, several pro-
teins containing down-regulated N-glycopeptides were related
to protein O-glycosylation. A total of five glycoproteins in the
current results were involved in this process, among which
three were also involved in protein N-glycosylation. The other
two  glycoproteins, dolichyl-phosphate-mannose-protein
mannosyltransferase 2 (PMT2, YAL023C) and PMT5 (YDL0O93W)
are glycosyltransferases that participate in protein O-glycosyla-
tion (especially O-linked mannosylation). The current results
suggest that TM treatment could also interfere with protein
O-glycosylation by suppressing the N-glycosylation of impor-
tant O-glycosylation transferases.

,4)

Mod H/L

Reference Peptide Site Score PPM  XCorr ratio Annotation

YJR131W  K.YLAYLTGN*R.T 224 1000 1.02 2.16 0.01  Endoplasmic reticulum mannosyl-
R.MLGGLLSAYHLSDVLEVGN*K.T 155 1000 0.16 3.33 0.44  oligosaccharide 1,2-alpha-

mannosidase (MNS1)

YER001W  K.MFPFINN*FTTETFHEMVPK.I 254 17.0 —-1.21 2.52 0.04  Alpha-1,3-mannosyltransferase (MNN1)
K. TLN*ATFPNYDPDNFK.K 225 65.4 1.75 4.74 0.05
R.SPDFKPVENNYDN*STNVPQEIWFLDVSNTIHPK. 383 38.3 -3.16 5.77 0.17
W

YJL186W  K.FTDTLSGKLN*FSIPQR.E 136 1000 —0.77 3.51 0.41  Alpha-1,2-mannosyltransferase (MNN5)

YPL053C  K.SYGGN*ETTLGFMVPSYINHR.G 98 145.0 -0.2 3.76 0.48 Mannosyltransferase (KTR6)

*Glycosylation site.

This journal is © The Royal Society of Chemistry 2016
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Finally, we extracted all the singly-glycosylated glyco-
peptides with a ModScore larger than 13, and performed quanti-
fication at the glycosylation site level. The ratio distribution
(Fig. S-1(a)) of quantified glycosylation sites is largely similar to
that of quantified glycopeptides. A total of 253 sites were quanti-
fied, among which 81 were down-regulated and 18 were up-regu-
lated (Table S-7f). Clustering analysis also revealed that
glycosylation was impacted (Fig. S-1(b)}). The high-mannose
type N-glycan biosynthesis pathway was found to be down-regu-
lated with a P value of 1.24 x 10™% all sites quantified in this
pathway were well-localized (Table 1). Powerful MS-based proteo-
mics methods allowed us to systematically and site-specifically
quantify protein N-glycosylation changes in TM-treated cells,
offering valuable insight into tunicamycin-cell interactions.

Conclusion

Tunicamycin has been widely used to manipulate protein
N-glycosylation, but the global analysis of protein expression
and N-glycosylation changes as a result of tunicamycin treat-
ment remains unexplored. Using Baker’s yeast as a model
system, we systematically investigated the protein abundance
and N-glycosylation changes by powerful MS-based proteomics
techniques. Through combination with SILAC, we have quanti-
fied 4259 proteins in tunicamycin-treated yeast cells. The
majority of protein abundances changed marginally, but >5%
of quantified proteins were down-regulated by >2 fold, among
which proteins related to several glycan metabolism and
glycolysis-related pathways were highly enriched. In addition,
several proteins in the canonical unfolded protein response
pathway were up-regulated because the inhibition of N-glycosy-
lation dramatically impacts the proper folding and subsequent
trafficking of some proteins.

We comprehensively quantified protein N-glycosylation
changes in yeast cells induced by tunicamycin by combining
boronic acid-based glycopeptide enrichment, enzymatic
deglycosylation in heavy-oxygen water, and MS-based proteo-
mics. More than one third (168) of 465 quantified unique
glycopeptides were down-regulated in yeast cells with three-
hour treatment. Among down-regulated glycoproteins, those
related to glycosylation, glycoprotein metabolic processes,
carbohydrate processes, and cell wall organization were highly
enriched. The high-mannose type N-glycan biosynthesis
pathway was also found to be down-regulated. For the first
time, we systematically and quantitatively investigated protein
expression and N-glycosylation changes in tunicamycin-treated
yeast cells. These results will provide a better understanding of
how cells interact with tunicamycin and how N-glycosylation is
affected as a result.
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