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Abstract

Post-translational modification of proteins with glycosylation is of key importance in many
biological systems in eukaryotes, influencing fundamental biological processes and regulating
protein function. Changes in glycosylation are therefore of interest in understanding these processes
and are also useful as clinical biomarkers of disease. The presence of glycosylation can also inhibit
protease digestion and lower the quality and confidence of protein identification by mass
spectrometry. While deglycosylation can improve the efficiency of subsequent protease digest and
increase protein coverage, this step is often excluded from proteomic workflows. Here, we
performed a systematic analysis that showed that deglycosylation with peptide-N-glycosidase F
(PNGase F) prior to protease digestion with AspN or trypsin improved the quality of identification
of the yeast cell wall proteome. The improvement in the confidence of identification of

glycoproteins following PNGase F deglycosylation correlated with a higher density of glycosylation
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sites. Optimal identification across the proteome was achieved with PNGase F deglycosylation and
complementary proteolysis with either AspN or trypsin. We used this combination of
deglycosylation and complementary protease digest to identify changes in the yeast cell wall
proteome caused by lack of the Alg3p protein, a key component of the biosynthetic pathway of
protein N-glycosylation. The cell wall of yeast lacking Alg3p showed specifically increased levels
of Cis3p, a protein important for cell wall integrity. Our results showed that deglycosylation prior to
protease digestion improved the quality of proteomic analyses even if protein glycosylation is not of

direct relevance to the study at hand.
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1.0 Introduction

Asparagine (N)-linked glycosylation of proteins is a common modification of secretory and
membrane proteins in eukaryotes that is important for many aspects of glycoprotein function. The
initial stages of N-glycoprotein biosynthesis occur in the endoplasmic reticulum (ER), where glycan
to be transferred to protein is built on a lipid carrier by the consecutive action of a series of integral
membrane glycosyltransferase enzymes [1]. The mature GlusManyGIlcNAc; glycan is efficiently
transferred to asparagines in nascent polypeptides by the multiprotein enzyme complex
oligosaccharyltransferase (OTase) [2, 3]. OTase preferentially binds asparagines located in
‘glycosylation sequons’ (N-x-S/T; x=P) at its peptide acceptor binding site, resulting in efficient
modification of such sequences [4, 5]. The presence of N-glycans on nascent polypeptides assists
productive protein folding in the ER directly by increasing the solubility of polypeptides, and
indirectly through lectin-chaperone folding and quality control systems [6]. After glycoproteins
leave the ER, their glycan structures are often further modified during transit through the Golgi.
This can give rise to a very high diversity of glycan structures on mature proteins, which can affect
glycoprotein function in many biological processes, including infection, development and cancer

[7-9].

N-glycosylation is also often used as an enrichment tag for reducing the complexity of protein
samples [10-12]. Studies using such enrichment methods generally focus on the improvements in
proteome depth and protein identification achievable through targeted enrichment of N-
glycopeptides, rather than the biology of N-glycosylation per se. However, in combination with
sensitive and semi-quantitative selected reaction monitoring (SRM) detection, such methodologies

offer substantial benefits for proteomic studies of a variety of clinically relevant sample types [ 13-

15].



Because of its importance in diverse biological systems, protein N-glycosylation is of general
interest in proteomic identification and protein characterisation studies. Changes in glycosylation
have been associated with a wide variety of conditions including inherited disease, cancer and
infection [7, 16-20]. However, relatively specialized sample preparation, detection methods and
data analysis outside the scope of many studies are often required for detailed glycosylation
analysis [21, 22]. In these cases, the N-glycosylation status of components of a sample is generally
ignored. Nonetheless, even without a focus on identification or characterisation of N-glycosylation,
many samples of interest for proteomic analysis are rich in N-glycoproteins. This includes clinical
samples, tissue biopsies, cell culture material and many model organisms such as yeast. N-
glycosylation can influence proteomic analysis of such samples, as a key biological role of N-
glycosylation is to protect glycoproteins from proteolytic cleavage, an effect still present following
protein denaturation. It has been reported that removal of N-glycans by glycosidases such as
PNGase F can improve MS identification of N-glycoproteins [23-26]. However, a deglycosylation
step is not generally included in proteomic workflows. Here, we performed a thorough systems-
level analysis of the benefit of inclusion of PNGase F deglycosylation prior to protease digestion

with AspN and trypsin, in analysis of the cell wall proteome of Bakers’ yeast.

2.0 Experimental
2.1 Chemicals
All chemicals were obtained from Sigma-Aldrich (St. Louis, Missouri, USA) unless otherwise

specified, and were of analytical grade or higher.

2.2 Yeast strains and growth conditions
Saccharomyces cerevisiae strains used were BY4741 (MATa his341 leu2A0 met1540 ura340) and

the Aalg3 mutant derivative thereof (Open Biosystems). Cells were grown to mid log phase as



measured by the optical density at 600nm at 30°C in YPD (2% Bacto peptone, 1% yeast extract, and

2% glucose) and cell wall protein samples immediately prepared.

2.3 Cell wall protein sample preparation

Preparation of proteins covalently linked to the yeast polysaccharide cell wall was performed as
previously described [27, 28]. Biological triplicates of cells grown in 50 mL of YPD to mid log
phase were harvested by centrifugation at 4000 rcf for 10 min, resuspended in 50 mM Tris-HCl
buffer, pH 7.5, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 x Complete protease inhibitor
cocktail (Roche, Basel, Switzerland) and lysed by agitation using a Mo Bio Laboratories (Carlsbad,
CA, USA) Vortex-Genie 2 at maximum speed with 425-600 um glass beads for 1 h at 4°C.
Covalently linked cell wall material was pelleted by centrifugation at 18000 rcf for 1 min and
washed 4 times with ice-cold 50 mM Tris-HCI buffer pH 7.5. The pellet was resuspended in 50 mM
Tris-HCI buffer pH 8.0, 2 % sodium dodecyl sulfate (SDS), 7 M urea and 2 M thiourea. Cysteines
were reduced and alkylated by addition of dithiothreitol to 10 mM and incubation at 30°C with
agitation at 1500 rpm in a Benchmark Scientific (South Plainfield, NJ, USA) Multi-Therm Heat-
Shake for 30 min, followed by addition of acrylamide to 50mM and further incubation with
agitation at 30°C for 1 h. Non-covalently linked proteins were removed by washing the 18000 rcf
pellet five times with 1 ml 50mM Tris-HCl buffer, pH 8, 2 % SDS, 7 M urea and 2 M thiourea,
followed by five washes with 2 % SDS. The pellet was resuspended in 100 pl 1% Tergitol-type
nonyl phenoxypolyethoxylethanol (NP-40) and 1x G7 buffer (New England Biolabs, Ipswich,
Massachusetts, USA) and aliquoted into 50 pl followed by addition of 500 units of PNGase F (New
England Biolabs) and incubated at 37°C with agitation at 1500 rpm in a Multi-Therm Heat-Shake
for 16 h. Samples without PNGase F deglycosylation were incubated in the same buffer without
PNGase F enzyme. Cell wall material was pelleted at 18000 rcf for 1 min and washed 5 times in 50
mM Tris-HCI buffer pH 8.0. The final cell wall pellet, equivalent to 12.5 ml of cell culture, was

resuspended in 50 mM NH4HCOj3, and proteins were digested with either trypsin 4 pg/ml



(proteomics grade, Sigma) or AspN 1 pg/ml (proteomics grade, Promega) at 37°C for 16 h with

agitation at 1500 rpm in a Multi-Therm Heat-Shake.

2.4 Mass Spectrometry

Peptides were desalted using C18 ZipTips (Millipore, Billerica, Massachusetts, USA) and analyzed
by LC-ESI-MS/MS using a Prominence nanoLC system (Shimadzu, Kyoto, Japan) direct on-line
with a TripleTof 5600 mass spectrometer with a Nanospray III interface (AB SCIEX, Washington,
D.C., USA) as previously described [27]. The Prominence nanoL.C system consisted of a DGU-
20A5 degasser, two LC-20ADnano LC pumps, a SIL-20C HT autosampler, a CTO-20A column
oven and a CBM-20A communications bus module. Approximately 2 ug peptides in 100 ul 5 %
acetonitrile with 0.1 % formic acid were desalted on an Agilent Technologies (Santa Clara,
California, USA) C18 trap (300 A pore size, 5 um particle size, 0.3 mm i.d. x 5 mm) at a flow rate
of 30 ul/min for 3 min, and then separated on a Grace (Deerfield, Illinois, USA) Vydac EVEREST
reversed-phase C18 HPLC column (300 A pore size, 5 um particle size, 150 um i.d. x 150 mm) at
45°C at a flow rate of 1 ul/min. Peptides were separated with a gradient of 10-60 % buffer B over
45 min, with buffer A (1 % acetonitrile and 0.1 % formic acid) and buffer B (80 % acetonitrile with
0.1 % formic acid). The TripleTof 5600 mass spectrometer was used in positive ion mode for
information dependent acquisition (IDA) experiments performed in high-resolution mode with
default settings. An MS TOF scan from m/z of 350-1800 was performed for 0.5 s followed by
information dependent acquisition of MS/MS with automated selection of up to the top 20 peptides
from m/z of 40-1800 for 0.05 s per spectrum. Nitrogen gas was used, and gas and voltage settings
were adjusted as required. Typical values used were: lonSource Gas 1, 10 psi; Curtain Gas, 30 psi;
IonSpray Voltage Floating, 2300 V; Interface Heating Temperature, 150°C, Declustering Potential,
80 eV; Collision Energy (CE), 10 eV. Switch criteria for selection of ions for MS/MS were: Charge

state, 2 to 5; Ion count exceeding 100 cps; excluding isotopes within 4 Da with a mass tolerance of



50 mDa; dynamic exclusion of former target ions for 30 s after 2 occurrences. CE for MS/MS was

determined on-the-fly independently for each selected ion using rolling CE with default parameters.

2.5 Data analysis

Peptides were identified using ProteinPilot (AB SCIEX), searching the LudwigNR database
(downloaded from http://apcf.edu.au as at 27 January 2012; 16,818,973 sequences; 5,891,363,821
residues) with standard settings: Sample type, identification; Cysteine alkylation, acrylamide;
Instrument, TripleTof 5600; Species, S. cerevisiae with common contaminants; ID focus, biological
modifications; Enzyme, trypsin or AspN; Search effort, thorough ID. False discovery rate analysis
using ProteinPilot was performed on all searches. Protein abundance was estimated from
ProteinPilot search results using the values calculated by ProteinPilot for score, coverage or the
number of peptides identified per protein. Peptides identified with greater than 95 % confidence and
with a local false discovery rate of less than 1 % were included for further analysis, and MS/MS
fragmentation spectra were manually inspected. Extracted ion chromatograms were obtained using

PeakView 1.1 (AB SCIEX). Biological triplicates were analysed.

3.0 Results and Discussion

3.1 Protein identification.

To gauge the benefit of including a PNGase F deglycosylation step prior to protease digestion in a
proteomic workflow, we analysed the proteins covalently linked to the polysaccharide cell wall of
Bakers’ yeast S. cerevisiae. This sample contains many N- and O-glycoproteins, as well as
abundant non-glycosylated proteins [27-31]. This analysis robustly identified 26 proteins, with 19
identified after both AspN and trypsin digest, four identified only by trypsin and three only by

AspN (Supplementary Table S1, Supplementary material). The proteins identified were consistent



with previous proteomic analyses of yeast cell wall fractions [28, 32-34]. In addition, AspN digest
allowed identification of Egt2p (Supplementary Table S1, Supplementary material), which was not
identified in these previous studies. PNGase F treatment significantly improved protein
identification in concert with either trypsin or AspN proteolytic digest (Fig. 1, Supplementary Table
S1). Although no additional proteins were identified following PNGase F glycan release than
without deglycosylation, the quality of identification of proteins was improved, as measured by
protein score, percent peptide coverage and the number of confidently identified peptides (Fig. 1,

Supplementary Table S1).

The extent of the increase in the confidence of protein identification after PNGase F treatment
correlated with the density of sites of N-glycosylation in a protein (Fig. 1). That is, the more
glycosylation sequons per 100 amino acids in a protein, the greater the improvement in the
confidence of identification a protein displayed upon deglycosylation. This association held with
use of both trypsin and AspN as protease. Glycoproteins with more than 0.5 glycosylation sequons
per 100 amino acids showed significantly more improvement in the confidence of identification
with PNGase F treatment than proteins with fewer sequons, as measured by ProteinPilot score,
coverage or the number of peptides identified per protein (Fig. 1D). In combination with trypsin,
the correspondence between glycosylation site density and improvement in identification was
essentially linear. This is consistent with glycan removal ‘unmasking’ otherwise undetectable
tryptic glycopeptides [26], where there would be a linear relationship between the density of
glycosylation sites and the number of additional peptides identifiable after glycan removal. In
contrast, PNGase F in combination with AspN resulted in a positive but less direct correlation
between confidence of identification and glycosylation site density (linear fit for coverage, R* =
0.63 for trypsin and 0.28 for AspN (Fig. 1)). This is most likely due to PNGase F glycan release
converting glycosylated asparagine to aspartate, thereby generating novel AspN cleavage sites at

each previously glycosylated asparagine residue. This PNGase F-mediated generation of additional



AspN cleavage sites potentially allows identification of two additional peptides per glycosylation
site. However, both of these novel AspN peptides may not be of an m/z readily identifiable by MS,
resulting in a more variable and protein-specific improvement in the confidence of identification. In
general, PNGase F deglycosylation resulted in a larger improvement in identification with AspN

than with trypsin, but with higher protein-specific variability.

3.2 Protein characterisation.

Within a given protein, identification of specific stretches of amino acids was highly
complementary with AspN and trypsin cleavage. Ecm33p provides an example of this
complementary characterisation (Fig. 2). Even though Ecm33p was identified with very high
confidence with trypsin or AspN alone, the degree of characterisation of the protein was improved
with use of both complementary treatments. Of 124 total amino acids present in peptides identified
from Ecm33p, only 13 were detected by both AspN and trypsin, with 49 detected only by AspN and
62 only by trypsin (Fig. 2C,D). PNGase F treatment further substantially improved coverage with
both proteases. There were 254 amino acids present in peptides identified in total by AspN and
trypsin after PNGase F deglycosylation, with 109 detected by both proteases, 78 only by AspN and
67 only by trypsin (Fig. 2A,B). These results clearly show the advantages in protein characterisation
of use of multiple proteases in conjunction with deglycosylation using PNGase F. Such improved
peptide coverage through deglycosylation and protease complementarity may be of particular
importance in detailed protein characterisation studies. This analysis also allowed putative
identification of sites of N-glycosylation, by the conversion of previously glycosylated asparagine
to aspartate by PNGase F deglycosylation (Fig. 2) [27]. However, validation of these glycosylation
sites requires a negative control lacking PNGase F enzyme to ensure the observed deamidation
events are not spontaneous [35], which occurs at asparagines in a sequence-dependent manner [36,
37]. However, inclusion of such a control is not required for proteomic identification experiments,

where mapping the precise sites of glycosylation is not of direct importance.



3.3 Proteomic comparison of wild type and Aalg3 yeast cell wall composition.

We used our method of deglycosylation with protease complementarity to characterise the
consequences of loss of the Alg3p protein on the proteome of the yeast cell wall. The Alg3p protein
in yeast is an integral membrane glycosyltransferase resident in the ER lumen, which catalyses
transfer of a specific mannose monosaccharide to lipid linked glycan during synthesis of the glycan
to be transferred to protein in N-glycosylation by OTase [38]. Lack of active Alg3p results in
incomplete biosynthesis of this lipid linked glycan, and accumulation of a MansGIcNAc, glycan
structure [39]. The activity of OTase is affected by the structure of glycan present, as OTase has
high affinity for the mature lipid linked glycan, which limits transfer of the biosynthetic
intermediates that are also present on the ER-lumenal face of the ER membrane. This means that
OTase has reduced activity in the presence of incomplete glycan, for instance in Aalg3 cells lacking
the Alg3p protein [27, 39]. We have previously shown that Aalg3 cells show site-specific under-
glycosylation, with the subset of normally glycosylated asparagine residues that are located in NxS
sequons and in secondary structural elements tending to be under-glycosylated, compared with wild
type yeast cells [27]. It is likely that this site-specific under-glycosylation phenotype is caused by
reduced binding affinity of such protein acceptor sites to the active site of OTase [4]. Aalg3 Cells
also show a slight growth sensitivity to calcofluor white, which is indicative of a cell wall defect
[40], and a general reduction in glycosylation efficiency at multiple glycosylation sites in cell wall

glycoproteins [27].

We compared the cell wall proteome of wild type and Aalg3 yeast cells after PNGase F
deglycosylation using either trypsin or AspN protease digest. No significant differences in protein
abundance between Aalg3 and wild type cells were detected using deglycosylated tryptic peptides

(Fig. 3A). However, a single protein, Cis3p (YJL158C; UniprotKB accession P47001; also known
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as Ccwl 1p, Pirdp, Ccw5p, Scw8p) was upregulated in Aalg3 cells compared to wild type (P<0.05,
ANOVA, Fig. 3B). Cis3p was also identified by tryptic digest, but did not show a significant
change in expression between Aalg3 and wild type cells. To scrutinize this discrepancy, we
examined the specific peptides identified from Cis3p by AspN and trypsin. This showed that the
amino acid sequence of Cis3p is highly similar to other members of the PIR (protein with internal
repeat) protein family, and as such many peptides are shared between members of this family,
rather than being specific to a single protein. This is especially difficult for the abundant and highly
similar Cis3p and Hsp150p (Pir2p) proteins (Fig 4A). This makes identification or unambiguous
differentiation between these proteins difficult, as has been previously noted [32, 34]. Inspection of
AspN peptides showed that two Cis3p-specific peptides were confidently identified
(D164GPPPQAGAIYAAGWSITE 5, and D,;;QNVAEQCSAIHLEAVSLV3»5), both of which
showed large and significant upregulation in Aalg3 cells compared with wild type (Fig. 4). In
contrast, only one tryptic peptide was unique to Cis3p (N132SGTLELTLK4;), with another shared
between Cis3p and Hsp150p (I;52GSIVANR s9) (Fig. 4). Of these, only the single Cis3p-unique
tryptic peptide (N;32-K;41) showed large and significant upregulation in Aalg3 cells (Fig. 4B,D).
The tryptic and AspN peptides from Hsp150p showed no significant change. Thus, Cis3p was not
confidently identified as upregulated based on tryptic peptide identification, but the complementary
analysis using AspN detected several unique peptides which did show significant upregulation in

Aalg3 cells.

Cis3p covalently links cell wall glucan through an alkali labile ester linkage [41] and is also cross
linked to other cell wall proteins through disulfide bonds [42, 43] to increase the strength of the cell
wall [44]. Deletion of CIS3 results in a mild growth defect compared to wild type cells and
substantial changes in cell morphology resulting in increased cell clumping [45, 46].

Together with other members of the PIR family, gene expression studies have shown upregulation

of Cis3p in response to cell wall stress caused by calcofluor white or zymolyase [47], or via the cell
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wall integrity signalling pathway through Mpk1 [48]. A proteomic study showed upregulation of
Cis3p and other proteins involved in the cell wall stability response in Agas! cells [34]. Gaslp is an
abundant glycosyltransferase which plays a major role in cell wall remodelling during normal
vegetative growth, and Agas/ cells have a altered cell wall [49]. Hsp150p/Pir2p, a homolog of
Cis3p, is upregulated in response to cell wall perturbation in response to beta 1,6-glucan deficiency
[50]. In contrast, we did not detect significant changes in the expression of Hsp150p in Aalg3 cells.
It is interesting that we detect specific upregulation of Cis3p, but not other PIR proteins, in Aalg3
cells compared to wild type (Fig. 3, 4). This suggests that these proteins, although highly similar in
sequence, are not completely functionally redundant, and that Cis3p plays an important role in

response to the particular cell wall stresses present in Aalg3 cells.

Aalg3 cells show underglycosylation at a specific subset of glycosylation sites [27], but do not show
large changes in abundance of these cell wall glycoproteins (Fig. 3). However, upregulation of
Cis3p suggests that the cell wall is somehow perturbed in Aalg3 cells, in agreement with previous
reports [40]. This may be due to changes in the activity or stability of underglycosylated cell wall
glycoproteins resulting in an altered and suboptimal cell wall structure. That is, underglycosylation
of these glycoproteins in Aalg3 cells does not dramatically change their expression, but may affect
their function. Alternatively, glycoproteins not covalently linked to the cell wall, but required for its

synthesis, may have reduced expression, stability or function in Aalg3 cells.

4.0 Conclusions

Standard procedures for proteomic analysis generally do not include deglycosylation with PNGase
F, and we show that treatment with PNGase F increases the confidence of identification in
accordance with the density of glycosylation sites on proteins. Some proteins may be especially

prone to improvements in identification following PNGase F digest. It is therefore advantageous to
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deglycosylate with PNGase F even if N-glycosylation is not a focus of a proteomic experiment, in
samples which contain moderately or highly glycosylated proteins. This would include most
secreted or membrane protein samples in eukaryotic biochemical analysis or clinical biomarker
discovery samples. Protease digestion with a combination of complementary specific proteases can
allow improved protein characterisation, especially AspN in combination with PNGase F. We used
these approaches to show that the stress response protein Cis3p is a key component of the yeast cell

wall stress response to reduced N-glycosylation with loss of ALG3 in yeast.

5.0 Acknowledgements

This work was supported by NHMRC project grant 631615 and CDF APP1031542

References

[1] P. Burda, M. Aebi, The dolichol pathway of N-linked glycosylation., Biochim Biophys Acta
1426 (1999) 239-257.

[2] D.J. Kelleher, R. Gilmore, An evolving view of the eukaryotic oligosaccharyltransferase.,
Glycobiology 16 (2006) 47R-62R.

(3] E. Mohorko, R. Glockshuber, M. Aebi, Oligosaccharyltransferase: the central enzyme of N-
linked protein glycosylation, J Inherit Metab Dis 34 (2011) 869-878.

[4] C. Lizak, S. Gerber, S. Numao, M. Aebi, K.P. Locher, X-ray structure of a bacterial
oligosaccharyltransferase., Nature 474 (2011) 350-355.

[5] B.L. Schulz, Beyond the sequon: sites of N-glycosylation, in: S. Petrescu (Ed.),

Glycosylation, Intech, 2012.

13



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A. Helenius, M. Aebi, Roles of N-linked glycans in the endoplasmic reticulum., Annu Rev
Biochem 73 (2004) 1019-1049.

F. Dall'Olio, N. Malagolini, M. Trinchera, M. Chiricolo, Mechanisms of cancer-associated
glycosylation changes., Front Biosci 1 (2012) 670-699.

K. Ohtsubo, J.D. Marth, Glycosylation in cellular mechanisms of health and disease., Cell
126 (2006) 855-867.

J.D. Marth, P.K. Grewal, Mammalian glycosylation in immunity., Nat Rev Immunol 8
(2008) 874-887.

H. Zhang, X.J. Li, D.B. Martin, R. Aebersold, Identification and quantification of N-linked
glycoproteins using hydrazide chemistry, stable isotope labeling and mass spectrometry.,
Nat Biotechnol 21 (2003) 660-666.

H. Zhang, R. Aebersold, Isolation of glycoproteins and identification of their N-linked
glycosylation sites., Methods Mol Biol 328 (2006) 177-185.

Y. Tian, Y. Zhou, S. Elliott, R. Aebersold, H. Zhang, Solid-phase extraction of N-linked
glycopeptides, Nat. Protocols 2 (2007) 334-339.

J. Stahl-Zeng, V. Lange, R. Ossola, K. Eckhardt, W. Krek, R. Aebersold, B. Domon, High
sensitivity detection of plasma proteins by multiple reaction monitoring of N-glycosites.,
Mol Cell Proteomics 6 (2007) 1809-1817.

N. Selevsek, M. Matondo, M.S. Carbayo, R. Aebersold, B. Domon, Systematic
quantification of peptides/proteins in urine using selected reaction monitoring, Proteomics
11(2011) 1135-1147.

R. Ossola, R. Schiess, P. Picotti, O. Rinner, L. Reiter, R. Aebersold, Biomarker validation in
blood specimens by selected reaction monitoring mass spectrometry of N-glycosites.,
Methods Mol Biol 728 (2011) 179-194.

B.L. Schulz, A.J. Sloane, L.J. Robinson, L.T. Sebastian, A.R. Glanville, Y. Song, A.S.

Verkman, J.L. Harry, N.H. Packer, N.G. Karlsson, Mucin glycosylation changes in cystic

14



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

fibrosis lung disease are not manifest in submucosal gland secretions., Biochem J 387
(2005) 911-919.

B.L. Schulz, A.J. Sloane, L.J. Robinson, S.S. Prasad, R.A. Lindner, M. Robinson, P.T. Bye,
D.W. Nielson, J.L. Harry, N.H. Packer, N.G. Karlsson, Glycosylation of sputum mucins is
altered in cystic fibrosis patients, Glycobiology 17 (2007) 698-712.

B. Adamczyk, T. Tharmalingam, P.M. Rudd, Glycans as cancer biomarkers, Biochim
Biophys Acta 1820 (2011) 1347-1353.

T. Hennet, Diseases of glycosylation beyond classical congenital disorders of glycosylation.,
Biochim Biophys Acta 1820 (2012) 1306-1317.

J. Jaeken, Congenital disorders of glycosylation., Ann N'Y Acad Sci 1214 (2010) 190-198.
P.H. Jensen, N.G. Karlsson, D. Kolarich, N.H. Packer, Structural analysis of N- and O-
glycans released from glycoproteins., Nat Protoc 7 (2012) 1299-1310.

D. Kolarich, P.H. Jensen, F. Altmann, N.H. Packer, Determination of site-specific glycan
heterogeneity on glycoproteins., Nat Protoc 7 (2012) 1285-1298.

M.A. Comunale, T.S. Mattu, M.A. Lowman, A.A. Evans, W.T. London, O.J. Semmes, M.
Ward, R. Drake, P.R. Romano, L.F. Steel, T.M. Block , A. Mehta, Comparative proteomic
analysis of de-N-glycosylated serum from hepatitis B carriers reveals polypeptides that
correlate with disease status., Proteomics 4 (2004) 826-838.

N. Jessani, M. Humphrey, W.H. McDonald, S. Niessen, K. Masuda, B. Gangadharan, J.R.r.
Yates, B.M. Mueller, B.F. Cravatt, Carcinoma and stromal enzyme activity profiles
associated with breast tumor growth in vivo., Proc Natl Acad Sci U S A 101 (2004) 13756-
13761.

A.J. Sloane, J.L. Duff, N.L. Wilson, P.S. Gandhi, C.J. Hill, F.G. Hopwood, P.E. Smith,
M.L. Thomas, R.A. Cole, N.H. Packer, E.J. Breen, P.W. Cooley, D.B. Wallace, K.L.

Williams, A.A. Gooley, High throughput peptide mass fingerprinting and protein

15



macroarray analysis using chemical printing strategies., Mol Cell Proteomics 1 (2002) 490-
499.

[26] N.L. Wilson, B.L. Schulz, N.G. Karlsson, N.H. Packer, Sequential Analysis of N- and O-
Linked Glycosylation of 2D-PAGE Separated Glycoproteins, J. Proteome Res. 1 (2002)
521-529.

[27] U.M. Bailey, M.F.B. Jamaluddin, B.L. Schulz, Analysis of congenital disorder of
glycosylation-Id in a yeast model system shows diverse site-specific under-glycosylation of
glycoproteins., J Proteome Res 11 (2012) 5376-5383.

[28] B.L. Schulz, M. Aebi, Analysis of Glycosylation Site Occupancy Reveals a Role for Ost3p
and Ost6p in Site-specific N-Glycosylation Efficiency, Mol Cell Proteomics 8 (2009) 357-
364.

[29] B.L. Schulz, C.U. Stirnimann, J.P.A. Grimshaw, M.S. Brozzo, F. Fritsch, E. Mohorko, G.
Capitani, R. Glockshuber, M.G. Griitter, M. Aebi, Oxidoreductase activity of
oligosaccharyltransferase subunits Ost3p and Ost6p defines site-specific glycosylation
efficiency, Proc Natl Acad Sci U S A 106 (2009) 11061-11066.

[30] F.P.Nasab, B.L. Schulz, F. Gamarro, A.J. Parodi, M. Aebi, All in One: Leishmania major
STT3 Proteins Substitute for the Whole Oligosaccharyltransferase Complex in
Saccharomyces cerevisiae, Mol. Biol. Cell 19 (2008) 3758-3768.

[31] L. Izquiedro, B.L. Schulz, J.A. Rodrigues, M.L. Giither, J.B. Procter, G.J. Barton, M. Aebi,
M.A. Ferguson, Distinct donor and acceptor specificities of Trypanosoma brucei
oligosaccharyltransferases., EMBO J 28 (2009) 2650-2661.

[32] Q.Y.Yin, P.W. de Groot, H.L. Dekker, L. de Jong, F.M. Klis, C.G. de Koster,
Comprehensive proteomic analysis of Saccharomyces cerevisiae cell walls: identification of
proteins covalently attached via glycosylphosphatidylinositol remnants or mild alkali-

sensitive linkages., J Biol Chem 280 (2005) 20894-20901.

16



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

E. Lopez-Villar, L. Monteoliva, M.R. Larsen, E. Sachon, M. Shabaz, M. Pardo, J. Pla, C.
Gil, P. Roepstorff, C. Nombela, Genetic and proteomic evidences support the localization of
yeast enolase in the cell surface., Proteomics 6 (2006) S107-118.

Q.Y. Yin, P.W. de Groot, L. de Jong, F.M. Klis, C.G. de Koster, Mass spectrometric
quantitation of covalently bound cell wall proteins in Saccharomyces cerevisiae., FEMS
Yeast Res 7 (2007) 887-896.

G. Palmisano, M.N. Melo-Braga, K. Engholm-Keller, B.L. Parker, M.R. Larsen, Chemical
deamidation: a common pitfall in large-scale N-linked glycoproteomic mass spectrometry-
based analyses., J Proteome Res 11 (2012) 1949-1957.

O.V. Krokhin, M. Antonovici, W. Ens, J.A. Wildins, K.G. Standing, Deamidation of -Asn-
Gly- sequences during sample preparation for proteomics: Consequences for MALDI and
HPLC-MALDI analysis., Anal Chem 78 (2006) 6645-6650.

N.E. Robinson, Z.W. Robinson, B.R. Robinson, A.L. Robinson, J.A. Robinson, M.L.
Robinson, A.B. Robinson, Structure-dependent nonenzymatic deamidation of glutaminyl
and asparaginyl pentapeptides., J Pept Res 63 (2004) 426-436.

M. Aebi, J. Gassenhuber, H. Domdey, S. te Heesen, Cloning and characterization of the
ALG3 gene of Saccharomyces cerevisiae., Glycobiology 6 (1996) 439-444.

T.C. Huffaker, P.W. Robbins, Yeast mutants deficient in protein glycosylation., Proc Natl
Acad Sci U S A 80 (1983) 7466-7470.

T. Kimura, N. Kitamoto, Y. Kito, Y. limura, T. Shirai, T. Komiyama, Y. Furuichi, K. Sakka,
K. Ohmiya, A novel yeast gene, RHK1, is involved in the synthesis of the cell wall receptor
for the HM-1 killer toxin that inhibits beta-1,3-glucan synthesis., Mol Gen Genet 254 (1997)
139-147.

M. Ecker, R. Deutzmann, L. Lehle, V. Mrsa, W. Tanner, Pir proteins of Saccharomyces
cerevisiae are attached to beta-1,3-glucan by a new protein-carbohydrate linkage., J Biol

Chem 281 (2006) 11523-11529.

17



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

P. Orlean, H. Ammer, M. Watzele, W. Tanner, Synthesis of an O-glycosylated cell surface
protein induced in yeast by alpha factor., Proc Natl Acad Sci U S A 83 (1986) 6263-6266.

I. Moukadiri, J. Zueco, Evidence for the attachment of Hsp150/Pir2 to the cell wall of
Saccharomyces cerevisiae through disulfide bridges., FEMS Yeast Res 1 (2001) 241-245.
L. Castillo, A.I. Martinez, A. Garcera, M.V. Elorza, E. Valentin, R. Sentandreu, Functional
analysis of the cysteine residues and the repetitive sequence of Saccharomyces cerevisiae
Pir4/Cis3: the repetitive sequence is needed for binding to the cell wall beta-1,3-glucan.,
Yeast 20 (2003) 973-983.

V. Mrsa, W. Tanner, Role of NaOH-extractable cell wall proteins Ccw5p, Ccw6p, Ccw7p
and Ccw8p (members of the Pir protein family) in stability of the Saccharomyces cerevisiae
cell wall., Yeast 15 (1999) 813-820.

R. Tepari¢, 1. Stuparevié, V. Mrsa, Increased mortality of Saccharomyces cerevisiae cell
wall protein mutants., Microbiology 150 (2004) 3145-3150.

A. Boorsma, H. de Nobel, B. ter Riet, B. Bargmann, S. Brul, K.J. Hellingwerf, F.M. Klis,
Characterization of the transcriptional response to cell wall stress in Saccharomyces
cerevisiae., Yeast 21 (2004) 413-427.

U.S. Jung, D.E. Levin, Genome-wide analysis of gene expression regulated by the yeast cell
wall integrity signalling pathway., Mol Microbiol 34 (1999) 1049-1057.

E. Rolli, E. Ragni, M. de Medina-Redondo, J. Arroyo, C.R. de Aldana, L. Popolo,
Expression, stability, and replacement of glucan-remodeling enzymes during developmental
transitions in Saccharomyces cerevisiae., Mol Biol Cell 22 (2011) 1585-1598.

J.C. Kapteyn, P. Van Egmond, E. Sievi, H. Van Den Ende, M. Makarow, F.M. Klis, The
contribution of the O-glycosylated protein Pir2p/Hsp150 to the construction of the yeast cell
wall in wild-type cells and beta 1,6-glucan-deficient mutants., Mol Microbiol 31 (1999)

1835-1844.

18



Figure legends

Figure 1. PNGase F digest improves identification of yeast cell wall glycoproteins using AspN or
trypsin. Ratio of (A) score, (B) coverage and (C) number of peptides identified for each protein in
PNGase F treated samples relative to nontreated control samples, in combination with AspN (M) or
trypsin (O) digest. (D) Average ratio of score, coverage and number of peptides identified in
PNGase F treated samples relative to nontreated control samples, in combination with AspN “A” or
trypsin “T” digest, for proteins with high (greater than 0.5 glycosylation sequons per 100 amino
acids, black) or low (fewer than 0.5 glycosylation sequons per 100 amino acids, white)
glycosylation site density. Values show mean. Error bars show standard deviation. *, P<0.05

Students T-test.

Figure 2. Coverage of Ecm33p (A) with and (C) without PNGase F digest using AspN or Trypsin.
Bold, identified with trypsin. Underlined, identified with AspN. Italic N, deamidated asparagine
indicating location of a putative N-glycosylation site. (B) Number of amino acids contained in
peptides identified after PNGase F deglycosylation and AspN or trypsin digest or (B) without

PNGase F deglycosylation.

Figure 3. Relative abundance of cell wall proteins in Aa/g3 and wild type yeast. Natural logarithm
of the ratios of protein identification scores from Aalg3 relative to wild type yeast after PNGase F
deglycosylation and protease digest with (A) trypsin or (B) AspN. Values show mean. Error bars

show standard deviation. *, significantly upregulated in Aalg3 cells (ANOVA, P<0.05).

Figure 4. Relative abundance of the highly similar Cis3p and Hsp150p proteins in Aalg3 and wild
type yeast cell wall preparations. (A) ClustalW alignment of the C-terminal region of yeast Cis3p

and Hsp150p. Bold, identified tryptic peptides. Underlined, identified AspN peptides. (B) Extracted
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ion chromatograms from wild type (solid) and Aalg3 (dashed) yeast of the [M+2H]*" ion at an m/z
0f 950.95 corresponding to AspN peptide 1:aDGPPPQAGAIYAAGWSITE; s, specific for Cis3p,
and (C) the [M+2H]*" ion at an m/z of 415.24 corresponding to tryptic peptide IGSIVANR shared
by Cis3p (52-59) and Hsp150p (338-345). (D) Natural logarithm of the ratio of abundance of ions
corresponding to peptides from Cis3p and/or Hsp150p in Aalg3 cells relative to wild type cells.

Values show mean of biological triplicate. Error bars show standard deviation.
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Figure 2

A B + PNGaseF
MQFKNALTATAILSASALAANSTTSIPSSCSIGTSATATAQADLDKISGCSTIVGNLTIT AspN  Trypsin
GDLGSAALASIQEIDGSLTIFNSSSLSSFSADSIKKITGDLNMQELIILTSASFGSLQEV 187 176

DSINMVTLPAISTFSTDLONANNIIVSDTTLESVEGFSTLKKVNVFNINNNRYLNSFQSS
LESVSDSLQFSSNGDNTTLAFDNLVWANNITLRDVNSISFGSLQTVNASLGFINNTLPSL
NLTQLSKVGQSLSIVSNDELSKAAFSNLTTVGGGFIIANNTQLKVIDGFNKVQTVGGAIE
VITGNFSTLDLSSLKSVRGGANFDSSSSNFSCNALKKLQSNGAIQGDSFVCKNGATSTSVK
EEETSTESSKSSATSSASSSGDASNAQANVSASASSSSSSSKKSKGAAPELVPATSFMGV
VAAVGVALL

C
MQFKNALTATAILSASALAANSTTSIPSSCSIGTSATATAQADLDKISGCSTIVGNLTIT AspN  Trypsin
GDLGSAALASIQEIDGSLTIFNSSSLSSFSADSIKKITGDLNMQOELIILTSASFGSLQEV 62 75

DSINMVTLPAISTFSTDLONANNIIVSDTTLESVEGFSTLKKVNVFNINNNRYLNSFQSS
LESVSDSLQFSSNGDNTTLAFDNLVWANNITLRDVNSISFGSLOTVNASLGFINNTLPSL
NLTQLSKVGQSLSIVSNDELSKAAFSNLTTVGGGFIIANNTQLKVIDGFNKVQTVGGAIE
VIGNFSTLDLSSLKSVRGGANFDSSSSNFSCNALKKLQSNGAIQGDSFVCKNGATSTSVK
LSSTSTESSKSSATSSASSSGDASNAQANVSASASSSSSSSKKSKGAAPELVPATSEFMGV
VAAVGVALL
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Figure 3
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Figure 4

A

Cis3p TSTNATSSSCATPSLKDSSCKNSGTLELTLKDGVLTDAKGRIGSIVANRQFQFDGPPPQA 170
Hspl50p TATSASAAATSTDPVDAVSCKTSGTLEMNLKGGILTDGKGRIGSIVANRQFQFDGPPPQA 356
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