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Abstract

Protein glycosylation (e.g., N-linked glycosylation) is known to play an essential role in both
cellular functions and secretory pathways; however, our knowledge of /7 vivo N-glycosylated sites
is very limited for the majority of fungal organisms including Aspergillus niger. Herein, we
present the first extensive mapping of N-glycosylated sites in A. niger by applying an optimized
solid phase glycopeptide enrichment protocol using hydrazide-modified magnetic beads. The
enrichment protocol was initially optimized using both mouse blood plasma and A. niger
secretome samples, and it was demonstrated that the protein-level enrichment protocol offered
superior performance over the peptide-level protocol. The optimized protocol was then applied to
profile N-glycosylated sites from both the secretome and whole cell lysates of A. niger. A total of
847 N-glycosylated sites from 330 N-glycoproteins (156 proteins from the secretome and 279
proteins from whole cells) were confidently identified by LC-MS/MS. The identified N-
glycoproteins in the whole cell lysate were primarily localized in the plasma membrane,
endoplasmic reticulum, Golgi apparatus, lysosome, and storage vacuoles, supporting the important
role of N-glycosylation in the secretory pathways. In addition, these glycoproteins are involved in
many biological processes including gene regulation, signal transduction, protein folding and
assembly, protein modification, and carbohydrate metabolism. The extensive coverage of N-
glycosylated sites and the observation of partial glycan occupancy on specific sites in a number of
enzymes provide important initial information for functional studies of N-linked glycosylation and
their biotechnological applications in A. niger.
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INTRODUCTION

Filamentous fungi, such as Aspergillus niger, are well-known for their industrial
applications. They are used to produce a diverse variety of products ranging from human
therapeutics to specialty chemicals.1=® Popularly known as an “industrial workhorse”, A.
nigeris capable of secreting large amounts of native proteins such as hydrolytic enzymes
(e.g., glucoamylase) into the growth medium. Many of those hydrolytic enzymes are widely
used for biomass conversion into ethanol and other renewable chemicals and advanced
biofuel precursors through fermentation processes. Similar to other microbial expression
systems, A. nigerhas also been utilized as an expression host for heterologous proteins of
industrial/pharmaceutical significance.” Some filamentous fungi are also known as
pathogens in both humans®® and plants.10 Because of their importance, an increasing
number of fungal genomes have recently been sequenced,1-15 laying the foundation for
functional genomics studies, for example, protein post-translational modifications (PTMs),
in filamentous fungi.

Protein glycosylation is one of the most common and structurally diverse PTMs. N- and O-
linked protein glycosylation represent two of the most common types of glycosylation that
occur on asparagine (N) and serine/threonine (S/T) residues, respectively. N-linked
glycosylation has been implicated in a variety of biochemical and cellular processes,
including protein secretion, stability and translocation, maintenance of cell structure,
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receptor ligand interactions and cell signaling, cell cell recognition, pathogen infection, and
host defense.16-18 Despite their importance, few studies have been performed on the
glycoproteome in fungal systems. Therefore, the full range of biochemical and cellular
functions of N-glycosylation in these systems is still waiting to be determined.16.19.20 | this
work, we present the first global profiling of N-glycosylated sites in A. nigerfor gaining
initial functional insight on the N-glycosylated proteins.

With the recent advances in proteomic technologies, LC-MS/ MS has become the key tool
for analyzing PTMs, including N-glycosylation.21:22 Similar to other PTMs, specific
enrichment of the N-glycopeptides is essential in order to comprehensively characterize the
often low abundance glycopeptides. A number of enrichment methods, including lectin
affinity,23-26 hydrophilic interaction,2”:28 and solid phase extraction using hydrazide
chemistry,2%-33 have been developed and applied for characterizing both N-glycoproteins
and N-glycosylated sites.

For this study, we adapted the solid phase enrichment of glycopeptide (SPEG) approach
originally developed by Zhang et al.34 using hydrazide chemistry, where chemically
oxidized glycans are captured onto hydrazide-modified magnetic beads and N-glycopeptides
are released using the deglycosylating enzyme PNGase F.22:3% The enrichment protocols
were first assessed with both mouse plasma and A. niger secretome by comparing the
peptide-level and protein-level enrichments. The validated protocol was subsequently
applied for N-glycopeptide enrichment in both the secretome and the whole cell lysate
samples of A. nigerto gain an extensive coverage of N-glycosylated sites in the proteome. A
total of 847 unique N-glycosylated sites from 330 N-linked glycoproteins from both the
secretome and the whole cells were confidently identified in A. niger. Complex
glycosylation patterns were observed in the aspects of multiple glycosylation sites per
protein as well as partial glycan occupancies on specific sites. The extensive coverage of N-
linked glycoproteins and their glycosylated sites provides detailed information regarding
cellular localization, molecular function, and biological processes for which the identified
glycoproteins are potentially involved.

EXPERIMENTAL SECTION

Materials

Mouse blood plasma (protein concentration of 42 mg/mL) was purchased from Equitech
Bio, Inc. (Kerrville, TX). Hydrazide-modified magnetic beads with 1 and 5 4m diameters
were obtained from Bioclone, Inc. (San Diego, CA). The magnetic bead separator was from
Invitrogen (Carlsbad, CA). The glycerol free PNGase F was from New England Biolabs,
Inc. (Ipswich, MA). All other reagents were from Sigma Aldrich (St. Louis, MO) unless
otherwise noted.

Strain, Media, and Culture Methods

A. niger (NRRL3122), obtained from the American Type Culture Collection (Rockville,
MD), was grown on potato dextrose agar (PDA) plates at 30 °C for culture maintenance and
spore production. Cultures were incubated for 4 days and the spores were harvested by

J Proteome Res. Author manuscript; available in PMC 2019 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 4

washing with sterile 0.8% Tween 80 (polyoxyethylenesorbitan monooleate). Spores were
enumerated with a hemacytometer. Aliquots of the resulting spore suspension (1 109
spores/mL) were used to inoculate baffled-flask liquid cultures. For preparation of both the
secretome and whole cell lysate, 2 10% spores/mL were inoculated and grown in 200 mL of
modified minimal medium in 1 L baffled flasks in an Innova 4330 refrigerated incubator
shaker (New Brunswick Scientific, NJ) at 30 °C and 200 rpm. The modified minimal
medium per liter contained 18.2 g of p-sorbitol, 6 g of NaNO3, 0.52 g of KClI, 0.52 g of
MgS04(H,0)7, 1.52 g of KH,PQOy, 200 uL of 1 M CaCl,, 1 g of yeast extract, and 2 mL of
Tween 80 (100%). The yeast extract is the water-soluble portion of autolyzed yeast by self-
digestion of the cellular constituents of yeast cells using its own enzymes, in which all
proteins are broken down to small peptides (<1 kDa) and amino acids. The medium pH was
adjusted to 6.5 with NaOH before autoclaving. The medium per liter also contained 50 mg
of NayEDTA, 0.512 mg of ZnSO4(H20)7, 1.4 mg of MnCly(H»0)4, 0.4 mg of CoCl,-
(H20)g, 0.4 mg of CuSO4(H,0)s, 0.034 mg of NayMoO4-(H20),, 1.9 mg of H3BO3, 1 mg
of FeSO4(H»0)7, 1 mg of biotin, 1 mg of pyridoxine, 1 mg of thiamine, 1 mg of riboflavin, 1
mg of PABA (p-aminobenzoic acid), and 1 mg of nicotinic acid. The spores were grown for
the first 15 h in modified minimal medium. Then, the cultures were grown another 2 h
before harvesting following the addition of 10 mM of p-xylose for the induction of glycosyl
hydrolase production or water as the noninduction condition.

Protein Extraction

To prepare the secretome sample, the mycelia were separated from the culture medium by
filtration through two layers of sterile miracloth (Calbiochem, San Diego, CA) and the
supernatant was collected separately. The mycelia were washed 3 times with ice-cold 50
mM phosphate buffer (pH 7.0), immediately frozen in liquid nitrogen for 10 min, and stored
at —80 °C until further use. The filtered medium (supernatant) was centrifuged at 15 000g at
4 °C for 10 min to remove any cell debris. The proteins in the supernatant were concentrated
to ~40-fold at 4 °C and 4000g in a swinging bucket rotor with an Amicon ultra-15
centrifugal filter (MWCO 10 kDa, Millipore, Billerica, MA). Residual yeast extract
(molecular weight typically <1 kDa) not consumed in cell growth was also removed by this
filtering process. The concentrated secreted proteins were precipitated overnight at —20 °C
using 5 vol of acetone. After centrifugation at 4 °C and 15 000g for 15 min, the precipitated
proteins were washed twice with cold 80% acetone (—20 °C) and solubilized in 8 M urea
buffer for 2 h at room temperature. The sample was centrifuged again at 15 000g to remove
insoluble materials and the protein concentration was measured using the BCA
(bicinchoninic acid) assay (Pierce, Rockford, IL).

To extract proteins from whole cells, frozen mycelia were ground into a fine powder using a
chilled mortar and pestle, and then resuspended in the extraction buffer containing 100 mM
Tris-HCI, 2% sodium dodecy! sulfate (SDS), 1% dithiothreitol (DTT), 10% glycerol, and
0.5% protease inhibitor cocktail (P8215, Sigma, St. Louis, MO). After incubating at room
temperature for 1 h with intermittent vortexing, insoluble material was removed by
centrifugation (15 000g for 15 min). The sub-sequent preparation of the total proteins was
the same as the preparation for the secretome sample described above.
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Protein Digestion for Global Analysis

The secretome proteins were denatured in 8 M urea for 1 h and reduced with 10 mM DTT
for an additional 30 min at 37 °C. The free thiols were then alkylated with 40 mM
iodoacteamide at 37 °C in the dark for 1 h. The proteins were diluted 10-fold with 50 mM
NH4HCO3 buffer (pH 7.8) and digested at 37 °C for 3 h with sequencing grade modified
porcine trypsin (Promega, Madison, WI) at a 1:50 trypsin to protein ratio (w/w). The
digested samples were loaded on a 1-mL SPE C18 column (Supelco, Bellefonte, PA) and
washed with 4 mL of 0.1% trifluoroacetic acid (TFA)/5% acetonitrile (ACN). Peptides were
eluted from the SPE column with 1 mL of 0.1% TFA/ 80% ACN and lyophilized.

Protein-Level N-Glycopeptide Enrichment

The modified protein-level enrichment protocol was similar to those previously
described39:31 in which hydrazide-modified magnetic beads were used instead of the original
agarose bead. Protein samples were diluted with coupling buffer (100 mM sodium acetate,
150 mM NaCl, pH 5.5) to a final concentration of 1-5 mg/mL and then oxidized with 15
mM sodium periodate (NalO,4) at room temperature in the dark for 1 h. Eight molar urea was
added to solubilize whole cell proteins during oxidation. The excess NalO4 was removed
after oxidation by performing buffer exchange with coupling buffer containing 0.2%
CHAPS using an Amicon ultra-4 centrifugal filter (MWCO 30 kDa, Millipore, Billerica,
MA). The concentrated proteins were then incubated overnight at room temperature with an
appropriate amount (10 mg beads for up to 2 mg proteins) of hydrazide-modified magnetic
beads prewashed twice with 1 mL of coupling buffer. Unbound proteins in the supernatant
were removed using the magnetic bead separator. The beads were then washed 3 times with
2 mL of coupling buffer and 6 times with 2 mL of urea solution (8 M urea, 0.4 M
NH4HCO3, pH 8.3) to remove nonspecifically bound proteins.

Glycoproteins bound on the beads were denatured and reduced by 8 M urea and 10 mM
DTT for 1 h at 37 °C, and alkylated with 40 mM iodoacteamide for 1 h in the dark at 37 °C.
The glycoproteins were then washed with 8 M urea and 50 mM NH4HCOj3 three times each.
The glycoproteins on the beads were then digested overnight at 37 °C with trypsin with a
1:100 enzyme to protein mass ratio. Nonglycopeptides were removed by washing 6 times
with each of the following four solutions in the order listed: (1) 80% ACN and 0.1% TFA,
(2) 8 M urea in 0.4 M NH4HCO3 with 0.1% SDS, (3) dimethyformamide (DMF), and (4)
0.1 M NH4HCO3 (pH 7.8). N-glycopeptides were released by incubating the beads with 3
L of PNGase F (500 units/ L) in 1 mL of 0.1 M NH4HCOg3 buffer in a thermomixer (Cat #
022670107, Eppendorf, Westbury, NY) at 37 °C and 900 rpm for 5 h. Released
glycopeptides were collected from the supernatant and the magnetic beads were then washed
twice with 200 gL of 80% ACN and 0.1% TFA. The wash solutions were combined with the
supernatant collected from the PNGase F incubation and dried down to a final volume of
100 4L using a Speed-vac concentrator.

Peptide-Level N-Glycopeptide Enrichment

The modified peptide-level enrichment protocol was similar to the one previously described.
35 Digested peptides were oxidized with 15 mM NalO, for 1 h in the dark at room
temperature. After oxidation, the excess NalO4 was removed by SPE C-18 cleanup.
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Oxidized peptides eluted in 80% ACN and 0.1% TFA were incubated overnight with an
appropriate amount (10 mg beads for up to 2 mg proteins) of prewashed hydrazide magnetic
beads in the thermomixer at room temperature. Nonglycopeptides in the supernatant were
removed by using the magnetic separator. Nonspecifically bound peptides were removed by
washing 6 times with the same four solutions in the same order as described in the previous
section. Glycopeptides on the beads were released and collected with the same protocol as
described in the protein-level enrichment.

LC-MS/MS Analysis

Enriched glycopeptide samples were analyzed using a fully automated, custom-built, four-
column capillary LC system coupled online to an LTQ-Orbitrap mass spectrometer (Thermo
Fisher Scientific, San Jose, CA) via an electrospray ionization (ESI) interface manufactured
in-house. The 75 um (inner diameter) x 65 cm fused silica capillary reversed phase column
(Polymicro Technologies, Phoenix, AZ) was prepared using the slurry-packing procedure
with 3 um diameter Jupiter C18 bonded particles (Phenomenex, Torrence, CA) at 8000 psi.
The mobile phases consisted of solution A (0.1% formic acid in water) and solution B (0.1%
formic acid in ACN). An exponential gradient starting with 100% of mobile phase A to 60%
of mabile phase B over the course of 100 min was employed with a flow-rate of ~500
nL/min over the separation column. The instrument was operated in data-dependent mode
with an /m/zrange of 400-2000 with a resolution of 100K for full MS scans. The 10 most
abundant ions from the MS analysis were selected for MS/MS analysis using a normalized
collision energy setting of 35% and a dynamic exclusion duration of 1 min. The temperature
of the heated capillary and the ESI voltage were 200 °C and 2.2 kV, respectively.

Data Analysis

LC-MS/MS raw data were converted into “.dta” files using Extract_MSn (version 3.0) from
Bioworks Cluster 3.2 (Thermo Scientific), and the SEQUEST algorithm (version 27,
revision 12) was used to independently search all the MS/MS spectra against the DOE Joint
Genome Institute (JGI) A. nigerv3.0 protein database that had 11 200 entries. The false
discovery rate (FDR) was estimated based on the decoy-database searching methodology.
36,37 The following dynamic modifications were included during the SEQUEST analysis:
carbamidomethylation of cysteine, oxidation of methionine, and a PNGase F-catalyzed
conversion of asparagine to aspartic acid at the site of glycan attachment (a mass increase of
0.9848 Da). MS Generating-Function (MSGF) scores were generated for each identified
spectrum as described previously by computing rigorous p-values (spectral probabilities).38
The following filtering criteria were used to control the FDR to be <0.01%: (1) MSGF
scores were less than 1 x 1078 and 1 x 10710 for fully and partially tryptic peptides,
respectively, and mass measurement error less than 5 ppm; (2) for cases where
nonmonoisotopic peaks were picked for fragmentation with mass measurement errors of 1
Da or more, an MSGF score less than 1 x 10711 for both fully and partially tryptic peptides
was used. The presence of at least one N-X-S/T motif, where X is any amino acids except
proline, was required for all final N-glycopeptide identifications. For all glycopeptides
identified with mass measurement errors greater than 1 Da, manual inspection of the raw
MS spectra was performed and peptide identifications were confirmed when the large errors
were found to be due to reporting the wrong monoisotopic peaks and the actual mass errors
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were within 5 ppm. The glycosylated sites were assigned based on the motif information
within peptides. For peptides containing multiple N-X-S/T motifs, the sites of modification
were also manually inspected based on MS/MS fragment ions. Uniprot and gene ontology
(GO) definitions, and other terms extracted from text-based annotation files downloaded
from the JGI Web site (http://genome.jgi-psf.org/) were used to annotate the identified
proteins.

Analytical Strategy

Figure 1 shows a schematic illustration of the overall enrichment and analysis of N-
glycopeptides using hydrazide chemistry. Both protein- and peptide-level enrichment
protocols have been applied in proteomic studies within different organisms including
mammalian samples30:31:34.35 and zebrafish.39 In this method, the cis-diols of glycans are
oxidized to aldehydes using NalO4. The oxidized glycans are captured by hydrazide-
modified magnetic beads through formation of covalent hydrazone bonds between the
oxidized aldehyde and hydrazide groups on the beads. The N-glycopeptides are finally
released from magnetic beads with PNGase F. The enzyme converts the glycan attached
asparagine residues within the glycopeptides into aspartic acid, resulting in a mass increment
of 0.9848 Da for each N-glycosylated site. Recently, Berven et al. performed an assessment
of glycopeptide capture protocols and observed differences in performance between the
protein-level and peptide-level captures using hydrazide-modified magnetic beads.3!
Building upon their observations, we performed further evaluation of the enrichment
protocols as shown in Figure 1A using mouse plasma and A. niger secretome samples in
order to determine the optimal protocol for mapping the N-glycosylated sites in A. niger.
Given the importance of N-glycosylation in cellular regulation®-42 and protein secretion,20
we analyzed the N-linked glycoproteins in both the secretome and whole cell lysate of A.
niger. Figure 1B illustrates the workflow for profiling N-glycosylated sites with glycan
occupancy in the A. niger secretome and the whole cell lysates. Briefly, the extracted
proteins from either the secretome or the whole cell lysate were enriched by hydrazide
magnetic beads, and the final enriched deglycosylated peptides were analyzed by LC—
MS/MS. The confidence of the identified peptides was based on mass measurement
accuracy (<5 ppm) and MSGF probability scores.

Assessment of the Protein-Level and Peptide-Level Enrichment Protocols

Mouse plasma was initially used to evaluate the performance of the protein- and peptide-
level enrichment protocols using magnetic beads. A total of 50 pL of mouse plasma (~2 mg
total proteins) was used for each experiment with ~10 mg hydrazide-modified magnetic
beads for enrichment. All experiments were performed in duplicate with each enriched
sample analyzed twice by LC-MS/MS to assess the overall performance of the protocols.
Figure 2A,B shows the number of unique glycopeptides and glycoproteins identified from
mouse plasma using both protein-and peptide-level enrichments with two different sizes of
magnetic beads. While similar reproducibility was observed for all three separate
experiments, the protein-level enrichment protocol resulted in nearly 3 times more unique
glycopeptides than that with the peptide-level enrichment protocol when the same 5 ym
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beads were used. Additionally, 1 4/m hydrazide magnetic beads seemed to be advantageous
in providing 25% more glycopeptide identifications than the 5 gm beads. Enrichment
specificity was also estimated based on the percentage of glycopeptides among all peptides
identified passing the same filtering criteria. The peptide-level enrichment specificity was
nearly 90%. The enrichment specificity was increased from 71% with 5 x/m beads to 84%
with 1 gm beads for protein-level enrichment. The better results observed for 1 um beads are
presumably due to the higher density of the functional groups (hydrazide) on 1 t/m beads
(200 um ol/g beads) than that on 5 xm beads (180 xm ol/g beads), which leads to less
nonspecific binding. Compared with magnetic beads based enrichment work reported by
Berven et al., which identified 141 glycopeptides and 61 unique glycoproteins,3! the number
of glycopeptide and glycoprotein identifications was significantly higher (565 unique
glycopeptides and 113 unique glycoproteins) in our study, presumably due to better
optimized washing conditions before and after on-bead proteolysis, in addition to
performance differences on the LC-MS platforms used.

The enrichment protocols were further evaluated using A. niger secretome as shown in
Figure 3. Glycopeptides from 1 mg of the secretome were enriched using 10 mg of the 1 t/m
hydrazide magnetic beads. The results were consistent with those observed in mouse plasma.
A total of 458 unique glycopeptides were identified with 70% specificity for the protein-
level enrichment, whereas only 117 unique glycopeptides were identified with nearly ~99%
enrichment specificity for the peptide-level enrichment. While the peptide-level enrichment
resulted in a higher specificity of glycopeptide capture consistent with the previous
observation,3! the protein-level capture consistently resulted in much more glycopeptide and
glycoprotein identifications with relatively high specificity. Figures 2C and 3C show the
overlap of unique glycopeptides between two independently enriched glycopeptide samples
(processing replicates) from mouse plasma and A. niger secretome, respectively, based on
the protein-level enrichment protocol using 1 gm magnetic beads. The degree of overlap for
peptide identification was ~75%, which suggests relatively good reproducibility in the
overall process. On the basis of these results, the protein-level SPEG protocol with 1 zm
magnetic beads offered the best performance for profiling N-linked glycopeptides.

N-Glycosylation Sites with Glycan Occupancy in the Secretome and Whole Cells of A.

niger

The protein-level SPEG protocol validated above was then applied to profile N-glycosylated
sites in the secretome and the whole cell lysate of A. niger. Samples collected from
noninduction (sorbitol) and glycosyl hydrolase induction (p-xylose) growth conditions were
subjected to analyses. It should be noted that we did not attempt to provide a quantitative
comparative investigation on the glycoproteome due to the limitation on the quantitative
aspect. While the protocol appears to be qualitatively reproducible (Figures 2 and 3), we
recognize that stable isotope labeling needs to be incorporated for quantitative comparison®3
because the reproducibility of peptide identifications is significantly associated with
instrument sensitivity of each MS analysis, especially when analyzing very small enriched
samples. Both the secretome and the whole cell lysate samples from the two conditions were
subjected to glycopeptide enrichment in duplicate to generate 8 final enriched peptide
samples for LC-MS/MS analysis. Following stringent filtering (see details in Experimental
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Sections), a total of 7617 spectra were confidently identified as N-glyco-peptides from the
combined data with the consensus N-X-S/T motif, corresponding to 1554 unique
glycopeptides (Supplementary Table 1) and 847 N-glycosylated sites (Supplementary Table
2) in 330 N-glycoproteins (Supplementary Table 3). Figure 4 shows the overlap of the
identified N-glycosylated sites and N-glycoproteins between the secretome and whole cells.
In this study, 724 and 378 N-glycosylated sites (Figure 4A) that corresponded to 279 and
156 N-glycoproteins (Figure 4B) were identified in the whole cells and the secretome,
respectively. Among them, 105 N-glycoproteins were common to both compartments, while
the remaining N-glycoproteins were only detected in the whole cells or the secretome.
Selected enzymes and proteins involved in various key biological processes were listed in
Table 1, which included a number of glycoside hydro-lases, peptidases and proteases,
oxidases, phosphatases and phospholipases, and other miscellaneous proteins. These
proteins included many secretory proteins** reported previously such as glucoamylase, 6-
hydroxy-p-nicotine oxidase, aspartic acid protease, and GPl-anchored protein. Several
proteins that were not previously reported in the secretome®44° were also identified as
glycoproteins, including acid trehalase and a.- -fucosidase.

More glycosylated sites were identified for the proteins from the whole cells than those from
the secretome in the 105 common glycoproteins (Figure 4C). Fifty sites were only observed
in secretory glycoproteins from the secretome and 124 sites only in the whole cell
glycoproteins besides the 255 sites observed in glycoproteins from both the secretome and
the whole cells. Figure 5 further illustrates the distribution of glycoproteins based on the
number of glycosylated sites observed per protein. Among the N-glycoproteins identified in
the secretome, 43% (67 out of 156) glycoproteins were identified with only one glycosylated
site. The N-glycoproteins identified in the whole cells also had similar distribution, where
approximately 5% of them were heavily glycosylated with more than 8 glycosylated sites.
The results suggest that glycosylation patterns of N-glycoproteins may be different between
secreted glycoproteins and the glycoproteins expressed from the same genes inside the cells.

Partial Glycan Occupancy Observed on Specific N-Glycosylation Sites

By comparing the peptide identifications from the global digests and enriched N-
glycopeptide samples, we observed the evidence that some glycosylation sites were only
partially glycosylated because the same peptide was observed in enriched samples as a
glycosylated form as well as in global digests as a nonglycosylated form. Figure 6 shows a
representative pair of MS/MS spectra for peptide K. TPAGGYAQFLTNQTALK.G from
protein 36604, a putative amidase, in both glycosylated and nonglycosylated forms. The
MS/MS spectra of 2+ ions with m/ z= 892.97 and m/ z= 891.46 resulted in the confident
identification of the fully tryptic, formerly N-glycosylated peptide (post-cleavage by
PNGase F) in enriched sample (top) and nonglycosylated version in the global digest
(bottom). The ~1 Da increase in the serial y-ions clearly indicates the modification on the
specific site with NQT motif. Table 2 listed 18 N-glycosylation sites with partial glycan
occupancy from 16 proteins observed in the secretome, which included hydrolytic enzymes
(glucosidase, protease, and peptidase) and several other enzymes as well as some unknown
proteins.
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Functional Categories of N-Glycoproteins in A. niger

To provide an overall picture of the general functions of these identified N-linked
glycoproteins, functional analyses were performed based on the Gene Ontology (GO)
information in terms of cellular component, molecular function, and biological process.
Figure 7A shows the distributions of glycoproteins in different cellular components. As
expected, the secreted proteins were mainly annotated as in the extracellular, cell surface or
plasma membrane, lysosome, and storage vacuole compartments. In addition to these
components, the intracellular glycoproteins were localized in endoplasmic reticulum (ER),
Golgi apparatus, the membranes of other organelles, and mitochondria.

Figure 7B shows the distribution of molecular functions for proteins identified in both
secretome and whole cells. Peptidase, glucosidase, hydrolase, and binding were the major
molecular functions of N-glycoproteins observed in both the secretome and the whole cells.
Glycoproteins involved in a number of molecular functions were observed either uniquely in
the cells or with significantly higher percentage in the cells than in the secretome. These
categories included transferase, synthase, oxidase, nuclease, lipase, and several other
categories (Figure 7B). The results indicate that many glycoproteins involved in these
categories are not secreted by the cells. Figure 7C displays the distribution of glycoproteins
in terms of biological process. These glycoproteins were involved in different metabolic
processes, proteolysis, and catabolic processes in both the secretome and the whole cell
lysate, which were consistent with the known functions of A. nigeras a producer of
hydrolytic enzymes. In addition to these biological processes common to the secretome and
the whole cells, the data also revealed glycoproteins that were involved in a number of
intracellular biological processes such as biosynthetic process, protein folding, protein
modification, regulation, and response to oxidative stress. Table 3 lists some selected
proteins involved in different intracellular biological processes.

DISCUSSION

The significance of filamentous fungi in biomass degradation and biofuel production, as well
as other industrial applications, has been well recognized due to their ability in producing
important enzymes and other products.>46-52 |t has been known that N-glycosylation exerts
its effects in different biological functions®3-5° and heterologous protein production.? The
well-known role of N-glycosylation is in the protein secretory pathway.2% Our work
represents the first proteomics effort for profiling the /n vivo N-glycosylated sites in a
filamentous fungus, A. niger, though enzymes involved in the glycosylation pathway have
been globally predicted previously with the genome sequence database.>® By applying
magnetic bead-based hydrazide chemistry and high mass accuracy LC-MS/MS, N-
glycopeptides along with specific glycosylated sites were identified with high confidence.
The identified 847 N-glycosylated sites in 330 glycoproteins from the secretome and the
whole cells represent an important resource for using A. nigerto gain better understanding
of N-glycosylation in cellular functions, secretory pathways, and protein production.

In this study, we demonstrated that the magnetic bead-based hydrazide chemistry offers a
robust strategy for enriching N-linked glycopeptides from either the secretome or the whole
cell lysate of the filamentous fungi. While this current work was only a qualitative profiling
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effort, we anticipate that comparative studies can be performed to study the functional
changes of N-linked glycosylation in different filamentous strains with or without genetic
alterations, at different growth and developmental stages, or different growth conditions by
coupling with stable isotope labeling methods.*3 The better performance of the protein-level
enrichment protocol might be due to a better capture efficiency to the beads since
glycoproteins often carry multiple glycosylated sites per protein, and once the glycan on one
site is captured, the glycans on other glycosylated sites on the same protein may also be
captured on the bead with a better efficiency. In addition, peptide-level enrichment involves
multiple steps of SPE cleanup, which leads to significant sample loss. This method should
also be applicable to many other organisms for profiling N-glycosylated sites since most
glycan structures are oxidizable, with the exception being rare abnormal complex glycans
that have a hindered c/s-diol group. Furthermore, the captured glycopeptides are released by
PNGase F, which has been reported to be effective for glycan cleavage in many organisms.
29.35 However, bacterial organisms such as Campylobacter jejunihave been reported with N-
glycans resistant to PNGase F due to the special structure of linking sugar.2” Plant or insect
glycans that have a—1,3-fucosylated asparagine-bound GIcNAc cannot be cleaved by
PNGase F, but can be cleaved by PNGase A.40

The broad coverage of N-glycosylated sites from both the secretome and the whole cell
lysate provides an overview of cellular functions of N-glycoproteins. The intracellular N-
glycoproteins were observed to be mainly distributed in ER, Golgi apparatus, lysosome, and
storage vacuoles, which are all known to play a role along protein secretory pathways. Our
identifications of N-glycosylation in a number of transferases, glycosidases, and proteins
known to be involved in protein folding provide further support of the role of N-linked
glycosylation in protein post-translational modifications. The role of N-glycosylation is also
reflected by the identification of specific glycoproteins in various intracellular regulatory
enzymes such as cell wall a—1,3-glucan synthase, cell elongation protein, transferase,
phosphatase, triacylglycerol lipase, lysophospholipase, oxidase, reductase, and nuclease, all
of which have a role in cellular regulation (selected glycoproteins listed in Table 1). The role
of N-glycosylation in signal transduction pathways and gene regulation was supported by
the identification of N-glycosylation in the transcriptional regulator, zinc-binding protein,
Gpprotein, and RING finger proteins. Specific intracellular glycoproteins in ER and Golgi
apparatus (see Table 3 and Supplemental Table 3) involved in protein folding and protein
modification,57~59 two critical processes in secretory pathways, were also identified. These
data support the importance of N-glycosylation for the functions of intracellular organelles
such as ER and Golgi in protein quality control and trafficking. The identified N-
glycosylated sites from specific proteins involved in different biological processes or
molecular functions provide a basis for future systematic studies of the cellular growth and
development under different culture environments and biofuels and protein production in
filamentous fungi.

Interestingly, many glycoproteins contain multiple N-glycosylated sites, in agreement with
one of the proposed N-linked glycan functions: promotion of protein folding and
stabilization.>7-59 One example is protein 205670, a thermally stable S-glucosidase, which
was found to be heavily glycosylated in both the secretome (12 sites) and the whole cell (11
sites). N-linked glycans are also known to serve a structural role in the cell wall 6961 Some
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cell wall proteins were, in fact, found to be heavily glycosylated. For example, proteins
54378 and 56240 are cell wall synthesis protein and serine-rich adhesion protein,
respectively.52 Both proteins had 13 N-glycosylated sites and were only present in the whole
cell lysate. Another observation was that the same glycoprotein exhibits different
glycosylation patterns between the whole cell lysate and the secretome (Figures 4C and 5).
Secreted glycoproteins are known to be possible proteolytic fragments of the precursor
proteins expressed in the cells.53.64 The pattern of glycosylated sites may also be different
between the precursor proteins in the cells and the mature secreted proteins. Just as an
example, protein ID 56950, a lysophospholipase protein, was observed with 13 glycosylated
sites in whole cells, while only 4 sites were identified in the secretome.

Additionally, we observed evidence of partial glycan occupancy for a number of
glycosylation sites. The reason for partial glycosylation and its function in biological
processes is not clear. Partial glycosylation in those enzymes suggests that their function/
activities may be regulated by the extent of glycosylation. Functions of partial glycosylation
in the selected proteins of mammalian systems were previously investigated.24:65:66 For
example, the function of voltage-gated potassium channel, Kv3.1 glycoprotein, in
neuroblastoma cells is regulated by the extent of glycosylation at the sites N220Q and
N229Q.57 Picard et al.56 observed that the partial glycosylation of antithrombin 111
asperagine-135 is caused by the serine in the third position of its N-linked glycosylation
consensus sequence, which is responsible for production of the g-antithrombine 111 isoform.
Such partial glycosylation may constitute a new paradigm for post-translational regulation of
gene/protein functions. The observation of multiple glycosylation sites per protein as well as
the evidence of partial glycosylation suggests that glycosylation patterns are potentially
dynamic and therefore the complexity of protein N-glycosylation may have much greater
significance than anticipated. Understanding the endogenous and exogenous factors
governing this process and its roles in protein production and enzymatic functions will
benefit applications aimed at industrial production of proteins and chemicals from fungi.

In summary, our data from protocol optimization show that the protein-level enrichment
protocol using 1 gm beads provides improved coverage of N-linked glycopeptides, and a
basis for future studies on the role of N-linked glycosylation in, for example, cellular
regulation in order to achieve improved industrial production. The method is broadly
applicable for global profiling of N-glycosylated sites in different organisms. In the
application to A. niger, the coverage of 847 glycosylated sites from 330 glycoproteins
provided important insights into the functions of N-linked glycoproteins involved in this
industrially important fungal model organism. The data also revealed complex glycosylation
patterns in terms of multiple glycosylated sites per protein as well as patterns of partial
glycosylation for different glycosylation sites. The biological implications of partial and
complex glycosylation patterns warrant further investigations.
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Refer to Web version on PubMed Central for supplementary material.
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(A) A schematic overview of the protein- and peptide-level enrichment strategies using
hydrazide modified magnetic beads. For protein-level enrichment, glycans are first oxidized
by NalO4. The oxidized glycoproteins are directly captured by hydrazide beads followed by
on-beads digestion. Following washing, the glycopeptides were released by PNGase F. For
peptide-level enrichment, the proteins are initially digested with trypsin and subjected to
oxidation. The oxidized glycopeptides are then captured by beads. The captured peptides are
then subjected to washing and releasing steps same as protein-level enrichment. (B) A
flowchart for profiling N-glycosylated sites in the A. nigersecretome and the whole cells.
Details on the secretome and whole cell lysate preparation, subsequent enrichment, and data
analysis are provided in the Experimental Section.
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Figure2.
Summary of protocol optimization results using mouse plasma. Comparisons of unique

glycopeptides (A) and glycoproteins (B) identified using different enrichment conditions and
the overlap of unique glycopeptides between two processing replicates (C) using the best
condition (protein-level enrichment with 1 xm magnetic beads). Both 5 and 1 4m hydrazide-
modified magnetic beads were applied along with the protein-level and peptide-level
enrichment protocols. Each bar indicates the average number of identifications along
standard deviation from two processing replicates for the given protocol. The protein-level
enrichment with 1 4m magnetic beads offered the most unique N-glycopeptide and
glycoprotein identifications.
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Figure 3.
Summary of protocol optimization results using A. niger secretome. Comparisons of unique

glycopeptides (A) and glycoproteins (B) identified using the peptide-level and protein-level
enrichment protocols and the overlap of unique glycopeptides between two process
replicates using protein-level enrichment (C). The 1 gm magnetic beads were used for the
experiments. Each bar indicates the average number of identifications along standard
deviation from two processing replicates for the given protocol.
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Figure 4.
Overlap of glycosites and glycoproteins between the secretome and whole cells of A. niger.

(A) The number of unique N-glycosites; (B) the number of unique N-glycoproteins; (C) the
number of unique glycosites for 105 common proteins identified in (B). These results are the
combined data obtained from all MS runs from both xylose and sorbitol growth conditions.
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Figure5.

Distribution of glycoproteins identified in both the secretome and whole cells based on the
number of glycosylated sites per protein. While ~40% glycoproteins were identified with

only one N-glycosite, a majority of glycoproteins have multiple glycosites.
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Figure 6.
MS/MS spectra indicative of partial glycosylation. Asterisk on N*QT indicates the N-

glycosylated site with the consensus motif in bold. (A) Formerly N-glycosylated form, in
which the asparagine was converted to aspartic acid at the site of glycan attachment due to
PNGase F cleavage, leading to a mass increase of 0.9848 Da; (B) nonmaodified form of the
peptide originating from protein 36604 (glutaminyl-tRNA synthase). The N-glycosylated
site is indicated by an asterisk, and the consensus motif appears in bold. The y-fragment ions
highlighted by circles in the top panel show ~1 Da increase compared to those ions in the
bottom panel, indicative of the modification.
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Figure 7.

Distribution of glycoproteins identified in both the secretome and whole cells based on
functional categories. (A) cellular component; (B) molecular function; and (C) biological
process. The Y-axis indicates the percentage of total glycoproteins identified either in the

secretome or in the whole cells that belongs to a given functional category.
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