UCSF

UC San Francisco Previously Published Works

Title
N-Glycopeptide Profiling in Arabidopsis Inflorescence*

Permalink
https://escholarship.org/uc/item/1zq968k6g

Journal
Molecular & Cellular Proteomics, 15(6)

ISSN
1535-9476

Authors

Xu, Shou-Ling
Medzihradszky, Katalin F
Wang, Zhi-Yong

Publication Date
2016-06-01

DOI
10.1074/mcp.m115.056101

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1zq968k6
https://escholarship.org/uc/item/1zq968k6#author
https://escholarship.org
http://www.cdlib.org/

CrossMark
&click for updates

Research

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

N-Glycopeptide Profiling in Arabidopsis

Inflorescence*s

Shou-Ling Xut§, Katalin F. Medzihradszky§, Zhi-Yong Wangt, Alma L. Burlingame§,

and Robert J. Chalkley§]

This study presents the first large-scale analysis of plant
intact glycopeptides. Using wheat germ agglutinin lectin
weak affinity chromatography to enrich modified peptides,
followed by electron transfer dissociation (ETD)' fragmen-
tation tandem mass spectrometry, glycan compositions on
over 1100 glycopeptides from 270 proteins found in Arabi-
dopsis inflorescence tissue were characterized. While
some sites were only detected with a single glycan at-
tached, others displayed up to 16 different glycoforms.
Among the identified glycopeptides were four modified in
nonconsensus glycosylation motifs. While most of the
modified proteins are secreted, membrane, endoplasmic
reticulum (ER), or Golgi-localized proteins, surprisingly,
N-linked sugars were detected on a protein predicted to
be cytosolic or nuclear. Molecular & Cellular Proteom-
ics 15: 10.1074/mcp.M115.056101, 2048-2054, 2016.

Protein glycosylation is the most abundant and diverse
posttranslational modification of proteins in both plants and
animals. Most membrane proteins and the majority of se-
creted proteins are glycosylated (1).

The different types of glycosylation are grouped accord-
ing to the heteroatom involved in the peptide—glycan bond.
Thus, the modification of Asn side chains is termed N-gly-
cosylation. The general features of N-linked glycosylation are
the same in both plant and animal kingdoms. Asparagines
within the consensus motif Asn-Xxx-Ser/Thr/Cys, where Xxx
is any residue other than proline, are modified cotranslation-
ally with the same initial structure (with a few exceptions (2)) in
the ER (GIcNAc,MangGilc;) before being trimmed and built up
in the Golgi. However, there are tissue- and kingdom-specific
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differences in the Golgi processing (3). The modifications’
functions have been best characterized in mammalian spe-
cies, where in addition to being important in controlling pro-
tein folding in the ER, they are involved in cell adhesion (4),
cell-cell recognition, including host-pathogen recognition in
immune response (5), and regulation of cellular signaling
through modification of ligand receptors (6, 7). Glycosylation
affects protein solubility, stability, and activity, and as the
majority of protein therapeutics are glycoproteins, there is a
lot of pharmaceutical interest in characterizing glycosylation
patterns on recombinant proteins (8).

Much less attention has been paid to plant glycosylation,
and its functions beyond quality control in protein folding are
largely unknown. Genetic data have shown mutations in
genes involved in protein N-glycosylation can cause severe
phenotypes. Deficiencies in the oligosaccharyltransferase
complex can be either gametophytic lethal (9) or embryo lethal
(10). Deficiencies in enzymes involved in the subsequent
processing occurring in the Golgi apparatus display varied
phenotypes. For example, in Arabidopsis, disruption of N-
acetylglucosaminyltransferase | (GnT1) results in higher sen-
sitivity to salt stress, but the mutant is able to develop nor-
mally under normal growth condition (11, 12) despite the fact
that the mutant plant is unable to produce complex glycans.
On the other hand, a rice gnt7 mutant exhibits severe devel-
opmental abnormalities resulting in early lethality (13).

Genetically modified plants could be cultivated to produce
drugs, including protein pharmaceuticals. Unfortunately, in
plants, the fucose attached to the core GIcNAc of N-glycans
is in an «1-3 linkage, whereas in mammals, including humans,
there is an a1-6 linkage instead (3). Also, plants employ a
unique sugar residue, xylose, which is often attached to the
central mannose residue in the GIcNAc,Man; core (3). Both of
these plant-specific structures are immunogenic in humans
(14). In fact, a lot of the recent glycosylation research in plants
has been focused on how to mutate plants to produce animal-
like N-glycans so that they could be used for protein thera-
peutics production (2).

The glycosylation of Ser, Thr, and less frequently Tyr, Hyl,
and Hyp residues is classified as O-glycosylation. A specific
class of these modifications is O-GlcNAcylation: Nuclear and
cytoplasmic proteins can be modified with single N-acetylg-
lucosamine residues in a dynamic fashion to regulate protein
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activity (15). This modification is receiving increasing interest
in mammalian systems, where it is intricately involved in eti-
ologies such as diabetes and neurodegenerative disorders
(16). Studies of this modification in plant systems are very
limited; only one site of modification has been reported yet
(17). However, the first global study of this modification in
plants is about to be published from data acquired as part of
the same experiment as described in this manuscript (manu-
script in preparation).

Extracellular O-glycosylation also occurs in both plants and
animals, but there is very little similarity between the types of
modifications employed. In mammals, the most common O-
glycans are extended structures starting with an N-acetyl-
galactosamine attached to serine, threonine, and tyrosine
residues (18). In plants, the most common O-glycosylation is
through hydroxyproline residues, although serine glycosyla-
tion is also employed, and the sugars attached are either
galactose or arabinose, often in very long chains (3).

Glycoprotein analysis has traditionally followed a divergent
strategy. Due to the difficulty and complexity of glycopeptide
analysis, most researchers have chosen to focus on N-linked
glycosylation, where enzymes (most notably PNGase F or A)
can cleave off sugar structures. Researchers then either study
the released glycans for sugar heterogeneity or study the
deglycosylated peptides to identify former sites of glycosyla-
tion, making use of the fact that PNGase F/A convert the
formerly glycosylated asparagine into an aspartate: a +1 Da
mass shift that can be detected using mass spectrometry.

A couple of broad studies of deglycosylated peptides from
Arabidopsis have been published (19, 20). However, in this
work, we present the first large analysis of Arabidopsis intact
glycopeptides. Using wheat germ agglutinin lectin weak affin-
ity chromatography (LWAC) (21, 22) to enrich modified pep-
tides then ETD fragmentation tandem mass spectrometry,
1152 unique N-glycopeptides were identified on 348 different
sites in 270 proteins from Arabidopsis inflorescence tissue.

MATERIALS AND METHODS

Experimental Design—This first large-scale analysis allow-
ing simultaneous site and glycan characterization in a plant
tissue was performed from a single biological preparation and
analysis of inflorescence tissue from many plants.

Sample Preparation—Proteins from three grams of Arabi-
dopsis Columbia inflorescence tissues (5-6 weeks old, grown
in a greenhouse) were extracted as previously described in
(17) with a slight modification in extraction buffer (0.1 m Tris-
HCI, pH 8.0, 2% SDS, 20 mm EGTA, 20 mm EDTA, 1.2% Triton
X-100, PhosStop, Protease inhibitor, 20 um PUGNAc
(Sigma)), followed by reduction using dithiothreitol and alky-
lation using iodoacetamide, tryptic digestion (Thermo, Wal-
tham, MA) and then reverse phase desalting using a Sep-Pak
C18 cartridge (Millipore, Billerica, MA).

Lectin Weak Affinity Chromatography—The wheat germ ag-
glutinin-poros column was packed as previously described

(23). The enrichment of glycosylated peptides was slightly
modified from described in (23). Briefly, peptides were resus-
pended in 100 ul LWAC buffer (100 mm Tris, pH 7.5, 150 mm
NaCl, 2 mm MgCl,, 2 mm CaCl,, 5% acetonitrile). Chromatog-
raphy was performed at a flow rate of 100 ul/min. After 3.0 ml
of elution, 100 ul of 40 mm GIcNAc in LWAC buffer was
injected to elute any bound glycopeptides. A single glycopep-
tide-enriched fraction was collected between 1.3 and 6.7 ml.
To decrease the chance of overloading the column, 20 mg of
starting peptides were split into 12 aliquots; each portion was
run separately, and the glycopeptide-enriched fractions were
then pooled. For subsequent rounds of LWAC enrichment, the
pooled fractions were run as before, each time collecting the
same glycopeptide-enriched tail.

High pH Reverse Phase Chromatography —High pH reverse
phase chromatography was performed using an AKTA purifier
(GE Healthcare, Little Chalfont, UK) equipped with a 1 X 100
mm Gemini 3u C18 column (Phenomenex, Torrance, CA). The
glycopeptide-enriched fraction was loaded onto the column in
240 wl buffer A (20 mm ammonium formate, pH 10). Buffer B
consisted of buffer A with 50% acetonitrile. The gradient was
from 1% B to 21% B over 1.1 ml, to 62% B over 5.4 ml, then
directly to 100% B. The flow rate was 80 wl/min. Fractions
from 1.4 ml to 7.3 ml were collected and dried down using a
SpeedVac concentrator.

Mass Spectrometry—High pH reverse phase fractions were
analyzed on an LTQ-Orbitrap Velos (Thermo Fisher, San Jose,
CA) mass spectrometer equipped with a nano-Acquity UPLC
(Waters, Milford, MA) system. Electron transfer dissociation
(ETD), sequential HCD and ETD, or HCD triggered ETD data
were acquired (see Supplement 1 for details of individual runs
and acquisition parameters). Peptides were analyzed using
either 1 h or 2 h reverse phase gradients based on the ex-
pected complexity of the sample according to UV absorbance
from the high pH reverse phase chromatography. Raw data
are available through proteomeXchange (24) (accession
PXD003008) by submission to MassIVE (MassIVE Accession
MSV000079345).

Database Searching—Tandem mass spectrometry data
were converted into mgf peak lists using Proteome Discov-
erer. Database searching was performed using Protein Pro-
spector version 5.14.20. Searches were performed against
the The Arabidopsis Information Resource (TAIR) database
(https://www.arabidopsis.org/) from December 2010, concat-
enated with sequence randomized versions of each protein (a
total of 35,386 entries). All peptides were assumed to be fully
tryptic. Precursor and fragment mass tolerances of 10 ppm
and 0.6 Da were considered for ETD data. ETD data were
initially searched using a mass modification strategy similar to
that previously published (22, 25), where any mass modifi-
cation between 100 and 2500 Da on serine, threonines,
or asparagine residues was considered. For subsequent
searches, modifications were only considered on asparagine
residues located within the glycosylation motif N-!P-S/T, a
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capability newly introduced in Protein Prospector version
5.14.20. In all searches, additional modifications considered
were methionine or tryptophan oxidation, pyroglutamate
formation from peptide N-terminal glutamines, pyrocarbam-
idomethyl cysteine formation from peptide N-terminal cys-
teines, and protein N-terminal methionine removal, acetyla-
tion, or combinations thereof. A total of two variable
modifications and one mass modification were allowed per
peptide. The second search considered all proteins in the
TAIR database; a third search used the same parameters
except only considering proteins identified in the second
search. From these results a histogram of mass modifica-
tions was produced (Fig. 1), and masses were translated
into sugar compositions (Table I) that were subsequently
specified as defined variable rare modifications (only one
glycosylation allowed per peptide) in a final search. A single
GIcNAc was an exception to this rule and was considered up
to twice per peptide. Results were sorted by expectation
value and thresholded to an estimated 0.2% false discovery
rate at the unique glycopeptide level according to target:
decoy database searching. The glycopeptide ETD results
from this search are presented in Supplemental Table 2 and
are also uploaded to MS-Viewer (prospector2.ucsf.edu, 26))
with the Searchkey 6mvcoan57m, which allows viewing an-
notated spectra of all results.

HCD data, when available, were used for manual verifica-
tion of some assignments based on the presence of diagnos-
tic low mass oxonium ions, Y1 ions, and peptide fragments
(27).

RESULTS

High pH reverse phase fractions after LWAC glycopeptide
enrichment were analyzed by either HCD and ETD on every
precursor, HCD-triggered ETD based on the observation of

Mass Modification

the HexNAc oxonium ion at m/z 204.087 or ETD only. To
identify complex glycan-modified peptides, data were
searched using Protein Prospector, allowing for unspecified
mass modifications within the mass range of 100 to 2500 on
serine, threonine, or asparagine residues. Results from this
initial search showed no evidence of mass modifications on
serines or threonines other than a single HexNAc, so future
searches only allowed mass modifications on asparagine res-
idues within the Asn-Xxx-Ser/Thr motif. The list of accession
numbers of proteins identified in this second search was then
used for a further discovery search to identify as many sugar
mass modifications as possible.

Figure 1 shows the histogram of unique peptide + mass
modification combinations observed, and Table | provides a
translation of these masses into modification compositions.
Many of the unlabeled peaks in Fig. 1 correspond to combi-
nations of sugar and other modifications. For example, po-
tassium and iron adducts of glycans are the explanations for
several unlabeled peaks. These results show that high man-
nose structures dominated the glycans detected, but both
hybrid and complex glycans were also observed.

Finally, the list of identified modifications discovered and
summarized in Table | were specified as defined variable
modifications for a search of the whole Arabidopsis proteome
to maximize glycopeptide discovery. This resulted in the iden-
tification of 1148 unique N-linked glycopeptides (peptide +
modification state combinations).

In addition, the initial mass modification search where the
consensus glycosylation motif was not enforced allowed the
discovery of a further four glycopeptides that are modified in
a nonconsensus motif. An example of one of these is shown
in Fig. 2, which identifies a peptide from O-glycosyl hydro-
lases family 17 protein, where a HexNAc (GIcNAc) is at-
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tached to an asparagine in a reversed consensus motif
(Thr-Xxx-Asn). So, in total, 1152 unique N-linked glycopep-
tides, representing 348 sites in 270 different proteins were
identified (Supplemental Table 2, annotated spectra of each
can be viewed using MS-Viewer at prospector2.ucsf.edu with
the Searchkey 6mvcoan57m).

861 unique glycoforms are in this list (Supplemental Table
2). Almost 60% of the glycosylation sites (198 sites) were
identified from a single glycoform, and more than half of these
glycopeptides (110 unique sites) featured the core GIcNAc
only. Interestingly, one of these glycopeptides from putative
fascilin-like arabinogalactan protein 20 contained two modi-
fied consensus glycosylation motifs. At the other end of the
spectrum, 15 glycosylation sites displayed at least 10 dif-
ferent glycans (16 different glycoforms were the most de-
tected on a single site), and these glycosylation sites are all
found in different proteins. There seems to be a significant
variation in the site-specific heterogeneity depending on the
individual proteins. For example, putative cysteine-rich repeat
secretory protein 13 (AT3G29040.1 = Q9LJW2 in the Swis-
sProt database) contains four N-glycosylation motifs, Asn-34,
56, 147, and 153; the latter three of which were detected
bearing truncated structures: GlcNAc,Man; GlcNAc,Man,
and GIcNAc,Fuc, respectively. Five glycosylation sites were
observed modified from peroxidase 34 (AT3G49120.1). Asn-
43, 184, and 244 were each identified with a single glycoform;
while Asn-43 and 244 featured only the core GIcNAc, Asn-184

TaBLE |
Sugar compositions of N-linked mass modifications identified in Fig. 1

Mass Composition Mass Composition Mass  Composition
203  HexNAc 1024 HexNAc2Hex3Xyl 1378 HexNAc2Hex6
406  HexNAc2 1054 HexNAc2Hex4 1419 HexNAc3Hex5
552 HexNAc2Fuc 1095 HexNAc3Hex3 1540 HexNAc2Hex7
568  HexNAc2Hex 1216 HexNAc2Hex5 1702 HexNAc2Hex8
714 HexNAc2HexFuc 1227 HexNAc3Hex3Xyl 1864 HexNAc2Hex9
730 HexNAc2Hex2 1257 HexNAc3Hex4 2026 HexNAc2Hex10
892  HexNAc2Hex3 1298 HexNAc4Hex3

was modified with a Mang structure. Asn-285 displayed two
glycoforms, bearing either a single GIcNAc or Man,. Asn-316
was represented with four glycoforms, bearing GIcNAc,_,,
Man;, and a complex glycan, GlcNAczMangHex. Asn-59 and
154 from calreticulin 1 (AT1G56340.1) were detected modified
with 12 and 8 different glycoforms, respectively. In addition to
a series of oligomannose structures, each was also observed
bearing only the core GlcNAc.

The glycan distribution among the unique glycoforms is
presented in Fig. 3. Although the high mannose structures
were the dominant glycans, surprisingly, the truncated struc-
tures, starting from core GIcNAc and paucimannose glycans
added, were present at approximately the same level. We also
detected some structures where the processing had not been
completed, i.e. glycopeptides featuring GlcNAc,ManyGlc (23
instances) and a limited number of complex or more likely
hybrid glycans. Sixty-one sites were detected with sugar
structures containing three GIcNAcs; their hexose (most likely
mannose) content varied from three to seven. 75% of these
glycans might be considered paucimannose except for the
presence of the extra GIcNAc. The plant-specific, xylose-
containing structures were detected in very low numbers and
always on truncated structures. The presence of more fucosyl
structures (30) are indicated. However, because of limited
ETD fragmentation, in six cases, it could not be determined
whether the glycan contained a fucose, and a Met or Trp
residue nearby in the sequence was oxidized or the unoxi-
dized peptide featured a glycan with a hexose.

The glycoproteins identified are predicted to be secreted or
transmembrane proteins, quite a few of them residing in the
ER or the Golgi, as expected. However, we also identified a
protein N-glycosylated that is predicted to be located either in
the cytosol or the nucleus. This protein, ubiqutin E2 variant
1D-4 (AT3G52560.2), which contains the UBCc (ubiqutin-con-
jugating enzyme E2), was found modified by high mannose
glycans. Two ETD spectra identified a peptide from this E2
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enzyme with HexNAc,Hexg and HexNAc,Hexq attached (Fig.
4, Supplemental Table 2).

DISCUSSION

This first attempt at a large-scale study of plant glycopep-
tides suggests that high-mannose glycan structures dominate
in Arabidopsis flower tissue. Many hybrid glycopeptides were
identified, but only a handful of complex glycans were ob-
served. Interestingly, relatively few fucosylated (29/1152) and
even fewer xylose-containing glycopeptides (14/1152) were
observed, and no occurrence of both fucose and xylose on
the same glycan was detected. A previous N-glycan analysis
reported that ~30% of Arabidopsis glycans contained a xy-
lose (28). However, the reference study was performed on
whole plant tissue, so one explanation for the difference could
be a different distribution in inflorescence tissue. Also, even
though a relatively limited number of proteins and sites in the
present study contained xylose, these included the most
heavily glycosylated protein observed (TGG1), so as a per-
centage of the total released glycan pool, the value may be

400
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Fic. 3. Glycan distribution among the unique glycoforms iden-
tified (Supplemental Table 2). The “GIcNAc only” category is a
subset of the truncated structures, and the xylose- and fucose-
containing are also subsets of other categories.

higher. It is also possible that xylose interferes with the ability
of wheat germ agglutinin to enrich this population of glyco-
peptides. This highlights a difference between glycopeptide
and released glycan analysis and how they could provide
different information.

The proposed glycan processing pathway predicts xylose
is added first to complex glycans, and then «1-3 fucose
is subsequently added (2, 20). We detected xylose on
GlcNAc,Man;GIcNAc and paucimannose glycans, whereas
fucose was only observed on truncated structures. The ex-
pected mature complex glycan version in the plant vacuole is
a xylose and fucose modified paucimannose glycan, so it is
unclear why fucose was missing in our observed structures.

This is the first global intact glycopeptide study performed
in any plant species. However, previous researchers have
analyzed enzymatically deglycosylated peptides, so it is pos-
sible to investigate the overlap in glycosylation site identifica-
tions. By far, the largest of the previous studies reported the
identification of 2188 formerly glycosylated sites (20). Com-
paring to these results, 84 of our 346 glycosylation sites are
novel.

In this study, we identified three nonconsensus glycosyla-
tion sites. While we, and others, have observed nonconsen-
sus glycosylation in other species (20, 25, 29, 30), we believe
this is the first confirmation that it also occurs naturally in plant
proteins.

This study identified a large number of glycopeptides bear-
ing heavily truncated structures, and the core GIcNAc alone
seems to be the dominant individual modification. This large
number of truncated structures is against conventional wis-
dom but is consistent with glycopeptide studies carried out by
us and others (22, 25, 31). We believe that released glycan
analysis misses these structures for a few reasons: 1) They
mostly analyze glycans released from the plasma membrane,
whereas our results are from the whole cell including com-
partments such as the ER and Golgi; 2) PNGase F is probably
less efficient at cleaving truncated structures (it is known to
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not cleave off a single GIcNAc); and 3) it is difficult to retain
short glycan structures in released glycan analysis. It also has
been observed that recombinant proteins expressed in plants
can have glycans trimmed to a single sugar residue (32, 33).
The sample preparation for this study did not make a specific
attempt to solubilize transmembrane proteins, so the results
here may be biased toward more soluble proteins, with many
Golgi-resident proteins identified.

It is interesting that such a high number of enzymes in-
volved in carbohydrate metabolism were identified as glyco-
proteins themselves. The protein for which the most glycopep-
tides were identified, beta glucosidase 38 (TGG1), converts
glucosinates into reactive thiocyanates that act as part of the
plant defense against pests and disease. This protein has pre-
viously been reported to only bear high mannose glycan struc-
tures (34). However, in our results, while residues 108, 236, and
493 were only detected with high mannose modifications, Asn-
379 was also detected with hybrid glycan structures and com-
plex structures with xylose attached.

Unexpectedly, we identified ubiquitin conjugating E2 en-
zyme modified with high-mannose N-glycans. Ubiqutin E2
enzymes are usually located either in cytosol or nucleus. The
N-glycosylation of this enzyme suggests that perhaps this
protein is also targeted to the ER or the Golgi.

The lack of observation of extended O-linked structures
could be due to several factors. Our lectin enrichment strat-
egy using wheat germ agglutinin is supposed to have affinity
for terminal GIcNAc residues, but this and previous studies
show it has much wider glycan enrichment specificity. Nev-
ertheless, it may have no affinity for galactose or arabinose,
employed by plant O-glycans. Secondly, most plant O-glyco-
sylation features extended sugar chains and occurs in protein
domains rich in hydroxyprolines and with very few tryptic
cleavage sites, so these glycopeptides may not be accessible
to our analysis strategy.

CONCLUSIONS

This first Arabidopsis plant intact glycopeptide study found
that xylose and fucose modification of plant proteins in inflo-
rescence tissue is much lower than reported in previous
global glycan studies. It also highlights that unique informa-
tion can be achieved from glycopeptide analysis compared
with deglycosylated peptide and glycan analysis. For exam-
ple, the single GIcNAc-modified sites will be most likely over-
looked since PNGase F does not remove these sugars and
the hydrolysis speed of PNGase A for such structures is very
low. The LWAC strategy employed here seems to have broad
specificity for N-linked glycosylation analysis and should be a
powerful approach to help unravel the roles of this modifica-
tion in planta. However, different strategies are going to be
required for studying plant O-glycosylation.
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