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ABSTRACT: The intracellular phosphatase domain of the
receptor-type protein tyrosine phosphatase alpha (PTPRA) is
known to regulate various signaling pathways related to cell
adhesion through c-Src kinase activation. In contrast, the functional
significance of its relatively short, intrinsically disordered, and
heavily glycosylated ectodomain remains unclear. Through detailed
mass spectrometry analyses of a combination of protease and
glycosidase digests, we now provide the first experimental evidence
for its site-specific glycosylation pattern. This includes the
occurrence of O-glycan at the N-glycosylation sequon among the
more than 30 O-glycosylation sites confidently identified beside the
7 N-glycosylation sites. The closely spaced N- and O-glycans
appear to have mutually limited the extent of further galactosylation and sialylation. An immature smaller form of full-length PTPRA
was found to be deficient in O-glycosylation, most likely due to failure to transit the Golgi. N-glycosylation, on the other hand, is
dispensable for cell surface expression and contributes less than the extensive O-glycosylation to the overall solution structure of the
ectodomain. The glycosylation information is combined with the overall structural features of the ectodomain derived from small-
angle X-ray scattering and high-speed atomic force microscopy monitoring to establish a dynamic structural model of the densely
glycosylated PTPRA ectodomain. The observed high structural flexibility, as manifested by continuous transitioning from fully to
partially extended and fold-back conformations, suggests that the receptor-type phosphatase is anchored to the membrane and kept
mostly at a monomeric state through an ectodomain shaped and fully shielded by glycosylation.
KEYWORDS: glycopeptide sequencing, glycoproteomics, mass spectrometry, SAXS, HS-AFM, receptor-type protein tyrosine phosphatase

■ INTRODUCTION
The receptor-type protein tyrosine phosphatase alpha (PTPRA;
encoded by ptpra gene) belongs to the R4 subfamily of human
protein tyrosine phosphatases, which includes PTPRA and
receptor-type protein tyrosine phosphatase epsilon (PTPRE).1

Both PTPs carry a short extracellular domain and two tandem
phosphatase domains in the intracellular regions. The plasma
membrane-proximal D1 phosphatase domain of the ubiqui-
tously expressed PTPRA would dephosphorylate Tyr527 of the
non-receptor tyrosine kinase c-Src,2−4 leading to conformational
change-mediated kinase activation. Through the regulation of c-
Src activity, PTPRA may modulate various growth factor
receptor and cell adhesion signaling pathways.5,6 For example, c-
Src activation is essential for fibronectin-induced cell spreading
and mobility in integrin-dependent adhesion in fibroblasts.7

PTPRA−/− fibroblasts showed a decrease of c-Src, Fyn, and FAK
kinase activity, resulting in a delay of fibroblast spreading on
fibronectin- or vitronectin-coated surface.6,8 Recent studies on

lung fibroblast9,10 further suggested that PTPRA is an activator
of c-Src kinase to induce downstream signaling required for cell
adhesion and migration.

Contrary to the relatively well-characterized functions of the
D1 phosphatase domain in regulating c-Src activity, very little is
known about the role of the ectodomain of PTPRA.5 This short
ectodomain of only 122 amino acids is intrinsically disordered
without any defined structural features, as predicted by
AlphaFold.11 To date, PTPRA remains an orphan receptor,12

and its ectodomain may not be responsible for ligand binding.
Although it has been proposed to promote cell adhesion of

Received: March 17, 2023
Revised: June 1, 2023
Accepted: June 1, 2023
Published: June 13, 2023

Articlepubs.acs.org/jacsau

© 2023 The Authors. Published by
American Chemical Society

1864
https://doi.org/10.1021/jacsau.3c00124

JACS Au 2023, 3, 1864−1875

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Chun+Chien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong-Sheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deepa+Sridharan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chu-Wei+Kuo+_target"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chih-Ta+Chien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takayuki+Uchihashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takayuki+Uchihashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koichi+Kato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Angata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzu-Ching+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shang-Te+Danny+Hsu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kay-Hooi+Khoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kay-Hooi+Khoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.3c00124&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00124?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00124?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00124?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00124?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00124?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jaaucr/3/7?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/7?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/7?ref=pdf
https://pubs.acs.org/toc/jaaucr/3/7?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.3c00124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


fibroblast-like synoviocytes,13 its exact function in fibronectin
interaction is poorly understood. To complicate the matter, the
ectodomain of PTPRA is known to be heavily glycosylated,14

but neither the structural feature nor the biological role of the
attached glycans has been definitively proven. The current
Uniprot record of PTPRA notes that it is N-glycosylated at seven
sites based on sequence analysis, but only one de-N-glycosylated
site at Asn36 has been experimentally identified and annotated
in GlyGen.15 An examination of the ectodomain sequence
shows a high occurrence of Ser and Thr, among which Ser37/
Ser38/Thr39/Thr49 are recorded as O-glycosylated in the O-
GalNAc Human Glycoproteome Database16 based on the
accumulated SimpleCell data.17 In a recent mucinomics study, a
mutated mucin-specific O-glycoprotease without cleavage
activity was used to selectively capture glycoproteins carrying
a high density of O-glycans. Among the 47 PTP family proteins
known, only PTPRA was thus identified in every cancer cell line
(HeLa, SKBR3, Capan2, K562, and OVCAR3) examined.18

However, when the putative mucin-domain containing proteins
identified were filtered through their mucin-domain candidacy
algorithm based on predicted O-GalNAc sites by NetO-
Glyc4.0,19 cellular localization GO terms, the proportion of
Thr to Ser residues, and the frequency and density of predicted
O-GalNAc sites, only PTPRC and PTPRQ, but not PTPRA,
qualified as mucin-domain proteins.

To gain a better insight into how glycosylation may impact the
structure and functional roles of the ectodomain of PTPRA, it is
imperative to address foremost whether it indeed is densely
populated by O-glycans in addition to putative N-glycosylation.
Identification of intact N-glycopeptides by mass spectrometry

(MS)-based glycoproteomic analysis can now be handled fairly
well by available data analysis software,20 but tackling site-
specific O-glycosylation is still problematic.21−23 To localize
individual O-glycans at distinct sites instead of just providing an
overall glycosyl composition, good quality electron transfer
dissociation (ETD) MS2 data are required that would retain the
O-glycans, which otherwise fall off easily during the normal
mode of collision-induced dissociation.24,25 When there is an
additional N-glycan on the same multiply O-glycosylated
peptide, it is largely an uncharted area. Moreover, the common
lack of properly spaced tryptic sites within the mucin domain
necessitates the use of O-glycoprotease26,27 and other less
specific cleavages that would significantly broaden the search
space and exacerbate the problem of mis-assignments.

In this work, multiple LC−MS/MS analysis data sets derived
from different combinations of protease and glycosidase digests
of PTPRA ectodomain were analyzed in concert to build up a
composite picture bottom-up. We established some ground
rules governing the interpretation and correct assignment of
multiple O-glycosylated peptides, particularly in confidently
identifying O-glycosylation at and adjacent to the N-
glycosylated sequon. We then fitted the experimentally
determined site-specific glycosylation profile into the structural
envelopes derived from small angle X-ray scattering (SAXS) and
high-speed atomic force microscopy (HS-AFM) to build a
dynamic structural model of two heavily N- and O-glycosylated
PTPRA ectodomains brought together by a compact Fc domain
anchor. The continuous transitioning from fully to partially
extended and fold-back conformations recorded in real-time
HS-AFM is provocative of how we may rethink the functional

Figure 1. Workflow for glycosylation analysis of PTPRA. The recombinant PTPRA ectodomain-Fc fusion protein and full-length PTPRA were
digested with various glycosidases and proteases. N- and O-glycans were released from one batch of trypsin-digested PTPRA sample and
permethylated for MALDI-MS profiling. Intact glycopeptides from all different combinations of digests were analyzed by LC−MS/MS using a
HCDpdEThcD data acquisition mode and processed by Byonic. The HCD-MS2 peptide spectrum matches (PSMs) were filtered by score > 200 and
PEP2D < 0.001 and then manually paired with non-filtered EThcD-MS2 PSMs identifying glycopeptides of the samem/z, sequence, and glycan within
five scans. EThcD-MS2 PSMs that could not be paired were filtered by the same cutoff criteria. Site localization was manually verified based on the
supporting c and z ions afforded by EThcD-MS2. Glycosylation data obtained were then used to aid structural model building of the ectodomain
(ECD) based on the SEC-MALS, SAXS, and HS-AFM structural data of PTPRAWT in comparison with non-glycosylated PTPRAST2A. Notation for the
PTPRA constructs: WT, 7NQ, and ST2A refer to Fc fused to wild-type ECD, ECD with all 7 Asn mutated to Gln, and ECD with all Ser/Thr mutated to
Ala, respectively. FL-TST and FL-YFP refer to full-length protein fused to a twin-strep-tag or a YFP. Glycan cartoons used here and in all other figures
follow the recommended Symbol Nomenclature for Glycans (SNFG).30
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aspects of an intrinsically disordered ectodomain essentially
shaped and fully shielded by glycosylation.

■ RESULTS

Experimental Workflow for Glycosylation Analysis of
PTPRA

Detailed MS-based analyses were first performed on the
ectodomain of PTPRA that was fused to Fc (PTPRAWT) to

allow it to be secreted and isolated in a larger quantity than a full-
length transmembrane form (PTPRAFL) would afford. Two
alternative forms of the latter were constructed, exploring two
different tags for their subsequent purification (Figure 1). The
lack of tryptic sites other than suitably producing the first two N-
terminal peptides necessitated additional digests by other
proteases, including GluC that cleaves at Asp/Glu, and
OpeRATOR, the O-glycoprotease that would cleave specifically

Figure 2.MALDI-MS profiles of permethylated glycans released from Expi293F cells, WT and 7NQ mutant of PTPRA-Fc expressed in Expi293F cells.
The O-glycans (left panels) were obtained by reductive elimination after removing the N-glycans (right panels) by PNGase F from the tryptic digested
Expi293F protein extracts (A) or isolated PTPRAWT-Fc (B) and PTPRA7NQ-Fc (C). The N-glycans obtained from the isolated PTPRA-Fc proteins
were further reduced before permethylation, whereas those from Expi293F cells were permethylated directly for MS analysis. The comparative analyses
show that other than the major G0-biantennary N-glycan (m/z 1851.9) partly contributed by the Fc domain, the N-glycans carried on recombinant
PTPRAWT ectodomain were dominated by those with 2 (m/z 2097.1) and 3 (m/z 2342) terminal HexNAc on fucosylated trimannosyl core,
accompanied by a range of further extended and sialylated complex-type structures at low abundance but with almost no high mannose type detected,
which is very different from the whole cell N-glycomic profile. Its O-glycans also differ significantly from those of whole cell by a higher abundance of
core 2 structures and non-galactosylated HexNAc termini, as confirmed by MS/MS analysis (D) on the two representative major structures (marked
by an asterisk in B). Other detected glycans were annotated based simply on glycosyl composition assignment. Undefined terminal HexNAc not paired
by a Hex on the N-glycans is represented by a non-colored square since Expi293F cells may carry terminal GalNAc-GlcNAc in addition to ± Gal-
GlcNAc.
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at the N-termini of O-glycosylated Ser/Thr.26,28,29 Removal of
N-glycans by PNGase F and/or the negatively charged terminal
sialic acids by sialidase was additionally undertaken to facilitate
proteolytic digestion and LC−MS/MS analysis of the simplified
glycopeptides. We also investigated if preventing the N-
glycosylation on the ectodomain of PTPRAWT by mutating
the Asn at the sequons to Gln (PTPTA7NQ) may alter the extent
of O-glycosylation and/or allow more efficient digestion. Higher
energy collision dissociation (HCD) MS2 scans were acquired in
data-dependent mode, while those producing the glycopeptide-
specific glyco-oxonium ions were further subjected to EThcD
MS2. The HCD-pd-EThcD data sets were processed by Byonic
for peptide spectrum matches (PSMs), which were further
filtered by stringent acceptance criteria, with the corresponding
HCD and EThcD PSMs for the same precursors paired for cross
validation and O-glycosylation site localization, as outlined in
Figure 1. In addition, N- and O-glycans were released from the
trypsin-digested proteins and profiled by MALDI-MS after
permethylation to determine if the major glycans carried are
consistent with those identified through intact glycopeptide
analyses.

Overall Glycosylation Profile of PTPRA Ectodomain

In comparison with the glycomic profile of Expi-293 cells
(Figure 2A), the N-glycans of PTPRA were strikingly dominated
by a few complex type bi-, tri-, and tetra-antennary complex type
N-glycans carrying non-galactosylated terminal GlcNAc (Figure
2B). High mannose Man5GlcNAc2 as well as fully extended,
variably sialylated complex type N-glycans were also detected
but at significantly lower abundance. A portion of the non-
galactosylated biantennary N-glycans would have been con-
tributed by that carried on the Fc domain, as revealed by the
profile of PTPRA7NQ (Figure 2C) compared to that of
PTPRAWT (Figure 2B). This is consistent with the well-
known predominant form of Fc N-glycosylation constrained by
spatial accessibility,31−33 but itself does not account for the
additional high amount of tri- and tetra-antennary structures
that are authentic of PTPRAWT. The conversion of a majority of
high-mannose-type to complex-type structures and yet mostly
not extended beyond the addition of first GlcNAc suggests that
the processing of N-glycans is significantly impeded not at the
early stage in the Golgi but later on, presumably after the
trimming of mannoses, adding of antennary GlcNAc, and
initiation of O-glycans.

Figure 3. Identification of PTPRAWT glycopeptides carrying both N- and O-glycans. (A) In addition to carrying only an N-glycan of the composition
HexNAc4Hex3Fuc1 (gray, peak no. 1a), at least four other minor glycoforms (see inset for a magnified view) were identified for the same N17-
containing peptide backbone, LINSSTAEPVKEEAK, derived from PTPRAWT digested by trypsin and OpeRATOR. Shown here are their respective
extracted ion chromatograms (XICs) with overall glycosyl compositions HexNAc5Hex3Fuc1 (red), HexNAc6Hex4Fuc1 (green), HexNAc7Hex4Fuc1
(orange), and HexNAc7Hex5Fuc1 (light blue), each resolved into several peaks. Among them, only the site-specific O-glycosylation patterns of peaks
annotated as no. 2, no. 3a, no. 3b, and no. 3c could be delineated by EThcD-MS2 (see Figure S2), with the supporting EThcD-MS2 spectrum for one of
them shown here in (B).
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While the overall O-glycomic profile of Expi-293F was
dominated by mono- and disialylated core 1 and 2 structures
(Figure 2A), the O-glycans released from PTPRAWT (Figure
2B) comprised a significantly higher amount of incompletely
galactosylated (HexNAc1-Hex1HexNacitol, m/z 779) and non-
sialylated (Hex1HexNAc1-Hex1HexNAcitol, m/z 983) core 2
structures. This indicates that a larger proportion of the O-
glycans carried on the PTPRA were prone to core 2 branching,
but their subsequent extension and sialylation were relatively
incomplete. In that respect, without the potentially crowding N-
glycans, the O-glycans on non-N-glycosylated PTPRA7NQ were
found to contain a higher proportion of mono- and disialylated
core 1 and 2 structures (Figure 2C), albeit not as high as
detected for the Expi293 cells. It can thus be concluded that the
occurrence of closely spaced N- and O-glycans is likely to have
mutually exerted steric hindrance effects, leading to an obvious
inhibition of the downstream glycosylation events such as
further galactosylation and sialylation. Our subsequent analyses
at the glycopeptide level further showed that the entire
ectodomain is densely O-glycosylated, which is reflective of its
initial accessibility to efficient O-glycosylation.
Identification of N- and O-Glycosylation Sites on PTPRAWT
Initial tryptic digests of PTPRAWT only afforded a limited
sequence coverage (24%) of the ectodomain of PTPRA,
whereby a majority of confidently identified glycopeptides
were contributed by cleavages at the first two N-terminal tryptic
sites. Among the many contributing factors was a genuine lack of
tryptic sites suitably located within the internal Ser/Thr-rich
sequences, many of which were likely to be O-glycosylated.
Additional use of GluC and OpeRATOR significantly increased
the mapped sequence coverage to 66 and 89%, respectively.
Since OpeRATOR was meant to cleave only at O-glycosylated
Ser/Thr, the results provided the first evidence that many of the
Ser/Thr at the N-termini of the resulting glycopeptides were O-
glycosylated. However, due to the often-incomplete cleavages,
the O-glycans may also be found at the internal sites and not
necessarily only at the N-terminal Ser/Thr of the resulting

peptides. Additional EThcD MS2 to complement the peptide
backbone identification by HCD MS2 is therefore still required
to determine the site-specific distribution.

It is clear from further manual validation of the EThcD MS2

data that many of the identified peptides including the first two
N-terminal tryptic peptides were not only N-glycosylated but
also variably O-glycosylated. Based on the conserved fucosylated
trimannosyl core structure, additional HexNAc and Hex could
either be assigned as non-galactosylated GlcNAc or Gal-GlcNAc
extension on the antennae of N-glycans, or as additional O-
glycans. In the case of N49-containing glycopeptides, for
example, two N-glycosylated peptides with the same peptide
backbone but carrying different glycosyl compositions could be
identified by HCD MS2 and detected as two separately eluting
peaks (Figure S1A, B). Although the entire HexNAc6Hex4,5Fuc1
could be attributed to N-glycan at N49, it is equally likely that
one or more of the Hex and HexNAc residues came from an O-
glycan. This ambiguity could only be resolved if critical EThcD
MS2 cleavage ions can be detected, aided by a distinctive elution
pattern. Notably, it was found that for the same N-glycosylated
peptide backbone, each additional presence of O-glycan at
distinct sites would contribute to an earlier elution time more
significantly than having an additional Hex or/and HexNAc
residue on the glycan itself, as shown in Figure 3.

In this case, the peptide LINSSTAEPVKEEAK with only an
N-glycan, HexNAc4Hex3Fuc1, was found to elute at around 15
min (peak no. 1a), while the same N-glycosylated peptide with
an additional O-glycan eluted at around 14 min (peak no. 2) and
that with two O-glycans eluted at around 11.5−13 min (peaks
no. 3a−c, see Figure 3B and S2 for supporting EThcD MS2

spectra). This characteristic feature is very useful in deducing the
likely N- and O-glycoforms, especially when the EThcD MS2

data, or the lack of it, failed to resolve the site localization
ambiguity. The earlier eluting, non-identified peak no. 1b could
thus be rationalized as the same peptide carrying an extra O-
GalNAc besides a HexNAc3Hex3Fuc1 N-glycan for it to be
resolved and distinguished from the later eluting isomeric

Figure 4. Identified and localized glycans on the ectodomain of PTPRAWT. Data were generated from concerted analyses of PTPRAWT glycopeptides
derived from a combination of PNGase F, sialidase, trypsin, GluC, and/or O-glycoprotease digests. Only those site-specific O-glycosylations that are
supported by EThcD-MS2 are annotated. The ± sign indicates that O-glycan structures with and without the extra glycosyl residue were both
identified. M5-9 refers to high mannose structures Man5‑9GlcNAc2. Additional glycosylation identified by HCD-MS2 analysis but not further
delineated nor localized to specific sites were excluded from this overall composite picture. Full listing of the identified glycopeptides is provided in
Table S1.
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glycoforms (peak no. 1a) carrying only a HexNAc4Hex3Fuc1 N-
glycan. Similarly, the peptide eluted at 13 min (peak no. 3a)
could be assigned as most likely carrying two extra O-glycans, a
single HexNAc and a Hex-HexNAc, in addition to the
HexNAc4Hex3Fuc1 N-glycan, despite not producing sufficiently
discriminating EThcD MS2 data (Figure S2B) to define their
site-specific distribution. In total, a combination of trypsin,
GluC, and OpeRATOR digestions led to the confident
assignment of 5 N-glycosylated Asn sites and at least 26 O-
glycosylated Ser/Thr on the ectodomain (Figure 4 and Table
S1).
Additional O-Glycosylation Identified upon
de-N-glycosylation and Desialylation

To avoid a biased sampling of the resulting glycopeptides due to
their carrying a bulky N-glycans that adversely affected the MS
ionization and detection efficiency, PNGase F was employed to
remove the N-glycans from the glycopeptides, but this
additional step did not contribute significantly to additional
glycopeptides being positively identified. Only 2 O-glycosyla-
tion sites (Thr5 and Ser19) were additionally identified with

core 2 O-glycans, when the N-glycans were first removed
(Figure 4 and Table S1). However, when coupled with
additional sialidase treatment (PTPRAWT+NF+S), it allowed the
two remaining N-glycosylated sites, N61 and N67, to be
identified on the same de-N-glycosylated, desialylated peptide
by virtue of detecting a deamidated Asp instead of Asn at both
the N61 and N67 sequons (Figure S1C).

To prevent sialylation on the O-glycans from hindering
efficient cleavages of OpeRATOR, PTPRAWT was also treated
with sialidase before OpeRATOR digestion. This successfully
led to a few additional glycopeptides being detected. It could be
reasonably inferred that the O-glycans at the N-termini of newly
produced glycopeptides were originally sialylated and thus not
susceptible to OpeRATOR. In all, 5 additional O-glycosylation
sites (Thr45, Ser83, Ser107, Thr108, and Ser119) were
identified, and 6 sites (Ser41, Thr51, Thr75, Thr95, Thr112,
and Ser119) were found to additionally carry truncated core 2
O-glycans (Hex1HexNAc2) (Figure 4 and Table S1), implying
that sialylation may render them less amenable to detection and
hence underestimated. Strikingly, core 2 O-glycans could be
identified on Thr115 and Ser119 only when these residues were

Figure 5. Glycosylation analyses of full-length PTPRA. Western blot analysis of endogenous PTPRA (A) and PTPRAFL‑WT (B) overexpressed in
HEK293 cells and immunoprecipitated by anti-PTPRA antibody revealed two gel bands for both PNGase F-treated and non-treated samples, as
indicated by arrows. Only the upper band from PTPRAFL‑WT and that from PTPRAFL‑7NQ overexpressing HEK293 cells could be surface-labeled by
sulfo-NHS-Biotin and pulled down by streptavidin (C). Non-captured and captured proteins were recovered in the supernatant (lanes 4−6) and
eluted (lanes 7−9) fractions, respectively. Control cells were transfected with an empty vector. * indicates protein band from non-specific binding. The
two gel bands similarly produced by PTPRAFL with YFP tag (PTPRAFL‑YFP) were excised and digested with trypsin, ±sialidase, and OpeRATOR for
glycopeptide analysis (D−F). Samples from the upper band yielded more glycopeptides carrying additional O-glycans, as indicated by XIC plots for the
peptide TSNPTSSL with a range O-glycans (D), and the peptide LINSSTAEPVKEEAK with an overall N4H3F1 composition (E). The ion intensities
of the latter peptide carrying different overall glycan compositions relative to that with a single M5 N-glycan (intensity set as 1.0), as identified in
samples derived from the upper and lower bands, are shown in (F). F, Fuc; H, Hex; M, Man; N, HexNAc.
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not located at the N-termini (Figure S3), suggesting that
OpeRATOR failed to cleave at the core 2 O-glycosylated Ser/
Thr even when non-sialylated, consistent with the specificity
preference of the enzyme reported by a previous study.29

Combining the various enzyme digestion and glycopeptide
identification results, it can be concluded that the ectodomain of
PTPRA was N-glycosylated at all 7 sites, accompanied by closely
packed O-glycosylated sites, at least 31 of which (out of a total
43 Ser/Thr) could be confidently verified (Figure 4 and Table
S1).

Interestingly, some of the identified O-glycosylated Ser
actually corresponded to the Ser of the Asn-Xxx-Ser/Thr
sequon, providing solid evidence for such a rarely reported
occurrence34 (Figure 3B). Within the first two tryptic N-
glycopeptides, we found that the Ser or Thr proximal to the N-
glycosylated Asn were O-glycosylated by a single GalNAc (Tn)
or Gal-GalNAc (core 1 O-glycan), while those further away were
occupied by more sialylated and/or core 2 O-glycans (Figure 4
and Table S1). This indicates that further elaboration of the O-
glycans was somewhat hindered by the bulky N-glycan nearby.
Other than that, there is no apparent site-specificity preference
detected for any of the glycans identified on each site. To see if
preventing N-glycosylation by N → Q mutation may favor the
expression of more elaborated O-glycans, PTPRA7NQ was
similarly digested and analyzed using the same analytical
workflow. Indeed, many of the same peptide backbones were

identified as carrying more core 1 O-glycans, with also an overall
higher degree of sialylation detected (see Figure S4 for the first
tryptic peptide). Collectively, the emerging picture is largely
consistent with the profiles of released N- and O-glycans (Figure
2). However, it is also apparent that highly complex, extended
and sialylated glycans are not well represented on the identified
glycopeptides partly due to their less favorable MS response but
also due to their low abundance in the first instance.
Characterization of Glycans Attached to the Full-Length
PTPRA Expressed in HEK293 Cells

Previous studies have shown that recombinant full-length
PTPRA produced in COS-1 cells,14 N202.1A cells,35 and
HEK 293 cells36 would run as two distinct gel bands on SDS-
PAGE. This was recapitulated by our own Western blot analysis
of both endogenous and overexpressed PTPRAFL‑WT in
HEK293T cells (Figure 5A,B). PNGaseF treatment significantly
shifted the lower band at ∼105 kDa to around the theoretical
molecular weight (∼90 kDa) for both samples but only
marginally shifted the upper band at ∼150 kDa. Since the
non-N-glycosylated PTPRAFL‑7NQ similarly produced two
bands, with the upper band running at significantly lower
position (∼135 kDa) than that of PTPRAFL‑WT (Figure 5C, left
panel), it could be concluded that both upper and lower bands of
PTPRAFL‑WT were N-glycosylated but only the N-glycans from
the lower band form could be removed efficiently. When the

Figure 6. Conformation and structural dynamics of PTPRA ectodomain. The raw SAXS profiles (A) of PTPRAWT (orange) and PTPRAST2A (green),
with the Guinier approximation for Rg estimations and the residuals of the linear fitting results shown in the inset, pair-wise distance distribution, P(r),
shown in (B), and superposition of DAMMIF39 bead models in (C). The surface representation of the most representative DAMMIF model for
PTPRAWT (D, left) was additionally shown in semitransparent volume, low-pass filtered to 2.5 nm by ChimeraX,40 and overlaid with its atomic model
(D, right). The protein elements of Fc, linker, and ECD are low-pass filtered to a resolution of 0.8 nm by ChimeraX and colored in lime, pink and white,
respectively. The ensemble structures of N- and O-glycans are shown in sticks and colored in blue and gold, respectively, with the positions of
individual N-glycosylation sites indicated. Each ensemble consists of 20 structures derived from the trajectories of fully atomistic molecular dynamics
simulations within the GlycoSHIELD repository.41 Representative snapshots of HS-AFM trajectories of PTPRAWT at the indicated time points (E) are
interpreted as adopting fully closed, open or elongated domain organizations as illustrated by the cartoon drawings, with the putative positions of Fc
and ECDs indicated and the SAXS-derived molecule envelope placed next to the fully open form. The corresponding HS-AFM trajectory snapshots of
PTPRAST2A are shown in Figure S11E. The cumulative counts of Rs derived from five independent trajectories of PTPRAWT (orange) and PTPRAST2A
(green) are shown in (F). It defines the maximum separation between any pair of pixels within the single molecules, equivalent to the Dmax values
derived from SAXS analyses (B).
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cell-surface localized PTPRA was labeled by the Sulfo-NHS-
Biotin and then pulled down by Streptavidin resins, it was found
that only the upper band forms of both PTPRAFL‑WT and
PTPRAFL‑7NQ were captured and therefore recovered mostly in
the eluates, whereas the lower band forms were lost to the
supernatant (Figure 5C). These findings indicate that
preventing N-glycosylation by 7NQ mutation did not affect
the cell surface expression level of PTPRAFL nor its segregation
into two distinct forms.

To better define the glycosylation pattern contributing to the
size differences between the two forms, we constructed the full-
length PTPRA with the TST or YFP tag to increase the protein
yield. It was found that both PTPRAFL‑YFP and PTPRAFL‑TST
were similarly separated into two gel bands, and those of
PTPRAFL‑YFP were subjected to in-gel digestion and analyzed by
the same workflow (Figure 1) applied to PTPRAWT. While not
completely devoid of O-glycans, the smaller size form yielded far
less O-glycosylated peptides, most of them carrying a single non-
extended O-GalNAc (Figure 5D,E, with supporting EThcD MS2

for peaks no. 1−3 in Figure S6). Taking the second tryptic N-
glycopeptide for example and normalized to the peptides N-
glycosylated with Man5 (Figure 5F), more peptides carrying
complex type N-glycans and/or O-glycans were identified in the
upper bands while more of those with only high mannose type
N-glycans were found in the lower bands. This was further
corroborated by the MS profiles of the released glycans, which
also showed that more complex type relative to high-mannose-
type N-glycans were carried on the larger form of PTPRA in the
upper band (Figure S7). Strikingly, a full range of core 1 and 2 O-
glycans was detected only in the glycan pools released from the
upper but not the lower band form. The overall glycosylation
profile of the cell surface-expressed, larger form of full-length
PTPRA, therefore, resembled that of the PTPRAWT-Fc
constructs (Figure 2B), whereas the immature smaller size
form was severely deficient in O-glycosylation.
Constructing the Fully Glycosylated PTPRAWT Structure

By using size exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS), we were able to tease out
the molecular weight contributions of the glycans to the overall
molecular weight estimates of PTPRAs based on the integrated
UV absorption, refractive index, and static light scattering
signals37 (Fig S8). The results showed that the glycans
contributed 65.7 ± 0.4 and 3.1 ± 0.7 kDa to PTPRAWT and
PTPRAST2A, respectively. The notably smaller contribution of
glycosylation to PTPRAST2A is consistent with the ST → A
mutations that prevented all N- and O-glycosylation of the
ectodomain, leaving only the Fc module to be glycosylated.
Based on the released glycan profiles and full occupancy of the 7
N-glycosylation sites, it can be further estimated that the O-
glycans made up about 60% of the glycan size, to be distributed
over at least 31 Ser/Thr sites on the PTPRA ectodomain and
three additional sites on the linker identified as O-glycosylated in
this work (Figure S9). These experimentally derived structural
determinants then allowed a best-fit glycosylated model of
PTPRAWT to be built for conformational studies (Figure S10).
Flexible and Dynamic Structure of PTPRAWT Ectodomain by
SAXS and HS-AFM

The highly glycosylated disordered structure of PTPRAWT is not
amenable to most conventional methods for protein structural
studies other than SAXS, which is well-suited to characterize the
ensemble structures of highly dynamic biomolecules in
solution.38 The synchrotron-based SAXS data of Fc-fused

PTPRAWT ectodomain showed a radius of gyration (Rg) of
8.34 ± 0.03 nm based on Guinier approximation (inset of Figure
6A). Transformation of the raw SAXS profile into the pair-wise
distance distribution, P(r) showed one prominent peak centered
around 5 nm accompanied by a very broad peak centered around
10 nm and extended to a maximum dimension,Dmax, of 35.3 nm
(Figure 6B, orange). In contrast, the SAXS profile of the variant
of Fc-fused PTPRAST2A ectodomain of which all Ser and Thr
within the ectodomain were replaced by Ala translated into a
much small Rg value, 5.28 ± 0.04 nm. Accordingly, the P(r)
profile of PTPRAST2A showed a much narrower distribution with
aDmax of 23.8 nm and a peak at 5 nm that is also present in that of
PTPRAWT (Figure 6B). The corresponding Kratky plot (Figure
S11A) also indicates a higher structural flexibility of the
ectodmain of PTPRAWT relative to that of PTPRAST2A. The
same SAXS analysis was carried out for Fc-fused PTPRA7NQ
ectodomain, and the corresponding Rg and Dmax values were
comparable to that of Fc-fused PTPRAWT ectodomain.
Importantly, the overall molecular envelope of Fc-fused
PTPRA7NQ ectodomain was very similar to that of Fc-fused
PTPRAWT ectodomain, indicating that the extended ectodo-
main structure is primarily attributed to the O-glycosylation
while the seven N-glycans make limited contributions to the
overall solution structure of the ectodomain (Figure S11B,C).

Ab initio modeling of the molecular envelope of both
PTPRAWT and PTPRA7NQ showed a broad distribution of
arm-like structures with a common globular domain structure
that held the two flexible arms together (Figure 6C, left and
S11D). The superposition of the bead-like models suggests that
the two ectodomains are loosely tethered to the compact Fc to
occupy a broad conformational space in solution. In contrast, the
same procedure consistently yielded a cocoon-like compact
structure for PTPRAST2A, indicating that the removal of both the
N- and O-glycans would lead to the two ectodomains forming a
compact structure with the Fc domain (Figure 6C, right). We
next chose the most representative ab initio model of PTPRAWT
out of 100 permissible solutions to best fit the molecular
envelope accounting for the volume exclusion conferred by
PTPRAWT (Figure 6D, left). An ensemble of structures taken
from a trajectory of fully atomistic molecular dynamics
simulation for each selected N- or O-glycan (as defined in
Figure S10) was generated and attached to the respective amino
acid side chain using the previously described protocol, known
as GlycoSHIELD.41 The resulting atomic model clearly shows
that the N- and O-glycans constitute a major part of the
extended arms of PTPRAWT (Figure 6D, right).

To monitor for dynamic conformational changes in fully
hydrated states at a single molecule level on a sub-second
timescale, HS-AFM was additionally performed at a comparable
resolution to that of SAXS, with the advantage that the HS-AFM
images directly reveal the molecular structures without the need
for additional data processing and inference.42 Several
trajectories of PTPRAWT and PTPRAST2A were successfully
collected based on which several important attributes, including
Rs (Figure 6F), Rg,d, and Rs,main (Figure S11B,D) could be
derived. It is reassuring that the SAXS-derived molecular
envelops of both PTPRAWT and PTPRAST2A could find
equivalent snapshots from the HS-AFM trajectories with
matching sizes and shapes (Figures 6E and S11E), thereby
confirming the validity of the atomic model based on SAXS and
MS.
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■ DISCUSSION
It is apparent that the range of N- and O-glycans carried on the
PTPRA-Fc differ significantly from the overall glycomic profile
of the host cells. A more extensive trimming into Man5 from
Man9, followed by efficient initiation of antennary GlcNAc and
O-GalNAc, is consistent with its rather disordered conformation
not imposing any accessibility issue for the required
glycosyltransferases and glycosidases. However, most of the N-
glycans were then not further galactosylated, and the O-glycans
were less elaborated. This argues that further downstream
processing was impeded, which can best be rationalized by the
crowding effect imposed by the densely spaced O-GalNAc
glycans. Such a PTPRA ectodomain-specific glycosylation
pattern applies to both the secreted Fc-constructs and full-
length transmembrane forms (Figures 2B and S7A). It is
nonetheless possible that if and when under certain
pathophysiological conditions, any of the O-GalNAc initiating
enzymes (GALNTs) are downregulated, or downstream
processing glycosyltransferases are significantly upregulated, a
higher proportion of multi-sialylated, multi-antennary complex
type N-glycans, or fully sialylated core 2 O-glycans would be
formed. A recent work has shown that overexpression of the
branching enzyme mgat5 could produce more six-arm branching
on the N-glycans carried, leading to altered interactions with
underlying ECM.43 In another study,44 it was found that a small
set of targets involved in cell−cell adhesion could be specifically
glycosylated by increased expression of GALNT6 in colon
cancer. Among the 20 human GALNTs, GALNT1 and T2 are
ubiquitously expressed, whereas other GALNTs have more
restricted and specific expression profiles.45 Since each of the
GALNTs has subtle substrate specificity46 with respect to the
acceptor peptide sequence and requirement for prior addition of
GalNAc at nearby site(s), a different permutation of expressed
GALNTs at different levels would likely contribute to a different
combination of sites being occupied and the extent of further
elongation beyond the first GalNAc. HEK293 is known to
additionally express GALNT7 and GALNT11 at significant
levels and several other GALNTs at varying lower levels, with an
overall pattern that differs from those of various carcinomas.47

However, since a majority of sites are likely to be O-glycosylated
by the ubiquitous GALNT1 and 2, the ectodomain of PTPRA
would most likely remain heavily O-glycosylated irrespective of
its origin.

It is intriguing that during the biosynthesis, the O-
glycosylation process of full-length PTPRA should lead to two
distinct size populations. We found that only the fully O-
glycosylated glycoforms are expressed on the cell surface, a
process that does not require N-glycosylation and can be
recapitulated by the 7NQ form. This O-glycosylation-depend-
ent size segregation became less apparent when the ectodomain
was conjugated to Fc and secreted, suggesting that it was at least
partly contributed by the ER/Golgi-membrane retention and/or
cytoplasmic domains. The unexpected identification of the
signal peptide of PTPRA from the digests of the lower but not
the upper band supports the idea that the former comprised
mostly immature forms14 resulting from being impeded in their
release from ER and transit through Golgi, hence affecting their
chances of being fully O-glycosylated. Previous work on the
Gp160 of HIV similarly showed that precursors retaining the
signal peptide were associated with a prolonged folding process
and low release or failed exit from the ER.48,49 The disordered
stretch of 130 odd amino acid residues, with or without the

addition of N-glycans on seven sites, may conceivably get
entangled in the ER and dragged along by its bulky cytoplasmic
domains instead of timely cleavage of signal peptide and release
into Golgi. Although the mature forms did carry more complex
type N-glycans, it is more a consequence of translocation
through Golgi rather than a requirement per se since the fully O-
glycosylated but non-N-glycosylated 7NQ form could reach the
plasma membrane for stable cell surface expression. On the
other hand, it has been reported before that deficiency in O-
GalNAc glycosylation of transmembrane MUC1 would enhance
endocytic trafficking and degradation,50 thus reducing its overall
surface expression. This may also contribute to the smaller size
PTPRA population containing more of the glycoforms with very
low levels or no O-glycans and hence not stably expressed on the
cell surface.

Irrespective of the underlying mechanism, our findings firmly
establish that the surface-expressed, mature form of functional
PTPRA is one that is densely N- and O-glycosylated.
Interestingly, our structural studies conducted in a soluble
environment to maintain the native protein structure and
subsequent molecular modeling show that the glycosylation
apparently shields and dynamically shapes the otherwise
disordered ectodomain. Unlike the well-known “bottle brush”
conformation adopted by a typical mucin domain,51 we found
that the PTPRAWT ectodomain is more flexible and dynamic
rather than persistently linear. Compared to the tandem repeat
sequence of MUC1 (HGVTSAPDTRPAPGSTAPPA) that
contains 5 Ser/Thr and 5 Pro per 20 residues, there are 43
Ser/Thr and 12 Pro among the first 122 residues of the PTPRA
ectodomain. The density of Ser/Thr is, therefore, slightly higher
but with much less occurrence of Pro, which may partly
contribute to the structural difference observed. The overall size,
as defined by the radius of gyration (Rg) and the maximum
dimension (Dmax), as well as the degree of flexibility, are also
significantly larger than the compact and more rigid PTPRAST2A.
With two ectodomains tethered together by the Fc, the two arms
of PTPRAWT would cycle through various fully open, close, and
elongated conformations under HS-AFM (Figure 6E), while the
most representative model from SAXS data favors a fully open Y
shape (Figure 6D).

This overall structural view implies that the ectodomain of
PTPRA is like a floppy tentacle protruding from the plasma
membrane and may be flexible enough to keep it mostly
dissociated from one another. The presence of heavily negatively
charged glycans favors monomerization of PTPRA on the cell
surface, in line with a previously proposed model that suggests
the monomer rather than the dimer of PTPRA being the active
form.52,53 It has been reported that the catalytic D1 domain of
PTPRA can be auto-inhibited by the plasma membrane-distal
D2 domain, thus keeping PTPRA in low activity at the resting
state,54 not causing unwarranted tyrosine dephosphorylation of
its substrates. The densely glycosylated ectodomain provides an
excellent means for PTPRA to float and move freely on the cell
surface, where receptor and non-receptor tyrosine kinases are
located nearby. As soon as a stimulus activates receptor tyrosine
kinases, the Tyr789 residue located in the C-terminal tail of
PTPRA is rapidly phosphorylated, leading to the recruitment of
an intracellular adaptor with an SH2 domain. Complex
formation between this SH2 domain-containing adaptor and
the Tyr789 phosphorylated PTPRA would relieve the auto-
inhibitory conformation, allowing the open conformation of D1
domain to dephosphorylate its substrates efficiently. Our
findings suggest that the heavily glycosylated ectodomain may
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augment or facilitate this surveillance and regulatory functions of
PTPRA by fastening it to the plasma membrane and thereby
keeping it in close proximity with myriad receptors.

■ MATERIALS AND METHODS
All materials and methods used including cloning, expression and
purification of various PTPRA constructs, their digestion into
glycopeptides, the release of glycans, sialidase treatment, MALDI and
LC−MS/MS analyses, biophysical characterization, and SAXS, HS-
AFM, and molecular modeling of intact proteins are described in full
detail in the Supporting Information.
MS/MS Data Analysis
The raw file was processed by Byonic v4.0.12. The parameters were set
as below: specific cleavage at Arg/Lys for trypsin, Asp/Glu for GluC,
and Ser/Thr for O-protease; allowing up to two missed cleavages for
trypsin and/or GluC digestion and five for O-protease; peptide ion
tolerance at 5 ppm and fragment ion tolerance at 10 ppm; fixed cysteine
carbamidomethylation at Cys, variable deamidation at Asn or Gln, and
variable oxidation at Met. For samples treated with PNGase F,
deamidation was set as a variable modification at Asn. The MS/MS data
sets were searched against the default glycan database(s) (“N-glycan
182 human no multiple fucose” for N-glycan and “O-glycan 6 most
common” for O-glycan).

The non-filtered Byonic search results at protein FDR 1% were
output as Excel files for further manual data mining. First, the HCD-
MS2 peptide spectrum matches (PSMs) were filtered by score > 200
and PEP2D < 0.001, as the cutoff criteria for them to be considered as
positive HCD-MS2 PSMs. These were paired with their corresponding
EThcD-MS2 PSMs triggered within five scan numbers for the same
precursor. The rest of EThcD-MS2 PSMs without accompanying
positive HCD-MS2 PSMs were then similarly filtered by score > 200
and PEP2D < 0.001. All positive MS2 PSMs were manually checked,
with at least three matching fragment ions to be considered a true
identification, and the relevant site-determining EThcD-MS2 ions to
support O-glycosylation site localization. The glycopeptides identified
by HCD-MS2 and EThcD-MS2 PSMs within five scan numbers were
defined as the same glycopeptides if sharing the same precursor mass
and peptide sequence. If the peptide sequence was different, the
EThcD-MS2 PSMs would be considered as identifying independent
glycopeptides, which would therefore not be paired with the HCD-MS2

PSM and need to pass the cutoff criteria applied. Any different glycosyl
assignment for the same peptide sequence was defined as the same
glycopeptides with different glycoforms.
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