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Abstract

Post-translational modifications (PTMs) drive the diversity of the proteome and broadly regulate
protein function. Interplay between different types of PTMs further enables tight and dynamic
fine-tuning of molecular functions. O-glycosylation on serine, threonine, and tyrosine residues is a
major PTM with diverse roles in development, differentiation, pathogenesis, and proteolytic
processing. Other examples of cross-talk between PTMs also exists, such as PSGL-1, where the
combined presence of N-terminal sulfotyrosines and O-glycans is pivotal for selectin binding. A
handful of other related examples of O-glycans and sulfotyrosine co-localization has been
described but it is not yet recognized as a general regulatory phenomenon. In this review, we
highlight the emerging global pattern of co-localization of cell-surface and extracellular
sulfotyrosines with O-glycans, which we term ‘multi-motif” interactions, from a wide range of
protein classes. We also discuss the barriers, and existing and future tools needed to dissect the
biological impact and biomedical potential.
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Introduction

Glycans are involved in a broad spectrum of biological functions driven by their
physiochemical properties. Glycans can be specifically recognized by a vast collection of
proteins, including enzymes, antibodies, and lectins collectively termed Glycan-binding
proteins (GBPs). Glycoproteins may have one or more glycans and some glycans, such as
glycosaminoglycans, are exceptionally long polysaccharides. Conceptually, the simplest
interaction is monovalent between a carbohydrate binding domain and a single glycan.
However, biological interactions are often much more complex, for example due to glycan
multivalency and avidity effects caused by interactions with other domains of the
glycoprotein and the GBP (1). Glycans can also play important functional roles more
indirectly, i.e. by affecting protein structure or other interactions, as observed for N-
glycosylation in affecting protein folding, and as observed for GaINAc type O-glycosylation
(hereafter O-glycosylation) in affecting proteolytic cleavage or dimerization (2). Glycans
may also occupy acceptor sites otherwise utilized by other functional groups, as in O-
GIcNAc and phosphorylation of serine and threonine (3). Here we summarize the growing
amount of evidence that O-glycosylation is often co-localized with tyrosine sulfation in
functionally important protein domains and regions, and such multi-motif interactions may
serve as co-regulatory PTMs in promoting binding of GBPs.

O-glycosylation and tyrosine sulfation- important post-translational modifications (PTMs)

Sulfation of tyrosine occurs in the Golgi (Figure 1) and is directed by two protein-tyrosine
sulfotransferases (TPST1/TPST2), each with different specificities and expression patterns
(4). The TPSTs are believed to preferentially act on protein substrates possessing contiguous
stretches of residues containing Glu/Asp clustered around tyrosines, although no consensus
sequence has been determined to date. Sulfation is heterogeneous and there is no evidence of
regulated dynamic hydrolysis of sulfotyrosines by human enzymes, although bacterial
sulfatases are known (5) and tyrosine sulfation may also hydrolyze spontaneously under low
pH. Tyrosine sulfation affects many biological functions including: host-pathogen
interactions (6), proteolytic processing (7), and ligand binding (8). Proteins which recognize
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phosphotyrosine do not recognize sulfotyrosines, due to differences in charge, binding
geometry and size (9). Likewise, antibodies raised against sulfotyrosines do not recognize
phosphotyrosine (10). Computational simulations have also suggested that electrostatic
potentials for sulfotyrosine are very different in comparison with phosphotyrosine (11). /n
toto, these reports suggest that sulfotyrosine-containing proteins would most likely have
unique natural binding partners, different from phosphotyrosine containing proteins.

Currently, 487 proteins from all organisms in the UniProt database (12) have been annotated
to contain sulfotyrosines (Figure 2). Among them, 54 human proteins are identified with 32
proteins having direct publications linked to them. Interestingly, these 32 proteins are found
to be localized either on the cell membrane or are secreted extracellularly. Additionally, the
majority of these proteins are involved in important molecular functions of signaling (e.g.
receptor, transducer, GPCR) or enzyme activity (e.g. protease, serine protease, hydrolase).
These proteins also play vital roles in a number of biological processes, including cell
adhesion, hormones, hemostasis, host-pathogen/virus interactions, inflammation and
immunity.

O-glycosylation is initiated in the Golgi by up to 20 different polypeptide GalNAc-
transferases (GalNAc-Ts), which add a GalNAc residue to the hydroxyl group of a serine,
threonine or, less often, tyrosine (possibly competing with the TPSTS) in the protein
backbone (13). The structures of O-glycans are built in a step-wise process and can be
remodeled throughout the Golgi and trans Golgi network (TGN) during trafficking by a
complex orchestration of specific glycosyltransferases and chaperones. There are eight
different O-glycan core structures, with the most common one being core-1 (Galp1-
3GalNAC) also named the T-antigen. Core-1 to —4 can be extended into complex O-glycans,
which can carry specific antigens such as ABO or Lewis structures (14). A major functional
attribute of O-glycans are their diverse structures and dynamic terminal capping by a variety
of monosaccharides, including sialic acids, through sialylation by up to 20 sialyltransferases;
desialylation can also be driven by membrane bound and secreted neuraminidases (Neul-4)
in different cellular compartments (15). Sialyl Lewis X is an example of an important
functional terminal structure, critical in normal lymphocyte activity as noted below.

P-Selectin Glycoprotein Ligand-1 (PSGL-1)

A well-characterized example of the multi-motif interaction involving O-glycosylation and
tyrosine sulfation is that of PSGL-1. PSGL-1 is an adhesion receptor with a central
regulatory role in immune cell trafficking (16) and is crucial for facilitating rolling of
circulating leukocytes on blood vessels, platelets and endothelial cells. PSGL-1 is known to
bind all selectins, although with highest affinity to P-selectin. The binding domain of
PSGL-1 for P- and L-selectin is located in the N-terminus and selectin binding is dependent
on the presence of a core 2 O-glycan carrying the fucosylated and sialylated epitope termed
sialyl Lewis x (sLeX) on residue threonine 57 (Thr57). The expression of sLe* is dependent
on a specific set of enzymes, which are constitutively expressed in neutrophils and many
granulocytes, and also expressed in T cells upon appropriate stimuli, ensuring that only
PSGL-1 on activated leukocytes can be bound by P-selectin. The relative positioning of
sulfotyrosines and O-glycans is critical for interactions with P- and L-selectin, as
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demonstrated by synthetic glycopeptides in which the sLeX-containing O-glycan was moved
to another site at Thr44, thereby abolishing interactions with P-selectin. Such results
illustrate the importance of the position of the glycan relative to important sulfated tyrosine
residues on Tyr46, 48 and 51 and other peptide determinants (17,18) (Figure 3). Several
studies have also reported that PSGL-1 is capable of binding chemokines, including CCL19,
CCL21 and CCL27, and that this binding is required for optimal T-cell trafficking (19);
interesting, PSGL-1 and the CC chemokine receptor 7 (CCR7) have overlapping binding
sites for CCL19 (20). In contrast to P-selectin binding, chemokines appear to only bind
PSGL-1 on resting and not activated T-cells, potentially due to differences in glycan
structures on PSGL-1 on different T-cell subsets. It is currently not known how individual
sulfation sites on PSLG-1 can affect chemokine binding and how these are affected by
varying glycan structures, but this creates the exciting possibility that the glycosylation on
Thr44 of PSGL-1 regulates more than one biological function.

Endoglycan, also known as Podocalyxin-like protein 2, is part of the CD34 family and is
expressed in vascular epithelium, smooth muscle cells, and hematopoietic precursor cells
(21). It is extensively O-glycosylated, has several N-glycosylation motifs and contains Ser-
linked chondroitin sulfate. Unlike the other family members, endoglycan, in some similarity
to PSGL-1, also has an acidic N-terminal domain carrying two tyrosine sulfation sites at
position Tyr97 and Tyr118 and one O-glycosylation site at Thr124. Endoglycan is a known
L-selectin ligand and the binding is dependent on the PTMs (22) with sTyr118 being more
critical than sTyr 97 (23). Interestingly, endoglycan has also been suggested to be a P- and
E- selectin ligand and may be an important ligand on memory and germinal center B-cells
for vascular selectins (24). However, P-selectin binds with considerably higher affinity to
PSGL-1 based glycosulfopeptides compared to endoglycan based homologs (23). The two
other CD34 family members, CD34 and Podocalyxin, do not show evidence of carrying
sulfotyrosine, but both are heavily O-glycosylated and all members have been suggested to
be able to bind chemokines, although to our knowledge this is yet to be confirmed
experimentally.

Chemokine receptors

The chemokine system is a central regulator of the immune system, controlling the
migration and positioning of immune cells in development, homeostasis, and inflammation
(25). The interaction between chemokines and chemokine receptors (CKRs) is traditionally
described via a two-step model in which the CKR N-terminus interacts with the chemokine,
followed by docking into the receptor binding pocket. Consequently, the N-terminal
domains of CKRs are indispensable for ligand binding and receptor function. There is a high
degree of promiscuity in the chemokine system with ligands, and receptors shared amongst
each other and differential tissue-specific expression of both chemokine and CKRs, further
add to this complexity. All CKRs contain multiple potential tyrosine sulfation sites in their
extracellular N-terminus, and several of these have been experimentally identified (reviewed
in (8)). Tyrosine sulfation of CKRs can enhance affinity for chemokine binding as shown for
several different CKRs (26—28). However, other studies have demonstrated that the effect of
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tyrosine sulfation can be chemokine specific, providing a basis for fine-tuning and biased
signaling (29-31).

Most CKRs, and especially the subfamily of CC chemokine receptors (CCRs), also contain
potential O-glycosylation sites in their extracellular N-terminus. For example, CCR5 which
contains four sialylated O-glycans in the N-terminus, which were shown to modulate
chemokine binding (32). Moreover, sialylation of CCR7 has inhibitory effects on CCL19
and CCL21 binding (33), while polysialylation on CCR?7 is crucial for CCL21 binding (29).
Recently, glycoproteomics approaches were used to identify 3 exact glycosylation sites in
CCRY from a T-cell line (CEM-T4), and a site in the N-terminus of CCR4 was also
identified (34). Taken together, these results indicate a clear emerging pattern of O-
glycosylation and tyrosine sulfation in the N-termini of all CCRs. Based on the few existing
studies, these patterns could potentially be a general regulatory mechanism for chemokine
binding/specificity and may represent an important missing clue to understanding the
regulation and apparent promiscuity of this system.

Pathogen encoded proteins

Pathogen encoded proteins, such as viral chemokine binding proteins (CKBP) or tick-
derived evasins provide additional clues that multi-motif interactions involving tyrosine
sulfation and glycosylation may play a general role in chemokine interactions. Several
virally encoded CKBP are known to be glycoproteins (35,36), but generally the
glycosylation sites and the effect of glycosylation are not known. Recent studies reported the
exact glycosylation sites of several different virus strains, revealing interesting patterns
comparable to the human CKR (37). The cytomegalovirus (CMV) CKRs US28 and UL78
were both observed to carry several N-terminal O-glycosylation sites and both likewise carry
N-terminal sulfotyrosines important for ligand binding (38). Similarly, several O-
glycosylation sites were detected in the CMV CKBP CL22a and these were in close
proximity to a known functionally important tyrosine sulfation site (39). Evasins are
produced and secreted by ticks, together with several other factors in order to modulate the
hosts” immune system, inhibit leukocyte recruitment, and prolong attachment (40). A
systematic analysis recently identified more than 250 putative evasins, and sequence
alignment revealed that they generally contain predicted tyrosine sulfation sites and N-
glycosylation sequons (41). O-glycosylation was not investigated, but several evasins carry
proline-, serine- and threonine-rich stretches predicted to be O-glycosylated. The thrombin
inhibitor Mandanin-1, also produced by ticks, exhibited a similar pattern with in which two
tyrosine residues at 32 and 35 are sulfated, along with the presence of O-glycans (42).
Although the positions of the glycosylation sites were not determined, close-by residues 40,
41, and 43 are all predicted to be O-glycosites using the NetOGlyc 4.0 server (43). Another
thrombin inhibitor Hirudin P6 produced by the leech Hirudinaria manillensis, contains both
sulfotyrosine and O-glycans (44). A recent study deconvoluted structural aspects of
thrombin inhibition and demonstrated that, whereas addition of O-glycans increases the
thrombin inhibitory activity compared to unmodified peptide, tyrosine sulfation exhibits
two-orders of magnitude increase in inhibitory activity; however, the addition of glycans to
the peptide with tyrosine sulfation did not lead to an improvement in activity (45). It is
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possible in such cases that the glycosylation plays an extrinsic role in the stability of the
peptide, rather than an intrinsic role of improving binding affinity.

Hemostasis System

The hemostatic system plays a critical role in preventing bleeding during injury, together
with the immune and inflammatory responses. It is not surprising therefore, that the
hemostatic system would be a part of the nexus tightly regulated by several PTMs. There is
strong evidence to suggest the presence of sulfotyrosines on a number of proteins in the
coagulation cascade and hemostasis pathway, e.g., coagulation factor V111 (46) (47), factor
IX (48), heparin cofactor 2 (49), alpha-2-antiplasmin (50) and fibrinogen gamma chain (51);
and in platelet proteins such as glycoprotein Ib alpha (GPIba) (52). Interestingly, many of
these proteins have binding partners which also have been shown to bind heparin; hence, the
interplay between heparin and sulfotyrosines interactions could be critical in several
hemostatic pathways. In particular, the interaction between GPIba and thrombin has been
shown via crystal structure and NMR studies to be heavily dependent on sulfotyrosine
residues binding to exosite 2 of thrombin (53), a site on thrombin also known to bind
heparin. GPlba has three sulfotyrosine sites clustered at Tyr292, Tyr294, and Tyr295, and
there is a known glycosylation site nearby at Thr308 (54). Yet structural studies often omit
examination of the role of glycans due to the intrinsic difficulty of studying large
glycoprotein structures. An earlier study had found “altered glycosylation” to have no effect
on thrombin and von Willebrand factor binding, however the change in glycosylation was
not sufficiently characterized (55). Additionally, binding of sulfotyrosine residues on
thrombin exerts an allosteric effect on the enzyme. A comprehensive glycoproteomics study
on human plasma, platelets and endothelial cells, revealed the exact glycosylation sites in
many central players of the hemostatic system (56) and observed co-localization with known
tyrosine sulfation sites in several examples.

Multi-PTM crossroads?

As presented in Figure 4, additional PTMs may also be present in the regions where O-
glycosylation and tyrosine sulfation co-localize. Extracellular phosphorylation on serines
and threonines is carried out by the Fam20 family of kinases (57) whereas extracellular
tyrosine sulfation can be catalysed by vertebrate lonesome kinase (VLK) (58) and several
examples of direct overlap - i.e. residues that can be either O-glycosylated or phosphorylated
- have been identified (2). The chemokine receptors generally have a conserved cysteine in
their N-termini, which forms a disulfide bridge with ECL3. N-glycosylation is also observed
in several examples as evident for Factor 1X and matifs exists in several CCR N-termini
especially in the CXCR family of chemokine receptors and in the tick-encoded evasins.
Proteolytic cleavage also occur in close proximity to glyco-sulfo multi-motif patterns in
several of these regions including in PSGL-1, which can be cleaved by neutrophil elastase
and cathepsin, abolishing P-selectin binding (59). Osteopontin is a particular complex
example and can be cleaved by multiple proteases at slightly different positions including
thrombin, metalloproteases, cathepsin and plasmin (60), Osteopontin is O-glycosylated and
tyrosine sulfated (61), but furthermore contains tyrosine/serine/threonine phosphorylation
(58,61) all within the same region. The snake venom metalloproteinase mocarhagin
generally recognizes sulfotyrosine and also has lectin activity (62). It is known to cleave
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PSGL-1(63) and several key glycoproteins in the hemostatic system (64). Collectively, these
observations point to even more complex regulation by the added layer of multiple PTMs,
and the potential combinatorial effect of these modifications exponentially increase the
number of possible proteoforms.

studying glyco-sulfo multi-motifs

Both sulfation and glycosylation are often difficult to define in terms of their positions and
structures. Tyrosine sulfates are labile by nature, have a small size, and acceptor site
heterogeneity. Differentiation between sulfotyrosine and phosphotyrosine required advanced
mass spectrometric (MS) techniques. O-glycosylation exhibits both macro- and
microheterogeneity and differs between individual cell types, tissues, and differentiation
states. Historically, sulfation of tyrosine has been studied by used of metabolic labelling
potentially combined with mutation of tyrosine to phenylalanine. More recently, an elegant
method was developed by use of an expanded genetic code and modified tRNA synthase to
incorporate tyrosine sulfation in specific residues in a bacterial system (65), and novel
inhibitors of the TPSTs may also aid our understanding (66). Synthetic sulfopeptides have
been applied to decipher the function of individual sulfation sites as well as in structural
studies (reviewed in (67)). Sulfopeptides are usually generated enzymatically by use of
recombinant TPSTs (68) or by /n vitro synthesis using protected tyrosine sulfate building
blocks (30). The latter has the advantage of accurate control of individual sites if the peptide
sequence encompasses multiple tyrosine acceptor sites. The size of the sulfoproteome is still
unknown, but has been estimated that up to 2% of the entire proteome may contain
sulfotyrosine, which is likely to expand as MS methods and sensitivity advances.
Enrichment of sulfopeptides has been accomplished with antibodies and titanium oxide
columns, and new approaches to distinguish between tyrosine sulfation and the nominally
isobaric tyrosine phosphorylation have also been developed by taking advantage of the
instability of sulfation during fragmentation (69).

Recent advances in genetic engineering and MS have accelerated studies in glycobiology.
An immense amount of information on localization of O-glycosylation sites is being
generated, driving the emergence of specific patterns and functions, and has improved our
ability to predict where sites are located (70). The ability to present proteins of interest in
engineered cell systems with defined glycosylation capacities by knockin, knockout (71) or
even tunable enzyme levels (72), are highly applicable tools. Yet, even these approaches do
not permit complete control on modifications of individual sites, either in terms of
occupancies or glycan structure. Synthetic glyco- and sulfopeptides have provided important
insights into molecular interactions and biological functions of individual residues and
modifications. Still, a relevant concern is whether secondary structures of such small
peptides reflect that of the full length proteins from which they are designed. Several
structures of sulfopeptides derived from chemokine receptors bound to different chemokines
have been published and the interface of the interactions generally corresponds well to what
is known from the full- length receptors. However, the orientation, at least in one case, was
incompatible with docking of the bound chemokine to the second binding site within the
second extracellular loop, although this could be explained by down-stream structural re-
arrangements (73). Several groups have used modified PSGL-1 peptides to decipher the role
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of both sulfation and glycosylation. The crystal structure of a glyco-sulfopeptide (GSP) in
complex with P-selectin revealed how the sulfated tyrosine at position 10 interacts with
neighboring leucines to facilitate salt bridge formation with residues in P-selectin (74)
(Figure 3). Other studies revealed the importance of individual tyrosines (18), and a
glycosylated and sulfonated PSGL-1 structure was shown to be similar to native PSGL-1 by
molecular dynamics simulation (75). Collectively, glyco- and sulfopeptides continue to be a
powerful tool and can be extended to include other modifications to accurately dissect the
roles of individual PTMs on single residues. Furthermore, such peptides can aid in
understanding the structural aspects of these interactions and may serve as MS standards to
address another barrier - the structures and occupancies of PTMs on individual proteins from
primary cells and tissues.

Conclusions

There is now overwhelming evidence that the co-localization of O-glycosylation and
tyrosine sulfation in a multi-motif presentation is a much more prevalent phenomenon than
previously appreciated. O-glycoproteomic methods have advanced in recent years although
there are still challenges and the exploration of the ‘sulfome’ is in its infancy. However,
technological advances now allow for the field to begin addressing these patterns in more
detail. The co-localization seems to occur in functionally important domains and is often
involved in protein-protein interactions or ligand binding. Consequently, the understanding
of these patterns could lead to new fundamental insights and open new avenues of drug
development, by either mimicking the glyco-sulfo patterns or by targeting PTM specific
subsets of individual proteins.
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Highlights

. A growing body of evidence shows O-glycosylation and tyrosine sulfation co-
localize in important functional protein domains in a broad range of protein
classes.

. Recent advances in methods and technologies now allow for more detailed
dissection of these patterns.

. The co-localization of O-glycosylation and tyrosine sulfation occur in
functionally important domains making it highly relevant for future drug
discovery.
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Figure 1.
Overview of cellular glycosylation and sulfation, post-translational modifications (PTMs)

that take place in the ER and Golgi network, and generates glycosylated and sulfated
proteins that are critical in biological processes such as adhesion, signaling through G-
coupled protein receptors (GPCRs), and hemostasis.
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Figure 2.

Shows the number of proteins in UniProt with sulfotyrosines. The left most circle represents
the data for all proteins, the center circle represents data for mammalian proteins (i.e.
human, mouse, rat, bovine, rabbit), the right most circle represents data for only human
proteins. The area of the circles represents the number of proteins in UniProt with known
sulfotyrosine sites either through direct evidence by publication or by sequence similarity.
The bottom semicircle represents the proteins with direct evidence by publications among
these total proteins. Out of the 32 published proteins for humans, (A) 14 of them are
localized on the cell membrane, while 18 of them are secreted; while none are found
intracellularly either in the cytoplasm or nucleus. (B) Shows the biological processes these
32 proteins are involved in. (C) Shows the molecular functions these 32 proteins perform.

Curr Opin Struct Biol. Author manuscript; available in PMC 2021 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mehta et al. Page 17

Galactose interacts with Q92 and Y94

sTyr7 interacts with H114, S47, S46. / Sialic acid interacts with S99 \

=
=
8]
L
(%
'y
o
[
- B A e
-
Q.
[
o
v-l'l |
— “‘
Q o
nm_ ’ N ; Fucose interacts with
S R the divalent cation usually
calcium, however crystal
sTyr10 interacts with R85 directly { structure was with
— and with the glycan via water strontium.
Asp9 and Aspl1 interacts molecules.

Prol4 packs against H108
and forms interactions with
R85.

with sodium to form a turn that
alters the direction of the peptide.

Figure 3.
Crystal structure of P-Selectin (cyan) with PSGL-1 glycosulfopeptide (multicolor)

highlighting different interactions made by the sulfotyrosine (sTyr) and glycan (colored with
SNFG colors to highlight different monosaccharides). Acidic residues of PSGL-1 such as
Asp and sTyr are shown in shades of red. The sTyr7 corresponds to sTyr48 in the full length
protein, while the sTyr10 corresponds to sTyr51 in the full length protein. The PDB ID for
the structure is 1G1S from reference [65], The figures were drawn using Chimera (76).
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Figure 4.

Examples of proteins with multiple PTMs, showing the pathway of the protein, the sequence
with sulfate groups (SOg4) attached to Tyr (YY) residues, and reported O-glycosylation sites
(yellow square- GalNAc residues) in the peptide sequences. Phosphate groups (PO3) are also
indicated In OPN the integrin binding domain RGD is underlined, for US28 the two O-
glycosylation sites were not unambiguously identified and can be located on any of the 5
Thr marked. The amino acids in the sequence are noted, along with a diagram of where the
sequence is located in the protein. The protein function of the shown domain or sequence is
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noted in the right column. Abbreviations: CCR5: CC chemokine receptor 5,

S1PR1 :Sphingosine-1-phosphate receptor 1, FRP-1 : Secreted frizzled-related protein 1,
PSGL-1: P-selectin glycoprotein ligand 1, US28: G-protein coupled receptor homolog
us28.

Curr Opin Struct Biol. Author manuscript; available in PMC 2021 June 01.



	Abstract
	Graphical Abstract
	Introduction
	O-glycosylation and tyrosine sulfation- important post-translational modifications (PTMs)
	P-Selectin Glycoprotein Ligand-1 (PSGL-1)
	Endoglycan
	Chemokine receptors
	Pathogen encoded proteins
	Hemostasis System
	Multi-PTM crossroads?
	Methods for studying glyco-sulfo multi-motifs

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

