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Abstract 

 

Tyrosine sulfation, a post-translational modification, can enhance and often determine 

protein-protein interaction specificity.  Sulfotyrosyl residues (sTyr) are formed by tyrosyl-

protein sulfotransferases (TPSTs) during maturation of certain secreted proteins.  Here 

we consider three contexts for sTyr function.  First, a single sTyr residue is critical for 

high-affinity peptide-receptor interactions in plant peptide hormones and animal 

receptors for glycopeptide hormones.  Second, structurally flexible anionic segments 

often contain a cluster of two or three sTyr residues within a six-residue span.  These 

sTyr residues are essential for coreceptor binding of the HIV-1 envelope spike protein 

during virus entry and for chemokine interactions with many chemokine receptors.  

Third, several proteins that interact with thrombin, central to normal blood-clotting, 

require the presence of sTyr residues in the context of acidic sequences termed hirudin-

like motifs.  Consequently, many proven and potential therapeutic proteins derived from 

blood-consuming invertebrates depend on sTyr residues for their activity.  Technical 

advances in generating and documenting site-specific sTyr substitutions facilitate 

discovery and analysis, and promise to enable engineering of defined interaction 

determinants. 

 

 

[167 words; limit 250] 
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Post-translational modifications influence protein activity in many ways.  For this reason, 

learning how these modifications act singly and in combination is important for 

understanding protein function (1,2).  One post-translational modification increasingly 

recognized as critical for diverse extracellular interactions in animals, plants and certain 

bacteria is tyrosine O-sulfation, resulting in sulfotyrosyl (sTyr) residues.  Sulfation is 

catalyzed in metazoa and plants by Golgi-localized tyrosyl-protein sulfotransferase 

(TPST; Fig. 1), and therefore occurs only in extracellular proteins (3). 

 

Although sTyr was discovered nearly 60 years ago (4), detecting and documenting this 

modification is challenging.  The sTyr sulfate linkage is cleaved by the strong acid used 

in the Edman degradation method used to determine protein sequences, although it is 

generally stable in weak acid (5,6).  Routine mass spectrometry methods do not reliably 

detect sTyr residues (7), and more recent protocols to minimize sulfate loss during 

peptide ionization and fragmentation have not yet been applied to large-scale analyses 

(8-10).  Thus, systems-level technologies for detecting and validating sTyr have lagged 

behind those developed for some other post-translational modifications. 

 

Research on sTyr occurrence and function previously also has been hampered by 

challenges to synthesizing sulfopeptides for use in binding assays.  Earlier studies were 

limited by the maximum of two sTyr in a single peptide (11) or by the substitution of pTyr 

for sTyr (12).  Today, homogeneous sulfopeptides can be synthesized in vitro with up to 

three sTyr residues (13-15).  Sulfopeptides with up to five sTyr residues in all 

combinations have been synthesized in Escherichia coli strains that have an expanded 

genetic code, in which a nonsense-reading tRNA is charged with exogenous sTyr (16-

19).  This sTyr-specific expanded genetic code functions also in mammalian cells (20).  

Given these earlier technical challenges, the extent of sTyr occurrence has been 

incompletely defined (6,9,21).  Nevertheless, recent discoveries of previously-unknown 
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sTyr sequence contexts (22,23) and functions (14,24-26) are helping to close this 

knowledge gap.  Here we consider a few well-studied examples that illustrate sTyr 

functions in diverse settings. 

 

Why sulfotyrosine? 

Consider sTyr in contrast to the familiar phosphotyrosyl (pTyr) residue.  Sulfation and 

phosphorylation both add a functional group that is fully ionized at neutral pH and 

consequently results in increased side-chain polarity (27).  However, sTyr makes 

weaker hydrogen bonds due to its lesser charge (–1 vs. –2) and smaller dipole moment 

(27). 

 

Functions for pTyr have been studied extensively: its critical role in cellular growth 

control was first demonstrated in tumor virus-encoded oncogenic proteins (28).  Tyrosyl 

protein kinase activity serves as "writer" for reversible signaling, whereas separate 

phosphoprotein phosphatase activity serves as "eraser."  For signal propagation, small 

pTyr binding domains such as src homology 2 (SH2) provide "reader" function for multi-

domain output complexes (29,30). 

 

By contrast, sTyr formation has no known response to cellular signaling, and neither 

"reader" (e.g., portable sTyr-binding domains) nor "eraser" (e.g., sulfoprotein sulfatase) 

components are known, save for SH2 domain sequences engineered to recognize sTyr 

(31).  Instead, sTyr is a long-lived post-translational modification (32), and in most cases 

the sulfate ester likely is stable in physiological conditions (6).  This stability means that 

sTyr residues can function in macromolecular tethers, as described below for thrombin 

binding-partners.  The sTyr residue potentiates protein-protein interactions through dual 

means: the sulfate group, which can make multiple electrostatic interactions to basic 
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Arg or Lys residues in the binding partner; and the Tyr aromatic ring, which engages in 

both nonpolar and stacking interactions with diverse binding partner residues. 

 

Although pTyr can at least partially replace sTyr for certain peptide-peptide interactions 

(12,33), the sTyr sulfate makes distinct ionic contacts (34,35) and therefore in many 

cases provides a unique interaction specificity determinant.  This stringency is illustrated 

by cases wherein sTyr binding is conserved in proteins that mimic sTyr-dependent 

protein-protein interactions (described below). 

 

Tyrosyl-protein sulfotransferase (TPST) 

Sulfotransferases share similar globular folds that bind the sulfodonor 3'-

phosphoadenosine 5'-phosphosulfate (PAPS) (Fig. 1), the activated intermediate for 

sulfur assimilation.  PAPS synthesis and function are described elsewhere (36).  TPST 

and polysaccharide sulfotransferases, anchored to the Golgi lumen through an amino-

terminal transmembrane sequence, modify proteins and sulfated glycosaminoglycans 

(GAGs) in spatial and temporal coordination with other modifications such as protein 

glycosylation (2,37). 

 

Metazoan TPST displays broad substrate specificity.  Most substrates with at least 

moderate affinity have an Asp residue just proximal to the sulfoaccepting Tyr residue 

(38-43) (Fig. 2).  Non-conserved flanking residues, often rich in acidic Asp and Glu 

residues, make multiple interactions with different TPST residues (38,39,42).  Overall, 

these broader sequence features and their roles in metazoan TPST binding affinity and 

sulfation efficiency remain obscure (44). 

 

Plants encode a single TPST (45).  In the model plant Arabidopsis thaliana, a null 

mutant displays several developmental phenotypes including dwarfism (46).  These 
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phenotypes are consistent with the functions for the only known plant TPST substrates, 

sulfopeptide hormones involved in multicellular development (described below). 

 

Unlike metazoans and plants (including chlorophyte algae; reference (45), most 

bacteria, archaea and eukaryotic microbes do not encode TPST.  Nevertheless, TPST 

is made by some species of plant-pathogenic bacteria in the genus Xanthomonas that 

also synthesize RaxX (required for activation of Xa21-mediated immunity), a molecular 

mimic of the plant sulfopeptide hormone PSY (peptide sulfated on tyrosine; see below) 

(47,48) (Fig. 2A).  Bacterial TPST is similar to the Golgi-localized metazoan TPST, 

except that it acts in the bacterial cytoplasm prior to substrate secretion (49). 

 

Three sequence contexts for sTyr function 

Over the years, sTyr residues have been documented in a variety of proteins and 

peptides (3,50-52).  Most sulfated proteins have three or fewer sTyr residues, usually 

clustered within a span of six residues.  Exceptions include fibromodulin and related 

proteins, in which sTyr residue tracts are hypothesized to mimic sulfated GAGs and 

promote extracellular matrix formation (53,54).  Thus, sTyr-based interactions usually 

involve relatively short protein segments, often within large multidomain proteins. 

 

We sorted sTyr-containing sequences into three broad groups as a strategy to search 

for functional similarities and differences: (i) sequences with a single sTyr residue, 

illustrated by plant sulfopeptide hormones (Fig. 2A); (ii) sequences with a cluster of two 

or three sTyr residues, illustrated by chemokine receptor interactions with HIV and with 

chemokines (Fig. 2B); and (iii) sTyr residues in acidic sequence motifs that interact with 

thrombin (Fig. 2C).  Many additional examples of sTyr occurrence and function are 

considered elsewhere (7,15,51,55). 
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A single sTyr residue increases binding affinity for peptide hormone-receptor 

pairs 

 

The first sequence group (Fig. 2A; Fig. S1) contains one sTyr residue, primarily in 

certain peptide hormones or their receptors.  In these cases, the sTyr-containing protein 

binds a unique partner, either (i) a sulfopeptide ligand binding its receptor, illustrated by 

plant sulfopeptide hormones; or (ii) a peptide ligand binding its sulfated receptor, 

illustrated by the sulfated follicle-stimulating hormone receptor (FSHR) (Fig. 3A).  

Additional examples of single sTyr residue functions in animals include sulfopeptide 

hormones (56,57) and the sulfated receptor for complement C3a (58) (supporting 

information 1.1 and 1.2, respectively). 

 

Land plants use secreted peptide hormones of roughly 10-20 residues to control growth 

and development through both short- and long-range intercellular signaling.  Most 

peptide hormones are encoded by multigene families (59,60).  Mature sulfopeptide 

hormones result from post-translational modifications during Golgi transit and possess 

the invariant amino-terminal residue pair Asp-1 sTyr-2 (32,52,61,62) (Fig. 2A).  The Asp 

residue presumably is important for directing plant TPST to the substrate Tyr residue. 

 

Plant peptide hormones bind their cognate receptors through leucine-rich repeat (LRR) 

extracellular domains (59,63).  X-ray co-crystal structures show both nonsulfated and 

sulfated peptide hormones as making similar main-chain contacts throughout their 

length to the LRR solenoid concave surface (64-66) (Fig. 4A).  Receptor binding to the 

sulfopeptide sTyr residue is inferred from X-ray co-crystal structures for the sulfopeptide 

hormones root meristem growth factor (RGF) and Casparian strip integrity factor (CIF) 

with their cognate receptor LRR domains (67,68).  Both structures reveal multiple 

contacts to the sTyr residue sulfate and C atoms (Fig. 4B).  Although the contacting 
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residues are at the same relative positions in the two receptor LRR sequences, several 

specific residues and contacts are not conserved.  Thus, these geometrically-similar 

sTyr binding sites do not require obvious consensus sequence features, presumably 

facilitating their formation (and loss) through evolution. 

 

The plant sulfopeptide hormones tested display high affinities for their cognate receptor 

LRR domains, ranging from 1 to about 300 nM (23,49,67,68).  In each case, the sTyr 

residue is critical for binding, contributing tenfold or more to affinity compared with the 

nonsulfated peptide.  For example, the steady-state binding affinity for CIF2 hormone 

(Fig. 2A) binding decreases 200-fold or more upon changing either (i) the CIF2 peptide 

sTyr residue (to Tyr or Phe);  or (ii) a pair of sTyr-interacting residues in the cognate 

receptor LRR domain.  By contrast, substitutions in other peptide or receptor residues 

(including peptide hydroxy-Pro) decrease binding affinity only about tenfold (68).  These 

results demonstrate the substantial contribution by the sTyr residue to sulfopeptide-

receptor binding affinity. 

 

The specific requirement of sTyr for functional interactions is illustrated by the RaxX 

peptide, a bacterial mimic of the plant PSY hormone (47,48) (Fig. 2A) (see above).  

Because RaxX requires sulfation for activity, the bacterium must synthesize TPST, 

nominally a eukaryotic function (48,49).  This is the first of several examples in which a 

molecular mimic contains one or more critical sTyr residues.  

 

Mirroring these interactions between nonsulfated receptors and sulfated peptide 

hormones, some nonsulfated ligands bind single sTyr-containing receptors (Fig. 2A; 

Fig. S1).  Glycoprotein hormones such as follicle-stimulating hormone are central to the 

complex endocrine system that regulates normal growth, sexual development, and 

reproductive function.  Receptors for glycoprotein hormones comprise an amino-

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 30, 2021. ; https://doi.org/10.1101/2021.10.29.466493doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.29.466493
http://creativecommons.org/licenses/by-nc-nd/4.0/


Sulfotyrosine in protein-protein interactions 

v5.4 September 29, 2021 - 9 - 

terminal LRR domain connected through a flexible region to a carboxyl-terminal G 

protein-coupled receptor (Fig. 4C).  This interdomain region contains an sTyr residue 

that is indispensable for hormone recognition and signaling (69,70). 

 

Upon binding to the LRR domain, follicle-stimulating hormone (about 200 residues) 

exposes a hydrophobic interface that contains two positively-charged residues for 

electrostatic interactions with the sTyr sulfate (69,70) (Fig. 4D).  Homologous receptors 

for thyroid stimulating hormone and leutenizing hormone similarly contain an essential 

interdomain flexible region with a single sTyr residue (71) (Fig. S1). 

 

The plant sulfopeptide hormone phytosulfokine (PSK) has unique sequence and 

receptor-binding mode compared to the sulfopeptides described above (32,72).  The 

PSK pentapeptide contains two sTyr residues and binds its cognate receptor with about 

40-fold higher affinity than the corresponding nonsulfated peptide (73).  The PSK 

receptor LRR repeats contain a 36 residue interruption, termed an island domain, that 

contacts both sTyr residues through multiple interactions (73).  These different features 

illustrate how sTyr residues are versatile interaction determinants even in a broadly 

similar context such as sulfopeptide-LRR binding. 

 

A cluster of two or three sTyr residues contributes to combinatorial receptor-

peptide interactions 

 

The second sequence group (Fig. 2B; Fig. S2) has clusters of two or three sTyr 

residues, often interspersed with several acidic Asp and Glu residues.  These 

intrinsically-disordered segments, illustrated by the amino-termini of chemokine 

receptors, enable specific binding to different partners (74) (Fig. 3B).  Additional 

examples of sTyr cluster functions include P-selectin glycoprotein ligand-1 (PSGL-1) 
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(2,75) and the sulfated receptor for complement C5a (76,77) (supporting information 2.1 

and 2.2, respectively). 
 

Chemotactic cytokines (chemokines) are secreted signaling proteins of approximately 

75 residues that form chemical gradients to direct leukocyte movement toward injury or 

infection sites.  Chemokines are classified according to sequence: CC-type chemokine 

ligands (CCL) such as CCL5 have adjacent Cys residues, whereas CXC-type 

chemokine ligands (CXCL) have an intervening non-Cys residue.  Human cells express 

about 50 chemokines and about 20 chemokine receptors acting in different 

combinations in different tissues (55,78-80). 

 

Chemokine receptors are G protein-coupled receptors in which the flexible amino-

terminal anionic sequence segment often includes an sTyr cluster that is essential for 

high-affinity chemokine binding (81-83) (Fig. 2B; Fig. S2).  Chemokine receptors have 

other functions; for example, CCR5 is a major T cell coreceptor for HIV-1 infection (84).  

Interest in sTyr function accelerated with discoveries that the CCR5 sTyr cluster is 

essential for virus entry (81) and is mimicked in some HIV-1 broadly-neutralizing 

antibodies (85).  Several helpful reviews organize the literature on sTyr-containing 

chemokine receptors (33,51,55,83,86-88).  Here we focus on chemokine receptor 

CCR5 interactions with HIV-1 and with the chemokine CCL5. 

 

HIV-1 gp120 interaction with chemokine receptor CCR5 

HIV-1 binding and entry depends on the viral envelope glycoprotein (gp) spike, a trimer 

of gp120-gp41 heterodimers (89).  The spike initially binds to the cell-surface receptor 

CD4, thereby altering gp120 conformation to expose its bridging sheet element 

including coreceptor binding determinants (90).  The CCR5 amino-terminal segment, 
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including sTyr residues 10 and 14 (Fig. 2B), binds to residues near the bridging sheet 

base to trigger membrane fusion and viral entry (81,89,91). 

 

CCR5 interactions with gp120 are revealed through a cryo-EM structure that shows a 

three-member complex containing nonsulfated CCR5 coreceptor, gp120, and part of the 

CD4 receptor (89,91) (Fig. 5A).  In this model, the CCR5 amino-terminal segment 

adopts an extended conformation across the gp120 bridging sheet element, with 

residues Tyr-10, Tyr-14 and Tyr-15 each occupying separate binding interfaces through 

multiple contacts to different gp120 residues (89,91) (Fig. 5B).  Although residues Tyr-

10 and Tyr-14 can be modeled as sTyr, the Tyr-15 binding interface cannot 

accommodate sulfate (91). 

 

With the modeled sulfates added, residue sTyr-14 occupies a deep pocket lined with 

hydrophobic contacts and capped by electrostatic interactions, the latter for example 

with gp120 residue Asn-302 (Fig. 5B).  By contrast, residue sTyr-10 has more 

peripheral intreactions with a distinct set of residues, for example with gp120 residue 

Arg-414 (Fig. 5B).  Although the contacting residues are different, these sTyr-binding 

interfaces resemble those provided by FSH (Fig. 4D) and RGFR (Fig. 4B), respectively. 

 

Three sets of experiments support and extend these predicted sTyr interactions (91).  

First, Ala and Phe missense substitutions in CCR5 identify residues Tyr-10, Tyr-14 and 

Tyr-15 as necessary for proper gp120-CCR5 interaction (92,93).  Importantly, Phe can 

substitute for Tyr-15 but not for Tyr-10 or Tyr-14 (93).  This suggests that sulfation is not 

necessary at position Tyr-15, because Phe resembles Tyr but cannot be sulfated.  

Second, sulfation at CCR5 residue Tyr-14 is essential for sulfopeptide binding to gp120 

in vitro, whereas sulfation at residue Tyr-10 enhances binding only in the presence of 

sTyr-14 (94) (Fig. 6A).  This result might have been be predicted from observing the 
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more extensive binding interface for residue sTyr-14 (Fig. 4B).  Separately, sulfation at 

residue Tyr-15 has little effect on peptide binding, congruent with the absence of 

modeled sulfate at Tyr-15 in the cryo-EM model (94) and the permissivity of Phe at this 

position (93) (Fig. 4B).  Thus, results obtained with both mutants and peptides support 

conclusions drawn from the structures. 

 

HIV-1 gp120 interaction with sulfated anti-gp120 antibodies 

The third set of experiments supporting the modeled sTyr interactions in the gp-120-

CCR5 cryo-EM structure comes from studies with sTyr-containing anti-gp120 

antibodies.  Certain HIV-1-infected individuals produce antibodies that recognize the 

CD4-induced (CD4i) conformation of gp120 that exposes the bridging sheet element 

essential for CCR5 binding (85,95).  Most of these CD4i antibodies are derived from the 

Vh1-69 gene, which encodes heavy chains with unusually long and diverse sequences 

for the third complementarity-determining region (HCD3).  These protruding HCD3 

loops can contact otherwise poorly-accessible epitopes (95-97). 

 

The variable HCD3 sequence for several of these CD4i antibodies includes sTyr 

residues required for gp120 binding (85,95) (Fig. 2B).  Two CDi antibodies, termed 

412d and E51, have been studied in X-ray co-crystal structures with the gp120-CD4 

complex (Fig. 5C).  For antibody 412d, residues sTyr-100C and sTyr-100 bind the same 

gp120 interfaces as CCR5 residues sTyr-10 and sTyr-14, respectively (91,98).  (The 

numbering accounts for variable numbers of residues, labeled 100A-100Q, between 

HCD3 residues at positions 100 and 101.) 

 

By contrast, there is no sTyr-14 structural mimic in antibody E51.  Although antibody 

residue sTyr-100I binds to the same gp120 interface as CCR5 residue sTyr-10, 
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antibody residue sTyr-100F instead makes distinct interactions that include contacts 

with two residues in the sTyr-10/sTyr-100I interface (Fig. 5D).   

 

Antibody heavy chain variable region sulfoforms, expressed with the expanded genetic 

code, reveal distinct functions for the two sTyr residues.  For antibody 412d, the sTyr-14 

mimic (residue sTyr-100C) is essential for binding and the sTyr-10 mimic (residue sTyr-

100) is ancillary (99), fully congruent with results for the CCR5 peptide sulfoforms (94).  

For antibody E51, the sTyr-10 mimicking residue sTyr-100I and the non-mimicking 

residue sTyr-100F likewise are essential and ancillary, respectively, for gp120 binding 

(19). 

 

Antibody E51, more potent than 412d (100), therefore displays a different sTyr-gp120 

interaction.  Although the sTyr-14/sTyr-100C binding interface is essential for binding 

CCR5 and antibody 412d (Fig. 4B), E51 does not engage that interface, at least in the 

co-crystal (Fig. 4D).  Additionally, 412d residue sTyr-100C helps to stabilize the gp120 

V3 (variable loop 3) element, which mimicks chemokine binding (83) and inserts into the 

chemoreceptor CCR5 transmembrane helix bundle (98) (Fig. 4B).  By contrast, the V3 

loop is disordered in the E51-gp120 structure (100), which lacks interactions at the sTyr-

14/sTyr-100C binding interface (Fig. 4D). 

 

Thus, this broad binding region in gp120 can accomodate different sTyr-containing 

flexible loops, perhaps enabling interactions with sTyr-containing amino-terminal 

segments from different chemokine receptors (Fig. S2).  Morever, a versatile sTyr-

interacting region increases opportunities to meet the stereochemical constraints 

required specifically for binding sulfate (95). 
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Chemokine CCL5 interaction with chemokine receptor CCR5 

The chemokine receptor CCR5 amino-terminal segment interacts differently with partner 

chemokines such as CCL5.  The CCR5 sTyr cluster forms the core for binding the 

chemokine globular domain, and helps enable a given chemokine receptor to interact 

with multiple chemokines (55,78,83,88).  Nevertheless, the amino-terminal segment has 

never been captured in a receptor-chemokine co-crystal X-ray structure 

(51,88,91,101,102), indicating that it is an intrinsicially disordered protein (74). 

 

NMR spectroscopy of chemokine CCL5 in complex with a CCR5 amino-terminal 

synthetic sulfopeptide reveals two sTyr binding regions (103).  NMR structures of 

different chemokines complexed with receptor CRS1 peptides display different relative 

orientations, creating uncertainty in their interpretation (88,102).  Nevertheless, the 

CCR5-CCL5 overall interaction is highly dynamic, with the flexible anionic segment 

making different contacts to chemokine residues in different models (102,103). 

This dynamic interaction was explored recently with synthetic sulfopeptide binding 

experiments, which found that any combination of two sTyr residues at positions 10, 14 

and 15 (Fig. 2B) enables strong binding to chemokine CCL5 (104) (Fig. 6C).  Together, 

these results support the hypothesis that the CCR5 flexible sTyr-containing anionic 

segment can make a variety of dynamic but high-affinity contacts to the chemokine.  

This contrasts with the relatively fixed contacts observed in the CCR5-gp120 

interactions described above (102,104). 

 

Chemokines also bind sulfated GAGs to form chemotactic gradients (80).  Notably, 

GAG sulfate groups make electrostatic interactions with many of the same chemokine 

basic residues that contact sTyr sulfates.  Thus, chemokine functionality is expanded by 

a single versatile interface that binds different sulfated polymers for different purposes 

(87,103,105).  
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The blood clotting enzyme thrombin binds proteins with hirudin-like sequence 

motifs, many of which contain a cluster of two or three sTyr residues. 

 

The third sequence group (Fig. 2C; Fig. S3; Fig. S4) also has clusters of two or three 

sTyr residues.  However, these are in hirudin-like sequence motifs that bind the serine 

endoprotease a-thrombin (Fig. 3C), which regulates the balance between initiating and 

terminating blood clotting (thrombosis).  Additional examples of sTyr function in 

thrombin-binding proteins are in the supporting information (3.1-3.5). 

 

Aberrant hemostasis – ranging from profuse bleeding to excessive clotting – underlies 

or complicates several medical conditions, and many treatments have been developed 

(106-108).  Hirudin, a clot-inhibiting therapeutic used for over one hundred years, is an 

sTyr-containing direct thrombin inhibitor (DTI) made by Hirudo leeches (17,109,110).  

This 65 residue protein comprises a carboxyl-terminal short flexible anionic segment – 

the hirudin-like motif (111) (Fig. S3) – that binds thrombin, and an amino-terminal 

domain that occludes the thrombin active site (112,113). 

 

Thrombin contains two cationic surface patches, termed anion-binding exosites, that 

bind different protein substrates through hirudin-like motifs (112,113) (Fig. 7).  Thrombin 

exosite 1 positions both endoprotease substrates and DTIs such as hirudin with respect 

to the adjacent serine protease active site, whereas exosite 2 tethers thrombin to 

platelet surfaces via platelet glycoprotein Iba (GpIba) and to fibrin clots via fibrinogen g' 

(114,115).  Exosite 2 also binds the DTIs madanin and tsetse thrombin inhibitor (TTI) 

(26,116).  Each exosite contains several basic Arg and Lys residues, enabling different 

contacts with acidic Asp, Glu and sTyr residues in different hirudin-like motif sequences. 
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As defined by the sequence alignments presented here (Fig. 2C and Fig. S3A), the 

hirudin-like motif spans seven contiguous aromatic or acidic residues (Fig. S3B).  

Hirudin-like motifs in all four proteins that bind thrombin exosite 2 contain an sTyr 

cluster, whereas hirudin-like motifs from exosite 1-binding proteins, including hirudin 

itself, rarely contain sTyr residues and none at conserved positions (Fig. S3A) 

(supporting information 3.1). 

 

Co-crystal X-ray structures of thrombin with exosite 2-bound sulfopeptides (Fig. 2C), 

illustrated here with the DTI madanin (116), reveal conserved contacts to thrombin 

residues across exosite 2 (12,26,117) (Fig. 7A).  As with the structure for CCR5-gp120 

described above (Fig. 5B), both madanin sTyr residues occupy extensive binding 

interfaces made from distinct groups of exosite 2 residues.  Residues sTyr-32 and Asp-

33, which occupy the hirudin-like motif conserved positions 1 and 2 (Fig. 2C), make 

both ionic and nonpolar contacts to numerous exosite 2 residues (116) (Fig. 7B).  

These contacts form the core interaction with thrombin (12).  Madanin residue sTyr-35 

contacts a separate set of exosite 2 residue (Fig. 7B).  Thrombin contacts to all three 

residues are conserved in all four available co-crystal X-ray structures (26), indicating 

that the sTyr cluster-containing hirudin-like motif provides a defined high-affinity binding 

determinant for exosite 2.  Thus, these sTyr contacts overall resemble the CCR5- and 

antibody 412d-gp120 contacts described above. 

 

Peptide binding analyses with sulfopeptides (26,116) or phosphopeptides (12,117) 

support and illuminate these structural models, again illustrated here with sulfo-madanin 

(Fig. 6D).  The thrombin inhibition constant for doubly-sulfated madanin is about 400-

fold lower than for non-sulfated madanin, showing the essentiality of sTyr.  Madanin 

with only sTyr-35 is two-fold more effective than non-sulfated madanin, whereas 

madanin with only sTyr-32 is about 25-fold more effective (116).  Thus, again similar to 
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chemokine receptor CCR5, the core sTyr residue (madanin sTyr-32; CCR5 sTyr-14) is 

essential whereas the ancillary sTyr residue (madanin sTyr-35; CCR5 sTyr-10) 

enhances binding only in the presence of the core sTyr residue (94,116) (Fig. 6A and 

Fig. 6D). 

 

Segments with sTyr clusters are prevalent in bloodstream activities, including leukocyte 

migration and signaling, blood clotting and complement activation.  These activities also 

are modulated extensively by interactions with sulfated GAGs, anionic oligosaccharides 

that help control hemostasis through binding thrombin (80,118).  Indeed, thrombin 

exosite 2 was identified initially as the binding site for the highly-sulfated GAG heparin 

(114).  Thus, a cluster of two sTyr residues can resemble a sulfated GAG to make 

conserved contacts with some of the many available basic residues in exosite 2, 

thereby expanding its valency far beyond merely "heparin-binding."  Notably, basic 

exosite residues that contact GAG substrates (114) mostly are distinct from those that 

contact sTyr-containing substrates, illustrating the broad binding versatility provided by 

exosite 2. 

 

Prospects 

 

The examples presented here illustrate diverse contexts for the sTyr post-translational 

modification.  A single sTyr residue can be as effective as a cluster of two or three, in 

terms of binding affinity enhancement.  However, an sTyr cluster potentially confers 

greater versatility, as demonstrated by the chemokine receptor CCR5 sTyr-containing 

amino-terminal segment, or greater stringency, as demonstrated by conserved 

interactions with thrombin exosite 2 to enforce flanking sequence geometries. 
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It is striking that mimics of sTyr-containing proteins require sTyr residues for function.  

This is observed with the RaxX sulfopeptide hormone mimic (48,49), anti-gp120 

antibodies (98,100), and inhibitors of chemokine signaling (25), thrombin 

(14,26,116,119), and complement C1s (120).  These examples show that its unique 

blend of hydrophobic and ionic contacts renders the sTyr residue irreplaceable. 

 

Better understanding of TPST substrate specificity is necessary to evaluate residues 

such as chemoreceptor CCR5 sTyr-3 (Fig. 2B), which supposedly has minimal 

functional significance (92,93,121,122) and therefore usually is not studied  (94,104).  

However, position Tyr-3 is the first to be sulfated in a CCR5 peptide that includes 

residue Met-1 (123,124).  Does sTyr-3 result simply from "bystander" sulfation by TPST 

enzymes with broad substrate recognition?  Or does it have a defined function? 

 

A related topic is the hypothesis that different amounts and types of incompletely-

sulfated proteins are produced in vivo (51).  This is supported by a recent cell culture 

study that used antibodies to distinguish differently-sulfated chemokine receptor CCR5 

molecules with different ligand-binding properties (125).  Does heterogeneous sulfation 

result from stochastic TPST catalysis?  Or are different sulfation states (potentially with 

distinct ligand-binding properties) programmed in different cell types or in response to 

different stimuli?  

 

Post-translational modifications often work in concert, with different combinations 

exerting different effects (1).  A recent analysis (2) highlights instances of sTyr residues 

functioning with nearby N- or O-linked glycans.  For example, PSGL-1 is glycosylated in 

leukocytes, in which the interaction with one binding partner requires both the sTyr 

residues and the glycan (126), whereas PSGL-1 is not glycosylated in certain T cells, 

where interaction with a different binding partner requries only the sTyr residues (24).  
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Does differential tyrosyl sulfation in different cell types or under different conditions 

similarly help determine binding partner selection? 

 

The technical advances described above mean that it now is possible to engineer and 

document defined sTyr residues to add novel interaction determinants.  One proof-of-

principle is eCD4-Ig, a chimeric protein that effectively blocks HIV-1 entry in rhesus 

macaques (127-129).  eCD4-Ig contains an essential sTyr-rich peptide, derived from the 

sTyr-containing anti-gp120 antibody E51 variable region (Fig. 2B), that mimics HIV-1 

gp120 interaction with the CCR5 coreceptor. 

 

Specific sTyr residues can be engineered through peptide synthesis (13-15) or through 

genetic code modification (16-19).  A separate platform for engineering sTyr residues 

may come from ribosomally synthesized and post-translationally modified peptides 

(RiPPs), microbial natural products with diverse chemistry and potential applications 

(130).  RiPPs are matured through a variety of post-translational modifications, and 

there is interest in engineering these modifications to create new RiPPs.  The bacterial 

RaxST TPST, which synthesizes the sTyr residue in the RaxX RiPP, is a good 

candidate for strategies to introduce novel sTyr residues in engineered RiPPs (49,130). 

 

In biomedical research, it will be important to examine further the large number of sTyr 

residues involved in hemostasis, particularly those in the homologous multidomain 

proteins, coagulation factors VIII (FVIII) and V (FV) (131) (Fig. S4) (supporting 

information 4.1 and 4.2, respectively).  In humans, classic hemophilia results from FVIII 

deficiency.  One of the many causative F8 alleles encodes a missense substitution of 

Phe for sTyr-1680 in FVIII (131), documenting an important function for sTyr in 

hemostasis.  Indeed, synthetic FVIII used for human therapy contains a full complement 
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of sTyr residues (132).  Nevertheless, relatively little is known about sTyr function in 

these critical hemostasis proteins (133,134). 
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Fig. 1.  Tyrosyl-protein sulfotransferase (TPST). 

 

 
 

One column figure (3.5" wide) 

 

 

Tyrosyl-protein sulfotransferase catalyzes the transfer of sulfate from the universal 

sulfate donor PAPS (3'-phosphoadenosine 5'-phosphosulfate) to the hydroxyl group of 

a peptidyl-tyrosine residue to form a tyrosyl O4-sulfate ester and 3',5'-ADP.  

Reproduced from reference (21). 
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Fig. 2.  Amino acid sequence contexts for representative sTyr residues. 

 

 
 

One column figure (3.5" wide) 

 

 

Sequences are denoted in single-letter code and colored according to sidechain as 

shown in the key.  The amino- and carboxyl-termini are denoted N and C, respectively.  

Numbers indicate residue position in the sequence.  Dashes in the E51 sequence 

denote spaces introduced for alignment.  O denotes hydroxyproline. 
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Fig. 2.  (cotinued)  Amino acid sequence contexts for representative sTyr residues. 

 

A. Single sTyr residue contexts are shown for the mature forms of RGF1 (root 

meristem growth factor), PSY1 (peptide sulfated on tyrosine), RaxX (required for 

activating XA21 protein X), and CIF2 (Casperian strip integrity factor).  The 

sequence shown for FSHR (follicle-stimulating hormone receptor) corresponds to a 

portion of the flexible segment distal to the LRR hormone-binding domain (Fig. 4C).  

Additional sequences and accession numbers are in Fig. S1.   

 

B. sTyr clusters that bind gp120 include the chemokine receptor CCR5 (CC-type 

chemokine receptor 5) amino-terminal segment and the heavy chain CD3 regions 

from the anti-gp120 antibodies 412d and E51.  PSGL-1 (P-selectin glycoprotein 

ligand-1) and C5aR (complement C5a receptor) also have sTyr cluster-containing 

amino-terminal segments.  Additional sequences and accession numbers are in Fig. 

S2. 

 

C.  sTyr clusters in hirudin-like motifs that bind thrombin exosite 2 include madanin, TTI 

(tsetse thrombin inhibitor), GpIba (platelet glycoprotein Iba) and Fbg g' (fibrinogen 

g').  The sequence for hirudin, which binds exosite 1, is shown for reference.  

Hirudin-like motif positions are indicated with numbers and conserved positions (Fig. 

S3B) are highlighted in light blue.  Additional sequences and accession numbers are 

in Figs. S3 and S5. 
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Fig. 3.  sTyr sequence contexts represent distinct binding modes.  (sketch for JBC 

artist) 

 

 
 

One and one-half column figure (5" wide) 

 

 

A. A single sTyr residue, as part of a multi-residue interaction determinant, can be on 

either the ligand (i) or the receptor (ii) depending on the example considered.   

 

B.  An sTyr cluster may be part of a more ordered binding determinant (i) or part of a 

highly flexible segment (ii).  In either case, sulfoprotein binding may compete with 

binding of sulfated GAGs such as heparan sulfate. 
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Fig. 3. (cotinued)  sTyr sequence contexts represent distinct binding modes.  

(Sketch for JBC artist) 

 

C.  Hirudin-like motif proteins with 0 or 1 sTyr residue bind thrombin exosite 1 (i), 

whereas hirudin-like motif proteins with 2 or 3 sTyr residues bind thrombin exosite 2 

(ii).  Exosite 2 also is the heparin-binding site. 
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Fig. 4.  Single sTyr residue interactions. 

 

 
 

Two column figure (7.2" wide) 

 

 

A. The co-crystal X-ray model of sulfated RGF (root meristem growth factor; blue) 

bound to the RGF receptor ectodomain (tan) is depicted at 2.6 Å resolution (67) 

(PDB code 5HYX).  Backbone atoms are shown as ribbons with helices and arrows 

indicating a-helices and b-strands, respectively.  The RGFR ectodomain is built from 

23 LRRs (leucine-rich repeats) stacked one upon the next.  b-strands in LRRs 3-5 

are colored yellow-green for reference to panel B. 

 

B. The sTyr binding interface.  RGF residue sTyr-2 (dark red) includes the sulfate (S, 

yellow; O, red).  RGFR residues R195, A196, M218, L221 and A222 (light green) are 

predicted to interact with the sulfate, whereas RGFR residues F73, D74 and E223 

(dark green) are predicted to interact with sTyr C atoms.  Together these form the 

sTyr binding interface encircled in dark red.  
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Fig. 4.  (continued)  Single sTyr residue interactions. 

 

C. The co-crystal X-ray model of FSH (follicle-stimulating hormone; a subunit tan and b 

subunit coral) bound to the sulfated FSH receptor ectodomain (blue) is depicted at 

2.5 Å resolution (70) (PDB code 4AY9).  The FSHR ectodomain is built from 12 

LRRs stacked one upon the next.  b-strands in LRRs 10-12 are colored yellow for 

reference to panel D. 

 

D. The sTyr binding interface.  FSHR residue sTyr-335 (dark red), including the sulfate 

(S, yellow; O, red).  Residues from both FSH subunits make contacts to sTyr: 

residues Q15a, Q27a and V38b (light green) are predicted to interact with the 

sulfate, whereas FSH residues L17a, F18a, Q20a, L37b, Y39b, P45b and F74a 

(dark green) are predicted to interact with sTyr C atoms.  Together these form the 

sTyr binding interface encircled in dark red.  
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Fig. 5.  sTyr cluster interactions with HIV-1 gp120. 

 

 
 

Two column figure (7.2" wide) 

 

 

A. The cryo-EM model of HIV-1 gp120 (glycoprotein 120; tan) bound to host CCR5 (C-

C-type chemokine receptor 5; blue) and host CD4 (cluster of differentiation 4 

receptor; gray) is depicted at 3.9 Å resolution (91) (PDB code 6MEO).  Backbone 

atoms are depicted as ribbons with helices and arrows indicating a-helices and b-

strands, respectively.  CCR5 residues 1-20 are green, and residues in the gp120 

bridging sheet and V3 loop are orange and yellow, respectively.  Only one CD4 

domain is shown.  Only the top of the CCR5 transmembrane helix bundle is shown. 

 

B. The sTyr binding interface.  CCR5 residues Tyr-14 (dark red) and Tyr-10 (magenta) 

are modeled to include the sulfate (S, yellow; O, red).  gp120 residues R294, N296, 

N298, T299 and G428 (light green) are predicted to interact with the sTyr-14 sulfate, 

whereas gp120 residues I317, I321, P425, I426 and K427 (dark green) are predicted 

to interact with sTyr-14 C atoms.  Together these form the sTyr-14 binding interface 
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Fig. 5.(continued)  sTyr cluster interactions with HIV-1 gp120. 

 

 encircled in dark red.  Separately, gp120 residues K408, Q409 and I410 (light green) 

are predicted to interact with the sTyr-10 sulfate, whereas gp120 residues R322 and 

R406 (dark green) are predicted to interact with sTyr-10 C atoms.  Together these 

form the sTyr-10 binding interface encircled in magenta.  Virtually all of these gp120 

residues predicted to contact CCR5 were identified previously in directed screens for 

mutants with diminished CCR5 binding (90,135).  (gp120 residues are numbered 

according to the HIV-1 isolate YU2; accession number P35961.) 

 

C. The cryo-EM model of HIV-1 gp120 (tan) bound to the sulfated antibody E51 Fab 

domain (heavy chain, blue; light chain, light purple) and host CD4 (gray) is depicted 

at 3.3 Å resolution (100) (PDB code 6U0L).  Backbone atoms are depicted as 

ribbons with helices and arrows indicating a-helices and b-strands, respectively.  

gp120 residues in the bridging sheet are orange.  E51 residues in the HCD3 (heavy 

chain complementary determining region 3) are green.  Only one CD4 domain is 

shown.  Only a portion of the E51 light chain is shown. 

 

D. The sTyr binding interface.  E51 residues sTyr-100I (magenta) and sTyr-100F 

(purple) include the sulfate (S, yellow; O, red).  gp120 residues R414, K416, Q417 

and I418 (light green) are predicted to interact with the sTyr-100I sulfate, whereas 

gp120 residue R326 (dark green) is predicted to interact with an sTyr-100I C atom.  

Together these form the sTyr-10-binding interface encircled in magenta.  Separately, 

gp120 residues L364 and Y379 (light green) are predicted to interact with the sTyr-

100F sulfate, whereas gp120 residues R414 and K416 (dark green), shared with the 

sTyr-100I interface, are predicted to  interact with sTyr-100F C atoms. 
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Fig. 6.  sTyr binding interfaces display differential affinities.  (sketch for JBC artist). 

 

 
 

Sketch for JBC artist 

 

 

A. Sulfopeptides derived from chemokine receptor CCR5 require residue sTyr-14 

interaction with the interface defined by gp120 residue Asn-298 for effective binding 

(Fig. 5B).  Residue sTyr-10 interaction with the interface defined by gp120 residue 

Arg-322 stimulates binding only in the presence of sTyr-14 (91,94).  Antibody 412d 

residues sTyr-100C and sTyr-100 mimic these interactions (98,99). 
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Fig. 6.  (continued)  sTyr binding interfaces display differential affinities.  (sketch 

for JBC artist). 

 

B. Sulfopeptides derived from antibody E51 require residue sTyr-100I interaction with 

the interface defined by gp120 residue Arg-322 for effective binding.  Residue sTyr-

100F interaction with the distinct interface defined by gp120 residue Tyr-379 

stimulates binding only in the presence of sTyr-100I (19,100).  Thus, antibody E51 

sTyr residues do not occupy the Asn-298 interface critical for CCR5 and antibody 

412d binding. 

 

C. Sulfopeptides derived from chemokine receptor CCR5 require any two of the 

residues sTyr-10, sTyr-14 and sTyr-15 for effective chemokine CCL5 binding (82).  

These sTyr residues interact dynamically with interfaces defined by CCL5 residues 

Arg-17 plus His-23 and by Lys-45 plus Arg-47 (102,103). 

 

D. Sulfopeptides derived from the DTI madanin require residue sTyr-32 interaction with 

the interface defined by thrombin exosite 2 residue Asp-126 for effective binding.  

Residue sTyr-35 interaction with the interface defined by exosite 2 residue Lys-240 

stimulates binding only in the presence of sTyr-32 (116).  Sulfopeptides derived from 

TTI display similar binding properties (26). 
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Fig. 7.  Madanin sTyr cluster interaction with thrombin exosite 2. 

 

 
 

One column figure (3.5" wide) 

 

 

A. The co-crystal X-ray model of sulfated madanin (blue) bound to exosite 2 on a-

thrombin (A-chain, coral; B-chain, tan) is depicted at 1.6 Å resolution (116) (PDB 

code 5L6N).  Backbone atoms are shown as ribbons with helices and arrows 

indicating a-helices and b-strands, respectively.  Active site residue Ser-195 

(orange) is shown for reference. 

 

B. The sTyr binding interface.  Madanin residues sTyr-32 (dark red) and sTyr-35 

(magenta) include the sulfate (S, yellow; O, red).  Thrombin exosite 2 residues R126 

and K236 (light green) are predicted to interact with the sTyr-32 sulfate, whereas 

exosite 2 residue F232 (dark green) is predicted to interact with sTyr-32 C atoms.  

Together these form the sTyr-32 binding interface encircled in dark red.  Separately, 

exosite 2 residues K240 (light green) is predicted to interact with the sTyr-35 sulfate, 

whereas exosite 2 residues H91, P92 and H93 and R406 (dark green) are predicted 

to interact with sTyr-35 C atoms.  Together these form the sTyr-35 binding interface 

encircled in magenta. 
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1. A single sTyr residue increases binding affinity for peptide hormone-receptor 
pairs 

 
Fig. S1 shows sequences with a single sTyr residue.   
 
1.1  An sTyr residue determines receptor selectivity for an animal sulfopeptide 
hormone 
The secreted peptide hormones cholecystokinin (CCK) and gastrin are involved in 
many processes including digestion, neurotransmission and endocrine functions 
(57,136).  Proteolytic maturation generates different length bioactive peptides with a 
common carboxyl-terminal Phe-amide (the shortest of these is depicted in Fig. 2).  In 
the cases examined, the CCK sTyr residue mostly is sulfated (136), whereas the gastrin 
sTyr residue is heterogeneously sulfated, due perhaps to a low-affinity sequence 
environment for TPST recognition (38).  Separately, the CCK carboxyl-terminal peptide, 
removed during Phe-amide biogenesis, contains two sTyr (Fig. S1) whose functions are 
not known (137). 
 
The homologous G protein-coupled receptors CCK1R and CCK2R initiate signaling in 
response to CCK and/or gastrin.  CCK1R binds sulfated CCK with up to one thousand-
fold greater affinity than nonsulfated CCK, sulfated gastrin, or nonsulfated gastrin.  In 
contrast, the CCK2R receptor makes little distinction (56).  Thus, ligand sulfation state is 
a critical specificity determinant for CCK1R-CCK interaction. 
 
No X-ray structure is available for either CCK1R or CCK2R.  Nevertheless, various 
studies indicate that the peptides interact across a broad region of the receptor external 
face (57), and that a conserved Arg residue in a CCK1R extracellular loop interacts 
specifically with the CCK sTyr (138). 
 
1.2  An sTyr residue in the receptor for complement C3a is essential for binding 
A separate example of a single sTyr residue is the receptor for complement component 
C3a.  This 77 residue peptide, generated through the complement cascade, acts 
through its receptor to stimulate many aspects of the inflammatory response, 
sometimes leading to anaphylaxis (139).  The G protein-coupled C3a receptor has an 
essential sTyr residue within an unusually large extracellular loop (58) (Fig. S1).  
Although this sTyr residue is essential for binding C3a, an atomic-level view of receptor 
binding and activation is not available (140). 
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As with the glycopeptide receptors, other Tyr residues within the C3a receptor also are 
sulfated in vivo.  However, in these cases missense changes from (s)Tyr to Phe do not 
affect receptor function, indicating that sulfates at these positions are not important for 
receptor function (58,71).  Rather, these may be examples of non-specific sulfation 
resulting from broad substrate recognition by TPST. 
 
 
Legend for Fig. S1 (single sTyr sequence contexts, following page).   
 
 
Sulfopeptide hormone sequences are shown as mature forms for plants and as 
precursor forms for animals.  The amino- and carboxyl-termini are denoted N and C, 
respectively, and residues are colored according to sidechain.  The sequences shown 
for FSHR, TSHR and LH/CGR corresponds to a portion of the flexible segment distal to 
the LRR hormone-binding domain.  The sequence shown for C3aR corresponds to a 
portion of the large extracellular loop. 
 
 
 
 
Notes for Fig. S1 (single sTyr sequence contexts, following page). 
 
 
Symbol a Function Ref. for Sulfation 
 
 
RGF root meristem growth factor (141) 
CIF Casparian strip-inducing factor (142) 
PSY peptide sulfated on tyrosine (143) 
RaxX PSY mimic (Xanthomonas) (48) 
TWS twisted seed phenotype (23) 
XAP xylem-associated peptite (soybean) (144) 
MtXAP xylem-associated peptide (alfalfa) (145) 
CCK cholecystokinin (137) 
gastrin gastrin (146) 
sG secretogranin (rat) (147) 
FSHR follicle-stimulating hormone receptor (71) 
TSHR thyroid-stimulating hormone receptor (71) 
LH/CGR leutenizing hormone/chorionic gonadotropin receptor (71) 
C3aR complement C3a receptor (58) 
 
 
a Plant sequences are from Arabidopsis thaliana except as noted.  Animal sequences are from Homo 

sapiens except as noted. 
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Fig. S1.  Amino acid sequence contexts for proteins that contain a single sTyr residue. 
 

 
 
 
See p. S-4 for legend and notes. 
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2. A cluster of two or three sTyr residues contributes to combinatorial receptor-
peptide interactions. 

 
Fig. S2 shows sequences with sTyr residue clusters.   
 
2.1  P-selectin glycoprotein ligand-1 illustrates sTyr cluster functional versatility 
Leukocytes move toward sites of infection or injury through rolling cell adhesion, 
mediated in part by  P-selectin glycoprotein ligand-1 (PSGL-1), a homodimeric mucin-
like glycoprotein on lymphoid and myeloid cell surfaces.  PSGL-1 engages with cell-
surface adhesion molecules (selectins) through a mechanosensitive catch-bond that 
enables rapid engagement and release under force in the bloodstream flow (148,149).  
Separately, PSGL-1 helps regulate aspects of T cell function, including the progressive 
loss of effector function in so-called exhausted T cells that accompanies persistent 
antigen stimulation (150).  In this context, PSGL-1 is the receptor for V-domain 
immunoglobulin suppressor of T cell activation (VISTA), a pH-responsive T cell inhibitor 
(150). 
 
Structural analyses reveal distinct binding modes for the PSGL-1 sTyr-containing 
anionic segment.  The first binding mode is from an X-ray co-crystal structure of a 19 
residue PSGL-1 sulfoglycopeptide bound to the P-selectin amino-terminal domain (75).  
In this structure, residue sTyr-7 makes several electrostatic and hydrophobic contacts to 
residues in P-selectin, again illustrating the multivalent binding potential for sTyr.  
Likewise, residue sTyr-10 makes multiple hydrophobic contacts that orient the sulfate 
for hydrogen bonding to a critical Arg residue (2,75). 
 
The second binding mode is based on a computational model wherein all three PGSL-1 
sTyr residues plus the adjacent residue Glu-15 make ionic interactions with four His 
residues along one edge of VISTA.  In this model, sTyr interaction depends upon His 
protonation, as would occur in acidic tumor microenvironments (pH ≤ 6) (24).  Together, 
interactions with P-selectin and VISTA illustrate how sTyr cluster structural flexibility 
enables impressive functional versatility by the PSGL-1 amino-terminal segment. 
 
All three sTyr are necessary for full P-selectin interactions, but any one sTyr suffices for 
partial function in a variety of assays relevant to cell rolling adhesion (151).  Indeed, 
sTyr-5 is not visible in the P-selectin-PSGL-1 cocrystal structure, suggesting that the 
observed structure may represent one of several productive conformations (75).  In this 
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hypothesis, the sTyr cluster potentially presents a variety of conformations suitable for 
interaction.  Nevertheless, a separate study identified sTyr-7 as essential for PSGL-1 
binding to P-selectin (152), congruent with the extensive interactions made by this 
residue (75).  Sulfation is critical for VISTA-PSGL-1 binding, but contributions of 
individual sTyr residues are not known (24). 
 
The PSGL-1 acidic amino-terminus contains an an O-glycan at residue Thr-16 in 
addition to the sTyr cluster (Fig. S2), illustrating a sTyr-glycan multi-motif (2).  The 
glycan is required for binding P-selectin (2,75) but not VISTA, and PSGL-1 in exhausted 
T cells is synthesized without the O-glycan (150).  Thus, the PSGL-1 sTyr cluster 
functions in an example of multiple post-translational modifications acting in different 
combinations for different purposes (1,2). 
 
2.2  The complement C5a receptor sTyr residue pair is in a five-residue b-strand 
when bound to a bacterial inhibitor 
Complement protein C5a (74 residues), generated through the complement cascade, 
stimulates inflammatory mediator release and also is a potent chemoattractant (139).  
Similar to chemokine receptors (section 3b), C5a binds the G protein-coupled C5a 
receptor amino-terminal flexible acidic segment, which contains an sTyr residue pair 
(76) (Fig. S2).  Chemotaxis inhibitory protein of Staphylococcus aureus (CHIPS; 121 
residues) also binds the amino-terminal segment, thereby inhibiting C5a-dependent 
inflammatory responses (140).  The C5a receptor sTyr residue pair increases CHIPS 
binding affinity for peptides representing the C5a receptor amino-terminal segment by 
approximately 1,000 fold (77). 
 
In the NMR structure of CHIPS bound to the C5a receptor amino-terminal peptide, the 
two sTyr residues are within a five residue b-strand, and make a number of hydrophobic 
and electrostatic contacts to residues in CHIPS (77).  This conformation again is distinct 
from those adopted by PSGL-1 and CCR5. 
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Fig. S2.  Amino acid sequence contexts for proteins that contain an sTyr residue 

cluster. 
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Fig. S2 (continued).  Amino acid sequence contexts for proteins that contain an sTyr 

residue cluster. 
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Fig. S2 (continued).  Amino acid sequence contexts for proteins that contain an sTyr 

residue cluster. 
 

 
 
 

Receptor amino-terminal sequences are shown as mature forms.  The 
amino- and carboxyl-termini are denoted N and C, respectively, and 
residues are colored according to sidechain. 
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Notes for Fig. S2 (sTyr cluster sequence contexts, previous pages). 
 
 
Symbol Function Ref. for Sulfation 
 
 
PSGL-1 P-selectin glycoprotein ligand 1 (126) 
CCR1 C-C chemokine receptor type 1 (153) 
CCR2 C-C chemokine receptor type 2 (154) 
CCR3 C-C chemokine receptor type 3 (155) 
CCR4 C-C chemokine receptor type 4 — 
CCR5 C-C chemokine receptor type 5 (81) 
CCR6 C-C chemokine receptor type 6 — 
CCR7 C-C chemokine receptor type 7 (33) 
CCR8 C-C chemokine receptor type 8 (mouse) (156) 
CCR9 C-C chemokine receptor type 9 — 
CCR10 C-C chemokine receptor type 10 — 
CXCR1 C-X-C chemokine receptor type 1 (157) 
CXCR2 C-X-C chemokine receptor type 2 (157) 
CXCR3 C-X-C chemokine receptor type 3 (158) 
CXCR4 C-X-C chemokine receptor type 4 (159) 
CXCR5 C-X-C chemokine receptor type 5 — 
CXCR6 C-X-C chemokine receptor type 6 — 
GPR35 G-protein coupled receptor 35 (CXCR7) — 
XCR1 XC chemokine receptor 1 — 
CX3CR1 CX3C chemokine receptor 1 (160) 
ACKR1 atypical chemokine receptor 1 (DARC) (161) 
ACKR2 atypical chemokine receptor 2 (162) 
ACKR3 atypical chemokine receptor 3 — 
ACKR4 atypical chemokine receptor 4 — 
C5aR1 C5a anaphylatoxin chemotactic receptor 1 (76) 
C5aR2 C5a anaphylatoxin chemotactic receptor 2 — 
 
412d anti-HIV-1 Gp120-reactive antibody Fab heavy chain (85) 
E51 anti-HIV-1 Gp120-reactive antibody Fab heavy chain (100) 
PG9 anti-HIV-1 Gp120-reactive antibody Fab heavy chain (163) 
PG16 anti-HIV-1 Gp120-reactive antibody Fab heavy chain (163) 
47e anti-HIV-1 Gp120-reactive antibody Fab heavy chain (85) 
PGT145 anti-HIV-1 Gp120-reactive antibody Fab heavy chain (164) 
2909 anti-HIV-1 Gp120-reactive antibody Fab heavy chain (165) 
 
CCR5mim1 CD4-Ig fused to a coreceptor-mimetic peptide (166) 
CCR5mim2 CD4-Ig fused to a coreceptor-mimetic peptide (166) 
CCR5mim6 CD4-Ig fused to a coreceptor-mimetic peptide (167) 
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3. The blood clotting enzyme thrombin binds proteins with hirudin-like motifs, 
many of which contain a cluster of two or three sTyr residues. 

 
Fig. S3A shows Hirudin-like motif sequences for proteins that bind thrombin exosite 1 
(top panel) or thrombin exosite 2 (bottom panel).  All sequences are from co-crystal 
structures, and contacts to residues in thrombin are indicated.   
 
3.1  Hirudin is a relatively rare example of an sTyr-containing protein that binds 
thrombin exosite 1 
Hirudin-like motif residues make conserved contacts to thrombin exosite 1 residues as 
revealed in co-crystal X-ray structures of thrombin bound to hirudin (17,168), to peptides 
from PAR1 and PAR3 (169), and to a peptide from the FV a2 region (170) (Fig. S3A).  
In each case, the conserved aromatic residue (illustrated by hirudin Phe-56) fits into a 
hydrophobic pocket and the conserved acidic residue (hirudin Glu-57) makes numerous 
electrostatic and hydrophobic contacts.  This binding geometry positions the amino-
terminal hirudin inhibitory domain near the active site. 
 
The interaction of thrombin exosite 1 with hirudin is enhanced by the non-conserved 
residue sTyr-63, just past the hirudin-like motif (Fig. S3A).  Thrombin affinity for sulfo-
hirudin is tenfold greater than that for desulfo-hirudin, due to multiple electrostatic 
contacts between sulfate O atoms and exosite 1 residues (17).  However, this role for 
sTyr is not a conserved feature of binding to thrombin exosite 1, because other known 
exosite 1-binding proteins do not have sTyr in a position analogous to hirudin sTyr-63.  
Instead, the non-conserved contacts to hirudin sTyr-63 illustrate the broad versatility of 
exosite 1 in presenting numerous potential electrostatic and hydrophobic contacts that 
enable diverse binding interactions with different partners.  Indeed, both exosites 
accommodate sTyr residues at a variety of non-conserved positions. 
 
3.2  Anophelin binds exosite 1 in reverse 
Anophelin, a DTI from Anopheles mosquitos, binds exosite 1 in opposite orientation 
from the others (171).  Remarkably, anophelin Phe-44 and Glu-42 contacts are similar 
to those made by residues at hirudin-like motif positions 2 and 3, respectively, 
reinforcing the overall importance of these interactions (Fig. S3A, line 3). 
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3.3  Contacts are not universally conserved. 
Hirudin-like motif contacts to exosite 1 residues are conserved in most cases.  Two 
partial exceptions are leuserpin-2 (heparin cofactor II) and thrombomodulin (Fig. S3A,  
lines 4 and 5).  Although interactions with the acidic residues at hirudin-like motif 
position 2 are conserved, the aromatic residue at hirudin-like motif position 1 is absent.  
Perhaps to compensate, non-conserved contacts include a broader span of residues 
(16 for leuserpin-2 and 27 for thrombomodulin) than the others (11 for sulfo-hirudin, for 
example; Fig. S3A, line 1). 
 
The non-sulfated prothrombin kringle domain F2 (Fig. S3B, line 14) binds exosite 2 
transiently through a hirudin-like motif during thrombin formation (172).  However, F2 
binds through surface patches rather than an anionic segment (173), and therefore 
represents a distinct binding mode. 
 
3.4  Haemidin-binding exosite is uncertain 
Evidence indicates that haemidin, a potent DTI from Haemadipsa leeches, interacts with 
exosite 2 (169).  Thrombin-haemidin co-crystals display a complex stoichiometry that 
complicates interpretation.  Nevertheless, the X-ray structure  shows haemidin hirudin-
like motif contacts to exosite 1 that are similar to those made by hirudin, whereas 
haemidin contacts to exosite 2 are scant (174) (Fig. S3A, line 8). 
 
3.5  Complement C1 has a thrombin-like exosite 
Like hemostasis, the complement system is activated through an endoprotease 
cascade (175).  Complement component C1, a serine protease homologous to 
thrombin, has an anion-binding exosite that interacts with an sTyr cluster-containing 
hirudin-like motif in the substrate C4 (176,177) (Fig. S3B, line 12).  The X-ray co-crystal 
structure of complement C1 bound to gigastasin, a C1 inhibitor made by Haementaria 
leeches, reveals electrostatic contacts between sulfate O atoms from a pair of sTyr 
residues to C1 exosite basic residues (120).  Thus, the homologous hemostasis and 
complement systems share the use of hirudin-like motifs to direct partner protein 
binding to exosites. 
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Fig. S3A (continued).  Amino acid sequence contexts for proteins that contain a hirudin-
like motif. 

  
 

The indicated internal sequence segments are shown, and residues are 
colored according to sidechain.  Hirudin-like motif conserved positions 1, 2 
and 4 are highlighted. 
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Notes for Fig. S3A (hirudin-like motif sequences, previous pages). 
 
 
Ln. Protein Size (aa) Structurea Size (aa) Accession 
 
 
 1 Hirudin (variant 1) 65 full-length sulfo- 65 2PW8 
 2 Factor V (a2 segment) 2,224 peptide I657-R709 53 3P6Z 
 3 Anophelin (Aa) 61 full-length desulfo- 61 4E05 
 4 Leuserpin 2 (HCII) 480 full-length sulfo- 480 1JMO 
 5 Thrombomodulin 554 V345-C462 (TME456) 118 1DX5 
 6 PAR1 (human) 404 peptide 11-36 25 3LU9 
 7 PAR3 (mouse) 369 peptide 44-56 13 2PUX 
 8 Haemadin 57 full-length sulfo- 57 1E0F 
 9 Madanin-1 60 full-length sulfo- 60 5L6N 
 10 Fibrinogen g'  427 peptide V408-L427 20 2HWL 
 11 Platelet GpIba 636 peptide G271-T284 14 4CH2 
 12 Tsetse thrombin inhibitor 32 full-length sulfo- 32 6TKG 
 13 Complement C4 1,744 — — AAA51855 
 14 Gigastasin 122 full-length sulfo- 122 5UBM 
 15 Prothrombin F2 — Kringle domain 79 2HPQ 
 
 
a portion of indicated thrombin-binding protein present in the co-crystal.  
 
Fig. S3B.  Hirudin-like motif sequence logo 
 

 
 
 

The sequence logo (178,179) was generated from the sequence 
alignment shown in Fig. S3A, and includes eleven sequences (lines 1, 2, 
4-11, 14).  Position 4 contains several different residues, but most are 
hydrophobic and relatively large (Tyr, sTyr, Leu).  The hirudin-like motif, 
defined here as positions 1-7, is indicated with a bracket.  Positions 1 and 
2 comprise a conserved aromatic-acidic residue pair, consisting of Phe, 
Tyr or sTyr at position 1 and Asp or Glu at position 2.  The remaining 
hirudin-like motif residues are hydrophobic, negatively charged, or both in 
the case of sTyr, and binding to thrombin exosites involves both 
electrostatic and hydrophobic contacts (114). 
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4. The blood clotting factors FVII and FV contain six and seven sTyr residues, 
respectively. 

 
Coagulation factors VIII (FVIII) and V (FV) are homologous multidomain proteins each 
with several sTyr residues (131) (Fig. S4A).  Thrombin catalyzes multiple 
endoproteolytic cleavages to activate FVIII and FV, which in turn stimulate the rapid 
increase in thrombin activity necessary for clot formation. 
 
 
 
Fig. S4A.  Factor VIII and Factor V domain architectures. 

  
 

Domains are shown schematically, approximately to scale.  Thrombin 
cleavage at the indicated Arg residues generates the active heteromeric 
forms.  Redrawn from reference (131).   

 
 
 
4.1  sTyr residues in coagulation factor FVIII. 
FVIII residue sTyr-1680 lies in a hirudin-like motif of uncertain function (Fig. S4B).  
Although evidence suggests that FVIII binds both exosite 1 and exosite 2 (180), specific 
interactions are not defined at the atomic level.  Separately, FVIII residue sTyr-1680  is 
important for the noncovalent complex between FVIII and vonWillebrand factor (vWF), a 
multidomain protein whose conformation depends on liquid shear flow.  Tethered vWF 
protects circulating FVIII in part by blocking proteolysis (181,182).  Again, atomic details 
for interactions between FVIII and vWF are not known (183). 
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Fig. S4B.  Factor VIII and Factor V sTyr sequence contexts. 
 

  
 

Sequence segment contexts are depicted in Fig. S4A.  Red numbers and 
† symbol show thrombin cleavage sites.  Hirudin-like motifs are indicated 
for FVIII segment a3 and for FV segment a2.  Accession numbers are 
NP_000121 (human factor V) and NP_000123 (human factor VIII). 

 
 
 
FVIII residues sTyr-346 and sTyr-1664 both are important for efficient prothrombin 
conversion (182).  These are roughly 25 residues proximal to the respective 
endoproteolysis sites (Fig. S4B) and likely bind exosite 1 (114,115).  Separately, the 
sTyr cluster of residues at positions 718, 719 and 721 was identified as "important for 
intrinsic activity" (182), but reportedly there is little effect of substituting Phe in place of 
all three sTyr residues in this cluster (184). 
 
4.2  sTyr residues in coagulation factor FV. 
Specific sTyr residues in FV were not determined (185), but rather are predicted from 
sequence analysis (131).  Analyses with multiply-substituted mutant proteins have 
implicated these anionic segments in prothrombin activation (186), and references 
therein), but specific functions for most individual sTyr are unknown. 
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The co-crystal X-ray structure for thrombin in complex with a non-sulfated FV peptide 
shows residues near sTyr-665 binding to exosite 1.  Modeling suggests that the 
remainder of the FV segment wraps around the thrombin surface, potentially enabling 
sTyr-696 and sTyr-698 to interact with exosite 2 (134,187,188) (Fig. S4B).  
 
Thus, although both exosites are implicated in FV recognition (114,115,133), details for 
how exosites interact with different parts of FV mostly are unknown. 
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