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Posttranslational modification by tyrosine sulfation reg-
ulates many important protein–protein interactions and
modulates the binding affinity and specificity of seven-
transmembrane peptide receptors. We developed a
log-odds position-specific-scoring-matrix (PSSM) to
accurately predict tyrosine sulfation using 62 tyrosine
sites known to be sulfated and 421 tyrosine sites known
not to be sulfated. We predict that 49 tyrosines of 32
seven-transmembrane peptide receptors are sulfated.
Although we did not incorporate characteristics of con-
firmed sulfation sites such as clustering and conser-
vation across species into our PSSM, our predicted
sites nevertheless exhibited these characteristics. The
observed conservation suggests that there are strong
evolutionary pressures to preserve selected biological
activity of seven-transmembrane receptors. The pre-
dicted tyrosine sulfation sites predominantly occur in
the extracellular tail and extracellular loop 2, regions
consistent with their association with binding pockets
of the receptor.
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Introduction

Tyrosine sulfation, catalyzed by tyrosylprotein sulfo-

transferases (TPSTs), is the most common posttranslational

modification of tyrosine residues transported through the

Golgi system in eukaryotes (1,2). The importance of tyro-

sine sulfation became widely recognized in 1999 after the

demonstration of sulfation in the seven-transmembrane (7TM)

receptor CCR5 (3,4). Recent studies have strongly sup-

ported that tyrosine sulfation is also required for optimal

protein–protein interactions and specific functions of many

other 7TM receptors, such as CCR2 (5), CX3CR1 (6), C5aR

(7), and CXCR4 (8).

While information on tyrosine sulfation of chemokine

and chemotactic factor receptors is well established, knowl-

edge about tyrosine sulfation in 7TM peptide receptors is

more preliminary. Currently, only the thyrotropin receptor

(TSHr) has been directly shown to be tyrosine sulfated,

although experimental evidence suggests that the luteiniz-

ing hormone receptor (LHr) and the follicle-stimulating

receptor (FSHr) are likely to be tyrosine sulfated as well (9).

However, tyrosine sulfation of other 7TM peptide recep-

tors has not been reported. While the impact of tyrosine sul-

fation on 7TM peptide receptors remains to be described,

this posttranslational modification may be involved with

many of the functions associated with regulatory peptide

receptors, such as anti-inflammation, glucose metabolism,

food intake, and the response to stress. Thus, the identifi-

cation of tyrosine sulfation in 7TM peptide receptors may

expedite the study of 7TM peptide receptors and elucidate the

nature of their interactions with other ligands and proteins.

In our study, a position-specific-scoring-matrix (PSSM)

was used to predict the sulfation of 49 tyrosines of 32 7TM

peptide receptors. These predictions are consistent with what

is known about tyrosine sulfation. Most notably, the loca-

tions of the predicted sulfated tyrosines in the receptors cor-

respond to those of experimentally confirmed sites.

Results

Forty-nine tyrosines of 32 receptors were predicted to

be sulfated out of a total of 756 tyrosine sites (Table 1). Out

of these 49 predicted tyrosines, 36 (73.5%) are located in

the N-terminal extracellular tail of the receptors or in the

second extracellular loop between transmembrane helices

4 and 5 (Fig. 1). In addition, a few sites in the first and third

extracellular loops were also predicted to be sulfated. Unex-

pectedly, five predicted tyrosine sulfation sites are located

in the cytoplasmic tail.

When multiple tyrosines of a receptor were predicted to

be sulfated, they were often located in proximity to each other.

For instance, the corticotropin-releasing-factor (CRF) recep-

tor 1, FMLP-related, FSH, glucagon-like peptide (GLP),

and LSH receptors possess clusters of predicted sulfated

tyrosines located within five residues of each other (Table

1, highlighted). This clustering has previously been noted

in other experimentally determined tyrosine sulfation sites.
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Table 1

Scores of Tyrosine Sites in Peptide Receptors Predicted to be Sulfated

aExperimentally proven tyrosine sulfation sites. These sites were incorporated into the PSSM and their scores are

presented for the purpose of discussion.
bTyrosine sites with some experimental evidence for sulfation.

The predicted tyrosine sulfation sites that exhibit clustering are highlighted.
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Predicted tyrosine sulfation sites are conserved across

numerous species. Both FSH receptor and CRF receptor 1

exhibit a high degree of conservation surrounding predicted

tyrosines across several species (Table 2).

Discussion

Posttranslational modification by tyrosine sulfation is im-

portant for modulating protein–protein interactions in many

receptors (3). While it has been estimated that up to 1% of

all tyrosines in eukaryotes are sulfated (10), it is likely that

sulfation is much more common than previously thought. In

particular, this study has predicted that of the 70 7TM pep-

tide receptors (11), 32 are tyrosine sulfated. These predic-

tions are supported by observations consistent with previous

studies: the clustering of the predicted sulfation sites (12),

the preponderance of predicted sites near the N-terminal and

Fig. 1. Overall distribution of tyrosines predicted to be sulfated. The predictions are highly consistent and the majority of the predicted
sulfation sites occur at the extracellular regions of the receptors, especially on the extracellular tail (ET) and the second extracellular loop
(EL2) between helices 4 and 5. TM, transmembrane helix; CL, cytoplasmic loop; EL, extracellular loop 1, 3; CT, cytoplasmic tail.

Table 2

Conservation of Tyrosine Sulfation Sites

Tyrosine sites predicted to be sulfated are conserved in many species. The high degree of conservation may reflect the

importance of tyrosine sulfation and its contribution toward evolutionary fitness.
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other extracellular regions of the receptors, and the conser-

vation of predicted sites across species. The high degree of

conservation observed in the predicted sulfation sites, as

well as their abundance in ligand binding domains of 7TM

peptide receptors, shows the importance of tyrosine sulfa-

tion in 7TM peptide receptors. Previously, studies have estab-

lished the importance of tyrosine sulfation in chemokine and

glycoprotein receptors (9).

The most striking aspect of the predicted sites is that

most of the sites are located in the extracellular regions of

the receptor. For tyrosines to be accessible to TPST in the

Golgi lumen, they must be located close to the N-terminal

or in the extracellular loops. This is because the active site

of TPST is lumenally oriented (13), as are the hydrophilic

extracellular N terminal tail and loops (14). Moreover, it is

well known that the binding sites for ligands of the majority

of 7TM peptide receptors involve the extracellular domains

(15), and, in particular, the second extracellular loop. Of the

49 tyrosines predicted to be sulfated, 42 (85.7%) are located

in the extracellular region of the receptors as expected, and

all but 6 of these (73.5%) are located in the extracellular tail

and the second extracellular loop between transmembrane

helices 4 and 5. Interestingly, the predicted tyrosine sul-

fation sites of the glucagon and glucagon-like receptors fall

in a putative hormone-binding domain, indicating a pos-

sible role for tyrosine sulfation in hormone binding. The

predicted sites, tyr65 of the glucagon receptor and tyr69 of

the glucagon-like peptide receptor 1, are two residues from

an aspartate in the conserved region that may be critical for

ligand binding in the family B hormone receptors (16). In

addition, tyr103 of the glucagon-like peptide receptor 2, also

two residues downstream from the conserved aspartate,

was the only site to have a positive score for that receptor

(0.700).

The large percentage of predicted tyrosine sulfation sites

in the extracellular terminal and second extracellular loop

points to the importance of exposing the putative sulfation

site to TPST. However, five of the tyrosines predicted to

be sulfated are located on the cytoplasmic tail of the 7TM

receptors and are thus not able to be sulfated by TPST. Expe-

riments have shown that tyrosine phosphorylation rather

than tyrosine sulfation may occur in the cytoplasmic tail;

indeed, two of the cytoplasmic sites predicted to be sulfated

are in the leucine-rich repeat-containing GPCR 4 precur-

sor, which is known to be tyrosine phosphorylated in nema-

todes (17). The PSSM predicts that these cytoplasmic tyro-

sines are sulfated due to the similarity between tyrosine

sulfation and phosphorylation sites (18). The only tyrosines

predicted to be sulfated in the transmembrane region are

tyr299 and tyr301 in TM5 of the CRF receptor 1. These two

tyrosines flank the boundary between the second extracellu-

lar loop and the head of TM5, which begins at residue 298.

While it may be possible for TPST to access TM5, boundar-

ies between TMs and loops may be dynamic, so that the tyro-

sines predicted to be sulfated in TM5 are actually in the

second extracellular loop (19).

Aligning homologous sites revealed a high degree of

conservation across animal species. Conservation of the FSH

receptor sequences supports the evidence for sulfation at

tyr335, as does the evidence that tyrosine at this location is

necessary for signaling of this receptor (9). Although CRF1_

XENLA (Xenopus) had a negative score due to the substitu-

tion of val (�0.978) for met (2.001) at position Y+4, it con-

tains only two amino acid differences from the otherwise

completely conserved set of mammalian CRF1 sequences.

This contradictory negative score is likely an artifact of the

small size of the positive sites training set and such discrep-

ancies will be minimized as more positive sites are experi-

mentally confirmed and added to the PSSM. In any case,

the extensive conservation of the tyrosine sequences may

be indicative of strong evolutionary pressure to preserve vital

biological functions encoded by the conserved amino acids.

The experimental work (9) on the glycoprotein hormone

receptors LSHr, FSHr, and TSHr corroborates the accuracy

of the PSSM. In these experiments, sulfation of tyr385 and

tyr387 was shown to be necessary for high-affinity binding

in TSHr, and it was suggested that sulfation of the homolo-

gous motif in LSHr and in FSHr played a similar role (9).

As expected, because they were included in the training set

of experimentally confirmed sulfation sites for the PSSM,

tyr385 and tyr387 of TSHr had high scores. Moreover, tyr335

of FSHR and tyr333 and tyr331 of LSHr are probably sul-

fated, according to experimental evidence, and had PSSM

scores of 6.733, 3.053, and 1.714, respectively, with the

score for tyr331 of LSHr just below the threshold score of 2.

The PSSM can reliably direct the discovery of new 7TM

peptide receptor tyrosine sulfation sites as demonstrated

by the agreement between the predicted tyrosine sulfation

sites and those ascertained by experiment in the glycopro-

tein hormone receptors. The advantage of using the PSSM

over the strict consensus sequence derived from the high-

est-scoring residue in every position, WDDDDYDDMMD,

is that the much less informative consensus sequence does

not convey all of the properties of the tyrosine sulfation site.

That is, it conveys no information about the relative impor-

tance of or the degree and nature of the variation allowed

at different positions in the site. This information, which is

explicit in the log-odds scores of the PSSM, is important,

because, except for the tyrosine to be sulfated, no position in

the site is completely invariant. Most positions within the

site have more than one amino acid that result in a positive,

favorable score. For example, one of the putative tyrosine

sulfation sites, the vasopressin receptor (V1AR_HUMAN),

contains no acidic residues and even has a basic arginine

and some bulky residues. Our interpretation of this observa-

tion is that rather than conforming to a consensus sequence,

tyrosine sulfation sites occur where the tyrosine is acces-

sible to TPST, and secondary and tertiary structure of the
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site are factors for tyrosine sulfation in addition to primary

structure (2). Knowledge of tyrosine sulfation sites in 7TM

receptors and the roles they play in mediating the interac-

tions between the receptors and their various ligands will

undoubtedly improve our understanding of signaling path-

ways and processes, of which these 7TM peptide receptors

play an integral part.

Materials and Methods

Acquisition of Hormone

and Regulatory Peptide Receptors Protein Sequences

The 7TM peptide receptor sequences were obtained from

the SWISS-PROT Database Release 40.22 of June 24, 2002

(20). Tyrosine sulfation sites, which were comprised of the

target tyrosine and the five flanking amino acids on either

side, were extracted from the sequences using the Pick sites

Program accessed from the Pittsburgh Supercomputing

Center (PSC). Each known tyrosine sulfation site must have

direct evidence of tyrosine O-sulfate for it to be considered

sulfated.

The Position-Specific-Scoring-Matrix

The position-specific-scoring-matrix (PSSM) used 62

tyrosine sites known to be sulfated and 421 sites known not

to be sulfated. All known tyrosine sulfation sites, including

sites from 7TM receptors, were incorporated into the posi-

tive training set of 62 tyrosine sites. The known sulfation

sites included in the PSSM from 7TM peptide receptors

were tyr385 and tyr387 of TSHr. The PSSM formally orga-

nizes experimental observations into an information theory

framework. This framework allows us to ask, in an objec-

tive and repeatable manner, whether the amino acid sequence

around any tyrosine is more similar to those around the sul-

fated tyrosines or more similar to those around the nonsul-

fated tyrosines. Any score above zero indicates that the amino

acids in the site are more similar to those in sites that are

known to be sulfated than to those in sites known not to be

sulfated, and the magnitude of the score indicates the degree

of similarity. A detailed description of this method was pub-

lished previously (2). Henikoff pseudocounts (21), calcu-

lated with a multiplier of 5 (m = 5), were added to compensate

for zeros in the observed counts of amino acids (2). Sixty-

two jackknifed PSSMs were constructed by using only 61

of the 62 tyrosine sites from the known sequences. Then,

each PSSM was used to score the one missing site and the

receiver operating characteristic (ROC) was calculated. The

ROC score for the jackknifed PSSM contrasting known

positive and negative sites was 0.979 (22). This score indi-

cates that the PSSM has a prediction accuracy of 97.9% for

unknown sites (2). The minimum score for a predicted tyro-

sine sulfation site was set at 2 to equalize the probability of

false positive and false negative predictions.
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