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SUMMARY: A wide variety of secretory proteins have recently been found to undergo 
post-translational sulfation of specific tyrosine residues. Here, amino acid sequences 
surrounding known sulfation sites in proteins are analyzed in order to identify factors which 
determine the specificity of sulfation. Several distinctive features of sulfation sites are 
identified, including: 1) abundance of acidic amino acid residues, 2) lack of basic residues, 
3) low hydropathy, 4) absence of neighboring cysteine residues, 5) lack of extended 
secondary structure. Rules are proposed for predicting likely sites of sulfation based on the 
amino acid sequence of a protein. ® 1986 Academic Press, Inc. 

Recent studies by Huttner and coworkers (I-3) indicate that sulfation of tyrosine 

residues is a common modification of secretory proteins. This post-translational 

modification occurs in a broad phylogenetic range of organisms, and a number of proteins 

in each tissue examined contain tyrosine sulfate (2. 3). Frequent occurrence of tyrosine 

sulfate was not recognized previously simply because this modified amino acid is acid- 

labile. Tyrosine sulfate is degraded by standard methods for compositional and sequence 

analysis of proteins (2, 4) so that its presence in a protein would not be detected, even if 

the protein has been sequenced in its entirety by standard techniques. Recognition of the 

widespread occurrence of the sulfation of proteins has stimulated efforts to identify proteins 

that contain this modification. Examples of human proteins recently found to contain 

tyrosine sulfate include: the fourth component of complement (4), fibronectin (5), c~- 

fetoprotein (5), type III procollagen (6), c~2-antiplasmin (7, 8). and heparin cofactor 11 (9). 

The sulfation of tyrosine residues in proteins appears to be a highly selective process. 

Only specific tyrosine residues are modified in proteins that are substrates for sulfation. 

However, the structural determinants of the site specificity are not known. The present 

study analyzes amino acid sequences adjoining known sites of sulfation in order to clarify 

how specific tyrosine residues are recognized for sulfation. 
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MATERIALS AND METHODS 

Protein database: Amino acid sequences adjacent to 15 known sites of sulfation in 10 
proteins were chosen as a database (Table I). The sources of amino acid sequences and 
identification of sites of sulfation are indicated. Sulfation sites have been determined in B- 
fibrinopeptides fi'om a number of animal species (10), but, due to extensive homology of 
these sequences, only one was included in the database. Also, an assumption was made 
that small peptides known to contain tyrosine sulfate undergo sulfation while the peptides 
are still segments of larger precursor polypeptides. Validity of this assumption is 
supported by the observation that the single-chain precursor to C4 (4) and high-molecular 
weight forms of gastrin contain tyrosine sulfate (1 l). 

Computer analysis: The computer program PARA-SITE l analyzes structural 
parameters as a function of distance fi'om a specific index position (position 0). In this 
study, tyrosine sulfate residues are used as the index position. PARA-SITE calculates and 
plots the mean structural parameter value and the standard deviation for all amino acids at 
each distance from the index position. Secondary structure values used to describe ~-helix, 
6-sheet, and 6-turns were obtained from Chou and Fasman (12). Hydropathy values were 
from Kyte and Doolittte (13). PARA-SITE was written in the C programming language 
(14). All programs used in this report were run on a VAX i1/785 or MicroVAX II 
running VMS 4.4 (Digital Equipment Corporation). 

RESULTS AND DISCUSSION 

The amino acid sequences listed in Table I comprise the database used for analysis of 

sites of sulfation. No consensus sequence for sulfation sites is identified among these amino 

acid sequences. However, several distinctive features of these sequences surrounding sites 

of sulfation are evident. Most striking is the unusual distribution of several amino acids 

around sites of sulfation. The distribution of amino acids at different distances from 

tyrosine sulfate residues (designated as position 0) is tabulated in Table II. There is a very 

high concentration of acidic amino acid residues in the segment extending 5 residues either 

side of tyrosine sulfate residues. Within this segment, 46% of the residues are aspartic or 

glutamic acid, and each example in the database contains at least 3 acidic residues. The 

strongest preference for acidic residues is at the -2 and -1 positions, where 73% of all 

amino acids are aspartic or glutamic acid. Each example in the database contains at least 

one acidic residue at these two positions. In contrast, there are few basic residues in the -5 

to +5 region. Only 3% of the total consists of basic residues, and no site of sulfation has 

more than one basic residue in this segment. Beyond the limits of the -5 to +5 segment 

there is less preference for acidic residues over basic residues. All 20 amino acids, except 

for cysteine, occur within the -5 to +5 segment. The closest cysteine residue to any of the 

1 Further details of this program and its general applicability for analyzing protein 
sequences will be described elsewhere (Folz, R.J. and Gordon, J.l., manuscript in 
preparation). 
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TABLE I 

SEQUENCES ADJACENT TO TYROSINE SULFATE RESIDUES 

1) -LQIEVTVKGHVEYTMEANEDYEDYEYDELPAKDDPDAPLQPVTPLQ- 

2) -PRGDKLFGPDLKLVPPMEED_YPQFGSPK 

3) -FHKENTVTNDWIPEGEEDDD_YLDLEKIFSEDDDYIDIVDSLSVSPTDSDVSAGN- 

4) -SRRWAIHTSEDALDASELEHYDPADLSPTESSLDLLGLNRT- 

5) -RKLVQAYQQRYNLQPYETTDYSNEEQSQRSSSEEQQTQRRK- 

6) -EGTPKPQSHNDGDFEEIPEE__YLQ 

7) pQFPTD_YDEGQDDRPKVGLGARGHRPY 

8) -HLVADPSKKQGPWLEEEEEAYGWMDFGRRSAEDEN 

9) -GAPQQREANDERRFADGQQDYTGWMDFGRRDDEDDVNERDV- 

10) -VSMIKNLQSLDPSHRISDRDYMGWMDFGRRSAEEYEYTS 

Amino acid sequences extending 20 residues in both directions from sites of sulfation are 
presented using the single letter code. Sulfated tyrosine residues are underlined. The symbol 
pQ represents a pyroglutamyl residue. Sources of data on the amino acid sequences of sites of 
sulfation are shown below: 
1) Fourth component of complement (C4), Human (4, 17, 18) 
2) Alpha-2-Antiplasmin, Human (7, 8) 
3) Heparin cofactor II, Human (9, 19) 
4) .Coagulation factor X. Bovine (20) 
5) Yolk protein 2, Drosophila melanogaster (16. 21 ) 
6) Hirudin, Leech (Hirudo medicinalis)(22) 
7) Fibrinogen, B/3-chain, Bovine (10, 23) 
8) Progastrin, Human (24, 25) 
9) Procaerulein IV, Frog (Xenopus laevis), (contains up to 4 copies of caerulein)(26) 
10) Procholecystokinin, Porcine (27, 28) 

sites of sulfation is located more than 20 residues away. Possible significance of the 

striking absence of cysteine residues is discussed below. 

The hydropathy and secondary structure of sites of sulfation were analyzed by 

computational techniques described in Methods. As expected, considering the abundance 

of highly polar acidic amino acids adjacent to sites of sulfation, these sites have a very low 

average hydropathy value. This is especially pronounced in the segment immediately 

preceding the sulfated tyrosine residue. This segment appears as a prominent valley in a 

plot of hydropathy values (Fig. I). The low hydropathy of sites of sulfation may be an 

important characteristic, because sulfation is a post-translational modification of proteins. 

Sites will be accessible to the action of a sulfotransferase only if they are exposed on the 

surface of a protein. The analysis of the distribution of amino acid residues suggests that 

sites of sulfation are not selected simply on the basis of low hydropathy, however. If  that 

were the major factor involved in the selection of sites of sulfation, a high abundance of 
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TABLE 2 
DISTRIBUTION OF AMINO ACIDS AROUND SITES OF SULFATION 

Amino 
Acid 

Asp 0 
Glu I 
TyrS04 0 
Lys i 
Arg 0 
His i 
Ala 0 
Asn 2 
Cys 0 
Gin 1 
Gly 2 
Ile 0 
Leu 1 
Met i 
Phe 0 
Pro 1 
Set 2 
Thr 1 
Trp 0 
Tyr 0 
Val 0 

Acidic 1 
Residues 

Basic 2 
Residues 

Position Relative to Site of Sulfation 

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 Sum Sum 
(-5 to +5) 

53111111429 331242111424 57 30 
12212257374 321400102013 54 36 
0000001012015021010000000 23 23 
001 i0000000 00001111 I010 9 1 
10121210010 000000242000 17 2 
10001000001 000000000000 4 1 
00201211101 001010100220 16 6 
i0110100100 010000000000 8 2 
00000000000 000000000000 0 0 
10001010110 020110100000 ii 7 
01201101000 121101200010 17 6 
00101011000 I01001000000 7 4 
12031000100 202020110002 19 7 
i I i00101000 101200000000 I0 5 
01012101000 001012 i 00000 II 3 
00210210200 110102112021 21 6 
00010122000 110113022420 25 8 
01001000120 201000010001 Ii 6 
1 i010000000 012000000000 6 3 
I 10100100 O0 000000000000 4 1 
10010000000 000100001100 5 1 

6532337881113 673652313437 134 89 

20232210011 000011353010 30 4 

basic and other  polar  residues as well as acidic residues would occur near  sulfation sites. 

Fu l thermore ,  studies using synthetic peptides as the substrates for protein tyrosine 

sulfotransferase indicate that acidic residues increase the affinity of  peptides for the enzyme  

(i5). 
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Fig. 1. Plot of average hydropathy values around sites of sulfation. Average hydropalhy 
values at each postition relative to sites of sulfation (Position 0) were calculated for the 
amino acid sequences shown in Table 1. Error bars indicate the standard deviation of all 
values at a given position. The reference line across the middle of the diagram corresponds 
to the mean hydropathy value of the 20 different amino acids which occur naturally in 
proteins. 
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Fig. 2. Predicted secondary structure a,ound sites of sulfation. Secondary structures of the 
amino acid sequences in Table 1 were determined using the method of Chou and Fasman 
(12). Arrows indicate sites of sulfation. Each symbol represents a single amino acid 
residue. Residues occurring in e,-helices are shown as coils, IS-sheets as zig-zags, IS-turns 
as rectangular steps, and residues without predicted secondary structure are indicated as a 
horizontal line. 

The secondary structure around each site of sulfation in the database was analyzed 

using the method of Chou and Fasman (12)(Fig. 2). This approach predicted that, many of 

the proteins will contain a-helical segment immediately before and after sulfation sites. 

However, tyrosine residues have a low propensity to form a-helices. As a consequence, 

some of the sites of sulfation are predicted to be located within short gaps between two 

helical segments. Only one sulfation site (the third site in C4) was predicted to lie within a 

helical segment, although 42% of the residues in the database were predicted to be in a- 

helices. That one example was the only case in which a site of sulfation was predicted to 

be within an extended segment (greater than three residues) of cx-helix or ¢3-sheet. 

Tyrosine residues favor the formation of t3-sheet, but there was very low propensity to form 

extended 15-sheets encompassing sites of sulfation. All but three of the sites of  sulfation 

were closely preceded by a-helical segments. In two of the exceptions, yolk protein-2 and 

the first sulfation site in procholecystokinin, helical segments closely followed the sulfation 

site. The general conclusions suggested by predictions of secondary structure are that 

sulfation sites occur within short segments which lack extended secondary structure or are 

part of  B-turns and that sulfation sites are closely flanked by c~-helices. Similar conclusions 
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were reached by using the Para-Site program to average all amino acid sequences in the 

database and to generate single values at each position for the propensities to form a-helix, 

6-sheet, and g-turn conformations. Occun'ence of sulfation sites at 6-turns or at positions 

lacking secondary structure may contribute to accessibility of these sites. The significance 

of the probable occurrence of ~-helices adjacent to most sulfation sites is not clear. 

A number of factors may contribute to maximal exposure of sulfation sites at the 

surface of proteins. As already noted, known sulfation sites are bounded by multiple acidic 

amino acid residues, have low hydropathy, and lack extended secondary structure. In 

addition, a considerable proportion of sulfation sites, 7 out of the 15 in the database, occur 

within 20 residues of the termini of proteins. Furthermore, there is a complete absence of 

cysteine residues near sulfation sites. This may be important in permitting optimal access 

to segments that contain sites of sulfation. Formation of disulfide bonds with other 

segments of the polypeptide chain would introduce steric hindrance and restrict the 

flexibility of sites of sulfation. Extrapolation of the principle that accessibility is one of the 

most important characteristics of sites of sulfation suggests that sulfation sites may occur in 

extended segments of proteins in preference to globular domains. 

Based on the foregoing analysis of amino acid sequences surrounding sulfation sites, 

five simple rules were empirically derived to aid in predicting the location of sites of 

sulfation. Tyrosine residues that are likely sites of sulfation are identified by the following 

criteria: 

1) There is an acidic residue at position -I or -2. 

2) There are at least 3 acidic amino acid residues within 5 residues (positions -5 to +5) of 

the tyrosine residue. 

3) No more than l basic amino acid residue are within 5 residues of the tyrosine. 

4) No more than 3 hydrophobic residues (Ile, Leu, Phe, and Val) are within 5 residues of 

the tyrosine. 

5) No cysteine residues are within 15 residues of the tyrosine. 

Most sites of sulfation are expected to conform to all five of the criteria above. There 

are three known examples, canine fibrinopeptide B. bovine gastrin, and feline gastrin, in 

which sulfation sites conform with only four of the criteria (10). In those three cases. 

acidic residues are absent from the -I and -2 positions. Application of these rules con-ectly 

identifies the 3 tyrosine sulfate residues in the fourth component of complement (4) and the 

2 in heparin cofactor II (9) and excludes the other 59 tyrosine residues in these two 

proteins. Moreover, the rules correctly predict the absence of tyrosine sulfate in human 

serum albumin, which contains 18 tyrosine residues. Two sites of sulfation in yolk protein 
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2 are predicted by the above rules, but only one site was found experimentally (16). Some 

sites identified as potential sites of sulfation may not be sulfated due to steric hindrance of 

sites by higher order structure of the protein or by oligosaccharide chains. This would 

parallel the situation with N-linked glycosylation, in which not all potential sites identified 

by amino acid sequence are glycosylated. It is unlikely that any predictive method based 

solely on the amino acid sequence of  proteins will perfectly predict sites of sulfation. 

Nevertheless, these rules should aid considerably in identifying sites of sulfation in proteins 

known to contain tyrosine sulfate and in predicting which proteins contain tyrosine sulfate. 

Identification of sites of sulfation may be essential for complete understanding of the 

structure and function of many proteins. The effect of sulfation on the biological activity 

of proteins has not been determined, but sulfation is known to have a profound effect on 

the activity of some peptides such as cholecystokinin (Refs. in 4). 
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