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Post-translational sulfation of tyrosines affects the affinity and bind-
ing of at least some chemokine receptors to their ligand(s) and has
been hypothesized to be a feature in all chemokine receptors. This
binding initiates downstream signaling cascades. By this mecha-
nism, tyrosine sulfation can influence the cells involved in acute and
chronic events of cellular immunity. These events include leuko-
cyte trafficking and airway inflammation important in asthma and
chronic obstructive pulmonary disease (COPD). We are using com-
putational methods to convert the poorly defined hypothesis of
more widespread sulfation of chemokine receptors to more specific
assessments of how closely the sequence environment of each tyro-
sine residue resembles the sequence environment of tyrosine resi-
dues proven to be sulfated. Thus, we provide specific and readily
tested hypotheses about the tyrosineresiduesin all of the chemokine
receptors. Tyrosine sulfation was predicted with high scores in the
N-terminus domain of 13 out of 18 human chemokine receptor pro-
teins using a position-specific scoring matrix, which was determined
to be 94.2% accurate based on Receiver Operating Characteristic
analysis. The remaining chemokine receptors have sites exhibiting
features of tyrosine sulfation. These putative sites demonstrate
clustering in a manner consistent with known tyrosine sulfation sites
and conservation both within the chemokine receptor family and
across mammalian species. Human chemokine receptors important
in asthma and COPD, such as CXCR1, CXCR2, CXCR3, CXCR4, CCR1,
CCR2, CCR3, CCR4, CCRS5, and CCR8, contain at least one known or
predicted tyrosine sulfation site. Recognition that tyrosine sulfation
is found in most clinically relevant chemokine receptors could help
the development of specific receptor-ligand antagonists to modu-
late events important in airway diseases.
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Our understanding of the events that initiate and promote
chronic inflammation in asthma and chronic obstructive pulmo-
nary disease (COPD) is changing with the recognition that che-
mokines are central to their pathogenesis (1). Evidence from
animal models and humans indicates that leukocytes and mono-
nuclear cells play a crucial role in mediating the inflammation
that underlies asthma and COPD, in which adaptive immune
responses become and remain abnormal. Chemokine receptors
on mononuclear cells and leukocytes mediate inflammatory cell
trafficking, activation, and differentiation, but how chemokine
receptors interact with chemokines in vivo is not completely
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CLINICAL RELEVANCE

We have predicted tyrosine sulfation in 13 chemokine re-
ceptors. Knowledge of this modification would enable more
specific antagonists to be modeled for targeting asthma,
chronic obstructive pulmonary disease, and other similar
inflammatory lung diseases.

known (2, 3). Human chemokine receptors are a family of 18
seven-transmembrane (7TM) G protein—coupled receptors that
bind to a diverse group of chemokine ligands (2). Unlike most
7TM receptors, chemokine receptors have a broad and over-
lapping specificity for their chemokine ligands and are expressed
on various leukocytes (4). Leukocytes respond to specific chemo-
kines, determined by which chemokine receptor(s) they express
on their cell membranes.

Chemokine receptors important in asthma include those that
are known to be sulfated (CCR2, CCR5, CCRS8, CXCR3, and
CXCR4) and those not yet known to be sulfated (CCR1, CCR3,
CCR4, CXCR1, and CXCR?2) (1, 3). Knowledge of sulfation in
these chemokine receptors may elucidate unrecognized che-
mokine and chemokine receptor interactions leading to the
development of additional receptor agonist/antagonists. Finding
experimental evidence for tyrosine sulfation would support the
hypothesis that tyrosine sulfation plays an important role in the
function of these critical proteins (5, 6). Here we computation-
ally examine the sequence data to see if it is likely that such
experimental evidence can ultimately be found and determine
at which tyrosine residues such evidence is most likely to be
found. This converts the general hypothesis of tyrosine sulfation
of these proteins into a more specific and readily testable pre-
diction about specific residues.

Tyrosine sulfation is a selective post-translational modifica-
tion of proteins involving the addition of a negatively charged
sulfate group to an exposed tyrosine residue, yielding tyrosyl
O-sulfate. Tyrosyl protein sulfotransferases (TPSTs), which cat-
alyze this reaction, are localized in the trans-Golgi (7). Huttner
and Baeuerle estimated that sulfation of tyrosines occurs in
approximately 1% of all tyrosines in eukaryotic proteins (7),
based on Drosophila data available 25 years ago. Only 70 pro-
teins are currently known to contain sulfated tyrosines, and 89
individual sulfated tyrosines have been experimentally identi-
fied. From these tyrosine sites, it has been observed that neg-
atively charged, acidic residues frequently flank sulfated tyrosines,
and that sulfated tyrosines are often grouped in well-defined
clusters. The major determinants of tyrosine sulfation, then, are
the presence of negatively charged acidic amino acid residues
and secondary and tertiary protein structure that likely pro-
motes sulfation by exposing adjacent tyrosines to TPSTs (8).

Sulfated tyrosines have been experimentally confirmed in
only five human chemokine receptors: CXCR3, CXCR4, CCR2b,
CCRS, and CX3CR1 (5, 9-12), and one murine receptor, CCR8
(13). Sulfated tyrosines in each of the five human chemokine
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receptors were shown to be in the N-terminus, a protein domain
critical for high binding affinity (12, 14-17). Sulfated tyrosines
and their flanking acidic amino acid residues are required for
optimal chemokine binding in CXCR4, CCR2b, and CCRS.
After mutagenesis of either of those key residues, all of the
receptors demonstrated a significant decrease in binding (16, 18,
19). Because of the correlation between sulfated tyrosines and
chemokine receptor binding, we analyzed all chemokine recep-
tors with our newest position-specific scoring matrix (PSSM),
which includes the data for the experimentally confirmed che-
mokine receptor tyrosine sulfation sites, to predict the existence
of tyrosine sulfation sites in chemokine receptors. By making
the hypothesis of sulfation more specific and more readily tested
for each chemokine receptor, these predictions may elucidate
chemokine receptor-ligand interactions relevant to inflamma-
tory response and disease.

MATERIALS AND METHODS

Definitions of Chemokine Receptors

Chemokine receptors are defined according to the standards set by the
Nomenclature Committee of the International Union of Pharmacology
(NC-IUPHAR), which state that chemokine receptors are proteins that
both bind to established chemokines and produce intracellular signal-

ing (4).

Definition and Extraction of a Tyrosine Sulfation Site

All protein sequences were obtained from the Swiss-Prot release 54.2
of September 11, 2007. Tyrosine sites were then extracted from the
sequences using a program that screens sequences for the five amino
acids immediately upstream and downstream of a tyrosine. Hence, each
tyrosine site consists of the candidate tyrosine and 10 flanking amino
acids, five on either side of the tyrosine.

The Position-Specific-Scoring Matrix

The construction of the p89n438 PSSM (with 89 positive sites and 438
negative sites for sulfation) has been previously described in detail (8).
The p89n438 PSSM assigns unique log-odds scores for every possible
amino acid in each position of the defined sulfation site relative to the
central tyrosine. The score is the log of the ratio of the fraction of
a particular amino acid observed in the 89 experimentally confirmed
sulfation site to the fraction of the same amino acid observed at the
same position in the 438 experimentally confirmed nonsulfated sites.
The resulting cumulative scores represent the likelihood of sulfation in
the examined sites based on their similarities and differences with
known sulfated and nonsulfated sites (8). The Receiver Operating
Characteristic (ROC) analysis established that the PSSM distinguishes
between sulfated and nonsulfated tyrosines with 94.2% accuracy.

The cutoff score for a predicted tyrosine sulfation site has been set
at 2.5 for the p89n438 PSSM because this score minimizes the total
number of false positive and false negative predictions. Predicted ty-
rosine sulfation sites with scores 2.5 and above are referred to as “sites
with high scores”; predicted tyrosine sulfation site with scores between
1.48 and 2.5 are referred to as “sites with intermediate scores.” These
sites with the lower scores are included because they are in the range of
scores for some known tyrosine sulfation sites. Any site with a score
greater than zero indicates that the tyrosine site is more similar to
sulfated sites than to nonsulfated sites.

Creation of Multiple Protein Sequence Alignments

Chemokine receptor protein sequences were truncated in such a way to
include the N-termini and the beginning of the first transmembrane
helix before they were converted to PIR format and submitted to the
program, ProbCons (20), which generated a highly optimized align-
ment. The ProbCons program goes through several steps to create the
best possible final alignment (20) and has been found to be better at
this than the alternative programs available (21).

RESULTS

Prediction of Tyrosine Sulfation in Chemokine Receptors

Sixteen chemokine receptors of the 18 receptors tested have
a total of 29 predicted tyrosine sulfation sites, which include
both high-scoring (2.5 and above) and intermediate scoring
(1.48-2.5) sites (Table 1). Of these, nine receptors had sites with
only high scores, four receptors had sites with both high and
intermediate scores, and three receptors had only intermediate-
scoring predicted sites. All chemokine receptors, even CXCRS5
and CCR7 (not included in Table 1), have sites with scores
greater than 0, which indicates that these are more likely to be
sulfated than nonsulfated. The PSSM scores of known tyrosine
sulfation sites in human chemokine receptors ranged from 2.51
to 8.97, with a mean of 5.15 = 2.54 SD. Thus, in these receptors
all of the known sites had high scores. Scores for all 22 predicted
tyrosine sulfation sites with high scores covered a range from
2.51 to 8.97 with a mean of 4.87 = 2.16 SD. In the set of pre-
dicted sites, there were tyrosines with intermediate scores below
2.5, such as tyrosine (Y) 22 in CCR4, which scored 1.48. How-
ever, because of additional evidence we believe that Y22 is a
strong candidate for sulfation as it aligns with, and is thus pos-
tulated to be homologous with, five other tyrosines known to be
sulfated in human and mouse chemokine receptors (Figure 1).
In addition to receiving high PSSM scores, two pairs of predicted
tyrosine sulfation sites in two distinct chemokine receptors

TABLE 1. CHEMOKINE RECEPTORS PREDICTED TO BE
TYROSINE SULFATED

Common Swiss-Prot Accession  Tyrosine
Name Name # # Sequence Score
CXCR1 CXCR1_HUMAN  P25024 27 padedYspcml 4.13
CXCR2 CXCR2_HUMAN  P25025 197 vspacYedmgn  1.80
CXCR3 CXCR3_HUMAN  P49682 27*%1 nfsssYdygen — 2.94
29%1 sssydYgenes 7.97
CXCR4 CXCR4_HUMAN  P30991 12 ytsdnYteemg  5.06
21*  mgsgdYdsmke  7.72
CXCR6 CXCR6_HUMAN 000574 6" maehdYhedyg  8.19
10t dyhedYgfssf 5.59
CCR1 CCR1_HUMAN P32246 10% nttedYdttte 5.13
18+% ttefdYgdatp 7.31
CCR2b CCR2_HUMAN P41597 26*1 ttffdYdygap ~ 7.55
281+ ffdydYgapch  3.55
CCR3¢ CCR3_HUMAN P51677 17 gttsyYddvgl 3.45
172 pefifYeteel 2.01
CCR4 CCR4_HUMAN P51679 22 snyylYesipk 1.48
284 eryldYaiqat 2.51
CCR5 CCR5_HUMAN P51681 3* ...md¥qvssp 2.51
10* 1 vsspiYdinyy 2.59
14*1 iydinYytsep 2.78
15%1 ydinyYtsepc 3.36
187 fpysqYqfwkn 2.42
CCR6 CCR6_HUMAN P51684 18 dssedYfvsvn 1.72
CCR8% CCR8_HUMAN P51685 1574 ttvtdYyypdi 3.74
1714 vtdyyYpdifs 2.87
CCR9 CCR9_HUMAN P51686 17 nmadd¥Ygsest 5.60
28 ssmedYvnfnf 2.25
CCR10 CCR10_HUMAN  P46092 22 deedaYsaepl 3.58
CX3CRT  CX3C1_HUMAN  P49238 14* tenfeYddlae 8.97
XCR1 XCR1_HUMAN P46094 14 sttffYydliqgs 2.32

* Tyrosines that have a demonstrated presence of O-sulfate on one or more
tyrosines. The scores of these tyrosines, whose sites are incorporated into the
PSSM, are used as a standard for comparison.

T Predicted tyrosine sulfation sites that exhibit clustering.

¥ N-terminal peptides have been shown to be sulfated by TPST1 and TPST2 in
a cell-free system (44)

5 Protein has been previously shown to be tyrosine sulfated through fusion with
heavy chain of IgG1 (5).

I'Murine CCR8 is known to be sulfated at tyrosines 14 and 15.



740

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 38 2008

REIZ?E‘LW N-terminus

CXCR1 MSN--------c--n- Tocrsccreccticccacccacisacisaoiao- TDPQM - WDFDDLNFTGMPPAD—- EDffspomL
CXCR2 | MED------------.. Fo-ooonenn-- NME---------- SDSFEDFWKGEDLSN - - - - YSYSSTLPPFL—- LDAAPCEP
CXCR3 | MvL------------ EVSDHQVLNDAEVAALLE - - = = = ===« ==---=c---- nFs- ssfjol- - - GEnEsDsccr-spRCPQ
CXCR4 | MEG-------------. 1styTsoNffrEEMGS - - - - aca il ¢-p-ff--------- DSM- KEPCFR
CXCR5 | MNY------------ PLTLEMDLENLEDLFWEL - - = = = = === === === - - - DRLD- - - -NY- - - - - NDTSI—- VENHLCPA
CXCRS6 MARE----=----===-ms=cccmccomma-- 2 pffsEp- - - - - Ber------ SSFN—-DSSQEEH
CCR1 L Procrcecieocaaas nrreCfprrTEF-Dff- - - - - - - - GD- - -ATPCQK
CCR2 T R To---cee- SRSRFIRNTNESGEEVTTFFDf--------- -D-Y - GAPCHK
CCR3 L R LDTVETFGTTSY - - - - - - DDV - GLLCEK
CCR4 MNP - - - = =neecmeemmeeeeaeeaaaas Tevooonnn- DIADTTLDESIVSNY- -YL-@---------- ESI- PKPCTK
CCR5 10y G Q- vsspIyDInf- - - - - - DDV - GLLCEK
CCR6 Ll R ESMNFSDVFDSSED¥FVSVNT - - SY - - - - - Ye-ommn-- SVDSE-MLLCSL
CCR7 MDLGKPMKSVLVVALLVIFQVCLCQDEVTDDYTI - - - === - == === =~~~ GD- -NTT----VDY-=-------- TL—- FESLCSK
CCR8 ) R Pememme LoLSVTTVIDR- - - -v¥--------- PD- TFSSPCDA
CCR9 MTP---------- ToFTSPIPNMADD|GSESTS - - - -l sveD-JfvwEn- - oo - F-T-DFYCEK
CCR10 MGT = = = = = === === mmmmm e e e E---=-=-=-- ATEQVSW- - GHYSGDEEDA]- - - - - - - SAEP-L-PELCYK
CX3C1 MDQ---sc-cssccscssicccaoiaoooa- Foorooorooonaoooaao-s PESVTENFE]---------- DDL - AEACYT
XCR1 R Sr-coseioseo-- CNPESTTFF¥- - - - - Yoo DLQ- SQPCEN

Figure 1. Conservation of tyrosine sulfation sites in human chemokine receptors. Sulfation sites with scores of 2.5 or higher are in black. Sites with
intermediate scores between 1.5 and 2.5 are in gray. The following tyrosines are known to be sulfated: Y12 and Y21 of CXCR4; Y26 of CCR2; Y3,
Y10, Y14, and Y15 of CCR5; and Y14 of CX3CR1. CCR8 is known to be tyrosine sulfated in the mouse, probably in both Y14 and Y15.

CXCR3 and CCRS8 were within five residues of each other,
consistent with a clustering pattern observed in known tyrosine
sulfated proteins such as CCRS5 (Table 1). All predicted sites
were located in extracellular domains.

Conservation of Tyrosine Sulfation Sites

Predicted tyrosine sulfation sites were well conserved across
multiple receptor types in humans and other animal species.
Sulfation sites were divided into sites with high scores (2.5 or
higher) and intermediate scores (1.5-2.5) in an alignment be-
tween all human chemokine receptors (Figure 1). Notably, the
alignment revealed that many tyrosines predicted to be sulfated
were in a region localized to the N-terminus of their receptor.
Across mammalian species, predicted tyrosine sulfation sites
were frequently completely conserved (data not shown). The
example of CCR3 sites in Figure 2A demonstrates the lesser
degree of conservation frequently observed in regions with
more than one tyrosine in close proximity. Figure 2B shows
the contribution of each amino acid at each position to the cu-
mulative score for the central, lower-scoring tyrosine site.
Except for the CCR3_MACMU example, which has only one
tyrosine and a high score, the other sites score poorly because of
the amino acids at positions at Y-1, Y-3, Y-5, Y+4, and Y+5.

DISCUSSION

Chemokine receptors are expressed by leukocytes, mononu-
clear cells, airway epithelial cells, and smooth muscle cells of the
lower respiratory tract. Leukocytes and mononuclear cells play
a crucial role in mediating the inflammation that underlies
asthma and COPD, in which adaptive immune responses be-
come and remain abnormal. The discovery of the chemokine
CCL11/eotaxin and its chemokine receptor CCR3 ushered in
a new appreciation for the role of chemokines and their re-
ceptors in asthma (22). CCR3 activation recruits key inflamma-
tory cells such as the eosinophil into the airway in both lung
diseases. CXCR3, as a mediator of chemotaxis for mast cells, is
also a critical receptor in asthma (23). Furthermore, CCR4- and

CCRS8-mediated recruitment of Th2 cells may be relevant in the
development of asthma (1, 24, 25). CXCR1 and CXCR?2 are
neutrophil receptors for CXC chemokines (e.g., CXCLS8/IL-8)
important in COPD (25) and perhaps in adult-onset asthma, in
which neutrophils are more damaging.

Our prediction is that tyrosine sulfation in chemokine recep-
tors in asthma and COPD is more prevalent than currently
known. In addition to the 5 chemokine receptors with known
sulfated tyrosines, we predict that 11 other chemokine receptors
contain sulfated tyrosines, including 3 receptors with scores
between 1.5 and 2.5. Some of the predicted sites are clustered
and most are highly conserved across diverse mammalian spe-
cies. Both of these qualitative attributes are characteristic of
known tyrosine sulfation sites and corroborate our predictions.
All but three of the predicted tyrosine sites are located in the
extracellular N-terminal domain, where chemokine receptor—
ligand interactions occur in vivo. The other three predicted sites
are located in the second extracellular loop, although experi-
mental evidence does not support sulfated tyrosines in this loop
of CCRS, the site of one of our predictions (5).

Recent studies indicate that the two sulfotransferases have
overlapping but distinct enzymatic profiles and substrate spe-
cificities. For instance, the TPSTs have different optimum pH
and Mn2* concentration (26). TPST-2 is also stimulated by
Mg?™" ions, whereas TPST-1 is not, and expression patterns of
the two isoenzymes are significantly different across tissues.
These data strongly suggest that the substrate specificities of the
two TPSTs are not completely redundant. Indeed, the two
strains of TPST knockout mice have separate mutant pheno-
types: TPST-17/~ mice have moderately reduced body weight
and fecundity, while TPST-27/~ mice have significantly slower
growth rates and impaired male fertility compared with wild-
type (27). A mutation in TPST2, leading to a loss of TPST2
activity, causes the lack of sulfation and signaling in TSHR,
which results in hypothyroidism in mice (28). Because the
PSSM was designed to compare only amino acid sequences, it
was not expected to incorporate additional structural features
that might affect enzyme substrate specificity.
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A Figure 2. Conservation of Sulfation in
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There are, however, several limitations inherent in the appli-
cation of the PSSM to chemokine amino acid sequences. First,
the PSSM is constructed from 89 known sites. Previous esti-
mates by Moore of the prevalence of sulfation found that as
many as 7% of all mouse proteins may be tyrosine sulfated (27).
If this estimate is correct, the 41 proteins with known sulfation
sites (from the total 70 sulfated proteins published) used in the
PSSM would represent only a very small sample of the actual
total number of proteins. Another limitation is the selection bias
toward sites with acidic residues in the PSSM. Of the known sites,
44% have aspartate and 17% have glutamate at the —1 position
in relation to the tyrosine (Y-1). A few known tyrosine sulfation
sites, in peptides such as enkephalin and phyllokinin, with only
basic residues and no acidic residues, are not included in the
PSSM because there may be a second, unknown mechanism of
recognition for these basic sites. Since different K, and V.«
(dissociation constant and maximum velocity, respectively) val-
ues in TPST-1 and TPST-2 imply that these two enzymes have
different requirements for the recognition of a substrate (26), one
of these TPSTs may sulfate basic sites better than the other.

Another concern with our prediction of tyrosine sulfation
sites is the fact that one site in some tyrosine rich regions may
score much higher than the site near by. For example, some ty-
rosine sites in the CCR3 alignment (Figure 2A) have low scores.
Even with lower scores, these sites show highly conservative
replacement of amino acids with the preservation of their phys-
ical and chemical properties. Because the PSSM does not take
into account a nearby sulfated tyrosine, a tyrosine close to this
sulfated tyrosine may have a higher probability of sulfation than
the prediction score indicates.

The presence of an acidic residue at the Y-1 position is com-
mon in the known sites, as 61% of these sites have either glu-
tamic acid or aspartic acid in this position. Not only do these
acidic residues increase the frequency of tyrosine sulfation, but
they may also increase binding of a sulfated protein to its ligand.
In experiments with gastrin in the cell line HIT, mutating the
Y-1 alanine to aspartate increases tyrosine sulfation from 60 to
100% (29). In a nuclear magnetic resonance study (NMR) of
CXCR1 peptide complexed to CXCLI1/IL-8, the acidic residues
just N-terminal to the predicted Y27 interact with lysine and

arginine residues in the chemokine. These interactions would be
expected to increase receptor-ligand binding affinity (30).

The conservation of tyrosine sulfation sites, though imper-
fect, suggests some fundamental role for tyrosine sulfation that
is evolutionarily favorable. The lack of definite patterns in the
tyrosine sites of different human chemokine receptors results in
large gaps in the alignment shown in Figure 1. Nevertheless, the
predicted sulfated tyrosines are generally conserved in the posi-
tion that corresponds to Y18 of CXCR1. Though the negative
charge of a sulfated tyrosine may simply enhance chemokine
receptor-ligand interactions, the conservation of a localized ty-
rosine sulfation site suggests that this region is vital to chemo-
kine receptor function.

The alignment of a single chemokine receptor, CCR3, from
five mammalian species (Figure 2) shows better conservation of
sites than the alignment of all the human chemokine receptors
(Figure 1), as expected. In this alignment, Y16 from human
CCR3 is conserved in all sequences except the dog. Notice that
in every case the predicted tyrosine, as well as flanking glutamic
and aspartic acid residues, would form a negative patch com-
plementing the basic residues in the chemokines to which they
bind. In addition to the sulfated tyrosine, the amino acid se-
quence of the tyrosine sulfation site probably influences chemo-
kine receptor specificity, since most chemokine receptors can
bind several different chemokines.

Mounting evidence suggests that tyrosine sulfation of che-
mokine receptors plays a vital role in chemokine receptor-
ligand binding and signaling. In CCR3, the predicted tyrosine
sulfation sites are located in the N-terminus and the second
extracellular loop, the protein domains critical for receptor
binding and activation (31). Furthermore, NMR observations
indicate that predicted tyrosines Y27 and Y17 in N-terminal
fragments of CXCR1 and CCR3 bind with hydrophobic inter-
actions to their respective ligands, CXCL8/IL-8 and CCL11/
eotaxin (30, 32) If these tyrosines are sulfated and act similarly
to those in known sulfated proteins, electrostatic interactions
(salt-bridges) and H-bonding would be expected between sul-
fonate and the chemokine ligands. For example Y21 of CXCR4
peptide, the only sulfated chemokine receptor whose specific
binding is known, participates in an electrostatic interaction
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with a site in CXCL12/SDF-1 including an arginine (33). In
a model of sulfated CXCR1 based on the NMR structure above,
Y27 and an adjacent aspartate residue participate in H-bonds
with lysines in the ligand CXCLS8/IL-8 (data not shown). In each
case, acidic residues surrounding the tyrosines structurally
complement a hydrophobic groove bordered by basic residues
on the chemokine ligands (34). Thus, experimental evidence
where tyrosine sulfation is known to occur shows a strong
relationship between tyrosine sulfation and ligand binding,
though in vitro experiments with CCR2b and CX3CR1 suggest
that sulfation may also be important for intracellular signaling
(10, 11). The pattern and location of the tyrosine residues that
we predict to be sulfated in the chemokine receptors suggest
that the predicted sites may play a role in increasing binding to
their ligands similar to the known sulfation sites (see Table 2).
This role, in mediating the interaction and binding with ligands,
is consistent with the role of tyrosine sulfation in other bi-
ological systems. Tyrosine sulfation mediates protein—protein
interactions and binding, in such processes as coagulation,
bacterial lysis, and anti-coagulation (27).

The role of tyrosine sulfation in the pathogenesis of diseases
such as AIDS is becoming increasingly well documented. Tyro-
sine sulfation is critical for HIV-1 infection of T cells via the
major coreceptor CCRS, though it appears to be dispensable
for the lesser coreceptor CXCR4 (5, 9). While it has been hy-
pothesized that all chemokine-like coreceptors for HIV-1 are
tyrosine sulfated (5), the exact mechanism for viral entry via
sulfated chemokine receptors is not completely understood. Un-
der the prevailing theory, HIV mimics the electrostatic inter-
actions that facilitate chemokine ligand-receptor binding. Thus,
tyrosine sulfation of HIV coreceptors would produce patches of

TABLE 2. SPECIFIC EFFECTS OF TYROSINE SULFATION

Chemokine
Effect Receptor Details Reference
Increased binding CMV US28 Viral receptor CMV US28: (45)
of chemokines Increased binding to CCL3*,
CCL4%, CCL5%, CX3CL1%
Increased binding CXCR3 Receptor CXCR3: Increased 12)
of chemokines binding to CXCL9/,
CXCL10**, CXCL11tt
CXCR4 Receptor CXCR4: Increased )
binding to CXCL12%#
CCR2b Receptor CCR2b: Increased (10)
binding to CCL2%
CCR5 Receptor CCRS5: Increased (5,46)
binding to CCL3*, CCL4T,
and CCL5*
Increased binding CX3CR1 Receptor CX3CR1: Increased an
to chemokine/ firm adhesion to CX3CL1%
adhesion molecules CXCR3 Receptor CXCR3: Increases 12)

chemotaxis after binding
to CXCL9!l, CXCL10**,
and CXCL11ff
Receptor CCR2b: Increased (10)
Ca** influx and chemotaxis
after binding to CCL2%
Receptor CX3CR1: Increased an
Ca** influx after binding
to CXC3L1%

Increased signaling/  CCR2b

Downstream events

CX3CR1

* CCL3/MIP-Ta
T ccLa/MiIP-18

¥ CCL5/RANTES.

§ CX3CL1/Fractalkine.
I'cxCL9/MIG.

** CXCL10/IP-10.

T CXCL11/I-TAC.

H CXCL12/SDF-1.

% CCL2/MCP-1.

negatively charged residues. Negatively charged patches would
then enhance receptor binding to the HIV envelope glycopro-
tein (gp120), which is known to possess a conserved arginine
R-298 critical for viral infection (35). Similar mechanisms may
be used by anti-gp120 antibodies to neutralize HIV infection.
These antibodies demonstrate tyrosyl O-sulfate or have residue
compositions that are highly favorable for tyrosine sulfation
(6). In select antibodies, X-ray crystallography showed that sul-
fated tyrosines come into direct contact and bind with gp120,
suggesting that tyrosine sulfation is critical for antigen recog-
nition and viral binding (36). A tyrosine-sulfated peptide de-
rived from the heavy-chain of an HIV-1-neutralizing antibody
binds gp120 and inhibits HIV-1 infection (37). An area of fu-
ture translational clinical research with great potential would
involve targeting tyrosyl O-sulfate on HIV coreceptors, espe-
cially since our PSSM predictions indicate that HIV coreceptors
CCR3, CCRS8, CXCR6, D6, and DEZ are tyrosine sulfated,
similar to those N-terminal sites in CCRS5 (data not shown).

In the pathobiology of asthma, Th2 cells, mast cells, eosino-
phils, and epithelial cells all appear to be important in causing
persistent airway inflammation. Some human chemokine recep-
tors expressed on these cells are confirmed to be tyrosine sulfated,
such as CCR2, CXCR3, CXCR4, and CX3CR1, while some are
predicted but not confirmed, such as CCR1, CCR3, CCR4, and
CCRS (12, 24, 38). Mast cells in particular play a crucial role in
asthma. Airway hyperresponsiveness is strongly correlated to the
number of mast cells in smooth muscle of the lung (23). The recent
discovery that CXCR3, expressed by a subset of human lung mast
cells (39), undergoes tyrosine sulfation is significant (12) because
the tyrosine sulfation is necessary for the binding of three
chemokines—CXCL9 (MIG), CXCL10 (IL-10), and CXCLI11
(I-TAC)—as well as internalization of the receptor and for
chemotaxis. When Y27 and Y29 are mutated to alanine, no
chemotaxis is observed when the chemokines are added to the
medium. Mast cell progenitors express chemokine receptors
CCR3, CCRS, CCR2, and CXCR4, though only CXCR4 is
necessary for migration from the bone marrow (40). Recently,
Sutcliffe and coworkers showed that CCR3 and CCR1 were
necessary for migration to the airway smooth muscles (41).
Similar to CXCR3, predicted tyrosine sulfation sites in CCR1,
CCR3, and CCR4 are expected to increase binding to their
respective ligands and enhance migration of mast cells (12).

A significant portion of the pharmaceutical research and
development modulating inflammation in asthma and COPD
focuses on chemokine receptor antagonists (25, 42). The modu-
lation of specific chemokine ligand-receptor networks, neces-
sary for leukocyte trafficking and downstream inflammatory
events, is important for the control of asthma and COPD (25).
Antagonizing chemokines/chemokine receptors is complicated
by their overlapping function and binding specificities, although
several promising small-molecule antagonists for chemokine
receptors such as CCRS5 and CXCR4 are in phase 2 or 3 trials
(43). The predictions presented above open the possibility that
tyrosine sulfation may be even more widespread among the che-
mokine receptors than has been previously recognized. Consid-
eration of these sulfated tyrosines during the structural design of
specific receptor antagonists may lead to more precise targeting
of chemokine receptors and effective drug therapy for asthma,
COPD, and similar inflammatory lung diseases.
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