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Abstract: Tyrosine sulfation, a post-translational modification found on many chemokine receptors,
typically increases receptor affinity for the chemokine ligand. A previous bioinformatics analysis
suggested that a sulfotyrosine (sY)-binding site on the surface of the chemokine CXCL12 may be
conserved throughout the chemokine family. However, the extent to which receptor tyrosine sulfation
contributes to chemokine binding has been examined in only a few instances. Computational
solvent mapping correctly identified the conserved sulfotyrosine-binding sites on CXCL12 and
CCL21 detected by nuclear magnetic resonance (NMR) spectroscopy, demonstrating its utility for
hot spot analysis in the chemokine family. In this study, we analyzed five chemokines that bind to
CXCR2, a subset of which also bind to CXCRI, to identify hot spots that could participate in receptor
binding. A cleft containing the predicted sulfotyrosine-binding pocket was identified as a principal
hot spot for ligand binding on the structures of CXCL1, CXCL2, CXCL7, and CXCLS, but not CXCLS5.
Sulfotyrosine titrations monitored via NMR spectroscopy showed specific binding to CXCLS8, but not
to CXCLS5, which is consistent with the predictions from the computational solvent mapping. The lack
of CXCL5-sulfotyrosine interaction and the presence of CXCL8—sulfotyrosine binding suggests a role
for receptor post-translational modifications regulating ligand selectivity.

Keywords: CXCL5; CXCL8; CXCRI1; CXCR2; sulfotyrosine; post-translational modification;
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1. Introduction

Chemokines comprise a family of approximately 50 small globular proteins that coordinate
the migration of immune cells along an increasing chemokine concentration gradient by activating
specific G protein-coupled receptors (GPCRs) expressed on the surface of responding cells. The two
main classes of chemokines and their receptors, CC and CXC, exhibit varying degrees of promiscuity,
with some receptors binding multiple ligands, and certain ligands binding multiple receptors [1-3].
Chemokines adopt a highly conserved tertiary fold comprised of a three-stranded antiparallel 3-sheet
and a C-terminal «-helix stabilized by one or two disulfide bonds. Receptor binding and activation is
described by a two-site, two-step model, whereby the N-terminus of the receptor binds the N-loop
and chemokine core (site 1), followed by the insertion of the flexible N-terminus of the chemokine into
the orthosteric pocket of the GPCR (site 2), leading to receptor activation [4].
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For some chemokine receptors, tyrosine residues in the N-terminal domain (site 1) are
post-translationally modified by tyrosyl protein sulfotransferases [5-7], and for the large majority that
have been characterized, tyrosine sulfation enhances chemokine—-receptor recognition [8-14]. NMR
studies of CXCL12 bound to the N-terminal extracellular domain of its receptor CXCR4 provided the
first structural details of sulfotyrosine (sY) recognition by a chemokine [12,13]. Of the three tyrosines in
the CXCR4 N-terminal domain (Y7, Y12, and Y21) that are potential sites of sulfation, Y21 is the most
important for CXCL12 binding [15]. Y21 makes specific contacts with the N-loop and 33 strand, which
may represent a conserved “hot spot” for receptor binding in the chemokine family (Figure 1A) [16].
More recently, the NMR structure of a CCR3-chemokine complex demonstrated that a pair of adjacent
sulfotyrosines occupied the same N-loop /33 cleft of CCL11 [17]. In the case of CCR3, different patterns
of sulfation for its two N-terminal tyrosines enhanced the site 1 binding affinity for its ligands CCL11,
CCL24, and CCL26 to varying degrees [11]. Thus, tyrosine sulfation can increase the selectivity of a
promiscuous receptor by promoting interactions with a subset of its cognate chemokine ligands [11].

A subset of CXC chemokines positive for the ELR (Glu-Leu-Arg) motif are potent neutrophil
chemoattractants that activate the CXCR1 and/or CXCR2 receptor [18,19] and play critical roles
in inflammatory responses, particularly in response to bacterial infections and autoimmune
diseases [18,20,21]. Specifically, CXCL5, which binds both CXCR1 and CXCR2 [22], has been implicated
in mediating pain in rheumatoid arthritis and UVB irradiation, and insulin resistance in obesity [23-25].
CXCR2, the most promiscuous of the six known CXC chemokine receptors, binds to CXCL1, CXCL2,
CXCL3, CXCL5, CXCL6, CXCL7, and CXCLS8 [1]. In contrast, CXCR1 predominantly binds CXCL8 and
CXCL6, though CXCLS5 is reported as a ~10-fold less potent ligand [22,26]. The CXCR2 N-terminal
domain contains two tyrosines, neither of which is a likely candidate for sulfation based on local
sequence analysis by Sulfinator [27] and Sulfosite [28], while the position-specific scoring matrix (PSSM)
developed by Liu et al. [29] gives an intermediate sulfation likelihood score. In contrast, the Sulfosite
algorithm predicts that the single tyrosine, Y27, of CXCR1 will be modified with a 92% probability,
and similarly, the PSSM also predicts Y27 sulfation with high scoring. While tyrosine sulfation has
not been experimentally verified for CXCR1, we speculated that the potencies of CXCL5 and CXCL8
as CXCR1 agonists might correlate with the relative importance of sulfotyrosine recognition for each
chemokine ligand.

We have previously validated the modified amino acid sulfotyrosine as a chemical probe in 2D
NMR studies [16]. Sulfotyrosine binding to CXCL12 induced chemical shifts in a subset of the residues
that were also perturbed upon the binding of CXCR4-derived sulfopeptides [15]. Based on their
location in the N-loop/ 33 cleft, we concluded that the amino acid probe bound at or near the location
of sulfotyrosine 21 in the structure of a CXCR4 sulfopeptide bound to CXCL12 [12]. So far, each
chemokine tested (CXCL12, XCL1, CCL5, CX3CL1, and CCL21 [16,30]) bound the sulfotyrosine probe
in at least one common pocket, which is consistent with our hypothesis that sulfotyrosine recognition
is a conserved feature of the chemokine-receptor site 1 interface (Figure 1). Computational solvent
mapping analysis confirmed this hypothesis by clustering organic solvent probe molecules in and
around the conserved sulfotyrosine binding sites on the surfaces of CXCL12 [31] and CCL21 [30].
In the present study, computational solvent mapping consistently identified a similar binding pocket
on all CXCR?2 ligands with available structures, with the exception of CXCL5. Consistent with the
computational hot spot analysis, we observed specific binding of sulfotyrosine to CXCLS, but not
CXCL5, as monitored by 2D NMR. These findings suggest that receptor recognition by CXCL5
may differ from the other CXCR1/2 chemokine ligands, and that sulfotyrosine may help CXCR1
discriminate between CXCL5 and CXCLS.
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2. Results

2.1. Sulfotyrosine Recognition Sites Correspond to Predicted Chemokine Hot Spots

Previous computational solvent mapping of CXCL12 and CCL21 using FTMap identified
sulfotyrosine recognition sites as hot spots for ligand binding [30,31]. The FTMap algorithm surveys
the protein surface with 16 small organic molecule probes, then clusters and ranks these probes based
on positions with the lowest Boltzmann averaged energies, the highest ranking having the lowest
energy [32,33]. We began by using the FTMap server (ftmap.bu.edu) to validate the analysis by testing
CXCL12 and CCL21, for which there are both FTMap and sulfotyrosine/sulfopeptide-binding data
available (Figure 1). Indeed, the top-ranking FTMap clusters localized to the sulfotyrosine-binding
pocket of both of these representative CXC and CC chemokines, which indicated that the lowest
energy-binding hot spot was likely to be the sulfotyrosine-binding pocket.

C

FTMap Result CXCL12 CCL21

Figure 1. FTMap correctly identifies the NMR-verified sulfotyrosine-binding pocket on CXCL12
and CCL21. (A) The solved solution structure of CXCL12 bound to the CXCR4 N-terminal peptide
(residues 1-38, sY7, sY12, sY21; Protein Data Bank (PDB) ID: 2K05), left. The CXCR4 N-terminal
peptide and surface view of CXCL12 with the sY-binding pocket labeled are shown in the right panel.
The tyrosine side chains of the CXCR4 peptide are displayed, the sulfate group is highlighted in
red, the canonical sY-binding pocket highlighted in yellow; (B) First and fourth top-ranking FTMap
clusters (shown in teal) map to the CXCL12 (PDB ID: 2K05) sY-binding pocket (backbone highlighted in
yellow) identified by NMR sulfopeptide studies. Spheres reflect specific residues identified by NMR sY
titrations [16]; (C) Third top-ranking FTMap cluster maps to the CCL21 sY-binding pocket (backbone
highlighted in yellow), identified by NMR sY titrations (specific residues highlighted with spheres [30])
(PDB ID: 2L4N).
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We next analyzed each of the CXCR2 chemokine ligands for which a solved 3D structure was
available, including all members of the NMR ensemble where applicable. As shown in Figure 2A,
the top-ranking clusters identified by FTMap for CXCL1, CXCL2, CXCL7, and CXCL8 were consistently
located between the N-loop and 33-strand near the conserved sulfotyrosine-binding site. While a
solved structure of sulfated CXCR1 or CXCR?2 (or the sulfopeptide region of the receptor) with any of
their ligands has not been solved, the solved NMR structure of CXCL8 with an N-terminal CXCR1
peptide [34] shows the tyrosine near the proposed sulfotyrosine-binding pocket, at the same location
of many of the FTMap clusters (Figure 2A). These clusters include those of CXCL1, which lie slightly
behind the N-loop, but are still within range that might encounter a CXCR2 peptide. This tyrosine of
CXCR1 does not rest in the same position on CXCLS as the tyrosine 21 of CXCR4 (PDB ID: 2K04) [12],
which may account for the different positioning of the clusters relative to those in the CXCL12 analysis.
For CXCLS5 (Figure 2B), however, only the last, or second to last-ranking cluster identified the pocket,
which suggested that for CXCLS5, it is a less favorable binding pocket. Furthermore, clusters only
found the pocket for four of the 20 CXCL5 NMR conformers, as compared to a majority of conformers
in the CXCL1, CXCL2, and CXCL8 NMR ensembles (Figure Al).
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Figure 2. FIMap hot spot identification on CXCR2 chemokine ligands. The canonical
sulfotyrosine-binding pocket between the N-loop and 3-strand is highlighted in yellow. The clusters
that bind the pocket, each from within the top three ranking clusters, are in teal. (A) The clusters find
the pockets for CXCL1, CXCL2, CXCL7, and CXCLS. For reference, the structure of CXCL8 bound
to the CXCR1 N-terminal peptide (PDB ID: 1ILP) is shown with the peptide in blue and the tyrosine
side chain revealed; (B) In comparison for CXCLS5, the top three-ranking clusters localize to the dimer
interface. The surface view is shown to underscore the lack of clusters in the binding pocket.

2.2. NMR Titration Studies with Sulfotyrosine

To further explore these results, we performed NMR titration experiments to similarly probe
chemokine receptor-binding pockets with another small molecule, sulfotyrosine. We have previously
shown that sulfotyrosine can be used as a surrogate for sulfated receptor peptides and is sufficient to
identify the chemokine receptor sulfotyrosine-binding pocket on the chemokine ligand [16]. Using
H-1>N HSQC NMR spectroscopy, we monitored the spectra of CXCL5 upon titration of increasing
amounts of sulfotyrosine, from 0 to 100 mM. The amino acids involved in binding were expected
to show the greatest chemical shift perturbations. However, when performing these titrations
with CXCLS5, there were few residues that had significant chemical shift perturbations (Figure 3A,
Figure A2-A). For comparison, we performed a similar titration for CXCL8 and, as predicted from our
prior studies of CXCL12, there were widespread changes in the HSQC spectra throughout the course
of the titration (Figure 3B, Figure A2-B). NMR HSQC experiments are superbly sensitive to changes in
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protein structure. For these experiments, as the only change throughout the titration was the addition

of sulfotyrosine, the changes in the spectra are indicative of sulfotyrosine binding.
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Figure 3. NMR titrations of CXCL5 and CXCL8 with sulfotyrosine (sY). Overlays of the 'H-1>N HSQC
spectra of CXCL5 (A) or CXCLS8 (B) in the presence of 0 mM sY (black), 1, 5, 10, 20, 30, 40, 60, 80 and
100 mM sY (green or blue, respectively). A region of the HSQC spectra is shown to highlight that while
there are some shift perturbations in (A); there are widespread changes in the CXCLS8 (B) spectra.

As a measure of sulfotyrosine-chemokine interactions, total (!H and !°N) chemical shift
perturbations can be quantified and magnitudes plotted as a function of residue number. For the
CXCLS titration, there were very minor changes in the spectra throughout the course of the titration,
resulting in small chemical shift perturbations mostly within the level of noise (Figure 4A). When
we mapped the amino acid residues K25 and N50 onto the structure of CXCL5 (PDB ID: 2MGS),
interestingly, they do map to the edge of the sulfotyrosine-binding pocket (Figure 4C). The few, small
chemical shift perturbations observed are likely due to the non-specific coordination of the negatively
charged free sulfotyrosine and positively charged amino side chain of K25.

In contrast, the addition of sulfotyrosine to CXCL8 produced chemical shift perturbations
indicative of specific sulfotyrosine binding [12,13]. There were regions of the N-loop and 33 strand (T12,
H18, K20, and L49) encircling the canonical sulfotyrosine-binding pocket that produced significant
(>0.3 ppm) chemical shift perturbations. As opposed to CXCLS5, these were far above the level of noise.
They closely overlap with residues that bind a CXCR1 N-terminal peptide as observed by Joseph et al.,
which fits a model of receptor—sulfation binding at the sulfotyrosine-binding pocket [35]. There were
additional significant chemical shift perturbations in the C-terminal helix cluster (W57, V58, R60, V61,
V62, F65, K67, R68, E70) adjacent to the N-loop, which may be the result of sulfotyrosine binding to
the N-loop /33 cleft or could denote a second binding site (Figure 4B,D).
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Figure 4. Total chemical shift perturbations (CSP) from 0 to 100 mM sulfotyrosine (sY) plotted for each
amino acid. (A) CXCL5 CSP plot, residues in green reflecting CSP >0.3 ppm; (B) CXCL8 CSP plot,
residues in blue reflecting CSP >0.3 ppm; (C) CXCLS5 structure (PDB ID: 2MGS) with K25 and N50,
residues with the largest chemical shift perturbations (>0.3 ppm) within the sY-binding pocket are
highlighted with green spheres; (D) CXCL8 (PDB ID: 2IL8) structure highlighting residues with the
highest chemical shift perturbations (>0.3 ppm) in blue. Residues of the sY-binding pockets T12, H18,
K20, and L49, are shown as spheres.

2.3. Binding Affinity to Sulfotyrosine

For an NMR titration that exhibits fast exchange kinetics and reaches a point of saturation (where
the addition of a ligand produces little or no spectral changes), the chemical shift perturbations at
intermediate titration points reflect the fractional occupancy of a binding site, and can be used to
generate a binding isotherm. Sulfotyrosine-dependent chemical shift perturbations were analyzed by
nonlinear fitting to estimate the dissociation constant, K4 [30]. For CXCL5, K25 and N50 had the greatest
chemical shift perturbations throughout the titration. However, using a standard ligand-depletion,
saturable-binding model, the data produced a linear curve, indicating non-specific interactions between
sulfotyrosine and CXCLS5 (Figure 5A). While non-specific interactions may occur due to the relatively
small size of sulfotyrosine and lead to observable chemical shift perturbations, even those residues
that exhibited smaller perturbations did not produce a saturable binding curve (Figure A3), suggesting
that CXCL5 does not bind sulfotyrosine in a specific manner. In comparison, select CXCL8 residues
generated large chemical shift perturbations, resulting in saturable binding curves (Figure 5B). When
calculated binding affinities were averaged, they produced a binding K4 of 35.2 & 1.95 mM, which is
comparable to other sulfotyrosine titrations [30].
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Figure 5. Sulfotyrosine-chemokine binding affinities. K4 plots of the CXCL5 (A) and CXCLS8 (B) amino
acids with the largest chemical shift perturbations indicating no saturable binding of sulfotyrosine (sY)
to CXCL5, but did indicate saturable binding to CXCLS. The titration of sY into CXCL8 produced a Ky
of 35.2 + 1.95 mM.

3. Discussion

The mechanism by which promiscuous chemokine receptors selectively bind individual
ligands remains poorly understood. A combination of factors including chemokine concentration,
glycosaminoglycan (GAG) interactions, oligomerization state, and other cellular, contextual, or
kinetic variables may fine-tune the propensities for chemokine-receptor interactions encoded by
the amino acid sequence of each chemokine ligand. For example, CXCL5 expression was slower and
more sustained compared with those of CXCL1 or CXCLS in bacterial-infected epithelium [36,37].
This difference reveals not only the importance of chemokine expression, but also receptor selectivity, as
there are often multiple ligands present simultaneously [38—40]. Post-translational modifications to the
extracellular domains of the receptor are an emerging biologic paradigm that influences ligand—receptor
binding kinetics, selectivity, specificity, and signaling [10,12,41,42]. The goal of the present study was
to examine the potential role of N-terminal tyrosine sulfation of CXCR1 and CXCR2 in binding CXCL5
and CXCLS.

Tyrosine sulfation is an established receptor modification that we as well as others have shown to
increase the affinity of a chemokine for the N-terminal domain of its cognate receptor. We used an
unbiased computational solvent mapping approach to identifying hot spots on chemokine surfaces that
consistently matched a known sulfotyrosine-binding site [13,16]. This same hot spot was predicted for
all CXCR2 ligands, except for CXCL5. Previous studies have not only uncovered a role for chemokine
receptor tyrosine sulfation, but also validated the use of sulfotyrosine as a useful molecular probe for
the discovery of receptor-binding sites [16]. In striking contrast to CXCL8 and all the other chemokines
tested to date [13,16,30], CXCL5 exhibited no signs of specific sulfotyrosine binding in NMR titrations.
Sulfotyrosine-induced perturbations correspond closely with CXCL8 N-loop/ 33 residues that shifted
in a titration with a CXCR1 N-terminal peptide [35], as well as residues in the C-terminal helix that bind
heparin oligosaccharides [43]. Often, there are regions of overlap between the binding of chemokine
ligands with a receptor N-terminal peptide and GAGs, including for CXCLS [35,43-46]. The pattern of
shifts in both areas of CXCL8 suggests that sulfotyrosine may mimic both the modified receptor and
sulfate-rich GAGs.

Sulfosite and the PSSM sulfation prediction sources predict CXCR1’s tyrosine sulfation [28,29], and
the PSSM predicts CXCR2’s tyrosine sulfation [29]. Based on these bioinformatics analysis tools, it is
likely that CXCR1 is tyrosine-sulfated, and less likely that CXCR?2 is tyrosine-sulfated. However, both
may be sulfated in vivo [5]. CXCL8 has a ~1-4 nM affinity at both CXCR1 and CXCR2 and is the most
potent ligand at CXCR1, while CXCL5 has an affinity of ~40 and ~11 nM, respectively [22,26,47].
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The data from the CXCLS8 sulfotyrosine titration suggests that this may be due to the sulfation
increasing its affinity, as shown previously for sulfated N-terminal receptor peptides and the following
receptor/chemokine pairs: CCR2/CCL2 [10] and CCL7 [8], CCR3/CCL11 [9,11], CCL24 [11] and
CCL26[9,11], CCR5/CCL5 [14], and CXCR4/CXCL12[12,13,15]. Thus, the binding events and affinities
between the chemokines and the post-translationally modified receptors may present a nuanced form
of regulation that is unique to different physiologic states and each particular chemokine.

Our FTMap analysis revealed a binding hot spot along the N-loop and (33-strand for the
CXCR2-binding chemokine ligands CXCL1, CXCL2, CXCL?7, and CXCLS that corresponds to the
canonical sulfotyrosine-binding pocket. This pocket identified by FTMap is compatible with a recent
model of the CXCR2 N-terminal peptide bound to CXCL?7, which shows the N-terminal peptide
docked around the N-loop and over the (33-strand [45]. Based on this docking pose of CXCR2, its two
tyrosines would face the opposite side of the chemokine around the «-helix and dimer interface.
Interestingly, when the CXCR1 sequence is substituted in this model, the predicted sulfotyrosine
occupies the canonical sulfotyrosine-binding site. Specifically, an alignment of CXCR1 and CXCR2
reveals that A31 of CXCR2 (A36 using the UniProtKB numbering system (entry: P25025)) corresponds
to Y27 of CXCR1, which is the tyrosine predicted to be sulfated. In this model by Brown et al., A31
of CXCR2 rests in the canonical sulfotyrosine-binding pocket of CXCL?7. Thus, we speculate that Y27
of CXCR1 interacts with the canonical sulfotyrosine-binding pocket of its ligands, and its sulfation
increases its affinity for certain chemokines. While CXCR2 may or may not be sulfated, the N-loop /33
cleft is predicted by FTMap as a hot spot in the site 1 interface. Taken together with the model of the
CXCR2-CXCL7 complex by Brown et al., these results provide a plausible structural explanation for
how tyrosine sulfation of CXCR1, but not CXCR2, might be compatible with the use of a conserved
binding pocket by both receptors on promiscuous chemokine ligands.

The lack of FTMap identification of the binding pocket of CXCL5 and the differences in
sulfotyrosine binding between CXCL5 and CXCLS are due to more than differences in receptor binding
as CXCL5 does bind both CXCR1 and CXCR2 (~40 vs ~11 nM, respectively) [22,26]. Sepuru et al.
recognize that CXCLS5 is more electrostatically neutral than any other CXCR2-activating chemokine [48].
As sulfotyrosine is a negatively charged molecule, it is likely to bind positively charged basic residues.
In the region of the N-loop and 33-strand, CXCLS has basic residues K11, K15, H18, K20, and R47,
most of which are perturbed by sulfotyrosine binding or adjacent to a perturbed residue. Basic residues
in this region of CXCL5 include H23, K25, and K52, which align with H18, K20, and R47 of CXCLS.
Thus K11 and K15 of CXCLS are residues that may confer sulfotyrosine specificity. Interestingly,
CXCLS6 is the only other ELR+ chemokine with a basic residue (R20) that corresponds to K15 of CXCLS;
this position is invariably a glycine in the other CXCR2 ligands [48]. When Wolf et al. mutated R20
of CXCL6 to G, they found a loss of signaling at CXCR1, with no change in effect at CXCR2 [22],
and furthermore, when Jiang et al. mutated K15 of a CXCL8 peptide to A, they found a greater
than six-fold decrease in binding affinity to a CXCR1 peptide, as measured by surface plasmon
resonance (SPR) [49]. These results are consistent with a specific role for R20 of CXCL6 and K15
of CXCLS8 in sulfotyrosine recognition, and their higher potency as CXCR1 agonists relative to the
other ELR+ ligands. The more electrostatically neutral, and less basic N-loop /33 pocket of CXCL5
may account for the lack of sulfotyrosine binding, lack of probe binding between the N-loop and the
(3-strand in FTMap, and the overall weaker potency at CXCR1 and CXCR2, more so than any other
CXCR2-activating chemokine [26].

These results highlight the complexity of post-translational modifications as regulators of
chemokine signaling. CXCL5 may employ a different combination of site 1 interactions with its
receptors than the other chemokine ligands for CXCR1 and CXCR2. We had previously shown that
there are differences in sulfated tyrosine affinities amongst multiple tyrosines on the same receptor
N-terminus [15]. Our results suggest that, for a particular chemokine ligand, the sulfation of a tyrosine
on its cognate receptor may not play an important role, and supports a novel paradigm in which
sulfotyrosine may not universally increase the affinity of the chemokine receptor for its cognate ligand.



Int. ]. Mol. Sci. 2017, 18, 1894 9of 15

For promiscuous receptors, this may be a mechanism to distinguish binding between different ligands.
There have long been generalizations about chemokine receptor binding and activation; however, as the
intricacies of the system become more apparent, the redundancies fade in favor of subtle differences
between chemokine ligands. The absence of a sulfotyrosine-binding site distinguishes CXCL5 from
the other chemokines that have been examined and may confer unique functional attributes among
the ELR+ subfamily.

4. Materials and Methods

4.1. FTMap

The available structures for CXCR1 and CXCR2 chemokine ligands (CXCL1-PDBID: 1MSH,
CXCL2-PDB ID: 1QNK, CXCL5-PDB ID: 2MGS, CXCL7-PDB ID: INAP, CXCL8-PDB ID: 2IL8, 5D14)
as well as CCL21 (PDB ID: 2L4N, 5EKI) and CXCL12 monomer and dimer with CXCR4 sulfopeptide
(PDB IDs: 2KEC and 2KO05 respectively) as a reference for chemokines that bind sulfotyrosine were
downloaded from the RCSB Protein Data Bank (www.pdb.org) [50]. Using PyMOL (Schrodinger, LLC,
New York, NY, Version 1.7) [51], the NMR solution structures (PDB IDs: 1MSH, 1QNK, 2MGS, 2IL8)
were separated into PDB files of individual states. These and the crystal structures (PDB IDs: 1INAP,
5D14, 5EKI) were submitted to FTMap computational solvent mapping web server (ftmap.bu.edu) to
identify potential binding pockets by small molecule sampling [32]. The results were downloaded and
analyzed via PyMOL [51].

4.2. Protein Expression and Purification

Uniformly labeled '®N-CXCL5 was expressed and purified as previously described [52].
I5N-CXCL8 was supplied by Protein Foundry, LLC (Milwaukee, WI, USA).

4.3. NMR Spectroscopy

Concentrated stock solutions of ®N-CXCLS5 or '>N-CXCLS8 in H,O were diluted to 250 uM in a
solution containing 50 mM deuterated acetic acid (pH 5.0 for CXCL5, pH 5.2 for CXCLS8), 10% (v/v)
D,0, 0.02% (w/v) NaN3. All data were collected on a Bruker Avance 600 MHz spectrometer equipped
with a TH/®N/13C cryoprobe. 'H-1N Heteronuclear Single Quantum Coherence experiments were
used to monitor a CXCL5 or CXCLS8 sample titrated with 0, 1, 5, 10, 20, 30, 40, 60, 80, and 100 mM
sulfotyrosine dissolved in the same buffer as above. Spectra were processed using NMRPipe [53]. Using
chemical shift assignments from the solved structures [48,54], peaks were tracked using CARA [55].
Total 'H->N chemical shift perturbations were computed as [(5A5ny)? + (ASN)?]Y/2, where Abng and
A8y were the total changes in backbone amide 'H and >N chemical shifts in ppm, respectively, from 0
to 100 mM sulfotyrosine. Concentration-dependent chemical shift perturbations for CXCLS residues
H18, R60, V61, and V62 upon titration with sulfotyrosine were fit to the following equation, which
accounts for ligand depletion:

(K4 + [CXCL8] 4 x) — 1/ (Ky + [CXCLS] + x)? — 4[CXCL8]x
2[CXCLS|

AS = Abmax X

where A is the chemical shift perturbation, Admay is the maximum chemical shift perturbation at 100%
bound CXCLS, Ky is the CXCL8 sY dissociation constant, and x is the sY concentration. There were no
changes in pH for the CXCLS titration, thus, these changes in chemical shifts were due solely to the
addition of sulfotyrosine. Using pro Fit 6.2 and the above equation, the K4 values and their respective
errors were calculated and averaged to produce the reported affinity and error. Amino acids with
the highest chemical shift perturbations were mapped onto the structure of CXCL8 using PyMOL.
The same process was attempted for CXCL5; however, the chemical shift perturbation did not fit with
this equation, but rather with a linear regression model.
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Appendix

CXCL1

Cross Cluster| Cluster Color| NP2 of
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Total dimer interface (#) 37
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Total dimer interface (#) 27
Total other| 35

CXCL5
Cross Cluster| Cluster Color| NMPe" of
Fragments
1# blue 22
24 lime green 21
3 magenta 1
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5 red 7
6# yellow 6
74 deep salmon| 5
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9 deep purple 3
10 deep teal a
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Total sY pocket (*) 0
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CXCL7

Cross Cluster| Cluster Color] "UmPerof
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4 orange 1
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o# yellow 9
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12 white 2

Total sY pocket ()| 28
Total dimerinterface (#)| 36
Totalother] 31

CXCL8
Cross Cluster| Cluster Color| Number of
Fragments
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o lime green 13
3 magenta 13
4t orange 12
S5# red 12
6 yellow 12
74 deep salmon| 8
8# purple blue 7
o* deep purple 2
Total sY pocket (*) 29
Total dimer interface (#), 39

Total other| 25

Figure A1l. Complete FTMap results. All FTMap clusters are shown on the structures from Figure 2.
The higher the number of probes, or fragments, in each cluster, the higher the ranking of that hot spot.
Clusters that bind the sulfotyrosine binding pocket are noted with an asterisk (*), and totaled at the
bottom of the table. Clusters that bind the dimer interface are noted with a number sign (#), and totaled.
The remaining clusters are also totaled at the bottom of the table.
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Figure A2. Complete HSQC overlays of titrations of sulfotyrosine (sY) into CXCL5 (A) or CXCL8
(B) from 0 (black) to 100 mM (green or blue, respectively). The streak around 7.4 ppm is due to
increasing concentrations of sY, which are indicated in the figure. Residues with CSPs >0.3 ppm are
labeled (see also Figure 4A,B).
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Figure A3. K plot showing curves with the lowest error from the titration of sY into CXCL5. These
data further suggest CXCL5 had no saturable, specific binding.

References

1. Zlotnik, A.; Yoshie, O. Chemokines: A new classification system and their role in immunity. Immunity 2000,
12,121-127. [CrossRef]

2. Zlotnik, A.; Yoshie, O.; Nomiyama, H. The chemokine and chemokine receptor superfamilies and their
molecular evolution. Genome Biol. 2006, 7, 243. [CrossRef] [PubMed]

3. Griffith, JW,; Sokol, C.L.; Luster, A.D. Chemokines and chemokine receptors: Positioning cells for host
defense and immunity. Annu. Rev. Immunol. 2014, 32, 659-702. [CrossRef] [PubMed]

4. Kufareva, I; Salanga, C.L.; Handel, T.M. Chemokine and chemokine receptor structure and interactions:
Implications for therapeutic strategies. Immunol. Cell Biol. 2015, 93, 372-383. [CrossRef] [PubMed]

5. Stone, M.],; Chuang, S.; Hou, X.; Shoham, M.; Zhu, J.Z. Tyrosine sulfation: An increasingly recognised
post-translational modification of secreted proteins. New Biotechnology 2009, 25, 299-317. [CrossRef]
[PubMed]

6. Ludeman, J.P; Stone, M.]. The structural role of receptor tyrosine sulfation in chemokine recognition. Br. J.
Pharmacol. 2014, 171, 1167-1179. [CrossRef] [PubMed]

7. Seibert, C.; Veldkamp, C.T.; Peterson, E.C.; Chait, B.T.; Volkman, B.E,; Sakmar, T.P. Sequential tyrosine sulfation

of cxcr4 by tyrosylprotein sulfotransferases. Biochemistry 2008, 47, 11251-11262. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1074-7613(00)80165-X
http://dx.doi.org/10.1186/gb-2006-7-12-243
http://www.ncbi.nlm.nih.gov/pubmed/17201934
http://dx.doi.org/10.1146/annurev-immunol-032713-120145
http://www.ncbi.nlm.nih.gov/pubmed/24655300
http://dx.doi.org/10.1038/icb.2015.15
http://www.ncbi.nlm.nih.gov/pubmed/25708536
http://dx.doi.org/10.1016/j.nbt.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19658209
http://dx.doi.org/10.1111/bph.12455
http://www.ncbi.nlm.nih.gov/pubmed/24116930
http://dx.doi.org/10.1021/bi800965m
http://www.ncbi.nlm.nih.gov/pubmed/18834145

Int. ]. Mol. Sci. 2017, 18, 1894 13 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Jen, C.H,; Leary, J.A. A competitive binding study of chemokine, sulfated receptor, and glycosaminoglycan
interactions by nano-electrospray ionization mass spectrometry. Anal. Biochem. 2010, 407, 134-140. [CrossRef]
[PubMed]

Simpson, L.S.; Zhu, ].Z.; Widlanski, T.S.; Stone, M.]. Regulation of chemokine recognition by site-specific
tyrosine sulfation of receptor peptides. Chem. Biol. 2009, 16, 153-161. [CrossRef] [PubMed]

Tan, ].H.; Ludeman, J.P.; Wedderburn, ]J.; Canals, M.; Hall, P; Butler, S.J.; Taleski, D.; Christopoulos, A.;
Hickey, M.].; Payne, R.J.; et al. Tyrosine sulfation of chemokine receptor ccr2 enhances interactions with both
monomeric and dimeric forms of the chemokine monocyte chemoattractant protein-1 (mcp-1). J. Biol. Chem.
2013, 288, 10024-10034. [CrossRef] [PubMed]

Zhu, J.Z.; Millard, C.J.; Ludeman, J.P; Simpson, L.S.; Clayton, D.].; Payne, R.J.; Widlanski, T.S.; Stone, M.].
Tyrosine sulfation influences the chemokine binding selectivity of peptides derived from chemokine receptor
ccr3. Biochemistry 2011, 50, 1524-1534. [CrossRef] [PubMed]

Veldkamp, C.T.; Seibert, C.; Peterson, E.C.; De la Cruz, N.B.; Haugner, J.C., 3rd; Basnet, H.; Sakmar, T.P;
Volkman, B.E. Structural basis of cxcr4 sulfotyrosine recognition by the chemokine sdf-1/cxcl12. Sci. Signal.
2008, 1. [CrossRef] [PubMed]

Veldkamp, C.T.; Seibert, C.; Peterson, F.C.; Sakmar, T.P.; Volkman, B.F. Recognition of a cxcr4 sulfotyrosine
by the chemokine stromal cell-derived factor-1lalpha (sdf-1alpha/cxcl12). J. Mol. Biol. 2006, 359, 1400-1409.
[CrossRef] [PubMed]

Duma, L.; Haussinger, D.; Rogowski, M.; Lusso, P.; Grzesiek, S. Recognition of rantes by extracellular parts
of the ccr5 receptor. J. Mol. Biol. 2007, 365, 1063-1075. [CrossRef] [PubMed]

Ziarek, J.J.; Getschman, A.E.; Butler, S.J.; Taleski, D.; Stephens, B.; Kufareva, I.; Handel, T.M.; Payne, R.J.;
Volkman, B.F. Sulfopeptide probes of the cxcr4/cxcll2 interface reveal oligomer-specific contacts and
chemokine allostery. ACS Chem. Biol. 2013, 8, 1955-1963. [CrossRef] [PubMed]

Ziarek, ].].; Heroux, M.S.; Veldkamp, C.T.; Peterson, F.C.; Volkman, B.F. Sulfotyrosine recognition as marker
for druggable sites in the extracellular space. Int. J. Mol. Sci. 2011, 12, 3740-3756. [CrossRef] [PubMed]
Millard, C.J.; Ludeman, ].P; Canals, M.; Bridgford, J.L.; Hinds, M.G.; Clayton, D.J.; Christopoulos, A.;
Payne, R.J.; Stone, M.]. Structural basis of receptor sulfotyrosine recognition by a CC chemokine: The
N-terminal region of CCR3 bound to CCL11/Eotaxin-1. Structure 2014, 22, 1571-1581. [CrossRef] [PubMed]
Stillie, R.; Farooq, S.M.; Gordon, J.R.; Stadnyk, A.W. The functional significance behind expressing two IL-8
receptor types on pmn. J. Leukoc. Biol. 2009, 86, 529-543. [CrossRef] [PubMed]

Baggiolini, M.; Dewald, B.; Moser, B. Interleukin-8 and related chemotactic cytokines—CXC and CC
chemokines. Adv. Immunol. 1994, 55, 97-179. [PubMed]

Dwinell, M.B.; Kagnoff, M.FE. Mucosal immunity. Curr. Opin. Gastroenterol. 1999, 15, 33-38. [CrossRef]
[PubMed]

Kagnoff, M.E,; Eckmann, L. Epithelial cells as sensors for microbial infection. J. Clin. Invest. 1997, 100, 6-10.
[CrossRef] [PubMed]

Wolf, M.; Delgado, M.B.; Jones, S.A.; Dewald, B.; Clark-Lewis, I.; Baggiolini, M. Granulocyte chemotactic
protein 2 acts via both il-8 receptors, cxcrl and cxcr2. Eur. |. Immunol. 1998, 28, 164-170. [CrossRef]

Koch, A.E.; Kunkel, S.L.; Harlow, L.A.; Mazarakis, D.D.; Haines, G.K.; Burdick, M.D.; Pope, RM.; Walz, A;
Strieter, R.M. Epithelial neutrophil activating peptide-78: A novel chemotactic cytokine for neutrophils in
arthritis. J. Clin. Invest. 1994, 94, 1012-1018. [CrossRef] [PubMed]

Chavey, C.; Lazennec, G.; Lagarrigue, S.; Clape, C.; Iankova, L; Teyssier, J.; Annicotte, J.S.; Schmidt, J.;
Mataki, C.; Yamamoto, H.; et al. Cxc ligand 5 is an adipose-tissue derived factor that links obesity to insulin
resistance. Cell. Metab. 2009, 9, 339-349. [CrossRef] [PubMed]

Dawes, ].M.; Calvo, M.; Perkins, J.R.; Paterson, K.J.; Kiesewetter, H.; Hobbs, C.; Kaan, T.K.; Orengo, C.;
Bennett, D.L.; McMahon, S.B. Cxcl5 mediates uvb irradiation-induced pain. Sci Transl. Med. 2011, 3.
[CrossRef] [PubMed]

Ahuja, S.K.; Murphy, PM. The CXC chemokines growth-regulated oncogene (gro) alpha, grobeta, grogamma,
neutrophil-activating peptide-2, and epithelial cell-derived neutrophil-activating peptide-78 are potent
agonists for the type b, but not the type a, human interleukin-8 receptor. J. Biol. Chem. 1996, 271, 20545-20550.
[CrossRef] [PubMed]

Monigatti, F.; Gasteiger, E.; Bairoch, A.; Jung, E. The sulfinator: Predicting tyrosine sulfation sites in protein
sequences. Bioinformatics 2002, 18, 769-770. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ab.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/20696123
http://dx.doi.org/10.1016/j.chembiol.2008.12.007
http://www.ncbi.nlm.nih.gov/pubmed/19246006
http://dx.doi.org/10.1074/jbc.M112.447359
http://www.ncbi.nlm.nih.gov/pubmed/23408426
http://dx.doi.org/10.1021/bi101240v
http://www.ncbi.nlm.nih.gov/pubmed/21235238
http://dx.doi.org/10.1126/scisignal.1160755
http://www.ncbi.nlm.nih.gov/pubmed/18799424
http://dx.doi.org/10.1016/j.jmb.2006.04.052
http://www.ncbi.nlm.nih.gov/pubmed/16725153
http://dx.doi.org/10.1016/j.jmb.2006.10.040
http://www.ncbi.nlm.nih.gov/pubmed/17101151
http://dx.doi.org/10.1021/cb400274z
http://www.ncbi.nlm.nih.gov/pubmed/23802178
http://dx.doi.org/10.3390/ijms12063740
http://www.ncbi.nlm.nih.gov/pubmed/21747703
http://dx.doi.org/10.1016/j.str.2014.08.023
http://www.ncbi.nlm.nih.gov/pubmed/25450766
http://dx.doi.org/10.1189/jlb.0208125
http://www.ncbi.nlm.nih.gov/pubmed/19564575
http://www.ncbi.nlm.nih.gov/pubmed/8304236
http://dx.doi.org/10.1097/00001574-199901000-00007
http://www.ncbi.nlm.nih.gov/pubmed/17023915
http://dx.doi.org/10.1172/JCI119522
http://www.ncbi.nlm.nih.gov/pubmed/9202050
http://dx.doi.org/10.1002/(SICI)1521-4141(199801)28:01&lt;164::AID-IMMU164&gt;3.0.CO;2-S
http://dx.doi.org/10.1172/JCI117414
http://www.ncbi.nlm.nih.gov/pubmed/8083342
http://dx.doi.org/10.1016/j.cmet.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19356715
http://dx.doi.org/10.1126/scitranslmed.3002193
http://www.ncbi.nlm.nih.gov/pubmed/21734176
http://dx.doi.org/10.1074/jbc.271.34.20545
http://www.ncbi.nlm.nih.gov/pubmed/8702798
http://dx.doi.org/10.1093/bioinformatics/18.5.769
http://www.ncbi.nlm.nih.gov/pubmed/12050077

Int. ]. Mol. Sci. 2017, 18, 1894 14 0f 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chang, W.C; Lee, TY,; Shien, D.M.; Hsu, ].B.; Horng, J.T.; Hsu, P.C.; Wang, T.Y.; Huang, H.D.; Pan, R.L.
Incorporating support vector machine for identifying protein tyrosine sulfation sites. J. Comput. Chem. 2009,
30, 2526-2537. [CrossRef] [PubMed]

Liu, J.; Louie, S.; Hsu, W.; Yu, K.M.; Nicholas, H.B., Jr.; Rosenquist, G.L. Tyrosine sulfation is prevalent in
human chemokine receptors important in lung disease. Am. J. Respir. Cell. Mol. Biol. 2008, 38, 738-743.
[CrossRef] [PubMed]

Smith, E-W.; Lewandowski, E.M.; Moussouras, N.A.; Kroeck, K.G.; Volkman, B.E; Veldkamp, C.T; Chen, Y.
Crystallographic structure of truncated CCL21 and the putative sulfotyrosine-binding site. Biochemistry 2016,
55, 5746-5753. [CrossRef] [PubMed]

Smith, E.W.; Nevins, A.M.; Qiao, Z.; Liu, Y.; Getschman, A.E.; Vankayala, S.L.; Kemp, M.T.; Peterson, EC.;
Li, R.; Volkman, B.F,; et al. Structure-based identification of novel ligands targeting multiple sites within a
chemokine-g-protein-coupled-receptor interface. J. Med. Chem. 2016, 59, 4342-4351. [CrossRef] [PubMed]
Kozakov, D.; Grove, L.E.; Hall, D.R.; Bohnuud, T.; Mottarella, S.E.; Luo, L.; Xia, B.; Beglov, D.; Vajda, S.
The ftmap family of web servers for determining and characterizing ligand-binding hot spots of proteins.
Nat. Protoc. 2015, 10, 733-755. [CrossRef] [PubMed]

Kozakov, D.; Hall, D.R.; Chuang, G.Y.; Cencic, R; Brenke, R.; Grove, L.E.; Beglov, D.; Pelletier, J.; Whitty, A.;
Vajda, S. Structural conservation of druggable hot spots in protein-protein interfaces. Proc. Natl. Acad.
Sci. USA 2011, 108, 13528-13533. [CrossRef] [PubMed]

Skelton, N.J.; Quan, C.; Reilly, D.; Lowman, H. Structure of a cxc chemokine-receptor fragment in complex
with interleukin-8. Structure 1999, 7, 157-168. [CrossRef]

Joseph, PR.; Rajarathnam, K. Solution nmr characterization of wt cxcl8 monomer and dimer binding to cxerl
n-terminal domain. Protein Sci. 2015, 24, 81-92. [CrossRef] [PubMed]

Yang, S.K.; Eckmann, L.; Panja, A.; Kagnoff, M.F. Differential and regulated expression of c-x-c, c-c, and
c-chemokines by human colon epithelial cells. Gastroenterology 1997, 113, 1214-1223. [CrossRef] [PubMed]
Johanesen, P.A.; Dwinell, M.B. Flagellin-independent regulation of chemokine host defense in campylobacter
jejuni-infected intestinal epithelium. Infect. Immun. 2006, 74, 3437-3447. [CrossRef] [PubMed]

Murdoch, E.L.; Karavitis, J.; Deburghgraeve, C.; Ramirez, L.; Kovacs, E.J. Prolonged chemokine expression
and excessive neutrophil infiltration in the lungs of burn-injured mice exposed to ethanol and pulmonary
infection. Shock 2011, 35, 403-410. [CrossRef] [PubMed]

Proost, P.; De Wolf-Peeters, C.; Conings, R.; Opdenakker, G.; Billiau, A.; Van Damme, ]. Identification of a
novel granulocyte chemotactic protein (gcp-2) from human tumor cells. In vitro and in vivo comparison
with natural forms of gro, IP-10, and IL-8. J. Immunol. 1993, 150, 1000-1010. [PubMed]

Kunkel, S.L.; Lukacs, N.; Strieter, R.M. Expression and biology of neutrophil and endothelial cell-derived
chemokines. Semin. Cell. Biol. 1995, 6, 327-336. [CrossRef]

Kiermaier, E.; Moussion, C.; Veldkamp, C.T.; Gerardy-Schahn, R.; de Vries, I.; Williams, L.G.; Chaffee, G.R.;
Phillips, A J.; Freiberger, F.; Imre, R.; et al. Polysialylation controls dendritic cell trafficking by regulating
chemokine recognition. Science 2016, 351, 186-190. [CrossRef] [PubMed]

Bannert, N.; Craig, S.; Farzan, M.; Sogah, D.; Santo, N.V.; Choe, H.; Sodroski, J. Sialylated o-glycans and
sulfated tyrosines in the NH2-terminal domain of cc chemokine receptor 5 contribute to high affinity binding
of chemokines. J. Exp. Med. 2001, 194, 1661-1673. [CrossRef] [PubMed]

Joseph, PR.; Mosier, P.D.; Desai, U.R.; Rajarathnam, K. Solution nmr characterization of chemokine cxcl8/il-8
monomer and dimer binding to glycosaminoglycans: Structural plasticity mediates differential binding
interactions. Biochem. J. 2015, 472, 121-133. [CrossRef] [PubMed]

Sepuru, K.M.; Nagarajan, B.; Desai, U.R.; Rajarathnam, K. Molecular basis of chemokine
CXCL5-glycosaminoglycan interactions. J. Biol. Chem. 2016, 291, 20539-20550. [CrossRef] [PubMed]
Brown, AJ.; Sepuru, K.M.; Rajarathnam, K. Structural basis of native CXCL7 monomer binding to CXCR2
receptor n-domain and glycosaminoglycan heparin. Int. J. Mol. Sci. 2017, 18. [CrossRef] [PubMed]
Sepuru, K.M.; Rajarathnam, K. CXCL1/MGSA is a novel glycosaminoglycan (gag)-binding chemokine:
Structural evidence for two distinct non-overlapping binding domains. J. Biol. Chem. 2016, 291, 4247-4255.
[CrossRef] [PubMed]

Wuyts, A.; Proost, P.; Lenaerts, J.P.; Ben-Baruch, A.; Van Damme, J.; Wang, ]. M. Differential usage of the cxc
chemokine receptors 1 and 2 by interleukin-8, granulocyte chemotactic protein-2 and epithelial-cell-derived
neutrophil attractant-78. Eur. |. Biochem. 1998, 255, 67-73. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/jcc.21258
http://www.ncbi.nlm.nih.gov/pubmed/19373826
http://dx.doi.org/10.1165/rcmb.2007-0118OC
http://www.ncbi.nlm.nih.gov/pubmed/18218997
http://dx.doi.org/10.1021/acs.biochem.6b00304
http://www.ncbi.nlm.nih.gov/pubmed/27617343
http://dx.doi.org/10.1021/acs.jmedchem.5b02042
http://www.ncbi.nlm.nih.gov/pubmed/27058821
http://dx.doi.org/10.1038/nprot.2015.043
http://www.ncbi.nlm.nih.gov/pubmed/25855957
http://dx.doi.org/10.1073/pnas.1101835108
http://www.ncbi.nlm.nih.gov/pubmed/21808046
http://dx.doi.org/10.1016/S0969-2126(99)80022-7
http://dx.doi.org/10.1002/pro.2590
http://www.ncbi.nlm.nih.gov/pubmed/25327289
http://dx.doi.org/10.1053/gast.1997.v113.pm9322516
http://www.ncbi.nlm.nih.gov/pubmed/9322516
http://dx.doi.org/10.1128/IAI.01740-05
http://www.ncbi.nlm.nih.gov/pubmed/16714574
http://dx.doi.org/10.1097/SHK.0b013e31820217c9
http://www.ncbi.nlm.nih.gov/pubmed/21063239
http://www.ncbi.nlm.nih.gov/pubmed/8423327
http://dx.doi.org/10.1016/S1043-4682(05)80003-0
http://dx.doi.org/10.1126/science.aad0512
http://www.ncbi.nlm.nih.gov/pubmed/26657283
http://dx.doi.org/10.1084/jem.194.11.1661
http://www.ncbi.nlm.nih.gov/pubmed/11733580
http://dx.doi.org/10.1042/BJ20150059
http://www.ncbi.nlm.nih.gov/pubmed/26371375
http://dx.doi.org/10.1074/jbc.M116.745265
http://www.ncbi.nlm.nih.gov/pubmed/27471273
http://dx.doi.org/10.3390/ijms18030508
http://www.ncbi.nlm.nih.gov/pubmed/28245630
http://dx.doi.org/10.1074/jbc.M115.697888
http://www.ncbi.nlm.nih.gov/pubmed/26721883
http://dx.doi.org/10.1046/j.1432-1327.1998.2550067.x
http://www.ncbi.nlm.nih.gov/pubmed/9692902

Int. ]. Mol. Sci. 2017, 18, 1894 150f 15

48.

49.

50.

51.

52.

53.

54.

55.

Sepuru, K.M.; Poluri, K.M.; Rajarathnam, K. Solution structure of cxcl5-a novel chemokine and adipokine
implicated in inflammation and obesity. PLoS ONE 2014, 9. [CrossRef] [PubMed]

Jiang, S.J.; Liou, ].W,; Chang, C.C.; Chung, Y.,; Lin, L.F.; Hsu, H.]. Peptides derived from cxcl8 based on in
silico analysis inhibit cxcl8 interactions with its receptor cxcrl. Sci. Rep. 2015, 5, 18638. [CrossRef] [PubMed]
Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E.
The protein data bank. Nucleic. Acids Res. 2000, 28, 235-242. [CrossRef] [PubMed]

Schrodinger, LLC. The pymol molecular graphics system. version 1.7.0.3. 2010.

Veldkamp, C.T.; Koplinski, C.A.; Jensen, D.R.; Peterson, F.C.; Smits, KM.; Smith, B.L.; Johnson, S.K,;
Lettieri, C.; Buchholz, W.G.; Solheim, J.C.; et al. Production of recombinant chemokines and validation of
refolding. Methods Enzymol. 2016, 570, 539-565. [PubMed]

Delaglio, E; Grzesiek, S.; Vuister, G.W.; Zhu, G.; Pfeifer, J.; Bax, A. Nmrpipe: A multidimensional spectral
processing system based on unix pipes. J. Biomol. NMR 1995, 6, 277-293. [CrossRef] [PubMed]

Grasberger, B.L.; Gronenborn, A.M.; Clore, G.M. Analysis of the backbone dynamics of interleukin-8 by 15n
relaxation measurements. J. Mol. Biol. 1993, 230, 364-372. [CrossRef] [PubMed]

Keller, R.L.J. (Ed.) The Computer Aided Resonance Assignment/Tutorial, 1st ed.; CANTINA Verlag: Goldau,
Switzerland, 2004.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0093228
http://www.ncbi.nlm.nih.gov/pubmed/24695525
http://dx.doi.org/10.1038/srep18638
http://www.ncbi.nlm.nih.gov/pubmed/26689258
http://dx.doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://www.ncbi.nlm.nih.gov/pubmed/26921961
http://dx.doi.org/10.1007/BF00197809
http://www.ncbi.nlm.nih.gov/pubmed/8520220
http://dx.doi.org/10.1006/jmbi.1993.1152
http://www.ncbi.nlm.nih.gov/pubmed/8464050
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Sulfotyrosine Recognition Sites Correspond to Predicted Chemokine Hot Spots 
	NMR Titration Studies with Sulfotyrosine 
	Binding Affinity to Sulfotyrosine 

	Discussion 
	Materials and Methods 
	FTMap 
	Protein Expression and Purification 
	NMR Spectroscopy 

	

