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ABSTRACT: The interactions of chemokines with their G protein-coupled receptors play critical roles in the
control of leukocyte trafficking in normal homeostasis and in inflammatory responses. Tyrosine sulfation is a
common post-translational modification in the amino-terminal regions of chemokine receptors. However,
tyrosine sulfation of chemokine receptors is commonly incomplete or heterogeneous. To investigate the
possibility that differential sulfation of two adjacent tyrosine residues could bias the responses of chemokine
receptor CCR3 to different chemokines, we have studied the binding of three chemokines (eotaxin-1/CCLI11,
eotaxin-2/CCL24, and eotaxin-3/CCL26) to an N-terminal CCR3-derived peptide in each of its four possible
sulfation states. Whereas the nonsulfated peptide binds to the three chemokines with approximately equal
affinity, sulfation of Tyr-16 gives rise to 9—16-fold selectivity for eotaxin-1 over the other two chemokines.
Subsequent sulfation of Tyr-17 contributes additively to the affinity for eotaxin-1 and eotaxin-2 but
cooperatively to the affinity for eotaxin-3. The doubly sulfated peptide selectively binds to both eotaxin-1
and eotaxin-3 approximately 10-fold more tightly than to eotaxin-2. Nuclear magnetic resonance chemical
shift mapping indicates that these variations in affinity probably result from only subtle differences in the
chemokine surfaces interacting with these receptor peptides. These data support the proposal that variations
in sulfation states or levels may regulate the responsiveness of chemokine receptors to their cognate

chemokines.

Leukocyte trafficking in normal homeostasis as well as in-
flammatory responses is regulated, in part, by the interactions
between chemokines and their receptors (/—3). Chemokines are
small soluble proteins that are secreted from target tissues,
whereas chemokine receptors are G protein-coupled receptors
(GPCRs)' located in leukocyte membranes. Although numerous
chemokine structures have been described, no structures of
chemokine receptors have yet been reported. Nevertheless,
studies of receptor mutants and chimeras have indicated that
receptors interact with cognate chemokine ligands via the re-
ceptor extracellular elements and that, among these, the receptor
amino-terminal element is critical for the initial binding of
ligands (6—10).

Many receptors (and therefore the leukocytes expressing these
receptors) respond to multiple chemokines. Regulation of these
responses may occur at multiple levels (), including receptor and
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ligand expression levels (), localization of ligands by binding to
glycosaminoglycans (/1), proteolytic processing of chemo-
kines (12, 13), the presence of competing chemokines or other
ligands (agonists or antagonists) (5), the presence of competing
receptors on the same cell type or other cell types (including
nonsignaling “decoy” receptors) (/4, 15), receptor oligomeriza-
tion (16, 17), receptor internalization and recycling (/8), and
intracellular signaling pathways (/9). In addition, most, if not all,
chemokine receptors are post-translationally sulfated on tyrosine
residues in their amino-terminal elements, and sulfation enhances
binding to chemokine ligands as well as pathogens (20—24).
Tyrosine sulfation is a common post-translational modifica-
tion of secreted and cell-surface proteins that occurs in the trans-
Golgi network, catalyzed by the enzymes tyrosylprotein sulfo-
transferase-1 and -2 (TPST-1 and -2, respectively) (25—27).
Although labile to acid, sulfotyrosine is stable under normal
physiological conditions, and in stark contrast to phosphoryla-
tion, there is currently no evidence that tyrosine sulfation is
dynamically regulated. TPSTs are selective for tyrosine residues
close in sequence to acidic amino acids, such as those in the
amino-terminal elements of chemokine receptors (28). Mutation
of tyrosine residues in the amino-terminal regions of receptors
CCRS5, CCR8, CXCR3, CXCR4, and CX;CR1 and Duffy
antigen and receptor for chemokines (DARC) has been shown
to reduce the level of metabolic sulfate labeling of these receptors
and the level of binding and/or activation of the receptors by
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cognate chemokines (22, 23, 29—32). Similarly, the chemokine
binding affinities of amino-terminal peptides from receptors
CCR3, CCRS, and CXCR4 are enhanced by sulfation of tyrosine
residues in these peptides (33—36).

In addition to providing evidence of the presence of tyrosine
sulfation, metabolic sulfate labeling studies indicate that the
sulfation of certain tyrosine residues is incomplete (22, 23). Thus,
chemokine receptors may exist as heterogeneous mixtures of
different sulfation states. In addition, the two TPST isoforms
have different relative catalytic efficiencies for different target
sequences (37, 38), and both the total and relative expression
levels of the two TPST isoforms vary substantially across
different tissues (27). Consequently, it is likely that the levels of
differently sulfated forms of chemokine receptors are dependent
on the cell type in which the receptor is expressed and possibly
also on environmental factors to which the cells are sensitive. This
raises the intriguing possibility that variations in sulfation state
could regulate the responsiveness of chemokine receptors to their
cognate chemokines. Consistent with this possibility, Choe et al.
observed that both Tyr-30 and Tyr-41 of DARC are sulfated,
although probably not to completion, but that mutation of each
tyrosine residue weakened binding to different chemokines (23).

CCR3 is a chemokine receptor expressed primarily on eosino-
phils, basophils, and Th2 cells (39). Chemokine activation of
CCR3 plays a role in regulating leukocyte recruitment in allergic
responses and parasitic infections (39—42). In addition, chemo-
kine activation of CCR3 has recently been shown to stimulate
choroidal neovascularization in a model of macular degenera-
tion (43). The amino-terminal region of CCR3 contains two
adjacent potential sulfation sites (Tyr-16 and Tyr-17), and this
region can be sulfated when expressed as an immunoglobulin
domain fusion protein, although sulfation of the intact receptor
has not been described. We recently showed that sulfation of Tyr-
17 of a CCR3-derived peptide enhances the affinity of this
peptide for the chemokine eotaxin-1/CCLI11 by a factor of 7,
whereas sulfation of Tyr-16 enhances the affinity more than 28-
fold (33). These results suggested that differential sulfation states
of the receptor may respond differently to the same chemokine.
Considering that CCR3 is also the target receptor for several
other chemokines, these results further raised the possibility that
sulfation of different tyrosine residues in CCR3 could bias the
responses of the receptor to different chemokine ligands, thereby
allowing regulation of chemokine selectivity through differences
in sulfation state. As an initial test of this possibility, we describe
herein an NMR study of the interactions of three CCR3 ligands
(eotaxin-1/CCLI11, eotaxin-2/CCL24, and eotaxin-3/CCL26)
with an N-terminal CCR3 peptide in each of its four possible
sulfation states.

EXPERIMENTAL PROCEDURES

Sulfopeptide Synthesis and Concentration Determina-
tion. Sulfopeptides were synthesized by solid-phase peptide
synthesis using an Fmoc protection strategy, as described pre-
viously (33, 44). Determination of the sulfopeptide concentration
by UV absorbance is complicated by the fact that the absorbance
at 280 nm (A»go) of sulfotyrosine is dramatically weaker than that
of unmodified tyrosine and the absorbance maximum of sulfo-
tyrosine is shifted to approximately 260 nm (45). Therefore, the
concentration of peptide Su0 was determined using the calculated
molar extinction coefficient at 280 nm (e259 = 2560 cm™ ' M~ ).
The e5g values of the singly sulfated peptides (Sul6 and Sul7)
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were then determined by comparison of A4 values for samples
of Su0, Sul6, and Sul7, under the assumption that all three
peptides have identical &,;4 values. Using this approach, we
obtained esg values of 1366 cm™' M ™! for both Sul6 and Sul7,
which compares well with the calculated value of 1280 cm ™' M ™!
expected if the absorbance is completely dominated by the
nonsulfated tyrosine residue in these peptides. In the case of
Sul617, the absorbance at 280 nm was not significantly greater
than baseline readings, so the absorbance at 260 nm was used to
obtain initial estimates of Sul617 concentrations for NMR
titrations; an e value of 975 cm™' M~ was determined by
comparison of A,j4 for samples of Su0 and Sul617. Subse-
quently, the concentrations of Sul617 used in NMR titrations
were corrected (decreased by a factor of 2.0) on the basis of the
stock solution concentration determined by amino acid analysis.
Amino acid analysis was performed by the W. M. Keck
Foundation Biotechnology Resource Laboratory at Yale Uni-
versity (New Haven, CT).

Expression and Purification of Chemokines. Eotaxin-1,
-2, and -3 were expressed and purified using previously described
methods (46—48). Briefly, each chemokine was expressed in
Escherichia coli as a fusion protein containing an N-terminal
Hisg tag, followed by a protease (thrombin or factor Xa) cleavage
site, followed by the chemokine sequence. Eotaxin-1 was ex-
pressed as a soluble protein, whereas eotaxin-2 and eotaxin-3
were expressed in inclusion bodies. Uniform "N labeling was
obtained by expression using '°N-enriched M9 minimal medium
(6 g/L Na,HPO,, 3 g/L KH,PO,, 0.5 g/L NaCl, 1 g/L ""NH,ClI,
1 mg/L biotin, 1 mg/L thiamine-HCI, 4 g/L glucose, 0.49 g/L
MgSOy, 2 mL/L of 10% yeast extract, and 1 mL/L of 100 mM
CaCl,). All proteins were initially purified by Ni affinity chro-
matography. Eotaxin-2 and eotaxin-3 were then refolded. Sub-
sequently, all proteins were subjected to protease cleavage and
ion exchange chromatographic purification and characterized by
SDS—PAGE, MALDI-TOF mass spectrometry, and NMR
spectroscopy.

NMR Experiments and Assignments. NMR spectra were
recorded on a Varian NMR Systems 600 MHz spectrometer
equipped with a triple-resonance Cold Probe or a Bruker Avance
600 NMR instrument equipped with a triple-resonance cryop-
robe. Chemical shifts were referenced to external 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS). Data were processed using
NMRPipe (49), and spectral analyses were performed using
Sparky (T. D. Goddard and D. G. Kneller, University of
California, San Francisco, CA). Amide '"H and "N NMR
assignments of eotaxin-1, -2, and -3 under the conditions used
for the peptide titrations (20 mM sodium acetate, 0.02% NaN3,
10% D0, pH 6.5, 25 °C) were derived from previously published
assignments. For eotaxin-1, the published assignments (50, 57)
could be used directly. For eotaxin-2 and eotaxin-3, previous
assignments were made at pH 4.5 and 5.0, respectively (47, 48);
assignments at pH 6.5 were obtained by comparison of HSQC
spectra recorded at pH increments of ~0.5 unit over the ranges
4.5-6.5 (for eotaxin-2) and 5.0—6.5 (for eotaxin-3). Amide 'H
and "N assignments for each protein under the conditions of the
peptide titration experiments are listed in the Supporting In-
formation. Backbone and side chain aliphatic CH groups were
assigned under the conditions of the peptide binding experiments
using a combination of two-dimensional (2D) '*C—'H HSQC
and three-dimensional HNCACB, CBCA(CO)NH, H(CCCO)-
NH, HCCH-TOCSY, and '°N-separated TOCSY-HSQC
experiments.
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NMR Titrations of Fotaxin-1, -2, and -3 with Sulfopep-
tides. Titrations of '"N-labeled eotaxin-1, -2, and -3 with
synthetic peptides were performed using initial 50 uM samples
containing eotaxin-1, -2, or -3 in NMR titration buffer [20 mM
sodium acetate, 0.02% NaNj3, and 10% D,O (pH 6.5)]. The
peptide, in the same buffer, was added in several aliquots from a
stock solution (1 mM for Su0, Sul6, and Sul7 and 500 uM for
Sul617) to give final molar ratios (MR = [peptide]/[protein]) of
04,08, 1.2, 1.6, 2, 2.5, 3.0, 4.0, and 5.0 for the titration of
eotaxin-1, -2, and -3 with peptide Su0; 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4,2,2.5, 3.5, and 5.0 for the titration of eotaxin-1, -2, and -3
with sulfopeptides Sul6 and Sul7; and 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7,1.0,1.25,1.75, and 2.5 for the titration of eotaxin-1, -2, and -3
with sulfopeptide Sul617. All titrations began with an initial
volume of 500 L and ended with a final volume of 625 uL. For
the initial sample and after each addition, a gradient sensitivity-
enhanced "N HSQC spectrum (52) was recorded at 25 °C using
spectral widths of 2100 and 10000 Hz and 128 and 2048 complex
data points in the "N and 'H dimensions, respectively.

Analysis of Binding Data. For each point in each titration
experiment, the 'H and '°N chemical shift values were deter-
mined for each observable amide resonance. The weighted
change in chemical shift, relative to protein alone, was then
calculated as Adny = |Ady| + 0.2|Adn|. For each peptide to
protein titration, the Adny values were then fit simultaneously,
using OriginPro version 8, to the equation

€ €

K K
Adx = 0.5A0NH mas it (1 MR+ \/1 MR+ - 4MR> (1)

where AdNp max. i 18 the maximal change in weighted chemical
shift (fit individually for each residue), Ky is the equilibrium
dissociation constant (fit globally for all residues), MR is the
molar ratio ([peptide]/[protein]) at each titration point, and C. is
the concentration of eotaxin-1, -2, or -3 at each titration point.
Residues were included in the fitting only if their Adny values in
the final point of the titration (Adnp.max) €Xceeded a designated
cutoff value of 0.02 ppm for titration of Su0 into eotaxin-2
and 0.04 pm for all other titrations. For the titration of eotaxin-3
with sulfopeptide Sul617, the Adny data were fit simulta-
neously, using OriginPro version 8, using the two-phase binding
equation

[§

K
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where mys represents the slope of the nonsaturating component
of the binding curve in the range of peptide concentrations used.
Residues were included in the fitting only if their final Adny
values exceeded 0.04 ppm. Considering that the initial concen-
tration of chemokines in the binding experiments was 50 uM, Ky
values much below ~5 uM cannot be determined precisely from
binding curves for individual residues. However, the global fitting
approach used herein allowed us to determine Ky values as low as
~1 uM with reasonable precision.

CH Chemical Shift Perturbations. The influence of peptide
binding on specific CH group chemical shifts was assessed by
recording *C—"H HSQC spectra of each chemokine (20 4M)
alone and in the presence of two different concentrations of each

Zhu et al.

8 16 17 23
Su0: VETFGTTS Y Y DDVGLL
Sulé: VETFGTTS sY Y DDVGLL
Sul7: VETFGTTS Y sY DDVGLL

Sulél7: VETFGTTS sY sYy DDVGLL

FiGURE 1: Sequences of the four peptides used in this study. Peptide
names are shown at the left, and peptide sequences are given as one-
letter amino acid codes (sY = sulfotyrosine). The numbering at the
top corresponds to the amino acid position in receptor CCR3.

peptide, chosen on the basis of the Ky values to result in
observably different levels of binding saturation. The following
peptide concentrations were used: 80 and 200 uM for Su0 binding
to all chemokines; 50 and 200 M for Sul6 binding to eotaxin-2
and eotaxin-3, Sul7 binding to all chemokines, and Sul617
binding to eotaxin-2; and 10 and 50 uM for Sul6 binding to
eotaxin-1 and for Sul617 binding to eotaxin-1 and eotaxin-3. The
degree of saturation for each experiment is listed in Table S4 of
the Supporting Information. These spectra were recorded at
25 °C in 20 mM sodium acetate, 0.02% NaNj, and 10% D,O
(pH 6.5). Weighted chemical shift changes for CH resonances
were calculated as Adcy = |Ady| + 0.25/Ad¢|.

RESULTS

To investigate the role of site-specific tyrosine sulfation in
chemokine binding, we studied chemokine binding by the four
peptides shown in Figure 1. All four peptides have identical
amino acid sequences corresponding to residues 8—23 of CCR3.
The nonsulfated form of this peptide (Su0) was previously shown
to bind to eotaxin-1 with affinity only slightly lower than that of
the full-length N-terminal element of CCR3 (residues 1—35) (46).
We compared the binding of the four peptides to each of three
cognate chemokines for CCR3 (eotaxin-1, eotaxin-2, and eotax-
in-3). Previous NMR studies of these three chemokines have been
performed under a range of solution conditions (pH ranging
from 4.0 to 6.5 and temperatures between 4.0 and 30 °C). We
chose the conditions for the binding experiments reported herein
(pH 6.5 and 25 °C) to be identical for all chemokines, to avoid
acid-catalyzed hydrolysis of the sulfotyrosine moiety, and to
provide sufficiently sharp NMR signals. Under these conditions,
it was possible to observe resonances from most backbone NH
groups in secondary structure regions, but many of the NH
groups in the unstructured N-terminal and N-loop regions were
not observable, presumably because of fast exchange with solvent.

Peptide Binding to Fotaxin-1. Binding of the four peptides
to eotaxin-1 was assessed by monitoring changes in the "N—'H
correlation (HSQC) NMR spectrum of eotaxin-1 upon stepwise
addition of each peptide. As an example, data for the amide
resonance of residue Ala-51 are shown in Figure 2A. In general,
chemical shift changes were more pronounced for the sulfated
peptides than for peptide Su0. For Su0, only nine residues had
weighted chemical shift changes exceeding 0.04 ppm after addi-
tion of 5 molar equiv of peptide (AdNu.max)- However, for Sulé6,
Sul7, and Sul617, the corresponding numbers of residues were
23, 25, and 28, respectively. The AOnp max Values for the four
peptides and all observed protein residues are presented graphi-
cally in Figure 3A,D.

The equilibrium dissociation constant (Ky) of each peptide for
eotaxin-1 was determined by globally fitting the Adny values as a
function of peptide concentration. For all peptides, the data were
consistent with a simple 1:1 binding interaction, and the data for
all residues were fit well by a single global K4 value. Binding
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FIGURE 2: Binding data for interactions of CCR3-derived peptides with chemokines. (A—D) Expanded regions of the "H—'"N correlation
(HSQC) spectra of (A) eotaxin-1, (B) eotaxin-2, and (C and D) eotaxin-3 containing the backbone amide peaks for (A) Ala-51, (B) Arg-15, (C)
Val-49, and (D) Lys-17. In panels A—C, each region is shown in the absence of peptide (gray contour in each of the four panels) and in the presence
ofincreasing concentrations of Su0 (blue contours), Sul6 (red contours), Sul7 (cyan contours), and Sul617 (green contours). In panel D, the Lys-
17 peak is shown (gray) for increasing concentrations of Sul617. Arrows indicate the direction of peak movement. Asterisks indicate peaks that
are present in the same region of the spectrum but do not shift in response to peptide binding. (E—G) Graphs showing the change in backbone "Hy
chemical shift for (E) Ala-51 of eotaxin-1, (F) Arg-15 of eotaxin-2, and (G) Val-49 of eotaxin-3 as a function of the molar ratio of added peptide to
chemokine. Uncertainties in "Hy chemical shifts are approximately 0.004 ppm. Solid lines represent the fitted binding curves obtained separately
for each peptide by global analysis of all the binding data for that peptide (see the text for details). Data and fitted curves are colored for each
peptide as in panels A—C. Panel G also shows the data and fitted curve for Lys-17 of eotaxin-3 upon binding to Sul617; Lys-17 undergoes only

linear, nonsaturating changes in chemical shift.

isotherms are shown in Figure 2E and Figure S1 of the Support-
ing Information; the Ky values obtained are listed in Table 1.
Whereas binding of Su0 was relatively weak (K4 = 140 £ 30 uM),
sulfation of Tyr-16 or Tyr-17 enhanced affinity by factors of 7
and 28, respectively, whereas sulfation of both tyrosine residues
enhanced affinity approximately 100-fold. The affinity values for
the four peptides are the same, within error, as those we reported
previously for the same binding interactions at a lower tempera-
ture (4 °C rather than 25 °C) (33).

Peptide Binding to Eotaxin-2. The interactions of CCR3
peptides with eotaxin-2 were also monitored using HSQC titra-
tions. Examples of the spectral data and fitted binding curves are
shown in panels B and F of Figure 2, respectively (see also Figure S2
of the Supporting Information); AdN max Values are presented in
panels B and E of Figure 3, and fitted Ky values are listed in
Table 1. The number of residues showing maximal chemical shift
changes exceeding 0.04 ppm was somewhat smaller than that
observed for eotaxin-1, but the sulfated peptides induced a
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FiGure 3: Chemokine chemical shift changes observed upon peptide binding. (A—F) Bar graphs showing the maximal changes in weighted amide
chemical shift (Adn.max) Observed for specific residues of (A and D) eotaxin-1, (B and E) eotaxin-2, and (C and F) eotaxin-3 upon addition of Su0
(blue), Sul6 (red), Sul7 (black), and Sul617 (green). For the sake of clarity, the data for each chemokine are shown in two panels. Uncertainties in
maximal shifts are approximately 0.004 ppm. Several residues exhibited Adnp max Values exceeding 0.2 ppm (the maximum shown), as evident
from the binding isotherms (Figure S1 of the Supporting Information). The residue numbers in each set of three panels (A—C and D—F) are
aligned according to a structure-based sequence alignment of the three chemokines; the arrow in panel C denotes the position of a single-residue
gap in the alignment for eotaxin-3. The consensus positions of secondary structure elements and the N-loop in the three chemokines are indicated
schematically above panels A and D. (G—1I) Bar graphs showing the weighted changes in CH chemical shift (Adcy) observed for specific
resonances of (G) eotaxin-1, (H) eotaxin-2, and (I) eotaxin-3 upon addition of Su0 (blue), Sulé6 (red), Sul7 (black), and Sul617 (green). Data are
shown for resolved resonances assigned to CH groups in the N-loop and 3o-turn and the 52—/33 hairpin for which significant changes in chemical
shifts (i.e., changes exceeding the line width) were observed upon binding to one or more peptide(s); all shifts have been normalized to correct for
the fraction of chemokine bound to peptide at the highest peptide concentration used (see Table S2 of the Supporting Information).

number of significant shifts (16 or 17 residues each) larger than
the number observed for Su0 (only 3 residues). For all peptides,
the data were consistent with a global 1:1 binding model,
although the fits were of poorer quality for Su0 than for the
other peptides because of the relatively weak shifts induced by the
nonsulfated peptide. As for eotaxin-1, binding of Su0 was
relatively weak (Ky = 240 + 80 uM). Sulfation of Tyr-16 or
Tyr-17 enhanced affinity by a factor of 5 or 4, respectively, and
sulfation of both tyrosine residues enhanced affinity by a factor
of 17.

Peptide Binding to Eotaxin-3. Binding of the four peptides
to eotaxin-3 was also assessed using HSQC titrations. Examples
of the spectral data are shown in panels C and D of Figure 2.
Once again, Su0 induced changes in relatively few resonances
(AONHmax = 0.04 ppm for 11 residues), whereas the sulfated
peptides induced changes in larger numbers of residues (28 or 29
each). The binding data for peptides Su0, Sul6, and Sul7 could
be globally fit to a simple 1:1 binding model (Figure 2G).
However, the data for Sul617 were not consistent with this
simple model. Moreover, when the Sul617 binding data were fit
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Table 1: Affinities of Chemokines for CCR3-Dervied Peptides and Native
CCR3

eotaxin-1 eotaxin-2 eotaxin-3
Su0” (uM) 140 £ 30 240 480 200410
Sul6” (uM) 5405 4744 7844
Sul7* (uM) 20+1 6345 8545
Sul617¢ (uM) 1.3+0.3 14+2 0.8+0.6
CCR3” (nM) 2.140.1 9.7+0.8 12402

“Values shown for peptides are equilibrium dissociation constants (Ky)
obtained by global fitting of the NMR titration data as described in
Experimental Procedures. "Values shown for CCR3 are ICs, values ob-
tained from competitive radioligand binding assays using CHO cells
expressing CCR3 (53).

individually for each residue of eotaxin-3, the resulting Ky values
varied over a wide range and the quality of the fits was often poor,
suggesting that more than one binding event was occurring.
Upon closer examination, we noticed that some resonances [e.g.,
Lys-17 (Figure 2D,G)] shifted linearly across the whole range of
peptide concentrations without showing any evidence of satura-
tion, whereas others [e.g., Val-49 (Figure 2C,G)] showed curves
that resembled saturation binding superimposed on a linear,
nonsaturating change in chemical shift. To account for the
presence of nonsaturating binding, we fit the Sul617 binding
data globally using a two-phase binding equation (see Experi-
mental Procedures). This approach allowed us to determine a
single Ky value describing the saturating phase of the binding, to
identify the residues whose amide resonances are sensitive to the
saturating phase of binding, and to obtain the Adny values for
these residues at saturation (AONH.max.fit)- These data could then
be compared directly to the Ky and Adny max values observed for
other peptide—chemokine pairs. In addition, this analysis identi-
fied the residues that are sensitive to the nonsaturating binding
phase and yielded a slope for the nonsaturating part of each curve
(mns), indicating the relative sensitivity of each residue to this
component of the binding. Figure 2G shows examples of
Sul617—eotaxin-3 titration data fit using the two-phase model,
and Figure S3 of the Supporting Information shows a compar-
ison of the global single-site and global two-phase fits for the 29
residues whose fitted Adnp max Values exceed 0.04 ppm. The Ky
values for binding of eotaxin-3 to all four peptides are listed in
Table 1. Again, Su0 binds relatively weakly (Kyq = 200 £ 10 uM).
However, sulfation of individual tyrosine residues enhanced
affinity by factors of 2—3, and sulfation of both tyrosine residues
enhanced affinity by more than 2 orders of magnitude. The
AdNpmax values for binding of eotaxin-3 to each of the four
peptides are compared in panels C and F of Figure 3. The fitted
AONH.max.it Values for Sul617 are noticeably smaller than the
experimental AONp max Values for Sul6 and Sul7, suggesting that
fitting the data to the two-phase binding equation may under-
estimate these changes. Nevertheless, the pattern of changes is
similar for all three sulfated peptides, allowing structural inter-
pretation of the results.

Perturbation of CH Resonances by Peptide Binding. As
discussed below, analysis of the backbone amide shift data
suggested that the peptides interact primarily with the face of
each chemokine defined by the N-loop and 2—f3 hairpin
structural elements. To verify that these elements are involved
in direct interactions with the peptides rather than undergoing
indirect structural changes upon binding, we monitored the
chemical shift changes of resolved CH groups in 2D “C—'H
HSQC spectra. For each chemokine, we identified 10—15 re-
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FIGURE 4: Enhancements of chemokine binding affinity induced by
tyrosine sulfation at each position of the CCR3 peptide. The affinity
enhancement upon Tyr-16 sulfation (white bars) is represented by the
K4(Su0)/K4(Sul6) ratio; the affinity enhancement upon Tyr-17 sulfa-
tion (gray bars) is represented by the K4(Su0)/K4(Sul?7) ratio, and the
affinity enhancement upon sulfation of both tyrosine residues (black
bars) is represented by the K4(Su0)/Ky4(Sul617) ratio. The influence
of sulfation at each position is additive for eotaxin-1 and eotaxin-2
but positively cooperative for eotaxin-3.

solved CH resonances in the N-loop and 52—/3 hairpin that were
sensitive to peptide binding. Examples of spectra illustrating
these shifts are presented in Figure S4 of the Supporting
Information, and bar graphs showing the shifts observed for
each chemokine resonance and each peptide are presented in
Figure 3G—1. Notably, for some residues, multiple side chain CH
groups exhibited chemical shift perturbations, including Ile-18 of
eotaxin-1; Arg-15, Ile-16, and Glu-18 of eotaxin-2; and His-16,
Pro-20, Ile-40, and Lys-44 of eotaxin-3. A structural interpreta-
tion of the observed chemical shift changes is presented below.

DISCUSSION

Sulfation Increases Chemokine Affinity Additively or
Cooperatively. The affinity measurements in Table 1 indicate
that sulfation of tyrosine residues in the N-terminal peptide of
CCR3 increases the affinity of this peptide for cognate chemo-
kines. Figure 4 shows the enhancements of affinity (ratios of
equilibrium constants) for each chemokine that result from
sulfation of Tyr-16, Tyr-17, or both Tyr residues. The data bars
are presented on a logarithmic scale. Thus, if the Gibbs free
energy contributions from sulfation at both Tyr-16 and Tyr-17
are independent, the data bars for double sulfation should be the
sum of those for the two single-sulfation events (additive binding
free energy). This situation is observed for both eotaxin-1 and
eotaxin-2, although the K4 of Sul617 for eotaxin-1 was close to
the lower limit of determination in our experiments. In contrast,
for binding to eotaxin-3, the affinity enhancement observed for
double sulfation is dramatically larger than the ~6-fold enhance-
ment that would be expected if the two single-sulfation enhance-
ments were additive, indicating positively cooperative binding
contributions of the two sulfate groups. Thus, the data suggest
that each sulfate group enhances the interaction of the other
sulfate group with eotaxin-3 but not with the other two chemo-
kines.

Sulfation Alters Chemokine Binding Selectivity. In addi-
tion to altering binding affinity, sulfation of tyrosine residues in
the N-terminal peptide of CCR3 also changes the binding
selectivity of this peptide for cognate chemokines. Although
the nonsulfated peptide (Su0) binds to all three chemokines with
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FIGURE 5: Selectivity of peptides and native CCR3 for the chemo-
kines eotaxin-1, eotaxin-2, and eotaxin-3. Values shown are pKy =
—log(Ky4) (K4 in molar) for eotaxin-1 (white bars), eotaxin-2 (gray
bars), and eotaxin-3 (black bars). The Ky values for peptides Su0,
Sul6, Sul7, and Sul617 were determined by NMR titration, whereas
the K4 values for CCR3 are assumed to be equal to the 1Cs, values
obtained from competitive radioligand binding assays using CHO
cells expressing CCR3 (53).

similar affinities (Table 1), sulfation of Tyr-16 dramatically
enhances the affinity for eotaxin-1 (by 28-fold) but provides only
modest enhancements of affinity (3—5-fold) for the two other
chemokines. Sulfation of Tyr-17 provides a much lower level of
discrimination, with enhancements of 7-, 4-, and 2-fold for
eotaxin-1, -2, and -3, respectively. These results indicate that
addition of a single sulfate group to either Tyr residue of Su0
gives rise to binding selectivity in favor of eotaxin-1. In contrast,
the addition of a second sulfate group to Sul6 (i.e., conversion of
Sul6 to Sul617) yields a dramatic (approximately 80-fold)
enhancement in affinity for eotaxin-3 but much smaller (3—4-
fold) enhancements in affinity for eotaxin-1 or eotaxin-2.

The differential effects of the first and second sulfation events
give rise to a distinct spectrum of selectivity for each form of the
receptor peptide, as illustrated by the groups of data bars in
Figure 5. Whereas the unsulfated peptide does not differentiate
between the three ligands, Sul6 strongly favors binding to
eotaxin-1 over the other two chemokines (by 9- or 15-fold),
Sul7 weakly favors binding to eotaxin-1 over the other two
chemokines (by 3- or 4-fold), and the doubly sulfated peptide
favors binding to eotaxin-1 and eotaxin-3 over eotaxin-2 by
approximately 1 order of magnitude. These results support the
possibility that tyrosine sulfation is a mechanism for regulating
the sensitivity of CCR3 to its various cognate chemokines.

The observation that tyrosine sulfation influences the chemo-
kine binding selectivity of CCR3-derived peptides suggests that it
is also likely to influence the selectivity of the intact receptor.
Although there are no reports to date demonstrating sulfation of
intact CCR3, Liu et al. (28) have used bioinformatic methods to
predict that both Tyr-16 and Tyr-17 of CCR3 are more likely
than not to be sulfated. In addition, the N-terminal region of
CCR3 has been shown to undergo sulfation when expressed in
HeLa cells as a fusion to the Fc domain of immunoglobulin
IgGl (20) and to be sulfated in vitro in the presence of
recombinant TPST-1 or TPST-2 (37). Moreover, the relative
affinities of eotaxin-1, -2, and -3 for CCR3 expressed on CHO
cells (53) closely parallel the relative affinities of the same three
chemokines for Sul617 (Figure 5), suggesting that the predomi-
nant form of CCR3 in these cells may be the form that is sulfated
on both tyrosine residues.

Possible Structural Basis of Selectivity. The chemokine
chemical shift changes induced by peptide binding provide an
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indication of the regions of the chemokines that interact with the
CCR3-derived peptides. Numerous previous studies have shown
that N-terminal peptides from chemokine receptors bind to
cognate chemokines in the vicinity of a shallow crevice de-
fined by the N-loop and 2—pf3 hairpin structural eleme-
nts (34, 35, 46, 48, 54, 55). We refer to this surface as the “front
face” of the chemokine. In this study, we found that the majority
of residues undergoing amide chemical shift perturbations upon
binding to CCR3 peptides are located on the front faces of the
three chemokines, with relatively few chemical shift changes on
the back face (Figure S6 of the Supporting Information).
Furthermore, the perturbations observed for peptides Su0,
Sul6, and Sul7 are generally a subset of those observed for
Sul617 (Figure S5 of the Supporting Information). Therefore, we
focus our discussion on the effects of Sul617 binding on the front
faces of the chemokines.

Panels A and B of Figure 6 show the front faces of eotaxin-1,
-2, and -3, indicating the residues that undergo amide chemical
shift perturbations upon binding to peptide Sul617. For eotaxin-
1, there are large perturbations in both the N-loop and the 52—/3
hairpin (red on the front face in panels A and B of Figure 6), and
several perturbed residues [Arg-16, Lys-17, and Lys-47 (labeled
in Figure 6B)] contribute substantially to a strongly basic region
of the surface (intense blue in Figure 6C). The pattern of
perturbations for eotaxin-2 is quite different from that observed
for eotaxin-1. The highest concentration of perturbed residues is
in the N-terminal, and central parts of the N-loop, including
surface residues Phe-10, Ser-13, Lys-14, and Arg-15. The corre-
sponding residues in eotaxin-1 are Asn-12, Asn-15, Arg-16, and
Lys-17, respectively. Thus, the replacement of a small polar
residue (Asn-12) in eotaxin-1 with a large hydrophobic residue
(Phe-10) in eotaxin-2 and the replacement of Arg-16 and Lys-17
with Lys-14 and Arg-15, respectively, may give rise to a different
binding position for the sulfopeptide on the chemokine surface.
Interpretation of the amide chemical shift perturbations of
eotaxin-3 is more difficult because of the two phases of binding
observed with this chemokine. Nevertheless, the chemical shift
perturbations for the saturating component of the binding are
again on the front face of the chemokine, with no significant
changes occurring on the back face (Figure S6 of the Supporting
Information). For this chemokine, the major perturbations do
not form a continuous surface but instead are localized to several
patches, including Tyr-14, Ser-15, and Val-49 at the N-loop—/3
interface, Arg-54 and Trp-57 at the beginning of the a-helix, and
Trp-21, Thr-22, and Lys-44 at the interface between the 3;o-turn
and the 2—/33 hairpin; these elements are labeled in Figure 6A.

Many of the eotaxin-3 residues that are sensitive to the
saturating phase of binding also display sensitivity to the non-
saturating phase of binding (Figure S6 of the Supporting
Information). The nonsaturating component also affects several
other residues, including some on the back face of the molecule.
Many of the residues showing the largest myg values are adjacent
to either two surface-exposed histidine residues (His-16 and His-
52) or two surface-exposed tryptophan residues (Trp-21 and Trp-
23), none of which is conserved in eotaxin-1 or eotaxin-2. We
suggest that the nonsaturating component of binding may result
from nonspecific interactions between the peptide and these
histidine and/or tryptophan residues. Considering that the titra-
tion experiments were conducted at pH 6.5, changes in the
ionization states of the histidine side chains could contribute to
these interactions. Moreover, the proximity of these residues to
the residues that are sensitive to the saturating component of
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FIGURE 6: Structures of chemokines color-coded to show peptide binding. Shown are “front” views of the structures of eotaxin-1, eotaxin-2, and
eotaxin-3 (Protein Data Bank entries | EOT, 1EIG, and 1G2S, respectively). (A) Ribbon diagrams and (B) surface representations are color-coded
according to the maximal change in weighted amide chemical shift (AdNp max) Upon binding of the indicated chemokines to Sul617. For eotaxin-1
and eotaxin-2, AONm max Values are those measured at the final point of the titration, whereas for eotaxin-3, they are those obtained by fitting to the
two-phase binding model. (C) Surface representations of the chemokines color-coded according to electrostatic potential (blue, positive; red,
negative). (D) Surface representations showing the N-loop and 3;o-turn (blue) and the 52—/3 hairpin (green) and highlighting residues within
these two regions for which CH group shifts were observed (red for N-loop and 34-turn residues and orange for 52— /33 hairpin residues). For the
sake of clarity, the ribbon diagrams (A) show only the ordered regions of the chemokines (eotaxin-1 residues 9—65, eotaxin-2 residues 7—63, and
eotaxin-3 residues 10—65), whereas the surface representations in all the other panels include the disordered N- and C-terminal regions. Labeled
residues and structural elements are discussed in the text. (E) Alignment of the N-loop, 31o-turn, and 52—/33 hairpin sequences of eotaxin-1, -2, and -3,
with residues color-coded as in panel D. Residue numbers are given for the first and last residue of each region. The CC motif, which
immediately precedes the N-loop, is also shown (black). Black bars at the bottom indicate residues that are conserved among these three
chemokines.

binding suggests that the two binding components may not be
completely independent. We note that an alternative explanation
for the second phase of peptide binding is that the binding could
be coupled to dimerization of eotaxin-3, as observed previously
for binding of a CXCR4 peptide to the chemokine SDF-1/
CXCLI12 (35). However, eotaxin-3 has not been observed to
dimerize, even at concentrations of ~2 mM (47), and we have

found no evidence (e.g., peak splitting or line broadening) to
suggest dimerization of eotaxin-3 in this study. Therefore, this
explanation remains speculative.

Amide chemical shift changes in NMR spectra can result from
either direct binding interactions or indirect structural changes.
In a previous study of the chemokine interleukin-8/CXCL8
binding to a CXCRI peptide, amide shifts in the N-loop were
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attributed to direct interactions whereas those in the 53 strand
and the C-terminal o-helix were attributed to indirect structural
adjustments (56). On the other hand, changes in side chain
chemical shifts can be more confidently attributed to direct
binding interactions. Therefore, we used '*C—'H correlation
spectra to identify CH groups influenced by peptide binding. As
this analysis relies on the presence of resolved CH resonances in
crowded 2D spectra, it should not be expected to yield a complete
map of the interaction surface but will instead help to validate the
involvement of specific residues. Despite this limitation, we id-
entified numerous CH groups in the N-loop, 3;¢-turn, and 52—/33
hairpin of each chemokine that are sensitive to peptide binding.
These are highlighted in Figure 6D and match well with the
binding regions deduced from the amide chemical shift data. The
data support the proposal that the N-terminus of CCR3 interacts
with the same structural elements of each chemokine but that the
specific residues involved in the interactions differ substantially.
In this light, it is noteworthy that the sequences of the N-loop,
3jo-turn, and f2—(3 hairpin regions differ dramatically among
the three chemokines (Figure 6E and Figure S7 of the Supporting
Information). In particular, it is likely that differences in the
positions of lysine and arginine residues in these regions result in
different optimal positions of the sulfated peptides on the
chemokine surfaces, although the overall basicities of the three
chemokines are similar; all three have predicted isoelectric points
in the range of 10.0 + 0.2 and are predicted to have net charges of
+11 to +13 under the conditions used in this study.

In a previous study of a CXCR4 peptide binding to SDF-1,
comparison of the shifts for the singly sulfated and nonsulfated
peptides (i.e., secondary shift analysis) indicated the likely
binding position of the sulfate group in the sulfotyrosine residue,
which was later verified by NMR structure determination (34, 35).
Similar analyses of the NH and CH chemical shift data presented
here for nonsulfated versus singly sulfated peptides and for singly
sulfated versus doubly sulfated peptides (Figures S8 and S9 of the
Supporting Information) showed substantial secondary shifts for
residues in the N-loop, 3j-turn, and $2—f3 hairpin regions,
providing further evidence that these regions are involved in
binding to the sulfotyrosine residues. In general, the largest
secondary shifts were observed for groups in the proximity of
the positively charged residues in the N-loops of the chemokines,
again supporting the above suggestions that the side chains of
these residues interact with the sulfate groups. Nevertheless,
precise identification of the sulfate binding sites will require
detailed structure determination.

To date, the only structures determined for the interactions of
sulfated chemokine receptor peptides with chemokines are the
structures of the 38-residue CXCR4 N-terminus bound to
chemokine SDF-1 (34, 35, 46, 48, 54, 55). Structures were
determined for nonsulfated, Y21-sulfated, and triply sulfated
(Y7, Y12, and Y21) forms of the peptide bound to a cross-linked
dimeric form of SDF-1; each chemokine dimer binds to two
peptide molecules in a symmetric fashion. In these structures,
Tyr-21 binds in the crevice between the N-loop and the 33 strand,
the site equivalent to that suggested by our data for binding of
CCR3 sulfated peptides to eotaxin-1, -2, and -3. However, the
long CXCR4 peptide also wraps around the structure and spans
the dimer interface, allowing Tyr-12 to interact with residues on
the exposed face of the 5-sheet (in the same monomer as the Tyr-
21 binding site) and Tyr-7 to interact with residues in the 31o-turn
and the a-helix of the other monomer. Considering that the only
sulfotyrosine residues in the N-terminus of CCR3 are residues 16
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and 17, CCR3 does not have the potential to form the same types
of interactions observed for CXCR4. However, the interaction of
a sulfotyrosine residue with the N-loop and f3 region is a
common feature that may be general to many chemokine—recep-
tor interactions.

CONCLUDING REMARKS

We have demonstrated that sulfation of a peptide derived from
CCR3 alters the selectivity of binding to cognate chemokines of
CCR3. Although the sulfated peptides appear to interact pre-
dominantly with the same surface of the three chemokines, the
specific amino acid residues involved in these interactions clearly
differ between the chemokines. These different interactions may
account for the substantially different influences of sulfation on
binding to each chemokine. The results presented lend support to
the notion that distinct patterns of tyrosine sulfation could
influence the responsiveness of chemokine receptors to different
chemokine ligands in vivo. Thus, they provide motivation for
future studies aimed at characterizing the sulfation states of
chemokine receptors.
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SUPPORTING INFORMATION AVAILABLE

Tables of amide "H and "N assignments for eotaxin-I,
eotaxin-2, and eotaxin-3 under the conditions of the peptide
titrations; tables of peptide concentrations and degrees of satura-
tion for *C—"H HSQC experiments; binding isotherms and
curve fits for binding of eotaxin-1, eotaxin-2, and eotaxin-3 to
peptides Su0, Sul6, Sul7, and Sul617; regions of *C—"H HSQC
spectra showing chemokine resonances that shift in response to
peptide binding; structures of eotaxin-1, eotaxin-2, and eotaxin-3
color-coded to indicate residues whose NH group NMR reso-
nances shift upon binding to Su0, Sul6, Sul7, and Sul617;
sequence alignment of eotaxin-1, eotaxin-2, and eotaxin-3, and
results of secondary chemical shift analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.

NOTE ADDED IN PROOF

Since the original submission of this manuscript, the crystal
structure of inhibitor-bound chemokine receptor CXCR4 has
been reported (57). However, there are still no reported structures
of chemokine receptors bound to chemokines.
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