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Chemokines have two essential interactions in vivo, with G
protein-coupled receptors, which activate intracellular sig-
naling pathways, and with glycosaminoglycans (GAGs), which
are involved in cell surface localization and transport. Although
it has been shown that chemokines bind and activate their
respective G protein-coupled receptors as monomers, many
chemokines oligomerize upon GAG binding, and the ability to
oligomerize and bind GAGs is required for in vivo function. In
this study, we investigated the structure, dynamics, and oligo-
merization behavior of cutaneous T-cell-attracting chemokine
(CTACK, also known as CCL27) by NMR. **N relaxation and
translational self-diffusion rates indicate that CCL27 oligomer-
izes, but in contrast to many other chemokines that form rela-
tively discrete oligomers, CCL27 transitions between monomer,
dimer, and tetramer species over a relatively narrow concentra-
tion range. A three-dimensional structure determination was
pursued under conditions where CCL27 is primarily dimeric,
revealing the standard motif for a chemokine monomer. Analy-
sis of chemical shift perturbations of 'H-'>N HSQC spectra,
relaxation-dispersion experiments, and filtered nuclear Over-
hauser effects suggest that CCL27 does not adopt a discrete CXC
or CC dimer motif. Instead, CCL27 has uncommon oligomeri-
zation behavior, where several equilibria involving relatively low
affinity interactions between different interfaces seem to be
simultaneously at work. However, interaction with heparin
avidly promotes oligomerization under conditions where
CCL27 is monomeric by itself. We hypothesize that the plastic-
ity in the oligomerization state may enable CCL27 to adopt dif-
ferent oligomeric structures, depending on the nature of the
GAG binding partner, thereby providing a mechanism for
increased diversity and specificity in GAG-binding and GAG-
related functions.

* This work was supported, in whole or in part, by National Institutes of Health
Grants RO1-AI37113 and RO1-GM081763 (to T. M. H.) and NIH Molecular
Biophysics Training Grant GM08326 (to A.L.J.). The NMR facility of the
Biochemistry Department in Cambridge is supported by the Biotechnol-
ogy and Biological Sciences and Research Council (BBSRC).

I The on-line version of this article (available at http://www.jbc.org) contains
supplemental text, references, Figs. 1-8, and Tables 1-3.

' Both authors contributed equally to this work.

2 Recipient of a BBSRC studentship.

3 To whom correspondence may be addressed. Tel.: 858-822-6656; Fax: 858-
822-6655; E-mail: thandel@ucsd.edu.

“To whom correspondence may be addressed. E-mail: dn206@bioc.
cam.ac.uk.

14424 JOURNAL OF BIOLOGICAL CHEMISTRY

The chemokine family consists of small (~8-12 kDa) pro-
teins that are responsible for controlling the migration of leu-
kocytes in the context of routine immune surveillance and
inflammation (1-5). However, inappropriate expression, regu-
lation, or utilization of chemokines and chemokine receptors
has been associated with many diseases, including rheumatoid
arthritis, multiple sclerosis, asthma, cancer, and AIDS (6, 7). To
date, there are ~50 known human chemokines and 20 recep-
tors (6). Although some chemokines are specific to one recep-
tor, other chemokines bind multiple receptors and many
receptors bind multiple chemokines. However, despite this
apparent redundancy, there are many potential sources of spec-
ificity, including spatial, temporal, and tissue-specific expres-
sion of chemokines and receptors (8), different signaling con-
sequences of a given receptor in response to different ligands
(6), and of relevance to this work, interactions of chemokines
with glycosaminoglycans (GAGs)® (9).

Chemokines/receptors have been classified into four subfami-
lies (CC, CXC, CX3C, and XC) based on the relative positions of
conserved cysteine residues in the N termini of the ligands. Struc-
tures of many chemokines have been solved and reveal a highly
conserved tertiary motif consisting of a disordered N-terminal
region followed by a 3, helix, three antiparallel 3-strands, and a
C-terminal a-helix (10-13). Despite their similar monomeric
structures, multiple dimeric and tetrameric structures have been
reported. Two primary types of chemokine dimers have been
observed, and generally CC chemokines adopt one type of dimer
while CXC chemokines adopt the second type of dimer (14). In the
CC dimers, the disordered N-terminal residues within each
monomeric subunit form a two-stranded antiparallel B-sheet in
the dimer interface, giving rise to an overall elongated structure.
CXC dimers are more compact and interact primarily through the
first strand of their B-sheets (supplemental Fig. 1, A and B) (10—
13). In addition, several different tetrameric species have been
reported. For example, the CCL2 (MCP-1) tetramer has properties
of both CC and CXC dimer interfaces (supplemental Fig. 1, C and
D) (11, 15), while human CXCL10 (IP-10) adopts multiple tet-
rameric forms, one similar to CCL2, as well as two entirely differ-
ent structures (16), and murine CXCL10 (IP-10) assumes yet a
fourth tetrameric structure (17).

®The abbreviations used are: GAG, glycosaminoglycan; MOPS, 4-morpho-
linepropanesulfonic acid; ARIA, Ambiguous Restraints for Iterative Assign-
ment; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect
spectroscopy; PFG, pulsed field gradient; Sulfo-EGS, sulfoethyleneglycol-
bis(sulfosuccinimidylsuccinate); HSQC, heteronuclear single quantum
coherence; WT, wild type; CPMG, Carr-Purcell-Meiboom-Gill.
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Although the functional relevance of the oligomeric forms is
not entirely understood, there is considerable evidence that
chemokine oligomerization is important for in vivo cell migra-
tion (11, 18 —22). For example, although monomeric variants of
CCL2, CCL4, and CCLS5 are capable of inducing cell migration
in vitro, they failed to cause migration iz vivo when injected into
the peritoneal cavity of mice (23). The prevailing explanation
for these results is that interactions between oligomeric forms
of chemokines and GAGs are required to tether chemokines to
cell surfaces as a mechanism for their retention near the site of
production, so that they do not diffuse away and can thus pro-
vide directional cues for migrating cells (9, 20, 23-27). Other
studies have also suggested that GAG binding is required for
transcytosis of chemokines from the abluminal to luminal sur-
face of endothelial cells in order to encounter receptor-bearing
leukocytes on the opposing surface (23). The connection
between chemokine oligomerization and GAG binding is sup-
ported by biochemical and biophysical studies that show that
chemokines oligomerize on GAGs and that oligomeric forms
have a higher affinity for GAGs than non-oligomerizing forms
(11, 28).

This study focuses on the structure and oligomerization
properties of the chemokine CCL27 (CTACK), which is consti-
tutively expressed in the skin and has only one known chemo-
kine receptor, CCR10 (29). CCL27 has been implicated in
inflammatory skin diseases such as psoriasis and is believed to
play a role in melanoma metastasis (30, 31). The results of the
present studies suggest that its oligomerization behavior is
unusually dynamic with weak interactions between monomers,
dimers, and tetramers but that one or more oligomeric forms
are stabilized by GAG binding. This structural plasticity may
allow CCL27 to adopt different oligomeric structures depend-
ing on the nature of the GAG, which in turn may add to the
functional specificity of this chemokine.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Both CCL27 and CCL2
were cloned into the pHUE vector (kindly provided by Rohan
Baker) and expressed as insoluble His-ubiquitin fusion proteins
(32). For production of unlabeled protein, cells were grown at
37 °C in Luria Broth (LB), and an MOPS-based media was used
for expression of labeled protein (see supplemental Exper-
imental Procedures). *>N/*3C- and '3*C-labeled CCL27 were
expressed in media containing 98% '°N ammonium sulfate, and
99% ['3C] glucose. **N-labeled CCL27 for filtered NOE analysis
was expressed with *N-labeled ammonium sulfate and **C-
depeleted glucose (99.98% '>C) (Cambridge Isotope). Proteins
were overexpressed by induction with isopropyl B-p-1-thioga-
lactopyranoside in BL21(DE3)pLysS Escherichia coli cells, after
which cells were harvested by centrifugation. They were then
purified from the insoluble fraction by nickel-nitrilotriacetic
acid affinity chromatography, refolded by dilution in Hampton
Fold-it Buffer #13 (FoldIt Screen, Hampton Research), dialyzed,
and concentrated (see supplemental materials for more details).
The His-ubiquitin tag was cleaved with ubiquitinase, immediately
before final purification by reversed-phase high-performance liq-
uid chromatography with a semi-prep C18 column. Chemokine
fractions were lyophilized and stored at —80 °C. Purity was con-
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firmed using matrix-assisted laser desorption ionization mass
spectrometry and label incorporation was verified by electrospray
ionization-mass spectrometry.

NMR Spectroscopy—The sections below outline general as-
pects of the NMR procedures; more complete details are
described under supplemental Experimental Procedures.

PFG Diffusion Measurements—PFG-NMR experiments were
run on a Bruker Avance II 600 MHz NMR spectrometer with a
5-mm TCI CryoProbe at 302.3K. Samples were prepared in 50
mM acetate-d, pH 5.6. The experiments were carried out using
the Bruker pulse sequence ledbpgpprwg2s and the Bruker macro
diffusion ordered spectroscopy (DOSY). The self-diffusion coeffi-
cients (D,) were calculated using the Bruker DOSY analysis pro-
gram, with manual integration for peaks at 7.0, 3.0, 2.0, and 0.7
ppm for each proton spectrum. Each sample was run in triplicate,
and the D, values were averaged over the three experiments.

Monomeric Structure Determination—Residue assignments
involved a standard battery of three-dimensional NMR
experiments (see supplemental materials) (33). The data
were processed using the Azara suite of programs (version 2.7,
W. Boucher, University of Cambridge). The assignment of *>N/
13C-labeled CCL27 was performed by determining sequential
connectivities of backbone resonances using a pairwise ap-
proach via frequency matching in the **C dimension. Distance
restraints were derived from NOE-based measurements, dihe-
dral angle restraints, and H-bond restraints, and the structure
calculations were performed with ARIA (Ambiguous
Restraints for Iterative Assignment) (34, 35) interfaced to CNS
(Crystallography and NMR System) (36) (37, 38). The mean
structure was generated from the ensemble of the 30 lowest
energy water-refined structures (from 100). The ensemble and
the structure closest to the mean were then analyzed using
PROCHECK and PROCHECK-NMR (39, 40).

>N Relaxation Measurements—Relaxation experiments
were recorded on 1.0 mm '°N-labeled CCL27 at fields of 500
and 600 MHz. '°N R, and R, relaxation rates and 'H-'°N het-
eronuclear NOEs were measured using standard pulse
sequences. The transverse cross-correlation rate constant, Nxyr
was measured using the methods described in supplemental
Experimental Procedures (23, 41). Relaxation data curve-fitting
was performed using CcpNmr analysis. Rotational diffusion
tensor fitting and analysis of internal mobility were performed
using the program TENSOR?2 (42).

Dimer and Hydrodynamic Modeling—Hydrodynamic mod-
eling of the rotational diffusion tensor was performed using the
program HYDRONMR (43, 44).

Exchange Broadening—Relaxation-compensated Carr-Pur-
cell-Meiboom-Gill (CPMG) relaxation-dispersion profiles
were recorded for 1.0 mm '°N-labeled CCL27 at 500 and 600
MHz (45). In addition to a reference spectrum acquired without
a relaxation period, 16 sub-spectra were acquired from
Vepma = 7-7 HZ to veppig = 1000 Hz. The data were fit using
the program CPMGFit (A. Palmer, Columbia University).

!H-"*N HSQC Chemical Shift Perturbation Analysis and Fil-
tered (HC)NH-NOE—Experiments were performed with the
same system and sample conditions as the PFG diffusion exper-
iments. All experiments were run at 302.3 K. Spectra were pro-
cessed and analyzed using the programs NMRPipe (46) and
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FIGURE 1. Assigned "H-">N HSQC of CCL27 acquired on a Bruker Avance 11 600 MHz NMR with a 5-mm TCI
CryoProbe. The sample was prepared at a concentration of 0.5 mm, in 50 mm acetate buffer, pH 5.6, at 302.3 K.

Sparky (SPARKY 3, T.D. Goddard and D. G. Kneller, University
of California, San Francisco), respectively. Chemical shift
perturbation values were calculated using the equation
[(5A8,,%) + (A8)*]"* (21). To determine NOEs correspond-
ing to the oligomeric interface, two-dimensional 'H-'°N ver-
sions of a four-dimensional '>C/'*N-separated (HC)NH-
NOESY experiment were recorded on 3.0 mMm and 2.0 mm
samples, which were 50% '°N-labeled CCL27 (**C-depleted)
and 50% *3C-labeled CCL27 (47).

Heparin Binding Assay—To determine if CCL27 oligomer-
izes on GAGs, '?°I-CCL27 (PerkinElmer Life Sciences) was
incubated with heparin immobilized on beads and competed
off with unlabeled CCL27 as described by Hoogewerf et al., and
Proudfoot et al. (23, 28) (see supplemental materials). Radioac-
tivity was counted with a scintillation plate reader.

Solubility Assays—The protein concentration was deter-
mined using a Nanodrop spectrophotometer (Thermo Scien-
tific), via the absorbance at 280 nm. Concentrations were deter-
mined in the presence and absence of heparin octasaccharide
(Neoparin, Inc., GT8041) after centrifugation to determine the
percentage of chemokine remaining in solution.

Chemical Cross-linking—Reactions were performed with the
indicated concentrations of CCL27 and heparin decasaccha-
ride (Neoparin, Inc., GT8051) in 50 mm Hepes, pH 7.2, with 5
mM sulfoethyleneglycolbis(sulfosuccinimidylsuccinate) (Sulfo-
EGS, Pierce Reagents) for 1 h at 25 °C and quenched with 1 m
Tris prior to running on a non-reducing SDS-PAGE gel.

RESULTS

CCL27 Oligomerizes and Forms a Tetramer at Millimolar
Concentrations

'H-"*N HSQC Spectra—To ascertain optimal solution con-
ditions for characterizing the structure and dynamics of
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Oligomerization Properties of
CCL27 by PFG Diffusion NMR—
Translational diffusion of CCL27
was measured by PFG '"H NMR spectroscopy to assess the
dependence of the oligomerization state on concentration and
solution conditions. The self-diffusion coefficient, D, is related
to the average protein size, and can be extracted from a series of
one-dimensional '"H NMR spectra following the attenuation of
signal with increasing gradient field strength. Upon oligomeri-
zation, the theoretical change in D, can be calculated from the
Stokes-Einstein equation. By approximating the interaction as
hard-sphere molecular contacts, the dimer:monomer ratio of
the diffusion coefficients was estimated to be 0.75, a value
shown to be in good agreement with experimental data for the
monomer-dimer equilibrium of CCL2 (48). In addition, the
hydrodynamic radius and average molecular weight of the pro-
tein in solution may be determined from the measured D, value
(see below). However, because interpretation of diffusion coef-
ficients requires certain assumptions, the D, values were first
compared for several proteins of similar molecular weight to
CCL27, and known oligomerization behavior (21, 22, 48) (Fig.
2A). At 0.1 mm, CCL27 (10.1 kDa) has a D, value similar to that
0f 0.075 mm CCL2 (8.9 kDa, monomeric at this concentration),
P8A CCL2 (an 8.9 kDa monomeric variant of CCL2), and ubiq-
uitin (8.6 kDa) (D, values are 1.35 X 10~ '° m?/s, 1.39 X 10~ *°
m?/s, 1.45 X 10~ m?/s, and 1.38 X 10~ '° m?/s, respectively).
The D, for lysozyme was somewhat lower (1.2 X 10~ '°m?/s), as
expected from its molecular mass (15.9 kDa). It can therefore be
assumed that at such low concentrations, CCL27 is predomi-
nantly monomeric. However, when the CCL27 concentration
was increased to 3.0 my, the D, value dropped to 0.80 X 10~ *°
m?/s, indicating an increase in apparent molecular weight rel-
ative to the 0.1 mm sample due to oligomerization. This behav-
ior is similar to CCL2, which also oligomerizes at higher con-
centrations, although the D, value of CCL27 suggests that it is
larger than CCL2 at 3.0 mm (Fig. 24) (47).
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FIGURE 2. PFG diffusion analysis of CCL27. Assuming the diffusion coefficient at 0.075 mm corresponds to the monomeric form, the theoretical D, value for
the dimer was estimated using the Stokes-Einstein equation as 0.975 X 10~ '° m?%/s. A, PFG diffusion analysis of standard proteins with known molecular
weights and oligomerization states. B, PFG diffusion analysis of CCL27 over a concentration range of 0.050 mm to 3.0 mm in 50 mm acetate, pH 5.6. C, molecular
weight of CCL27 at different concentrations, calculated from the D, values shown in B. D, PFG diffusion profile of WT CCL2 over a range of concentrations from

0.01 mm to 3.0 mm, in 50 mm acetate, pH 5.6.

Because buffer conditions are known to influence chemokine
oligomerization (21, 49), the effect of acetate, phosphate, and
pH on the apparent molecular weight of CCL27 was evaluated
but showed little impact (supplemental Fig. 2). The diffusion
profile for CCL27 was then determined over a more extensive
concentration range, from 0.075 to 3.0 mm in 50 mMm acetate
buffer at pH 5.6 (Fig. 2B). The diffusion coefficient for CCL27 is
relatively constant from 0.075 to 0.25 mm, with an average value
of ~1.30 X 10~ '° m?/s, but decreases gradually above 0.25 mm
to 0.813 X 10~ m?/s at 3.0 mm. This value is less than the
expected D, for a dimer (calculated to be 0.975 X 10 '° m?%/s),
suggesting the presence of higher order oligomers, most likely
tetramers by analogy to other chemokines (the theoretical D,
value for the CCL27 tetramer was calculated to be 0.780 X
10~ °m?/s). Indeed, when the diffusion coefficient is converted
into the hydrodynamic radius via the Stokes-Einstein relation,
and used to estimate the molecular weight, the data suggest that
CCL27 is tetrameric at 3.5 mMm (39 kDa estimated versus 40.4:
kDa theoretical, Fig. 2C and supplemental Table 1A). Compar-
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ing the hydrodynamic radius of CCL27, calculated from the
translational diffusion (via HYDRONMR), to hydrodynamic
radii for other known chemokine tetramers (calculated using
their atomic structures via HYDROPRO), the radius for
CCL27 at 3.5 mMm is almost identical to that of CCL2,
CX3CL1, and CCL14 tetramers (2.68, 2.65, 2.70, and 2.73 nm,
respectively, supplemental Table 1B). Together, the data indi-
cates that CCL27 is tetrameric at the higher concentrations of
3.0-3.5 mm.

The diffusion profile was then determined for CCL2, to com-
pare the CCL27 result to that of a chemokine known to form a
stable dimer. Between 0.05 and 0.10 mu, a sharp decrease in the
D, value of CCL2 was observed, corresponding to the formation
of a dimer; it then remained relatively constant up to 3.0 mm
(Fig. 2D). CCL2 has also been shown to form tetramers at
higher concentrations and in the presence of GAGs (15), and
the slight decrease in the D, value at 1.5 mM suggests some
population of the tetrameric form. Nevertheless, the overall dif-
fusion profile is what would be expected for a protein that forms
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TABLE 1
Experimental restraints and structural statistics for CCL27

[SA]represents average values for the ensemble, for which the r.m.s.d. values are from the mean structure. [SA]. represents the corresponding values for the structure closest
to the mean. E|  is the Lennard-Jones energy (the Lennard-Jones potential was only used during the water refinement stage).

No. of experimental restraints

Distance restraints from NOEs intra seq med long
Unambiguous 1364 814 339 103 108
Ambiguous 1204

Dihedral 44

H-bond 22

Coordinate precision (residues 8-71) [SA] [SAL.

r.m.s.d. of backbone atoms, A 0.55 = 0.10 0.38

r.m.s.d. of heavy atoms, A 0.97 = 0.07 0.78

r.m.s.d. from experimental restraints

NOE distances, A 0.0207 = 0.0025 0.0181

TALOS dihedral angles, ° 0.54 = 0.11 0.61

r.m.s.d. from idealized geometry

Bonds, A 0.00393 0.00386

Angles, A 0.548 + 0.019 0.53

Improper, A 1.58 = 0.019 1.57

Final energy
E; 5k mol™" —3340 *+ 50 —3350
Ramachandran analysis

Residues in most favored regions 74.3% 72.7%

Residues in additionally allowed regions 21.3% 24.7%

Residues in generously allowed regions 2.3% 2.6%

Residues in disallowed regions 2.1% 0.0%

a discrete dimer with a K, distinguishable from the tetrameric
state (21, 47). The results for CCL2 contrast with the profile of
CCL27, where the D, value steadily decreased over the entire
concentration range investigated, suggesting the simultaneous
presence of several oligomeric species (monomer, dimer, and
tetramer), with similar dissociation constants (Fig. 2B).
Rotational Diffusion by NMR—As a complement to the PFG
experiments, and to assess the dynamics of the protein in solu-
tion, ®N R, and R, rates, as well as heteronuclear NOE, were
measured for the backbone amide groups on a 1.0 mm CCL27
sample at 500 and 600 MHz, and analyzed by the Model-free
formalism (supplemental Fig. 3). However, analysis of the data
was complicated by significant exchange contributions (>5 Hz)
to the transverse relaxation rates for the majority of residues,
which were not suppressed under the fast CPMG pulsing con-
ditions applied. Initial attempts to fit the rotational diffusion
tensor in TENSOR2 (42) showed that the experimental data
could not be reproduced using the calculated diffusion tensor in
combination with the experimental uncertainties. Therefore,
an alternative approach was adopted, in which the exchange-
free transverse relaxation rates, R,°, were computed from the
measured (CSA)'”N/dipole-dipole’N-'H transverse cross-
correlated cross-relaxation rate constant, 1., (50). Comparison
of R,° with the R, rates measured under fast CPMG pulsing
conditions confirmed that the majority of residues possess sig-
nificant residual exchange contributions (supplemental
Fig. 3B). Recalculation of the isotropic rotational correlation
time using the R,°/R, ratio of residues without significant inter-
nal motion yielded values for the rotational correlation time of
9.3 and 9.2 ns for the data collected at 500 and 600 MHz, respec-
tively. These correlation times translate into an estimated
molecular mass of ~21 kDa, almost exactly equal to that of a
CCL27 dimer and consistent with the results of the PFG diffu-
sion measurements. Furthermore, diffusion tensor fitting with
the new R,°/R, ratios using TENSOR2 indicated that rotational
diffusion properties of 1.0 mm CCL27 are best described by an
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axially symmetric (D)/D , = 0.69), slightly oblate diffusion ten-
sor (supplemental Table 2).

NMR Assignment and Structure Determination of the
Monomeric Form of CCL27

The results of the PFG diffusion measurements suggesting
the presence of multiple species in equilibrium, including
tetramers, is consistent with the broadening observed in the
initial HSQC spectra of 2.1 mm CCL27. Experiments used for
resonance assignment and structure determination were
therefore recorded on 1.0 mm '°N- and '*N/*3C-labeled sam-
ples, a concentration that showed translational diffusion behav-
ior consistent with the presence of a predominantly dimeric
species. The backbone and side-chain assignment procedure
involved a relatively standard approach with triple resonance
experiments. Distance restraints were derived from NOE-
based measurements, dihedral angle restraints, and H-bond
restraints, and the structure calculations were performed using
ARIA 2.1 (ambiguous restraints for iterative assignment), inter-
faced to CNS 1.0 (34, 35) (see supplemental materials).

In the assigned two-dimensional 'H-'""N HSQC spectrum,
the signals are well dispersed, and all backbone amide reso-
nances are visible with the exception of Arg-15 and Lys-16,
indicating that these sites are broadened beyond observation
due to chemical exchange on an intermediate timescale (Fig. 1).
The line widths for residues C-terminal to Pro-77 suggest that
this region is unstructured and exhibits significant flexibility
due to fast picosecond internal motion. These residues display a
second set of amide peaks in addition to the principal peaks,
presumably due to cis-trans isomerization of the peptide bond
between Leu-76 and Pro-77. Several residues, such as Asp-35
and Asp-37, exhibit unusually broad '*N-line widths, indicative
oflarge exchange contributions to the '°N transverse relaxation
rate. In addition, a number of peaks are significantly over-
lapped, such as Leu-3/Leu-76, which were ultimately assigned
by reference to methyl-selective TOCSY experiments.
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and loop regions in green, a-helices in purple, and B-strands in yellow.

The calculated NMR ensemble is well defined, with a root
mean square deviation of ~0.5 A over the backbone atoms of
the ordered residues, for the 30 lowest energy structures. The
calculated structures are in good agreement with the experi-
mental restraints (Table 1). The ensemble of structures of the
ordered core of CCL27 is shown in Fig. 34, along with the cor-
responding ribbon diagrams (Fig. 3B), and the primary
sequence colored to reflect the secondary structure (Fig. 3C).
CCL27 adopts a typical chemokine fold, where the flexible N
terminus (Phe-1 to Thr-7) is followed by an extended series of
bends forming the N-loop, which leads into a 3, helix (Asp-20
to Arg-24), immediately followed by the first of three anti-par-
allel B-strands. The 30s loop between the first and second 3-
strands stretches from Glu-33 to GIn-41 and is anchored to the
N-loop by the disulfide bridge between Cys-38 and Cys-9. In
contrast, the 40s loop, linking the second and third B-strands, is
ashort type I turn comprising only GIn-48 and Arg-49. The end
of the third B-strand is also attached to the N-loop by the sec-
ond disulfide bond between Cys-53 and Cys-10. A short loop
from His-55 to Asn-58 connects the end of the third B-strand to
a long C-terminal a-helix, which extends to Arg-70 and lies

“BSENE\
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FIGURE 3. Solution NMR structure of monomeric CCL27, displaying the standard chemokine structural
motif: an N-loop (green) followed by a 3,, helix (purple), three anti-parallel B-strands (yellow), and a
C-terminal a-helix (purple). A, stereo views of the overlaid backbone traces for the 30 water-refined structures
(residues Ala-8 to His-71). B, corresponding ribbon representation. C, sequence of CCL27 showing unstructured

across one face of the B-strand,
whereas the other side of the
B-strand faces onto the N terminus
and the early part of the N-loop. The
C-terminal a-helix is followed by a
long, disordered C-terminal region,
a feature that distinguishes CCL27
from most other chemokines.

Characterization of Internal
Dynamics

The exchange-free R, values,
described above, enabled the local
motion of the majority of amide
sites to be accurately described
using the classical Model-Free for-
malism based on R, R,°, and het-
eronuclear NOE data (51). While
the majority of the residues are in
well structured regions, the profile
of order parameters confirms the
flexibility of the N and C termini,
with increased internal mobility in
the C terminus becoming evident
toward the end of the a-helix (Fig.
4A). The affected amide groups
exhibit internal correlation times on
the order of 1 ns, with S* values that
decrease from 0.6—0.7 at the end of
the helix to close to zero for Gly-88.
The first eight residues in the N ter-
minus also exhibit significant inter-
nal mobility, which is a characteris-
tic of most if not all chemokines
where this region plays an impor-
tant role as a signaling trigger. The
extended N-loop, despite its lack of
regular secondary structure, is well ordered. For the remainder
of the structured core of the protein, the most obvious feature is
the relative mobility of the 30s loop, where the order parame-
ters are slightly reduced to ~0.6 at Gly-36.

Characterization of the CCL27 Dimer Interface Indicates That
It Does Not Form a Discrete CC or CXC Dimer

Filtered NOE Analysis of Interfacial Contact Residues—De-
spite significant effort, it was not possible to unambiguously
identify intersubunit NOEs from the *°N-separated or >C-sep-
arated NOESY spectra that were used to calculate the monomer
structure of CCL27. To calculate a dimer structure, we there-
fore utilized a '*C/'°N-separated and filtered NOESY experi-
ment on a sample containing 50% '*C-CCL27 and 50% '°N-
CCL27 (*3*C-depleted). In this experiment, NOEs are
specifically detected between "H-'3C and '"H-'°N protons. The
mixed isotope sample maximizes the detection of intersubunit
NOEs, as previously demonstrated for CCL2 (47). To initially
validate the experiment, and for a direct comparison to a well
defined dimer, we first recorded the 'H-'°N plane of a
two-dimensional version of this (HC)NH-NOE experiment on
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FIGURE 5. Filtered NOE analysis of a 50:50 '*N-labeled plus '3>C-labeled sample of CCL2 at 3.0 mm and a
50:50 '°N-labeled ("*C-depleted) plus '*C-labeled sample of CCL27 at 3.0 mm. A, 'H-">N HSQC of CCL2.
B, two-dimensional "H-">N (HC)NH-NOE, acquired in 12 h and assigned based on the HSQC. This experiment
was previously employed to determine the dimeric structure of CCL2 in solution and used here to validate the
method and compare with CCL27 (47). C, "H-">N HSQC of CCL27. D, two-dimensional 'H-">N (HC)NH-NOE
CCL27 at 3.0 mm, acquired in 4 days and assigned based on the HSQC.
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a 3.0 mMm sample of CCL2, suitably
labeled as described above, and
compared it with the 'H-"*N HSQC
(Fig. 5, A and B). The resulting spec-
trum was well dispersed, with
intense signals corresponding to
structured regions of the protein
that were previously identified as
comprising the dimer interface (47).
A similar experiment was then
recorded on the 3.0 mm CCL27
sample and showed positive signals
from four different regions of the
protein, Ser-6 and Leu-13 in the N
terminus, Leu-31, Ala-34, Asp-37,
and Cys-38 in the first B-strand/30s
loop, GIn-49 to Ser-51, and Cys-53
in the third B-strand/40s loop, and
His-73, Thr-75, Leu-76, and Leu-79
to Gly-88 in the C terminus (the
positive signals from the unstruc-
tured C terminus are likely due to
intra-residue NOEs resulting from
residual natural abundant '*C in the
5N/*3C-depleted sample that ap-
pear due to favorable relaxation
properties and close distance). Res-
idues were assigned based on com-
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FIGURE 6. "H-"*N HSQC chemical shift perturbation analysis of CCL27 and CCL2. A, histogram of the change in chemical shift for residues 1-78 of CCL27,
comparing data from 1.0 mm with 0.025 mm samples. Residues 79 - 88 displayed minimal shift changes and were excluded to directly compare CCL27 and CCL2
histograms. The monomeric secondary structural elements are displayed above. B, histogram of the change in chemical shift for each residue of CCL2,
comparing data from 1.0 mm and 0.05 mm samples. The secondary structural elements are displayed above, including the N-terminal -strand formed between
the two monomeric subunits in the dimer structure (striped). The lines in both figures represent changes in chemical shift determined to be above baseline.

parison to the "H-">’N'HSQC (Fig. 5, C and D). When the exper-
iment was repeated on a 2.0 mm CCL27 sample, similar results
were observed, with additional signals from the first 3-strand
and 3, helix that were not present at the higher concentration
(supplemental Fig. 4). At 1.0 mm where the dimer dominates,
the NOE signals were no longer detectable due to the insensi-
tivity of the experiment (data not shown).

In contrast to CCL2, the results for CCL27 do not define a
discrete CC or CXC dimer interface. A CXC dimer interface
would include only the first B-strand, whereas a CC dimer
interface would involve predominantly the N-terminal region
and the third B-strand, which is linked to the N terminus by a
disulfide bond (21, 47), In addition, the experimental sensitivity
was considerably weaker for CCL27 than for CCL2 at all con-
centrations; CCL2 required only a 12-h acquisition time to pro-
vide sufficient signal/noise, while CCL27 required an acquisi-
tion time of 4 days and ultimately resulted in fewer signals. This
is consistent with the formation of a lower affinity oligomer of
CCL27 compared with CCL2, or alternatively a larger contri-
bution from higher order oligomers, such as tetramers, both of
which are indicated by the PFG diffusion studies. These data are
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also consistent with the idea that CCL27 does not form a dis-
crete dimeric species, even at the lower concentration where
the dimer dominates, but rather has multiple interfaces of sim-
ilar affinity that ultimately contribute to tetramer structure(s).

Analysis of Chemical Shift Perturbations—As a second
method to identify residues that may be involved in the oligo-
merization interface(s) and that covers a broader concentration
range than was feasible for the (HC)NH-NOE experiment,
'H-'*N HSQC chemical shift changes of CCL27 were moni-
tored from 1.0 mM, where the average observed species corre-
sponds to a dimer, to 0.025 mm where CCL27 is predominantly
monomeric. The residues that experienced a change in chemi-
cal shift corresponded to several regions of the protein, includ-
ing Leu-2, Leu-3, Ala-8, Thr-11, and Leu-13 in the N terminus,
Ser-19, Asp-20, and Leu-22 in the 3, helix, GIn-28 and Leu-31
in the first B-strand, Ala-34 to Asp-37 and His-39 to GIn-41 in
the 30s loop, Ala-48 to GIn-49 in the 40s loop, Ile-54 in the third
B-strand, Leu-61, Trp-64, and His-67 to Leu-72 from the C-ter-
minal a-helix, and Gly-74, Leu-76, and Lys-78 from the C ter-
minus. The histogram in Fig. 64 shows that the most significant
changes clustered to the 30s loop, where Cys-38 forms a disul-
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A

meric (Fig. 6B). As expected, CCL2
shows some of the most significant
changes in the N terminus, in and
around the region forming the small
B-strand between the monomeric
subunits in the dimer structure. The
other highly shifted regions include
the 3,, helix, leading into the first
B-strand, the second B-strand lead-
ing into the 40s loop and the third
B-strand, where a disulfide bond
connects Cys-52 to Cys-12 in the N
terminus. A comparison of the two
histograms in Fig. 6 shows that
CCL27 and CCL2 both have similar
shift changes in the N terminus.
However, unlike CCL27, CCL2 has
almost no changes in the 30s loop
and C-terminal a-helix. In a similar
analysis, Veldkamp et al. used
chemical shift perturbations to eval-
uate the dimeric interface for
CXCL12 (21). Their results demon-
strate that the regions experiencing
the greatest shift changes involved
the first B-strand and the C-termi-
nal a-helix (21), which is to be
expected for a standard CXC che-
mokine dimer (16, 52). Comparison
to CCL2 and CXCL12 suggests that
CCL27 has characteristics of more
than one dimer; in general the data
are roughly consistent with regions
involved in CC and CXC dimers,
but could also be novel.

To visualize the chemical shift
changes in Fig. 6, Fig. 7 shows model
structures of both a CC and CXC
chemokine dimer of CCL27, along-
side the previously solved dimer
structure for CCL2, and the CXC
dimer interface of the CCL2 tet-

FIGURE 7. Results from chemical shift perturbation mapped to dimeric forms of CCL27 and CCL2, using a

color gradient to depict the intensity of chemical shift change: 0.06 - 0.09 ppm in pink, 0.10-0.15 in maroon,
and >0.16in red. A, model of CCL27 forming a CC chemokine dimer. B, dimeric solution structure of CCL2. C, model
of CCL27 forming a CXC chemokine dimer. D, the CXC dimer-like interface of the tetrameric form of CCL2.

fide bond with Cys-9 in the N terminus, and the C-terminal end
of the a-helix. As was the case for the (HC)NH-NOE experi-
ment, the chemical shift perturbation data suggest that CCL27
does not readily fit the patterns expected for either type of che-
mokine dimer. Because CCL27 forms a tetramer at higher con-
centrations, the chemical shift perturbation experiment was
repeated from 3.0 mMm to 0.025 mm and showed that the regions
experiencing shift changes were identical to those at the lower
concentration (supplemental Fig. 5).

To compare these results to a known CC dimer, chemical
shift changes were also monitored for CCL2 from 1.0 mwm,
where it forms a stable dimer, to 0.05 mM, where it is mono-
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ramer. In agreement with a CC
dimer structure, CCL27 shows sig-
nificant changes at the dimer inter-
face, including the N terminus and
the 30s loop. However, the very large changes to the C-terminal
a-helix and C terminus are atypical of such an interface and
cannot be rationalized by connections to the N terminus by
loops or disulfide bonds (Fig. 7A). For CCL2, a typical CC
dimer, the greatest shift changes occur at the N terminus or
regions connected to the N terminus by disulfide bonds, such as
the 30s loop and the 50s region (Fig. 7B). When these same
results are mapped onto the CXC dimer structure, the chemical
shift changes clearly do not match this type of interface, which
is to be expected, because the CCL2 tetramer forms at higher
concentrations (15). However, for CCL27, the C-terminal
a-helix, the C terminus, and the 30s loop show substantial
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for N-terminal truncations, resulting in monomeric variants of CCL27 based on theoretical calculations.

chemical shift changes that could be consistent with a CXC
dimer interface (Fig. 7, C and D). Thus in contrast to the CC-
like dimer observed for CCL2 at 1.0 mm, the data on CCL27 can
only be reconciled with more than one dimer interface. These
results, together with the gradient diffusion and filtered NOEs,
suggest that CCL27 exists as a mixture of oligomeric states
throughout the entire concentration range, forming a relatively
lose tetramer, with characteristics consistent with both CC and
CXC dimerization motifs (although novel interfaces cannot be
discounted).

Exchange Broadening by Relaxation Dispersion Experiments—
The initial comparison of the transverse cross-correlation rate
values with the R, values recorded under CPMG fast-pulsing
conditions revealed many residues containing an exchange
contribution (see above). Consequently, we decided to charac-
terize these R, contributions using CPMG relaxation-disper-
sion experiments. Information on oligomerization may be ex-
tracted from an analysis of exchange contributions to the
transverse relaxation. In situations where multiple oligo-
meric forms are present in solution, exchange of subunits
between the different forms will be manifest as increased
transverse relaxation rates for those sites whose chemical
shifts are dependent on the oligomeric state, such as sites
present at the interface between the monomeric subunits in
a dimer.

Exchange contributions for 1.0 mm CCL27 were character-
ized using a TROSY-selected spin-echo experiment at 600
MHz (53). The results, shown in supplemental Fig. 64, indicate
that many residues have significant R, exchange contributions,
with Asp-35, Asp-37, His-39, and GIn-41 in the 30s loop
approaching 30 Hz, constituting ~75% of their overall trans-
verse relaxation rates. In addition, four other exchange “hot
spots” include Cys-9, Cys-10, and Leu-13 in the N-loop, Ile-27
to GIn-32 in the first B-strand, Ile-52 to His-55 in the third
B-strand, and GIn-57, Ser-62, Phe-65, and GIn-68 to Arg-70 in
the C-terminal a-helix, as well as Leu-72 and His-73 in the C
terminus. These results were mapped onto the monomeric
structure of CCL27 to compare with the chemical shift pertur-
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bation data, and to determine whether they correspond to a
known chemokine dimer pattern (supplemental Fig. 6B). Sim-
ilar to chemical shift analysis, these results can only be recon-
ciled with more than one interface in equilibrium, and are qual-
itatively consistent with the presence of both CC and CXC
chemokine dimer types (see supplemental materials).

Comparison of the Rotational Diffusion Tensor to Theoretical
CXC and CC Dimer Models—Finally, because the rotational
diffusion tensor (calculated above by the '*N relaxation rates) is
determined by the size and shape of the molecule, it can in
principle, provide information on both the oligomeric state, as
well as distinguish between types of oligomers/dimers, if the
complexes are significantly different in shape. However, simu-
lated tensor properties of the putative CC and CXC type dimer
models discussed previously did not show sufficient agreement
with the experimental data, even though the simulated tensors
showed clear differences between the CC and CXC models
(supplemental Table 3). These results are consistent with the
concept that CCL27 does not adopt a discrete chemokine
dimer, but rather exists in exchange between different oligo-
meric forms (see supplemental materials for additional details).

One caveat to most of the above methods is that they reflect
overall conformational changes and are, therefore, not
restricted to residues at the protein-protein interface. Addi-
tionally, the dimer models constructed for comparison of theo-
retical and experimental diffusion tensors may not be suffi-
ciently accurate. Nevertheless, the results from all of the above
methods reach a consistent picture that at 1.0 mm CCL27,
where the dimer form predominates, there are interactions
between multiple interfaces that ultimately contribute to the
tetramer structure, a behavior that contrasts with many chemo-
kines that adopt discrete oligomerization states at a given
concentration.

Analysis of Mutants of CCL27 by PFG Diffusion NMR Implicates
the N Terminus as Part of the Oligomerization Interface

To investigate if CCL27 oligomerization could be altered by
the modification of specific interactions, targeted mutagenesis
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FIGURE 9. GAG binding analysis of CCL27 and CCL2. A, radioactive heparin-Sepharose binding assay of WT

CCL27. The concentration of '2°I-CTACK was fixed at 2.0 nm. Specifically bound '2°I-CTACK was determined by
subtracting Sepharose-bound from heparin-Sepharose-bound counts. B, solubility analysis of 0.1 mm CCL2 and
CCL27 in the presence of increasing amounts of heparin octasaccharide. Solubility was determined by mea-
suring the absorbance at 280 nm and normalizing to the value at 0 mm octasaccharide. C, chemical cross-
linking of WT and the monomeric mutant (6 -88)-CCL27 using Sulfo-EGS in the presence of increasing molar
amounts of the GAG heparin decasaccharide. The molar ratios of CCL27:heparin decasaccharide are indicated
above the gels and the presence of Sulfo-EGS is indicated below. D, '*C-edited PFG diffusion profile for 0.1 mm
CCL2 with increasing concentration of heparin octasaccharide. Diffusion coefficients were normalized to the
value at 0 mm octasaccharide, and the resulting ratios were also used to label the /ines corresponding to the

theoretical dimer and tetramer.

was performed on regions known to be important for the
dimerization of other chemokines. A mutant truncated in the
C-terminal region was also investigated, as this region is
extended in CCL27 relative to most other known chemokines.
The D, values were determined at several concentrations for
the mutants using PFG diffusion experiments. The first set of
variants involved mutations P4A and P5A near the N terminus
of CCL27, because proline to alanine substitutions in the N
termini of CCL2 and CCL4 rendered these chemokines incapa-
ble of dimerizing even at very high protein concentrations (20).
The double mutant, P4A/P5A CCL27, had a larger D, value at
0.25 mm compared with WT, suggesting an increased popula-
tion of monomer species, and showed delayed oligomerization,
requiring up to a concentration of 1.0 mm protein before a
decrease in D, was observed (Fig. 84). However, the individual
mutations P4A and P5A had no effect (supplemental Fig. 7, A
and B).

As a less residue-biased approach, we also investigated two
N-terminal truncation mutants, because the interface of stan-
dard CC chemokine dimers involves residues from the N-ter-
minal region (47), and the contribution of Pro-4 and Pro-5 to
oligomerization could not be probed by the amide-detected
NMR methods employed above. Two mutants were prepared in
which the first two residues, (3—88)-CCL27, and the first five
residues, (6—88)-CCL27, were deleted. According to the PFG
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The Interaction of CCL27 with
Glycosaminoglycans Induces
Oligomerization

It has become clear that the abil-
ity of certain chemokines to olig-
omerize is relevant to their func-
tion. Although some roles of
oligomeric forms in signaling have
been reported (22), many chemo-
kines oligomerize upon binding to GAGs, which causes their
accumulation and localization on cell surfaces and the forma-
tion of haptotactic gradients for cell migration. We therefore
investigated whether the oligomerization behavior of CCL27
might be relevant to interaction with GAGs.

Equilibrium Competition Binding on Immobilized Heparin—
In this assay, heparin-Sepharose beads are incubated with
radioactively labeled chemokine, and the labeled chemokine is
then competed off with increasing concentrations of unlabeled
chemokine (26). In general, one would expect that addition of a
competitor would simply compete off the radiolabeled chemo-
kine. However, Fig. 94 shows that, when a fixed amount of '*°I-
CCL27 is incubated with heparin beads, addition of increasing
concentrations of unlabeled WT CCL27 causes the recruitment of
additional "*°’I-CCL27, reflecting oligomerization on the hepa-
rin. This result suggests that heparin tends to increase the pro-
pensity for CCL27 to oligomerize, as observed for other chemo-
kines like CCL2, CCL5, and CXCLS8 (23, 28).

Soluble Heparin Oligosaccharides Induce Oligomerization of
CCL27—Ideally, more quantitative information on CCL27-
GAG interactions could be obtained from solution methods
such as analytical ultracentrifugation, dynamic light scattering,
PEG diffusion, and/or fluorescence polarization. Accordingly,
we initially attempted PFG diffusion studies with CCL27 and a
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heparin octasaccharide (Neoporin Inc., GT8041). However,
upon GAG addition, a significant attenuation of signal was
observed due to precipitation. This same result was seen with
heparin hexasaccharide (Neoporin Inc., GT8021). Therefore, as
a prelude to any further studies, solubility tests of CCL27 with
heparin octasaccharide were conducted to profile its behavior
in comparison to CCL2. The results, shown in Fig. 9B, suggest
that at 1.5:1 chemokine:octasaccharide (0.1 mm chemokine),
the minimum amount of each protein remains in solution. For
CCL27, the majority is insoluble, with only 4.5% left in solution.
CCL2 only decreases by 40% of its original concentration but
is completely resolubilized at a 1:4 molar ratio of CCL2:octasac-
charide. CCL27 on the other hand, only resolubilizes up to
~50% ofits original concentration and requires a 20-fold excess
of octasaccharide. The results at 25 uM showed an identical
pattern (data not shown), suggesting that CCL27 oligomerizes
more avidly in the presence of the heparin octasaccharide than
CCL2.

At concentrations of 25 and 50 um, CCL27 was able to
remain in solution up to ~20% in the presence of heparin
octasaccharide. Therefore, to determine if the lack of solubility
correlated with oligomerization on the GAG, chemical cross-
linking of CCL27 was performed using Sulfo-EGS in the pres-
ence of increasing amounts of heparin decasaccharide. The
non-reducing gel in Fig. 9C suggests that, in the absence of
GAGs, CCL27 is predominantly monomeric at 50 um. How-
ever, as the concentration of heparin decasaccharide increases,
the intensity of bands corresponding to dimeric, tetrameric,
and higher oligomeric forms are apparent. As the heparin con-
centration exceeds that of CCL27, the higher order oligomers
disappear, and monomer and dimer species predominate. This
is a consequence of excess GAG competing for binding sites on
the chemokine, but is also probably non-physiological. In con-
trast, cross-linking studies performed with increasing concen-
tration of CCL27 in the absence of GAGs also indicate the pres-
ence of dimer and tetramer, but to a significantly lower extent
than in the presence of GAGs (supplemental Fig. 84). Similarly,
the monomeric mutant (6—88)-CCL27 showed a decreased
propensity to oligomerize on GAGs (Fig. 9C). The mutant also
formed predominantly dimers while tetramer formation was
significantly diminished, consistent with disruption of a CC-
like oligomerization interface.

Finally, the lack of solubility at higher concentrations made it
impossible to quantify the extent of CCL27 oligomerization in
the presence of GAGs by PFG diffusion NMR. Therefore we
examined CCL2, 60% of which remained in solution at a con-
centration of 0.1 mm in the presence of heparin octasaccharide.
To confirm that the insolubility equates to oligomerization, a
13C-edited gradient diffusion experiment was used to deter-
mine the effect of the octasaccharide on the diffusion of the
CCL2 remaining in solution. The results in Fig. 9D show that at
2:1 CCL2:octasaccharide, the D, value decreases from mono-
mer in the absence of GAG to the theoretical value of the tet-
ramer in the presence of GAG. This is consistent with previous
analytical ultracentrifugation data, which also showed that
MCP-1 forms a tetramer in the presence of octasaccharide (54).
Furthermore, it suggests that the observed insolubility is asso-
ciated with increasing size of the complex. Similar to the cross-
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linking results for CCL27, at a molar ratio of 1:1 and higher, the
D, value of CCL2 corresponds to approximately that of a dimer
indicating that the excess GAG dissociates the higher order
oligomers, allowing it to be resolubilized. These same results
are indicated by the chemical cross-linking studies performed
with CCL2 and heparin decasaccharide in the presence of
Sulfo-EGS (data not shown). In addition, analytical ultracen-
trifugation results indicate that, at 30 um, CCL27 forms a single
monomeric species. However, in the presence of a 1:1 molar
ratio of heparin tetrasaccharide, there is clear evidence of oligo-
merization, despite the small size of the GAG (data not shown).
The main conclusion to be made is that the insolubility origi-
nally observed for CCL27 (and CCL2) correlates with oligomer-
ization in the presence of GAGs. This is clearly demonstrated
by the equilibrium competition binding on immobilized hepa-
rin, the cross-linking studies, and the analytical ultracentrifu-
gation data.

DISCUSSION

The structure of CCL27 was solved by NMR and revealed the
standard tertiary motif for a chemokine. Translational diffusion
analysis of the oligomeric properties of CCL27 demonstrates
that it oligomerizes on its own in solution, up to a tetramer. At
sub-millimolar concentrations, it is monomeric while at low
millimolar concentrations, CCL27 oligomerizes, forming
dimers and then tetramers over a narrow concentration range
of 0.5-3.0 mm. Attempts to characterize the oligomeric inter-
face of CCL27 involved an extensive analysis with "H-'°N
HSQC chemical shift perturbation experiments, relaxation dis-
persion experiments, and filtered (HC)NH-NOEs. The results
suggest that, although the oligomeric interface has some char-
acteristics qualitatively consistent with known CC and CXC
chemokine dimers, at concentrations where it is primarily
dimeric, more than one dimer species co-exist with similar,
albeit weak, affinities, and these interfaces ultimately contrib-
ute to tetramer formation. These results are most clearly illus-
trated by mapping concentration-dependent chemical shift
perturbations onto CC and CXC dimer models, which show
shifted residues at the interface of both structures. However,
alternative novel oligomerization motifs can’t be discounted.

The oligomeric profile for CCL27 differs with the results seen
for other chemokines such as CCL2 and CXCL12 (21), both of
which form stable dimers. Thus several experiments were run in
parallel with CCL2 to directly compare CCL27 to a chemokine
known to form a stable dimer. In contrast to CCL27, CCL2 forms
a stable dimer at micromolar concentrations. Furthermore, fil-
tered (HC)NH-NOEs and concentration-dependent chemical
shift perturbations are indicative of a discrete CC dimer. Overall,
the results indicate that compared with CCL2 and many other
chemokines, CCL27 is a more dynamic oligomer.

The full functional relevance of chemokine oligomerization
is not entirely understood. However, a direct correlation
between the ability of chemokines to oligomerize and to induce
in vivo cellular migration has been established. Proudfoot et al.
previously demonstrated that monomeric variants of CCL2,
CCL4 (MIP-1PB), and CCL5 (RANTES (regulated on activation
normal T cell expressed and secreted)) were inactive in cellular
migration when injected into the peritoneal cavity of mice, even
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though they were functional in trans-filter assays of cell migra-
tion in vitro (23). Similarly, Luster and coworkers demonstrated
that a monomeric form of CXCL10 (IP-10) is incapable of
inducing cell migration in vivo and transendothelial migration
in vitro (19). More recently it was shown that the above mono-
meric form of CCL2 has anti-inflammatory activity in animal
models of experimental arthritis (20) and experimental autoim-
mune encephalomyelitis (EAE) (55), underscoring the impor-
tance of oligomerization in vivo.

It is now believed that, although the monomeric forms of che-
mokines are involved in binding and activating chemokine recep-
tors, at least to induce cell migration, that oligomeric forms are
involved in interactions with GAGs. Indeed, several studies,
including this one, have shown that chemokines oligomerize on
GAGs (23, 54). Such interactions are believed to be involved in the
localization of chemokines to cell surfaces, particularly in the pres-
ence of shear forces, as well as in the transcytosis of chemokines
across cells (56, 57). Similar to the importance of oligomerization,
the critical role of GAG interactions has been demonstrated in
studies with GAG binding-deficient chemokines, which maintain
the ability to bind and activate receptors in vitro but are inactive
in vivo. Such studies have been demonstrated with CCL2,
CCL4, and CCL5 (23), as well as CCL7 (56) and CXCL12 (27,
58). Furthermore, these mutants can act as inhibitors of the WT
proteins, and in the case of the GAG-deficient mutant
[**AANA*’]-CCL5, the mechanism was attributed to the for-
mation of non-functional heterodimers with WT CCLS5 (9, 27).

Most chemokines studied to date have structures that have
been characterized in discrete forms. However, it is becoming
clear that, overall, chemokines span a range of oligomeric
behaviors from monomers to large oligomers with significant
differences in the stabilities of the species. For example, CCL5
forms very large stable oligomers, and although a dimer was
solved by NMR, low pH conditions were required to dissociate
the oligomer (11, 59). Others like CXCL4 (PF-4) form stable
tetramers (60), whereas CXCL1 (GROa«) and CCL2 form stable
dimers (47, 61) and CCL7 (MCP-3) and CXCL10 (IP-10)
are monomers (16, 62). In most cases, these forms are in equi-
librium with other states, but specific species dominate at the
concentrations used for biophysical studies. Furthermore, it
has become apparent that GAGs stabilize the higher order
oligomeric forms (54, 63). For example, although CCL2 forms
dimers in solution, Lau et al. demonstrated that a heparin
octasaccharide induces the formation of a CCL2 tetramer. A
detailed analysis of the GAG binding sites then revealed a con-
tinuous ring encircling the oligomeric interface, suggesting the
octasaccharide binds at the interface, and providing a rationale
for how it stabilizes the tetrameric form (54). Similarly human
CXCL10 was crystallized in three tetrameric forms, each dis-
playing unique GAG-binding epitopes when mapped onto each
structure. These results suggest that different GAGs may stabi-
lize the different oligomeric forms of CXCL10 and conversely
that the different oligomeric forms may be involved in recogni-
tion of different GAGs (16). A dramatic example of a chemo-
kine that shows this type of structural plasticity is XCL1 (Lym-
photactin). XCL1 undergoes a global conformational transition
between a canonical chemokine monomeric fold, which binds
the receptor XCR1, and a novel dimeric B-sandwich structure,
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which binds to GAGs (64, 65). The results demonstrated herein
suggest that CCL27 falls into the category of chemokines that
canreadily convert between oligomeric states potentially allow-
ing it to accommodate multiple GAG-binding partners, and
thereby providing a mechanism for cell specificity and regula-
tion. Thus future studies of CCL27 will involve a detailed anal-
ysis of its GAG-binding epitopes, as well as the ability of differ-
ent GAGs to stabilize discrete oligomeric forms. However, it is
also possible that oligomerization plasticity may have other
functions related to kinetics of interactions and even signaling
through receptors as recently demonstrated for CXCL12 (22).
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