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Abstract

The chemokines CCL21 and CCL19, through binding of their cognate receptor CCR7, orchestrate
lymph node homing of dendritic cells and naive T cells. CCL21 differs from CCL19 via an
unstructured 32 residue C-terminal domain. Previously described roles for the CCL21 C-terminus
include GAG-binding, spatial localization to lymphatic vessels, and autoinhibitory modulation of
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CCR7-mediated chemotaxis. While truncation of the C-terminal tail induced chemical shift
changes in the folded chemokine domain, the structural basis for its influence on CCL21 function
remains largely unexplored. CCL21 concentration-dependent NMR chemical shifts revealed weak,
nonphysiological self-association that mimics the truncation of the C-terminal tail. We generated a
series of C-terminal truncation variants to dissect the C-terminus influence on CCL21 structure
and receptor activation. Using NMR spectroscopy, we found that CCL21 residues 80-90 mediate
contacts with the chemokine domain. In cell-based assays for CCR7 and ACKR4 activation, we
also found that residues 92—100 reduced CCL21 potency in calcium flux, CAMP inhibition, and 8-
arrestin recruitment. Taken together, these structure—function studies support a model wherein
intramolecular interactions with specific residues of the flexible C-terminus stabilize a less active
monomer conformation of the CCL21. We speculate that the autoinhibitory intramolecular
contacts between the C-terminal tail and chemokine body are disrupted by GAG binding and/or
interactions with the CCR7 receptor to ensure optimal functionality.
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Chemokines are a family of small, 7-15 kDa, globular proteins that direct the migration of
cells along an increasing chemokine concentration gradient (reviewed in refs 1 and 2).
Chemotactic migration is accomplished via binding of the chemokine ligands to their
receptors. Chemokine receptors are class A G-protein-coupled receptors that are
prototypically linked to Ga; proteins that stimulate the mobilization of calcium from
intracellular stores,3# inhibition of adenylyl cyclase and thus cyclic adenosine
monophosphate (CAMP),° and ultimately actin cytoskeletal rearrangement required for
chemotaxis.®” The chemokine family has a conserved structure that reflects the highly
conserved cysteine residues and is subdivided into CC, CXC, CX3C, and XC based upon the
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spacing of the conserved N-terminal cysteine residues.8 The chemokines CCL21 and CCL19
are members of the CC chemokine family that bind the cognate receptor CCR7 to direct the
migration of mature dendritic cells and naive T cells to secondary lymphoid organs.?19 Both
CCRY ligands are transcytosed to high endothelial venules and expressed by stromal cells of
secondary lymphoid organs, while CCL21 is also expressed in peripheral lymphatic vessels.
11-15 cCL21 is additionally able to bind GAGs and become immobilized via a 32 residue
extended C-terminal tail, 1617 not present in CCL19.18.19 The paradigm that CCL19 and
CCL21 act as redundant signaling molecules was challenged in 2009 with a report from the
Lefkowitz laboratory, which indicated that CCL19 and CCL21 binding CCRY7 resulted in
distinct patterns of G-protein-coupled receptor kinase modification.2? In this early example
of GPCR “ligand bias”, which has also been shown for other chemokines,?122 CCL19 and
CCL21 were understood to activate different subsets of the full array of intracellular CCR7
effectors. However, the mechanisms by which CCL19 and CCL21 act as biased agonists for
CCRY remain poorly understood. Moreover, CCL19 and CCL21 are ligands for the atypical
receptor ACKR4, a scavenger receptor regulating chemokine availabilities for CCR7,23
further complicating the potential functions of these ligands.

Plasmin and dendritic cell-secreted proteases cleave the C-terminus of full-length CCL21
(CCL21WT, 111 residues, 12 kDa), producing an approximately 8 kDa chemokine variant
that lacks affinity for GAGs.242> However, the C-terminally truncated CCL21 protein
remains functional, amplifying the ligand options for CCR7 activation.24:26-29 CCL21WT
and a C-terminally truncated variant, approximating the dendritic cell-digested CCL21
(CCL21trunc, residues 1-79, 8.8 kDa), have been shown in multiple studies to elicit
different responses in functional assays including chemotaxis, calcium flux, cyclic AMP, 5
arrestin recruitment, and receptor internalization.26-28:30 NMR comparisons of CCL21IWT
and CCL21trunc revealed weak autoinhibitory interactions between the C-terminus and the
folded chemokine domain.28 Studies examining the effects of transferring the C-terminus of
CCL21 to CCL19 have shown increases in heparin binding,3! decreased chemotactic
efficiency,28 or no effect in chemotaxis, calcium flux, or CCR7 endocytosis.2” These
discrepancies between published studies suggest that each of the CCR7 ligands, CCL19,
CCL21, and CCL21trunc, has a distinct signaling profile that may further be impacted by
cell type, GAG diversity, and solution conditions, as observed for other chemokines.32-36

In addition to CCL21, XCL1, CXCL9, CXCL12y, CCL16, CCL25, and CCL28 chemokines
also possess a flexible C-terminal extension. However, these C-terminal domains retain little
conserved sequence identity and do not appear to possess consensus functional roles among
the various chemokines. Roles for the C-terminal tail in GAG-binding have been
documented for CCL21, CXCL12y, and CXCL9,31:37-43 while the C-terminus of CCL28
and CXCL9 contributes to their antimicrobial activity.3344 The presence of a third disulfide
bond is also unusual in the chemokine family, present in CCL21, CCL1, CCL15, CCL23,
and CCL28. Only in CCL21 is the extra disulfide bond contained within the flexible C-
terminal domain, providing a constraint to the otherwise disordered tail region.16 The
presence of the extended C-terminal tail has been shown to change the conformation of the
chemokine core structure, as seen in comparisons of the 2D NMR HSQC spectra and the
solved structures of CCL21IWT and CCL21trunc.2845 However, the mechanism by which
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the C-terminal tail alters CCL21 structure and influences chemokine function remains little
understood.

Using biophysical and cell-based approaches, we identified distinct regions of the C-
terminus that mediate structural and functional effects. Specifically, we showed that the
chemokine-proximal region of the tail is essential for the previously identified autoinhibitory
chemokine-tail interactions, while the distal region of the tail is responsible for functional
differences seen between CCL21WT and CCL21trunc.

MATERIALS AND METHODS

Reagents.

Cell Culture.

Dulbecco’s modified Eagle medium (DMEM), Roswell Park Memorial Institute (RPMI)
1640 ATCC formulation, Hanks’ Balanced Salt Solution (HBSS) with calcium and
magnesium, Dulbecco’s PBS, Penicillin/Streptomycin (10,000 U/mL), 1 M HEPES, 100x
minimum essential medium (MEM) non-essential amino acids solution, 100x GlutaMAX
supplement, 100 mM sodium pyruvate, Geneticin (50 mg/mL), BSA Fraction V 7.5% v/v
solution, TrypLE, fibronectin, and versene were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Fetal bovine serum (FBS) was purchased from Atlanta Biological
(Flowery Branch, GA). Calcium 6 dye was purchased from Molecular Devices (San Jose,
CA, USA).

For the CHO and dendritic cell (DC) experiments, X-vivo 15 medium was from Lonza
(Basel, Switzerland). CaCl,, MgCl,, glucose, HEPES, 2% v/v human Ab serum, 7.5% w/v
Nay,HCO3, MEM (10x), FBS, Penicillin/Streptomycin, glutamine, prostaglandin E, (PGEy),
forskolin, formaldehyde, and fluoromount were from Sigma (St. Louis, MO, USA). Human
IL-4, GM-CSF, TNFa, IL-18, and IL-6 were from Peprotech (Rocky Hill, NJ, USA).
Lymphoprep was from STEMCELL technologies (Vancouver, Canada). The PureCol bovine
collagen I suspension was from Advanced Biomatrix (Carlsbad, CA, USA).

All cells were incubated at 37 °C and 5% CO,. CHEM-1 CCR7 cells (Eurofins,
Luxembourg) were cultured in DMEM supplemented with 1% v/v Penicillin/Streptomycin,
10% v/v heat-inactivated FBS, 10 mM HEPES buffer, and 1x MEM nonessential amino
acids. B16/F1 melanoma cells stably expressing CCR7 were graciously provided by Dr.
Samuel T. Hwang (UC Davis) and cultured in DMEM supplemented with 1% v/v Penicillin/
Streptomycin, 10% v/v FBS, 1x MEM nonessential amino acids, 1x GlutaMax, and 1 mM
sodium pyruvate. Stable CCR7 expression was selected by culturing cells in full growth
medium supplemented with 500 pg/mL Geneticin. Adherent cells were dislodged with
TrypLE at approximately 90% confluence and passaged into new flasks. Stable cell lines
were not used beyond passage 40. Human DCs were grown in X-vivo 15 medium with 2%
v/v human AB serum and glutamine. CHO-K1 cells were grown in RPMI with 10% v/v FBS
and Penicillin/Streptomycin. These cells were split routinely by dislodging in trypsin.
HEK293T cells were cultured in DMEM supplemented with 1% v/v Penicillin/
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Streptomycin, 10% v/v FBS, and 1x MEM nonessential amino acids. These cells were split
routinely by dislodging in Versene.

DC Preparation.

DCs were prepared from human PBMCs isolated from buffy coats obtained from healthy
donors by centrifugation on a Lymphoprep gradient. Briefly, monocytes were isolated by
plastic adherence of PBMC. Adhered monocytes were subsequently cultured and
differentiated into immature DCs by incubation with IL-4 (250 U/mL) and GM-CSF (1000
U/mL) for 6 days, followed by activation into mature DCs by incubation with IL-6 (1000 U/
mL), IL-18 (1000 U/mL), TNFa (1000 U/mL), and PGE, (1 tg/mL) for an additional 2
days in the same medium. Stimulation medium was aspirated, and the remaining adherent
DCs detached using ice-cold 5 mM EDTA in PBS. The cells lifted with a cell scraper, and
aliquots of DCs were frozen and stored in liquid nitrogen.

Calcium Mobilization.

CHEM-1 CCRY cells were grown in 96-well plates overnight to 80-90% confluency in
DMEM with 1% v/v Penicillin/Streptomycin, 10 mM HEPES buffer, and 1x MEM
nonessential amino acids. Media was removed, and 100 L of assay buffer (1x HBSS, 20
mM HEPES, 0.1% v/v BSA Fraction V 7.5% solution) and 100 z1 of Calcium 6 dye
(prepared according to manufacturer’s instructions) were added to each well. Cells were
then incubated at 37 °C for 45 min. Chemokines were diluted in 1x HBSS, 20 mM HEPES,
to 9% desired concentrations and plated in clear v-bottom wells. A Molecular Devices
FlexStation3 was used to measure calcium flux upon the addition of 25 zL of chemokine.
Fluorescence was measured every 1.52 s over 100 s in total. Minimum fluorescence
measurements were subtracted from maximum fluorescence measurements for each well for
the indicated biological replicates performed in triplicate. Mean and standard deviations
were calculated and graphed using GraphPad Prism 7 (San Diego, CA, USA).

Bioluminescence Resonance Energy Transfer (BRET) cCAMP Assay.

cAMP inhibition studies were performed as previously described.2” Briefly, CHO cells were
transiently transfected with human CCR7 and Camyel, which senses CAMP levels.*6 The
following day, cells were loaded with the Camyel bioluminescent substrate coelenterazine
and stimulated with chemokine, followed by forskolin that directly activates adenylate
cyclase and increases intracellular cAMP levels. Forskolin was used to create a baseline
production of cAMP for the Ga; subunit to inhibit upon activation of CCR7 through its
ligands. The emission signal from enhanced yellow fluorescent protein (eYFP) and Renilla
luciferase (Rluc) was measured using the envision machine at 530 and 480 nm and the
BRET signal determined as the ratio between eYFP and Rluc. High cAMP correlates with
the low BRET signal (Camyel in a conformation where eYFP and RLuc are far apart); thus,
cAMP inhibition correlates positively with the BRET signal.

IncuCyte Chemotaxis.

Chemotaxis plates were first coated in 5 pg/mL fibronectin in 0.1% w/v BSA in Dulbecco’s
PBS. Then, 150 z4 of the fibronectin solution was added to a reservoir plate (Essen
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BioScience, Ann Arbor, MI), the chemotaxis insert was placed in the reservoir, and an
additional 20 g1 of fibronectin added the inset wells. After incubation for 1 h at room
temperature, the fibronectin was aspirated from the reservoir and replaced with 200 zL of
Dulbecco’s-PBS. An additional 40 zL of Dulbecco’s-PBS was added to each insert well, to
be aspirated immediately before cell seeding.

B16 mouse melanoma cells stably expressing CCR7 were seeded onto the chemotaxis insert
of desired wells at 1000 cells per well in 60 zL of 0.5% v/v FBS in the medium. Chemokine
solutions were prepared in 0.5% v/v FBS media, and 200 gL of the mixture was added to
triplicate reservoirs. The chemotaxis plate was then placed in the IncuCyte live-cell imaging
platform at 37 °C, 5% CO, (Essen BioScience, Ann Arbor, MI), and imaged every hour
using phase contrast and a 10x objective. Migration was calculated by determining the area
on the bottom of the inset that was covered with cells using the IncuCyte analysis software.

Three-Dimensional (3D) Chemotaxis.

Chemotaxis assays were conducted as previously described.?6 Briefly, 45 £ of mature
human monocyte-derived DCs suspended in X-vivo 15 medium with serum and glutamine
(2 x 108 cells/mL) were added to a mixture of bovine collagen | (3%, 75 /L), Na,HCO3
(7.5%, 5 y1), and MEM (10x%, 10 z1), and 6 pL of the final solution was loaded inside the
Ibidi channel. After polymerization for 45 min, the Ibidi source and sink reservoirs were
filled with chemokine containing medium and pure medium, respectively, as described in the
manufacturer’s instructions. Migration was tracked in a time-lapse microscope for 12 h at 2
min intervals. Cell migration (approximately 20-40 cells per viewing field) was tracked
using a commercial tracking program (Autozell) and subsequently analyzed to get a
population-based chemotactic index (Cl) value (MATLAB). Cl is a measure of net
translocation distance to the source relative to the total distance traveled. Tracking was
measured for a total distance of 1000 xm. Optimization experiments confirmed that most
DCs leave the tracked field within 2—4 h, while new cells enter the field from the sink side.

Arrestin Recruitment Assays.

B-Arrestin 1 recruitment to CCR7 and ACKR4 induced by native and truncated chemokines
was monitored by the NanoLuc complementation assay (NanoBiT, Promega), as previously
described.4”=49 In brief, 5 x 108 HEK293T cells were seeded in 10 cm culture dishes and, 24
h later, cotransfected with pNBe vectors encoding CCR7 or ACKR4 C-terminally fused to
SmBIT and human S-arrestin-1 N-terminally fused to LgBiT. Cells were harvested 24 h
post-transfection, incubated 25 min at 37 °C with the 200-fold diluted Nano-Glo live-cell
substrate, and distributed into white-walled 96-well plates (5 x 104 cells per well). Upon the
addition of chemokines at concentrations ranging from 30 pM to 1 4M, B-arrestin
recruitment to CCR7 and ACKR4 was evaluated with a Mithras LB940 luminometer
(Berthold Technologies).

Preparation of CCL21WT (1-111).

Human CCL21 was expressed in Escherichia coli as a fusion protein containing hexa-
histidine-tagged SMT3 (SUMO) on a pQE30 plasmid (kindly provided by Dr. Christopher
Veldkamp, University of Wisconsin, Whitewater). BL21 (pREP4) competent £. coli were
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transformed with the pQE-His6-SMT3-CCL21 plasmid. Transformants were grown in 1 L
of Terrific Broth or U-1®N M9 minimal media supplemented with 150 g/mL ampicillin and
50 pg/mL kanamycin at 37 °C to an optical density at 600 nm of 1.0. They were induced
with 1 mM isopropyl S-p-1-thiogalactopyranoside and harvested the following day or
allowed to grow at 37 °C in U-1®N M9 media or 5 h at 37 °C followed by 4 °C overnight in
Terrific Broth. Cell pellets were lysed via French press and centrifuged at 15,0009 for 30
min. The resolubilized inclusion body pellet was clarified by centrifugation and loaded onto
a Ni-IDA (Clontech) column. The fusion protein was eluted with 100 mM sodium acetate
pH 4.5, 6 M guanidine HCI, 300 mM sodium chloride, 10 mM imidazole, and dialyzed
against 0.3% v/v acetic acid at 4 °C. The fusion protein was refolded in 20 mM Tris pH 8.0
via dialysis and cut with ULP-1 (ubiquitin-like-specific protease 1) to provide a native N-
terminus. CCL21 protein was separated from its His-SUMO tag via cation exchange
chromatography (SP Sepharose Fast Flow resin, GE Healthcare UK Ltd.) and further
purified by a reverse-phase HPLC column, eluted with a gradient of acetonitrile in 0.1% v/v
trifluoroacetic acid. Proteins were lyophilized and analyzed for purity and proper folding
using mass spectrometry and NMR spectroscopy.

CCL21 C-terminus mutant plasmids were created by the addition of stop codons for the
truncations, and cysteine to alanine mutation for the cysteine mutants using site-directed
mutagenesis (Agilent, Santa Clara, CA). The following CCL21 mutants were made using a
pQE-His6-SMT3 vector: CCL21 T102stop; CCL21 C80A K92stop; CCL21 C80AC99A,;
CCL21 1-91 C80A, CCL21 1-79, CCL21 C80AC99A, and CCL21 1-79 proteins were
prepared as described previously.>0

Nuclear Magnetic Resonance Spectroscopy.

NMR spectroscopic data were collected at the NMR facility at the Medical College of
Wisconsin on a Bruker Avance 600 MHz spectrometer equipped with a 1H/A3C/15N
cryoprobe. 15N-Labeled chemokine (various CCL21 mutants) were diluted in 25 mM
deuterated MES pH 6.0 with 10% v/v D,0 and 0.02% v/v NaN3. 15N-IH heteronuclear
single quantum coherence (HSQC) spectra were collected for each chemokine variant. NMR
samples that were directly compared in HSQC overlays were buffer matched to the control
for variations in buffer preparation.

Chemical shift perturbations (CSPs) between the peaks of each CCL21 mutant were
quantified as previously described.>! Briefly, total 15N-1H chemical shift perturbations were
computed as [(5A8yn)2 + (ASN)2]Y2, where Adyy and Ay were the total changes in
backbone amide 1H and 15N chemical shifts in ppm, respectively, between the CCL21
variant spectra. Shifting peaks were assigned from the NMR solution structure assignments
of CCL21IWT (CARA template files graciously provided by Dr. Christopher Veldkamp), and
the nearest signal attributed when peak locations were perturbed.

Monomer—dimer equilibrium fit calculations were performed with pro Fit 6.2.16
(QuantumSoft, Switzerland) and the following equation adapted from ref 32 for CSP instead
of the fluorescence polarization signal:
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> 0.5 2
(Kd + 8de) - K4

46 = (Aédimer — 48monomer) X 8xKq + A8monomer

where AS is the CSP, Kj is the CCL21 dimer dissociation constant, and x is the CCL21
concentration.

1H, 15N Heteronuclear NOE Experiments.

15N heteronuclear NOEs were measured using the Bruker hsgcnoef3gpsi pulse program. The
heteronuclear NOE values were calculated as a ratio of peak intensities from spectra
collected with and without proton saturation.

RESULTS

The Flexible CCL21 C-Terminus Participates in Concentration-Dependent Conformational
Changes.

To confirm that the flexible CCL21 C-terminus interacts with the folded chemokine domain,
28 we compared 2D 1°N-1H HSQC spectra of CCL21WT with a previously described
CCL21 truncation variant, CCL21 trunc,2627:31,37.38:45,52 emp|oyed as a surrogate for the
DC protease-cleaved molecule (Figure 1a). Truncation-induced chemical shift differences
(Figure 1b), similar to those described by Kiermaier et al.,?8 clustered at the C-terminal end
of the a-helix. Upon comparison of the NMR solution structure of CCL21WT (PDB ID:
2L4N) and the crystal structure of CCL21trunc (PDB ID: 5EKI), we observed that
truncation-induced chemical shift perturbations coincided with a section of the helix that is
bent in CCL21WT and straight in CCL21trunc (Figure 1c).

We next compared the 15N-1H heteronuclear NOE (hetNOE) values at 600 MHz for
CCL21WT (Figure 1d) and CCL21trunc (Figure 1e) as a measure of backbone flexibility on
picosecond—nanosecond time scales. These NMR analyses of CCL21WT and CCL21trunc
demonstrated that the C80—C99 disulfide bond increased local stability in the otherwise
unstructured tail, as illustrated by the positive NOE values centered at residues 80 and 99.
Our data in Figureld agree with a prior NMR structural analysis of full-length CCL21WT.16
The hetNOE profiles for equivalent regions of CCL21WT and CCL21trunc were largely
comparable, with both exhibiting dynamic N-termini and structured core domains.

Many chemokines form homodimers or exhibit conformational variability in different
solution conditions. For example, dimerization of CXCL12 is enhanced by the addition of
phosphate or sulfate,32 while XCL1 dimerization is diminished with the addition of sodium
chloride,®3 and the helix of CXCL12 undergoes a conformational change in the transition
from monomer to the dimer.>* While a previous analytical ultracentrifugation analysis of
CCL21 self-association detected no dimerization at concentrations as high as 200 zM,16 we
noticed that peak positions varied for several residues in the HSQC spectra of CCL21
recorded at different concentrations in the 20 4M to 2 mM range. Thus, before investigating
the role of the C-terminal domain on CCL21 structure and function in greater detail, we
surveyed the effect of solution conditions on the CCL21 structure using 2D NMR. In 2D
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15N-1H HSQC spectra for CCL21WT at concentrations ranging from 20 4M to 2 mM, a
subset of CCL21 residues (C9, L10, V21, V22, R23, E29, S31, K75) shifted along a linear
trajectory consistent with a two-state equilibrium process in fast exchange (Figure 2a, full
spectra in Figure S1). Estimates of the dimer Kj from the nonlinear fitting of concentration-
dependent shifts varied from 2-10 mM for different residues, indicating that CCL21 self-
association is a weak interaction that would likely be imperceptible by most analytical
methods including analytical ultracentrifugation. Interestingly, a set of residues at the end of
the helix (M64, H66, L67, D68, K69, T70, and Q78) shifted in two different directions in
spectra acquired at CCL21WT concentrations above and below 800 M. The total
displacements were typically larger than the other peaks that shifted unidirectionally (Figure
2b) and comparable to truncation-induced shifts shown in Figure 1b. A similar HSQC
titration of CCL21trunc showed only unidirec tional peak movement (Figure 2c, full spectra
in Figure S2) and smaller concentration-dependent shifts than CCL21WT (Figure 2d).
Residues of CCL21trunc near the N-terminus (which participates in CC-type dimer
interfaces) as well as the S1 strand (which mediates CXC-type dimerization) exhibited
concentration-dependent shifts but did not cluster in a manner that could be reliably ascribed
to canonical CC or CXC chemokine dimerization. Bidirectional peak shifts observed in the
CCL21WT dilution series suggest the C-terminus may participate in a multistate equilibrium
that involves dimerization and conformational change.

CCL21 Structure Differences Minimized with Increasing Salt Concentrations.

To evaluate the effect of solution conditions on CCL21 self-association, we recorded the
HSQC spectra of 200 xM CCL21WT in increasing concentrations of sodium sulfate or
sodium chloride. Notably, sodium sulfate induced chemical shift changes in the spectra
(Figure 2e) that were markedly opposite to the effect observed in the CCL21 dilution
experiments. Thus, a subset of CCL21WT peaks (e.g., K69 and T70) that had bidirectional
chemical shift perturbations (CSP) in the dilution series (Figure 2a) exhibited bidirectional
shifts in response to increasing concentrations of Na,SOy4 (Figure 2e). As the shifts observed
upon the first addition of Na,SO,4 (20 mM) were reminiscent of the shifts induced by C-
terminal truncation (Figure 2f), we compared the spectra of CCL21WT and CCL21trunc in
the presence of 20 mM NaySO4 (Figure 2g). These HSQC spectra were nearly
superimposable, suggesting that the addition of Na,SO, disrupts the effect of the flexible
CCL21 C-terminus on the chemokine domain.

A similar comparison of titrations with NaCl showed simple unidirectional peak shifts for
both CCL21WT and CCL21trunc (Figure 2h). Strikingly, the peaks for all residues that
exhibited truncation-dependent shifts (Figure 2f) again shifted toward a single position,
suggesting that an increase in solution ionic strength diminished the effect of the C-terminal
tail. Moreover, the pattern of NaCl-induced shifts was the reverse of CCL21 concentration-
dependent shifts (Figure 2a,b), suggesting that dimerization is favored by an increase in
solution ionic strength.

On the basis of the NMR comparisons of CCL21WT and CCL21trunc at different
concentrations and solution conditions, we concluded that CCL21 has a weak propensity to
self-associate and that increased solution ionic strength stabilizes the dimer. We speculate
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that the flexible C-terminal tail forms specific, weak contacts with the chemokine domain
and that these interactions occur only when the chemokine is monomeric. Since CCL21 self-
association is minimal at the conditions used for our initial structural comparisons of
CCL21WT and CCL21trunc, we propose that the truncation-induced shifts in Figure 1a and
Figure 1b arise predominantly from the loss of interactions between some portion of the
flexible C-terminal tail comprised of residues 80-111 and the folded chemokine domain.

CCL21WT and CCL21trunc Have Different Functional Profiles.

Having demonstrated the structural impact of the C-terminus on CCL21 conformation, we
examined its ability to modulate CCL21 activation of CCR7 and the atypical chemokine
receptor ACKR4. As shown in Figure 3a, both CCL21WT and CCL21trunc induced robust
calcium mobilization, a measure of G-protein activation, in CCR7-expressing CHEML1 cells.
CCL21trunc was a more potent agonist (ECgg = 6 nM for CCL21trunc versus 33 nM for
CCL21WT). Similar potency differences were also observed in CCR7-expressing B16
melanoma cells (Figure S3a). We next tested inhibition of cyclic adenosine monophosphate
(cAMP) downstream of Ga; as a second readout for G-protein activation following ligand
binding to CCR7. As shown in Figure 3b, we observed a 20-fold difference in activity, with
CCL21trunc again more potent than CCL21WT (ECsq = 1.5 nM for CCL21trunc versus
20.2 nM for CCL21WT). Consistent with previous reports, stimulation of ACKR4-
expressing cells with CCL21WT induced no G-protein signaling (data not shown). Using a
Nanoluciferase complementation-based assay to measure chemokine-induced recruitment of
B-arrestin 1 to the receptor C-terminus, we found that CCL21trunc was approximately twice
as potent as CCL21WT acting on CCR7 (ECsgq values of 60 and 120 nM, respectively) and
3-fold more potent for ACKR4 (ECsq values of 7 and 22 nM, respectively) (Figure 3c).
Next, we examined the functional consequences of CCL21-induced signaling with a live-cell
imaging platform measuring 2D transwell chemotaxis. In agreement with calcium
mobilization and cAMP synthesis inhibition, we observed that CCL21trunc was more
potent, stimulating migration at lower concentrations than CCL21WT. However, CCL21WT
was more efficacious in an extended dose—response curve performed in B16 melanoma cells
(Figure 3d). This pattern of potency versus efficacy was similar to those observed by Hauser
et al.,39 who used a truncated variant of CCL21, containing residues 1-75. We also tested
these chemokines in a 3D chemotaxis platform using human dendritic cells and observed
CCL21trunc was more efficacious than CCL21WT at 10 nM (Figure S3b) agreeing with a
prior report.28 Taken together, the results demonstrate that the CCL21 C-terminus alters its
CCRY activation profile. To identify specific regions within the C-terminus that are
responsible for the structural and functional differences between CCL21WT and
CCL21trunc, we constructed a panel of CCL21 variants shown in Figure 3e.

C-Terminal Truncation Reveals Two Important Regions for CCL21 Activity.

We next probed the C80—-C99 disulfide bond, which creates a cyclic 20 residue peptide
within an otherwise flexible, 42 residue C-terminal tail distal to the end of the a-helix.
Chemical shift perturbations in the CCL21 C80AC99A HSQC spectrum relative to
CCL21WT were localized to residues 79-97 (Figure 4a,b), consistent with loss of the C80-
C99 disulfide. The negative 15N-1H hetNOE values for these residues (Figure S4) were
lower than we showed in Figure 1d for CCL21WT due to the absence of the disulfide. In
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calcium flux, cCAMP, and chemotaxis assays, the CCL21 C80AC99A disulfide mutant was
not significantly different from CCL21WT, except at a single 3 M concentration for
chemotaxis in which it had approximately 40% lower efficacy (Figure 4c—e). No difference
in potency or efficacy of B-arrestin 1 recruitment to either CCR7 or ACKR4 was observed
between CCL21WT and CCL21 C80AC99A (data not shown). Thus, the elimination of the
C80-C99 disulfide had no significant impact on CCL21 structure or function.

Comparisons of the HSQC spectra of two truncation mutants (CCL21 1-101 and CCL21 1-
91 C80A) with those of CCL21WT and CCL21trunc showed that removal of residues 92—
111 induced a few small changes in peak position, while the majority of the observed shifts
occurred only upon removal of residues 80-90 (Figure 5a). To quantify these changes, we
plotted the CSP between the CCL21 1-91 C80A and CCL21trunc spectra (Figure 5b, full
spectra in Figure S5a). The CSP plot was remarkably similar to the plot comparing
CCL21WT and CCL21trunc spectra (Figure 1b). Thus, each of the longer truncation variant
spectra overlaid nearly identically, with only the CCL21trunc spectrum demonstrating
marked chemical shift perturbations (Figure 5a). This pattern was even more apparent at 200
LM (Figure S5b). The hetNOE profiles for these truncation variants followed the previous
pattern established by CCL21WT, CCL21trunc, and CCL21 C80AC99A (Figure S5c). The
hetNOE of CCL21 1-101 confirmed that the disulfide bond within the C-terminus of CCL21
1-101 conferred stability in an otherwise dynamic loop region, as demonstrated with the
positive NOE values in the C-terminus surrounded by residues with negative NOE values.
The CCL21 1-91 C80A variant, which lacks the disulfide, had a highly dynamic C-
terminus, as evidenced by the increasingly negative hetNOE values (Figure S5c).
Cumulatively, these structural analyses of the truncation mutants suggest that one or more
amino acids in the region from residues 80 to 91 are responsible for chemical shift
perturbations changes observed in the folded chemokine domain upon removal of the
CCL21 C-terminal domain.

When we subjected these truncation variants to the functional assays, a consistent
divergence from the structural analyses emerged. In these assays, CCL21trunc and CCL21
1-91 C80A performed comparably and were different from the CCL21 1-101 variant
lacking only 10 residues and CCL21WT (Figure 5¢c—€). As shown in Figure 5¢, CCL21 1-91
CB80A was more potent than the longer CCL21 1-101 variant in mobilizing intracellular
calcium with an ECsp = 7 nM versus 21 nM, respectively. In cAMP inhibition assays, the
CCL21 1-91 C80A mutant protein activated Ga; in a similar fashion as the CCL21trunc
variant, exhibiting a sigmoidal dose-response curve from 10 pM to 100 nM (ECgg = 7 nM).
In contrast, CCL21 1-101 and CCL21WT were unable to activate the Ga; protein to
decrease CAMP production (Figure 5d). While differences in ECsg obtained from nonlinear
fitting failed to reach statistical significance (o> 0.05, one-way ANOVA), measurements of
B-arrestin 1 recruitment to CCR7 and ACKR4 (Figure 5e) suggested that CCL21WT and
CCL21 1-101 were slightly more potent (CCR7 ECsg ~ 100 nM; ACKR4 ECsg ~ 30 nM),
than CCL21 1-91 C80A and CCL21trunc (CCR7 ECgp ~ 60 nM; ACKR4 ECsg ~ 5 nM).
Taken together, these results demonstrate that the shorter CCL21 variants, CCL21trunc and
CCL21 1-91 C80A, are more potent agonists for CCR7 compared to longer and full-length
chemokines and that a similar trend may hold for the atypical receptor ACKR4.
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Interestingly, chemotaxis, a functional outcome downstream of receptor activation, of
CCR7-expressing B16 melanoma cells indicated that the shorter chemokines, CCL21trunc
and CCL21 1-91 C80A, retained elevated potency, but were less efficacious in a full dose-
response curve than the longer chemokines, CCL21 1-101 and CCL21WT (Figure 5f). The
increased potency was not restricted to a single cell line, as we also observed the same
relative relationship, with the shorter CCL21 variants being more potent, in primary human
DCs (Figure S5d). Taken together, these data from the calcium mobilization, CAMP
inhibition, and chemotaxis assays suggest residues 92—100 are responsible for the functional
differences between CCL21WT and CCL21trunc. In contrast, NMR chemical shift
comparisons implicated residues 80-90 as the region of the flexible C-terminal domain that
induces most of the structural differences between CCL21WT and CCL21trunc.

DISCUSSION

Functional selectivity, also known as biased agonism, is an emerging pharmacological
signaling mechanism wherein distinct ligands can bind to the same G-protein-coupled
receptor and activate a subset of that receptors total signaling repertoire.>> We have
previously shown that structural changes in a chemokine ligand orchestrate their function as
biased agonists.?6-59 As a protein family, chemokines adopt a distinctive structure consisting
of a three-stranded SB-sheet and C-terminal helix stabilized by a pair of conserved disulfide
bonds.16:18.60 While CCL19 and CCL21 both activate the CCR7 receptor, they share only
31% sequence identity within the chemokine domain, and CCL19 lacks the CCL21 flexible
32 amino acid C-terminal tail, which also contains an unusual third disulfide bond.1” Several
reports have previously shown distinct profiles of biased signaling for the CCR7 ligands
CCL21 and CCL19 that are not due to differences in their N-terminal sequences,20:26.61.62
and others have observed functional differences between full-length and C-terminally
truncated CCL21.26-28:30 Having previously shown roles for polysialylation of CCR7 in
relieving CCL21 autoinhibition, we used NMR to probe potential roles for the C-terminal
tail in signaling.

As shown here and observed previously by Jorgensen et al.,2” deletion or removal of the tail
by a DC-specific protease242° enhances its CCR7 agonist activity as measured by cCAMP
inhibition. We were perplexed by the near-absence of cAMP inhibition by 100 nM
CCL21WT when the Ca2*-flux response is maximal at the same concentration since
chemokine receptors are thought to primarily activate the Gaj, family of heterotrimeric G-
proteins. However, the PRECOG (Predicting coupling probabilities of G-protein-coupled
receptors) algorithm, developed by the Russell lab from their recent analysis of coupling
between 148 GPCRs and 11 different Ga C-termini,3 predicts that CCR7 will couple to
only one of the four Gj, proteins with a probability of 0.7 and is more likely to couple to the
G12/13, Gg11, and G families (PRECOG probabilities of 0.8, 0.9, and 0.9, respectively).
The apparent discrepancy in cCAMP and Ca2* responses to CCL21WT may, therefore, be due
to CCR7 coupling to non-Gi family members. Future studies will investigate the ability of
CCRY to couple to different Ga families and the effect of CCL21 truncation on the Ga
coupling profile.
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Owing to an abundance of basic amino acids (Arg or Lys at 12 of 32 positions), the tail
confers high-affinity GAG binding to CCL21,31:38 needed for accumulation within
lymphatic vessels.8* Transfer of the CCL21 tail to CCL19 enhances its GAG binding3! and
reduces its potency in cCAMP inhibition assays.2” Moreover, reports from two different
groups indicated that CCL19 and CCL21 act as biased agonists, activating downstream
CCRY7 signaling pathways to different extents.20:26:30.61 Other studies ascribe higher
chemotactic efficacy to CCL21WT (more cells migrated) but greater potency to
CCL21trunc.26:28.29 Finally, comparisons of the structures solved by NMR spectroscopy and
X-ray crystallography suggest that CCL21WT and CCL21trunc adopt different
conformations.16:45 Of note, the profile of truncation-induced chemical shift perturbations in
CCL21 was very similar to the shift perturbation profiles of binding to heparin,3! polysialic
acid (PSA),28 or a short sulfopeptide from the CCR7 N-terminus.5> While no systematic
analysis of individual residues or segments has been performed, an abundance of previous
studies established that the C-terminal tail likely makes autoinhibitory contacts with and
modulates the structure and function of the CCL21 chemokine domain.28

We postulated that specific regions of the C-terminus were responsible for the structural and
functional dynamism of CCL21. To test this hypothesis, we created a series of CCL21 C-
terminal truncation mutants as well as a variant lacking the third disulfide bond.
Unexpectedly, we discovered that CCL21 self-association previously undetected by
analytical ultracentrifugation was enhanced in solutions of high ionic strength and
characterized by HSQC peak shifts that mirror those induced by truncation or binding to
heparin,3! PSA,28 CCR7,%° or sulfate ions. Our NMR results reveal that CCL21
conformational dynamics are likely influenced by many intraligand and extra-ligand
interactions (Figure 6). Our data suggest that weak intramolecular interactions between the
folded chemokine domain and the flexible C-terminus are disrupted by low concentrations
of sulfate, reproducing the effects of truncation. Higher concentrations of sulfate or NaCl
promote self-association of both CCL21WT and CCL21trunc, which converge on a common
HSQC chemical shift profile. Since self-association had minimal effect on HSQC peak
intensities and line widths and many chemokines are known to dimerize, we tentatively
concluded that CCL21 exists in a very weak (Ky > 1 mM) monomer—dimer equilibrium.
Because chemokines typically function at nanomolar concentrations where the monomeric
species should dominate, and the crystal structure of CCL21trunc revealed no dimer
interface,* the relevance of dimerization to CCL21 function seems remote. To minimize the
confounding effects of oligomerization, we conducted our subsequent NMR measurements
on CCL21 variants at 200-700 &M in low salt conditions.

The NMR results suggest that truncation-induced chemical shifts arise from weak
interactions between the end of the a-helix and tail residues 80-90 and that those
intramolecular contacts are present only when CCL21 is monomeric (Figure 6). Functional
assays on the same panel of CCL21 variants implicated an adjoining region of the C-
terminus (residues 92-100) in the lower potency (Ca%*-flux and cAMP inhibition) and
higher efficacy (chemotaxis) observed for full-length CCL21 relative to CCL21trunc. The
profile of truncation-induced chemical shift perturbations in the CCL21 NMR spectra was
reminiscent of the shifts induced by heparin,3! PSA,28 or a short sulfopeptide from the
CCR7 N-terminus.% Our interpretation is that GAGs or the polysialylated and sulfotyrosine-
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containing CCR7 N-terminus disrupt autoinhibitory interactions between the C-terminal tail
and the helix, in much the same way that dimerization and sulfate binding mimic truncation
of the C-terminal tail. Cumulatively, our data suggest that target cell chemotaxis is promoted
by proteases, the receptor N-terminus, or GAGs, the combination of which facilitates the
recruitment of DCs to peripheral lymphatic tissues.

In sum, we have probed the CCL21 C-terminus to identify autoinhibitory structural contacts.
We showed via NMR spectroscopy that the region of the C-terminus between residues 80—
90 is responsible for conformational changes that occur upon CCL21 truncation. We further
showed that the region between residues 92-100 had the greatest effect on CCL21 potency
and efficacy in calcium mobilization, cAMP synthesis inhibition, and chemotaxis assays.
Factors such as locally increased CCL21 concentrations via binding to GAGs, binding to
polysialic acid, or sulfated tyrosine on the CCR7 N-terminus, C-terminal truncation, or other
as yet unknown interactions may disrupt intramolecular interactions and increase CCL21’s
functional potency as a CCR7 agonist and chemoattractant. We conclude that biased agonist
variability of CCL21 functional responses within lymphatic vessels and secondary lymphoid
organs reflects dynamic changes in chemokine structure that influence intracellular signaling
by its receptor CCR7.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
ACKR atypical chemokine receptor
BRET bioluminescence resonance energy transfer
cAMP cyclic adenosine monophosphate
CCL C-C motif chemokine ligand
CCR C-C motif chemokine receptor
CSspP chemical shift perturbation
DC dendritic cell
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eYFP enhanced yellow fluorescent protein

GAG glycosaminoglycan

hetNOE heteronuclear nuclear Overhauser effect

HSQC heteronuclear single quantum coherence

Ky equilibrium dissociation constant

Rluc Renilla luciferase

SEM standard error of the mean
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Figure 1.
CCL21WT and CCL21trunc exhibit structural differences. (a) 1°’N-1H HSQC overlays of

CCL21WT (black) and CCL21trunc (blue) at 700 M. Arrows highlight the differences
between the two spectra. (b) Combined 1H/2°N chemical shift perturbations (CSP) plotted
per each residue. Prolines (residues 18, 30, 37, 43, 55, 71, 73, 76) and residues not observed
in the HSQC (S1, D2, 117, R84) were given a value of 0. Residues with a combined CSP
greater than two standard deviations (2o) above the baseline are highlighted in light blue. (c)
Alignment of the solved NMR solution structure of CCL21WT (PDB ID: 2L4N, black) with
the crystal structure of CCL21trunc (PDB ID: 5EKI, light blue). Large CSPs > 1o from the
baseline from panel b are highlighted in the inset in yellow. The residues highlighted in
yellow correspond to differences between the two structures, notably at the end of the helix.
(d, e) 5N-1H heteronuclear NOE values plotted per residue for CCL21WT (black) and
CCL21trunc (light blue) at 700 ¢M. The negative values indicate N- and C-termini of the
chemokines are flexible. The C-terminal disulfide bond (residues 80-99) adds some stability
(positive het-NOE values) to the otherwise flexible C-terminus for CCL21WT.
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Figure2.
CCL21WT and CCL21trunc undergo a monomer—dimer equilibrium. (a) >N-1H HSQC

spectra of CCL21WT at 2 mM, 1.5 mM, 1.2 mM, 800 /M, 600 M, 400 1M, 200 1M, 100
LM, 50 1M, and 20 1M. (b) Concentration-dependent chemical shift perturbations for
CCL21WT. Residues highlighted in purple had combined *H/5N chemical shift
perturbations greater than 2 standard deviations (2o) from the baseline. Residues highlighted
in gray have bidirectional peak movement. (c) 1°N-1H HSQC spectra of CCL21trunc at 2
mM, 1.5 mM, 1.2 mM, 800 zM, 600 M, 400 M, 200 1M, 100 1M, 50 ¢M, and 20 M. (d)
Concentration-dependent chemical shift perturbations for CCL21trunc. Residues highlighted
blue had combined TH/15N chemical shift perturbations greater than 2 standard deviations
(20) from the baseline. (e) 2®°N-H HSQC spectra of CCL21IWT (200 M) in increasing
concentrations of NapSO4 (0-140 mM) reveal chemical shift perturbations that largely
reverse the pattern observed upon dilution of CCL21WT from panel a. (f) HSQC overlay of
200 4M CCL21WT and CCL21trunc in 0 mM NaySOy illustrates truncation-dependent shift
differences. (g) HSQC overlay of 200 M CCL21WT and CCL21trunc in 20 mM NaySOy4
shows that shift differences associated with the CCL21 C-terminus disappear with the first
addition of Na,SO,. (h) 15N-1H HSQC spectra of 200 zM CCL21IWT and CCL21trunc in
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increasing concentrations of NaCl (0-250 mM) reveal that peaks for residues, which are
separated in the spectra for CCL21WT and CCL21trunc shown in panel g, converge on a
new position in response to the addition of NaCl.
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respectively (7= 15). (c) Recruitment of S-arrestin 1 to either CCR7 or ACKRA4. Potencies
are shown as —-logECsp, where logECsq and standard error values were obtained by
> nonlinear fitting of the BRET intensity as a function of CCL21WT or CCL21trunc
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Figure 4.
Elimination of the C-terminal disulfide bond does not recapitulate CCL21trunc features. (a)

15N-IH HSQC overlays of CCL21WT (black) and CCL21 C80AC99A (magenta) at 700
4M. The full differences are quantified in panel b in the combined chemical shift
perturbation (CSP) plot. Residues with CSP two standard deviations (2o) above the baseline
are highlighted in magenta. Importantly, these residues reside within the loop region
previously formed by the third disulfide bond, which is absent in this variant. (c) Dose-
response curves for calcium mobilization induced in CHEM-1 CCR7* cells for
CCL21CB80AC99A (magenta, ECsg = 25.3 nM, 7= 6) compared to CCL21WT (gray).
Curves were normalized to the maximum CCL21WT response. (d) BRET assay
demonstrating CAMP inhibition (7= 5). (€) Chemotaxis measured via IncuCyte in B16/F1
cells transduced with CCR7. Chemotaxis was quantified as the area covered by migrated
cells and revealed little difference at key low concentrations, nor at the peak migration point.
CCL21WT was more effective at 3 xM. Statistical significance for panels ¢, d, and e was
determined with an unpaired #test. *P < 0.05, ns = not significant. Values are mean + SEM.
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Figure5.
C-Terminal truncation variants focus on the region responsible for the CCL21WT and

CCL21trunc structural and functional profiles. (a) 1°N-1H HSQC overlays of each of the
CCL21 variants at 700 ¢M. Arrows highlight large differences in chemical shifts. The largest
global difference in peak position occurs with the final truncation. The CCL21 1-91C80A,
CCL21 1-101, CCL21 C80AC99A, and CCL21WT HSQCs overlap well, while the
CCL21trunc spectrum is different, suggesting residues 80-90 are responsible for
maintaining the differences in the HSQC (see Figure S5). The difference between the
CCL21trunc and CCL21 1-91C80A spectra are quantified in the CSP plot shown in panel b.
This plot corresponds well with Figure 1b, indicating the difference between CCL21WT and
CCL21trunc is nearly identical to the difference between CCL21 1-91C80A and
CCL21trunc. Functional assays of CCL21 C-terminal truncation variants reveal two
different profiles grouped between the two shorter and two longer CCL21 mutants. (c)
Calcium flux assays in CHEM-1 CCR7+ cells testing the dose response of CCL21 variants
(EC5p CCL21 1-91C80A =7.30nM £ 1.1, n=5,CCL21 1-101 =21.45nM £ 1.1, n=6).
Curves were normalized to the maximum CCL21WT response. (d) cAMP inhibition assays
reveal a grouping between CCL21trunc and CCL21 1-91C80A, and the longer CCL21 1-
101 and CCL21WT variants (1= 5). (e) Recruitment of B-arrestin 1 to either CCR7 or
ACKRA4. Potencies are shown as logECsq, where logECsg and standard error values were
obtained by nonlinear fitting of the BRET intensity as a function of CCL21WT or
CCL21trunc concentration. (f) Chemotaxis in B16/F1 melanoma cells transduced with
CCRY7 showed that CCL21trunc and CCL21 1-91C80A were more potent, while CCL21 1-
101 and CCL21WT were more effective at higher concentrations (17 = 4-6). Statistical
significance for panels c, d, e, and f was determined with a one-way ANOVA. **P< 0.01,
***P<0.001, ****P< (0.0001, ns = not significant. Values are mean =+ SEM.
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Figure 6.
Disruption of intramolecular CCL21 contacts. Accessible conformational states of CCL21

are depicted schematically based on NMR chemical shift perturbations from this work and
published studies. At physiologically relevant nM—zM concentrations in the absence of other
binding partners, CCL21 exists in an autoinhibited monomeric state (black) characterized by
weak interactions between the flexible C-terminal domain (residues 80-90) and the folded
chemokine domain (including residues at the end of the a-helix; magenta). Cleavage of the
C-terminal tail by DC proteases or other extracellular enzymes produces an active, soluble
CCL21. The addition of 20 mM Na,SO, induces shift perturbations that mimic truncation,
consistent with disruption of autoinhibitory contacts. Binding of a heparin disaccharide,
PSA, or a CCR7 N-terminal peptide has comparable effects on the NMR spectrum. We
speculate that CCL21 engagement with extracellular matrix GAGs or its post-translationally
modified GPCR ensures the chemokine domain is in an active conformation.
Supraphysiological CCL21 concentrations (>200 M) or high salt concentrations promote
CCL21 self-association with little if any impact on chemokine function.
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