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Abstract

CCL21 chemokine binds the G protein-coupled receptor CCR7, aiding not only in immune 

response but also in cancer metastasis. Compared with other chemokines, CCL21 has a unique 

extended unstructured C-terminus that is truncated in some naturally occurring variants. We have 

solved the X-ray crystallographic structure of a truncated CCL21 (residues 1–79) lacking the 

extended C-terminus, and identified, via 2D NMR, a putative sulfotyrosine-binding site that may 

recognize such post-translationally modified tyrosine residues on the receptor. Compared to the 

previously solved NMR structure of full-length CCL21, the crystal structure presents new 

druggable binding hot spots resulting from an alternative N-loop conformation. In addition, 

whereas the previous NMR structure did not provide any structural information after residue 70, 

the C-terminus of the truncated CCL21, ordered up to Ala77 in our crystal structure, is placed near 

the N-loop and sulfotyrosine-binding site, indicating that the extended C-terminus of the full 

length CCL21 can interact with this important region for receptor binding. These observations 

suggest a potential origin for the auto-inhibition of CCL21 activity that was recently described. 

The new crystal structure and binding hot spot analysis have important implications for the 

function of the CCL21 C-terminus and drug discovery.
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Chemokines are small chemotactic cytokines that bind and activate cognate G protein-

coupled receptors (GPCRs), mediating the immune response through recruitment of 

receptor-expressing leukocytes (1). They are classified into four subfamilies based on the 

composition of cysteine residues in the N-terminus (1). CCL21 belongs to the CC subfamily 

and is predominately expressed in the lymph nodes, appendix, and spleen (2). It binds and 

activates the CCR7 receptor, thus recruiting CCR7-expressing cells to the lymph nodes and 

other places throughout the body (2). The CCL21-CCR7 signaling axis is also implicated in 

metastasis of cancer cells to the lymph nodes, and is associated with a poor clinical 

prognosis (3).

CCL19 also binds the CCR7 receptor, and although both CCL21 and CCL19 bind to CCR7 

with equal potency, their binding mediates different responses (4). This is due to an extended 

40 amino acid C-terminus on CCL21 that is important in binding heparan sulfate, a 

glycosaminoglycan (GAG) that aids in adhesive migration (Fig. 1) (5). This extended C-

terminus contains an additional third disulfide bond, between C80 and C99, as opposed to 

the two conserved disulfide bonds typically found in other chemokines (6). Truncation of the 

CCL21 extended C-terminus occurs in nature and alters the migratory response of dendritic 

cells by establishing soluble gradients, similarly to CCL19 that lacks the extended anchoring 

C-terminus (Fig. 1) (5). A recent study has also revealed that the CCL21 C-terminus may 

induce the chemokine to adopt an inactive conformation, thus causing auto-inhibition (7). 

The NMR structure of full-length CCL21 showed that while CCL21 adopts the typical 

chemokine motif (6), the extended C-terminus containing the third disulfide bond is 

unstructured after residue 70, offering no information on how the C-terminus may interact 

with the rest of the protein.

Chemokines bind and activate their receptors in a two-step/two-site process; the first step is 

recognition of the chemokine core domain by the flexible extracellular N-terminus of the 

receptor, and the second step is activation of the receptor through docking of the 

chemokine’s flexible N-terminus to the receptor (8). Tyrosine O-sulfation of the N-terminal 

tail of chemokine receptors has been shown to increase affinity of the receptor N-terminus 
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for the chemokine, thus mediating the first step of the chemokine-receptor association (9). In 

the case of CXCL12-CXCR4, for example, the first recognition step is facilitated by 

sulfation of Tyr21 on the receptor N-terminal domain, which recognizes and binds a 

sulfotyrosine-binding site on the chemokine surface (10). In other studies, sulfotyrosine was 

used to probe putative sulfotyrosine-binding sites on the surface of CXCL12, CCL5, 

CX3CL1, and XCL1 by 2D NMR (9). However, no such studies have been performed with 

CCL21 and it is therefore not clear whether similar sulfotyrosine binding sites also exist in 

this unique chemokine.

Here, we describe the first crystallographic structure of a truncated version of CCL21 

(residues 1–79) lacking the extended C-terminus, including evidence of a putative 

sulfotyrosine binding site revealed by NMR, and computational analysis of small molecule 

binding hotspots around that site. These results provide novel insights into the function of 

CCL21 and valuable information to guide future inhibitor discovery efforts targeting the 

CCL21 signaling pathway.

MATERIALS AND METHODS

Purification

The pQE30 (Qiagen) vector containing the His6-SMT3 (SUMO) tagged truncated CCL21 

sequence (residues 1–79) was transformed into BL21 (pREP4) cells. The cells were 

incubated overnight in LB media containing 50μg/ml ampicillin and 25μg/ml kanamycin. 

The overnight culture was diluted in 1L LB media plus 50μg/ml ampicillin and 25μg/ml 

kanamycin, and incubated at 37°C until the OD600 reached 0.6–0.8. Expression was induced 

with 0.5mM IPTG and incubation continued at 37°C for an additional 4 hours, after which 

the cells were pelleted by centrifugation (5,000 × g) for 10 min. The cell pellet was 

resuspended in 20ml of Buffer A (50mM sodium phosphate pH 7.4, 300mM sodium 

chloride, and 10mM imidazole) with 0.1% β-mercaptoethanol. The cells were then lysed via 

sonication and the inclusion body pellet, containing the truncated CCL21, was collected by 

centrifugation (15,000 × g) for 30 minutes. The inclusion body was resuspended in 20ml of 

Buffer B (6M guanidine HCl, 50mM sodium phosphate pH 8.0, 300mM sodium chloride, 

and 10mM imidazole) with 0.1% β-mercaptoethanol, and incubated at 37°C for 1 hour with 

rocking until the inclusion body fragments changed from a brown to clear color. Then the 

sample was centrifuged (40,000 × g) for 40 minutes and the supernatant was collected. The 

protein was bound to a HisTrap affinity column and eluted through a gradient of Buffer C 

(6M guanidine HCl, 100mM sodium acetate pH 4.5, 300mM sodium chloride, and 10mM 

imidazole) and 0.1% β-mercaptoethanol. The protein was then refolded by diluting the 

sample through dropwise addition to 12X the volume of refolding buffer (100mM Tris pH 

8.0, 10mM reduced cysteine, and 0.5mM oxidized cysteine) at ~45–50 drops/min. After 

allowing refolding to take place overnight, the solution containing the refolded protein was 

concentrated to 25ml, and was further diluted 2-fold by adding 25mL of 100mM Tris buffer 

pH 8.0 in order to lower the concentration of guanidine HCl from ~500mM to ~ 250mM. 

500μg of ULP1 protease was added and the sample was allowed to incubate at 30°C 

overnight. The precipitate was filtered out and then the sample was concentrated and 

dialyzed in Buffer D (100mM Tris pH 8.0, 300mM sodium chloride, and 10mM imidazole) 
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and passed through the HisTrap affinity column to remove the ULP1, the His6-Smt3 tag, and 

any uncleaved protein. The cleaved protein was collected in the flow through, and was 

further concentrated and polished through gel filtration purification using the HiLoad 16/60 

Superdex 75 column and eluted in water. The protein purity was tested by SDS-PAGE and 

found to be > 95% pure. The final protein concentration was 10mg/ml. CCL21WT was 

purified as previously described (6).

Crystallization

Hampton Crystal Screens 1 and 2, and the Qiagen JCSG I-IV and AmSO4 suites were 

screened for crystallization conditions at 20°C using the Phoenix Liquid Handling robot, 

which nano-dispensed 0.2μl of protein solution into 0.2μl of crystallization solution. 

Diffraction quality crystals appeared in a solution containing 3.0M ammonium sulfate and 

1% MPD. Crystals were further optimized by adjusting the crystallization condition to 2.7M 

ammonium sulfate and 0.5% MPD, and the drop composition to 1μl of crystallization 

solution and 2μl of protein solution. The crystal used for data collection was soaked in cryo-

protectant containing crystallization solution plus 25% glycerol.

X-ray crystal structure determination

Diffraction data were collected at the SER-CAT 22-BM beamline, at the Advanced Photon 

Source (APS) at Argonne National Laboratory. Processing was done with HKL2000 and 

programs from the CCP4 suite (11) were used for structure solution and refinement. Phaser 

Cell Analysis (12) was used to determine the asymmetric unit contained six copies of the 

protein. Balbes (13) was used for initial molecular replacement, with the sequence of the 

previously solved CCL21 NMR structure (PBD ID: 2L4N) serving as the search template. 

Balbes produced a solution with four copies of the protein in the asymmetric unit, and RWork 

and RFree values of 45% and 48%, respectively. This solution was then refined using 

Refmac5 (14) and the R-values fell to ~40%. Parrot (15) was used for density modification on 

the Refmac solution, and then Buccaneer (16) was run using the data from Parrot and the 

refined model from Balbes.

A trimmed version of the protein structure was made by removing all flexible side chains on 

the protein surface. The trimmed structure was then imported into Molrep (17), along with 

the output from Buccaneer, in an attempt to search for one of the two remaining copies of 

the protein in the asymmetric unit. Molrep successfully returned a solution with five copies, 

and the structure was subsequently refined with Refmac5, resulting in RWork and RFree 

values of 38% and 41%, respectively. Molrep was run again to search for the sixth copy of 

the protein, with the refined five-copy structure serving as the input. Molrep successfully 

returned a solution with all six copies in the asymmetric unit, and upon refinement with 

Refmac5, the RWork and RFree values improved to 35% and 38%, respectively.

After a six-copy solution was obtained, Coot (18) was used to further refine and build the 

completed structure. Several residues were missing from both the N and C-terminal ends of 

all six copies of the protein, and the flexible region from residues 31–34 needed to be rebuilt 

in all copies. After adding the terminal residues, rebuilding the flexible region, and further 
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refining the structure with Phenix (19) and Refmac5, the final RWork and RFree values were 

calculated at 20.5% and 24.8%, respectively.

2D 1H-15N HSQC Spectroscopy with sulfotyrosine titration

Uniformly 15N labeled CCL21 (residues 1–79) used for the NMR sulfotyrosine titrations 

was purchased from Protein Foundry, LLC. The lyophilized 15N CCL21 1–79 was dissolved 

to a concentration of 250μM in 25mM deuterated MES at pH 5.94 with 10% D2O and 

0.02% NaN3. Sulfotyrosine (sY) used in these titrations was at a concentration of 500mM in 

50mM deuterated acetate at pH 5.0 with 10% D2O and 0.02% NaN3. NMR spectroscopic 

data were collected at the NMR facility at the Medical College of Wisconsin on a Bruker 

Avance 600MHz spectrometer equipped with 1H/13C/15N cryoprobe. 1H-15N heteronuclear 

single quantum coherence spectra were used to monitor a CCL21 1–79 sample titrated with 

incremental additions of sulfotyrosine at 0mM, 1mM, 5mM, 10mM, 15mM, 20mM, 30mM, 

40mM, 60mM, 80mM, and 100mM concentrations. Using chemical shift assignments from 

the solved NMR structure(6),peaks were tracked using CARA. Amide 1H-15N chemical shift 

perturbations were computed as [(5Δ&delta;NH)2 + (ΔδN)2]1/2, where ΔδNH and ΔδN are the 

total changes in backbone amide 1H and 15N chemical shifts in ppm, respectively, from 

0mM to 100mM sY. Dose dependent chemical shift perturbations for CCL21 1–79 residues 

C9, Q14, and K16 upon titration with sY were fit to the following equation that accounts for 

ligand depletion:

where Δδ is the chemical shift perturbation, Δδ max is the maximum chemical shift 

perturbation at 100% bound CCL21, Kd is the CCL21 sY peptide dissociation constant, and 

x is the sY concentration. Using pro Fit 6.2 and the above equation, the Kd values and their 

respective errors were calculated and averaged to produce the reported affinity and standard 

deviation. Amino acids with the highest chemical shift perturbations were mapped onto the 

structure of CCL21 using PyMOL (The PyMOL Molecular Graphics System, Version 1.8 

Schrödinger, LLC.).

FTMap analysis

FTMap docks, in silico, 16 small organic molecules (ethane, ethanol, isopropanol, tert-
butanol, acetonitrile, methylamine, N,N-dimethylformamide, dimethyl ether, benzaldehyde, 

benzene, cyclohexane, phenol, acetamide, acetone, acetaldehyde, and urea) as probes onto 

the surface of a protein. FTMap analysis was performed using the FTMap computational 

map server according to instructions provided (www.ftmap.bu.edu) (21). The results were 

visually inspected with PyMOL (The PyMOL Molecular Graphics System, Version 1.8 

Schrödinger, LLC.).
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RESULTS

Crystal structure of a truncated CCL21

The truncated CCL21 was crystallized in the P21 space group with unit cell lengths of 65.75 

Å, 58.24 Å, 66.05 Å, and γ = 119.9° (Table 1). The crystal structure was determined to 1.9 

Å resolution, and provides new structural details important for our understanding of CCL21 

intra- and inter-molecular interactions. There are six monomers contained within the 

asymmetric unit with a pseudo six-fold symmetry (Fig. 2A). Main chain residues of each 

monomer were clearly resolved in the electron density with the exception of residues in the 

N-terminus and a few in the C-terminus. Residues 6–77 were resolved for chain A, 6–76 for 

chain B and D, 7–76 for chain C and F, and 5–77 for chain E. Superimposition of each 

monomer in the asymmetric unit shows that overall variation of the backbone is negligible, 

with the most noticeable variation localized to a flexible 30’s loop (residues Glu29-Pro37) 

and to a lesser extent in a 40’s loop (residues Arg44-Glu50), the N-terminus, and the C-

terminus (Fig. 2B). Variation among the monomers is also observed in the conformations of 

various flexible side chains, particularly those of lysine and arginine. When all monomers 

are superimposed to monomer A, they have an average RMSD of 0.188Å, aligning an 

average of 408 atoms. Focusing on monomer A demonstrates how truncated CCL21 adopts 

the typical chemokine fold (Fig. 2D). The flexible N-terminus and N-loop (Cys9-Val22), 

which are connected to the 30’s loop and β3-strand by two adjacent disulfide bonds (C8–

C34 and C9–C52), lead into to a three-stranded, antiparallel β-sheet (β1-β3) that is separated 

by loops. The 30’s loop separates the β1-strand and β2-strand, and the 40’s loop separates 

the β2-strand and β3-strand. An α-helix follows the β3-strand and ends in a C-terminal tail 

(Fig. 2D).

Oligomerization of certain chemokines can influence binding and downstream signaling 

effects (22). Most CC chemokines that dimerize do so through an anti-parallel β-sheet 

formed between the N-termini of both monomers, while other CC chemokines are obligate 

monomers. The CC-like dimerization observed in crystallographic structures of other 

chemokines (Fig. 2C) was not established between any of the monomers in the asymmetric 

unit of the truncated CCL21 crystal structure (Fig. 2A), nor was it established between 

monomers from adjacent asymmetric units in the crystal-packing interface. Additionally, the 

proline in the N-terminus that has been suggested to promote CC chemokine dimerization is 

absent in CCL21 (23). Convincingly, Love et al. showed through sedimentation equilibrium 

centrifugation that full-length CCL21 is monomeric (6). This, along with the lack of any 

canonical CC chemokine dimerization motif in our structure, suggests CCL21 1–79 is a 

monomer, and that the hexameric arrangement shown in Fig. 2A is simply the result of 

crystal packing in the asymmetric unit.

NMR analysis of sulfotyrosine binding by CCL21

Similar to previous studies on CXCL12 and other chemokines, we performed a 2D 1H-15N 

HSQC assay on truncated CCL21 by titrating sulfotyrosine, and the resultant 1H-15N 

chemical shift perturbations were calculated and mapped onto the truncated CCL21 X-ray 

structure. Whereas some of the smaller perturbations display hallmarks of nonspecific 

binding (smaller perturbations and linear dose-response) or may be the effect of weak 
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specific binding at more than one site, all of the largest shift perturbations display evidence 

of specific binding (i.e. saturable binding curves). These large sulfotyrosine-induced shifts 

surround the pocket that was previously identified in other chemokines as a conserved 

sulfotyrosine-binding site (Fig. 3A–E) (9, 10), and the binding affinity of sulfotyrosine was 

estimated to be 38.9 mM (Kd). Furthermore, this site overlaps with a putative CCR7-binding 

site previously identified via 1H-15N HSQC studies on full-length CCL21 with a nonsulfated 

CCR7 N-terminal peptide (Fig. 4A–B) (6). During the binding of the CCR7 receptor peptide 

into full-length CCL21, the largest shifts were localized to the N-loop, 40’s loop, and β3 

strand. As expected for weaker binding of a much smaller ligand, the sulfotyrosine-induced 

shifts localize to a similar but smaller region of the N-loop and 40’s loop. The receptor 

peptide binding study also speculates that basic residues, such as K16 in the N-loop, might 

be involved in sulfotyrosine binding, as there is no basic residue in the β3 strand that would 

function similarly to R47 of CXCL12. The large shift perturbations exhibited by K16 and 

the neighboring Q14 lend support to that hypothesis. Overall, our results support previous 

findings on the conservation of a particular sulfotyrosine-binding site, and suggest that 

sulfation of the CCR7 N-terminus in vivo at one, or both, of its two tyrosine residues (Tyr8 

and Tyr17) may contribute to site one recognition of CCL21, i.e., the binding of the receptor 

N-terminus to the chemokine core domain.

Computational analysis of CCL21 binding hot spots

Our recent study on CXCL12 has demonstrated that computational methods, such as 

FTMap (20, 21), can be utilized to identify binding hot spots for engineering small molecule 

ligands (24). These programs dock a diverse set of small organic probes, such as ethanol and 

benzene, onto the protein surface. Areas where multiple probes cluster may indicate 

druggability. In addition to the sulfotyrosine recognition site detected by NMR, we 

performed a computational search for additional binding surfaces of CCL21 suitable for 

novel inhibitor discovery. FTMap (21) analysis was utilized to predict hot spots on the 

CCL21 surface and examine their intersection with the putative sulfotyrosine-binding site. 

This experiment was performed on both the full-length CCL21 NMR structure 

(conformation 1 from NMR ensemble in PDB ID: 2L4N) (6) and the truncated CCL21 X-ray 

structure. Comparison of the full-length CCL21 NMR structure (6) with the truncated crystal 

structure revealed a noticeable conformational difference in the N-loop (Cys9-Lys16) (Fig. 

4A), a region implicated in sulfotyrosine-binding and binding to the CCR7 N-terminus (Fig. 

4B) (6). The N-loop in every NMR conformation is tilted internally towards the β3-strand, 

while in truncated CCL21 the N-loop is tilted externally, widening the space between the N-

loop and the β3-strand, thus exposing several residues such as Cys9, Cys52, and Leu40 for 

potential receptor binding (Fig. 4A). Accompanying this change, differences are also 

observed in the 30’s loop, which is linked to the N-loop through a disulfide bond. The 

structural similarities and variations between the NMR and crystal structures are reflected in 

the results of the computational analysis. Comparison of probe clusters docked onto the 

surface of both structures identified differential hot spots in the sulfotyrosine-binding site 

area between the two structures (Fig. 4C–D). Probe clusters were also ranked based on the 

number of probes in each cluster, represented by Cluster Strength (CS, CS01-5). The results 

suggest that the putative sulfotyrosine-binding site contains the majority of the druggable 

surface in both CCL21 structures, while presenting more binding hot spots in truncated 
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CCL21 than in full length CCL21. In the truncated CCL21 structure, there is a noticeable 

cluster (CS01 = 33 probes) present near the N-loop that is absent in the full-length structure, 

due to the widening of that site in the truncated structure (Fig. 4C–D). Hence, the structure 

of truncated CCL21 may represent a configuration more suitable for ligand and receptor 

binding, and may also provide a better template for future virtual screening experiments.

DISCUSSION

Influence of the C-terminus on CCL21 structure and function

Previous studies have shown that the unique C-terminus of CCL21 can affect its function 

through multiple mechanisms. The C-terminus interacts with the extracellular matrix 

associated GAGs and truncation of the C-terminus eliminates or reduces affinity for 

GAGs (25, 26). This truncation is physiologically relevant as a serine protease does catalyze a 

similar truncation in vivo, leading to a soluble versus a stationary gradient (5, 27). Dendritic 

cell responses to CCL21 are also regulated through another posttranslational modification, 

polysialylation of the CCR7 receptor (7). In the absence of polysialic acid (PSA) 

posttranslational modifications in dendritic cells, CCL21 does not function as an effective 

chemoattractant; PSA’s binding to CCL21’s C-terminus greatly enhances CCR7 activation 

and chemotaxis (7, 28, 29). One might think the enhancement occurs because PSA found on 

migrating cells displaces CCL21 bound GAGs that could be inhibitory (30), but this 

enhancement is observed during in vitro assays where extracellular matrix GAGs are not 

present, indicating full length CCL21 is in an auto-inhibited state relieved by PSA (7). In 

addition, PSA is not functioning as a coreceptor that enhances CCL21’s affinity for its 

receptor, as truncated CCL21 can activate CCR7 either lacking or containing the PSA 

modification (7). These recently published observations indicate that full length CCL21 is 

auto-inhibited by its C-terminal domain.

The truncated CCL21 crystal structure presented here sheds new light on this auto-inhibition 

mechanism. The structural variations observed between the full-length and truncated CCL21 

structures in the putative sulfotyrosine-binding region, particularly surrounding the N-loop, 

may reflect different conformational changes arising from interactions with the C-terminus 

(Fig. 4B). Specifically, the presence of the C-terminus appears to reduce the binding surfaces 

of a region previously shown to be interacting with CCR7 (Fig. 4B), as reflected by the 

decrease in druggability in the FTMap analysis (Fig. 4C–D). In addition, in comparison to 

the NMR structure where the C-terminus is completely disordered after residue 70, the new 

X-ray crystal model provides structural information for residues 71–77. This short segment, 

with three prolines, orients the C-terminus towards the N-loop, with a distance of ~18 Å 

between the Cα atoms of Ala77 and Cys9, further suggesting a possibility that the extended 

positively charged C-terminus in full-length CCL21 could potentially influence the 

conformation of the N-loop and adjacent residues, and affect function by interacting with 

sites in the receptor-binding area. However, it is certainly possible that the C-terminus can 

also affect CCL21 function by interacting directly with the receptor, and more details of its 

auto-inhibitory role will await future studies.

Whereas we cannot exclude the possibility that crystal packing contributes to the different 

N-loop conformation, we deem this unlikely. Comparing the truncated CCL21 crystal 
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structure with a previously determined crystal structure of CCL18, a related chemokine, also 

reveals that the two proteins adopt very similar conformations for the majority of the protein, 

including the N-loop region (Fig. 5A). Similar to CCL21, CCL18 was shown to function as 

a monomer, unlike many other CC-type chemokines. In addition, CCL18 lacks the extended 

C-terminus, thus resembling the truncated CCL21 more than the full-length CCL21 (23). 

CCL18 was crystallized in the P21 space group with two monomers per asymmetric unit, 

and establishes different interactions at the crystal packing interface compared with 

truncated CCL21. Therefore, it is highly improbable that the similar configurations of these 

two related proteins would have both resulted from crystal packing. The N-loop 

conformation of the truncated CCL21 also resembles what is observed in the NMR structure 

of CCL19, which, like CCL18, does not have the extended C-terminus (Fig. 1, 5B) (31). 

Taken together, the structural comparison suggests that the CCL21 conformation in the new 

crystal structure is most likely functionally relevant. This is further supported by the 

observation that several residues exposed by the new protein conformation, such as Cys9 

and Lys75, are implicated in sulfotyrosine binding in our 2D NMR experiment (Fig. 3B). 

Previous NMR analysis also demonstrated that multiple residues, including those lining the 

putative sulfotyrosine-binding site, such as Tyr12, Gln14, Lys16, and Lys45, are perturbed 

by the presence of the C-terminus (7), suggesting that the C-terminus may indeed influence 

the conformation of this region.

Small molecule inhibitor discovery targeting CCL21

Due to the implication of the chemokine-receptor axis in various diseases, including cancer, 

efforts have been employed in studying chemokines and their receptors for the development 

of therapies (32). The focus has mostly been placed on targeting the receptors, since 

chemokines were previously deemed “undruggable” due to their small size and lack of deep 

hydrophobic pockets. However, our group has successfully used a structure-based approach 

to identify inhibitors that bind to a sulfotyrosine-binding site on the surface of CXCL12, and 

interrupt its association with CXCR4, proving that such sites are indeed druggable (33, 34). 

We have also presented the first complex crystallographic structure of CXCL12 bound by 

one of those inhibitors at the site normally occupied by sulfated tyrosine 21 (sY21) of the 

CXCR4 receptor (8). Most recently, we have used FTMap analysis to identify an additional 

binding hot spot in CXCL12, and successfully identified novel small molecule ligands for 

this new site (24). The crystal structure of CCL21 provides important information for similar 

structure-based inhibitor discovery efforts targeting this chemokine in the future. First, 

compared with NMR structures, crystal structures normally provide more accurate structural 

details, such as side chain conformations, making them better templates for computational 

modeling in most cases. Second, when compared with the previous full length CCL21 NMR 

structure, the truncated CCL21 crystal structure captures a different configuration that 

appears to present more druggable binding surfaces in a region important for its function. 

These features make the new CCL21 crystal structure a valuable tool for virtual screening, 

and such inhibitor discovery efforts are ongoing in our laboratory.

In conclusion, the X-ray structure of truncated CCL21 identified an alternative N-loop 

conformation not observed in the previously solved full-length CCL21 NMR structure (6). 

The N-loop is part of a putative sulfotyrosine-binding site detected by NMR. The alternative 
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conformation makes the site appear more suitable for ligand binding and potentially more 

druggable, which will allow us to apply structure-based approaches to identify novel 

inhibitors against CCL21. New structural information for residues 71–76 further suggests 

potential interactions between the extended CCL21 C-terminus and the binding surfaces 

adjacent to the N-loop. These results offer important insights into the function of the unique 

C-terminus of CCL21.
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ABBREVIATIONS

CCL21 CC chemokine ligand 21

CCR7 CC chemokine receptor 7

CCL19 CC chemokine ligand 19

GPCRs G protein-coupled receptors

GAG glycosaminoglycan

sY sulfotyrosine

PSA polysialic acid

HSQC heteronuclear single quantum coherence

NMR nuclear magnetic resonance
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Figure 1. Sequence alignment of CCL21 and CCL19
Identical and similar residues are shaded in black and grey respectively. A truncated CCL21 

(CCL21-trunc), lacking the extended C-terminus, was used in the current study.
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Figure 2. Crystal structure of truncated CCL21 (residues 1–79)
(A) Asymmetric unit containing six monomers. (B) Superimposition of the six monomers 

shows negligible backbone variation. (C) CC-like dimer formation in CCL13 crystal 

structure (PDB ID: 2RA4) (35). (D) Monomer A from two side views. Disulfide bonds are 

depicted in yellow.
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Figure 3. Truncated CCL21 titration with sulfotyrosine (sY)
(A) Overlay of truncated CCL21 (residues 1–79) HSQC spectra in the presence of 0mM sY 

(black) to 100mM sY (blue). Spectra were manually edited to remove sY streaks. (B) 

Enlarged section of (A) highlighting peak movement upon sY addition. (C) Total chemical 

shift perturbations from 0mM to 100mM sY plotted for each amino acid. Residues 

highlighted in blue had the largest chemical shifts, > 0.25 ppm. Chemical shifts from 

residues K11, V21, I36, E57, and Q61 were obscured under sY streaks and thus removed 

from the plot. (D) Residues highlighted in blue from (C) are mapped in blue on the structure 

of truncated CCL21. (E) Kd plots for residues with the greatest chemical shift perturbations.

Smith et al. Page 15

Biochemistry. Author manuscript; available in PMC 2017 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Comparison to full-length CCL21 NMR structure and analysis of druggability
(A) Superimposition of the X-ray structure of truncated CCL21 monomer A (purple) to the 

NMR ensemble of full-length CCL21 (grey, PDB ID: 2L4N) (6) shows N-loop difference. 

(B) X-ray structure of truncated CCL21 monomer A (light grey) with residues perturbed by 

sulfotyrosine titration (blue: peak shift > 0.25 ppm), superimposed to conformation 1 of the 

NMR full-length CCL21 (dark grey, PDB ID: 2L4N) (6) with residues perturbed by 

nonsulfated CCR7 peptide titration (red: peak shift > 1.5 ppm), as evidenced in a previous 

study (6), highlight the same general area suggesting it is the conserved sulfotyrosine-

binding site. (C) FTMap analysis of the X-ray structure of truncated CCL21 shows four 

probe clusters (CS01-04) in potential druggable hot spots in the sulfotyrosine-binding site. 

CS01 contains 33 probes (green), CS02 contains 17 probes (cyan), CS03 contains 14 probes 

(yellow), and CS04 only contains one probe (magenta). (D) FTMap analysis of 

conformation 1 of NMR ensemble (PDB ID: 2L4N) shows five clusters (CS01-05) in 

potential druggable hot spots. CS01 has 16 probes (yellow), CS02 has 15 probes (cyan), 

CS03 has 9 probes (pink), CS04 has 2 probes (purple), and CS05 has 1 probe (magenta).
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Figure 5. Comparison of the structures of CCL21, CCL18, and CCL19
The ribbon diagrams of the truncated CCL21 crystal structure and the full length CCL21 

NMR structure are shown in magenta and cyan, respectively. (A) Superimposition of the 

CCL21 structures with the crystal structure of CCL18 (orange, PDB ID: 4MHE). (B) 

Superimposition of the CCL21 structures with the NMR structure of CCL19 (green, PDB 

ID: 2MP1).
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Table 1

X-ray Data Collection and Refinement Statistics

Data Collection

 Space Group P21

 Cell Dimensions

  a, b, c (Å) 65.75, 58.24, 66.05

  α,β,γ(°) 90.00, 119.94, 90.00

 Resolution (Å) 50.00-1.90 (1.93–1.90)

 No. Reflections 34110 (1705)

 Rmerge (%) 11.5 (59.9)

 I/óI 16.5 (2.2)

 Completeness (%) 99.9 (99.5)

 Redundancy 7.0 (6.2)

Refinement

 Resolution (Å) 29.12-1.90

 Rwork/Rfree (%) 20.5/24.8

 No. Atoms

  Protein/Ligand/Water 3427/25/188

 B-factors (Å2)

  Protein/Ligand/Water 23.75/16.68/25.53

 RMS Deviations

  Bond Lengths (Å) 0.004

  Bond Angles (°) 0.81

 Ramachandran Plot

  Most Favored Region (%) 94.2

  Additionally Allowed (%) 5.8

  Generously Allowed (%) 0.0

*
Values in parentheses represent highest resolution shells
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